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The dissociation constant of acetic acid-d4 (CD3COOD) in deuterium oxide (D20 ) has been 
determined by the emf method at ten temperatures from 5 to 50°. From the variation of 
the dissociation constant with temperature, the changes of enthalpy, entropy, and heat 
capacity have been derived. The four dissociation processes, namely those for ordinary 
acetic acid in ordinary water, for deuterioacetic acid in ordinary water, and for these two 
acids in deuterium oxide, are compared.

Introduction
The dissociation constant of protoacetic acid (CH3- 

COOH) in ordinary water has been determined using 
both the emf1 and conductance2 methods. In addi
tion, the dissociation of protoacetic acid (CH3COOD) 
in deuterium oxide3 and the dissociation of deuterio
acetic acid (CD3COOH) in ordinary water4 5 6 have been 
studied recently. The fourth dissociation process 
in this related series, namely that of deuterioacetic 
acid (CD3COOD) in deuterium oxide, is the subject of 
the present study.

Procedures and Results
The cell used can be represented 

Pt; D2(g, 1 atm), CD3COOD (mi),
CD3COONa (m2), NaCl (m3), AgCl; Ag

The emf was measured at 5° intervals from 5 to 50°. 
The operation of the cell and the preparation of the 
materials, electrodes, and solutions followed the 
general procedures already described.3-8

The deuterium gas was found by mass spectroscopic 
examination to have an isotopic purity of better than 
99.5%. The deuterioacetic acid (acetic acid-d4) was 
obtained from two different commercial sources. The 
first lot was found to contain 0.88 atom %  of H; gas 
chromatographic analysis showed it to consist only of 
acetic acid, acetic anhydride, and a trace of water. 
It was used without further purification. The other 
sample of material was purified by fractional distilla
tion. Gas chromatographic examination of the frac
tion used revealed no impurities.

(1) H. S. Harned and R. W . Ehlers, J. Am. Chem. Soc., 54, 1350 
(1932); 55 ,652  (1933).
(2) D. A . Maclnnes and T. Shedlovsky, ibid., 54, 1429 (1932).
(3) R. Gary, R. G. Bates, and R. A. Robinson, J. Phys. Chem., 69, 
2750 (1965).
(4) M . Paabo, R. G. Bates, and R. A. Robinson, ibid., 70, 540 
(1966).
(5) R. Gary, R. G. Bates, and R. A. Robinson, ibid., 68, 1186 
(1964).
(6) R. Gary, R. G. Bates, and R. A . Robinson, ibid., 68, 3806 
(1964).
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Table I: Emf of the Cell Pt; D2 (g, 1 atm), CD3COOD (mi), CD3COONa (m2), NaCl (m3), AgCl; Ag (in volts)

mi  =
m 2 — m 3 5 ° 10° 15° 2 0 ° 2 5 ° 3 0 ° 3 5 ° 4 0 ° 4 5 ° 5 0 °

0 .005261 0 .64707 0 .65103 0 .65488 0 .65881 0.66261 0 .6 66 3 6 0.67021 0.67401 0 .67775 0 .6 81 4 2
0 .007598 0 .63805 0 .64189 0 .64564 0 .64943 0 .65305 0 .65672 0 .66048 0 .66416
0.01010 0 .63128 0 .6 35 0 4 0 .63868 0 .6 42 2 6 0 .64585 0 .64936
0 .0 13 2 6 0 .62485 0 .62843 0 .63195 0 .63543 0 .63889 0 .64236 0 .64578 0 .64910 0 .6 52 4 5 0 .6 5 5 7 0
0 .0 1 6 8 0 0 .6 19 2 5 0 .62269 0 .62607 0 .62947 0 .63277 0 .63606 0.63941 0 .6 42 6 4 0 .6 45 8 5 0 .6 4 9 0 4
0 .0 22 5 0 0 .6 12 3 4 0 .61562 0 .61890 0.62211 0 .62534 0 .62848 0 .63166 0 .63478 0 .6 37 8 6 0 .6 4 0 9 4
0 .02637 0 .61179 0 .61508 0 .61825 0 .6 21 3 4 0 .62443 0 .62744 0.63061 0 .6 33 6 6 0 .6 3 6 6 6
0 .02957 0 .61525 0 .61837
0 .02989 0 .6 05 5 0 0 .60875 0 .61188 0 .61499 0 .61806 0 .6 21 1 4 0 .62419 0 .62716 0 .6 30 1 5 0 .6 3 3 0 6
0 .03273 0 .60336 0 .6 06 5 6 0 .60969 0 .61273 0 .61579 0 .61885 0 .62187 0 .62479 0 .6 27 7 3 0 .6 3 0 6 0
0 .03479 0 .6 02 0 4 0 .60517 0 .6 08 2 4 0.61131 0 .61429 0 .61723 0 .62025 0 .62314 0 .62602 0 .6 2 8 8 9
0 .0 38 7 3 0 .5 99 4 4 0 .60248 0 .60548 0 .60846 0 .61144 0 .61434 0 .61727 0 .62015 0 .6 22 9 8 0 .6 25 8 1
0 .0 43 3 0 0 .59673 0 .59978 0 .6 02 7 6 0 .60572 0 .6 08 6 0 0.61151 0 .61440 0 .61720 0 .62003 0 .6 2 2 7 8
0 .0 45 3 5 0.59571 0 .59870 0 .60162 0 .60442 0 .60742 0 .61027 0 .61329
0 .0 5 0 0 8 0 .59337 0 .59632 0 .59926 0 .6 02 1 4 0 .6 04 9 4 0 .60779 0 .61063 0 .61335 0 .61609 0 .6 1 8 7 8
0 .0 52 6 8 0 .59216 0 .59513 0 .59806 0 .6 0 0 8 0 0 .60368 0 .6 06 4 4 0 .60925 0 .61198 0 .6 14 6 8 0 .6 1 7 3 5

The measured values of the emf, corrected to 1 atm 
of deuterium gas, are given in Table I.

Calculations

The emf of the cell yields values of the acidity func
tion — log (aD+yci-0 with the aid of the equation

— log (aD+7 oi-) =  ( E  — E ° ) / k  +  log m3 (1)

where m  is molality, E °  is the standard emf of the cell,6 
and k is written for (R T  In 10)/ F .  Combination of 
this acidity function with the equation for the dis
sociation constant (K ) of deuterioacetic acid, namely

„  m 2 +  m D + t a c -
K  — o d + ------------------------------------

mi —  m D + t d a c
( 2 )

gives

pK '  =  pK  -  log
7 c i - 7 dao

7 A c ~

( E  -  E ° )

k
+  log m3 +  log

mi —  m o +  

m2 +  mD+ (3 )

In  all of the 16 cells measured, mi =  m 2 =  m3, so 
that the last term of eq 3 becomes zero if wid+ makes a 
negligible contribution. Adoption of this simplifica
tion in procedure would result in values of pK '  higher 
by only about 0.0007 at each temperature. I t  was 
nevertheless deemed worthwhile to make allowance 
for the small contribution of the t o d + term. For this 
purpose, a sufficient approximation to mo*  was ob
tained by the equation

— log mD+ =  ( E  — E ° ) / k  +  log m3 +  2 log 7001 

where 7dci was taken as the activity coefficient of

deuterium chloride5 in its own solution at the same 
total ionic strength as that of the deuterioacetate 
buffer solution.

As for similar systems studied previously, the term 
log ( y c i - 7 D A c / 7 a c - )  proved to be small, and almost 
horizontal straight-line plots of pK '  vs. ionic strength 
were obtained. Extrapolation to zero ionic strength

Table II : Dissociation Constants of Acetic Acid

Temp,
°C

,----------------pK in D2O
CD3COOD 

Obsd Calcd®
CHjCOOD

A,p K b

P K
CDjCOOH 

in H2O a !P K c

0 4 .7 9 5
5 5 .3 6 0 5 .3 6 0 5 .3 4 7 0 .0 1 3 4 .7 8 4 0 .5 7 6

10 5 .3 4 8 5 .3 4 8 5 .3 3 4 0 .0 1 4 4 .7 7 8 0 .5 7 0
15 5 .3 3 8 5 .3 3 8 5 .3 2 4 0 .0 1 4 4 .7 7 4 0 .5 6 4
20 5 .3 31 5 .3 3 0 5 .3 1 7 0 .0 1 3 4 .7 7 2 0 .5 5 8
25 5 .3 2 5 5 .3 2 6 5 .3 1 2 0 .0 1 4 4 .771 0 .5 5 3
30 5 .3 2 3 5 .3 2 4 5 .3 1 0 0 .0 1 4 4 .7 7 3 0 .5 51
35 5 .3 2 3 5 .3 2 4 5 .3 1 0 0 .0 1 4 4 .7 7 7 0 .5 4 7
40 5 .3 2 6 5 .3 2 6 5 .3 1 3 0 .0 1 3 4 .7 8 3 0 .5 4 3
45 5 .3 3 0 5 .3 3 0 5 .3 1 7 0 .0 1 3 4 .7 9 0 0 .5 4 0
50 5 .3 3 6 5 .3 3 7 5 .3 2 4 0 .0 1 3 4 .7 9 9 0 .5 3 8

0 Calculated from the equation pK — 1278.9 2 /T  — 3.0490 +  
0.013702T. 6 A ,p A  = pX(CD3COOD in D20 ) -  pfsT(CH3COOD 
in D20). “ A2pK  =  pAYCD/lOOD in D20 ) -  pA(CDsCOOH 
in HjO).

was made by the method of least squares. Values of 
the intercepts (pA) obtained in this way are given in 
Table I I .  The standard deviations (or) of the inter
cepts were less than 0.001 at each temperature.
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Table III : Thermodynamic Quantities for the Dissociation of Protoacetic Acid 
and Deuterioacetic Acid in Water and in Deuterium Oxide“

CH3COOH 
in H2O

CD3COOH 
in HsO

CHsCOOD 
in D2O

CD3COOD 
in D2O A16 As»

00-t-2o30St!< +781 +  735 +  1192 +  1174 -4 6 -1 8
25° -9 8 -6 9 +275 +  279 +29 - 4
50° -1047 -945 -730 -695 +  102 +35

AS° at 0° -1 8 .8 -1 9 .2 -2 0 .2 -2 0 .3 -0 .4 -0 .1
25° -2 2 .1 -2 2 .1 -2 3 .4 -2 3 .4 0 0
50° -2 5 .1 -2 4 .9 -2 6 .6 -2 6 .6 +  0.2 0

ACP° at 25° -3 7 -3 4 -3 9 -3 8 + 3 +  1
(max ( °C) 22.4 22.9 32.0 32.4

Log Kmax 4.756 4.771 5.310 5.323

“ AH° in cal mole-1; AS° and ACP° in cal deg-1 mole-1. 6 Quantities in this column are for the exchange reaction: CD3COOH +  
CH3COO-  =  CH3COOH +  CD3COO-  in H20 . c Quantities in this column are for the exchange reaction: CD3COOD +  CH3COO-  =  
CH3COOD +  CD3COO- in D 20 .

D iscussion

The values of p A  obtained experimentally were 
fitted, by the method of least squares, to the equation7

p A  =  A t / T  -  A 2 +  A 3T  (4)

(0°C =  2 7 3 .15 °K ) giving Ax  =  1278.92, A 2 =  3.0490, 
and A 3 =  0.013702. The p A  values calculated from 
eq 4 are given in the third column of Table II. For 
comparison, p K  values for protoacetic acid ( C H 3 C O O D )  

in deuterium oxide3 are given in the fourth column.
The fifth column of Table I I  gives the difference be

tween the pA  values of the two acids in deuterium ox
ide at each temperature. The difference is, within ex
perimental error, independent of temperature between 
5 and 50°. As we noted in an earlier paper,4 the dif
ference in the pA  values of protoacetic acid and deu- 
terioacetic acid in ordinary water seems to diminish 
at 45 and 50°. As the p A  values in ordinary water 
were determined by the same method, but in different 
laboratories, the slight variation in ApA may well be 
due to minor differences in technique. On the other 
hand, the comparison in Table I I  of the two forms of 
acetic acid in deuterium oxide is based on measure
ments made in the same laboratory. For this reason, 
we believe that the p A  values differ by a constant 
amount over the temperature range 5 to 50°.

This constant difference is not displayed by the pA  
values of deuterioacetic acid in ordinary water and in 
deuterium oxide, as shown in the last column of Table
II . The decrease from 0.576 at 5 ° to 0.538 at 50° is 
real and cannot be ascribed to experimental errors. 
I t  parallels very closely the decrease from 0.577 at 
5° to 0.537 at 50° found for protoacetic acid in these 
two solvents.3

Equation 4, together with the numerical values of

Ax, A 2, and A 3, permits a calculation of the enthalpy» 
entropy, and heat capacity changes on the dissociation 
of deuterioacetic acid (CD3COOD) in deuterium oxide 
to be made. We can also calculate the temperature at 
which the dissociation constant has its maximum value 
and the pA  value at this temperature. D ata for the 
four related dissociation processes are compared in 
Table I I I ; 1 cal is defined as 4.1840 joules.

The pA  values of protoacetic acid and deuterioacetic 
acid are very similar in ordinary water, as they are in 
deuterium oxide. This similarity extends to some of 
the other thermodynamic properties. Thus there is 
little if any difference between the entropy changes 
on the dissociation of protoacetic acid (CH3COOH) 
and deuterioacetic acid (CD 3COOH) in water; hence 
the entropy change for the exchange reaction

C D 3COOH +  C H 3C O G - =

CH 3COOH +  C D 3CO O - (5)

is effectively zero. This is also true for the exchange 
reaction

C D 3COOD +  CH 3CO O - =

CH 3COOD +  C D 3COO- (6)

in deuterium oxide.
The enthalpy changes are, however, more consider

able. For exchange reaction 5 in water, AH °  increases 
from —46 cal mole-1 at 0° to + 1 0 2  cal mole-1 at 50°, 
whereas for exchange reaction 6 the increase is only 
from —18 to + 3 5  cal mole-1 over this temperature 
interval. Correspondingly, the heat capacity change 
for reaction 5 is larger than that for reaction 6 .

(7) H. S. Harned and R. A. Robinson, Trans. Faraday Soc., 36, 973 
(1940).
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I n  a l l  o f  t h e  w o r k  s u m m a r i z e d  i n  T a b l e s  I I  a n d  I I I ,  

c o n c e n t r a t i o n s  w e r e  e x p r e s s e d  o n  t h e  m o l a l i t y  ( m )  

s c a l e  ( m o l e s  p e r  k i l o g r a m  o f  s o l v e n t ) ,  a n d  h e n c e  a l l  

v a l u e s  o f  A  a r e  b a s e d  o n  t h e  m o l a l  s c a l e  a s  w e l l .  T h i s

m o l a l i t y  s c a l e .  S i m i l a r l y ,  A S °  i s  l o w e r  a t  2 5 °  b y

7 . 9 8  c a l  d e g -1  m o l e -1  i f  w a t e r  i s  t h e  s o l v e n t  a n d  b y  

7 . 7 7  c a l  d e g -1  m o l e -1  w h e n  t h e  s o l v e n t  i s  d e u t e r i u m  

o x i d e .

p r o c e d u r e  h a s  a n  a r b i t r a r y  f e a t u r e ,  i n  t h a t  a  k i l o g r a m  

o f  o r d i n a r y  w a t e r  c o n t a i n s  5 5 . 5 1  m o l e s  o f  s o l v e n t ,  

w h e r e a s  a  k i l o g r a m  o f  d e u t e r i u m  o x i d e  c o n t a i n s  o n l y  

4 9 . 9 3  m o l e s .  A  b e t t e r  c o m p a r i s o n  i s  o b t a i n e d  i f  d i s 

s o c i a t i o n  c o n s t a n t s  e x p r e s s e d  o n  t h e  m o l e  f r a c t i o n  

( N ) s c a l e  a r e  u s e d .  T h e  c o n v e r s i o n  i s  e f f e c t e d  b y  

m e a n s  o f  t h e  e q u a t i o n

p K n =  p K m -  l o g  ( O .O O U F s )  ( 7 )

w h e r e  Ws d e n o t e s  t h e  m o l e c u l a r  w e i g h t  o f  t h e  s o l v e n t .  

T h u s ,  t h e  p K N v a l u e  i s  h i g h e r  b y  1 . 7 4 4 4  t h a n  t h e  

p K m w h e n  o r d i n a r y  w a t e r  i s  t h e  s o l v e n t ,  w h i l e  i n  

d e u t e r i u m  o x i d e  i t  i s  1 . 6 9 8 3  h i g h e r .  T a b l e  I V  s u m 

m a r i z e s  t h e  f o u r  s e t s  o f  p A  v a l u e s  o n  t h e  m o l e  f r a c 

t i o n  s c a l e .  I t  i s  e v i d e n t  t h a t  A p A  ( = p K  i n  D 20  —  

p A  i n  H 20 )  i s  l o w e r  t h a n  i t  i s  w h e n  t h e  m o l a l i t y  s c a l e  

i s  u s e d ,  b u t  i t  i s  s t i l l  s i g n i f i c a n t l y  l a r g e .

I t  i s  c l e a r  t h a t  t h e r e  a r e  f o u r  d i s s o c i a t i o n  c o n s t a n t s  

c o r r e s p o n d i n g  t o  t h e  d i s s o c i a t i o n  o f  t h e  t w o  f o r m s  o f  

a c e t i c  a c i d  i n  t h e  t w o  s o l v e n t s .  S i m i l a r l y ,  t h e r e  a r e  

f o u r  c h a n g e s  i n  G i b b s  e n e r g y  c o r r e s p o n d i n g  t o  t h e  

f o u r  d i s s o c i a t i o n  p r o c e s s e s

C H s C O O H  =

H +  +  C H 3C O O -  i n  H 20  ( A Gy°) ( 8 )

CD3COOH =

H +  +  CD3COO-  i n  H 20  ( A G 2 ° )  ( 9 )

CH3COOD =

D + +  CH3COO-  i n  D 20  ( A G3°) ( 1 0 )

CD3COOD =

D +  +  C D s C O O -  i n  D 20  ( A G 4 ° )  ( 1 1 )

T h e  q u e s t i o n  m a y  b e  a s k e d  w h e t h e r  t h e r e  i s  a  c o n s t a n t

Table IV : Values of pK  for the Dissociation of Protoacetic 
Acid and Deuterioacetic. Acid in Deuterium Oxide and 
in Water (Mole Fraction Scale)

T e m p ,
°C

,------------Prc
CHs- 

COOD 
in D 2O

itoacetie a<
c h 3-

COOH 
in H 2O

;id------------■.

A

✓----------D e u
CDs 

COOD 
in D 2O

tenoacetic
c d 3-

COOH 
in H 2O

acid---------->

A

0 6 .5 2 4 6.539
5 7 .0 4 6 6 .5 1 4 0 .5 3 2 7 .0 5 8 6 .5 2 8 0 .5 3 0

1 0 7 .0 3 2 6 .5 0 7 0 .5 2 5 7 .0 4 6 6 .5 2 2 0 .5 2 4
15 7 .0 2 2 6 .5 0 2 0 .5 2 0 7 .0 3 6 6 .5 1 8 0 .5 1 8
2 0 7 .0 1 5 6 .5 0 0 0 .5 1 5 7 .0 2 8 6 .5 1 6 0 .5 1 2
25 7 .0 1 0 6 .5 0 0 0 .5 1 0 7 .0 2 4 6 .5 1 5 0 .5 0 9
3 0 7 .0 0 8 6 .5 0 2 0 .5 0 6 7 .0 2 2 6 .5 1 7 0 .5 0 5
35 7 .0 0 8 6 .5 0 6 0 .5 0 2 7 .0 2 2 6 .5 2 1 0 .5 0 1
40 7 .0 1 1 6 .5 1 3 0 .4 9 8 7 .0 2 4 6 .5 2 7 0 .4 9 7
45 7 .0 1 5 6 .5 2 1 0 .4 9 4 7 .0 2 8 6 .5 3 4 0 .4 9 4
50 7 .0 2 2 6 .5 3 1 0 .4 9 1 7 .0 3 5 6 .5 4 3 0 .4 9 2

d i f f e r e n c e  b e t w e e n  t h e  d i s s o c i a t i o n  e n e r g i e s  f o r  a  

g i v e n  a c i d  i n  w a t e r  a n d  d e u t e r i u m  o x i d e ,  i n d e p e n d e n t

o f  t h e  n a t u r e  o f  t h e  a c i d .  T h i s  s e e m s  n o t  t o  b e  s o ,  

a s  i s  e v i d e n t  f r o m  t h e  f o l l o w i n g  c o n s i d e r a t i o n s .

T a k e  t w o  p r o t o  a c i d s  d e s i g n a t e d  H A 4 a n d  H A 2. 

I n  w a t e r  a s  s o l v e n t  w e  h a v e

H A X =  H +  +  A i - (AG 1 0) ( 8 a )

H A 2 =  H +  +  a 2 - ( A G 2 ° ) ( 9 a )

a n d  i n  d e u t e r i u m  o x i d e

DAi =  D+ +  Ai- (A (?3°) ( 10a )

DA2 =  D+ -f- A2— ( a g 4° ) ( 11a )

T h e n  i f

A f t 0 -  A G3° =  A Gt° -  AG4° ( 12 )

t h e  f o l l o w i n g  r e l a t i o n s h i p  a m o n g  t h e  d i s s o c i a t i o n  c o n -

s t a n t s  w o u l d  h o l d

I t  i s  i m p o r t a n t  t o  i n q u i r e  t o  w h a t  e x t e n t  t h e  t h e r m o 

d y n a m i c  q u a n t i t i e s  g i v e n  i n  T a b l e  I I I  a r e  a l t e r e d  b y  

s u c h  a  c h a n g e  i n  s c a l e  o f  r e f e r e n c e .  T h e  c h a n g e  i n  

q u e s t i o n  i s  a c c o m p l i s h e d  b y  d e c r e a s i n g  t h e  v a l u e  o f  t h e  

A 2 p a r a m e t e r  i n  e q  4  b y  1 . 7 4 4 4  w h e n  o r d i n a r y  w a t e r  i s  

t h e  s o l v e n t  a n d  b y  1 . 6 9 8 3  w h e n  t h e  s o l v e n t  i s  d e u t e r i u m  

o x i d e ,  w i t h o u t  m o d i f y i n g  t h e  - 4 i  a n d  A  3 p a r a m e t e r s .  

C o n s e q u e n t l y ,  A H °  a n d  A ( 7 p °  h a v e  t h e  s a m e  v a l u e s  

r e g a r d l e s s  o f  t h e  s c a l e  o f  c o n c e n t r a t i o n  u s e d .  H o w 

e v e r ,  A G° a t  2 5 °  i s  h i g h e r  b y  2 3 8 0  c a l  m o l e -1  i n  o r d i 

n a r y  w a t e r  a n d  b y  2 3 1 7  c a l  m o l e -1  i n  d e u t e r i u m  o x i d e  

w h e n  t h e  m o l e  f r a c t i o n  s c a l e  i s  u s e d  i n  p l a c e  o f  t h e

A H A l( i n  H 2Q )  =  A h a , ( i n  H 2Q )

A D A l( i n  D 20 )  A d a , ( i n  B 20 )  (  j

a n d  t h e  r a t i o  o f  t h e  d i s s o c i a t i o n  c o n s t a n t s  o f  a n y  g i v e n  

a c i d  i n  t h e  t w o  s o l v e n t s  w o u l d  b e  a  c o n s t a n t .

U n f o r t u n a t e l y ,  i t  i s  n o t  k n o w n  w i t h  c e r t a i n t y  h o w  

t h i s  r a t i o  v a r i e s  w i t h  p A ( i n  H 20 ) ,  a l t h o u g h  t h e r e  i s  

e v i d e n c e  t h a t  t h e  d i f f e r e n c e ,  p A ( i n  H 20 )  —  p A ( i n  

D 20 )  i n c r e a s e s  m o r e  o r  l e s s  l i n e a r l y  w i t h  i n c r e a s e  o f  

p A .8 C o n s e q u e n t l y ,  i t  s e e m s  f a i r l y  c e r t a i n  t h a t  t h e

(8) R. P, Bell, “ The Proton in Chemistry,”  Cornell University Press, 
Ithaca, N. Y ., 1959, p 189, Figure 18.
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r e l a t i o n s h i p  e x p r e s s e d  b y  e q  1 3  i s  n o t  g e n e r a l l y  t r u e .  

W e  h a v e  c o n f i r m e d  t h i s  c o n c l u s i o n  f r o m  o u r  o w n  m e a s 

u r e m e n t s .  T h u s  f o r  p r o t o a c e t i c  a c i d  i n  w a t e r  a n d  i n  

d e u t e r i u m  o x i d e  a t  2 5 ° ,  A pK  =  0 . 5 5 6 ,  b u t  f o r  t h e  s e c o n d  

s t a g e  i n  t h e  d i s s o c i a t i o n  o f  p h o s p h o r i c  a c i d ,  A p A  =  

0 . 5 8 0 .

I f ,  h o w e v e r ,  H A i  a n d  H A 2 a r e  a c i d s  o f  n e a r l y  e q u a l  

s t r e n g t h ,  w e  w o u l d  e x p e c t  e q  1 3  t o  b e  c l o s e l y  v a l i d .  

W h e n  A i  i s  C H 3C O O  a n d  A 2 i s  C D sC O O ,  f o r  e x a m p l e ,  

i t  m i g h t  b e  a n t i c i p a t e d  t h a t  e q  1 3  w o u l d  b e  a  v e r y  

g o o d  a p p r o x i m a t i o n ,  t h o u g h  n o t  n e c e s s a r i l y  e x a c t l y  

t r u e .  W e  h a v e  s h o w n  i n  a n  e a r l i e r  p a p e r 3 t h a t  A p A

( = p A  i n  D 20  —  p K  i n  H 20 )  f o r  p r o t o a c e t i c  a c i d  r a n g e s  

f r o m  0 . 5 7 7  a t  5 °  t o  0 . 5 3 7  a t  5 0 ° .  I t  i s  n o w  f o u n d  ( T a b l e

I I )  t h a t  A p K  f o r  d e u t e r i o a c e t i c  a c i d  i n  t h e s e  t w o  s o l 

v e n t s  r a n g e s  f r o m  0 . 5 7 6  a t  5 °  t o  0 . 5 3 8  a t  5 0 ° .  A l 

t h o u g h  e q  1 3  h o l d s  t o  a  v e r y  g o o d  a p p r o x i m a t i o n  i n  

t h i s  i n s t a n c e ,  t h e r e  i s  n o  a p p a r e n t  r e a s o n  t o  e x p e c t  i t  

t o  b e  e x a c t l y  v a l i d .

Acknowledgment. T h e  a u t h o r s  a c k n o w l e d g e  g r a t e 

f u l l y  t h e  a s s i s t a n c e  o f  E .  E .  H u g h e s ,  w h o  p e r f o r m e d  t h e  

m a s s  s p e c t r o m e t r i c  a n d  g a s  c h r o m a t o g r a p h i c  a n a l y s e s ,  

a n d  o f  D r .  R .  T .  L e s l i e ,  w h o  p u r i f i e d  t h e  d e u t e r i o 

a c e t i c  a c i d .

A d s o r p t i o n  T h e r m o d y n a m i c s  o f  t h e  I n t e r a c t i o n  o f  W a t e r  a n d  

V a r i o u s  S i l i c a  P o w d e r s

by Donald E. Meyer and Norman Hackerman

Department o f Chemistry, The University of Texas, Austin, Texas {Received February 8, 1965)

F r e e  e n e r g i e s ,  h e a t s  a n d  i n t e g r a l  e n t r o p i e s ,  a n d  e n t h a l p i e s  o f  a d s o r p t i o n  a r e  p r e s e n t e d  f o r  

p o w d e r e d  f u s e d  s i l i c a  ( 0 . 0 5 6  t o  1 3 . 5 8  m 2/ g )  a n d  p o w d e r e d  c r y s t a l l i n e  s i l i c a  ( 0 . 1 1  t o  5 . 6 5  

m 2/ g ) .  A  v o l u m e t r i c  a d s o r p t i o n  s y s t e m  a n d  a  m i c r o c a l o r i m e t e r  w e r e  u s e d .  B o t h  c r y s t a l 

l i n e  a n d  a m o r p h o u s  s i l i c a  w e r e  m e c h a n i c a l l y  g r o u n d  a n d  s e p a r a t e d  b y  w a t e r  s e d i m e n t a t i o n  

i n t o  s e v e r a l  p a r t i c l e - s i z e  d i s t r i b u t i o n s .  I n  a d d i t i o n ,  o n e  s a m p l e  o f  t h e  g r o u n d  c r y s t a l l i n e  

s i l i c a  w a s  e t c h e d  w i t h  v a r y i n g  a m o u n t s  o f  d i l u t e  H F  t o  y i e l d  a  p a r t i c l e - s i z e  d i s t r i b u t i o n .  

T h e  e f f e c t  o f  g r i n d i n g  a n d  e t c h i n g  o n  t h e  t h e r m o d y n a m i c  v a l u e s  o f  a d s o r p t i o n  a r e  r e p o r t e d ,  

a n d  t h e  r e s u l t s  a r e  d i s c u s s e d  o n  t h e  b a s i s  o f  s u r f a c e  s t r u c t u r e  r e l a t e d  t o  p a r t i c l e  s i z e  a n d  

e t c h i n g .  E l e c t r o n  m i c r o g r a p h s  a r e  a l s o  p r e s e n t e d .

Introduction
M a n y  i n v e s t i g a t o r s  h a v e  c o n s i d e r e d  t h e  i n t e r a c t i o n  

o f  w a t e r  w i t h  s i l i c a  s u r f a c e s .  C o l l e c t i v e l y ,  p r e c i s i o n  

i m m e r s i o n  c a l o r i m e t r y , 1 - 3  a d s o r p t i o n  s t u d i e s , 4 -6 a n d  

i n f r a r e d  s t u d i e s 6 -7 h a v e  i n d i c a t e d  t h a t  t h e  e n e r g e t i c s  

o f  w a t e r - s i l i c a  i n t e r a c t i o n s  d e p e n d  u p o n  t h e  p r e s e n c e  

a n d  d e n s i t y  o f  s u r f a c e  h y d r o x y l  g r o u p s .  A d d i t i o n a l  

e x p e r i m e n t a l  e v i d e n c e  i n d i c a t e d  t h a t  t h e s e  s u r f a c e  

O H  g r o u p s  p a r t i c i p a t e  i n  s t i l l  a n o t h e r  m a n n e r .  I m -  

m e r s i o n a l  h e a t s 8 -1 0  a n d  a d s o r p t i o n  f r e e  e n e r g i e s 10

n o r m a l i z e d  t o  u n i t  s u r f a c e  a r e a  w e r e  f o u n d  t o  v a r y  

w i t h  p a r t i c l e  s i z e  f o r  s i l i c a  p o w d e r s .  O f  t h e  e x p l a n a -

(1) A. C. Makrides and N. Hackerman, J. Phys. Chem., 63, 594 
(1959).
(2) J. W. Whalen, Advances in Chemistry Series, No. 33, American 
Chemical Society, Washington, D. C., 1961, p 281.
(3) M. M. Egorov, V. G. Krasilnikov, and E. A. Sysoev, Dokl, 
Akad. Nauk SSSR, 108, 103 (1956).
(4) N. Hackerman and A. C. Hall, J. Phys. Chem., 62, 1212 (1958).
(5) M. M. Egorov, V. F. Kiselev, and K. G. Krasil’nikov, Russ. J. 
Phys. Chem., 33, No. 10, 323 (1959).
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t i o n s  f o r  t h i s  p a r t i c l e  s i z e  e f f e c t ,  t h e  m o s t  g e n e r a l l y  

a c c e p t e d  a r e  b a s e d  o n  e v i d e n c e  t h a t  s t r u c t u r a l  o r d e r  

i n  t h e  s u r f a c e  r e g i o n  o f  g r o u n d  q u a r t z  p o w d e r s  d e c r e a s e s  

w i t h  d e c r e a s i n g  p a r t i c l e  s i z e .

C r u s h i n g  a n d  g r i n d i n g  q u a r t z  c r y s t a l s  p r o d u c e s  a  

l e s s  c r y s t a l l i n e , 11' 12 m o r e  e a s i l y  s o l u b l e 13-14 s u r f a c e  

r e g i o n .  C o n t i n u e d  g r i n d i n g  p r o d u c e s  s m a l l e r  p a r t i c l e s  

w i t h  a  d i s t u r b e d  r e g i o n  d e s c e n d i n g  d e e p e r  i n t o  t h e  

b u l k .  O n e  e x p l a n a t i o n  s u g g e s t s  t h a t  a  l e s s  o r d e r e d  

( m o r e  a m o r p h o u s )  s u r f a c e  h a s  a  l o w e r  d e n s i t y  o f  s u r 

f a c e  O H  g r o u p s  a n d  t h u s  e x h i b i t s  a  l o w e r  h e a t  o f  w e t t i n g  

p e r  u n i t  a r e a .  T h e  o t h e r  e x p l a n a t i o n  p i c t u r e s  t h e  

g i 4 + Q 2-  s t r u c t u r e  a n d  t h e  S i O H 3 +  g r o u p i n g  p r o d u c i n g  

a  s u r f a c e  e l e c t r o s t a t i c  f o r c e  f i e l d  w h i c h  i n t e r a c t s  w i t h  

t h e  s o r b a t e  m o l e c u l e s .  A  m o r e  o r d e r e d  S i 0 2  s u r f a c e  

s t r u c t u r e  w o u l d  p r e s e n t  a  m o r e  o r d e r e d  a r r a y  o f  

s u r f a c e  O H  g r o u p s  r e s u l t i n g  i n  a  s t r o n g e r  f o r c e  f i e l d  

a n d  g r e a t e r  i n t e r a c t i o n  e n e r g i e s  w i t h  w a t e r .

T h e  o b j e c t  o f  t h i s  i n v e s t i g a t i o n  w a s  t o  o b t a i n  a  

s y s t e m a t i c  a n d  d e t a i l e d  c o r r e l a t i o n  b e t w e e n  d i f f e r e n t  

s u r f a c e  s t r u c t u r e s  ( d e t e r m i n e d  b y  t y p e  o f  s i l i c a ,  

m e c h a n i c a l  g r i n d i n g ,  a n d  c h e m i c a l  e t c h i n g )  a n d  

s u r f a c e  t h e r m o d y n a m i c s .

Experimental Section
Equipment. S p e c i f i c  s u r f a c e  a r e a s  ( 2 )  w e r e  d e 

t e r m i n e d  b y  t h e  B E T  m e t h o d  u s i n g  e i t h e r  k r y p t o n ,  

a r g o n ,  o r  n i t r o g e n .  O n  s a m p l e s  w h e r e  t w o  o r  m o r e  

o f  t h e  g a s e s  w e r e  u s e d ,  r e s u l t s  w e r e  i n  g o o d  a g r e e m e n t .  

E x c e s s  s u r f a c e  f r e e  e n e r g i e s  o f  a d s o r p t i o n  ( t w o - d i m e n 

s i o n a l  s p r e a d i n g  p r e s s u r e s ,  w) w e r e  o b t a i n e d  f r o m  w a t e r  

a d s o r p t i o n  i s o t h e r m  d a t a  a t  2 5  ±  0 . 0 1 °  a n d  1 5  ±  0 . 0 2 ° .  

T h e  v o l u m e t r i c  a d s o r p t i o n  a p p a r a t u s  w a s  s i m i l a r  t o  

t h e  s y s t e m  p r e v i o u s l y  r e p o r t e d 10 e x c e p t  f o r  t w o  m a j o r  

m o d i f i c a t i o n s .  T a n d e m  b u l b  t r a i n s ,  a l l o w i n g  a  s e l e c 

t i o n  o f  3 5  v o l u m e  c o m b i n a t i o n s ,  w e r e  u s e d  w h i c h  d e 

c r e a s e d  t h e  p r e s s u r e  s u r g e  w h e n  v o l u m e  c h a n g e s  

w e r e  m a d e .  A  m i c r o m e t e r - U - t u b e  a s s e m b l y 15 w a s  

f o u n d  t o  b e  s u p e r i o r  t o  c a t h e t o m e t r i c  m e t h o d s  f o r  

m e a s u r i n g  p r e s s u r e  c h a n g e s .  T h e  a d s o r p t i o n  s y s t e m  

c o u l d  b e  e v a c u a t e d  t o  1 0 ~ s t o r r  p r o v i d e d  l i q u i d  n i t r o 

g e n  t r a p p i n g  w a s  u s e d .  A l l  s a m p l e s  w e r e  o u t g a s s e d  

a t  1 5 0  ±  5 °  f o r  4 8  h r  a t  p r e s s u r e s  b e l o w  1 0 ~ 6 t o r r .

H e a t s  o f  i m m e r s i o n  ( A H i)  f o r  c e r t a i n  o f  t h e  S i 0 2 

s a m p l e s  w e r e  d e t e r m i n e d  u s i n g  t h e  m i c r o c a l o r i m e t e r  

a n d  g e n e r a l  p r o c e d u r e s  d e s c r i b e d  p r e v i o u s l y . 10 A l l  

m e a s u r e m e n t s  w e r e  a t  2 5  ±  0 . 1 ° ,  a n d  t h e  s a m p l e s  w e r e  

o u t g a s s e d  a t  1 5 0  ±  5 °  f o r  4 8  h r  a t  1 0 “ 6 t o r r .

U s i n g  e l e c t r o n  d i f f r a c t i o n  a n d  e l e c t r o n  m i c r o s c o p y ,  

p a r t i c l e  s u r f a c e  s t r u c t u r e s  w e r e  o b t a i n e d  f o r  m a n y  o f  

t h e  s a m p l e s .  T h e  s a m p l e s  w e r e  p r e s s e d  i n t o  a  2 0 0 - m e s h  

s c r e e n ,  a n d  d i f f r a c t i o n  p a t t e r n s  w e r e  o b t a i n e d  b y  t r a n s 

m i s s i o n  a t  5 0  k v  ( t h r o u g h  e d g e s  o f  l a r g e r  p a r t i c l e s ) .

E l e c t r o n  m i c r o g r a p h s  o f  p a r t i c l e  s u r f a c e s  w e r e  o b t a i n e d  

f r o m  p r e s h a d o w e d  c a r b o n  r e p l i c a s .  A  s u s p e n s i o n  o f  

t h e  p o w d e r  i n  d e i o n i z e d  w a t e r  w a s  s p r e a d  o v e r  a  g l a s s  

m i c r o s c o p e  s l i d e  a n d  a l l o w e d  t o  d r y .  T h e  p a r t i c l e -  

c o v e r e d  s l i d e  w a s  p l a c e d  i n  a  v a c u u m  e v a p o r a t o r  a n d  

s h a d o w e d  a t  1 8 °  w i t h  a  8 0 %  P t - 2 0 %  P d  a l l o y .  T h e  

s l i d e  w a s  t h e n  c o a t e d  w i t h  c a r b o n  a t  n o r m a l  i n c i d e n c e .

T h e  e v a p o r a t e d  f i l m  w a s  c u t  i n t o  V s - i n .  s q u a r e s  

a n d  f l o a t e d  f r e e  o f  t h e  s l i d e  b y  i m m e r s i o n  i n  H F .  

T h e  f i l m s  w e r e  t h e n  w a s h e d  i n  w a t e r  a n d  m o u n t e d  o n  

2 0 0 - m e s h  e l e c t r o n  m i c r o s c o p e  g r i d s .

Materials. A  b i l l e t  o f  f u s e d  q u a r t z ,  9 9 . 9 7 %  p u r e ,  

w a s  o b t a i n e d  f r o m  G e n e r a l  E l e c t r i c  C o . ,  W i l l o u g h b y  

Q u a r t z  P l a n t .  P a r t i c l e s  i n  t h e  1 0 0 -  t o  3 0 0 - j u  r a n g e  

w e r e  p r o d u c e d  u s i n g  a n  i r o n  j a w  c r u s h e r  a n d  w e r e  

t r e a t e d  w i t h  H C 1  t o  r e m o v e  t r a c e s  o f  i r o n .  T h e  f u s e d  

q u a r t z  w a s  f u r t h e r  g r o u n d  f o r  5  d a y s  i n  a  w a t e r  s l u r r y  

u s i n g  a  m o t o r  d r i v e n  a g a t e  m o r t a r  a n d  p e s t l e .  T h e  

g r o u n d  m a t e r i a l  w a s  f r a c t i o n e d  i n t o  p a r t i c l e  s i z e  d i s 

t r i b u t i o n s  b y  w a t e r  s e d i m e n t a t i o n  r a n g i n g  f r o m  5  m i n  

t o  4 8  h r  a n d  t h e n  d r i e d  a t  1 1 0 ° .

G r o u n d  9 9 . 9 %  p u r e  c r y s t a l l i n e  s i l i c a  w a s  s u p p l i e d  b y  

C h a r l e s  A .  W a g n e r  C o .  o f  P h i l a d e l p h i a .  T h e  p o w d e r  

w a s  w a s h e d  i n  H C 1  a n d  s e v e r a l  t i m e s  i n  d i s t i l l e d  w a t e r  

a n d  t h e n  s t o r e d  i n  d i s t i l l e d  w a t e r  f o r  9  m o n t h s .  A s  a  

g i v e n  a m o u n t  w a s  n e e d e d ,  i t  w a s  t a k e n  f r o m  t h e  b u l k ,  

f r a c t i o n e d  i n t o  p a r t i c l e - s i z e  r a n g e s ,  a n d  a i r - d r i e d  a t  

1 1 0 ° .

A  s o l u t i o n  o f  3 %  b y  w e i g h t  H F  i n  w a t e r  w a s  u s e d  t o  

e t c h  t h e  g r o u n d  c r y s t a l l i n e  s i l i c a .  T h e  e x t e n t  o f  e t c h i n g  

w a s  c o n t r o l l e d  b y  t h e  r a t i o  o f  H F  t o  s i l i c a .  A f t e r  

a l l o w i n g  t h e  p o w d e r  t o  s e t t l e  a n d  d e c a n t i n g  t h e  l i q u i d ,  

H F  w a s  r e m o v e d  b y  N a O H  w a s h e s  o f  d e c r e a s i n g  c o n 

c e n t r a t i o n s  d o w n  t o  0 . 0 0 1  N . T h i s  m e t h o d  o f  r e 

m o v a l  i s  s i m i l a r  t o  t h a t  r e p o r t e d  b y  v a n  L i e r ,  et al.13 
E x t e n s i v e  w a s h i n g s  i n  b o i l i n g  a n d  c o l d  d i s t i l l e d  w a t e r  

w e r e  u s e d  t o  m i n i m i z e  t h e  H F  a n d  N a O H  c o n t a m i n a 

t i o n .  6 7 8 9 10 11 12 13 14 15

(6) R. S. McDonald, J. Am. Chem. Soc., 79, 850 (1957); J. Phys. 
Chem., 62, 1169 (1958).
(7) A. V. Kiselev and V. I. Lygin, Kolloidn. Z h„ 21, 581 (1959).
(8) G. J. Young and T. P. Brush, J. Colloid Sci., 15, 361 (1960).
(9) W. H. Wade, R. L. Every, and N. Hackerman, J. Phys. Chem., 
64, 355 (1960).
(10) R. L. Every, W. H. Wade, and N. Hackerman, ib id., 65, 25
(1961) .
(11) D. D ’Eustachio and S. Greenwalk, Phys. Rev., 69, 532 (1946); 
70, 522 (1946).
(12) D. W. Clelland and P. D. Ritchie, J. Apjil. Chem., 2, 42 (1952).
(13) J. A. van Lier, P. L. de Bruyn, and J. Th. G. Overbeek, J. Phys. 
Chem., 64, 1675 (1960).
(14) I. Bergman and M . S. Paterson, J. Appl. Chem., 11, 369 (1961).
(15) D. E. Meyer and W. H. Wade, Rev. Sci. Instr., 33, 1283
(1962) .
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Calculations

E a c h  i s o t h e r m  w a s  c o m p o s e d  o f  f r o m  3 0  t o  5 0  p o i n t s ,  

u s u a l l y  h a l f  w i t h i n  t h e  f i r s t  m o n o l a y e r .  T h e  f r e e  

e n e r g y  o f  a d s o r p t i o n  ( i r )  w a s  c a l c u l a t e d  f r o m  a  m o d i 

f i c a t i o n  o f  t h e  G i b b s  e q u a t i o n  b y  B a n g h a m

v  -  ( t s  — 7 sa)
R T  r v = p° v

=  -------  I —I
V a J p = o  V

- d p ( 1 )

w h e r e  y s  a n d  7 s a  a r e  t h e  s u r f a c e  t e n s i o n s  o f  a  v a c u u m -  

b a k e d  s u r f a c e  a n d  a  s u r f a c e  f o l l o w i n g  a d s o r p t i o n .  

A l s o ,  V  =  m o l a r  v o l u m e  o f  t h e  g a s ,  <r =  a r e a  f o r  1 g  

o f  s o l i d ,  v =  v o l u m e  o f  s o r b e d  g a s  p e r  s q u a r e  m e t e r  o f  

s u r f a c e ,  a n d  p =  e q u i l i b r i u m  p r e s s u r e  o f  t h e  s o r b i n g  

g a s .

G r a p h i c a l  i n t e g r a t i o n  o f  e q  1 o n  t h e  b a s i s  o f  S i m p s o n ’ s  

t r a p e z o i d a l  u s i n g  a  c o m p u t e r  g a v e  t h e  i n t e g r a l  f r e e  

e n e r g y  o f  a d s o r p t i o n  a s  w e l l  a s  i  a s  a  f u n c t i o n  o f  

c o v e r a g e  ( 8) .  B y  a p p l y i n g  S i m p s o n ’ s  r u l e  t o  i s o t h e r m  

d a t a  a t  2 5  a n d  1 5 ° ,  t h e  i n t e g r a l  ( c o n s t a n t  f r e e  e n e r g y )  

e n t h a l p i e s  [ ( i f G —  H s) w] a n d  e n t r o p i e s  [(<Sg  —  S s ) * ]  o f  

a d s o r p t i o n  w e r e  o b t a i n e d  u s i n g  t h e  e q u a t i o n s  o f  

H i l l 16

(Ò  I n  p / d D r  =  (So -  S s)/ R T

a n d

( ò  I n  p /d T )r =  (H a -  H S)/ R T

( 2 )

(3)

w h e r e  G c o r r e s p o n d s  t o  t h e  g a s e o u s  s t a t e  a n d  S  t h e  

s o r b e d  s t a t e .  T h e s e  t h e r m o d y n a m i c  v a l u e s  w e r e  c a l 

c u l a t e d  b y  c o m p u t e r  a n d  e x p r e s s e d  a s  a  f u n c t i o n  o f  

c o v e r a g e  ( 0 ) .  A b s o l u t e  e n t r o p i e s  (Ss) w e r e  e v a l u a t e d  

u s i n g  w a t e r  v a p o r  a t  2 5 °  a n d  1 a t m  a s  t h e  s t a n d a r d  

s t a t e .

H e a t s  o f  i m m e r s i o n  ( A / / ; )  y i e l d e d  a d s o r p t i o n  h e a t s  

( A H a)  a c c o r d i n g  t o

A H & =  A t f c  —  1 1 8 . 5  ( e r g s / c m 2)  ( 4 )

w h e r e  1 1 8 . 5  i s  t h e  s u r f a c e  e n t h a l p y  o f  w a t e r .  H e a t s  

o f  a d s o r p t i o n  a n d  c o r r e s p o n d i n g  v a l u e s  o f  ir g a v e  e n 

t r o p i e s  o f  a d s o r p t i o n  (A * S a)  f r o m

A S a = (5)

a  m o d i f i c a t i o n  o f  t h e  H i l l - J u r a  e q u a t i o n . 17

V a l u e s  o f  ir ,  A H a, a n d  A<Sa f o r  o n l y  t h e  a m o r p h o u s  

s a m p l e s  w e r e  r e p o r t e d  p r e v i o u s l y . 18 A l s o ,  s u r f a c e  a r e a s

( 2 )  u s e d  t o  c a l c u l a t e  ir v a l u e s  i n  t h i s  r e f e r e n c e  w e r e  i n  

s l i g h t  e r r o r .  T h a t  t h e r e  w a s  n o  e f f e c t  o f  p a r t i c l e  

s i z e  o n  7r a s  r e p o r t e d 18 f o r  g r o u n d  a m o r p h o u s  s i l i c a  i s  

i n  f a c t  a n  e r r o r .  T h e  p r e s e n t  w o r k  g i v e s  c o r r e c t e d  

7r v a l u e s  a n d  t h e r e f o r e  c o r r e c t e d  A-S'a v a l u e s  ( e q  5 ) .

Results

T a b l e  I  g i v e s  a  c o m p r e h e n s i v e  r e p o r t  o f  a l l  t h e  s i l i c a  

s a m p l e s  s t u d i e d .  S p e c i f i c  s u r f a c e  a r e a s  w e r e  a v e r a g e s  

o f  s e v e r a l  r u n s  u s u a l l y  d i f f e r i n g  l e s s  t h a n  1 % .  V a l u e s  

o f  t h e  h e a t  o f  a d s o r p t i o n  ( A H B) w e r e  a v e r a g e s  o f  t h r e e  

o r  m o r e  m e a s u r e m e n t s .  A l l  a d s o r p t i o n  i s o t h e r m s  

w e r e  d u p l i c a t e d  a t  l e a s t  t w i c e  a n d  w e r e  f o u n d  t o  b e  r e 

p r o d u c i b l e  a t  r e l a t i v e  p r e s s u r e s  b e l o w  0 . 6 .  S m a l l  

v a r i a n c e s  i n  i s o t h e r m s  o f  a  g i v e n  s a m p l e  a t  h i g h e r  r e l a 

t i v e  p r e s s u r e s  c a u s e d  d i f f e r e n c e s  o f  l e s s  t h a n  2 %  i n  

c a l c u l a t e d  v a l u e s  o f  ir.

Table I

Sample AH,, 7T, ASa,
designation, s, ergs/ ergs/ ergs/ <*>»
description mVg cm! cm2 cm2/°C A2

used silica
Sample A 0.056 372“ 139 0.78 17.6
Sample B 0.603 362“ 143 0.65 14.3
Sample C 1.81

OOOCO 151 0.84 18.4
Sample C lt6 1.81 155
Sample D 7.46 345“ 176 0.57 14.4
Sample E 13.58 359“ 202 0.53 11.6
Sample E lt 13.58 217

Irystalline silica
Sample F 0.112 48.6 48
Sample G 0.27 290 113.5 0.65 20.7
Sample G lt 0.27 121.1 20.6
Sample H 1.34 122.4 18.5
Sample H lt 1.34 127 18.0
Sample I 3.2 127 14.6
Sample J 5.65 122.5 20.6
Sample Jlt 5.85 127.4 20.4

Itched silica (crystalline)
Sample K 0.136 135.5 15.9
Sample M 0.164 105.1 22.4
Sample M lt 0.164 110 19.7
Sample N 0.364 86.8 24.8
Sample N lt 0.364 99.3 24.4
Sample 0 1.76 73.8 31.2
Sample P 0.185 385 101 0.95
Sample Q 0.194 300 98 0.67
Sample R 1.57 175 75 0.33
Sample S 1.70 120 72 0.16

‘ See ref 18. 6L T  corresponds to 15° isotherm.

A b s o l u t e  i s o t h e r m s  ( a m o u n t  a d s o r b e d  n o r m a l i z e d  

t o  u n i t  a r e a )  f o r  v a r i o u s  p a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  

t h e  t h r e e  t y p e s  o f  s i l i c a  s t u d i e d  a r e  p r e s e n t e d  i n  F i g u r e s  16 17 18

(16) T. L. Hill, Advan. Catalysis, 4, 242 (1952).
(17) G. Jura and T. L. Hill, J. Am. Chem. Soc., 74, 1598 (1952).
(18) W. H. Wade, H. D. Cole, D. E. Meyer, and N. Hackerman, 
ref 2, p 35.
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Figure 1. BET plots for three types of silica studied: 
3.7-m2/g  crystalline sample I, 0.136-m2/g  etched 
sample K, 13.58-m2/g  fused sample E (p = 
equilibrium pressure, p° = saturation pressure, and 
v = volume of gas adsorbed (cc at STP)).

1.4

1.2

1.0

0.8

CM£
: o ,6

0.4

0.2

FUSCO SILICA
•  SAMPLE E - 13.58 irA'g 
▲ SAMPLE C -  1,81 m2/g 
■ SAMPLE A -0 .0 5 6  m2/g 
CRYSTALLINE SILICA 

O SAMPLE G -  0 .27 m^g 
+  SAMPLE I -  3.2 m2/g  
A SAMPLE J -  5.65 m2/g 
a SAMPLE F - 0.11 m2/g

• □O

Aa 
A +

• "o
i  + * a

•  •  A A A c

a

I
"0  o.l 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

P/P°

Figure 3. Absolute adsorption isotherms for 
several samples of etched crystalline silica 
and the parent sample, unetched sample G.
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Figure 2. Absolute adsorption isotherms for fused and 
crystalline silicas of various specific surface areas.

Figure 4. The free energy of adsorption (t) as a function of 
specific surface area for the three types of silicas studied.

1 a n d  2 .  T h e  v e r t i c a l  d i s p l a c e m e n t  o f  a n y  g i v e n  i s o 

t h e r m  i s  s e e n  t o  d e p e n d  u p o n  t h e  s p e c i f i c  s u r f a c e  a r e a

( S )  o f  t h e  s a m p l e  a n d  t h e  t y p e  o f  s i l i c a .  I n  g e n e r a l ,  

t h e  r e l a t i v e  v e r t i c a l  p o s i t i o n  o f  t h e  i s o t h e r m  d e t e r m i n e s  

7r a n d  w. I n  d e t e r m i n i n g  t h e  e x c e s s  s u r f a c e  f r e e  e n e r g y  

u s i n g  t h e  G i b b s  e q u a t i o n ,  e x t r a p o l a t i o n s  w e r e  m a d e

f r o m  r e l a t i v e  p r e s s u r e s  (p/p°) o f  0 . 0 0 5  t o  0  a n d  a b o v e  

0 . 9 6  t o  1 . 0 .  T h e  B E T  e q u a t i o n  w a s  a l s o  a p p l i e d  t o  

t h e  w a t e r  a d s o r p t i o n  d a t a .  F i g u r e  3  g i v e s  r e p r e s e n t a 

t i v e  l i n e a r  B E T  p l o t s  f o r  t h e  t h r e e  t y p e s  o f  s i l i c a  

s t u d i e d .  O v e r  t h e  a p p l i c a b l e  p r e s s u r e  r a n g e s ,  t h e  

w a t e r - s i l i c a  a d s o r p t i o n  d a t a  p r o d u c e d  a  s t r a i g h t - l i n e
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Figure 6. Transmission electron-diffraction 
pattern for crystalline silica before etching.

f i t  f r o m  w h i c h  v a l u e s  f o r  t h e  e f f e c t i v e  a r e a  o f  a n  a d 

s o r b e d  w a t e r  m o l e c u l e  ( w )  w e r e  o b t a i n e d .

I n  F i g u r e  4  t h e  d e p e n d e n c e  o f  x  o n  2  i s  d e m o n s t r a t e d  

f o r  a l l  t h r e e  t y p e s  o f  s i l i c a  s a m p l e s .  F o r  t h e  g r o u n d  

c r y s t a l l i n e  a n d  p a r t i c u l a r l y  f o r  t h e  a m o r p h o u s  s a m p l e s ,  

tr  i n c r e a s e d  w i t h  2 . I n  c o n t r a s t ,  f o r  t h e  e t c h e d  s a m p l e s  

7r d e c r e a s e d  w i t h  i n c r e a s i n g  2 . I n  F i g u r e  4 ,  s q u a r e s  

n u m b e r e d  1 t h r o u g h  4  c o r r e s p o n d  t o  s a m p l e s  f r o m  

i n c r e a s e d  e t c h i n g  o f  c r y s t a l l i n e  s a m p l e  G .  T h e  g e n e r a l  

e f f e c t  o f  e t c h i n g  o n  2  i s  s h o w n  i n  F i g u r e  5 .  T h e r e  i s  a  

r a p i d  i n i t i a l  d r o p  i n  2 . T h i s  c o r r e s p o n d s  t o  t h e  i n i t i a l  

r i s e  i n  x  g o i n g  f r o m  s o u r c e  s a m p l e  ( c i r c l e  2 )  t o  f i r s t  

e t c h e d  s a m p l e  ( s q u a r e  1 )  i n  F i g u r e  4 .  T h e r e a f t e r ,  2  
r i s e s  w i t h  i n c r e a s e d  e t c h i n g  a n d  x  d r o p s .  T i m e  w a s

Figure 7a. Electron micrograph (23,000 X ) of surface 
region of a 50-ai crystalline particle.

Figure 7b. Electron micrograph (35,OOOX) 
of crystalline particle.

n o t  a  f a c t o r  i n  c o n t r o l l i n g  e t c h i n g ,  b u t  t h e  v o l u m e  o f  

3 %  H F  t o  w e i g h t  o f  s a m p l e  w a s .  T h e  r a t i o  u s e d  t o  

o b t a i n  t h e  f i r s t  s a m p l e  ( c i r c l e  1 ,  F i g u r e  5 )  w a s  a s s i g n e d  

a  v a l u e  o f  u n i t y .

B o t h  g r i n d i n g  a n d  e t c h i n g  c h a n g e d  n o t  o n l y  t h e  

s u r f a c e  s t r u c t u r e  b u t  t h e  p a r t i c l e - s i z e  d i s t r i b u t i o n  a s  

w e l l .  E l e c t r o n - d i f f r a c t i o n  p a t t e r n s  c l e a r l y  i n d i c a t e d  

t h e  p r e s e n c e  o f  m a n y  c r y s t a l l i t e s  o n  t h e  g r o u n d  c r y s t a l 

l i n e  p a r t i c l e s  b e f o r e  e t c h i n g .  T h e  n u m b e r  o f  c r y s t a l 

l i t e s  a l s o  a p p e a r e d  t o  v a r y  w i t h  p a r t i c l e  s i z e .  A  d i f 

f r a c t i o n  p a t t e r n  f o r  s a m p l e  G  i s  s h o w n  i n  F i g u r e  6 . 

T h e  d o t t e d  r i n g s  o f  t h e  d i f f r a c t i o n  p a t t e r n  a p p a r e n t l y  

o r i g i n a t e s  f r o m  t h e  s u b m i c r o n  p a r t i c l e s  o n  t h e  s u r f a c e  

o f  t h e  l a r g e r  p a r t i c l e s  ( F i g u r e  7 ) .  A f t e r  s l i g h t  e t c h i n g ,  

t h e s e  p a r t i c l e s  p r a c t i c a l l y  d i s a p p e a r  ( F i g u r e  8 )  a n d  i t

<3

s
a
<
LU
£E<

0 .2

. UNETCHED SAMPLE 0

I 2
ETCH RATIO

Figure 5. The change in specific surface area of sample G 
as a function of the etch ratio (volume of 3% HF to weight 
of SiCh; sample 1 arbitrarily taken as unity). Increasing 
sample number corresponds to increased etching.
Sample 2 is identical with sample K, Table I.
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Figure 9. Electron micrograph (13,000X) of 
surface of a large amorphous silica particle.

Figure 8a. Electron micrograph (18,OOOX) of 
an etched crystalline particle (sample M).

Figure 8b. Electron micrograph (23,000 X ) of crystalline 
particle more extensively etched (sample Q).

Figure 10a. Electron micrograph (22,000 X ) 
of ground amorphous silica particles.

w a s  i m p o s s i b l e  t o  o b t a i n  t h i s  c r y s t a l l i t e  d i f f r a c t i o n  

p a t t e r n .

G r o u n d  a m o r p h o u s  s a m p l e s  a l s o  s h o w e d  s u b m i c r o n  

p a r t i c l e s  a t t a c h e d  t o  t h e  s u r f a c e  o f  l a r g e r  p a r t i c l e s  

( F i g u r e  9 ) ;  h o w e v e r ,  n o  d i f f r a c t i o n  p a t t e r n s  w e r e  o b 

s e r v a b l e .  E l e c t r o n  d i f f r a c t i o n  s t u d i e s  g a v e  n o  i n d i 

c a t i o n  o f  d e v i t r i f i c a t i o n  a s  a  r e s u l t  o f  p r o l o n g e d  g r i n d 

i n g .  C l o s e  o b s e r v a t i o n  o f  F i g u r e  9 ,  p a r t i c u l a r l y  t h e  

r i g h t  s i d e ,  r e v e a l s  s u r f a c e  i r r e g u l a r i t i e s  o t h e r  t h a n  

a t t a c h e d  p a r t i c l e s .  T h i s  m i c r o g r a p h  s h o w s  a  p a r t i c l e  

( s a m p l e  F ,  0 . 1 1  m 2/ g )  g r e a t e r  t h a n  5 0  p i n  s i z e .  A  

r e p r e s e n t a t i v e  m i c r o g r a p h  o f  p a r t i c l e s  o f  s a m p l e  A ,

1 3 . 5 8  m 2/ g ,  i s  p r e s e n t e d  i n  F i g u r e  1 0 a  a n d  a  c l o s e u p  

o f  a n  i n d i v i d u a l  p a r t i c l e  i n  F i g u r e  1 0 b .

U s i n g  a d s o r p t i o n  d a t a  f r o m  i s o t h e r m s  a t  2 5  a n d  1 5 ° ,  

a d s o r p t i o n  t h e r m o d y n a m i c  v a l u e s  w e r e  o b t a i n e d  a s  a  

f u n c t i o n  o f  c o v e r a g e  ( d) .  A s  d e f i n e d  b y  H i l l , 16 t h e  

i n t e g r a l  h e a t s  (H g  —  H s)„  i n t e g r a l  e n t r o p i e s  (Sa  —  

Ss)w, a n d  t h e  a b s o l u t e  e n t r o p i e s  a r e  p r e s e n t e d  a s  a  

f u n c t i o n  o f  c o v e r a g e  i n  F i g u r e s  1 1  a n d  1 2 .  A l l  t h r e e  

t y p e s  o f  s i l i c a  s t u d i e d  a r e  r e p r e s e n t e d ,  a n d  t h e r e  a r e  

s i g n i f i c a n t  v a r i a t i o n s  r e l a t e d  t o  p a r t i c l e  s i z e  a n d  t y p e  

o f  s i l i c a  a t  l o w e r  c o v e r a g e s .  E v e n  a t  h i g h e r  c o v e r a g e s ,  

s e v e r a l  l a y e r s ,  t h e r e  a p p e a r s  t o  b e  a  p a r t i c l e  s i z e  e f f e c t  

a s  t h e  i n t e g r a l  h e a t s  a p p r o a c h  t h e  h e a t  o f  c o n d e n s a t i o n  

i n  g o i n g  f r o m  g a s  t o  l i q u i d  ( F i g u r e  1 1 ) .

T h e  a b s o l u t e  e n t r o p y  o f  t h e  s o r b e d  w a t e r  o n  v a r i o u s  

s i l i c a  s a m p l e s  a s  a  f u n c t i o n  o f  c o v e r a g e  i s  p r e s e n t e d  i n  

F i g u r e  1 2 .  A t  l o w e r  c o v e r a g e s  t h e  o r d e r  o f  c o n d e n s e d
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Figure 10b. Electron micrograph (44,000 X) 
of an amorphous particle.
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Figure 11. Integral heats of absorption as a function 
of coverage for silica samples of differing histories and 
specific surface areas. Dashed line corresponds to 
the heat of condensation of water (Hg, enthalpy in 
gaseous state: Hg, enthalpy in sorbed state).
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Figure 12. Absolute entropy of adsorption as a function 
of coverage. Lower dashed line corresponds to 
solid H20, upper dashed line to liquid H20.

D iscussion

I t  h a s  b e e n  s h o w n  t h a t  h e a t s  o f  i m m e r s i o n  a n d  f r e e  

e n e r g i e s  a n d  e n t r o p i e s  o f  a d s o r p t i o n  f o r  t h e  w a t e r -  

s i l i c a  p o w d e r  s y s t e m  a r e  d e p e n d e n t  u p o n  t h e  s p e c i f i c  

s u r f a c e  a r e a .  O n e  e x p l a n a t i o n  s u g g e s t s  a  c o r r e l a t i o n  

b e t w e e n  p a r t i c l e  s i z e  a n d  c r y s t a l l i n e  s u r f a c e  o r d e r  a n d  

b e t w e e n  s u r f a c e  o r d e r  a n d  a n  e l e c t r o s t a t i c  f o r c e  f i e l d  

c a u s i n g  a  g r e a t e r  p o l a r i z a t i o n  o f  s u r f a c e  h y d r o x y l  

g r o u p s .  A s  a  r e s u l t ,  a  g r o u n d  c r y s t a l l i n e  s i l i c a  s a m p l e  

o f  s m a l l  s p e c i f i c  s u r f a c e  a r e a  ( 2 )  a n d  l a r g e  p a r t i c l e  

s i z e  w o u l d  p o s s e s s  a  g r e a t e r  n o r m a l i z e d  e n e r g y  o f  a d 

s o r p t i o n  f o r  w a t e r  v a p o r .  A s  t h i s  p o w d e r  i s  g r o u n d ,  

2  i n c r e a s e s ,  t h e  h e a t  o f  a d s o r p t i o n  d e c r e a s e s ,  a n d  t h e  

e x c e s s  s u r f a c e  f r e e  e n e r g y  i n c r e a s e s .

Amorphous Silica. A m o r p h o u s  s i l i c a  g r o u n d  i n t o  

p o w d e r  s h o u l d  n o t  v a r y  i n  c r y s t a l l i n i t y  w i t h  p a r t i c l e  

s i z e ,  a n d  t h e  n o r m a l i z e d  h e a t s  o f  i m m e r s i o n  o r  f r e e  

e n e r g i e s  o f  a d s o r p t i o n  s h o u l d  r e m a i n  c o n s t a n t  w i t h  

c h a n g i n g  2 .  A s  e x p e c t e d ,  A H & w a s  p r a c t i c a l l y  i n d e 

p e n d e n t  o f  2  ( T a b l e  I ) ,  w h i c h  s u p p o r t s  t h e  p a r t i c l e  

s i z e  e f f e c t - c r y s t a l l i n i t y  p o s t u l a t e .  H o w e v e r ,  F i g u r e
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4  s h o w s  x  t o  b e  d e p e n d e n t  o n  2 .  I t  w o u l d  s e e m  t h a t  

x  i s  n o t  i n f l u e n c e d  b y  t h e  e l e c t r o s t a t i c  f o r c e  f i e l d  a n d  

t h e  p o l a r i t y  o f  t h e  s u r f a c e  h y d r o x y l  t o  t h e  e x t e n t  A H & 
i s .

T h e  c h a n g e  i n  s u r f a c e  f r e e  e n e r g y  f o r  a  s i l i c a  p a r t i c l e  

i n t e r a c t i n g  w i t h  w a t e r  v a p o r  a p p e a r s  t o  d e p e n d  o n  t h e  

s i z e  o f  t h e  p a r t i c l e .  F o r  2  o f  0 . 0 5 6  t o  1 3 . 5 8  m 2/ g ,  

x  v a r i e d  f r o m  1 3 9  t o  2 0 2  e r g s / c m 2 a t  2 5 ° .  S i n c e  

a v e r a g e  p a r t i c l e  s i z e  v a r i e d  f r o m  a p p r o x i m a t e l y  5 0  

t o  1 ii, t h i s  a p p a r e n t  s u r f a c e  e f f e c t  c a n n o t  b e  e x p l a i n e d  

a s  d i r e c t l y  a s  s u r f a c e  e f f e c t s  o f  p a r t i c l e s  0 . 0 1  y  o r  l e s s .

S e v e r a l  f a c t o r s  s h o u l d  b e  c o n s i d e r e d .  E l e c t r o n  

m i c r o g r a p h s ,  F i g u r e s  7 - 1 0 ,  s h o w e d  s u b m i c r o n  p a r t i c l e s  

a t t a c h e d  t o  t h e  s u r f a c e s  o f  l a r g e r  p a r t i c l e s .  T h e s e  

s m a l l e r  p a r t i c l e s ,  t o g e t h e r  w i t h  o t h e r  s u r f a c e  i r r e g u l a r i 

t i e s  r e s u l t i n g  f r o m  g r i n d i n g  d a m a g e ,  c o u l d  a f f e c t  t h e  

s u r f a c e  t e n s i o n  b o t h  b e f o r e  ( y s)  a n d  a f t e r  ( y aa)  a d s o r p 

t i o n  a n d  t h u s

*  =  (7s — Tsa)

T h e  s u r f a c e  e n e r g y  o r  s u r f a c e  t e n s i o n  i s  r e p o r t e d l y  

r e l a t e d  d i r e c t l y  t o  t h e  t e n s i l e  s t r e n g t h . 19 T h o u g h  i t  i s  

s o m e w h a t  m o r e  d i f f i c u l t  t o  e n v i s i o n  t e n s i l e  s t r e n g t h s  

o f  v a r i o u s  s i z e d  s i l i c a  p a r t i c l e s  c o m p a r e d  t o  v a r i o u s  

s i z e d  s i l i c a  f i b e r s  o r  r o d s ,  t h e r e  i s  a p p a r e n t l y  a  d i f 

f e r e n c e  i n  t h e  c h a n g e  i n  t e n s i l e  s t r e n g t h  w i t h  a d s o r p 

t i o n  o n  a  l a r g e r  p a r t i c l e  ( 5 0  y) c o m p a r e d  t o  a  s m a l l e r  

p a r t i c l e  ( 1  ii). S t r a n s k i 20 f o u n d  t h e  t e n s i l e  s t r e n g t h  o f  

g r o u n d  r o c k  s a l t  t o  b e  a  f u n c t i o n  o f  p a r t i c l e  s i z e ,  i n 

c r e a s i n g  a s  t h e  d i m e n s i o n s  d e c r e a s e d .

T h e  t e n s i l e  s t r e n g t h  a n d ,  t h e r e f o r e ,  t h e  s u r f a c e  

e n e r g y  d e p e n d  u p o n  t h e  p r e s e n c e  o f  s u r f a c e  c r a c k s  

a n d  f i s s u r e s .  G r i n d i n g  i s  a n  i m p o r t a n t  f a c t o r  i n  

a f f e c t i n g  t h e  t e n s i l e  s t r e n g t h ,  a n d  l a r g e r  p a r t i c l e s  

a p p a r e n t l y  h a v e  m o r e  s u r f a c e  d a m a g e  o f  a  n a t u r e  

a f f e c t i n g  t h e  t e n s i l e  s t r e n g t h .  L a r g e  p a r t i c l e s  w o u l d  

p r e f e r e n t i a l l y  s p l i t  i n t o  s m a l l e r  p a r t i c l e s  a l o n g  s u r f a c e  

c r a c k s  a n d  f i s s u r e s .

Crystalline Silica. E v e r y 10 r e p o r t e d  a  p a r t i c l e  s i z e  

e f f e c t  f o r  b o t h  x  a n d  A H a u s i n g  t h e  s a m e  c r y s t a l l i n e  

p o w d e r  f r o m  C h a r l e s  A .  W a g n e r  C o .  u s e d  i n  t h i s  w o r k .  

N o  i m m e r s i o n a l  h e a t s  w e r e  o b t a i n e d  o n  c r y s t a l l i n e  

s a m p l e s  r e p o r t e d  h e r e ,  b u t  t h e  c r y s t a l l i n e  x  v a l u e s  

( T a b l e  I )  i n c r e a s e d  w i t h  d e c r e a s i n g  p a r t i c l e  s i z e  j u s t  

a s  E v e r y  o b s e r v e d .

T h e  c h a n g e  i n  x  w i t h  2  d i f f e r e d  f o r  a m o r p h o u s  a n d  

c r y s t a l l i n e  s i l i c a ,  F i g u r e  4 ,  i n  a n  i n v e r s e  f a s h i o n .  F o r  

c r y s t a l l i n e  s a m p l e s  t h e  g r e a t e s t  c h a n g e  o c c u r r e d  a t  l o w  

2  a n d  f o r  a m o r p h o u s  s a m p l e s  a t  h i g h  2 .  T h e r e  i s  a n  

a p p a r e n t  c o r r e l a t i o n  b e t w e e n  t h e s e  d i f f e r e n c e s  o f  x  

w i t h  2  a n d  t h e  p o p u l a t i o n  o f  a t t a c h e d  p a r t i c l e s  w h i c h  

d e c r e a s e d  a s  t h e  p a r e n t  p a r t i c l e s  g r e w  s m a l l e r  ( i n 

c r e a s e d  g r i n d i n g ,  l a r g e r  2 ) .  F o r  c r y s t a l l i n e  p o w d e r ,

e l e c t r o n  m i c r o g r a p h s  s h o w e d  t h a t  t h e  g r e a t e s t  c h a n g e  

i n  p o p u l a t i o n  t o o k  p l a c e  b e t w e e n  s a m p l e  F  ( F i g u r e  

7 a )  a n d  s a m p l e  G  ( F i g u r e  7 b ) .  T h i s  c o r r e s p o n d s  t o  

t h e  g r e a t e s t  c h a n g e  i n  x .  L i k e w i s e  f o r  a m o r p h o u s  

p o w d e r ,  t h e r e  w a s  a  g r e a t e r  c h a n g e  i n  p a r t i c l e  p o p u l a 

t i o n  b e t w e e n  s a m p l e  C  ( 1 . 8 1  m 2/ g )  a n d  s a m p l e  E  

( 1 3 . 5 8  m 2/ g )  t h a n  b e t w e e n  s a m p l e  C  a n d  s a m p l e  A  

( 0 . 0 5 6  m 2/ g ) .  T h i s  w a s  a l s o  t r u e  f o r  t h e  c h a n g e  i n  

x  f o r  s a m p l e s  C ,  E ,  a n d  A  w h i c h  t e n d s  t o  r e l a t e  c h a n g e s  

i n  x  t o  t h e s e  a t t a c h e d  p a r t i c l e s  a n d  t h u s  s u g g e s t i n g  

t h e i r  e f f e c t  o n  t h e  t e n s i l e  s t r e n g t h  a n d  s u r f a c e  e n e r g y  o f  

t h e  p a r t i c l e s  b e f o r e  a n d  a f t e r  a d s o r p t i o n  o f  w a t e r  v a p o r .

C r a c k s  i n  t h e  s u r f a c e  a n d  s m a l l e r  p a r t i c l e s  a g g r e 

g a t e d  t o g e t h e r  o n  t h e  s u r f a c e  o f  l a r g e r  p a r t i c l e s  h a v e  

b e e n  r e p o r t e d  t o  e f f e c t  a d s o r p t i o n  p r o p e r t i e s  o f  s i l i c a .  

Z h d a n o v 21 s u g g e s t e d  f i s s u r e s  i n  q u a r t z  p r o d u c e  a n  

e x c e s s  s u r f a c e  a r e a  a v a i l a b l e  t o  a n  H 20  m o l e c u l e  b u t  

n o t  t o  t h e  l a r g e r  N 2 m o l e c u l e .  N o r m a l i z i n g  w a t e r  

i s o t h e r m s  f o r  d i f f e r e n t  s a m p l e s  w i t h  N 2 B E T  2  v a l u e s  

w o u l d  l e a d  t o  e r r o r .  E g o r o v ,  et a h , 5 f o u n d  t h a t  g r i n d 

i n g  s i l i c a  i n  a i r  p r o d u c e d  a g g r e g a t i o n s  o f  p a r t i c l e s  

w h i c h  g r i n d i n g  i n  w a t e r  d o e s  n o t .  A g a i n ,  c r e v i c e s  

b e t w e e n  p a r t i c l e s  w o u l d  d e c r e a s e  t h e  a d s o r p t i v e  

c a p a c i t y  o f  N 2 r e l a t i v e  t o  H 20 .  K i s e l e v ,  et al.,22 
p r o v i d e d  f u r t h e r  e v i d e n c e  s u p p o r t i n g  t h e  t h e o r y  t h a t  

d r y  g r i n d i n g  r e s u l t s  i n  p a r t i c l e  a g g r e g a t i o n  a n d  l o w  

N 2 s p e c i f i c  s u r f a c e  a r e a s .  T h e y  p o i n t e d  o u t  t h a t  

c r a c k s  o r  f i s s u r e s ,  b e i n g  t h e  m o s t  p r o b a b l e  p l a c e  f o r  

c r a c k i n g ,  s h o u l d  d e c r e a s e  w i t h  g r i n d i n g .  T h u s  p a r t i c l e  

a g g r e g a t i o n  r a t h e r  t h a n  m i c r o f i s s u r e s 21 a r e  r e s p o n s i b l e  

f o r  t h e  d i f f e r e n c e  i n  a r e a s  “ s e e n ”  b y  a d s o r b i n g  N 2 c o m 

p a r e d  t o  H 20 .

S e v e r a l  o b s e r v a t i o n s  d o  n o t  a g r e e  w i t h  t h e  e x p l a n a 

t i o n s  g i v e n  a b o v e .  T h e  a m o r p h o u s  s a m p l e s  w e r e  

g r o u n d  i n  a  w a t e r  s l u r r y  y e t  s h o w e d  a g g r e g a t i o n .  

A l s o ,  A f f a  w a s  c o n s t a n t  w i t h  2 ,  T a b l e  I ,  w h i l e  x  v a r i e d  

( F i g u r e  4 ) .  I f  a  d i f f e r e n c e  e x i s t e d  b e t w e e n  t h e  t o t a l  

s u r f a c e  s e e n  b y  t h e  N 2 m o l e c u l e  ( u s e d  t o  n o r m a l i z e  

A f f a a n d  x )  a n d  b e t w e e n  t h e  t o t a l  s u r f a c e  s e e n  b y  t h e  

H 20  m o l e c u l e ,  t h e n  A H & s h o u l d  v a r y  a s  d i d  x .  F o r  

t h e  c r y s t a l l i n e  s a m p l e s  A i i a 10 d e c r e a s e d  w i t h  i n c r e a s i n g  

2  w h i l e  x  i n c r e a s e d .  P a r t i c l e  a g g r e g a t i o n  m u s t  p l a y  

s o m e  o t h e r  r o l e .

S t r a n s k i 20 o b s e r v e d  t h a t  w h e n  g r o u n d  r o c k  s a l t  w a s  

p l a c e d  i n  a  s a t u r a t e d  s o l u t i o n  s m a l l  c r y s t a l s  f o r m e d  o n  

t h e  s u r f a c e  o f  t h e  l a r g e r  p a r t i c l e s  a c c o m p a n i e d  b y  a  

l o w e r i n g  o f  t h e i r  t e n s i l e  s t r e n g t h .  A f t e r  t h e  c r y s t a l 

(19) W. D. Harkins, “ The Physical Chemistry of Surface Films,”  
Reinhold Publishing Corp., New York, N. Y., 1952.
(20) I. N. Stranski, Ber., 75b, 1667 (1942).
(21) S. P. Zhdanov, Dokl. Akad. Nauk SSSR, 115, 938 (1957).
(22) V. F. Kiselev, K. G. Krasil’nikov, and G. S. Khodakov, ibid., 
130, 1273 (1960).
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l i n e  s i l i c a  p o w d e r  u s e d  b y  E v e r y 10 w a s  p l a c e d  i n  w a t e r  

f o r  s e v e r a l  m o n t h s ,  t h e  v a l u e s  o f  ir f o r  t h e  s o a k e d  

s a m p l e s  ( T a b l e  I  a n d  F i g u r e  4 )  w e r e  l o w e r  b y  a  f a c t o r  

o f  2  t o  3  o v e r  t h e  7r v a l u e s  f o r  u n s o a k e d  s a m p l e s . 10 

T h i s  s u g g e s t s  t h a t  t h e  s u r f a c e  o f  t h e  s i l i c a  p o w d e r  

w a s  a l t e r e d  i n  a  m a n n e r  t h a t  c h a n g e d  t h e  t e n s i l e  

s t r e n g t h  a n d  s u r f a c e  e n e r g y .

G r i o t  a n d  K i t c h e n e r 23 f o u n d  t h a t  s i l i c a  p o w d e r s  

u n d e r w e n t  a  s l o w  c h a n g e  o r  “ a g i n g ”  e f f e c t  w h i c h  m i g h t  

e x p l a i n  t h e  g r e a t  d i f f e r e n c e  i n  v a l u e s  o f  i r  f o r  a  g i v e n  2  

r e p o r t e d  h e r e  a n d  tt v a l u e s  r e p o r t e d  p r e v i o u s l y  o n  u n 

s o a k e d  s a m p l e s . 10

Etched Crystalline Silica. E t c h i n g  w i t h  H F  r e m o v e d  

s u b m i c r o n  s u r f a c e  p a r t i c l e s  a s  w e l l  a s  m o d i f i e d  t h e  

l a r g e r  p a r t i c l e  s u r f a c e  s t r u c t u r e  d e p e n d i n g  u p o n  t h e  

e x t e n t  o f  e t c h i n g .  G i b b ,  et o h , 24 o b s e r v e d  t h i s  a l s o  

w i t h  e l e c t r o n - o p t i c a l  m e t h o d s .  I n  F i g u r e  5 ,  2  d r o p s  

w i t h  i n i t i a l  e t c h i n g ,  a n d  s u r f a c e  p a r t i c l e s  p r a c t i c a l l y  

d i s a p p e a r  ( F i g u r e  9 ) .  C o r r e s p o n d i n g  t o  t h i s  i n i t i a l  

e t c h i n g  w h e r e  t h e  p a r t i c l e s  d i s a p p e a r  a n d  2  d r o p s ,  

tt i n c r e a s e s  ( F i g u r e  4 ,  c i r c l e  2  t o  s q u a r e  1 ) .  T h i s  

i n i t i a l  e t c h i n g  ( s a m p l e  G  y i e l d i n g  s a m p l e  M )  a p p a r e n t l y  

r e s u l t e d  i n  i n c r e a s e d  t e n s i l e  s t r e n g t h  a n d  i n c r e a s e d  

7r . P l a t e  g l a s s  i s  c o m m o n l y  t r e a t e d  w i t h  H F  p r e 

s u m a b l y  t o  i n c r e a s e  i t s  t e n s i l e  s t r e n g t h  b y  r e m o v i n g  

s u r f a c e  i r r e g u l a r i t i e s .  W i t h  c o n t i n u e d  e t c h i n g ,  2  

i n c r e a s e d  ( F i g u r e  5 )  a n d  nr d e c r e a s e d  ( F i g u r e  4 ) .  

P e r h a p s  t h e  s i l i c a  p a r t i c l e s  e t c h e d  i n  3 %  H F  e x h i b i t e d  

a  d e c r e a s e  i n  tv f o r  t h e  s a m e  r e a s o n  t h e  t e n s i l e  s t r e n g t h  

o f  r o c k  s a l t  d e c r e a s e d  w h e n  p l a c e d  i n  a  s a t u r a t e d  s a l t  

s o l u t i o n .  S m a l l e r  p a r t i c l e s  a n d  h i g h e r  2  v a l u e s  w o u l d  

h a v e  r e s u l t e d  f r o m  f u r t h e r  e t c h i n g ,  b u t  t h e  p o w d e r  

s a m p l e  w a s  d e p l e t e d  a f t e r  t h e  f o u r t h  e t c h .

T h e  e f f e c t  o f  e t c h i n g  o n  A H n w a s  a l s o  s i g n i f i c a n t .  

W i t h  a m o r p h o u s  a n d  c r y s t a l l i n e  s a m p l e s ,  w h i l e  ir i n 

c r e a s e d  w i t h  2 ,  A H a d e c r e a s e d .  A s  n o t e d  i n  F i g u r e  4  

a n d  T a b l e  I  f o r  t h e  e t c h e d  s a m p l e s ,  -w a n d  A H a b o t h  

d e c r e a s e d  w i t h  i n c r e a s i n g  2  i n  m u c h  t h e  s a m e  w a y .  

B o t h  h a d  i n c r e a s e d  i n  g o i n g  f r o m  u n e t c h e d  s a m p l e  G  

t o  e t c h e d  s a m p l e  M .  R e c a l l i n g  t h e  s u g g e s t e d  m e c h 

a n i s m  f o r  t h e  p a r t i c l e  s i z e  e f f e c t  o f  A H„ w i t h  t h e  w a t e r -  

s i l i c a  s y s t e m ,  t h e  i n i t i a l  e t c h i n g  w o u l d  b e  e x p e c t e d  

t o  r e m o v e  d i s o r d e r e d  s u r f a c e  i r r e g u l a r i t i e s .  T h i s  

s h o u l d  i n c r e a s e  s u r f a c e  e l e c t r o s t a t i c  f o r c e s  a n d  i n 

c r e a s e  s u r f a c e - H 20  i n t e r a c t i o n  h e a t s .

C o n t i n u e d  e t c h i n g  c a u s e d  2  t o  i n c r e a s e  a n d  A i f a t o  

d e c r e a s e .  I t  m i g h t  b e  e x p e c t e d  t h a t  e t c h i n g  w o u l d  

l e a v e  a  m o r e  c r y s t a l l i n e  s u r f a c e  r e g i o n  w i t h  a  c o r r e 

s p o n d i n g l y  h i g h e r  e l e c t r o s t a t i c  f i e l d .  T h e n  A i / a  s h o u l d  

i n c r e a s e  w i t h  e t c h i n g .  P e r h a p s  t h e  d i l u t e  H F  c o n 

c e n t r a t i o n  d i d  n o t  e t c h  t o  t h i s  e x t e n t .  T h e  e t c h i n g  

d i d  h a v e  t h e  o b s e r v a b l e  e f f e c t ,  F i g u r e  9 ,  o f  r o u n d i n g  

s h a r p  c o r n e r s  a n d  s t e p s  w h i c h  r e s u l t e d  f r o m  t h e

g r i n d i n g .  I t  i s  r e a s o n a b l e  t h a t  s i t e s ,  s u c h  a s  t r e n c h e s  

a n d  s t e p  e d g e s ,  w h e r e  t h e  e n e r g y  o f  w a t e r - s u r f a c e  

h y d r o x y l  i n t e r a c t i o n  w o u l d  b e  g r e a t e s t  w o u l d  a l s o  b e  

t h e  s i t e s  m o s t  r e a d i l y  a l t e r e d  b y  e t c h i n g .  W i t h  c o n 

t i n u e d  e t c h i n g  b y  3 %  H F ,  A H a d e c r e a s e d .  C i r c u m 

s t a n c e s  d i d  n o t  p e r m i t  c o n t i n u e d  e t c h i n g  o f  t h e  s a m p l e  

o r i g i n a t i n g  f r o m  s a m p l e  G ,  a n d  h i g h e r  2  s a m p l e s  w e r e  

n o t  a v a i l a b l e .  P r e s u m a b l y ,  A H a w o u l d  r e a c h  a  c o n 

s t a n t  v a l u e  a s  2  i n c r e a s e d .

Thermodynamic Data. I n t e g r a l  h e a t s ,  F i g u r e  1 1 ,  

e x p r e s s  t h e  c h a n g e  i n  h e a t  c o n t e n t  g o i n g  f r o m  t h e  

g a s e o u s  s t a t e  t o  t h e  s o r b e d  s t a t e  a t  a  c o n s t a n t  v a l u e  f o r  

7r . T h i s  c h a n g e  i s  d e p e n d e n t  u p o n  t h e  e x t e n t  o f  c o v e r 

a g e ,  b u t  a s  c a n  b e  s e e n  i n  F i g u r e  1 1  t h e  i n f l u e n c e  o f  

c o v e r a g e  d e p e n d s  u p o n  t h e  s p e c i f i c  s u r f a c e  a r e a  a n d  

t y p e  o f  s a m p l e .

A t  h i g h e r  c o v e r a g e s  t h e  i n t e g r a l  h e a t s  a l l  t e n d  t o  

c o n v e r g e  a b o u t  t h e  v a l u e  f o r  t h e  h e a t  o f  c o n d e n s a t i o n .  

T h i s  i s  e x p e c t e d  f o r  i n t e r a c t i o n  h e a t s  s e v e r a l  l a y e r s  

r e m o v e d  f r o m  t h e  s o r b e n t  s u r f a c e .  H o w e v e r ,  a t  l o w e r  

c o v e r a g e s ,  p a r t i c u l a r l y  b e l o w  t h e  f i r s t  m o n o l a y e r ,  t h e r e  

w e r e  s i g n i f i c a n t  d i f f e r e n c e s .  S o m e  t r e n d s  a r e  a p 

p a r e n t .

O f  t h e  f u s e d  s i l i c a  s a m p l e s  s t u d i e d ,  o n l y  s a m p l e  E  

( h i g h e s t  2 )  g a v e  s a t i s f a c t o r y  i n t e g r a l  h e a t s .  A d s o r p 

t i o n  i s o t h e r m s  a t  1 5  a n d  2 5 °  w e r e  a l m o s t  i d e n t i c a l  f o r  

s a m p l e  A  ( 0 . 0 5 6  m 2/ g ) .  T h e  s a m e  w a s  t r u e  f o r  t h e  

o t h e r  a m o r p h o u s  s a m p l e s  s u c h  a s  s a m p l e  C  s h o w n  i n  

F i g u r e  1 1 .  I n t e g r a l  h e a t s  s h o w n  f o r  s a m p l e  C  b e l o w  

6 =  2 a r e  d o u b t f u l  b e c a u s e  o f  t h i s .  A t  h i g h e r  c o v e r 

a g e s  s a m p l e  E  a n d  s a m p l e  C  a r e  a l m o s t  i d e n t i c a l .  N o  

e x p l a n a t i o n  i s  a v a i l a b l e  f o r  t h e  s l i g h t  m i n i m a  i n  t h e  

s a m p l e  E  c u r v e  a t  6 =  0 . 5 .  F i g u r e  1 1  s h o w s  t h a t  

s a m p l e s  M  a n d  J  a l s o  e x p e r i e n c e d  s l i g h t  m i n i m a  a t  

6 =  0 . 5 .  M i n i m a  a n d  m a x i m a  a r e  n o t  u n c o m m o n  

w h e n  e x p r e s s i n g  i n t e g r a l  h e a t s  a n d  e n t r o p i e s  w i t h  

c o v e r a g e . 25

F o r  a n y  g i v e n  c o v e r a g e ,  i n t e g r a l  h e a t s  d e c r e a s e d  

f r o m  t h e  l a r g e s t  p a r t i c l e  s i z e  c r y s t a l l i n e  s a m p l e  t o  

t h e  s m a l l e s t  p a r t i c l e  s i z e  a m o r p h o u s  s a m p l e .  T h i s  

t r e n d  i s  e x p e c t e d  o n  t h e  b a s i s  o f  t h e  s u r f a c e  e l e c t r o 

s t a t i c  f i e l d  d e p e n d e n c e  o n  s u r f a c e  r e g i o n  c r y s t a l l i n i t y .  

F o r  t h e  s a m e  r e a s o n ,  t h e  s a m e  t r e n d  w a s  f o u n d  w i t h  

t h e  i n t e g r a l  e n t r o p i e s  w h i c h  i n d i c a t e  a  c h a n g e  i n  

o r d e r  g o i n g  f r o m  v a p o r  t o  s o r b e d  p h a s e .

T h e  a b s o l u t e  e n t r o p y ,  F i g u r e  1 2 ,  i s  p e r h a p s  m o s t  

i l l u s t r a t i v e  o f  t h e  e f f e c t  o f  p a r t i c l e  s i z e  a n d  t y p e  o n  

a d s o r p t i o n  t h e r m o d y n a m i c s .  F r o m  t h e  b a s i s  o f  d e r i v a 

(23) O. Griot and J. A. Kitchener, Nature, 200, 1004 (1963).
(24) J. G. Gibb, P. B. Ritchie, and J. W. Sharpe, J. Appl. Chem., 
3, 213 (1953).
(25) J. W. Whalen, J. Phys. Chem., 67, 2114 (1963).
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t i o n  o f  t h e  f o r m u l a s 16 t h e  t r e n d  i n  Sa w i t h  6 i s  q u i t e  

s i m i l a r  t o  t h a t  o f  t h e  i n t e g r a l  h e a t  a n d  e n t r o p y .  T h u s  a  

h i g h  i n t e r a c t i o n  e n e r g y  b e t w e e n  w a t e r  m o l e c u l e s  a n d  

t h e  s u r f a c e  o f  s a m p l e  G  a t  a b o u t  d =  0 . 8 5  c o r r e s p o n d s  

t o  a n  e x t r e m e l y  l o w  s o r b a t e  e n t r o p y  a t  t h e  s a m e  

c o v e r a g e .

T h e  s o r b a t e  e n t r o p y  o n  t h e  l a r g e s t  p a r t i c l e  c r y s t a l 

l i n e  s a m p l e  i s  a b o u t  1 c a l / m o l e  d e g  a t  6 =  0 . 8 5 .  

W h a l e n 25 o b s e r v e d  t h e  s a m e  d e g r e e  o f  s u r f a c e  o r d e r  

f o r  a  s i m i l a r  s i l i c a  s u r f a c e  u s i n g  b e n z e n e  a t  a b o u t  t h e  

s a m e  c o v e r a g e .  T h e  s o r b e d  w a t e r  m o l e c u l e  i s  a l m o s t  

i m m o b i l e  a t  t h i s  p a r t i c u l a r  c o v e r a g e .  E v e n  a t  m u c h  

h i g h e r  c o v e r a g e s  s o r b a t e  e n t r o p y  v a l u e s  p r e d i c t  a

m o l e c u l a r  m o b i l i t y  m u c h  c l o s e r  t o  t h a t  f o r  i c e  t h a n  t o  

t h a t  f o r  l i q u i d  w a t e r .
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T h e  e l e c t r o n e g a t i v i t i e s  o f  9 7  g r o u p s  c o n t a i n i n g  m u l t i p l e  b o n d s  h a v e  b e e n  c a l c u l a t e d  b y  

t h e  m e t h o d  o f  e l e c t r o n e g a t i v i t y  e q u a l i z a t i o n .  A l t h o u g h  t h e  v a l u e s  s e e m  t o  b e  s e l f - c o n 

s i s t e n t ,  t h o s e  o f  t h e  m o r e  e l e c t r o n e g a t i v e  g r o u p s  a p p e a r  r a t h e r  h i g h  i n  c o m p a r i s o n  w i t h  

a t o m i c  e l e c t r o n e g a t i v i t i e s .  T h i s  p r o b l e m  i s  d i s c u s s e d  a n d  i t  i s  c o n c l u d e d  t h a t  t h e  a s 

s u m p t i o n  o f  e l e c t r o n e g a t i v i t y  e q u a l i z a t i o n s  i s  a n  o v e r s i m p l i f i e d ,  t h o u g h  u s e f u l ,  d e s c r i p 

t i o n  o f  t h e  p o l a r i t y  w i t h i n  t h e  g r o u p .

I n  a  p r e v i o u s  p a p e r , 1 t h e  a s s u m p t i o n  o f  e l e c t r o n e g a 

t i v i t y  e q u a l i z a t i o n  w a s  a p p l i e d  t o  t h e  p r o b l e m  o f  t h e  

c a l c u l a t i o n  o f  t h e  e l e c t r o n e g a t i v i t y  o f  « - - b o n d e d  g r o u p s .  

T h e  m e t h o d  u t i l i z e d  w a s  d e v e l o p e d  f r o m  r e c e n t  w o r k  

o n  v a r i a b l e  e l e c t r o n e g a t i v i t y . 2 B y  t r e a t i n g  t h e  e l e c 

t r o n e g a t i v i t y  a s  a  l i n e a r  f u n c t i o n  o f  c h a r g e ,  x  =  a +  

b8, i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  e l e c t r o n e g a t i v i t y  o f  

t h e  c e n t r a l  a t o m  o f  a  g r o u p  a s  i n f l u e n c e d  b y  t h e  e l e c 

t r o n e g a t i v i t i e s  o f  i t s  s u b s t i t u e n t  a t o m s .

M o s t  i n o r g a n i c  g r o u p s  a n d  m a n y  o r g a n i c  g r o u p s  c o n 

t a i n  m u l t i p l e  b o n d s  a n d  w e r e  n o t  t r e a t e d  p r e v i o u s l y .  

I n  t h e  p r e s e n t  p a p e r ,  e l e c t r o n e g a t i v i t y  e q u a l i z a t i o n  

i n  m u l t i p l y  b o n d e d  g r o u p s  i s  e x a m i n e d  a n d  p r e v i o u s

m e t h o d s  a r e  e x t e n d e d  t o  t h e  c a l c u l a t i o n  o f  t h e  e l e c t r o 

n e g a t i v i t i e s  o f  t h e s e  g r o u p s .

Multivalent Groups. T h e  q u e s t i o n  o f  t h e  p r o p e r  

t r e a t m e n t  o f  m u l t i v a l e n t  g r o u p s  i s  n o t  u n i q u e  t o  

m u l t i p l y  b o n d e d  g r o u p s ,  b u t  a s s u m e s  g r e a t e r  i m p o r 

t a n c e  w i t h  r e s p e c t  t o  e c o n o m y  o f  e f f o r t  i n  t h e  c a l c u l a 

t i o n s .  I t  c a n  b e  s h o w n  t h a t  a  m u l t i v a l e n t  g r o u p  s u c h

(1) J. E. Huheey, J. Phys. Chem., 69, 3284 (1965).
(2) (a) J. Hinze and H. H. Jaffé, J. Am. Chem. Soc., 84, 540 (1962);
(b) J. Hinze, M. A. Whitehead, and H. H. Jaffé, ibid., 85, 148 (1963) ; 
(e) J. Hinze and H. H. Jaffé, J. Phys. Chem., 67, 1501 (1963); (d) 
R. P. Iczkowski and J. L. Margrave, J. Am. Chem. Soc., 83, 3547 
(1961); (e) R. T. Sanderson, “ Chemical Periodicity,”  Reinhold
Publishing Corp., New York, N. Y ., 1960.
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a s  t h e  m e t h y l e n e  g r o u p ,  - C H 2- ,  c a n  b e  t r e a t e d  i n  m u c h  

t h e  s a m e  w a y  a s  a  m u l t i v a l e n t  a t o m .  T h e  e q u a t i o n s  

d e v e l o p e d  p r e v i o u s l y 1 f o r  u n i v a l e n t  g r o u p s  a r e  e q u a l l y  

a p p l i c a b l e  t o  m u l t i v a l e n t  g r o u p s .  F o r  e x a m p l e ,  c o n 

s i d e r  t h e  u n i v a l e n t  g r o u p  W X Y .  T h e  e l e c t r o n e g a t i v i t y  

o f  t h i s  g r o u p  i s  g i v e n  b y

Xw x y  =
awbxby 4 ~  axbwby +  aybwbx +  bwbxbyhwxy 

6 w  +  6 X  +  i»Y

( 1 )

w h e r e  a r e p r e s e n t s  t h e  “ i n h e r e n t  e l e c t r o n e g a t i v i t y ”  

o f  a n  e l e m e n t  ( e q u i v a l e n t  t o  M u l l i k e n ' s  d e f i n i t i o n 3)  

a n d  b i s  t h e  c o e f f i c i e n t  o f  p a r t i a l  c h a r g e . 1 T h i s  g r o u p  

c a n  n o w  b e  t r e a t e d  a s  a  c o m b i n a t i o n  o f  t h e  d i v a l e n t  

g r o u p  - W X -  a n d  t h e  u n i v a l e n t  a t o m  Y .  T h e  e l e c t r o 

n e g a t i v i t y  o f  - W X -  ( a s s u m i n g  m u l t i v a l e n t  g r o u p s  

b e h a v e  i n  t h e  s a m e  w a y  a s  u n i v a l e n t  g r o u p s )  i s

X w x
a w bx 4 ~  (ixbvi 

bx +  & w
+

bwbx 
bx +  bw

8wx ( 2 )

w h e r e  t h e  f i r s t  t e r m  r e p r e s e n t s  awx a n d  t h e  s e c o n d  t e r m  

i s  bwx• U s i n g  a w x ,  & w x ,  ay, a n d  by t o  c a l c u l a t e  t h e  

e l e c t r o n e g a t i v i t y  a s  i n  a n y  g r o u p  c o m p o s e d  o f  a  

d i v a l e n t  s p e c i e s  a n d  a  u n i v a l e n t  s p e c i e s ,  o n e  o b t a i n s

dy/xby +  dyby/X bwxby . .
X w x y  =  , ~  r  -  r u — 5 w x y  ( 3 )b w x  +  b y  b w x  +  o y

m e r e l y  a  c o n v e n i e n t  approximation a s  s h o w n  b y  

P r i t c h a r d . 4

S m a l l  d e v i a t i o n s  f r o m  e l e c t r o n e g a t i v i t y  e q u a l i z a t i o n  

c a n  b e  e x p e c t e d  a s  a  r e s u l t  o f  t h e  o p t i m i z a t i o n  o f  o t h e r  

e n e r g y  t e r m s ,  e s p e c i a l l y  o v e r l a p .  A c t u a l l y ,  i n  t h e  c a s e  

o f  m u l t i p l e  b o n d s ,  w e  m i g h t  e x p e c t  t h e  e l e c t r o n e g a 

t i v i t y  e q u a l i z a t i o n  t o  b e  m o r e  n e a r l y  c o m p l e t e  t h a n  i n  

a b o n d s  a l o n e  b e c a u s e  o f  t h e  g r e a t e r  a b i l i t y  t o  a d j u s t  

b o t h  c h a r g e  t r a n s f e r  a n d  o v e r l a p .

I n  o r d e r  t o  t e s t  t h e  a b i l i t y  t o  g e t  c o n s i s t e n t  v a l u e s  

f o r  m u l t i p l y  b o n d e d  g r o u p s ,  t w o  m e t h o d s  w e r e  u s e d .  

O n e  e s t i m a t e  ( d e s i g n a t e d  Xc) w a s  m a d e  u s i n g  <r v a l u e s  

f o r  a l l  p a r a m e t e r s  a n d  u s i n g  t h e  e q u a t i o n s  p r e v i o u s l y  

d e v e l o p e d . 6

T h e  s e c o n d  m e t h o d  ( d e s i g n a t e d  x J  i n v o l v e s  t h e  u s e  

o f  t h e  p a r a m e t e r s  a a n d  b f o r  x  o r b i t a l s  ( T a b l e  I ) ,  

d e r i v e d  f r o m  t h e  w o r k  o f  J a f f é ,  et al. , 2a t o  c a l c u l a t e  

t h e  p o l a r i t y  o f  t h e  x  s y s t e m .  U s i n g  t h e  v a l u e  o f  8 
t h u s  o b t a i n e d ,  t h e  e l e c t r o n e g a t i v i t y  o f  t h e  l i n k i n g  a t o m  

c a n  n o w  b e  c a l c u l a t e d .  T h e  a p p r o p r i a t e  e q u a t i o n s  

f o r  t h e s e  c a l c u l a t i o n s  a r e

5 a  =  ( f o r  n e u t r a l  g r o u p )  ( 6 )
OAt +  b Bir

5 a  =  — a A x  +  bn„ ( f o r  c a t i o n )  ( 7 )

O Air +  “ b ,

Xx =  «Ax +  ^Aa^A (8)

U s i n g  t h e  v a l u e s  o f  a w x  a n d  bwx o b t a i n e d  f r o m  e q  2  

a n d  s u b s t i t u t i n g  t h e m  i n t o  e q  3  y i e l d s  e q  1 u p o n  s i m 

p l i f i c a t i o n .  T h i s  i n d i c a t e s  t h a t  t h e  a s s u m p t i o n  o f  t h e  

b e h a v i o r  o f  m u l t i v a l e n t  g r o u p s  i s  a  v a l i d  o n e .

Multiple Bonds, o— x  Method. I f  o n e  t r e a t s  a  d o u b l e  

b o n d  b e t w e e n  a t o m s  A  a n d  B  u n d e r  t h e  a s s u m p t i o n  

o f  e l e c t r o n e g a t i v i t y  e q u a l i z a t i o n ,  t h e  f o l l o w i n g  e q u a t i o n s  

s h o u l d  h o l d

X a <t =  « a ,  +  bA^A  =  X b <t =  « b <t +  6 B a 5 B ( 4 )

X A x  ~  « A x  +  & A x 5 a  =  X B x  =  « B x  +  ^ B x ^ B  ( 5 )

H o w e v e r ,  t h e  v a l u e s  o f  t h e  p a r a m e t e r s  a  a n d  b a r e  s u c h  

t h a t  i n  g e n e r a l  e q  4  a n d  5  c a n n o t  b o t h  b e  s a t i s f i e d  b y  a  

s i n g l e  v a l u e  o f  8.
T h e  p a r t i a l  c h a r g e  r e s i d i n g  i n  a n  o r b i t a l  o f  a n  a t o m  

w i l l  a f f e c t  t h e  e n e r g i e s  ( a n d  t h e r e f o r e  t h e  e l e c t r o n e g a 

t i v i t i e s )  o f  t h e  o t h e r  o r b i t a l s  o f  t h a t  a t o m . 1' 211 I n  t h e  

c a s e  o f  a  m u l t i p l e  b o n d ,  t h e  a a n d  x  o r b i t a l s  l i n k  t h e  

s a m e  a t o m s  a n d  t h e  v a l u e s  f o r  8 i n  e q  4  a n d  5  m u s t  b e  

t h e  sum o f  a l l  c h a r g e s  r e s u l t i n g  f r o m  t h e  p o l a r i t y  o f

o- a n d  x  b o n d s .  T h i s  s i n g l e  v a l u e  m u s t  s a t i s f y  t h e  

e q u a t i o n  f o r  b o t h  <r a n d  x  b o n d s .  T h e  f a c t  t h a t  i t  

m a y  b e  m a t h e m a t i c a l l y  i m p o s s i b l e  f o r  i t  t o  d o  s o  r e 

f l e c t s  t h e  f a c t  t h a t  e l e c t r o n e g a t i v i t y  e q u a l i z a t i o n  i s

T h e  v a l u e s  o f  Xx a n d  Xx r e p r e s e n t  l i m i t i n g  v a l u e s  a s  

e s t i m a t e d  b y  u s e  o f  p a r a m e t e r s  f o r  <r a n d  x  s y s t e m s .  

A n  a v e r a g e  o f  t h e s e  t w o  v a l u e s  w i l l  p r o b a b l y  b e  a  f a i r l y  

g o o d  e s t i m a t e  o f  t h e  a c t u a l  g r o u p  e l e c t r o n e g a t i v i t y .  

V a l u e s  o f  x x a n d  X x  o b t a i n e d  b y  t h e  a b o v e  m e t h o d s  f o r  

t h r e e  d i a t o m i c  i n o r g a n i c  g r o u p s  c o m p o s e d  o f  e l e m e n t s  

f r o m  t h e  s e c o n d  p e r i o d  a r e  g i v e n  i n  T a b l e  I .  I t

Table I : x Electronegativities

Element Hybridization® ab bb

c tr'tr’trV 1 5.64 11.09
dPdi'x'x1 5.60 11.13

N tr2tr1tr1x 1 7.95 12.34
d P d iV x1 7.92 12.54

0 tr2tr2tr'x' 10.08 15.23
s tr2tr2tr*x' 7.73 9.94

° tr = sp2, trigonal; di = sp, digonal. 6 Units are volts
electron corresponding to the Mulliken scale.

(3) R. S. Mulliken, J. Chem. Phys., 2, 782 (1934).
(4) H. P. Pritchard, J. Am. Chem. Soc., 85, 1876 (1963).
(5) The values of a and b for a bonds are given in Table I of ref 1.
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Table II : Comparison of Electronegativities Calculated by  a- x  and Bent-Bond Methods

Bend
angle, Valence“ "------------------Xcr ' '------------------x*- '------------------x

Group deg state a b a 6 a b

> c = o 120 trtrtrx 12.24 7.98 11.10 7.90 11.67 7.94
120 trt.rBB 11.73 7.95
125.3 tetedix 12.82 7.59 11.73 7.46 12.09 7.50
125.3 tetetete 12.03 7.44

1 3 II o 120 trtrtrx 14.74 8.56 14.06 8.53 14.41 8.55
120 trtrBB 14.49 8.56
125.3 tetedix 13.93 8.38 12.72 8.26 13.32 8.32
125.3 tetetete 13.20 8.17

— C = N 180 dÍdÍ7T7T 12.82 7.59 11.73 7.46 12.09 7.59
180 diBBB 12.03 7.44
180 teSiTir 10.22 6.98 9.25 7.04 9.57 7.02
180 tetetete 9.66 6.98

“ te =  tetrahedral, sp3; tr =  trigonal, sp2; di =  digonal, sp; B =  16.7% s-character for bent bond formation; S =  75%  s-char- 
acter.

a p p e a r s  t h a t  t h e  v a l u e s  o b t a i n e d  b y  t h e  t w o  m e t h o d s  d o  

n o t  d i f f e r  a p p r e c i a b l y  a n d  t h a t  t h e  a v e r a g e  s h o u l d  a p 

p r o x i m a t e  t h e  g r o u p  e l e c t r o n e g a t i v i t y  f a i r l y  w e l l .

Multiple Bonds, Bent Bond Method. A l t h o u g h  i t  i s  

c u s t o m a r y  t o  t r e a t  m u l t i p l e  b o n d s  i n  t e r m s  o f  a a n d  x  

b o n d s ,  P a u l i n g 6 h a s  s u g g e s t e d  t h a t  t h e y  m a y  b e  c o n 

s i d e r e d  a s  b e n t  b o n d s  a r i s i n g  f r o m  t h e  o v e r l a p  o f  t e t r a 

h e d r a l  o r b i t a l s .  G r o u p  e l e c t r o n e g a t i v i t i e s  m a y  b e  

r e a d i l y  c a l c u l a t e d  a s s u m i n g  t e t r a h e d r a l  o r b i t a l s  t h r o u g h 

o u t .  T h e  r e s u l t s  a r e  g i v e n  i n  T a b l e  I I .  I n  e v e r y  c a s e ,  

t h e s e  c a l c u l a t i o n s  y i e l d  e l e c t r o n e g a t i v i t i e s  l o w e r  t h a n  

t h o s e  o b t a i n e d  b y  t h e  p r e v i o u s  m e t h o d ,  b u t  t h i s  i s  n o t  

u n e x p e c t e d  s i n c e  t e t r a h e d r a l  o r b i t a l s  a r e  l e s s  e l e c 

t r o n e g a t i v e  t h a n  o r b i t a l s  c o n t a i n i n g  m o r e  s - c h a r a c t e r . 2a 

T o  o b t a i n  v a l i d  c o m p a r i s o n s ,  t h e  s a m e  h y b r i d i z a t i o n  

m u s t  b e  u s e d .  T o  d o  s o  r e s u l t s  i n  u n u s u a l  h y b r i d s .  

F o r  e x a m p l e ,  a  b e n t  b o n d  d e s c r i p t i o n  o f  t h e  c a r b o n y l  

g r o u p  i n  w h i c h  a l l  b o n d  a n g l e s  a r e  1 2 0 °  ( f o r  c o m p a r i s o n  

w i t h  t h e  u s u a l  t r ,  t r ,  t r ,  x  t r e a t m e n t )  m u s t  u t i l i z e  t w o  

t r i g o n a l  o r b i t a l s  f o r  t h e  s u b s t i t u e n t s  a n d  t w o  e q u i v a l e n t  

o r b i t a l s  c o n t a i n i n g  1 6 . 7 %  s - c h a r a c t e r  e a c h  f o r  t h e  b e n t  

m u l t i p l e  b o n d s .  I f  t h e  o x y g e n  i s  h y b r i d i z e d  i n  a  s i m i l a r  

m a n n e r  ( t h i s  w i l l  p r o b a b l y  r e s u l t  i n  m a x i m u m  o v e r l a p  

s i n c e  t h e  a n g l e  b e t w e e n  t h e  m u l t i p l e - b o n d i n g  o r b i t a l s  

w i l l  b e  t h e  s a m e  i n  b o t h  a t o m s )  t h e  r e s u l t a n t  c a l c u l a t e d  

e l e c t r o n e g a t i v i t y  i s  p r a c t i c a l l y  i d e n t i c a l  w i t h  t h a t  o b 

t a i n e d  b y  t h e  o — x  t r e a t m e n t .  C o m p a r a t i v e  v a l u e s  f o r  

c a r b o n y l  g r o u p  a n d  n i t r o s y l  g r o u p ,  b o n d i n g  t h r o u g h  

e i t h e r  t r i g o n a l  o r  t e t r a h e d r a l  o r b i t a l s ,  a r e  g i v e n  i n  

T a b l e  I I .  T h e  v a l u e s  a r e  c o m p a r a b l e  f o r  e i t h e r  m e t h o d  

a n d  i f  o n e  k n o w s  t h e  b o n d  a n g l e s  i n v o l v e d ,  t h e  a p p r o 

p r i a t e  h y b r i d i z a t i o n  m a y  b e  e m p l o y e d .

T h e  c y a n i d e  g r o u p  i s  m o r e  d i f f i c u l t  b e c a u s e  n o  h i n t  

c o n c e r n i n g  t h e  a p p r o p r i a t e  h y b r i d i z a t i o n  m a y  b e  o b 

t a i n e d  f r o m  t h e  b o n d  a n g l e s ,  a l l  p r o b a b l e  m e t h o d s  y i e l d 

i n g  1 8 0 ° .  T h e  o— x  m e t h o d  p r e d i c t s  h y b r i d i z a t i o n  o f  

d i ,  d i ,  x ,  x  t o  a  f i r s t  a p p r o x i m a t i o n ,  w h e r e a s  a  s i m p l e  

b e n d - b o n d  m o d e l  m a y  p r e d i c t  t e ,  t e ,  t e ,  t e ,  w h i c h  g i v e s  

q u i t e  d i f f e r e n t  r e s u l t s  a s  a  r e s u l t  o f  t h e  h i g h e r  e l e c t r o 

n e g a t i v i t y  o f  d i g o n a l l y  h y b r i d i z e d  a t o m s .  P a u l i n g 7 

h a s  s u g g e s t e d  t h e  u s e  o f  n o n t e t r a h e d r a l  o r b i t a l s  i n  a  

b e n t - b o n d  t r e a t m e n t  o f  t h e  n i t r o g e n  m o l e c u l e .  I f  t h e  

c a r b o n  a n d  n i t r o g e n  o f  t h e  c y a n i d e  g r o u p  a r e  a s s u m e d  t o  

b e  h y b r i d i z e d  w i t h  1 6 . 7 %  s - c h a r a c t e r  i n  t h r e e  o r b i t a l s  

f o r m i n g  b e n t  b o n d s  a n d  5 0 %  s - c h a r a c t e r  i n  t h e  r e m a i n 

i n g  o r b i t a l ,  t h e  r e s u l t  i s  v e r y  s i m i l a r  t o  t h a t  o b t a i n e d  

b y  t h e  < r - x  m e t h o d  ( c / .  T a b l e  I I ) .

Multiple Bonds Involving Elements of the Third 
Period. D i f f i c u l t i e s  a r e  e n c o u n t e r e d  i n  c a l c u l a t i n g  t h e  

e l e c t r o n e g a t i v i t i e s  o f  g r o u p s  c o n t a i n i n g  s i l i c o n ,  p h o s 

p h o r u s ,  s u l f u r ,  a n d  s i m i l a r  a t o m s  b e c a u s e  o f  t h e  u n 

a v a i l a b i l i t y  o f  d a t a  o n  d o r b i t a l s  f o r  t h e s e  e l e m e n t s . 211 

A  f u r t h e r  d i f f i c u l t y  a r i s e s  b e c a u s e  m u l t i p l e  b o n d s  s u c h  

a s  t h o s e  i n  t h e  p h o s p h o r y l  a n d  s u l f u r y l  g r o u p s  a r e  

u s u a l l y  c o n s i d e r e d  a s  a  d a t i v e  a b o n d  o f  a  l o n e  p a i r  o n  

t h e  p h o s p h o r u s  ( o r  s u l f u r )  i n t o  a n  e m p t y  o r b i t a l  o f  t h e  

o x y g e n  a n d  p ^ - d x  b a c k b o n d i n g  f r o m  t h e  o x y g e n  t o  

p h o s p h o r u s  ( o r  s u l f u r ) .  T h i s  c a n  b e  s y m b o l i z e d  a s : ( P  

=  t e 2 d ° )  +  ( 0  =  t r ° p 2) .  T h i s  i s  c e r t a i n l y  a  u s e f u l  p o i n t  

o f  v i e w ,  b u t  b e c a u s e  o f  t h e  d i f f i c u l t i e s  a t t e n d i n g  t h e  

t r e a t m e n t  o f  d a t i v e  b o n d s ,  t h e s e  b o n d s  a r e  h e r e  

t r e a t e d  a s  t w o  “ n o r m a l ”  c o v a l e n t  b o n d s :  ( P  =  t e f f i 1)  +  

( O  =  t F p 1) . S i n c e  t h e  d i f f e r e n c e  i s  m e r e l y  a  f o r m a l i s m ,  

t h e  r e s u l t s  s h o u l d  b e  t h e  s a m e .  I n  t h e  a b s e n c e  o f  d a t a

(6) L. Pauling, “ The Nature of the Chemical Bond,”  3rd ed, Cornell 
University Press, Ithaca, N. Y ., 1960.
(7) L. Pauling, Tetrahedron, 17, 229 (1962).

The Journal of Physical Chemistry



T he Electronegativity of M ultiply Bonded Groups 2089

o n  t h e  e l e c t r o n e g a t i v i t y  o f  d o r b i t a l s ,  i t  i s  i m p o s s i b l e  

t o  c a l c u l a t e  t h e  p o l a r i t y  o f  t h e  7r  s y s t e m  a n d  t o  c o m p u t e  

Xw a s  a b o v e .  H o w e v e r ,  s i n c e  e s t i m a t e s  o f  t h e  e l e c t r o 

n e g a t i v i t i e s  o f  t h e s e  g r o u p s  a r e  h i g h l y  d e s i r a b l e ,  e s t i 

m a t e s  d e r i v e d  f r o m  Xa a l o n e  h a v e  b e e n  c a l c u l a t e d .  T h e  

a s s u m p t i o n  h a s  b e e n  m a d e  t h a t  d x- p T s y s t e m s  w i l l  b e 

h a v e  i n  a  m a n n e r  s i m i l a r  t o  t h a t  o f  p T- p ^  s y s t e m s .  

V a l u e s  g i v e n  b e l o w  f o r  a l l  g r o u p s  c o n t a i n i n g  a n  a t o m  i n  

t h e  t h i r d  p e r i o d  o r  g r e a t e r  s h o u l d  t h e r e f o r e  b e  t r e a t e d  

w i t h  s o m e  s k e p t i c i s m  u n t i l  f u r t h e r  e v i d e n c e  c a n  b e  

g a t h e r e d  a s  t o  t h e i r  v a l i d i t y .

Unsaturated Organic Systems. S y s t e m s  c o m p o s e d  

o f  — C H =  u n i t s  m a y  b e  t r e a t e d  q u i t e  e a s i l y .  T h e  

e l e c t r o n e g a t i v i t y  o f  t h e  t r i g o n a l l y  h y b r i d i z e d  — C H =  

u n i t  m a y  b e  u s e d  t o  c a l c u l a t e  t h e  e l e c t r o n e g a t i v i t y  o f  

a n y  s y s t e m ,  ( — C H = ) „  b y  t h e  e q u a t i o n

*  -  O c „  +  ^  (9)n

T h e s e  m e t h o d s  m a y  b e  r e a d i l y  e x t e n d e d  t o  a r o m a t i c  

s y s t e m s  a n d  t o  a c e t y l e n e s .

R esults and D iscussion

V a l u e s  f o r  t h e  e l e c t r o n e g a t i v i t i e s  o f  v a r i o u s  s u b s t i 

t u t e d  i n o r g a n i c ,  c a r b o n y l ,  p h e n y l ,  v i n y l ,  a n d  a c e t y l e n e  

g r o u p s  a r e  g i v e n  i n  T a b l e  I I I .  C o m p a r i s o n  o f  t h e s e  

v a l u e s  w i t h  p r e v i o u s  e s t i m a t e s  i n d i c a t e s  t h a t  t h e  

p r e s e n t  v a l u e s  t e n d  t o  b e  h i g h e r ,  e s p e c i a l l y  f o r  t h e  m o r e  

e l e c t r o n e g a t i v e  g r o u p s .  T h e r e  a r e  p r o b a b l y  t w o  

r e a s o n s  f o r  t h i s .  F i r s t ,  t h e r e  s e e m s  t o  h a v e  b e e n  a n  

i n h i b i t i o n  a g a i n s t  a s s i g n i n g  v a l u e s  a s  h i g h  a s  3 . 5 -

4 . 0  ( t h e  e l e c t r o n e g a t i v i t i e s  o f  o x y g e n  a n d  f l u o r i n e )  t o  

g r o u p s  c o m p o s e d  l a r g e l y  o f  t h e  l e s s  e l e c t r o n e g a t i v e  

e l e m e n t s  c a r b o n ,  n i t r o g e n ,  h y d r o g e n ,  e t c .  H o w e v e r ,  

t h i s  i g n o r e s  t h e  f a c t  t h a t  t h e  e l e m e n t s  i n  t h e s e  g r o u p s  

a r e  o f t e n  h y b r i d i z e d  w i t h  a  h i g h  p e r  c e n t  o f  s - c h a r a c t e r  

( s p 2 a n d  s p )  w i t h  a  r e s u l t a n t  i n c r e a s e  i n  e l e c t r o n e g a 

t i v i t y .8 S e c o n d l y ,  t h e  a s s u m p t i o n  o f  p e r f e c t  e l e c t r o 

n e g a t i v i t y  e q u a l i z a t i o n  g i v e s  e q u a l  “ w e i g h t ”  t o  a l l  

a t o m s  i n  t h e  g r o u p .  I n  r e a l i t y ,  t h e  e l e c t r o n e g a t i v i t y  

o f  a  g r o u p  a l w a y s  i s  i n f l u e n c e d  m o s t  b y  t h e  a t o m  w h i c h  

l i n k s  t h e  g r o u p  t o  t h e  r e m a i n d e r  o f  t h e  m o l e c u l e .  T h i s  

e x p l a i n s  t h e  h i g h  v a l u e s  o f  s u c h  g r o u p s  a s  c y a n i d e ,  

c a r b o x y l ,  n i t r o ,  a n d  t h i o c y a n a t e .  S u p p o r t i n g  t h i s  

v i e w p o i n t  i s  t h e  v a l u e  o f  t h e  a c e t o x y  g r o u p  w h i c h  i s  

l o w e r  ( 2 . 9 5 )  t h a n  a  p r e v i o u s ,  e x p e r i m e n t a l l y  o b t a i n e d  

e s t i m a t e  ( 3 . 6 ) .  I n  t h i s  c a s e  t h e  v e r y  l o w  v a l u e s  o f  a 
a n d  b o f  t h e  m e t h y l  g r o u p  r e v e r s e  t h e  s i t u a t i o n  d e 

s c r i b e d  a b o v e  a n d  c a u s e  t h e  g r o u p  t o  h a v e  a n  u n u s u a l l y  

l o w  c a l c u l a t e d  e l e c t r o n e g a t i v i t y .

A  f u r t h e r  e x a m p l e  o f  t h i s  p h e n o m e n o n  i s  a  c o m p a r i 

s o n  o f  t h e  a c e t o x y  a n d  t h e  c a r b o m e t h o x y  g r o u p s .

S i n c e  t h e s e  t w o  g r o u p s  c o n t a i n  t h e  s a m e  a t o m s  i n  t h e  

s a m e  v a l e n c e  s t a t e s ,  t h e  p r e s e n t  s i m p l i f i e d  p r o c e d u r e  

y i e l d s  t h e  s a m e  v a l u e ,  2 . 9 5 ,  f o r  b o t h  g r o u p s .  I n  c o n 

t r a s t ,  t h e  d a t a  o f  A l l r e d  a n d  R o c h o w 9 ( c h e m i c a l  s h i f t s  o f  

m e t h y l  h y d r o g e n s )  m a y  b e  u s e d  t o  o b t a i n  e s t i m a t e s  o f

3 . 5 2  a n d  2 . 5 4 ,  r e s p e c t i v e l y .

V a l u e s  o b t a i n e d  f o r  t h e  c h a r g e s  i n  a  p y r i d i n e  ir 
s y s t e m  o b t a i n e d  b y  P r i t c h a r d 4 b y  a  s e l f - c o n s i s t e n t  

m o l e c u l a r  o r b i t a l  m e t h o d  d i f f e r  f r o m  t h o s e  p r e d i c t e d  

b y  t h e  a s s u m p t i o n  o f  e l e c t r o n e g a t i v i t y  e q u a l i z a t i o n  

b y  a p p r o x i m a t e l y  3 0 % .  S u c h  d e v i a t i o n s  f r o m  1 0 0 %  

e q u a l i z a t i o n  w i l l  r e s u l t  i n  a t t e n u a t i o n  o f  p o l a r  e f f e c t s .  

T h i s  p r o b l e m  i s  c u r r e n t l y  u n d e r  s t u d y  w i t h  a  v i e w  

t o w a r d  c o m p e n s a t i n g  f o r  t h i s  e r r o r .

T h e  v a l u e s  f o r  t h e  o r g a n i c  g r o u p s  a r e  p r o b a b l y  

s o m e w h a t  b e t t e r  t h a n  t h o s e  o f  t h e  m o r e  p o l a r  g r o u p s  

s i n c e  t h e  a t o m s  w h i c h  c o m p r i s e  t h e  g r o u p s  d o  n o t  d i f f e r  

s o  m u c h  f r o m  o n e  a n o t h e r  i n  e l e c t r o n e g a t i v i t y .  I t  

s h o u l d  b e  p o i n t e d  o u t  t h a t  a l l  v a l u e s  f o r  a r o m a t i c  

g r o u p s  a r e  c a l c u l a t e d  s o l e l y  o n  t h e  b a s i s  o f  <r b o n d s  

b e t w e e n  t h e  g r o u p  a n d  s u b s t r a t e  a n d  d o  n o t  i n c l u d e  

c o n j u g a t i v e  e f f e c t s .

T h e  e x t e n s i o n  o f  p r e v i o u s  m e t h o d s  t o  m u l t i p l y  

b o n d e d  g r o u p s  i s  e s p e c i a l l y  u s e f u l  b e c a u s e  f e w  v a l u e s  

a r e  a v a i l a b l e  f o r  t h e s e  g r o u p s .  H o w e v e r ,  t h i s  v e r y  

f a c t  p r e s e n t s  a  d i f f i c u l t y  i n  t e s t i n g  t h e  v a l i d i t y  o f  t h e  

r e s u l t s .  I n  a d d i t i o n  * o  v a l u e s  o b t a i n e d  f r o m  n m r  

d a t a ,9 t h e r e  a r e  a  f e w  d a t a  i n  t h e  l i t e r a t u r e  o b t a i n e d  

f r o m  i n f r a r e d 10 o r  t h e r m o d y n a m i c 11 d a t a .  T h e s e  a r e  

l i s t e d  i n  T a b l e  I I I  f o r  c o m p a r i s o n .

T h e  p o l a r  s u b s t i t u e n t  c o n s t a n t ,  a*, h a s  p r o v e d  t o  b e  

e x t r e m e l y  u s e f u l  i n  t r e a t i n g  q u a n t i t a t i v e l y  p o l a r  

e f f e c t s  i n  o r g a n i c  r e a c t i o n s .  G r o u p  e l e c t r o n e g a t i v i t i e s  

r e p o r t e d  h e r e  a n d  p r e v i o u s l y 1 a r e  f o u n d 12 t o  b e  c o n 

s i s t e n t  w i t h  p r e v i o u s l y  r e p o r t e d 13 v a l u e s  o f  a* i f  a d 

j u s t m e n t s  a r e  m a d e  f o r  i m p e r f e c t  e q u a l i z a t i o n  o f  e l e c 

t r o n e g a t i v i t y .

I n  a d d i t i o n  t o  l i t e r a t u r e  v a l u e s ,  e l e c t r o n e g a t i v i t i e s  

c a l c u l a t e d  b y  t h e  m e t h o d s  o f  C l i f f o r d 14 a n d  S a n d e r 

s o n 26 a r e  g i v e n  i n  T a b l e  I I I .  I t  s h o u l d  b e  n o t e d  t h a t

(8) This situation is not unique to x systems. The cr-bonded groups 
OH, OF, OC1, and OBr exhibit unexpectedly high electronegativities 
as a result of the large s-character of the oxygen (1).
(9) A. L. Allred and E. G. Rochow, unpublished results; doctoral 
dissertation, Harvard University, 1956.
(10) (a) J. K. Wilmshurst, J. Chem. Phys., 26, 425 (1957); (b)
J. K. Wilmshurst, ibid., 27, 1129 (1957) ; (c) J. K. Wilmshurst, ibid., 
28, 733 (1957) ; (d) J. K. Wilmshurst, Can. J. Chem., 35, 937 (1957).
(11) D. H. McDaniel and A. Yingst, J. Am. Chem. Soc., 86, 1334 
(1964).
(12) J. E. Huheey, J. Org. Chem., 31, 2365 (1966).
(13) R. W. Taft in M. S. Newman, “ Steric Effects in Organic 
Chemistry,”  John Wiley and Sons, Inc., New York, N. Y ., 1956.
(14) A. F. Clifford, J. Phys. Chem., 63, 1227 (1959).
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Table IIIa

Hybrid-
Group ization*

Inorganic groups

CN di 12.06 7.47 3.84

CO tr 11.70 7.94 3.72

C(0)H
C(0)CH,
C(0)OH

tr
tr
tr*
tr?

9.97
8.63

11.09
10.92

4.97
2.30
3.87
3.85

3.14 
2.69 
3.52/ 
3.46/

o
 o

 
o

 o
o

 o
 

o
 

a tr
k

9.38
12.86

2.04
5.56

2.94
4.11

0C (0 )0
0C(0)H
0C(0)CH 3

k
k
k

13.49
11.16
9.40

4.28
3.92
2.05

4.33
3.54
2.95

0C (0)0C H s
Na
NO

k
l

10.02
13.77

1.84
5.26

3.17
4.42

tr 14.45 8.56 4.65
te 13.26 8.24 4.25

NOz tr 14.98 5.91 4.83/
te 13.83 5.65 4 33 J

ONO te 14.80 6.02 4.43

ONOz te 14.24 4.33 4.58
NCO

m 13.90 5.38 4 46

OCN n 14.50 5.91 4.66
NCS 0 13.04 4.38 4.17
SCN V 12.27 4.29 3.91

PO te, tr 11.94 7.12 3.8
CH3PO te 9.95 2.23 3.1
C6H5PO te 8.60 1.03 2.7

FPO te 12.01 5.05 3.8
CIPO te 10.90 4.37 3.1
BrPO te 10.41 4.05 3.3
(CH3)zPO te 8.22 1.32 2.6
(C6H5)2PO te 8.33 0.55 2.6
FzPO te 12.05 3.91 3.8
ClzPO te 10.52 3.15 3.3
BrzPO te 9.80 2.83 3.1
HOPO te 11.51 3.64 3.7
(HO)zPO te 11.37 2.44 3.6
P04 te 13.72 3.28 4.5
SO te 12.63 6.88 4 . 0

CHaSO te 9.05 2.20 2 . 8

CeHsSO te 8.75 1.03 2 . 7

C1SO te 11.40 4.27 3 . 6

SOz te 13.80 5.06 4 . 4

CHaSOz te 9.88 1.97 3 . 1

C.HsSOz te 9.14 0.98 2 . 9

HOSOz te 12.70 3.01 4 . 1

HS04 te 12.88 2.59 4 1

SO4 te 14.32 3.26 4.6
OC1 te5 13.69 4.96 4 . 4

OCIO ter 14.39 3.94 4 . 6

OCIOz ter 14.84 3.26 4 . 8

OClOa ter 15.16 2.78 4 . 9

Substituted phenyl groups

c 6h 6 tr 8.03 1.21 2 . 4 9

x& xs6 Lit. values

4.17 4.08 3 .11 /3 .22 ' 
3 .27 / 3.3f 
3 .17 /2 .50 '

4.14 3.90
2.78'
2.59A

Í2.97,' 2.88' 
12.84/ 3.50a 

2.54a
2 .9 8 /,<i 2.81' 
2.92»
3.60a
3.58'
3 .6 / 3.52a

4.31 4.17

Í3 .2 / 3.45» 
\3,92a

3.7f

3.1'
4.2 3.9

3 .7 / 3.70a

3.18/3 .01 ,'3 .13"
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Table III (continued)

Hybrid-
Group ization* a b xp XC& XS& Lit. values

Substituted phenyl groups
CH3C6H4 tr 7.89 0.94 2.44
(CH3)2C6H3 tr 7.82 0.77 2.42
(CH3)3C6H2 tr 7.76 0.66 2.40
(CH3)4CsH tr 7.72 0.57 2.38
(CH3)3C6 tr 7.68 0.51 2.37
f c 6h 4 tr 8.41 1.24 2.55
f 2c 6h 3 tr 8.81 1.27 2.75
f 3c 6h 2 tr 9.23 1.30 2.89
cic6h 4 tr 8.25 1.19 2.56
ci2c 6h 3 tr 8.47 1.18 2.64
ci3c 6h 2 tr 8.68 1.16 2.71
BrCjH4 tr 8.15 1.17 2.53
Br2CeH3 tr 8.27 1.13 2.57
Br3CeH3 tr 8.38 1.09 2.61
i c 6h 4 tr 8.12 1.17 2.52
i2c 6h 3 tr 8.20 1.12 2.55
i 3c 6h 2 tr 8.27 1.08 2.57
OiNCeHi tr 9.49 1.07 2.98
(02N)2C6H3 tr 10.63 0.96 3.36
(02N)3C6H2 tr 11.57 0.87 3.68
c 6h 6o h 8.50 1.13 2.68

Vinyl groups
C H ^C H tr 7.79 2.63 2.41 3 .12 ,'2 .97 ,'3 .08s
CHü= C H —CH2 te 7.66 1.64 2.37
CH3—CH=CH tr 7.66 1.64 2.37
C6H5CH=CH tr 8.01 0.89 2.48
c h 3c 6h 4c h = c h tr 7.90 0.55 2.45
(CH3)2C6H3CH=CH— tr 7.84 0.62 2.43
(CH3)3C6H2CH=CH— tr 7.79 0.73 2.41
(CH3)4C6HCH=CH— tr 7.75 0.49 2.40
(CH3)5CeCH=CH— tr 7.71 0.44 2.38
o 2n c 6h 4c h = c h tr 9.11 0.69 2.85
(02N)2C6H3CH=CH— tr 10.02 0.74 3.16
(02N)3C6H2CH=CH— tr 10.82 0.81 3.56
c ic6h 4c h = c h — tr 8.17 0.88 2.54
ci2c 6h 3c h = c h — tr 8.33 0.87 2.59
ci3c 6h 3c h = c h — tr 8.50 0.86 2.65

Acetylene groups
H—C = C — di 9.25 4.55 2.90 3.15,° 3.29”
c h 3c = c — di 8.32 2.23 2.59
c 6h 3c = c — di 8.38 1.03 2.61
o 2n c 6h 4c = c — di 9.61 0.93 3.02
(0 2N)2C6H3C = C — di 10.60 0.84 3.35
(02N)3C6H2Ce=C — di 11.44 0.77 3.64
CH3C6H4f e C — di 8.18 0.83 2.57
(CH3)2C6H3f e C — di 8.07 0.69 2.50
(CH3)3C6H2C = C — di 7.99 0.60 2.48
(CH3)4C6H C =C — di 7.92 0.53 2.45
(CH3)6C6f e C — di 7.86 0.48 2.43
cic6h 4c = c — di 8.56 1.02 2.67

« (Columns a and b list the inherent electronegativity and the charge coefficient in Mulliken units (volts per electron). The inherent
electronegativity is given in Pauling units in the column headed xp- All hybridizations other than di, tr, and te, are based on bond
angle values from L. E. Sutton, “ Tables of Interatomic Distances and Configuration in Molecules and Ions,”  The Chemical Society,
London, 1958, and computed by the method given by C. A. Coulson, “ Valence,” Oxford, England, 1952, p 193.) The asterisk, *,
refers to the hybridization of the linking atoms unless otherwise noted. b Computed by the methods of Clifford11 and Sanderson,26
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Table III (continued)

using appropriate valence state electronegativities of Jaffé.1“ c See ref 10a. 4 See ref lOd. 6 See ref 10c. 1 See ref 11. s See ref 10b.
h See ref 9. ; Hydroxyl oxygen hybridized 25% s-character. ’ Hydroxyl oxygen hybridized 20% s-character. k The linking oxygen
atom is assumed to have 26.8% s-character corresponding to 111.5° bond angle, the average of values given by Sutton. 1 The nitrogen 
atoms are assumed to be hybridized tr, di, and tr, respectively. m Linked through the nitrogen; assumed to be hybridized tr, di, di. 
" Linked through the oxygen; assumed to be hybridized tr, di, di. ° Linked through the nitrogen; assumed to be hybridized tr, di, di. 
” Linked through the sulfur; assumed to be hybridized tr, di, di. q Linked through the oxygen; both atoms assumed to be hy
bridized te. r Linked through the oxygen which is assumed to be hybridized te; all other oxygen atoms assumed to be hybridized tr.

i n  o r d e r  t o  g e t  c o m p a r a b l e  v a l u e s  b y  t h e s e  m e t h o d s ,  

i t  i s  n e c e s s a r y  t o  u s e  t h e  c o r r e c t  v a l e n c e  s t a t e  a t o m i c  

e l e c t r o n e g a t i v i t i e s 18 r a t h e r  t h a n  t h e  “ a v e r a g e ”  v a l u e s  

u s u a l l y  u s e d .
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T h e  p u l s e  r a d i o l y s i s  o f  d e a e r a t e d  a q u e o u s  K B r  s o l u t i o n s  i n  t h e  p H  r a n g e  5  t o  9  y i e l d e d  

* ( O H  +  B r ~ )  =  ( 1 . 2  ±  0 . 1 5 )  X  1 0 9 M ~l s e c “ 1, 2 f c ( B r 2 -  +  B r 2 - )  =  ( 3 . 3  ±  1 . 0 )  X  1 0 9 

M ~ l s e c - 1 , a n d  k(em~ +  B r 2 - )  =  ( 1 . 3  ±  0 . 5 )  X  1 0 10 M - 1  s e c - 1 . T h e  v a l u e  o f  f c ( O H  +  

B r - )  i n c r e a s e s  a t  l o w  p H  v a l u e s  a n d  d e c r e a s e s  m a r k e d l y  a t  h i g h  p H ,  i n d i c a t i n g  t h a t  t h e  

t r a n s i t i o n  c o m p l e x  B r O H -  m a y  r e a c t  w i t h  H 30 + .  T h e  m o l a r  e x t i n c t i o n  c o e f f i c i e n t  o f  

B r 2 -  a t  3 6 5 0  A  i s  7 8 0 0  ±  2 0 0 0  M ~ l c m - 1 . T h e  f c ( O H  +  B r - )  v a l u e  h a s  b e e n  c o m p a r e d  

w i t h  o t h e r  r a t e  c o n s t a n t s  f o r  O H  b y  m e a n s  o f  r a t e  c o n s t a n t  r a t i o s  i n  t h e  l i t e r a t u r e .  R e l a 

t i v e  r a t e  c o n s t a n t s  i n v o l v i n g  f c ( O H  +  B r - )  m u s t  b e  u s e d  c a u t i o u s l y  b e c a u s e  o f  t h e  p H  

s e n s i t i v i t y  o f  t h i s  r a t e  c o n s t a n t .

Introduction

A  n u m b e r  o f  p a p e r s  h a v e  b e e n  p u b l i s h e d  c o n c e r n i n g  

t h e  s t e a d y  r a d i o l y s i s  o f  a q u e o u s  b r o m i d e  s o l u t i o n s .  

H o c h a n a d e l 3 r e p o r t e d  t h a t  a  c o n c e n t r a t i o n  o f  B r -  a s  

l o w  a s  1 0 - 5  M  w a s  s u f f i c i e n t  t o  p r o t e c t  H 2 f r o m  O H ,  

i n d i c a t i n g  a  h i g h  r e a c t i v i t y  o f  O H  r a d i c a l s  t o w a r d  

B r - . T h e  w o r k  o f  L i n n e n b o m ,  et al,,4 s h o w e d  t h a t  

h i g h e r  c o n c e n t r a t i o n s  o f  B r -  w e r e  r e q u i r e d  t o  p r o t e c t  

t h e  H 2 a s  t h e  p H  w a s  i n c r e a s e d .  S w o r s k i 5 i n t e r p r e t e d  

t h e  r e d u c e d  y i e l d  o f  H 20 2 o b t a i n e d  i n  a e r a t e d  a q u e o u s  

b r o m i d e  s o l u t i o n s  b y  a  m e c h a n i s m  i n  w h i c h  t h e  “ m o l e c 

u l a r ”  y i e l d  o f  H 20 2 i s  d e c r e a s e d  b y  O H  r a d i c a l s  r e a c t i n g  

w i t h  B r -  i n  r e g i o n s  o f  h i g h  i o n i z a t i o n  d e n s i t y .  O n  t h e  

o t h e r  h a n d ,  o v e r  a  w i d e  r a n g e  o f  c o n c e n t r a t i o n s  B r -

(1) Based on work performed under the auspices of the U. S. 
Atomic Energy Commission.
(2) The Hebrew University, Jerusalem, Israel.
(3) C. J. Hochanadel, J. Phys. Chem., 56, 587 (1952).
(4) V. J. Linnenbom, C. H. Cheek, and J. W. Swinnerton, NRL 
Quarterly on Nuclear Science and Technology, April 1962, p 46.
(5) T. J. Sworski, J. Am. Chem. Soc., 76, 4687 (1954).
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d o e s  n o t  a f f e c t  t h e  “ m o l e c u l a r ”  y i e l d  o f  H 2. 3’6 A l l e n 7 

h a s  p o i n t e d  o u t  t h a t  c o m p e t i t i v e  s c a v e n g e r  s t u d i e s  

y i e l d  v a l u e s  o f  t h e  r a t e  c o n s t a n t  o f  ( 1 )  w h i c h  d i s a g r e e .

O H  +  B r -  — >  O H -  +  B r  ( 1 )

R e s u l t s  b a s e d  o n  t h e  c o m p e t i t i o n  o f  B r ~  w i t h  e t h a n o l 8 

a n d  t h e  c o m p a r i s o n  o f  e t h a n o l  w i t h  H 20 2 t h r o u g h  a  

s e r i e s  o f  c o m p e t i t i o n s 9 g a v e  ki =  1 . 3 5  X  1 0 8 M ~ l 
s e c - 1 , w h i l e  r e s u l t s  b a s e d  o n  d i r e c t  c o m p e t i t i o n  o f  

B r -  w i t h  H 20 2 g a v e  a  v a l u e  t e n f o l d  h i g h e r .  I n  t h i s  

p a p e r ,  k\ h a s  b e e n  m e a s u r e d  b y  t h e  p u l s e  r a d i o l y s i s  

t e c h n i q u e  i n  o r d e r  t o  r e s o l v e  t h i s  d i s c r e p a n c y .  E v i 

d e n c e  c o n c e r n i n g  t h e  m e c h a n i s m  o f  r e a c t i o n  1 a l s o  

h a s  b e e n  o b t a i n e d .

Experim ental Section

T h e  e x p e r i m e n t a l  p r o c e d u r e  h a s  b e e n  d e s c r i b e d  i n  a  

p r e v i o u s  p a p e r 10 a n d  t h e  r e f e r e n c e s  c i t e d  t h e r e i n .  I n  

t h e  p r e s e n t  w o r k  a n  8 0 - c m  o p t i c a l  p a t h  l e n g t h  w a s  u s e d  

i n  t h e  m u l t i p l e  r e f l e c t i o n  c e l l .  T h e  B r 2_  f o r m a t i o n  a n d  

d e c a y  w e r e  f o l l o w e d  a t  3 6 5 0  A  u s i n g  a  4 5 0 - w  x e n o n  l a m p  

a n d  a  B a u s c h  a n d  L o m b  m o n o c h r o m a t o r  ( C a t a l o g  

N o .  3 3 - 8 6 - 0 1 ) .  A  P y r e x  f i l t e r  ( n o  l i g h t  b e l o w  2 8 0 0  

A )  b e t w e e n  t h e  l i g h t  s o u r c e  a n d  r e a c t i o n  c e l l  m i n i m i z e d  

p h o t o c h e m i c a l  e f f e c t s .  T h e  e l e c t r o n  p u l s e  o f  0 . 4  ¿ ¡ s e c  

g a v e  a  d o s e  o f  - ~ 1 . 1  X  1 0 19 e v  l . - 1  i n  m o s t  o f  t h e  e x 

p e r i m e n t s .  T h i s  d o s e  w a s  e s t i m a t e d  i n  N 20 - f r e e  

s o l u t i o n s  b y  f i t t i n g  e x p e r i m e n t a l  o p t i c a l  d e n s i t y  vs. 
t i m e  c u r v e s  w i t h  t h e  a i d  o f  a n  I B M  1 6 2 0  c o m p u t e r  a n d  

a s s u m i n g  t h e  m o l e c u l a r  e x t i n c t i o n  c o e f f i c i e n t  o f  B r 2 ~  

d e t e r m i n e d  e l s e w h e r e  i n  t h i s  p a p e r .

T w o  s o u r c e s  o f  K B r  w e r e  u s e d : a  K B r  s i n g l e  c r y s t a l  

f r o m  H a r s h a w  C h e m i c a l  C o .  a n d  M a l l i n c k r o d t  a n a 

l y t i c a l  r e a g e n t  K B r .  B o t h  g a v e  s i m i l a r  r e s u l t s .  T h e  

K B r  s o l u t i o n s  w e r e  p r e p a r e d  a n d  s t o r e d  a s  a r g o n -  

s a t u r a t e d  ( a i r - f r e e )  s o l u t i o n s  u s i n g  t h e  s y r i n g e  t e c h 

n i q u e .  M i c r o s y r i n g e s  f i t t e d  w i t h  d r a w n  K e l - F  c a p i l 

l a r y  t u b i n g  w e r e  u s e d  f o r  d i l u t i o n s .  A l l  s o l u t i o n s  w e r e  

i r r a d i a t e d  a i r - f r e e  a t  ~ 2 3 °  w i t h  s p e c i a l  c a r e  t o  a v o i d  

a i r  c o n t a m i n a t i o n .

I n  s o m e  e x p e r i m e n t s  t h e  s o l u t i o n s  t o  b e  i r r a d i a t e d  

w e r e  s a t u r a t e d  w i t h  N 20  i n  o r d e r  t o  c o n v e r t  e a q _  t o  

O H .  S i n c e ,  p a r t i c u l a r l y  i n  s t r o n g l y  a l k a l i n e  s o l u 

t i o n s ,  s m a l l  a m o u n t s  o f  0 2 c o u l d  s c a v e n g e  O H ( 0 _ ) ,  

t h e  N 20  w a s  p a s s e d  t h r o u g h  t h r e e  s e p a r a t e  g a s  b u b b l e r s  

c o n t a i n i n g  p y r o g a l l o l - N a O H  s o l u t i o n ,  t h e n  t h r o u g h  

a q u e o u s  N a O H  a n d  f i n a l l y  w a s  c o n d e n s e d  i n  a  t r a p  

s u r r o u n d e d  w i t h  l i q u i d  n i t r o g e n .  T h e  t r a p p e d  N 20  

w a s  t h e n  w a r m e d ,  a n d  t h e  g a s  w h i c h  b o i l e d  o f f  w a s  u s e d  

t o  s a t u r a t e  t h e  p r e v i o u s l y  e v a c u a t e d  s o l u t i o n s .  

L e s s  t h a n  0 . 0 3 %  0 2 w a s  f o u n d  b y  m a s s  s p e c t r o m e t r i c  

a n a l y s i s  i n  t h e  g a s  s a m p l e s  t a k e n  f r o m  t h e  N 20 - s a t u -  

r a t e d  s o l u t i o n s .

R esults

Pulse Radiolysis Mechanism in Aqueous B r~  Solu
tions. G r o s s w e i n e r  a n d  M a t h e s o n 11 s h o w e d  t h a t  

t h e  t r a n s i e n t  a b s o r p t i o n  b a n d s  n e a r  3 5 0 0  A  o b s e r v e d  

i n  t h e  f l a s h  p h o t o l y s i s  o f  d e a e r a t e d  a q u e o u s  s o l u t i o n s  o f  

h a l i d e s  ( X - )  c o u l d  b e  a t t r i b u t e d  t o  X 2 _  ( \ max 3 5 0 0  A  

f o r  B r 2“ ) .  M o r e  r e c e n t l y ,  t h e  B r 2“  a b s o r p t i o n  h a s  b e e n  

o b s e r v e d  i n  t h e  p u l s e  r a d i o l y s i s  o f  d e a e r a t e d 12 a n d  

a e r a t e d 13 a q u e o u s  b r o m i d e  s o l u t i o n s .  A  p r o b a b l e  

m e c h a n i s m  f o r  t h e  f o r m a t i o n  o f  B r 2 ~  i n  n e u t r a l  s o l u 

t i o n s  w o u l d  c o n s i s t  o f  p r o c e s s  2  f o l l o w e d  b y  r e a c t i o n s  

1 a n d  3 .  B y  a n a l o g y  w i t h  t h e  I 2_  c a s e , 11 t h e  B r 2-

H 20  H 2, H 20 2, H ,  O H ,  e a q -  H + ,  O H -  ( 2 )

B r  +  B r ~  — >  B r 2-  ( 3 )

B r 2-  — >  B r  +  B r -  ( 3 a )

i o n s  w o u l d  d i s a p p e a r  a s  a  r e s u l t  o f  r e a c t i o n s  4 ,  4 a ,  a n d  

4 b ,  t h e  3  p l u s  3 a  e q u i l i b r i u m  b e i n g  m a i n t a i n e d .

B r 2 -  +  B r 2 ~  — >  B r 3_  +  B r ~  ( o r  B r 2 +  2 B r ~ )  ( 4 )

B r  +  B r 2 ~  — >  B r 3~  ( o r  B r 2 +  B r - )  ( 4 a )  

B r  +  B r  — >  B r 2 ( 4 b )

B r 2 +  B r -  B r 3~  ( 5 )

A t  t h e  c o n c e n t r a t i o n s  o f  B r -  u s e d ,  a l l  O H  r a d i c a l s  w i l l  

d i s a p p e a r  b y  r e a c t i o n  1 . H o w e v e r ,  s i n c e  e a q ~  a n d  H  

m a y  r e a c t  t o  s o m e  e x t e n t  w i t h  B r 2 ~ ,  B r 2, a n d  B r 3~ ,  

r e a c t i o n s  o f  t h e s e  t w o  s p e c i e s  m u s t  b e  i n c l u d e d .

H;Q
Opq “I-  6aq ^ H 2 +  2 0 H - (6)

e a q -  +  B r 2-  - 2 B r - ( 7 )

c aq - f i  B r 2 ——>  B r 2“ (8)

e a q -  +  B r 3-  — > B r 2-  +  B r - ( 9 )

e aq _  +  i m p u r i t i e s — >  p r o d u c t s ( 10 )

e a q -  +  H 20 2 — > O H  +  O H - ( I D

(6) H. Fricke and E. J. Hart, J. Chem. Phys., 3, 596 (1935).
(7) A. O. Allen, Radiation Res. Suppl., 4, 54 (1964).
(8) A. Hummel and A. O. Allen, Radiation Res., 17, 302 (1962).
(9) J. Rabani and G. Stein, Trans. Faraday Soc., 58, 2150 (1962).
(10) J. Rabani, W. A. Mulac, and M. S. Matheson, J. Phys. Chem., 
69, 53 (1965).
(11) L. I. Grossweiner and M. S. Matheson, ibid., 61, 1089 (1957).
(12) L. M. Dorfman, I. A. Taub, and R. E. Bühler, J. Chem. Phys., 
36, 3051 (1962).
(13) (a) B. Cercek, M. Ebert, J. P. Keene, and A. J. Swallow, 
Science, 145, 919 (1964) ; (b) B. Cercek, M. Ebert, C. W. Gilbert, 
and A. J. Swallow, “ Pulse Radiolysis,’ ’ Pergamon Press, Inc., New 
York, N. Y., 1965, p 83; (c) H. C. Sutton, G. E. Adams, J. W. Boag, 
and B. D. Michael, ibid., p 61. References 13b and c appeared after 
the present paper was submitted.
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e a q -  +  H  H 2 +  O H -  ( 1 2 )

e « , -  +  H +  — >  H  ( 1 3 )

e a q -  +  H 20  — >  H  +  O H -  ( 1 4 )

H  +  H — >  h 2 ( 1 5 )

H  +  B r 2-  H +  +  2 B r - ( 1 6 )

H  +  B r 2 — *■ H +  +  B r 2- ( 1 7 )

H  +  B r 3-  — >  H +  +  B r 2~  +  B r ~ ( 1 8 )

H +  +  O H -  — >  H 20 ( 1 9 )

A s  w i l l  b e  s e e n ,  o u r  e x p e r i m e n t s  d e t e r m i n i n g  t h e  e x t i n c 

t i o n  c o e f f i c i e n t  o f  B r 2_  i n d i c a t e  t h a t  u n d e r  o u r  c o n d i 

t i o n s  t h e  s t e a d y  s t a t e  i n  ( 3 )  a n d  ( 3 a )  g r e a t l y  f a v o r s  

B r 2~ ,  s o  t h a t  ( 4 a )  a n d  ( 4 b )  a r e  n o t  i m p o r t a n t  a n d  r e 

a c t i o n s  o f  e a q _  a n d  H  w i t h  B r  h a v e  b e e n  o m i t t e d .

T h e  a b o v e  m e c h a n i s m  w a s  a s s u m e d  i n  t h e  a b s e n c e  

o f  N 20 .  I n  N 20 - s a t u r a t e d  s o l u t i o n s ,  r e a c t i o n  2 0  

o c c u r s , 14 15 s u p p r e s s i n g  r e a c t i o n s  6  t o  1 4  i n c l u s i v e ,  a n d

e aq -  +  N 20  N 2 +  O H  +  O H aq -  ( 2 0 )

a p p r o x i m a t e l y  d o u b l i n g  t h e  i n i t i a l  y i e l d  o f  O H .  N 20  

r e a c t s  s l o w l y  w i t h  H  a t o m s 16 a n d  m a y  p o s s i b l y  a f f e c t  

r e a c t i o n s  1 5  t o  1 8  i n c l u s i v e .  S i n c e  t h e  H  a t o m  y i e l d  i s

N 20  +  H  — >  N 2 +  O H  ( 2 1 )

o n l y  a b o u t  o n e - t e n t h  t h e  O H  o r  B r 2 _  y i e l d  i n  t h e  p r e s 

e n c e  o f  N 20 ,  a n d  s i n c e  o n l y  p a r t  o f  t h e  H  a t o m s  w i l l  

r e a c t  i n  ( 2 1 ) ,  t h e  e r r o r  i n t r o d u c e d  i n t o  2k4 w i l l  b e  

v e r y  s m a l l  i n  n e g l e c t i n g  ( 2 1 ) .

The Change in Optical Density at 5650 A  with Time. 
I n  a  t y p i c a l  N 20 - f r e e  e x p e r i m e n t  ( [ B r - ]  =  1 . 7 1  X  

1 0 ~ 4 M ), i t  w a s  f o u n d  t h a t  t h e r e  i s  a  s m a l l  a b s o r p t i o n ,  

D, a t  t h e  e n d  o f  t h e  e l e c t r o n  p u l s e ,  a n d  t h a t  t h e  a b 

s o r p t i o n  i n c r e a s e s  t o  a  m a x i m u m ,  D max, a n d  t h e n  

d e c a y s  a w a y  t o  z e r o .  T h e  f o r m a t i o n  a n d  d e c a y  a r e  

n o t  w e l l  s e p a r a t e d  i n  t h e  t i m e  s c a l e s  ( F i g u r e  1 ) .  T h e  

a b s o r p t i o n  a t  t h e  e n d  o f  t h e  p u l s e  i s  a t t r i b u t e d  t o  

e a q _  p l u s  B r 2-  f o r m e d  d u r i n g  t h e  p u l s e  w i t h  B r 2-  h a v i n g  

a  m o l a r  e x t i n c t i o n  c o e f f i c i e n t  a t  3 6 5 0  A  m o r e  t h a n  

f i v e f o l d  t h a t  o f  e a q ~ .  T h e  i n c r e a s e  i n  o p t i c a l  d e n s i t y ,  

D, i s  a s c r i b e d  t o  ( 1 )  a n d  ( 3 ) ,  a n d  t h e  f o l l o w i n g  d e c a y  

p r i n c i p a l l y  a t  f i r s t  t o  ( 7 )  a n d  f i n a l l y  t o  ( 4 ) .  T h e  f i n a l  

p r o d u c t s  d o  n o t  a b s o r b  a p p r e c i a b l y  a t  3 6 5 0  A .

W h e n  N 20  o r  H 30 +  a r e  p r e s e n t ,  e a q _  i s  e l i m i n a t e d .  

T h e  f o r m a t i o n  o f  t h e  a b s o r b i n g  s p e c i e s  b e c o m e s  w e l l  

s e p a r a t e d  i n  t i m e  f r o m  t h e  d e c a y .  A g a i n ,  t h e  f o r m a 

t i o n  o f  B r  b y  o x i d a t i o n  o f  B r - , f o l l o w e d  b y  r e a c t i o n  3 ,  

i s  r e s p o n s i b l e  f o r  t h e  i n c r e a s e .  S i n c e  r e a c t i o n  7  i s  

e l i m i n a t e d ,  t h e  d e c a y  i s  r e l a t i v e l y  s l o w .

The Molar Extinction Coefficient of Br<r(no  1V20 ) .

O

2tnz
<cc

Figure 1. Oscilloscope traces showing the increase and decay 
of D36so in 1.71 X 10-* M  KBr: neutral aqueous solution, 
electron pulse delayed 2.5 ysec from beginning of trace.

T h e  e x t i n c t i o n  c o e f f i c i e n t  o f  e a q -  a t  3 6 5 0  A  h a s  p r e v i 

o u s l y  b e e n  d e t e r m i n e d , 10 a s  ee 3650 ^  1 4 0 0  M ~ x c m - 1 . 

T w o  m e t h o d s  w e r e  u s e d  t o  e s t i m a t e  eBr2- 3650, a n d  b o t h  

g a v e  7 8 0 0  ±  2 0 0 0  M ~ x c m - 1. ( 1 )  T h e  i n i t i a l  o p t i c a l

d e n s i t y  a t  5 7 8 0  A ,  D f m , w a s  m e a s u r e d  f o r  p u l s e -  

i r r a d i a t e d  1 . 7 1  X  1 0 - 4  M  K B r .  T h e  a b s o r p t i o n  a t  

5 7 8 0  A  i s  d u e  t o  e a q _  o n l y  ( e e6780 =  1 0 , 6 0 0  ( = t l 0 % )  

M ~ x c m - 1 ) . 10 T h e n ,  u s i n g  a n  e q u a l  e l e c t r o n  p u l s e  

i n t e n s i t y ,  D 03660 w a s  m e a s u r e d  i n  a  s o l u t i o n  o f  1 . 6 2  X  

1 0 ~ 2 M  K B r  +  4  X  1 0 - 3  M  H 20 2. I n  t h i s  c a s e  t h e  

a b s o r p t i o n  a t  3 6 5 0  A  w a s  d u e  o n l y  t o  B r 2_ . T h e  

i n i t i a l  [ B r 2- ]  w a s  t w i c e  t h e  i n i t i a l  [ e a q _ ] o f  t h e  p r e v i o u s  

i r r a d i a t i o n ,  a s s u m i n g  Ge =  Gou, s i n c e  H 20 2 c o n v e r t s  

e a q -  t o  O H .  A c t u a l l y ,  t h e  s c a v e n g i n g  o f  O H  b y  B r ~  i n  

“ s p u r s ” 6 c o u l d  i n c r e a s e  i n i t i a l  [ B r 2_ ] t o  ~ 2 . 1 6  t i m e s  

t h e  i n i t i a l  [ e aQ — ] ,  b u t  t h i s  p o s s i b i l i t y  w a s  i g n o r e d .  

( 2 )  T h e  m a x i m u m  D 3660 i n  a  p u l s e - i r r a d i a t e d  4  X  1 0 - 4  

M  K B r  s o l u t i o n  w a s  c o m p a r e d  t o  i n  t h e  s a m e

e x p e r i m e n t .  D max 3660, w h i c h  w a s  d u e  t o  a b s o r p t i o n  

b y  B r 2~  a n d  e a q - ,  w a s  c o r r e c t e d  f o r  t h e  s m a l l  a m o u n t s  

o f  t h e s e  s p e c i e s  w h i c h  r e a c t e d  b e f o r e  t h e  m a x i m u m  w a s  

a t t a i n e d .  A g a i n  D f no w a s  d u e  o n l y  t o  e a q -  a b s o r p t i o n ,  

a n d  Ge =  GVj h  w a s  a s s u m e d .

T h e  a g r e e m e n t  i n  « B r ,-3650 f o r  t h e s e  t w o  e x p e r i m e n t s  

s h o w s  t h a t  p r a c t i c a l l y  a l l  B r  i s  t i e d  u p  a s  B r 2 _ , b o t h  

a t  1 . 6 2  X  1 0 “ 2 a n d  a t  4  X  1 0 - 4  M  [ B r - ] ;  o t h e r w i s e  

t h e  a p p a r e n t  C B r ,-3650 w o u l d  h a v e  b e e n  m u c h  l o w e r  f o r  

t h e  l o w  B r -  c o n c e n t r a t i o n  t h a n  f o r  t h e  h i g h .  O u r  

v a l u e  o f  « b is - 3650 =  7 8 0 0  ±  2 0 0 0  M ~ x c m - 1  o b s e r v e d  i n  

d e a e r a t e d  s o l u t i o n s  a g r e e s  w i t h i n  e x p e r i m e n t a l  e r r o r  

w i t h  v a l u e s  o b t a i n e d  i n  a e r a t e d  s o l u t i o n s ,  eB r , - 3600 =

(14) F. S. Dainton and D. B. Peterson, Nature, 186, 878 (1960); 
Proc. Roy. Soc. (London), A267, 443 (1962).
(15) F. S. Dainton and S. R. Logan, Trans. Faraday Soc., 61, 715
(1965).
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9 6 0 0  ±  8 0 0  M ~ l c m - 1  b y  C e r c e k ,  et al.,nh a n d  c b « - 3600 =  

8 2 0 0  b y  S u t t o n ,  et al.130 T h i s  l a t t e r  v a l u e  w a s  o b t a i n e d  

b y  c o m p a r i n g  t h e  o p t i c a l  d e n s i t y  o f  a  n e u t r a l  o x y 

g e n a t e d  s o l u t i o n  o f  K B r  a n d  t h a t  o f  a  n e u t r a l  K 4F e -  

( C N ) 6 s o l u t i o n ,  b o t h  h a v i n g  b e e n  i r r a d i a t e d  w i t h  e q u a l  

p u l s e s .  S i n c e  t h e  e x t i n c t i o n  c o e f f i c i e n t  o f  F e ( C N ) 64 _  

i s  k n o w n  t o  a  f e w  p e r  c e n t ,  t h e  « b ^ - 3600 o f  S u t t o n ,  et al., 
i s  p r o b a b l y  t h e  b e s t  v a l u e .  T h e  9 6 0 0  v a l u e  d e p e n d s  

u p o n  t h e  a s s u m p t i o n  o f  a  h i g h  v a l u e  f o r  (t0 h  i n  0 . 1  

M  K B r .

The Rate Constant (2kf) for B ri~  +  B r-r  (no 2V 20 ) .  

T h e  d e c a y  o f  B r 2~ ,  i f  d u e  t o  r e a c t i o n  4 ,  s h o u l d  g i v e  

a  s t r a i g h t  l i n e  p l o t  o f  1/D vs. t i m e  a s  e x p e c t e d  f o r  

s e c o n d - o r d e r  r e a c t i o n s . 11 I n  F i g u r e  2 ,  1/D vs. t i s  

p l o t t e d  f o r  e x p e r i m e n t s  w i t h  t h r e e  d i f f e r e n t  B r _  c o n 

c e n t r a t i o n s .  A f t e r  a n  i n i t i a l  c u r v a t u r e ,  s t r a i g h t  l i n e s  

a r e  o b t a i n e d  w i t h  s l o p e s  ( s l o p e  =  2 fc4/ t Br2- 365%  w h e r e  l — 
8 0  c m )  i n d e p e n d e n t  o f  [ B r ~ ] ,  A  s a l t  e f f e c t  w o u l d  m a k e  

fc i s o m e w h a t  h i g h e r  a t  h i g h e r  i o n i c  s t r e n g t h ,  i.e., 
h i g h e r  K B r  c o n c e n t r a t i o n .  P o s s i b l y  ( 4 a )  i s  f a s t e r  

t h a n  ( 4 )  a n d  a  s m a l l  a m o u n t  o f  ( 4 a )  o c c u r s  a t  t h e  

l o w e r  B r -  c o n c e n t r a t i o n s .  T h e  i n i t i a l  r a p i d  d e c a y  i s  

d u e  t o  r e a c t i o n s  o f  e a q - ,  e s p e c i a l l y  ( 7 ) .  T h e r e  i s  

c o n t i n u e d  c u r v a t u r e  a f t e r  t h e  d i s a p p e a r a n c e  o f  e a q - ,  

a n d  t h i s  i s  d u e  t o  r e a c t i o n s  o f  H  a t o m s  w i t h  B r 2~ ,  

t h e  H  a t o m s  h a v i n g  l o n g e r  l i f e t i m e s  t h a n  e a q _  i n  t h e s e  

e x p e r i m e n t s .  I n  T a b l e  I  a r e  l i s t e d  v a l u e s  o f  2 fc4 o b 

t a i n e d  f r o m  c u r v e s  s u c h  a s  t h o s e  i n  F i g u r e  2 ,  e a c h  v a l u e  

b e i n g  t h e  a v e r a g e  o f  t w o  o r  t h r e e  e x p e r i m e n t s .  O u r  

a v e r a g e  f o r  2kt =  ( 3 . 3  ±  1 . 0 )  X  1 0 9 M ~ l s e c - 1  i s  i n  

g o o d  a g r e e m e n t  w i t h  r e c e n t l y  p u b l i s h e d  v a l u e s 13b' c 

o f  ( 3 . 6  ±  0 . 6 )  X  1 0 9 a n d  ( 3 . 6  ±  0 . 7 )  X  1 0 9 M - 1  s e c “ 1. 

F o r  a l l  e x p e r i m e n t s  t h e  p u l s e  i n t e n s i t y  w a s  a b o u t  1 .1  X  

1 0 19 e v  l . _ 1 . T h e  f a c t  t h a t  fc4 i s  i n d e p e n d e n t  o f  [ B r ~ ]  

i s  f u r t h e r  e v i d e n c e  t h a t  t h e  e q u i l i b r i u m  i n  ( 3 )  p l u s  

( 3 a )  i s  d i s p l a c e d  l a r g e l y  t o w a r d  B r 2~ .  I n  t h i s  w e  a g r e e  

w i t h  S u t t o n ,  et al.,13c b u t  n o t  w i t h  C e r c e k ,  et al.,Ub 
a  p o i n t  t h a t  w i l l  b e  d i s c u s s e d  l a t e r .  T h e  r a t e  c o n s t a n t  

f o r  r e a c t i o n  o f  I 2-  +  I 2-  i s  2 . 3 - f o l d 11 t h a t  f o r  B r 2_  +  

B r 2 ~ ,  w h i c h  m a y  i n d i c a t e  t h a t  t h e  B r 2~  c o m p l e x  i s  

m o r e  s t a b l e  t h a n  t h e  I 2~ .

The Rate Constant (kf) for e a q _  +  B r-r  (no NtO).

Table I: Rate Constant for Br2~ +  Br2~ (2hi)

2 U,
[ B r - ] , 109 M ~ ]

1 0 -« M s e c -1

1.20 3.0
1.71 4.2
2.21 3.2
4.60 3.2

106 3.0

Figure 2. Decay at 3650 A of optical density, D, vs. time, f, 
in neutral aqueous, N20-free Br~ solution: pulse intensity 
~1 .I X 1019 ev/1. (slight variations between different 
experiments); optical path length 80 cm; X, 1.20 X 10~4 M 
KBr; •, 4.60 X lO“ 4 M  KBr; O, 1.06 X 10“ 2 M  KBr.

A t  r e l a t i v e l y  h i g h  B r ~  c o n c e n t r a t i o n s ,  B r 2 ~  f o r m s  

r a p i d l y  a n d  D ma x 3650 o c c u r s  n e a r  t h e  e n d  o f  t h e  p u l s e .  

U n d e r  s u c h  c o n d i t i o n s  fc7 m a y  b e  c a l c u l a t e d  s i n c e  ( 7 )  

i s  t h e  m o s t  i m p o r t a n t  r e a c t i o n  i n  t h e  e a r l y  d e c a y  o f

D. M a n y  o f  t h e  p a r a l l e l  r e a c t i o n s  m a y  b e  n e g l e c t e d .  

F o r  f i t t i n g  t h e  l/ D  vs. t c u r v e  b y  c o m p u t e r  c a l c u l a t i o n ,  

t h e  s a m e  r e a c t i o n s  w e r e  i n c l u d e d  a s  f o r  t h e  fc i c a l c u 

l a t i o n  ( n e x t  s e c t i o n )  p l u s  ( 8 )  a n d  ( 9 ) .  A  v a l u e  o f  kg =  
fc9 =  1 X  1 0 10 M " 1 s e c - 1  w a s  a s s u m e d ,  b u t  ( 8 )  p l u s  ( 9 )  

i s  n o t  i m p o r t a n t  s i n c e  ( 4 )  i s  s o  s l o w .  T h e  v a l u e  o b 

t a i n e d ,  fc7 =  1 . 3  X  1 0 10 M ~l s e c - 1 , i s  n o t  p r e c i s e  b e 

c a u s e  t h e r e  a r e  m a n y  c o m p e t i n g  r e a c t i o n s .

The Rate Constant (kf) for OH  +  B r~  (in Neutral, 
NiQ-Free Solutions). I f  s u i t a b l e  c o n c e n t r a t i o n s  o f  

B r ~  a r e  u s e d ,  t h e  i n c r e a s e  i n  D mo c a n  b e  c o n v e n i e n t l y  

f o l l o w e d  a f t e r  t h e  e l e c t r o n  p u l s e .  T h e  s e q u e n c e  o f

( 1 )  f o l l o w e d  b y  ( 3 )  i s  p r i n c i p a l l y  r e s p o n s i b l e  f o r  t h i s  

i n c r e a s e .  S i n c e  kg »  ki i n  n e u t r a l  s o l u t i o n  ( t h i s  

p o i n t  t o  b e  d i s c u s s e d  l a t e r ) ,  r e a c t i o n  1 i s  t h e  r a t e 

d e t e r m i n i n g  s t e p  i n  t h e  f o r m a t i o n  o f  B r 2 - . R e a c t i o n s  

1 , 4 ,  6 ,  7 ,  1 0 - 1 3 ,  1 6 ,  a n d  1 9  w e r e  i n c l u d e d  i n  t h e  c o m 

p u t e r  c a l c u l a t i o n s ,  t h e  o t h e r  r e a c t i o n s  h a v i n g  a  n e g l i 

g i b l e  e f f e c t .  T h e  r a t e  c o n s t a n t s  fc4 a n d  fc7 h a v e  b e e n  

d e t e r m i n e d  i n  t h i s  p a p e r .  T w o  r a t e  c o n s t a n t s  w e r e  

a s s u m e d :  ku w a s  t a k e n  a s  1 X  1 0 10 M - 1  s e c - 1  a n d  h a s
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l i t t l e  e f f e c t ,  w h i l e  fc i0 w a s  t a k e n  a s  1 . 2  X  1 0 4 s e c - 1  

b e c a u s e  i n  e a r l i e r  w o r k  u s i n g  t h e  s a m e  w a t e r  p u r i f i c a 

t i o n  s u c h  a  v a l u e  w a s  f o u n d . 16 T h e  o t h e r  fc ’ s  n e e d e d  

h a v e  b e e n  s u m m a r i z e d  e l s e w h e r e . 16 T h e  t o t a l  c o r 

r e c t i o n  o n  fc i f o r  a l l  c o m p e t i n g  r e a c t i o n s  d o e s  n o t  e x c e e d  

2 0 % ,  s o  t h a t  a  p r e c i s e  v a l u e  o f  fc i i s  o b t a i n e d  i n  s p i t e  o f  

t h e  n u m b e r  o f  c o m p e t i n g  r e a c t i o n s .  I n  F i g u r e  3  a  

t y p i c a l  f i t  o f  a  c o m p u t e r - c a l c u l a t e d  c u r v e  t o  e x p e r i 

m e n t a l  p o i n t s  i s  s h o w n .  F r o m  c a l c u l a t i o n s  s u c h  a s  

t h o s e  i l l u s t r a t e d  i n  F i g u r e  3 ,  t h e  v a l u e s  i n  T a b l e  I I  

w e r e  o b t a i n e d .

Table II: Rate Constant for OH +  Br-  (fci), Neutral Solution

[Br- ], Dose,
ki,

109 M -i
10-< M 10*» ev/1. sec-1

1 . 2 1 . 0 2 1.15
1.71 7.30 1.15
2 . 2 1 1 . 1 0 1 . 1 0
4.60 1.09 1.15

The Effect of pH on B r2-  Formation and Decay ( i V 20 -  

Saturated). I t  i s  a p p a r e n t  t h a t  r e a c t i o n  1 m a y  b e  

r e v e r s i b l e  a t  h i g h  p H  a n d  t h a t  i t  m a y  b e  s p e e d e d  

u p  a t  h i g h  a c i d  c o n c e n t r a t i o n s .  T o  e x a m i n e  t h e s e  

p o s s i b i l i t i e s ,  p u l s e  r a d i o l y s i s  e x p e r i m e n t s  o f  a q u e o u s  

b r o m i d e  s o l u t i o n s  w e r e  c a r r i e d  o u t  f r o m  p H  1 . 0  t o

1 3 . 0 .  T h e  e x p e r i m e n t s  a r e  s u m m a r i z e d  i n  T a b l e  I I I ,  

a n d  ( l / [ B r - ] ) ( d / d £ ) [ I n  ( Z ) max —  D )]  ( w h i c h  e q u a l s

i n  n e u t r a l  s o l u t i o n s )  i s  p l o t t e d  a s  a  f u n c t i o n  o f  p H  

i n  F i g u r e  4 .  S u t t o n 130 m e a s u r e d  fci a s  1 X  1 0 9 a t  

n e u t r a l  p H  a n d  a s  5  X  1 0 9 a t  p H  2 .  T h e s e  t w o  p o i n t s  

f a l l  r e a s o n a b l y  w e l l  o n  t h e  c u r v e  o f  F i g u r e  4 .  T w o  

t h i n g s  a r e  i m m e d i a t e l y  e v i d e n t  f r o m  t h e  c u r v e .  F i r s t ,  

i n  n e u t r a l  s o l u t i o n  t h e  v a l u e  o f  fc i =  1 . 1 4  X  1 0 9 M ~l 
s e c - 1  i n  t h e  a b s e n c e  o f  N 20  ( T a b l e  I I )  i s  e x p e r i m e n t a l l y  

t h e  s a m e  a s  t h a t  o b t a i n e d ,  1 . 3 0  X  1 0 9 M ~ l s e c - 1 , i n  

t h e  p r e s e n c e  o f  N 20  ( T a b l e  I I I ) ,  a n d  t h e  v a l u e  o f  2 f c 4 

i s  a l s o  e x p e r i m e n t a l l y  t h e  s a m e  i n  t h e  a b s e n c e  o f  N 20  

( T a b l e  I )  a n d  i n  t h e  p r e s e n c e  o f  N 20  ( T a b l e  I I I ) .  

S e c o n d ,  t h e  r a t e  o f  f o r m a t i o n  o f  B r 2-  i s  f a s t e r  i n  a c i d  

s o l u t i o n  a n d  s l o w e r  i n  a l k a l i n e  s o l u t i o n .  F u r t h e r ,  i n  

t h e  p r e s e n c e  o f  N 20 ,  s i n c e ,  a s  i n d i c a t e d  p r e v i o u s l y ,  

m o s t  o f  t h e  o t h e r  r e a c t i o n s  w e r e  e l i m i n a t e d ,  t h e  f o r m a 

t i o n  o f  a b s o r p t i o n  a n d  i t s  d e c a y  w e r e  c l e a r l y  s e p a r a t e d  

i n  t i m e .

T h e  p l o t s  o f  I n  ( Z ) m ax —  D) vs. t i m e  w e r e  a l w a y s  

l i n e a r  f o r  g r o w t h  o f  a b s o r p t i o n .  I n  T a b l e  I I I ,  2 fc4 

w a s  o b t a i n e d  f r o m  p l o t s  o f  l/ D  vs. t f o r  d e c a y  o f  a b 

s o r p t i o n .  T h e s e  p l o t s  w e r e  a l s o  l i n e a r  e x c e p t  f o r  t h e  

e x p e r i m e n t  a t  p H  1 1 . 0 8 ,  w h i c h  w a s  c a l c u l a t e d  u s i n g

Figure 3. Change in optical density at 3650 A with time: 
solid line, computer calculated curve; O, experimental points; 
1.71 X 10- 4  M  KBr; pulse, 0.4 Msec, 1.82 X 1026 ev l. - 1  
sec-1. Data for calculation: 6 h + =  Go h  =  Ge — 2.6,
Gb = 0.5, fci = 1.15 X 109, hi = 1.8 X 109, fc6 =  5 X 109, 
fc, = 1.3 X 1010, kn = 1.2 X 10“ , kn = 2.5 X 10“ , 
fci3 = 2.2 X 10“ , fee = 1 X 10“ , klt = 1.4 X 10u M - 1  sec-1; 
ti/! = 58 Msec for (10) (pseudo-first-order).

pH
Figure 4. The pH dependence of the rate of formation 
of Br2- . In the pH range 5-9, ( l /[B r—] )(d/di)
[In (Ana* — D)] = fc(OH +  Br- ). Data from Table III.

t h e  i n i t i a l  s l o p e .  T h e  i d e n t i t y  o f  O H  r a d i c a l  r a t e  c o n 

s t a n t s  o b t a i n e d  i n  t h i s  s y s t e m  w i t h  a n d  w i t h o u t  N 20

(16) M. S. Matheson and J. Rabani, J. Phys. Chem., 69, 1324 
(1965).
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Table III : Rates of Br;, -  Formation and 
Decay as a Function of pH“

[ B r - ] ,
(Dma* -  D) ], 

109 M -1
2ki,

109 M "1
p H 1 0 -<  M D max sec -1 sec“ 1

1.00 0.594 0.180 5.8 4.2
1.00 1.12 0.178 7.0 5.2
4.06 2.73 0.285 2.6 2.9
5.00 2.01 0.273 1.23 3.33
5.02 4.15 0.302 1.16 3.27

Neutral6 2.13 0.231 1.25 3.3
Neutral6 4.21 0.260 1.35 2.9

9.31 4.10 0.268 1.17 3.72
9.32 2.10 0.284 0.99 3.80

10.01 4.05 0.320 0.80 4.38
11.03 12.2 0.310 0.38 3.6
11.08 2.24 0.151 0.25 13
12.95 57.6 0.217 0.052 10
13.00 20.2 0.047 ~ 0 .1 ~10

°  N20-saturated aqueous solutions of perchloric acid or 5%
Ba(OH)2 +  95% NaOH were used. 
H + formed by pulse of radiation.

6 Initial pH ~6.5 due to

a n d  t h e  s i m i l a r  r e s u l t  o b t a i n e d  i n  t h e  f e r r o c y a n i d e  

s y s t e m 17 s h o w  t h a t  i n  o u r  e x p e r i m e n t s  i f  N 20 ~  i s  a n  

i n t e r m e d i a t e  i n  ( 2 0 )  i t  b e h a v e s  k i n e t i c a l l y  t h e  s a m e  a s  

O H  d o e s  o r  e l s e  y i e l d s  O H  i n  l e s s  t h a n  1 p s e c .

I t  w i l l  b e  n o t e d  t h a t  2 ¿ 4 i s  f a s t e r  i n  b o t h  s t r o n g  a c i d  

a n d  s t r o n g  a l k a l i .  T h e  i n c r e a s e  a t  p H  1 . 0  m a y  b e  d u e  

t o  t h e  e f f e c t  o f  i o n i c  s t r e n g t h .  M o r e  t h a n  j u s t  t h e  

e f f e c t  o f  i o n i c  s t r e n g t h  a p p e a r s  t o  b e  i n v o l v e d  a t  p H  

1 1  a n d  1 3 .

D max i s  t h e  m a x i m u m  o p t i c a l  d e n s i t y  a t t a i n e d  a f t e r  

b u i l d u p  o f  a b s o r p t i o n  a n d  b e f o r e  a p p r e c i a b l e  d e c a y  

( s e e  F i g u r e  3 ) .  D max i s  a  m e a s u r e  o f  p u l s e  i n t e n s i t y ,  

t a k i n g  l — 8 0  c m  a n d  « B r ,-3650 =  7 8 0 0  M _ 1  c m - 1 , e x c e p t  

i n  s t r o n g l y  a l k a l i n e  s o l u t i o n s ,  w h e r e  r e a c t i o n  1 i s  a p 

p a r e n t l y  i n c o m p l e t e  e s p e c i a l l y  a t  l o w e r  B r _  c o n 

c e n t r a t i o n s ,  a n d  e x c e p t  a t  p H  1 . 0 ,  w h e r e  H +  c o m p e t e s  

w i t h  N 20  f o r  e a q ~ .

Discussion

The Value of ¿ 1. O u r  v a l u e  o f  k\ =  1 . 2 0  ( ± 1 0 % )  X

1 0 9 M ~ l s e c - 1  i n  n e u t r a l  s o l u t i o n  a g r e e s  w i t h i n  e x 

p e r i m e n t a l  e r r o r  w i t h  t h e  v a l u e  h  =  1 . 3 5  X  1 0 9 e s t i 

m a t e d  f r o m  c o m p e t i t i o n  o f  B r ~  w i t h  H 20 27 t a k i n g  

¿ ( O H  +  H 20 2) 18 a s  4 . 5  X  1 0 7 M ~ l s e c ' 1. O u r  v a l u e  

d o e s  n o t  a g r e e  w i t h  t h e  t e n f o l d  l o w e r  v a l u e  p r e v i o u s l y  

c i t e d . 7 I n  d e t e r m i n i n g  ¿ i  i n  n e u t r a l  s o l u t i o n s ,  k3 w a s  

i g n o r e d .  T h i s  n e g l e c t  i s  j u s t i f i e d  i f  e x p ( f c i  —  k3)t «
1 . I n  o u r  e x p e r i m e n t s  ki n e e d s  o n l y  a  s m a l l  c o r r e c t i o n  

( 0  t o  3 %  f o r  t h e  c a l c u l a t i o n s  m a d e  o n  o u r  e x p e r i m e n t s )

i f  ¿3 ^  6  X  1 0 9 M ~ l s e c - 1. F r o m  T a b l e  I I I  a t  p H

1 . 0  t h e  a v e r a g e  r a t e  c o n s t a n t  f o r  f o r m a t i o n  o f  B r 2 ~  

i s  6 . 4  X  1 0 9, w h i c h  m e a n s  t h a t  ¿ 3 c a n n o t  b e  l e s s  t h a n

6 . 4  X  1 0 9 a n d  i s  p r o b a b l y  1 0 10 M ~ x s e c - 1  o r  l a r g e r ;  

t h e r e f o r e ,  n e g l i g i b l e  e r r o r  i s  i n t r o d u c e d  b y  n e g l e c t i n g  

¿3 a n d  s e t t i n g  ( l / [ B r _ ] ) ( d / d i )  [ I n  ( D m ax — D )] =  
ki i n  n e u t r a l  s o l u t i o n .  T h e  v a l u e  o f  kx i s  c o n s t a n t  

f r o m  p H  5  t o  p H  9 .

Some Absolute Rate Constants for OH Radicals. 
O u r  v a l u e  o f  h  =  1 . 2  X  1 0 9 M _ 1  s e c - 1  p l u s  ¿ ( O H  +  

f e r r o c y a n i d e ) 19 =  1 . 0 7  X  1 0 10 M ~ x s e c - 1  a n d  ¿ ( O H  +  

H 20 2) 18 =  4 . 5  X  1 0 7 M ~ l s e c - 1  w e r e  c o m b i n e d  w i t h  

r a t e  c o n s t a n t  r a t i o s  f r o m  t h e  l i t e r a t u r e  t o  d e t e r m i n e  

w h e t h e r  a  s e t  o f  c o n s i s t e n t  O H  r a t e  c o n s t a n t s  c o u l d  b e  

o b t a i n e d .  T h e  r e s u l t s  a r e  s h o w n  i n  T a b l e  I V .

Table IV: Rate Constants for Reaction of 
OH with Various Reactants

Reactant
Rate

constant® pH Reference

Br“ 1.26 5-9 This work
1.07 10 20
0.95 9 21
1.35 ~ 7 7
0,135 ~ 7 7

Fe(C N V “ 10.76 3-10 19
h ,o 2 0.045 18
C2H60H 1.4 10 20

1.2 ~ 7 -1 0 .5 9
1.55 9 21
2.0 ~ 7 8
1.1 7 and 10.7 22

HCOO- 3.9 10 20
2.7 4-10 9

HCOOH 0.68 ~ 2 .5 9
0.13 0.4 24, 25

Benzene 4.36 ~ 7 12
3.36 3 23
6.1 10 20

“ In units of 10s M  1 sec l. 6 Direct determination by pulse 
radiolysis.

A t  p H  1 0 ,  M a t t h e w s  a n d  S a n g s t e r 20 f o u n d  ¿ i  =  1 . 0 7  

X  1 0 9, ¿ ( O H  +  f o r m a t e )  =  3 . 9  X  10® , ¿ ( O H  +  e t h 

a n o l )  =  1 . 4  X  1 0 9, a n d  ¿  ( O H  +  b e n z e n e )  =  6 . 1  X  

1 0 9 M ~l s e c - 1 , a l l  b a s e d  o n  o u r  v a l u e  f o r  ¿ ( O H  +  f e r r o 

c y a n i d e ) . 19 I n  T a b l e  I V  i t  i s  s e e n  t h a t  t h i s  ¿ i  a g r e e s

(17) J. Rabani and M. S. Matheson, J. Phys. Chem., 70,761 (1966).
(18) H. A. Schwarz, ibid., 66, 255 (1962).
(19) J. Rabani and M. S. Matheson, J. Am. Chem. Soc., 86, 3175
(1964) .
(20) R. W. Matthews and D. F. Sangster, J. Phys. Chem., 69, 1938
(1965) .

Volume 70, Number 7 July 1966



2098 M. S. Matheson, W. A. M ulac, J. L. W eeks, and J. R abani

r e a s o n a b l y  w e l l  w i t h  o u r  r e s u l t  a s  w e l l  a s  d o e s  ¿1 =  

0 . 9 5  X  1 0 9 e s t i m a t e d  f r o m  t h e  w o r k  o f  K r a l j i c  a n d  

T r u m b o r e 21 ( b a s e d  o n  t h e  k f o r  f e r r o c y a n i d e )  a n d  w i t h  

A l l e n ’ s  v a l u e 7 ( b a s e d  d i r e c t l y  o n  B r -  c o m p e t i t i o n  w i t h  

H 2O 2) .  T h e  a b o v e  v a l u e  f o r  e t h a n o l  a g r e e s  w i t h  r a t e  

c o n s t a n t s  b a s e d  o n  ¿ ( O H  +  f e r r o c y a n i d e )  f r o m  R a b a n i  

a n d  S t e i n , 9 1 . 2  X  1 0 9, a n d  f r o m  K r a l j i c  a n d  T r u m 

b o r e , 21 1 . 5 5  X  1 0 9, a n d  i s  i n  f a i r  a g r e e m e n t  w i t h  r e s u l t s  

b a s e d  o n  ¿ ( O H  +  B r - )  f r o m  H u m m e l  a n d  A l l e n , 8 2 . 0  X  

1 0 9. A d a m s ,  et al.,22 u s i n g  a  c o m p e t i t i v e  p u l s e - r a d i o -  

l y t i c  m e t h o d  h a v e  m e a s u r e d  A: ( O H  +  e t h a n o l )  a s  1 .1  X  

1 0 9 M ~ l s e c - 1 .

D o r f m a n ,  et al.,12 r e p o r t e d  a  d i r e c t  m e a s u r e m e n t  

f r o m  t h e  p u l s e  r a d i o l y s i s  o f  / c ( O H  +  b e n z e n e )  =  4 . 3  X  

1 0 9, a n d  l a t e r  t h i s  v a l u e  w a s  r e v i s e d 23 t o  3 . 3  X  1 0 9 

M ~ l s e c - 1 . T h i s  l a t t e r  v a l u e  i s  a b o u t  h a l f  t h e  r a t e  

c o n s t a n t  f r o m  M a t t h e w s  a n d  S a n g s t e r  b a s e d  o n  

k ( O H  +  f e r r o c y a n i d e ) .

T h e  r a t e  c o n s t a n t  f o r  O H  +  f o r m a t e ,  2 . 7  X  1 0 9 

M ~ l s e c - 1 , f r o m  R . a b a n i  a n d  S t e i n 9 23 a g r e e s  r e a s o n a b l y  

w e l l  w i t h  t h e  o t h e r  v a l u e s  o f  T a b l e  I V ,  b u t  o t h e r  r a t e  

c o n s t a n t s  o f  t h e s e  a u t h o r s  b a s e d  o n  ¿ ( O H  +  H 2O 2)  

a r e  t o o  l o w .  ( F o r  e x a m p l e ,  n o t e  t h a t  t h e  l o w  v a l u e  f o r  

¿1 i n  T a b l e  I V  i s  b a s e d  i n  p a r t  o n  R a b a n i  a n d  S t e i n ’ s  

w o r k . )  T h e y  e v a l u a t e d  ¿ ( O H  +  H C 0 2- ) ^ ( 0 H  +  

H C O 2H )  a s  4 .  H o w e v e r ,  f r o m  S w o r s k i , 24 ¿ ( O H  +  

C e 3+ ) A ( O H  +  H C O 2H )  i s  1 . 7 0  i n  0 . 8  N  H 2S 0 4, 

a n d  f r o m  H o c h a n a d e l  a n d  B o y l e , 25 ¿ ( O H  +  C e 3 + ) /  

¿ ( O H  +  H 2)  i s  4 . 8 ,  w h i c h  y i e l d s  ¿ ( O H  +  H C 0 2H )  =

1 . 3  X  1 0 8 M - 1  s e c - 1 , i f  ¿ ( O H  +  H 2) 18 =  4 . 5  X  1 0 7 

M - 1  s e c - 1 . T h i s  r a t e  c o n s t a n t  f o r  f o r m i c  a c i d  c o m 

b i n e d  w i t h  t h e  a v e r a g e  o f  t h e  t w o  r a t e  c o n s t a n t s  f o r  

f o r m a t e  i n  T a b l e  I V  g i v e s  ¿ ( O H  +  H C 0 2~ ) / f c ( O H  +  

H C O O H )  =  2 5 .  A l t h o u g h  t h i s  r a t i o  i s  i n d i r e c t l y  d e 

t e r m i n e d ,  i t  s e e m s  t o  b e  p r e f e r a b l e  t o  t h e  d i r e c t l y  d e 

t e r m i n e d  r a t i o 9 s i n c e  i t  i s  c o n s i s t e n t  w i t h  o t h e r  m e a s 

u r e m e n t s  o f  O H  r e a c t i v i t y .  T h e  d a t a  o f  H a r t 26 a n d  

o f  W e e k s  a n d  M a t h e s o n 27 c a n  b e  s h o w n  t o  b e  i n  

a g r e e m e n t ,  i f  t h e  n e w  r a t i o  i s  a p p l i e d  t o  t h e i r  r e s p e c t i v e  

r e s u l t s .  E x c e p t  f o r  t h e  a l r e a d y  d i s c o u n t e d  r e s u l t s  i n  

f o r m a t e - f o r m i c  a c : d ,  t h e  i n t e r c o m p a r i s o n  g e n e r a l l y  

g i v e s  v a l u e s  c o n s i s t e n t  w i t h i n  a  f a c t o r  o f  2 ,  w h i c h  i s  

n o t  b a d  c o n s i d e r i n g  t h a t  u n c e r t a i n t i e s  i n  s e v e r a l  d i f 

f e r e n t  e x p e r i m e n t s  a r e  i n v o l v e d  i n  c o m b i n i n g  d i r e c t l y  

m e a s u r e d  ¿ ’ s  w i t h  r a t i o s  o f  ¿ ’ s  f r o m  c o m p e t i t i o n  s t u d i e s .  

F u r t h e r ,  i n  c o m p e t i t i o n  s t u d i e s  t h e r e  i s  s o m e t i m e s  t h e  

p o s s i b i l i t y  t h a t  o n e  s c a v e n g e r  w i l l  r e a c t  w i t h  O H  t o  

g i v e  a n  i n t e r m e d i a t e  w h i c h  c a n  f u r t h e r  r e a c t  w i t h  t h e  

o t h e r  s c a v e n g e r .

The Effect of pH  on ( l/[Br~])(d/dt)[ln  ( D max —  D ) ] .  

A s  c a n  b e  s e e n  i n  F i g u r e  4 ,  ( l / [ B r - ] ) ( d / d i )  [ In  (£ > max —  

Z ) ) ]  i s  c o n s t a n t  b e t w e e n  a b o u t  p H  5  a n d  p H  9  ( w h e r e  

i t  e q u a l s  ¿ 1)  i n c r e a s e s  m a r k e d l y  b e l o w  p H  5  a n d  d e 

c r e a s e s  e v e n  m o r e  m a r k e d l y  a b o v e  p H  9 .  T h e s e  

r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  e q u i l i b r i u m 28

O H  +  B r -  B r O H -  O H -  +  B r  ( 2 2 )

T h e  e n h a n c e d  f o r m a t i o n  o f  B r 2-  a t  p H  4  a n d  1 a s  

c o m p a r e d  t o  n e u t r a l  s o l u t i o n s  i s  t h e n  d u e  t o  t h e  r e 

a c t i o n

B r O H -  +  H +  — >  H 20  +  B r  ( 2 3 )

T h e  r e m o v a l  o f  O H -  b y  H + ,  a s  i n  ( 2 4 )  c a n n o t  e x 

p l a i n  t h e  c o n s t a n c y  o f  ( l / [ B r - ] ) ( d / d f )  [ I n  ( D m ax —  

D)  ] b e t w e e n  p H  5  a n d  9 .

O H  +  B r -  O H -  +  B r  H 20  +  B r  ( 2 4 )

T h e  e f f e c t  o f  H +  i s ,  h o w e v e r ,  c o n s i s t e n t  w i t h  t h e  e x i s t 

e n c e  o f  B r O H - , a n d  r e a c t i o n  2 3  c a n  a c c o u n t  f o r  t h e  

i n c r e a s e  i n  ( l / [ B r - ] ) ( d / d f ) [ I n  ( D m ax —  D ) ] ,  i f  t h e  

l i f e t i m e  o f  B r O H  -  i s  l o n g  e n o u g h .

I n  a l k a l i n e  s o l u t i o n s  n o t  o n l y  d o e s  t h e  r a t e  o f  B r 2 -  

f o r m a t i o n  d e c r e a s e  w i t h  i n c r e a s i n g  p H  ( F i g u r e  4 )  b u t  

a t  p H  1 3  a n d  a t  p H  1 1 ,  w i t h  l o w  B r -  t h e  m a x i m u m  

y i e l d  o f  B r 2-  c o r r e s p o n d i n g  t o  G,, +  Cr0 H , i s  n o t  a t 

t a i n e d .  T h i s  c a n  b e  s e e n  i n  t h e  c o l u m n  e n t i t l e d  

Z ) m ax i n  T a b l e  I I I  s i n c e  a p p r o x i m a t e l y  e q u a l  p u l s e  

i n t e n s i t i e s  w e r e  u s e d  i n  t h e  e x p e r i m e n t s .  F u r t h e r ,  

t h e  y i e l d  i s  h i g h e r  a t  p H  1 1  w i t h  h i g h e r  [ B r - ] ,  i n d i 

c a t i n g  t h a t  t h e  s c a v e n g i n g  o f  e i t h e r  B r  a n d / o r  O H  b y  

B r  -  h e l p s  t o  c a r r y  r e a c t i o n  1 t o  c o m p l e t i o n .

T h e s e  r e s u l t s  a r e  i n  a g r e e m e n t  w i t h  t h e  e a r l i e r  o b 

s e r v a t i o n  o f  L i n n e n b o m ,  C h e e k ,  a n d  S w i n n e r t o n , 4 

w h o  s u g g e s t e d  e q u i l i b r i u m  2 5  t o  a c c o u n t  f o r  t h e i r

(21) I. Kraljic and C. N. Trumbore, J. Am. Chem. Soc., 87, 2547 
(1965).
(22) G. E. Adams, J. W. Boag, and B. D. Michael, Trans. Faraday 
Soc., 61, 1417 (1965).
(23) L. M. Dorfman, X. A. Taub, and D. A. Harter, J. Chem. Phys., 
41, 2954 (1964).
(24) T. J. Sworski, J. Am. Chem. Soc., 78, 1768 (1956).
(25) C. J. Hochanadel and J. W. Boyle, Radiation Res., 9, 129 
(1958).
(26) E. J. Hart, J. Am. Chem. Soc., 73, 68 (1951).
(27) J. L. Weeks and M. S. Matheson, ibid., 78, 1273 (1956).
(28) It was suggested by one of the referees that our results could 
be satisfactorily explained by the “ cage”  mechanism (R. M. Noyes, 
J. Am. Chem. Soc., 77, 2042 (1955)). However, Noyes states that 
we cannot expect significant competition with geminate recombina
tion unless a reactive scavenger is present at 0.01 M  or greater. 
In Figure 4 it is seen that a significant effect is already observed at 
pH 4, i.e., at a concentration of H + scavenger of only 10 “ 4 M. 
Results of J. Jortner, M. Ottolenghi, and G. Stein, J. Phys. Chem., 
66, 2029 (1962), would indicate that concentrations as low as 10 _1 M  
could be effective in scavenging in the cage. More recently, F. S. 
Dainton and P. Fowles, Proc. Roy. Soc. (London), A287, 312 (1965), 
have noted that there are some difficulties yet to be cleared up in 
applying the theory of the scavenging of geminate pairs to the work 
of Jortner, Ottolenghi, and Stein. The equilibrium in (22) seems to 
us the most likely explanation of the increase found at low pH in 
Figure 4.
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B r -  +  O H  B r  +  O H "  ( 2 5 )

a l k a l i n e  B r -  r e s u l t s .  T h e  p H  a t  w h i c h  t h e  d e c r e a s e  

b e g i n s ,  a n d  t h e  a p p a r e n t  v a l u e  o f  fa, w i l l  d e p e n d  

u p o n  [ B r - ] t h r o u g h  t h e  e f f e c t  o f  t h e  s c a v e n g i n g  r e a c 

t i o n  3  o n  t h e  e q u i l i b r i u m  i n  ( 2 2 ) .

I f  t h e  e q u i l i b r i u m  i n  ( 2 2 )  i s  a s s u m e d ,  t h e  o v e r - a l l  

r a t e  o f  f o r m a t i o n  o f  B r  i n  a l k a l i n e  s o l u t i o n s  ( p H  9  t o

1 1 )  i s

d [ B r ] / d f  =  f c i [ O H ]  [ B r - ] -

Afcb[OH-][Br] -  fc3[Br][Br~] (26)

w h e r e  fa i s  t h e  v a l u e  o b t a i n e d  i n  n e u t r a l  s o l u t i o n .  W e  

h a v e  s h o w n  fa >  fa. F u r t h e r ,  i f  fa ( e f f e c t i v e )  i n c r e a s e s  

s e v e r a l - f o l d  i n  a c i d ,  b e c a u s e  H +  p r e v e n t s  t h e  b a c k  

d i s s o c i a t i o n  o f  B r O H - ,  t h e n  fait, >  fan =  fa- S i n c e  

fa o r  faa, >  fa, B r  i s  i n  l o w  c o n c e n t r a t i o n  a n d  t h e  

s t e a d y - s t a t e  a p p r o x i m a t i o n  m a y  b e  a p p l i e d . 29 I t  

c a n  t h e n  b e  s h o w n  t h a t

fa____________j  _  f c 2 2 b [ O H ~ ]

^ ( e f f e c t i v e )  fc3 [ B r - ] 1 '

T h i s  e q u a t i o n  w a s  a p p l i e d  t o  t h r e e  e x p e r i m e n t s  i n  

T a b l e  I I I ,  t h o s e  a t  p H  9 . 3 2 ,  1 0 . 0 1 ,  a n d  1 1 . 0 3 .  T h e s e  

g i v e  2 . 1 ,  2 . 0 ,  a n d  2 . 5 ,  r e s p e c t i v e l y ,  f o r  faa,/fa- T h i s  

c a l c u l a t e d  r a t i o  m u s t  b e  v i e w e d  w i t h  r e s e r v a t i o n s ,  

h o w e v e r ,  s i n c e  i t  i s  i n h e r e n t l y  a s s u m e d  t h a t  k(H +  +  

B r O H - )  i s  l a r g e  e n o u g h  a n d  t h e  l i f e t i m e  o f  B r O H -  

l o n g  e n o u g h  t o  g i v e  s o m e  s c a v e n g i n g  o f  B r O H -  a t  

1 0 - 4 M  H + ,  w h i l e  a t  t h e  s a m e  t i m e  A ; ( O H -  +  B r O H - )

a n d  / c ( B r -  +  B r O H - )  a r e  s m a l l e r  t h a n  f c ( H +  +  

B r O H - )  a n d  t h e  l i f e t i m e  o f  B r O H -  i s  s h o r t  e n o u g h  s o  

t h a t  O H -  o r  B r -  d o  n o t  r e a c t  w i t h  B r O H -  i n  t h e s e  

e x p e r i m e n t s .

S i n c e  t h e  p A  o f  O H  ( a s  d e f i n e d  i n  r e a c t i o n  2 8 )  i s

1 1 . 9 , 9 a b o v e  p H  1 1  r e a c t i o n  1 w o u l d  b e  s l o w e d  s t i l l

O H  +  O H -  O -  +  H 20  ( 2 8 )

f u r t h e r ,  b e c a u s e  O -  i s  v e r y  l i k e l y  t o  b e  l e s s  r e a c t i v e  

t h a n  O H  t o w a r d  B r - . T h u s  t h e  s i t u a t i o n  i n  a l k a l i n e  

s o l u t i o n  i s  q u i t e  c o m p l e x ,  p r o b a b l y  i n v o l v i n g  t h e  e q u i 

l i b r i a  3  +  3 a ,  2 2 ,  a n d  2 8 ,  a n d  t h e r e f o r e  t h e  r e s u l t s  w i l l  

d e p e n d  u p o n  b o t h  B r -  a n d  O H  -  c o n c e n t r a t i o n s .

T h e  a b o v e  d i s c u s s i o n  s h o w s  t h a t  t h e  r e l a t i v e  r a t e  

c o n s t a n t s  f o r  t h e  O H  r a d i c a l  o b t a i n e d  i n  c o m p e t i t i o n  

s t u d i e s  w i t h  B r -  m u s t  b e  u s e d  w i t h  g r e a t  c a u t i o n  s i n c e  

t h e  e f f i c i e n c y  o f  B r -  i n  s c a v e n g i n g  O H  r a d i c a l s  i s  

s t r o n g l y  p H  d e p e n d e n t .  R e s u l t s  i n  t h i s  l a b o r a t o r y  

s h o w  t h a t  O H  +  C 0 32 -  i s  a n o t h e r  r e a c t i o n  w h o s e  

r a t e  c o n s t a n t  v a r i e s  w i t h  p H ,  a n d  t h a t  c o m p e t i t i o n  

s t u d i e s  w i t h  t h i s  r e a c t i o n  m u s t  a l s o  b e  i n t e r p r e t e d  

c a u t i o u s l y .
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T h e  p u l s e  r a d i o l y s i s  o f  d e a e r a t e d  a q u e o u s  c a r b o n a t e  s o l u t i o n s  i n  t h e  n e u t r a l  a n d  a l k a l i n e  

p H  w a s  s t u d i e d .  A  m e c h a n i s m  i s  p r e s e n t e d ,  a n d  s e v e r a l  r a t e  c o n s t a n t s  h a v e  b e e n  d e t e r 

m i n e d  ( a l l  a r e  i n  u n i t s  o f  M -1  s e c - 1 ) :  f c ( O H  +  C 0 32 - )  =  4 . 2  X  1 0 8, f c ( 0 ~  +  C O 32 - )  <  

1 0 7, 2 / c( C 0 3~  +  C 0 3~ )  =  I .25 X  1 0 7 ( z e r o  i o n i c  s t r e n g t h ) ,  a n d  f c ( O H  +  H C 0 3~ )  =  1 . 5  X  

1 0 7 . I n  t h e  p u l s e  r a d i o l y s i s  o f  c a r b o n a t e  s o l u t i o n s  a  t r a n s i e n t  o p t i c a l  a b s o r p t i o n  a p p e a r s  

w h i c h  i s  i d e n t i f i e d  a s  t h e  c a r b o n a t e  r a d i c a l  i o n  ( C 0 3~ ) .  I t s  s p e c t r u m  i s  r e p o r t e d  a n d  h a s  

a  m a x i m u m  e x t i n c t i o n  c o e f f i c i e n t  o f  1 8 6 0  ±  1 6 0  M - 1  c m -1  a t  6 0 0 0  A .  T h e r e  i s  a  p H  

d e p e n d e n c y  o f  t h e  r a t e  o f  C 0 3~  f o r m a t i o n ,  f r o m  w h i c h  t h e  p A  f o r  t h e  i o n i c  d i s s o c i a t i o n  o f  

O H  r a d i c a l s  h a s  b e e n  d e t e r m i n e d  a s  1 1 . 8  ±  0 . 2 ,  w h e r e  p A  i s  d e f i n e d  a s  — l o g  { [ H + ] [ 0 - ] /  

[ O H ] } .  T h e  r e s u l t s  a r e  c o m p a r e d  w i t h  e a r l i e r  w o r k .

Introduction

A  t r a n s i e n t  o p t i c a l  a b s o r p t i o n  a t  5 7 8 0  A  w a s  r e 

p o r t e d  b y  G o r d o n ,  et al.,2 w h o  a s s u m e d  t h a t  c a r b o n a t e  

r a d i c a l  i o n s ,  C 0 3- , a r e  f o r m e d  b y

O H  +  C 0 32-  — >  O H -  +  C 0 3-  ( 1 )

A d a m s  a n d  B o a g 3 u s e d  t h e  a b s o r p t i o n  o f  C 0 3_  t o  g e t  

r e l a t i v e  r a t e  c o n s t a n t s  o f  h y d r o x y l  r a d i c a l s  w i t h  v a r i o u s  

s o l u t e s  i n  a q u e o u s  s o l u t i o n .  A d a m s ,  B o a g ,  a n d  

M i c h a e l ,4 5 u s i n g  p h o t o g r a p h i c  p l a t e s ,  o b t a i n e d  t h e  C 0 3~  

s p e c t r u m  a n d  r e p o r t e d  a  m a x i m u m  a b s o r p t i o n  a t  

6 0 0 0  A ,  w i t h  a n  e x t i n c t i o n  c o e f f i c i e n t ,  e, e q u a l  t o  1 8 8 0  

M ~ l c m - 1 .

I n  t h e  p r e s e n t  w o r k  i t  s e e m e d  d e s i r a b l e  t o  ( a )  e x t e n d  

t h e  p r e v i o u s  s p e c t r o s c o p i c  w o r k  t o  o b t a i n  a  m o r e  

p r e c i s e  s p e c t r u m  o f  C 0 3~  o v e r  a  w i d e r  w a v e l e n g t h  

r e g i o n ,  ( b )  s t u d y  k i n e t i c s  o f  t h e  f o r m a t i o n  a n d  d e c a y  

o f  C 0 3_  u n d e r  v a r i o u s  c o n d i t i o n s ,  a n d  ( c )  u s e  t h e  C O 3-  

a b s o r p t i o n  t o  d i s c r i m i n a t e  b e t w e e n  O H  a n d  O a q ~  

a n d  t h e  d e t e r m i n a t i o n  o f  t h e  p A  f o r  t h e  i o n i c  d i s s o c i a 

t i o n  o f  O H .

Experim ental Section

T h e  e x p e r i m e n t a l  p r o c e d u r e  u s e d  i n  t h i s  w o r k  h a s  

b e e n  d e s c r i b e d  p r e v i o u s l y .6 T h e  p r e p a r a t i o n  a n d  

h a n d l i n g  o f  t h e  s o l u t i o n s  m a d e  u s e  o f  a  s y r i n g e  t e c h 

n i q u e .6'7 A  m u l t i p l e - r e f l e c t i o n  c e l l 6 w i t h  a  4  c m  l o n g

o p t i c a l  c e l l  g a v e  a n  8 0 - c m  l i g h t  p a t h .  T h e  f o r m a t i o n  

a n d  d e c a y  o f  C 0 3-  w a s  f o l l o w e d  a t  6 0 0 0  A  u s i n g  a  4 5 0 - w  

x e n o n  l a m p ,  a  B a u s c h  a n d  L o m b  m o n o c h r o m a t o r ,  a  1 P 2 8  

p h o t o m u l t i p l i e r ,  a n d  a  T e k t r o n i x  o s c i l l o s c o p e  w i t h  a  

P o l a r o i d  c a m e r a .  A  0 . 4 - ,u s e c ,  1 5 - M e v  e l e c t r o n  p u l s e  

f r o m  a  l i n e a r  a c c e l e r a t o r  w a s  u s e d .  U n l e s s  o t h e r w i s e  

s t a t e d  o r  i n d i c a t e d  b y  t h e  m a x i m u m  o p t i c a l  d e n s i t y ,  

t h e  d o s e  w a s  a b o u t  2 . 5  X  l O ^ e v l . -1  p e r  p u l s e .

U s i n g  t h e  a b o v e  a p p a r a t u s  a n d  v a r y i n g  t h e  w a v e 

l e n g t h  o f  t h e  m o n o c h r o m a t o r ,  t h e  s p e c t r u m  o f  C 0 3~  

w a s  d e t e r m i n e d .  N o  a t t e m p t  w a s  m a d e  t o  m o n i t o r  

t h e  p u l s e  i n t e n s i t y  f o r  t h e  d a t a  t a k e n  b e t w e e n  2 6 0 0  a n d  

3 3 0 0  A .  H o w e v e r ,  f r o m  3 2 5 0  t o  6 4 0 0  A ,  t h e  l i g h t  

b e a m  w a s  s p l i t ,  a f t e r  p a s s i n g  t h r o u g h  t h e  c e l l ,  b y  m e a n s  

o f  a  p a r t i a l l y  a l u m i n i z e d  m i r r o r .  T h e  r e f l e c t e d  b e a m  

w a s  u s e d  t o  o b t a i n  t h e  r e l a t i v e  p u l s e  i n t e n s i t y  a t  c o n 

(1) Based on work performed under the auspices of the U. S. Atomic 
Energy Commission.
(2) S. Gordon, E. J. Hart, M. S. Matheson, J. Rabani, and J. K. 
Thomas, J. Am. Chem. Soc., 85, 1375 (1963).
(3) G. E. Adams and J. W. Boag, Proc. Chem. Soc., 112 (1964).
(4) G. E. Adams, J. W. Boag, and B. D. Michael, Trans. Faraday 
Soc., 61, 1674 (1965).
(5) J. Rabani, W. A. Mulae, and M. S. Matheson, J. Phys. Chem., 
69, 53 (1965), and references cited therein.
(6) C. B. Senvar and E. J. Hart, Proc. Intern. Conf. Peaceful Uses 
At. Energy, 2nd, Geneva, 29, 19 (1958).
(7) E. J. Hart, S. Gordon, and J. K. Thomas, J. Phys. Chem.,
68, 1271 (1964).
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s t a n t  w a v e l e n g t h ,  s i n c e  t h e  o p t i c a l  d e n s i t y  o f  t h e  

p u l s e d  s o l u t i o n  i s  p r o p o r t i o n a l  t o  t h e  p u l s e  i n t e n s i t y .  

T h e  d a t a  f o r  t h e  c a l c u l a t i o n  o f  t h e  e x t i n c t i o n  c o e f 

f i c i e n t  o f  C 0 3~  a t  6 0 0 0  A ,  b a s e d  o n  t h e  e o f  F e ( C N ) 68~  

a t  4 2 0 0  A ,  w e r e  o b t a i n e d  u s i n g  a  s p e c t r o g r a p h  w i t h  

p h o t o m u l t i p l i e r s  a t  6 0 0 0  a n d  4 2 0 0  A ,  a s  p r e v i o u s l y  

d e s c r i b e d . 5

R e a g e n t  g r a d e  c h e m i c a l s  w e r e  u s e d  f o r  a l l  o f  t h e  

e x p e r i m e n t s  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  J .  T .  B a k e r  

C h e m i c a l  C o .  s o d i u m  c a r b o n a t e  m o n o h y d r a t e  a n d  

M a l l i n c k r o d t  C h e m i c a l  W o r k s  s o d i u m  h y d r o x i d e  w e r e  

u s e d .  L e s s  t h a n  0 . 5 %  c a r b o n a t e  w a s  d e t e c t e d  i n  t h e  

1 M  N a O H  s t o c k  s o l u t i o n s .  T h e  k i n e t i c  r e s u l t s  i n d i 

c a t e  t h a t  t h e  c a r b o n a t e  i m p u r i t y  i n  t h e  N a O H  s o l u t i o n s  

w a s  m u c h  l o w e r  a n d  c o u l d  b e  i g n o r e d .  W h e r e  a p p l i 

c a b l e ,  c o r r e c t i o n s  w e r e  m a d e  f o r  a l l  c o n c e n t r a t i o n s  

o f  C 0 32 -  a n d  p H  v a l u e s  f o r  t h e  e q u i l i b r i u m :  H 20  +  

C 0 32 -  ^  H C 0 3~  +  O H - . U n l e s s  o t h e r w i s e  s t a t e d ,  

0 . 1  a t m  o f  N 20  w a s  p r e s e n t  i n  a l l  o f  t h e  s o l u t i o n s  i n  

o r d e r  t o  c o n v e r t  e a q -  t o  O H .  T h e  N 20  w a s  p a s s e d  

t h r o u g h  t h r e e  a l k a l i n e  p y r o g a l l o l  s o l u t i o n s  i n  o r d e r  

t o  e l i m i n a t e  s m a l l  a m o u n t s  o f  0 2. W i t h  t h i s  p r o 

c e d u r e ,  N 20  c o n t a i n i n g  0 . 0 3 %  0 2 b y  v o l u m e  w a s  o b 

t a i n e d  a n d  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  A l l  

e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  r o o m  t e m p e r a t u r e  

(ca. 2 3 ° ) .

R esults and D iscussion

I n  t h e  a l k a l i n e  c a r b o n a t e  s y s t e m ,  t h e  e f f e c t  o f  t h e  

f o l l o w i n g  s p e c i e s  p r o d u c e d  d u r i n g  t h e  e l e c t r o n  p u l s e  

m u s t  b e  c o n s i d e r e d :  H 2, H 20 2, ( H 30 ) a q + , ( O H ) a q - , 

e aq - , H ,  O H .

H 2 d o e s  n o t  r e a c t  w i t h  c a r b o n a t e  i o n s .  H 20 2 d e 

c o m p o s e s  s l o w l y  i n  a l k a l i n e  c a r b o n a t e  s o l u t i o n s  b u t  

h a s  n o  e f f e c t  o n  t h e  c a r b o n a t e  i o n s .  T h e  p r o p e r t i e s  

o f  c a r b o n a t e  i n  s o l u t i o n s  c o n t a i n i n g  ( H 30 ) a q +  a n d  

( O H ) a q -  a r e  w e l l  k n o w n  a n d  n e e d  n o t  b e  d i s c u s s e d  

h e r e .  O f  t h e  s h o r t - l i v e d  s p e c i e s ,  e a q -  d o e s  n o t  r e a c t  

w i t h  c a r b o n a t e  i o n s , 8 a l t h o u g h  i t  m a y  r e a c t  w i t h  

b i c a r b o n a t e  i o n s 9 a n d  i s  k n o w n  t o  r e a c t  v e r y  f a s t  w i t h  

C 0 2. 10 11 H  a t o m s  m a y  r e a c t  w i t h  b i c a r b o n a t e  i o n s , 9 

b u t  t h e  r e a c t i o n  i s  v e r y  s l o w  c o m p a r e d  t o  o t h e r  r e a c 

t i o n s  o f  H  a t o m s .  T h e  o p t i c a l  a b s o r p t i o n  w i t h  t h e  

p e a k  a t  6 0 0 0  A  h a s  a l s o  b e e n  o b t a i n e d 4 i n  t h e  p r e s e n c e  

o f  0 2, w h i c h  i s  a  k n o w n  H  a t o m  s c a v e n g e r .  T h u s ,  

i t  s e e m s  e v i d e n t  t h a t  O H  r a d i c a l s  a r e  t h e  m a i n  p r e c u r s o r  

a n d  p r o b a b l y  t h e  o n l y  o n e  f o r  f o r m i n g  t h i s  a b s o r p t i o n .  

T h i s  c o n c l u s i o n  i s  c o n f i r m e d  b y  t h e  e f f e c t s  o f  O H  

s c a v e n g e r s  o n  t h e  a b s o r p t i o n 2 ' 3,11 a t  6 0 0 0  A .

I n  o r d e r  t o  i n v e s t i g a t e  t h e  c a r b o n a t e  r a d i c a l  i o n ,  i t  

i s  d e s i r a b l e  t o  e l i m i n a t e  e a q - , s i n c e  i t  s t i l l  h a s  a  h i g h  

a b s o r p t i o n  a t  6 0 0 0  A  ( a b o u t  5  t i m e s  m o r e  a b s o r p -  

t i o n 2 ,5 ,8 ' 12 t h a n  C 0 3- ) .  A d a m s ,  B o a g ,  a n d  M i c h a e l 11

Figure 1. Formation of C03~: upper, typical 
oscilloscope trace; lower, pseudo-first-order kinetics.
Conditions: 1.97 mill CCV- , 0.1 atm of N20, pH 10 76.

h a v e  u s e d  0 2 a n d  N 20  i n  o r d e r  t o  e l i m i n a t e  e a q - . 

H o w e v e r ,  s i n c e  0 2 c a n  r e a c t  w i t h  O -  t o  f o r m  0 3-  a t  

a l k a l i n e  p H , 13-15 t h e  p r e s e n c e  o f  o x y g e n  w a s  u s u a l l y  

a v o i d e d  i n  t h e  p r e s e n t  s y s t e m .  M o s t  o f  t h e s e  e x p e r i 

m e n t s  h a v e  b e e n  c a r r i e d  o u t  i n  t h e  p r e s e n c e  o f  N 20 ,  

w h i c h ,  i t  i s  a s s u m e d ,  r e a c t s  r a p i d l y  w i t h  e a q -  a n d  

f o r m s 16 O H  o r  O - , a s  i n

H îO
N 20  +  e a q -  — >  N 2 +  O H  +  O H -  ( 2 )

T h i s  r e a c t i o n  h a s  b e e n  d i s c u s s e d  i n  e a r l i e r  p a p e r s ,  a n d  

i t  h a s  b e e n  c o n c l u d e d 14,17 t h a t ,  i f  N 20 ~  i s  f o r m e d  a s  a n  

i n t e r m e d i a t e ,  i t  s h o u l d  l i v e  e i t h e r  l e s s  t h a n  1 nsec, 
o r  e l s e  h a v e  t h e  s a m e  p r o p e r t i e s  a s  O H  h a s  i n  t h e  f e r r o -  

c y a n i d e 14 15 a n d  b r o m i d e 17 s y s t e m s .  A s  w i l l  b e  s e e n  

l a t e r ,  t h e  p r e s e n t  r e s u l t s  w i t h  c a r b o n a t e  i o n s  a r e  c o n 

s i s t e n t  w i t h  t h e  s a m e  c o n c l u s i o n .

(8) E. J. Hart and J. W. Boag, J. Am. Chem. Soc., 84, 4090 (1962).
(9) S. Nehari and J. Rabani, J. Phys. Chem., 67, 1609 (1963).
(10) (a) L. M. Dorfman and M. S. Matheson, Progr. Reaction Ki- 
netics, 3, 237 (1965) ; (b) J. T. Allan, N. Getofï, H. P. Lehmann, 
K. E. Nixon, G. Scholes, and M. Simic, J. Inorg. Nucl. Chem., 19, 
204 (1961).
(11) G. E. Adams, J. W. Boag, and B. D. Michael, Trans. Faraday 
Soc., 61, 1417 (1965).
(12) (a) L. M. Dorfman and I. A. Taub, J .  Am. Chem. Soc., 85,
2370 (1963); (b) J. P. Keene, Discussions Faraday Soc., 36, 304
(1963) .
(13) G. Czapski and L. M. Dorfman, J. Phys. Chem., 68, 1169
(1964) .
(14) J. Rabani and M. S. Matheson, ibid., 70, 761 (1966).
(15) G. E. Adams, J. W. Boag, and B. D. Michael, Nature, 205, 898
(1965) .
(16) F. S. Dainton and D. B. Peterson, Proc. Roy. Soc. (London), 
A267, 443 (1962).
(17) M. S. Matheson, W. A. Mulac, J. L. Weeks, and J. Rabani, 
J. Phys. Chem., 70, 2092 (1966).
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Figure 2. Carbonate radical decay curves and second-order plots, (a) 6.24 mM  C032 , 0.1 atm of N20, pH 12.61. 
(b) 1.97 mM  COs2-, 0.1 atm of N20, pH 10.76. (c) Second-order plot for (a), (d) Second-order plot for (b).

T h e  f o r m a t i o n  o f  t h e  C 0 3~  a b s o r p t i o n  i n  s o l u t i o n s  

c o n t a i n i n g  N 20  i s  f i r s t  o r d e r  i n  b o t h  [ O H ]  a n d  [ C 0 32~ ] .  

F r o m  t h e  a p p r o p r i a t e  p l o t s ,  a  s e c o n d - o r d e r  r a t e  c o n 

s t a n t  “k ” h a s  b e e n  c a l c u l a t e d ,  d e f i n e d  a s

“h ”  =  ( 1 / [ C X V - ] )  | { l n  ( Z ) m ax -  D t) }

w h e r e  D m ax i s  t h e  m a x i m u m  v a l u e  o f  t h e  o p t i c a l  d e n s i t y  

a f t e r  a l l  o f  t h e  O H  r a d i c a l s  h a v e  r e a c t e d  a n d  D t i s  t h e  

o p t i c a l  d e n s i t y  a t  t i m e  t. A s  w i l l  b e  s e e n  l a t e r ,  “ki” 
i s  p H  d e p e n d e n t ,  a n d  o n l y  u n d e r  c e r t a i n  s p e c i f i c  c o n 

d i t i o n s  d o e s  “hi”  =  ki, w h e r e  ki i s  t h e  r a t e  c o n s t a n t  o f  

r e a c t i o n  1 .

T h e  b u i l d u p  o f  o p t i c a l  d e n s i t y  i s  f o l l o w e d  b y  a  

s l o w e r  d e c a y ,  w h i c h  i s  w e l l  s e p a r a t e d  i n  t i m e  f r o m  t h e  

f o r m a t i o n .  I n  F i g u r e  1 a  t y p i c a l  o s c i l l o s c o p e  t r a c e  

( u p p e r  p a r t )  f o r  t h e  f o r m a t i o n  o f  c a r b o n a t e  r a d i c a l  

i o n s  i s  p r e s e n t e d .  T h e  s t r a i g h t  l i n e  o b t a i n e d  ( l o w e r  

p a r t  o f  F i g u r e  1 ) ,  w h e n  D m ax —  D t i s  p l o t t e d  vs. t i m e  

o n  a  s e m i l o g  s c a l e ,  s h o w s  t h a t  t h e  r e a c t i o n  i s  p s e u d o  

f i r s t  o r d e r .  T h e  s a m e  r e s u l t  w a s  o b t a i n e d  w h e n  e i t h e r  

N 20  o r  C C h  w a s  u s e d  t o  s c a v e n g e  e a q ~ .

F i g u r e s  2 a  a n d  2 b  p r e s e n t  t y p i c a l  o s c i l l o s c o p e  t r a c e s  

f o r  t h e  d e c a y  o f  t h e  t r a n s i e n t  a b s o r p t i o n  w i t h  t i m e  f o r  

s o l u t i o n s  c o n t a i n i n g  N 20 .  A  s t r a i g h t  l i n e  i s  o b t a i n e d  

w h e n  1 /D  f r o m  F i g u r e  2 a  i s  p l o t t e d  vs. t i m e  i n  F i g u r e  

2 c .  I n  s o m e  e x p e r i m e n t s ,  d e v i a t i o n s  f r o m  l i n e a r i t y  

o c c u r r e d  ( F i g u r e  2 d ) ,  i n d i c a t i n g  a d d i t i o n a l  p r o c e s s e s .  

I t  a p p e a r s  t h a t  t h e r e  i s  a  p o s i t i v e  c u r v a t u r e  (e.g., F i g u r e

2 d )  a t  p H  < 1 1 . 5 ,  v e r y  l i t t l e  o r  n o  c u r v a t u r e  (e.g., F i g u r e  

2 c )  a t  p H  1 2 - 1 3 ,  a n d  a g a i n  p o s i t i v e  c u r v a t u r e  a t  p H

1 3 . 5 .  I n  m o s t  c a s e s ,  h o w e v e r ,  t h e  p l o t s  w e r e  l i n e a r  

w i t h i n  e x p e r i m e n t a l  e r r o r s  u n t i l  a f t e r  8 0 %  o f  t h e  C 0 3~  

d e c a y e d  a w a y .  T h e  m a i n  r e a c t i o n  r e s p o n s i b l e  f o r  t h e  

d e c a y  i s  b e l i e v e d  t o  b e

co3- + co3- —► C 0 2 +  ccv-
o r  ( 3 )

H 2O
C ( V  +  C ( V  — ►  2 C 0 2 +  H 0 2 -  +  O H -

N o  e x p l a n a t i o n  f o r  t h e  d e v i a t i o n s  f r o m  s e c o n d  o r d e r  

s e e m s  a p p a r e n t .  A l l  o f  t h e  r a t e  c o n s t a n t s  r e p o r t e d  i n  

t h i s  p a p e r  f o r  s o l u t i o n s  c o n t a i n i n g  N 20  a r e  c a l c u l a t e d  

f r o m  t h e  i n i t i a l  s l o p e s  o f  t h e  k i n e t i c  p l o t s .

The Spectrum of C 0 3~. T h e  s p e c t r u m  o f  C 0 3~  

i s  g i v e n  i n  F i g u r e  3 .  I n  t h e  u l t r a v i o l e t  r e g i o n ,  o p t i c a l  

a b s o r p t i o n  a p p e a r s  i n  t h e  a b s e n c e  a s  w e l l  a s  i n  t h e  

p r e s e n c e  o f  c a r b o n a t e  i o n s  a n d / o r  b i c a r b o n a t e  i o n s .  

C 0 3"  i s  p r o b a b l y  r e s p o n s i b l e  f o r  t h e  a b s o r p t i o n  i n  t h e  

p r e s e n c e  o f  c a r b o n a t e  i o n s  a n d  b i c a r b o n a t e  i o n s .  I n  

t h e  a b s e n c e  o f  t h e s e  l a s t  i o n s ,  i t  m a y  b e  d u e  t o  O H  i n  

n e u t r a l  a n d  O a q ~  i n  a l k a l i n e  s o l u t i o n s . 18

The Extinction Coefficient of C 0 3~. The Reaction of 
C 0 3~ with Ferrocyanide. T h e  e x t i n c t i o n  c o e f f i c i e n t  o f  

C 0 3_  a t  6 0 0 0  A ,  e c o , - 6000, h a s  b e e n  d e t e r m i n e d  b y  a

(18) J. Rabani and M. S. Matheson, J. Am. Chem. Soc., 86, 3175 
(1964).
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m e t h o d  s i m i l a r  t o  t h a t  u s e d  b e f o r e 6 f o r  eeaq- 6780. I t  

w a s  f o u n d  t h a t  C O i -  o x i d i z e s  f e r r o c y a n i d e  b y

C 0 3~  +  F e ( C N y -  — >  C 0 32 -  +  F e ( C N ) 63-  ( 4 )

S i m u l t a n e o u s  t r a c e s  a t  b o t h  6 0 0 0  a n d  4 2 0 0  A  w e r e  o b 

t a i n e d .  I n  t h e  p r e s e n c e  o f  f e r r o c y a n i d e ,  t h e  d e c a y  o f  

C 0 3-  i s  e n h a n c e d  o w i n g  t o  r e a c t i o n  4 .  F r o m  p s e u d o -  

f i r s t - o r d e r  p l o t s ,  h  w a s  c a l c u l a t e d .  S i n c e  2 k3 ~  1 0 7 

M ~l s e c - 1 , i t  i s  e a s y  t o  c h o o s e  h i g h  e n o u g h  f e r r o c y a n i d e  

c o n c e n t r a t i o n s  s o  t h a t  n o  c o r r e c t i o n s  f o r  s e c o n d - o r d e r  

d e c a y 5 a r e  n e c e s s a r y .  R e a c t i o n  4  i s  b e t w e e n  t w o  n e g a 

t i v e l y  c h a r g e d  s p e c i e s  a n d  i s  e x p e c t e d  t o  b e  e n h a n c e d  

a t  h i g h e r  i o n i c  s t r e n g t h s .  T h e  v a l u e s  r e p o r t e d  i n  

T a b l e  I  a r e  f o r  t h e  a c t u a l  i o n i c  s t r e n g t h s  a n d  w e r e  n o t

Table I: Simultaneous Rates of Formation of Fe(CN)63“ 
at 4200 A and Disappearance of CO3 -  at 6000 A

PmftT6 at k\c at kf at
pH [NaÆOsF ;K.Fe(CN)«]“ 4200 A 4200 A 6000 A

1 1 . 6 71 0 . 1 2 0.19 2.7 2 . 8
13.0 1 0 0 0 . 1 0 0.25 3.5 3.5
13.0 1 0 0 0.41 0.25 4.0 3.6

‘ In units of mM. ‘ f t „ax was constant by 1 0 0 Msec after
pulse and was followed to at least 200 Msec. e In units of 10® 
M - 1  sec-1. Each result is an average of at least two experi
ments.

c a l c u l a t e d  f o r  z e r o  i o n i c  s t r e n g t h .  T h e  s a m e  r a t e  c o n 

s t a n t  i s  o b t a i n e d  a t  b o t h  6 0 0 0  a n d  4 2 0 0  A .  A  t y p i c a l  

o s c i l l o s c o p e  t r a c e  u s e d  f o r  t h e s e  c a l c u l a t i o n s  i s  s h o w n  

i n  F i g u r e  4 .  T h e  i n i t i a l  a b s o r p t i o n  a t  4 2 0 0  A  i s  d u e  t o  

CO3-.
F r o m  t r a c e s  s u c h  a s  s h o w n  i n  F i g u r e  4 ,  AD mo v a l u e s  

w e r e  p l o t t e d  vs. ADim  ( s e e  r e f  5  f o r  t h e  d e f i n i t i o n  

o f  A D ).  T h e  r e s u l t s  a r e  g i v e n  i n  F i g u r e  5  f o r  p H  1 1 . 6 .  

F r o m  t h e  s l o p e  o f  F i g u r e  5  a n d  o t h e r  s i m i l a r  p l o t s ,  t h e  

r a t i o  er =  e c o a - ^ / w e c c N ) , * - 4200 c a n  b e  c a l c u l a t e d  u s i n g 6 

er =  s l o p e / ( l  +  A  X  s l o p e ) ,  w h e r e  A  =  « c o s - 4200/  

« c o a - 6000- T h e  r a t i o  A  w a s  c a l c u l a t e d  f r o m  s i m u l 

t a n e o u s  t r a c e s  a t  6 0 0 0  a n d  4 2 0 0  A ,  u s i n g  t h e  s p e c t r o 

g r a p h ,  i n  s o l u t i o n s  c o n t a i n i n g  c a r b o n a t e  i n  0 . 1  a t m  o f  

N 20  ( n o  f e r r o c y a n i d e ) .  A  =  0 . 1 8 4  ±  0 . 0 0 5  ( s t a n d a r d  

d e v i a t i o n )  w a s  o b t a i n e d  f o r  0 . 1  M  N a O H ,  0 . 1  a t m  o f  

N 20 ,  a n d  3  X  1 0 - 3  M  N a 2C 0 3, a n d  A  =  0 . 1 8 2  f o r  5 X  

1 0 - 3  M  N a H C 0 3 ( n e a r  n e u t r a l  p H )  a n d  0 . 1  a t m  o f  

N 20 .  T h e s e  r e s u l t s  i n d i c a t e  t h a t  A  i s  i n d e p e n d e n t  

o f  w h e t h e r  C 0 3-  i s  p r o d u c e d  f r o m  c a r b o n a t e  i o n s  o r  

f r o m  b i c a r b o n a t e  i o n s .  F r o m  F i g u r e  5 ,  a n d  o t h e r  s u c h  

f i g u r e s ,  er =  1 . 7 8  h a s  b e e n  c a l c u l a t e d  f o r  b o t h  p H  1 1 . 6  

a n d  1 3 . 0 .  O t h e r  c o n d i t i o n s  f o r  s u c h  c a l c u l a t i o n s  w e r e  

t h e  s a m e  a s  d e s c r i b e d  i n  T a b l e  I .

Figure 3. Spectrum of C03~. Circles are values at 
pH 13 determined “ point by point”  using two monochromators 
(one used as pulse monitor); squares are values at 
pH 11 where no monitor monochromator was used.

Figure 4. Simultaneous formation of Fe(CN)63- at 4200 A 
(upper set of curves) and decay of C03-  at 6000 A 
(lower set of curves). Conditions: 72 m M  CO32-,
0 . 1 2 2  mM  Fe(CN)64-, 0.1 atm of N20, pH 1 1 .6 .

Figure 5. A typical comparison of AD at 6000 A with 
that at 4200 A for use in the calculation of 
€C03—6000/€Fe(CN)e3~ 4200. Conditions: 72 mM  CO32-, 
0.122 mM  Fe(CN)61- 0.1 atm of N20, pH 11.6.
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F r o m  F i g u r e  3 ,  A  — 0 . 1 3 5  ±  0 . 0 1 5 ,  w h i c h  y i e l d s  

er =  1 . 9 5 .  T h e  d i f f e r e n c e  b e t w e e n  t h e  r e s u l t s  w i t h  t h e  

m o n o c h r o m a t o r  a n d  s p e c t r o g r a p h  m a y  b e  d u e  i n  p a r t  

t o  a  d i f f e r e n c e  i n  t h e  e f f e c t i v e  w a v e l e n g t h s .  B a s e d  

o n  t h e  a v e r a g e  v a l u e  o f  er a n d  eF e(C N ).2- 4200 =  1 0 0 0 ,  

a  v a l u e  o f  e c o a - 6000 =  1 8 6 0  ±  1 6 0  M ~ : c m - 1  i s  o b 

t a i n e d .

The Rate of Decay of C 0 3~ .  A s  c a n  b e  s e e n  f r o m  

F i g u r e s  2 c  a n d  2 d ,  t h e  i n i t i a l  d e c a y  o f  o p t i c a l  d e n s i t y  

i n  c a r b o n a t e - N 20  s o l u t i o n s  i s  c l o s e l y  s e c o n d  o r d e r .  

A t  t h e  h i g h e r  p H  v a l u e s ,  t h e  r a t e  o f  d e c a y  w a s  s o m e -

Table II: Rate of Formation and Decay of CO3-  in
Solutions Containing 0.1 Atm of N20

(A) With No Added Salts

%
C O 3 -

decayed
before
non-

pH [C O a2 - ] “ Dinitial Umax linear6 “to"c 2fac

8.4 1.0" 0.19 0.34 80 1.49 1.94
10.6 0.8 0.06 0.33 70 40.7 1.33
10.8 2.2 0.09 0.35 70 38.6 1.57
11.1 2.4 0.20 0.31 70 1.49
11.4 3.1 0.10 0.34 70 32.0 1.64
11.4 8.8 0.12 0.29 70 28.9 1.83
11.6 72 0.32 80 2.90
12.0 3.0 0.11 0.54 80 15.8 1.75
12.0 5.8 0.11 0.24 80 15.0 2.15
12.3 6.4 0.20 0.44 80 8.22 2.20
12.6 6.2 0.11 0.34 90 5.42 2.71
13.0 1.0 O©Ì 0.40 80 3.20 3.93
13.0 3.2 —0.01 0.44 90 2.65 2.93
13.0 8.4 —0.01 0.46 90 2.68 2.25
13.0 15.0 0.14 0.62 90 3.18 2.23
13.0 15.0 0.12 0.35 90 2.31 3.33
13.0 100 0.29 0.49 80 3.69
13.0 109'’ —0.25 90 5.12
13.5 9.1 0.03 0.40 70 0.94
13.5 36 0.15 0.62 80 0.91 4.5

(B) With Added Na2S0 4  or NaClCh

%
C O 3 -

decayed
Ionic before

strength, non
pH [CW-] ° Va D initial Dmax linear6

10.6 0.8 18 .2 0.05 0.34 70 1 .5 4
10.6 0.8 3 1 . 9 0.04 0.27 70 1 .7 6
1 0 .5 0.8 9 1 .2 0.04 0 .23 80 2 .30
10.6 0.8 123 0.06 0 .33 80 1 .9 8
10 .5 0 .7 327 0.06 0 .33 80 2.79

“ In units of mM. b Measure of linearity on second-order
plot of 1/D vs. t. "In units of 1 0 7 M~' sec -1, d [HCO,-].
‘ Also contained 0.1 atm of air. Each result is an average of 
two to six experiments.

w h a t  f a s t e r  a n d  t h e  s c a t t e r  w a s  l a r g e r .  I n  T a b l e  I I ,  

t h e  r a t e  c o n s t a n t s  f o r  t h e  f o r m a t i o n  a n d  d e c a y  o f  C 0 3~  

a r e  p r e s e n t e d .  A p a r t  f r o m  t h e  e f f e c t  o f  t h e  i o n i c  

s t r e n g t h  ( s e e  F i g u r e  6 ) ,  2 k3 s e e m s  t o  b e  u n a f f e c t e d  b y  

t h e  v a r i o u s  p H  v a l u e s ,  c a r b o n a t e  i o n  c o n c e n t r a t i o n s ,  

a n d  i n t e n s i t i e s  o f  t h e  e l e c t r o n  b e a m .  T h e  p r e s e n c e  o f  

0 . 1  a t m  o f  a i r  h a s  l i t t l e  e f f e c t ,  i f  a n y ,  o n  t h e  r a t e  o f  C 0 3~  

d e c a y .  A d a m s ,  B o a g ,  a n d  M i c h a e l 5 r e p o r t e d  a n  e n 

h a n c e d  d e c a y  o f  C 0 3~  i n  t h e  p r e s e n c e  o f  0 2, b u t  i n  t h e  

a b s e n c e  o f  N 20 .  T h i s  w a s  i n t e r p r e t e d 4 a s  a  r e a c t i o n  

o f  C 0 3~  w i t h  0 2 - . I n  s e v e r a l  o f  t h e  e x p e r i m e n t s  i n  

t h e  p r e s e n t  w o r k  w h e n  b o t h  N 20  a n d  a i r  w e r e  p r e s e n t ,  

m o s t  o f  t h e  e a q _  r e a c t e d  w i t h  N 20 ,  a n d  p r a c t i c a l l y  n o  

0 2~  w a s  f o r m e d .

I n  F i g u r e  6 ,  l o g  2 k3̂ , w h e r e  2 /c 3,^ i s  2k3 a t  i o n i c  

s t r e n g t h  p ,  h a s  b e e n  p l o t t e d  vs. u s i n g

t h e  v a l u e s  i n  T a b l e  I I .  T h e  c o m b i n a t i o n  a =  0 . 4  

a n d  a  s l o p e  o f  1 . 0 2  g a v e  a  g o o d  f i t  w i t h  t h e  r e s u l t s .  

I f  a =  1 . 0  w e r e  c h o s e n ,  a  s l o p e  o f  1 . 3  w o u l d  a l s o  g i v e  

a  g o o d  f i t ;  h o w e v e r ,  t h e  t h e o r y  r e q u i r e s 19’ 20 a  s l o p e  o f

Figure 6 . Ionic strength effect on k$. Conditions: all 
solutions contained 0.1 atm of N20. Numbers following 
symbols in the figure indicate approximate [CCV- ] in mM: 
pH 8.4, X, —100 mM HC03~; pH 10.5-10.8, O, no added 
salt; pH 10.5-10.8, ©, 5 mM Na2SC>4; pH 10.5-10.8, 9,
40 mM  Na2S0 4 | pH 10.5-10.8, C, 108 mM Na2SC>4; 
pH 10.5-10.8, ©, 29 mM  NaClCh; pH 10.5-10.8, e, 89 mM  
NaC104; pH 11.1, O; pH 11.3-11.6, □; pH 12.0, 0; 
pH 12.3, a ; pH 12.6,“  ; pH 13.0, A; pH 13.0, Á, 
also contained 0.1 atm of air; pH 13.5, V.

(19) S. W. Benson, “ The Foundations of Chemical Kinetics,”  
McGraw-Hill Book Co., Inc., New York, N. Y., 1960, p 525.
(20) P. J. Durrant and B. Durrant, “ Introduction to Advanced 
Inorganic Chemistry,”  John Wiley and Sons, Inc., New York, 
N. Y „  1962, p 319.

The Journal of Physical Chemistry



Pulse R adiolysis of D eaerated A queous Carbonate Solutions 2105

1 . 0 2  a n d  a «  0 . 7  t o  0 . 8 ,  a s s u m i n g  t h e  C - 0  b o n d  

l e n g t h  i n  C 0 3~  i s  t h e  s a m e 20 a s  i n  C 0 32 ~ .

F i g u r e  6  d e m o n s t r a t e s  t h a t  t h e  d e p e n d e n c e  o f  k3 
o n  p H  i s  i n  f a c t  a  d e p e n d e n c e  o n  p. A d d i t i o n a l l y ,  

i t  s h o w s  t h a t  t h e  d e c a y  o f  t h e  t r a n s i e n t  a b s o r p t i o n  i s  

m a i n l y  b y  a  r e a c t i o n  o f  t w o  s p e c i e s  o f  t h e  s a m e  c h a r g e .  

R e a c t i o n  3  a p p e a r s  t o  b e  t h e  o n l y  o n e  w h i c h  c a n  

a c c o u n t  f o r  t h i s  o b s e r v a t i o n .  F r o m  F i g u r e  6 , 2 f c3 i s

I .25 X  1 0 * * * 7 A / -1  s e c -1  a t  z e r o  i o n i c  s t r e n g t h .

The Decay of C 0 3~ in  the Presence of CCU. I n  s o m e  

e x p e r i m e n t s  C C 1 4 w a s  u s e d  t o  s c a v e n g e  e a q _ , a s  i n  r e 

a c t i o n  5 ,  i n s t e a d  o f  N 20 .  T h i s  p r e s e n c e  o f  C C 1 4 d i d

e a q -  +  C C h  — *■ C C 1 3 +  C l -  ( 5 )

n o t  a f f e c t  t h e  r a t e  o f  C 0 3-  f o r m a t i o n ;  h o w e v e r ,  t h e  

d e c a y  w a s  d i f f e r e n t .  T a b l e  I I I  s u m m a r i z e s  t h e  r e s u l t s .

Table III: Rate of Formation and Decay of C03-  in 
Solutions Containing ~0.5 mAf CCh (No N20)e

d  X
d / A  c’d

p H [ C O a * - ] “ D i n i t i a l U m a x " k r b d t \ D  )  i n i t i a l

12.0 3.0 0.13 0.33 19.4 2.2
12.0 6.1 0.08 0.14 14.5 1.8
12.0 12.3 0.05 0.15 2.0
12.6 5.9 0.06 0.15 5.90 1.7
13.0 6.0 0.09 0.33 3.41
13.0 15.0 0.18 0.37 2.95
13.5 6.2 0.02 0.12 0.80 1.1
13.5 36.0 0.15 0.38 1.00 1.1

“  In units of m M. bIn units of IO7 M  1 sec ’ . c In units of
IQs M _1 sec•rk dl = light path, e = extinction coefficient of
C 03-  at 6000 A (1.78

oT—
1

X _1 cm"_1). ‘  Each result is an
average of two to five experiments.

T h e  d e c a y  o f  C 0 3-  i n  C C 1 4 s o l u t i o n s  i s  m u c h  f a s t e r  t h a n

i n  t h e  N 20  s o l u t i o n s .  A p p a r e n t l y ,  C 0 3-  m u s t  r e a c t

w i t h  C C I 4 o r  i t s  p r o d u c t s ,  b u t ,  a t  p r e s e n t ,  e f f o r t s  t o

a d v a n c e  a  f u l l  m e c h a n i s m  h a v e  n o t  s u c c e e d e d .  D m ax

i n  C C h  i s  a b o u t  o n e - h a l f  o f  D max i n  N 20 ,  w h e n  t h e  o t h e r

c o n d i t i o n s  a r e  t h e  s a m e .

The Effect of p H  on the Formation of C 0 3~. T a b l e s

I I  a n d  I I I  p r e s e n t  t h e  e f f e c t  o f  p H  o n  “k " .  D m ax c a n

b e  u s e d  f o r  t h e  c a l c u l a t i o n  o f  t h e  e l e c t r o n  b e a m  i n 

t e n s i t y ,  s i n c e  G ( C O a - ) ,  t h e  y i e l d  o f  C 0 3-  r a d i c a l s  p e r

1 0 0  e v ,  u n d e r  t h e s e  c o n d i t i o n s ,  i s  k n o w n .  T h e  “ l i n e a r 

i t y ”  i s  d e f i n e d  h e r e  a s  t h e  p e r c e n t a g e  C 0 3_  w h i c h  h a s

d i s a p p e a r e d  w h e n  t h e  d e v i a t i o n  f r o m  l i n e a r i t y  j u s t

e q u a l s  t h e  e r r o r  i n  l /D .  D ia it ia  1 i s  t h e  o p t i c a l  d e n s i t y

m e a s u r e d  a t  t h e  s m a l l e s t  t v a l u e .  S o m e  r e a c t i o n  t a k e s  

p l a c e  d u r i n g  t h e  p u l s e  a n d  t h e  e l e c t r o n i c  “ n o i s e ” ; 

t h e  d u r a t i o n  o f  b o t h  t o g e t h e r  i s  ~ 1  / ¿ s e c .

F r o m  T a b l e  I I  i t  i s  s e e n  t h a t  ku «  klt w h e r e  r e a c 

t i o n  l a  i s

O H  +  H C O 3-  — ^  C 0 3-  +  H aO  ( l a )

T h e  r e a c t i o n  o f  O H  w i t h  b i c a r b o n a t e  i o n s  a l s o  p r o d u c e s  

CO3-, a s  i n d i c a t e d  b y  t h e  s i m i l a r  o p t i c a l  d e n s i t y  i n  

b o t h  b i c a r b o n a t e  a n d  c a r b o n a t e  s o l u t i o n s ,  w h e n  i r 

r a d i a t e d  w i t h  t h e  s a m e  p u l s e  i n t e n s i t y .  A l s o ,  t h e  r a t e  

o f  d e c a y  o f  t h e  o p t i c a l  d e n s i t y  i s  t h e  s a m e  i n  b o t h  

c a r b o n a t e  a n d  b i c a r b o n a t e  s o l u t i o n s  ( s e e  F i g u r e  6) ,  

S m a l l  c o r r e c t i o n s  h a v e  b e e n  m a d e  f o r  t h e  e f f e c t  o f  r e 

a c t i o n s  6 , 6a ,  a n d  6b

O H  +  O H  — >  H 20 2 ( 6)

O H  +  0 “  — >  H 0 2 -  ( 6 a )

O -  +  O -  H 0 2 -  +  O H -  ( 6b )

A n  e f f e c t i v e  “ 2 fc6”  w a s  t a k e n  f r o m  p r e v i o u s  m e a s u r e 

m e n t s  o r  o b t a i n e d  b y  i n t e r p o l a t i o n . 14 T h e  p o s s i b l e  

r e a c t i o n s  o f  C C 1 3 w i t h  O H  o r  0 ~  w e r e  n e g l e c t e d  b e 

c a u s e  o f  l a c k  o f  d a t a .

A  s t r i k i n g  p h e n o m e n o n  i s  t h e  p H  d e p e n d e n c y  o f  

“ k1” . T h e  c a r b o n a t e  i o n  r e a c t i v i t y  t o w a r d  O H  a n d

0 -  p a r a l l e l s  t h e  r e a c t i v i t y  o f  f e r r o c y a n i d e .14 * *'18 R e a c 

t i o n  l b  c a n  b e  n e g l e c t e d  e v e n  a t  t h e  h i g h e s t  p H  u s e d  

b y  u s ,  s i n c e

0 -  +  C 0 32 -  C 0 3-  +  2 0 H -  ( l b )

fcib <  1 0 7 A f -1  s e c - 1 . F i g u r e  7  s h o w s  a  p l o t  o f  l o g  

l (h / ‘% ”) —  1 ]  vs. p H .  ki =  4 . 2  X  1 0 8 * * II * * M ~ l s e c -1  h a s

Figure 7. Determination of the ionic dissociation 
constant of OH radicals. The points are 
independent of [CCV- ] in the range 1 to 50 mM.
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been calculated from the results at pH <11.6 by means 
of successive approximations, assuming that the pK  
for OH radicals is higher than 11.5. Thus, our present 
determination of pi?oH does not depend on the exact 
numerical value obtained previously.14'18 The results 
in both N20  and CCh solutions gave pK<m =  11.8 ±  
0.2 (an error of ±0.1 in the intercept of Figure 7 and 
an additional error of ±0.1 due to h). This result is 
in excellent agreement with the value of 11.9 ±  0.2 
which has been reported previously.14'18

C onclusions

A mechanism which accounts for most of the ob
servations in the pulse-irradiated carbonate solutions 
is given. The results are in very good agreement with 
previous work8'4'14'18 except for the value of fci. Adams, 
Boag, and Michael4 report kj. =  2 X 108 M -1 sec-1 
but mention certain difficulties in the measurements. 
A correction for the unreacted bicarbonate ions would 
raise their value a little. Since carbonate ions show a 
strong pH-dependent reactivity toward OH, it is not 
suitable as a reference system for competition reactions.

The constancy of k3 (see Figure 6) and the similarity 
of the spectrum or optical density, in the whole pH

region investigated, indicates that only one form of 
carbonate radical was present in our systems. The 
ionic strength effect indicates that this form was 
C 03-  and not H C 03. Thus, H C 03 appears to be a 
stronger acid than H C 03~— a reasonable result.

The ionic dissociation constant for OH radicals was 
obtained again, in very good agreement with the pre
vious value.14'18 The results show again that OH radi
cals produced from N20  by reaction 2 reacted in our 
system in the same way as the primary OH radicals 
did. One must conclude that in this system (N20 )aq_ 
or N2OH radicals, possible intermediates of reaction 
2, are short-lived (less than 1 ¿usee) or else react 
in the same way and with the same rates as does OH, 
and have the same pK. The same conclusion was 
reached in two other systems.14,17'18
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D e t e r m in a t io n  o f  t h e  R o u g h n e s s  F a c t o r  o f  a  P o w d e r e d  S o l id

b y  Sydney R o ss and Ian J. W iltshire

Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York (Received Ju ly IS, 1965)

A new method of determining the surface roughness of a powdered solid is described. The 
powdered solid is treated with various amounts of a nonvolatile oil, i.e., tri-o-cresyl phos
phate, to create a series of composite substrates. The surface area (and other adsorption 
parameters) of each of these samples is measured by argon adsorption, using the Ross- 
Olivier method of analyzing adsorption isotherms. The amount of oil that equals a close- 
packed monolayer of oil on the substrate is interpolated empirically. A value of the sur
face roughness can then be obtained from the ratio of the area of the original substrate to 
the area of the substrate after it has been covered with a monolayer of the much larger 
molecules of the nonvolatile oil. The fine-grained structure of the substrate is “ perceived” 
by the argon molecule but is covered up by the larger molecule. The roughness factor of 
Graphon, a graphitized carbon black with a specific surface of 96 m1 2/g , is found to equal
1.6 by this method.

Introduction

The earliest determinations of the roughness of a 
solid surface were limited to solids with macroscopically 
rough surfaces, because of the lack of sufficiently 
sensitive devices. Wurth1 determined the roughness 
of a surface by taking an impression with tin foil and 
painting the tin-foil model: from the quantity of 
paint used, the roughness of the surface was estimated. 
Reason2 measured surface roughness by passing a 
stylus across the surface and thus obtaining a profile 
of its contour. Heyes and Lueg3 measured the rough
ness of plane and curved, polished or rough, surfaces 
by determining the ratio between the light thrown 
into the microscope objective by the surface under 
bright-field illumination and the same under dark- 
field illumination: the reciprocal value of this ratio 
was their suggested measure of surface roughness.

In a study of the spreading of liquids on solid surfaces, 
Bailey and Shuttleworth4 showed that the hysteresis 
of the contact angle is the result of the inescapable 
roughness of a solid surface. The polarization capacity 
of an electrode is proportional to its roughness and so 
can be used to determine the roughness of a metallic 
surface.5 Turpin and Testerman6 found that different 
surfaces give typical capacitance curves, which can be 
used to differentiate the respective surface roughnesses. 
The ferromagnetic resonance of polycrystalline ma

terials is affected both by surface conditions and by the 
lattice defects of these substances. Biller7 investi
gated the separate contributions arising from these 
factors in a specimen of nickel.

Electron microscopy has recently come into use to 
study the surface topography of solids, powdered or 
massive.8 One method uses the long shadows cast by 
surface contours when a glancing electron beam is 
directed at the surface. A second method is to scan 
the object with a small electron beam, in a manner 
analogous to that of a television camera. Although 
pictures of the surface and its irregularities can be 
produced by each method, the interpretation in quan
titative terms is tedious, as many pictures are required 
in order to evaluate the numerical roughness factor for 
the whole surface.

The transmitted electron beam can be used to de-

(1) K . W u rth , Farben-Ztg., 36, 875 (1931).
(2) K ape lla  L td . and R . E . Reason, B r it is h  P a ten t 539,271 (1941).
(3) J. Heyes and W . Lueg, M itt. Kaiser-W ilhelm-Inst. Eisenforsch. 
Düsseldorf, 24, No. 3, 31 (1942).
(4) G. L . B a iley  and R . S hu ttle w o rth , Discussions Faraday Soc., 3, 
16 (1948).
(5) C. W agner, J. Electrochem. Soc., 97, 71 (1950).
(6) M . R . T u rp in  and M . K . Testerm an, ib id., 109, 168 (1962).
(7) E . B ille r, Z. NcUurforsch, 17a, 559 (1962).
(8) S. P. Bow den and D . Tabor, “ F r ic tio n  and L u b rica tio n  o f S olids,”  
V ol. 2, C am bridge U n iv e rs ity  Press, London , 1964.
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termine indirectly the surface roughness of a solid. 
From pictures showing the shape of the particles, the 
specific surface area is calculated. This value is 
compared with the result of a gas-adsorption method 
that is capable of “ seeing” more than the gross outline 
of the particles. A relatively narrow range of particle 
size and uniformity is required, which limits the scope 
of the method.

Any method of evaluating surface roughness of a 
powder involves either a detailed study of a large 
number of individual particles or the measurement of 
some macroscopic physical effect that depends on the 
extent of the submicroscopic surface. The present 
method falls into the latter category. A relatively 
large and nonvolatile molecule that is capable of cover
ing up the fine-grained structure of the substrate is pre
adsorbed; its effect on the specific surface area is de
termined by gas adsorption, using argon or some other 
small molecule. The roughness factor that is eval
uated depends essentially on determining how much of 
the fine-grained structure of the original substrate is 
denied to the argon by the presence of the larger 
molecule.

R esu lts and D iscussion

The argon-adsorption isotherms were analyzed by 
the Ross-Olivier technique9 to obtain (a) the mono- 
layer capacity (Vp), (b) the average adsorptive potential 
(CV), and (c) the heterogeneity of the substrate (7). 
The matching of the experimental curves to the com
puted model isotherms was made using a value for 
2a/RT(3 of 6.00 at 77.5°K, which is the value for 
argon, corrected for the surface electric field of graphite, 
as recommended by Ross and Olivier.9 The compari
son of experimental adsorption isotherms (individual 
points) with the theoretical description of a mobile 
adsorbed film (solid line) is shown in Figure 1. Ad
sorption isotherms obtained from composite sub
strates containing more than 5% TCP are not matched 
in this way, because the log-log plots are linear, i.e., 
Freundlich equation, for which the Ross-Olivier 
method is not applicable.

Following de Boer,10 the cross-sectional area of argon 
on these substrates is assumed to be equal to the two- 
dimensional van der Waals b constant, ¡3, i.e., 13.6 
A 2. The specific surface areas 2 of the composite 
substrates are calculated from Vp

M aterials and M eth o d s

The solid used was a graphitized carbon black, 
Graphon, i.e., Spheron 6 that had been heated in an 
inert atmosphere to 2700-3200°, provided by courtesy 
of Dr. W. R. Smith of Godfrey L. Cabot, Inc. The 
Graphon was first washed with ether in a Soxhlet 
extractor and degassed at 400° to 10~6 mm. Tri-
o-cresyl phosphate (TCP) (K and K Laboratories, Inc.) 
was distilled in vacuo and used as the nonvolatile pre
adsorbed oil. Argcn and helium (Air Reduction Co.) 
of assayed reagent grade were used for the adsorption 
measurements.

The various composite TCP-Graphon substrates 
were prepared by adding solutions of weighed amounts 
of TCP in benzene to known masses of clean Graphon. 
The mixtures were stirred vigorously as the benzene 
evaporated at room temperature, leaving the TCP 
dispersed over the various sample surfaces. The num
ber of TCP-carbon substrates prepared in this way 
ranged in composition from zero to 30% by weight of 
TCP per gram of Graphon. Argon-adsorption iso
therms at 77.5°K were measured for untreated Graphon 
and for all of the prepared substrates. The prelimi
nary outgassing, consisting of exposure to vacuum 
(10~6 mm) for several hours, was ascertained to 
cause no loss of oil from the composite substrates. The 
TCP, therefore, would not reequilibrate with the ad
sorbent during the measurement of the argon-adsorp
tion isotherm.

2 =
6.023 X 13.6 X Vp

22.4 =  3.667,3 m2/g  (1)

Values of 2 for the composite substrates are reported 
in Table I.

The theory of the Ross-Olivier method postulates 
that the adsorbed argon on each composite substrate 
behaves as a two-dimensional nonideal gas. On every

Table I : Parameters for Argon-Adsorption Isotherms at 
77.5°K with Composite Substrates (TCP +  Graphon)“

W t %
of TCP/ 2, y , ±r, IV,

g of m 2/ g  of mole2/ cal/ kcal/
G raphon G raphon kcal2 m ole K ' m ole

0 96.0 70 57 1.83 2.25
1.32 78.0 70 57 2.13 2.23
2.58 60.0 70 57 2.13 2.23
3.86 50.0 20 107 2.74 2.19
5.08 41.3 10 151 4.35 2.12

“ The following additional composite substrates, expressed as 
%  TCP/g of Graphon, were prepared and the adsorption iso
therms were determined: 7.68, 9.96, 15.0, 20.0, and 30.0%.
The parameters could not be determined by matching; the iso
therms are reported in Figure 1.

(9) S. Ross and J. P. O liv ie r, “ On Physical A d so rp tio n ,”  John W ile y  
and Sons, Inc ., N ew  Y o rk , N . Y ., 1964.
(10) J. H . de Boer, “ The D ynam ica l C haracter o f A d s o rp tio n ,”  
C larendon Press, Oxford, 1953.
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Figure 1. Adsorption isotherms of argon at 77.5°K on 
graphite-TCP composite substrates. The top five 
isotherms are matched with Ross-Olivier model 
isotherms (solid lines). The lower five isotherms 
(see footnote a , Table I) are not matched.

homotattic patch of the adsorbent, the adsorbate 
behavior is described by the Hill-de Boer equation

V
2 a d i \

kTß) (2)

where 8{ is the surface concentration, in terms of degree 
of surface covered by adsorbate, of the ith patch at the 
equilibrium pressure p; K i is an adsorption parameter 
characteristic of the adsorptive energy, [/0i, of the fth 
patch, and related to it as

K t =  A° ex p (-U 0t/RT) (3)

The term A0 is a function of the changes in transla
tion, rotation, and vibration that occur to the argon 
atom on adsorption. For a mobile adsorbed film, 
In A0 is given by

In A°
A & tr

It
ASr0t aEVih -  aFoVib

R +  RT
A^kin

~RT~
_ e __
1 -  0,

+  In 760 (4)

where the terms given refer to standard-state changes, 
on adsorption, of entropy, Gibbs function, and kinetic 
energy; 6S is the surface concentration at the standard 
state of the adsorbed films (ir3 = 0.338 dyne/cm) and 
760 mm is the standard state of the gas. The term 
In A0 describes in mathematical language the character 
of the adsorbed film, taking into account a new vibra
tion, peculiar to the adsorbed state, of the molecule 
with respect to the substrate. The term has been 
evaluated experimentally9 for adsorbed argon at 77.5°K 
on a graphite substrate, where it has the value A° =
4.07 X 106 mm. This value is used in the present work.

The composite substrates of the present investigation 
are not the same as the graphite substrate for which 
the evaluation was made, but there is no reason to 
anticipate that significant changes in the character of 
the two-dimensional adsorbed film, which determines 
the value of In A0, would thereby occur. Actually, 
the Ross-Olivier theory likewise postulates the same 
value of In A° on every patch of a heterogeneous sub
strate, even where such patches are quite different in 
adsorptive energy from the crystallographic graphite 
substrate. The postulate is to be regarded, at present, 
as a convenient approximation.

The distribution of adsorptive potentials, which is 
the next factor to be considered, is probably not capable 
of any simple mathematical description, but a body 
of experimental evidence indicates that it can usually 
be approximated successfully by the equation for the 
gaussian distribution. Let d./< represent the fraction 
of the substrate that has adsorptive energies between 
U0i and U0{ +  d [/0, and let U o' represent the average 
(most frequently occurring) adsorptive potential energy. 
The gaussian-distribution equation is

d\ft =  -  exp [—7([/„ -  UoT] dUo (5) 
n

where n is a normalizing factor required to make J  dft

= 1 and 7 is a characteristic constant that describes 
the range of the distribution.

Using eq 2 as the “ local isotherm equation”  on each 
homotattic patch and eq 5 to describe the distribution 
of these patches on the total substrate, tables of com
puted model isotherms have been published for dif
ferent values of the constants 2a/RTfi and 7. By 
suitable graphical devices, experimentally obtained 
adsorption isotherms can be matched against these 
model isotherms until the best match with the ob
served data is found. This match yields values for 
the constants 7, a/fi, and U0' that would therefore 
correspond to and describe the observed adsorption 
system in the terms of the assumed model. Argu
ments to justify the assumed model have been pre
sented by Ross and Olivier.9 It must be admitted 
that opinions are not unanimous in accepting the valid
ity of the Ross-Olivier model, but it has not been 
countered by any positive hypothesis that offers either 
a more probable model or an equally effective practical 
method of eliciting meaningful adsorption parameters. 
For the analysis of the present data, for example, 
we should have been at a loss if that method had not 
been available.

Graphon was selected as the adsorbent for this in
vestigation because it provided a large specific surface
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area, i.e., 96 m2/g , and a relatively low heterogeneity 
of substrate, i.e., y = 70. The physical meaning of 
7 is best comprehended in terms of the adsorptive 
range (U0 ±  r) within which one-half of the total 
surface lies. The degree of heterogeneity is then 
expressed by

r =  47/\/y cal/mole (6)

The adsorption isotherm reflects the character of the 
total substrate; therefore, the method of matching 
gives values of the adsorption parameters that pertain 
to the substrate as a whole. In the present work, 
TCP monolayers are spread over a relatively homo
geneous graphite surface; the monolayers themselves 
would likewise be expected to provide another rela
tively homogeneous substrate. At concentrations of 
TCP less than monolayer coverage, both substrates are 
present; the adsorption parameters then refer to the 
average of the two substrates. The values of U0' 
decrease slightly as the graphite substrate is increasingly 
covered with TCP, showing that TCP monolayers and, 
particularly, multilayers give rather less active sub
strates for adsorption than does graphite. That this 
should be so is not surprising, as the basal plane of 
graphite is known to be much more receptive to 
physical adsorption than most substrates.11 For 
the composite substrate, the change in Ua is linked with 
a change in the distribution of substrate heterogeneity, 
as measured by r in eq 6. If the two components of the 
substrate have values of U0' that are sufficiently far 
apart, a bimodal distribution may be evident, but 
normally the composite distribution can still be de
scribed in terms of a single mode. When the two 
values of U0' do not differ too much from one another, 
the sum of the distributions would produce a wider 
distribution than either one separately.

The TCP monolayer does not seem to differ much 
from graphite in affecting the adsorptive potential of 
argon. The polarity of the TCP molecule, no doubt, 
plays a part in transmitting the surface electric field of 
the underlying graphite substrate. At submonolayer 
concentrations of TCP, the decrease in t/0', although 
observable, is not large enough to affect the experi
mental determination of r, which is more troublesome 
than U0' to obtain precisely. In other words, the ex
pected increase of heterogeneity is not manifest in the 
range of submonolayer coverage, i.e., below about 2.5% 
TCP.

The second and succeeding layers of TCP, however, 
would not be expected to transmit the surface electric 
field so faithfully as the first layer, because the mole
cules would have more freedom to assume the mutual 
configurations normally found in the bulk liquid phase.

Figure 2. The decrease of available surface of the composite 
substrates as a function of TCP added. The straight line 
through the origin represents the area provided by the 
added TCP if extended as a close-packed planar monolayer.
The point of intersection is at the saturated monolayer of 
TCP on Graphon. The separation of the two dotted vertical 
lines is a measure of the roughness of the substrate.

Accordingly, once the monolayer of TCP is com
pleted and multilayers of TCP occur, the decrease of 
the average adsorptive potential (LV) becomes more 
pronounced. The larger decrease of U0' now begins 
to show its effect on the distribution of adsorptive poten
tials, which becomes wider. Ultimately, when more 
than two layers of molecules are present, the distribu
tion of surface potentials is too wide to be measurable 
by the technique employed. Even when a substrate 
corresponding to bulk liquid is achieved by laying down 
a number of layers of TCP, the expected homogeneity 
of a liquid substrate would not be revealed by these 
measurements, which are carried out well below the 
freezing point of TCP. A polycrystalline layer of 
solid TCP would give a heterogeneous substrate for 
adsorption.

The specific surface area of the adsorbent decreases 
when a composite substrate is made by addition of 
even small quantities of TCP and the decrease is 
continuous with addition of TCP (Figure 2). The de
crease in area is interpreted as evidence of surface 
roughness. If the surface of Graphon were ideally 
smooth, the addition of TCP or any nonvolatile liquid 
capable of spreading as a monolayer would not affect 
the specific surface area: adsorbed argon would lie 
indifferently on top of the solid substrate or on top of 
the preadsorbed monolayer.

Of the total surface area of the adsorbent, that por
tion consisting of the preadsorbed monolayer of TCP 
increases linearly with the quantity of TCP present 
on the surface. Simultaneously, the portion of the

(11) F . M . Fowkes, Ind . Eng. Chem.} 56, N o. 12, 40 (1964).
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surface consisting of the bare carbon substrate de
creases continuously and, for nearly homotattic sub
strates, almost linearly. Because of surface roughness, 
the loss in area of original bare substrate is greater than 
its replacement by substrate composed of preadsorbed 
liquid. At some point, the original substrate will be 
completely covered with a monolayer of nonvolatile 
oil; at that point, the area offered to the argon will be 
derived solely from a substrate composed of pre
adsorbed liquid. The point in question is determined 
experimentally by the intersection of the two curves 
shown in Figure 2. The linear curve is a calculation 
of the areas that would be extended by varying amounts 
of liquid TCP spread as a close-packed planar mono- 
layer. This calculation is based on a “ flat-on”  pro
jection of the TCP molecule, a value for which (145 
A2/molecule) was found by means of a molecular 
model. The total specific surface area of the com
posite substrate, shown by the experimentally obtained 
curve of negative slope in Figure 2, intercepts the linear 
plot at a value of 59 m2/g  and at 2.5% TCP in grams per 
gram of carbon. At this point, the area available to 
the argon molecules on the composite surface equals 
that provided by TCP molecules when extended as a 
planar monolayer. The 96 m2/g  of Graphon has been 
covered with a layer of TCP that provides only 59 
m2/g  of available surface. This, therefore, is the em
pirical monolayer point of TCP on Graphon. It 
requires less TCP than the 4.1% calculated from the 
area of the bare solid substrate and that of the TCP 
molecule. The larger TCP molecule rests across 
ridges formed by the surface roughness, and thus pre
empts more area of the substrate than corresponds to 
its own cross-sectional area. The ratio of the two 
values is a measure of the surface roughness of the solid. 
From the data of the present experiments, the surface 
roughness of the solid is the ratio of 4.1 to 2.5, or 1.6, 
i.e., the ratio of the calculated to the observed values of 
the amount of TCP for monolayer coverage. This 
value agrees well with a determination of the surface 
roughness of another sample of Graphon measured by 
Abram and Parfitt,12 using the adsorption isotherm of 
Aerosol OT in aqueous solution. The result obtained 
for the roughness factor was 1.47. Abram and Parfitt 
used 55 A 2 for the cross-sectional area of the Aerosol 
OT molecule, so that their rather lower result for the

surface roughess (1.47 compared to 1.6) is reasonable, 
as the smaller molecule (Aerosol OT) would cover the 
roughness of the substrate less effectively than the larger 
molecule (TCP). However, the small magnitude of 
the difference is actually about equal to the possible 
error; hence, the effect of the molecular size of the ad
sorbate, as long as it is more than about 50 A 2, is not 
really significant.

We have now to consider why the specific surface 
continues to decrease, albeit at a lower rate, beyond 
the value of 2.5 g of TCP/100 g of Graphon. The 
values of specific area for the composite substrates of 
composition more than 5% cannot be calculated by 
the Ross-Olivier technique, but inspection of the ad
sorption isotherms for these samples (Figure 2) indi
cates that the specific areas are decreasing, although 
more gradually. As more TCP is added to the sub
strate, larger irregularities of the composite surface are 
gradually filled in, until presumably the surface area 
is reduced to zero. These irregularities may be large 
pores in the particle or the interstitial spaces between 
the particles.

For general application, the present method of de
termining the surface roughness of a powdered solid 
need not depend on the use of the Ross-Olivier matched 
isotherms, although where they can be used one ob
tains more information about the system. For solids 
that offer too wide a range of substrate heterogeneity 
the Ross-Olivier method may be in applicable, but 
since a determination of specific surface area is all 
that is required, the BET method, using either nitrogen 
or argon as an adsorbate at 77.5°K, could be used. 
A disadvantage of the present method of determining 
surface roughness is that the result depends on the size 
of the preadsorbed oil molecule. Irregularities of the 
substrate, of dimensions greater than those of the oil 
molecule, would not be “ perceived”  by the molecule 
and so would not be taken into account in the roughness 
factor obtained. The use of a larger preadsorbed 
molecule would avoid this difficulty.
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by Frank T. Greene and John L. Margrave

Departments of Chemistry, University of Wisconsin, Madison, Wisconsin, and 
Rice University, Houston, Texas (Received August 18, 1965)

Direct boiling point and transpiration vapor pressure measurements on liquid B20 3 lead 
to the equation

log Patm =  (7.124 ±  0.064) — (1.763 ±  0.055) X 101 2 3 4 5 6 7 8 9 10 11 12 13 14
T

where 1946° <  T°K <  2419°. Thus, A77°2i96°k =  80.2 ±  2.5 kcal mole-1 and AiS°2i96°k =
32.6 ±  0.3 cal deg-1 mole-1, but further interpretation of these data and an exact deriva
tion of AH°i9s»K are ambiguous because of the current uncertainty about the structure 
of B20 3(g).

Although the recent review of the vapor pressure of 
B20 3 presented in the “ JANAF Tables” 1 cites 11 studies 
on this material,2-12 only one team of investigators 
worked at temperatures over 1650°K and none of the 
measurements extended into the pressure range of 10- 
760 mm. Interpretation of the data and calculation 
of a correct heat of vaporization are heavily dependent 
on the molecular structure and vibrational frequencies 
of the gaseous species (established mass spectrometri- 
cally as B20 3 monomer over the range 1300 to 1500°K) 
and on the thermodynamic properties of liquid B20 3, 
which are extrapolated from data over the range 381- 
1777 °K. This paper presents transpiration data and 
direct boiling point measurements over the range 1946- 
2419°K and establishes the normal boiling point of 
B20 3as2475°K.

Experimental Section
Previous studies on B20 3 have shown that there are 

two major obstacles which must be overcome in order 
to get reliable vapor pressure data. First, the sample 
must be absolutely free of water to eliminate inter
ferences caused by gaseous hydroxides13 and, second, 
the sample must be free of dissolved oxygen to suppress 
the formation of gaseous B 02.14 In the present work, 
the volatile impurities were eliminated by rigorous 
degassing of the sample.

Crude boric oxide was first prepared by the dehydra
tion of reagent grade boric acid in platinum crucibles 
open to the atmosphere. Samples of this crude boric

oxide were then transferred to crucibles of molybdenum, 
A120 3, or fused Zr02 and placed in the inductively 
heated vacuum furnace shown in Figure 1. The upper 
radiation shields were removed to permit direct ob
servation of the boric oxide surface through a window 
on the top of the furnace. It was found that individual 
bubbles breaking the surface were clearly visible even

(1) D . R . S tu ll, E d ., “ J A N A F  Therm ochem ical Tables,”  D ow  
C hem ical Co., M id la n d , M ich ., Dec 31, 1964. N ow  ava ilab le  as 
docum ent PB-168,370 from  the Clearinghouse fo r Federal S cientific  
and Technical In fo rm a tio n , Springfie ld, Va., 22151, A ug  1965.
(2) S. S. Cole and N . W . Ta y lo r, J. Am. Ceram. Soc., 18, 82 (1935).
(3) R . Speiser, S. N a id itch , and H . L . Johnston, / .  Am. Chem. Soc., 
72, 2578 (1950).

(4) J. R . Soulen, P. S thapitanonda, and J. L . M argrave , J. Phys 
Chem., 59, 132 (1955).
(5) A . W . Searcy and C. E . M yers, ibid., 61, 957 (1957).
(6) M . D . Sheer, ib id., 61, 1184 (1957).

(7) A . N . Nesmeyanov and L . P. Firsova, Russ. J. Phys. Chem., 34, 
490 (1960).

(8) D . W h ite , P. N . W alsh, H . W . Goldste in, and D . F . Dever, 
J. Phys. Chem., 65, 1404 (1961).

(9) A . Sommer, P h .D . Thesis, The Ohio State U n ive rs ity , 1962.
(10) P. E . B lackburn , “ Research on Therm odynam ics o f the A l - B - 0  
and B e -B -0  Systems,”  Q ua rte rly  R epo rt No. 4, A r th u r  D . L it t le ,  
Inc ., M a r 1 -M a y  31, 1963, and fo llow in g  reports.

(11) D . L . H ildenbrand, W . F . H a ll, and N . D . P o tte r, J. Chem. 
Phys., 39, 296 (1963).

(12) A . B uch le r and J. B . B e rko w itz -M a ttu ck , ib id., 39, 286 (1963).
(13) (a) D . W h ite , D . E . M ann , P. W . W alsh, and A . Sommer,
ib id., 32, 488 (1960); (b) S. P. R anda ll and J. L . M a rg rave , J.
Inorg. Nucl. Chem., 16, 29 (1960).

(14) (a) W . E . Kaskan, J. D . M acKenzie , and R . C . M il l ik a n  
J. Chem. Phys., 34, 570 (1961); (b) J. W . C. Johns, Can.J. Phys., 39, 
1738 (1961).
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Figure 1. Transpiration vapor density apparatus.

at the highest temperatures. Temperatures were 
read from a blackbody hole formed by the crucible 
wall and the first radiation shield with a Leeds and 
Northrup optical pyrometer. A correction was made 
for the transmission of the window. Pressures were 
measured with a standard mercury manometer.

The sample was first outgassed at 1200° for a mini
mum of 6-8 hr. Argon, which had been purified by 
passage through a Dry Ice trap packed with silica gel 
and over copper turnings at 400°, was bled into the 
system and the temperature was raised. The pressure 
was then reduced until bubbling was observed, the 
pressure read, a few millimeters of argon introduced 
to stop the boiling, and the temperature reread. 
To determine when the sample was entirely degassed, 
the pressure was then reduced and the sample was 
allowed to boil vigorously for several minutes. Argon 
was then bled into the system and the boiling point was 
determined as before. This was repeated, with alter
nation of higher and lower temperatures, until repro
ducible pressures and temperatures were obtained.

The sample was observed to have a slight blue- 
green color after the runs which were made in molyb
denum crucibles. This suggests that some molyb
denum oxides had been dissolved in the sample. It 
does not follow, however, that there was a reaction 
between boric oxide and molybdenum since appreciable 
concentrations of oxygen, water, and B 02 were present 
during the early outgassing steps, and could have been

dissolved in the sample then. In any case, the effect 
of the dissolved oxide was apparently unimportant 
since the observed boiling points (see Table II) were 
independent of the crucible material. Subsequent 
transpiration experiments were, for practical reasons, 
carried out in molybdenum containers.

The vapor density of gaseous boric oxide was also 
determined, using the transpiration technique. This 
technique has usually been limited to lower pressure- 
temperature combinations than were of interest in the 
present work by two problems.16 One is the large 
uncertainty in the correction for diffusion loss, which 
often becomes larger than the loss due to the action 
of the flow gas. The other is the difficulty in assuring 
saturation of the flow gas. It was found that these 
problems can be largely avoided if the sample is placed 
in a cell which is closed except for a capillary through 
which the flow gas is introduced and a small orifice 
through which the gases can escape. This arrange
ment facilitates saturation of the flow gas, since it may 
be bubbled through the sample or blown against the 
sample’s surface to attain maximum gas-sample con
tact. With a relatively small orifice, the diffusion 
loss becomes both small and reproducible. This 
permits lower flow rates and better equilibration of the 
gas within the cell.

This modified technique was used to determine the 
vapor density of the boric oxide vapors above 1500°, 
providing simultaneously a test of the method and a 
check on the accuracy of the boiling point measure
ments. The apparatus is shown in Figure 1. The 
cell was constructed of molybdenum and the capillary 
was made by drilling a 0.0625-in. hole through the 
center of a 0.125-in. diameter molybdenum rod. 
Above the hot zone the molybdenum capillary was 
joined to stainless steel tubing. The orifice was 1 mm 
in diameter, and the temperature was read from it.

Boric oxide was placed in the molybdenum crucible 
and degassed to a constant boiling point as in the 
boiling point measurements. The cover was then 
added and the capillary inserted with its tip near the 
bottom of the crucible, so that the flow gas bubbled 
through the boric oxide sample.

The crucible was first heated under a dry argon at
mosphere (with no flow gas) until a constant rate of 
weight loss was obtained. This weight loss due to dif
fusion was found to be a highly reproducible linear 
function of temperature over this limited temperature 
range.

(15) See, fo r example, J. L . M a rg rave  in  “ Physico-C hem ical Meas
urem ents a t H ig h  Tem peratures,”  J. O ’M . B ockris, J. L . W h ite , and 
J. D . M acKenzie , E d ., B u tte rw o rth  and Co. L td .,  London, 1959, 
C hap ter 10.
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a structure with D3h symmetry. The latter structure 
would give an entropy for gaseous B20 3 considerably 
smaller than for a C2v structure17 and, if one accepts 
the JANAF data for liquid B20 3, predicts A»S'20oo°k ~  
29 ±  1 cal deg-1 mole-1.

The vapor pressure data obtained in this investiga
tion have been treated using both the C2v and D 3b. 
models. The resulting third-law values for AH°ms«k 
are given in Table II. The free energy functions for 
the liquid phase and the C2v model were taken from the 
JANAF tables; those for the D 3h model were taken 
from Kallman and Kreiger.17 These calculations 
yield a value for AH°2m°k of 104.2 ±  2.0 kcal for the 
C2v model and 84.0 ±  0.7 kcal mole-1 for the D3h 
model. Taking enthalpy data from the same sources, 
one obtains second-law values for AH°29s°k of 92 ±  3 
and 93 ±  3 kcal mole-1 for the C2v and D 3h models, 
respectively. The D 3il calculation is essentially that 
presented by Soulen and Margrave.18

Since the paper by Hanst, et al.,w invalidates all the 
old ideas about vibrational frequencies for B20 3 except 
for features at ~1300-1400 cm-1 and since lower 
frequencies will play predominant roles in determining 
values for the thermodynamic functions, it is not pos
sible to choose between the two proposed structures 
on the basis of available data. The vapor pressure 
data yield definite AHT and A<S'r values which are 
independent of guesses about the molecular structure. 
One has available the opportunity to test various esti
mated thermodynamic functions over a range of high

temperatures. If the C2v model is correct, the dis
crepancy between the JANAF value for AH°2<m°k 
of 100 kcal mole-1 and that obtained here of 104 kcal 
mole-1 indicates that the free energy functions in the 
range 1900-2500°K should be revised by 1-2 cal deg-1 
mole-1, either by making the gas functions less negative 
or the liquid functions more negative, or both. If, 
on the other hand, B20 3 has a structure with D3h 
symmetry, the gas functions must be more negative 
than those of Kallman and Kreiger to be consistent 
with the value for AHM3°K of 90-100 kcal mole-1, indi
cated by the same second-law values.

Final conclusions about the absolute thermodynamic 
properties of B20 3(g) and B2Os(l) will have to await a 
definitive molecular structure determination, a re
liable infrared study o: gaseous B20 3, and a precise 
determination of enthalpy increments for liquid B20 3 
up to 2000°K.
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The Sn2 reaction of thiocyanate ion with chloroacetate ion was studied kinetically at 1:1 
electrolyte molarities (c) of 0.0075-7.7 and at several temperatures. The rate constants 
for the potassium salts at 25° are correlated by the equation 6 +  log k (M -1 sec-1) =  
cv,/ ( l  +  c'/2) +  0.059c +  0.272. The activation energy is 18.9 keal/mole at both c =
2.1 and c =  5.5. Differences in the effects of the cations, K+ and Na+, or the anions, 
ClCH2COO- , SCN- , and Cl~, are not large.

Introduction

The high nucleophilic reactivity of thiocyanate ion 
in solution together with the low melting point and high 
solubility of KSCN led us to believe that an organic 
displacement reaction could be studied over a wide 
range of concentrations, from dilute aqueous solution 
to the pure fused salt. Reasoning that the organic 
compounds most soluble in these media would be ionic,1 
we selected the reaction of chloroacetate ion with thio
cyanate.
SCN - +  ClCH2COO- — >

NCSCH2COO- +  C l- (1)

Although limited solubility of potassium chloroacetate 
at room temperature and rapid decomposition at high 
temperature discouraged measurements of the most 
concentrated solutions, we obtained data at ionic 
strengths up to 7.7 M and temperatures from 25 to 
62.5°.

Experim ental Section

Potassium chloroacetate and sodium chloroacetate 
were prepared by neutralizing reagent grade chloro- 
acetic acid to the phenolphthalein end point with the 
corresponding hydroxide. Reaction mixtures were 
made up by conventional methods, titrated with iodate, 
and checked with silver nitrate as in previous studies 
with n-alkyl bromides.2 In very dilute solutions, 
because of the difficulties previously encountered in 
studying the thiocyanate-bromoacetate reaction,3 re
action 1 was followed by analysis for chloride, in order

to eliminate all errors caused by interference of products 
with the iodate titration. A gravimetric modification 
of the method of Backer and Van Mels4 5 was used. 
A sample of the reaction mixture containing 0.5 mmole 
of SCN-  was acidified with nitric acid, and silver nitrate 
solution was added to precipitate silver chloride and 
silver thiocyanate. Chloroacetic acid did not react 
under these conditions. After collecting and washing 
the precipitate in a sintered-glass crucible, 15 ml of 
concentrated nitric acid was added, and the crucible 
was placed inside a covered beaker and warmed on the 
hot plate until oxidation of the silver thiocyanate was 
complete. The silver chloride remaining was washed, 
dried at 110° for 3 hr, and weighed.

In experiments run at higher temperatures, the re
actants were pipeted into the compartments of a divided 
erlenmeyer flask,6 warmed in the thermostat, and 
mixed by swirling. After the desired time interval, 
the reaction mixture was cooled and titrated. The 
rate constant so obtained was multiplied by d2i/dt to 
correct for the decrease in molarity caused by thermal 
expansion of the liquid.

(1) W e now kno w  th a t h yd ro xy l groups in  suffic ient num ber cause 
high  s o lu b ility  o f organic compounds in  fused K S C N  (175°) or 
K S C N -N a S C N  (130°); see T . I .  C row e ll and P. H ille ry , J. Org. 
Chem., 30, 1339 (1965).
(2) T . I .  C row e ll, J. Am. Chem. Soc., 75, 6046 (1953).
(3) V . K . L a  M e r and J. Greenspan, ib id., 54, 2739 (1932).
(4) H . J. Backer and W . H . V an M els, Rec. Trav. Chim., 49, 363 
(1930).

(5) V . K . L a  M e r and M . E . K am ner, J. Am. Chem. Soc., 57, 2662
(1935).
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in contrast to alkyl bromides, which consumed 99% 
of the theoretical quantity of thiocyanate ion,2 chloro
acetate ion appeared to proceed only about 97% to 
completion in the more concentrated potassium thio
cyanate solutions where it was feasible to observe the 
final stages of the reaction. (The chloroacetic acid 
used yielded 99.9 ±  0.3% of theoretical chloride ion 
upon alkaline hydrolysis; hydrolysis in these kinetic 
runs was negligible.) It was found that the product, 
prepared as described below, reacted slightly with the 
titrating solution, causing a 1-4%  error in the calcu
lated thiocyanate concentration. This behavior of the 
reaction product is similar to that of the Bunte salt 
formed by the action of thiosulfate ion on alkyl halides, 
though error can be minimized in the latter case by 
avoiding an excess of iodine in the titration.6

The reaction product, potassium thiocyanoacetate, 
was isolated by evaporating reaction mixtures to dry
ness and extracting with boiling methanol. The 
crystals so obtained showed a sharp infrared peak at
4.6 ju- The compound was also prepared by dropwise 
addition of 50 g of ethyl chloroacetate to a boiling solu
tion of 33 g of sodium thiocyanate in 150 ml of ethanol. 
The precipitated sodium chloride was filtered off, 
water was added to the filtrate, and the organic layer 
was separated and dried over magnesium sulfate. The 
ethyl thiocyanoacetate fraction boiling at 117-119° 
(12 mm) showed the sharp RSCN peak at 4.6 Re
arrangement to ethyl isothiocyanoacetate was effected 
in poor yield by heating 2.5 hr at 250° under an at
mosphere of nitrogen. The product, bp 75-80° (0.9 
mm) showed a broad RNCS band at 4.6-4.9 ju. Both 
esters could be hydrolyzed by adding just enough 
potassium hydroxide solution to cause the compound 
to dissolve in boiling water. Evaporation of the solu
tion obtained from the unrearranged ester produced 
crystals of potassium thiocyanoacetate. The infrared 
spectrum of this solid was identical with that of the re
action product except for a small peak at 4.9 n.

Results

The second-order rate constants, k, are plotted 
logarithmically in Figure 1 against the square root of 
the electrolyte molarity, c. This electrolyte concentra
tion was just that of the reactants except when potas
sium chloride or sodium chloride was added. Six cate
gories are shown on the graph. The solid circles repre
sent a set of runs7 in which the initial potassium chloro
acetate concentration [KA] was fixed at 0.1 M  and the 
potassium thiocyanate concentration [KSCN] was 
varied to give the c value shown. In the runs8 indi
cated by open circles, the concentration ranges of [KA] 
and [KSCN] were 0.390-1.608 and 0.508-6.88 M,

Figure 1. Logics. (A2 at 25°. Experimental points as 
explained in the text. Curve calculated by eq 2.

respectively. The ratio [KSCN]/[KA] varied from
1.2 to 8.2. A set of five experiments, starting with 
[KA] = 0.131 M, [KSCN] = 0.202 M, and [KC1] = 
0.1, 1.0, 2.0, 3.0, and 4.0 M  is shown by squares. The 
reactions followed by gravimetric chloride analysis 
(Table I) are plotted as shaded circles a in Figure 1. 
The k value reported4 for initially equal concentrations 
of KA and KSCN, 0.1 M, is shown by X . Two runs 
in this concentration range followed by iodate titra
tion, uncorrected, are denoted by crosses + .  The 
quantity c in Figure 1 is the total electrolyte molarity, 
which is equal to the molar ionic strength since only 
1:1 electrolytes were employed.

Table I : Kinetic Runs in Dilute Solution

[KA],-, [KSCNk
10«fc,
M-i 10®/¿cor»

M M sec-1 M  ~x sec -1

0.00530 0.00215 2.9 2.25 ±  0.15
0.01059 0.00430 2.73 2.42 ±  0.10
0.02118 0.00860 2.76 2.60 ±  0.10
0.0424 0.0172 3.07 2.97 ±  0.10
0.1059 0.0430 3.58 3.55 ±  0.09

Although the hydrolysis of chloroacetate ion is very 
slow at 25° and pH 6 (1% complete in 3 months), it 
was appreciable in the reactions of Table I. The

(6) T . I .  C row e ll and L . P. H am m ett, J. Am. Chem. Soc., 70, 3444 
(1948).

(7) J. E . H icks, M .S . Thesis, U n ive rs ity  o f V irg in ia , 1960.
(8) C. C . L a i, M .S . Thesis, U n iv e rs ity  o f V irg in ia , 1965.
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specific hydrolysis rate was determined to be 1.3 ±  
0.2 X  10-9 sec-1. The k values in Table I were cor
rected for this hydrolysis by subtracting from the 
measured chloride the quantity calculated to be formed 
by hydrolysis in that time interval. The corrected 
chloride concentration could be used in the simple 
second-order integrated rate equation because the runs 
with the larger corrections went only a few per cent 
toward completion. For example, after 3.69 X 106 
sec, a 100-ml sample from the second run in Table I 
produced 6.1 mg of silver chloride, or 0.00043 mole/1. 
Hydrolysis accounted for 0.00005 mole/1., leaving 
0.00038 M  as the chloride concentration produced by 
thiocyanate displacement. The correct value of 
[KSCN] at this time is then 0.00392, and to use 0.01059 
— 0.00038 =  0.01021 as [KA] (rather than the correct 
value of 0.01059 — 0.00043 = 0.01016) causes an error 
of only 0.5% and eliminates the necessity of using more 
elaborate differential equations.

Possibly the measured hydrolysis rate is that of a 
rate-controlling internal displacement to form the a- 
lactone. This species could react with thiocyanate, 
if present, adding a first-order component of 1.3 X 10-9 
sec-1. The correction described above would, however, 
still yield the desired rate of the external Sn2 attack 
by thiocyanate.

The estimate of reliability of the runs of Table I, 
given in the last column, is based on the deviations 
from linearity in the second-order plots, weighing 
errors, and in the first run, the uncertainty in the rate 
constant for hydrolysis. The uncertainty in k above 
c =  0.2 is generally ± 5 % . The rate constants for 
c =  3.70 and c =  5.46 were reproduced within 1% by 
different operators using new solutions. Because of 
the possible effect of the products on the titration, 
however, the error in these experiments is estimated 
at ± 2 % . At the highest concentration, c = 7.70, 
the small change in thiocyanate ion concentration due 
to its eightfold excess caused a greater uncertainty.

The effect of temperature on reaction rate at two 
different ionic strengths is shown in the Arrhenius 
plots in Figure 2. The activation energy Aa calculated 
from the slopes is 18.9 ±  0.3 kcal/mole at both c =  2.05 
and c =  5.46. (The respective rates at 25° are 8.6 X 
10-6 and 2.08 X 10-6 M~1 sec-1 and the entropies of 
activation, calculated using the value AH* = E* — 
RT =  18.3 kcal/mole, are —20.3 and —18.5 cal/deg 
mole.)

D iscussion

The rate constants for reaction 1 of the potassium 
salts at 25° are correlated by eq 2. If b is set equal to 
0.059, the curve drawn in Figure 1 is obtained. The

log l =  r h 7' + bc <2)
ordinate is chosen as c'/j in order to show both the ap
proach to the Debye-Hiickel limiting slope of 1.0 
(dotted line) at low concentrations and the practically 
linear portion of the curve from c'/! =  1 to 2.5. The 
average deviations of the points from the curve is 0.017 
log unit, omitting the points at cVl =  0.273 and 7.70. 
The extrapolated value of log k in infinitely dilute solu
tion is 0.272.

Figure 3 shows the correlation of log k with c /\
In the absence of satisfactory activity coefficient 

data for the reactants and the activated complex, eq 
2 is semiempirical. (It must be realized that at the 
highest concentrations studied, the average distance 
between centers of ions is about 5 A ; the radius of

Figure 2. Arrhenius plots at c =  2.05 (lower line) and 
c = 5.46 (upper line).

Figure 3. The experimental points are the same as in Figure 1 
(omitting □, + , and X), and the values calculated by eq 2 
(dotted line) are plotted against c ' %, showing the 
degree to which they are approximated by 6 +  
log k = 0.610c1/ ’ +  0.225 (solid line).
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Figure 4. Correlation of rate with water concentration.

K+ is 1.3 A; SON-  is about 7 A; and there are only 
five H20  molecules per positive ion.) However, in 
view of recent interest in kinetics in concentrated elec
trolyte solutions9 and the paucity of examples, it seems 
worthwhile to present the data even though complete 
theoretical interpretation is lacking.

The substitution of chloride for chloroacetate ion 
increases the rate constant only 5-8%  in the higher con
centration range, barely outside experimental error. 
This same substitution actualy partially occurs during

the reaction and no general upward or downward trend 
in the second-order plots was observed. Preliminary 
results indicate that sodium ion depresses the rate about 
10% in comparison with potassium.

The values of AH* and AS* show that there are no 
large parallel changes in these quantities in the medium 
concentration range. It would require more precise 
data to determine whether the increase in k with in
creasing electrolyte concentration is indeed chiefly 
associated with larger AS* values. This is approxi
mately the case in dilute solutions: differentiation of 
the ionic atmosphere part of AF* predicts contributions 
to AS*/R and AH*/RT in the ratio 1.58/0.56 as the 
ionic strength is increased in water at 25°.10

Finally, we note that k increases linearly as the actual 
water concentration of the reaction mixtures decreases, 
as shown in Figure 4. The same relationship does not 
hold in the solutions containing KC1, however.
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Union Carbide Corporation, Chemicals Division, Research and Development Department, 
South Charleston, West V irg in ia  (Received October 7, 1966)

High-purity silver powder has been exposed cyclically to outgassing, oxygen adsorption, 
outgassing, and reduction with carbon monoxide or hydrogen (OAOR cycling) from 290 
to 440°. Using a high-vacuum quartz ultramicrobalance, in situ measurements of the 
surface area, sample mass, and the rate and amount of adsorption, desorption, and reduc
tion were carried out for numerous OAOR cycles. During cycling at the lower tempera
tures, a constant surface area is reached quickly, but changes in the other measurable 
parameters continue to occur for long periods of time. The OAOR cycling eventually 
produces a silver surface which has a constant surface area, sample mass, saturation oxygen 
uptake, and amount of desorbable oxygen and on which the rate of adsorption, desorption, 
and reduction can be reproduced for the same T, P, and d conditions for many months. 
The rate at which the OAOR cycling produces a stable surface increases with increasing 
temperature. The changes in the measured parameters probably result from the elimina
tion of the most active adsorption sites by rearrangement of silver surface atoms. This 
hypothesis requires that silver surface atoms have substantial mobility at the tempera
tures studied and/or that the surface mobility is enhanced by the presence of oxygen. 
It seems probable that low index plane facets are formed on an atomic scale as a result of 
OAOR cycling.

Introduction

In a recent study of the adsorption of oxygen on 
silver,2 low-area silver powder and a vacuum micro
balance were used to obtain maximum quantitative 
precision of the sorption parameters. Of the various 
methods of sample preparation and cleaning, the out
gassing and chemical reduction technique was chosen.3 
Before the adsorption study could be made, the effec
tiveness of the outgassing and reduction cleaning tech
nique had to be established for silver powder. The 
usual disadvantages of this method of surface cleaning 
are these: the surface area may not become constant; 
the surface may be poisoned by diffusion from the bulk; 
the reducing gas and/or products may be chemi
sorbed on the surface; and finally, the chemisorption 
behavior of the cleaned surface may not be reproduc
ible. The results of a study of these parameters are 
presented below. It was apparent that this type of 
study might also produce additional information about 
the relative importance of the adsorption, desorption, 
compound formation, and solubility processes that

are also possible during the interaction of oxygen with 
silver.

Experim ental Section

The vacuum microbalance is one tool that is particu
larly adapted for studying the adsorption properties 
of low area materials over broad ranges of temperature 
and pressure.4 5'6 A detailed description of the opera
tion of the balance, the vacuum system employed, the 
preparation of the gases used in this study, the tech
niques of study, and of the temperature control units 
has been reported before in some detail.2 Surface 
areas were determined by nitrogen adsorption at 
78°K as previously described.6

(1) C larkson College of Technology, Potsdam , N . Y . 13676.
(2) A . W . Czanderna, Phys. Chem., 68, 2765 (1964).
(3) B . M . W . T ra p n e ll, “ C hem isorp tion ,”  B u tte rw o rth  and Co. 
L td ., London , 1955, p  16.
(4) See re f 3, p  28 ff.
(5) T . N . R hod in , Advan. Catalysis, 5, 55 (1953).
(6) A . W . Czanderna and J. M . H on ig , J. Phys. Chem., 63, 620 
(1959).
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The silver powder used in this study was Fisher 
reagent grade powder with a nominal purity of 99.97%. 
The major impurities included 0.02% sulfate and 
0.005% chloride; minor metallic impurities were 
0.002% lead, 0.001% copper, and 0.0005% iron. An 
aliquot of the powder was suspended from one side 
of the vacuum ultramicrobalance.

The vacuum system was used alternately to expose 
the sample to outgassing conditions, to oxygen for ad
sorption or incorporation, and to a reducing gas; the 
microbalance was used to monitor the mass changes 
that occurred in the sample during this repeated ex
posure to OAOR7 cycling. Once solubility and in
corporation effects could be dismissed, it was evident 
that there were three important parameters that could 
be followed during OAOR cycling. These included 
the amount of mass gained by the sample during ad
sorption and the amount of mass lost by the sample 
during desorption and reduction, as shown schemati
cally by 1, 2, and 3 of Figure 1. In addition, the rates 
attending the mass changes of 1, 2, and 3 also could 
be studied, although for the adsorption and desorp
tion steps, it was found preferable to use lower tem
peratures in the later OAOR cycling stages in order to 
detect the subtle changes that were occurring.

Results and Discussion
The Outgassing of Silver Samples at Various Tempera

tures. The loss of mass by some of the silver samples 
studied during outgassing at different temperatures is 
shown in Figure 2. Here it is evident that, in general, 
progressively larger amounts of mass are lost at satura
tion as higher outgassing temperatures are employed. 
Silver powders exposed to temperatures higher than 
those shown in Figure 2 lose mass at progressively 
higher rates as the temperature is increased. This 
is oxygen that is soluble in silver which is difficult to 
remove even at temperatures near the melting point.8 
However, unless contamination of the surface results 
from diffusion of the oxygen from the bulk to the sur
face, there is no apparent advantage to obtaining 
oxygen-free silver. It is of special interest that the 
amount of mass that is lost at 444° in a few hours 
(curve A, Figure 2) is also approached at temperatures 
significantly lower (curve B, Figure 2) in longer time 
intervals. This defines a relatively broad tempera
ture range in which the relative amount of dissolved 
oxygen is not significantly different and is therefore an 
especially interesting region to study.

The Surface Area of Silver Powders. The effect of 
outgassing silver powders for 24 hr on the surface area 
is shown by the solid line in Figure 3. It is apparent 
from the shape of this line that sintering of the silver

Figure 1. Schematic representation of mass changes 
by a silver powder in a typical OAOR cycle.

Figure 2. The outgassing of silver powders 
at various temperatures.

powder sets in at about 200°. Sintering of metal 
powders at one-half the Tammann temperature is not 
unexpected. Of much greater interest is the effect 
of OAOR cycling on the surface area as indicated by 
the other points shown in Figure 3. Several OAOR 
cycles with either carbon monoxide or hydrogen always 
produce a silver surface with an area of the order of 
0.09 to 0.10 m2/g  when the cycling is carried out 
between 300 and 400°.

The surface area, measured at pertinent intervals 
during OAOR cycling at a constant temperature, is 
shown in Figure 4. It is seen that after one OAOR 
cycle a surface is generated which remains resistant to 
further sintering through the five cycles shown in 
Figure 4. By further study, it was found that the 
surface area remains constant at a value of about 0.09

(7) O A O R  cycling , repeated exposure o f the  sample to  outgassing, 
oxygen adsorption, outgassing, and chem ical re duc tion  a t a constant 
tem pera tu re  using the  same am b ien t pressure in  each adsorption and 
reduction  step.
(8) F . H . B u ttn e r, E . R . Fu nk , and H . U d in , J. Phys. Chern., 56, 
657 (1952).
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TEMPERATURE *C

Figure 3. The surface area of silver powder 
after different thermochemical treatments.
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Figure 4. The surface area of silver powder 
at various stages of OAOR cycling.

m2/g  for over 100 OAOR cycles. During these cycles, 
the temperature and pressure were varied over ex
tremely broad limits but the temperature did not ex
ceed 400° at any time. Thus, the results shown by 
Figures 3 and 4 can be used to conclude that the silver 
surface area becomes and remains constant at an early 
stage of OAOR cycling at the temperatures studied.

Changes in the Chemisorption Behavior of Silver 
Powder During OAOR Cycling. While the sample 
obtained a constant surface area, the chemisorption 
behavior as a function of the adsorption reduction 
cycling continued to change. Both reproducibility 
of the rate of chemisorption and of the saturation up
take at the same temperature and pressure are included 
in the term chemisorption behavior. The changes 
that occur in the amount and rate of the parameters 
1, 2, and 3 of Figure 1 and in the sample mass are

CYCLE NUMBER

Figure 5. The effect of OAOR cycling on the total sample 
mass and amount of mass gained during adsorption, 
desorption, and reduction. Hydrogen reduction was 
used in the third cycle to remove chloride from the surface.

plotted for OAOR cycling at a temperature of 350° in 
Figures 5, 6, and 7. Here, it can be seen that the 
sample mass, saturation oxygen uptake, amount of de- 
sorbable oxygen, amount of mass that could be re
duced from the surface, and the rate of adsorption and 
reduction all change gradually with the number of 
OAOR cycles. Ultimately, there is no measurable 
change in the rate or amount of these parameters with 
further OAOR cycling. At this time, it was found 
that the chemisorption behavior which is reproducible 
at the OAOR cycling temperature is also reproducible 
at all lower temperatures and at any pressure employed 
for oxygen adsorption up to 300 torr. Higher oxygen
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Figure 6. The mass change by a silver powder in 10 torr 
of CO or oxygen at various stages of OAOR cycling.

pressures were not employed. It was on this type 
reproducible surface that previous kinetic studies were 
carried out.2

The Effect of OAOR Cycling Temperatures on the 
Number of Cycles Required to Produce a Reproducible 
Chemisorption Behavior. The rate of attaining repro
ducible chemisorption behavior in terms of the number 
of OAOR cycles depends on the temperature as shown 
by Figure 8. To a first approximation, the number of 
cycles is directly related to time and, hence, when this 
is plotted as the ordinate of an Arrhenius plot, an 
activation energy of approximately 20 kcal/mole is 
obtained. Thus, the change in the silver surface that 
occurs to yield a reproducible chemisorption behavior 
is an activated process. The latter is more probably 
related to the surface diffusion of silver or a silver- 
oxygen complex during which the silver surface atoms 
are rearranged rather than the decomposition of an 
activated complex.

The Chemisorption of the Reducing Gases and the 
Poisoning of the “ Cleaned” Surface by Bulk Diffusion. 
These possible objections to the chemical reduction 
cleaning technique were eliminated by carrying out 
the following experiments.

CYCLE NO.

Figure 7. The initial rate of reduction in 10 torr 
of CO at various stages of OAOR cycling.

Figure 8. The temperature dependence of the 
number of cycles required to obtain reproducible 
chemisorption behavior on a silver powder.

The test for contamination of the cleaned surface 
from the bulk was carried out by exposing the reduced 
sample to carbon dioxide at temperatures ranging 
from —78 to 350°. No adsorption of carbon dioxide 
could be detected on the cleaned surface although 
carbon dioxide adsorption occurs on silver surfaces on 
which oxygen is preadsorbed.9

After the surface was reduced with carbon monoxide, 
the sample was exposed to prolonged outgassing for 
time intervals ranging from 5 min to several days at 
the reducing temperature (360°). Then, the sample 
was exposed to carbon dioxide at elevated tempera
tures and/or at room temperature. No adsorption

(9) A . W . Czanderna, J. Colloid Interface Sci., in  press.
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was detected on any reduced surface. This demon
strates that no measurable poisoning of the reduced 
surface occurs by diffusion of dissolved oxygen atoms to 
the surface during the outgassing interval of this ex
periment. A similar confirmation was obtained by 
obtaining reproducible chemisorption of oxygen at 
the same temperature and pressure after prolonged 
outgassing of the reduced sample.

Nature of the Silver Surface. It is of interest to 
consider the change in the surface structure of the 
silver powder that is produced by OAOR cycling. 
Initially, the surface of the powder is probably poly
crystalline because of the decomposition method of 
preparation. The results of the surface area studies 
indicate that a stable particle size is formed by the 
powder after about one OAOR cycle at temperatures 
of 350° or more. However, the chemisorption be
havior does not become reproducible until after the 
sample has been repeatedly exposed to OAOR cycling. 
It is suspected from this result that a slow rearrange
ment of the silver surface atoms is taking place until 
finally a stable structure is obtained which is not 
altered by the action of oxygen, vacuum, or a reducing 
gas. Changes in silver surfaces in the presence of 
gases and vacuum have been discussed by others.10 11 12 13 14 15“ 20 
It is obviously impossible to deduce the structure of the 
new surface generated by OAOR cycling with the cer
tainty of direct techniques such as field emission, low 
energy electron diffraction, and electron microscopy. 
However, it does not seem implausible to conclude that 
the adsorbed oxygen atom ions order the silver atoms 
into small stable arrays or facets in the chemisorptive 
rearrangement process. When the oxygen is removed, 
if the surface of the stable array is in a configuration 
of thermodynamic minimum free energy such as the 
111 or 100 index plane of face-centered cubic silver, 
the structure of the surface will not change. The next 
cycle of oxygen chemisorption then produces further 
ordering of the surface until ultimately any changes 
taking place in the surface structure during chemisorp
tion, desorption, and reduction are too small to be 
detected in the chemisorption behavior of the surface.

The driving force for the movement of the silver 
surface atoms is supplied by the strong bonding be
tween silver and adsorbed oxygen. Mobility of the 
silver surface atoms is considerable even at tempera
tures as low as 200° as evidenced by the onset of sinter
ing (Figure 3). There are indications that the mobility 
of the silver surface atoms is inhibited by the presence 
of oxygen,21-22 which would result if the surface bonds 
between silver and oxygen are stronger than for silver- 
silver. Hence, the chemisorption of oxygen could 
provide the driving force necessary to rearrange the

surface structure of silver particles that have achieved 
their gross geometrically stable size and shape.

The thermal etching of silver in oxygen at high 
temperatures to form macroscopically observable 111 
and 100 index plane surfaces has been reported.16-17 18 19 20 21 22 
It is known that the low index planes of silver are 
thermodynamically stable in oxygen at the tempera
tures and pressures employed in this investigation.23 
It has also been demonstrated that prolonged outgassing 
and annealing of field emitter tips made from face- 
centered cubic systems have produced surfaces which 
consist of about 90% low index planes. It has been 
observed by numerous investigators that the oxygen 
chemisorption is the weakest on the most densely 
packed index planes.

The progressive change in the amount of oxygen 
which can be desorbed and the increased ease of removal 
of the remaining oxygen by reduction both tend to 
indicate that the oxygen chemisorption bonds are be
coming weaker on the silver surface as the OAOR 
cycling progresses. Thus, the gravimetric data provide 
indirect evidence that the process occurring on the 
surface is consistent with that expected for a surface 
experiencing an ordering process to low index planes 
during rearrangement. This conclusion does not neces
sarily contradict the results found by electron micros
copy studies on the influence of catalytic reactions on 
silver single crystals.16 The exposure of the surface 
to simultaneous oxidizing and reducing conditions would 
not be expected to yield the same result as OAOR 
cycling. However, no direct evidence has been ob
tained to show that faceting is occurring on the silver 
surface in a manner similar to the copper system.24

Conclusions
It is apparent from the reproducible chemisorption

(10) L . Bagg and J. B ruce, J. Catalysis, 2, 93 (1963).
(11) E . H ondros and A . J. W . M oore, Acta Met., 8, 751 (1960).
(12) W . W . Sm eltzer, Can. J. Chem., 34, 1046 (1956).
(13) E . H ondros, J. Inst. Metals, 88, 275 (1960).
(14) N . S uzuki, J. Phys. Soc. Japan, 24, 2018 (1960).
(15) J. N . W ilson , et at., J. Phys. Chem., 63, 463 (1959).
(16) A . J. W . M oore, Acta Met., 6, 293 (1958).
(17) B . Chalm ers, R . K in g , and R . S h u ttle w o rth , Proc. Roy. Soc. 
(London), A192, 465 (1948).

(18) R . Eehigoya and L . Osberg, Can. J. Chem. Engr., 38, 43 (1960).
(19) K . N akada, J. Chem. Soc. Japan, 32, 1072 (1959).

(20) R . G. Meisenheim er and J. N . W ilson, J. Catalysis, 1, 151 
(1962).
(21) A . W . S m ith , J. Phys. Chem., 68, 1465 (1964).

(22) A . W . Czanderna, “ On the  M o b il i ty  o f S ilve r in  T h in  F ilm s ,”  
“ V acuum  M icrobalance Techniques,”  V o l. 5, P lenum  Press, In c ., 
N ew  Y o rk , N . Y ., 1966.

(23) G. E . Rhead and L . M y k u ra , Acta Met., 10, 843 (1962).
(24) T . N . R hod in , Advan. Catalysis, 5, 70 (1953).
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behavior which ultimately is attained from OAOR 
cycling that this is a suitable technique for cleaning 
silver powder for the purposes of quantitative meas
urements. The fact that the cleaned surface does not 
adsorb carbon dioxide or gases with similar chemi- 
sorptive properties at any of the temperatures studied 
indicates that the extent of surface cleaning is such 
that the amount of surface contamination remaining 
must either be very close to a coverage of zero, or the 
surface contamination is not sensitive to chemisorp
tion of water and carbon dioxide. It seems unlikely 
that oxygen contamination of the surface would be of 
such a nature that it would not chemisorb carbon di
oxide or water, whereas oxygen introduced to the

surface in measurable amounts does chemisorb these 
gases even though the chemisorption is weak and re
versible. The reproducible surface generated by the 
OAOR cycling technique was employed for extensive 
kinetic studies of oxygen adsorption and desorption 
as has been reported previously.2
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Solutes which interact with the solvent by a series of solvation equilibria to form species 
which mix according to the ideal solution law are considered. General expressions relating 
the solvent activity to the molality and the equilibrium constants are given. Sucrose 
solutions can be described with considerable accuracy by the assumption of a number of 
possible solvation sites equal to the number of oxygen atoms in the solute molecule, with a 
single equilibrium constant given the same value for each site. Mixed solutions of several 
solutes conforming to this model are shown to obey very simple equations relating the 
molalities at isopiestic equilibrium between solutions of the separate and mixed solutes. 
A similar relation between the activity coefficients is given. Examples of systems which 
conform to these mixture relations are given, and it is suggested that cases of large depar
tures from the relation may be taken as evidence of specific solute-solute interaction.

Introduction

While a rigorous treatment of concentrated aqueous 
solutions remains a distant goal of solution theory, 
there is great practical interest in such solutions, and 
some value in incomplete theoretical approaches in 
which certain major effects are singled out. In the 
present work we consider one such effect, that of inter
actions between solute and solvent which may be 
treated in terms of solvation equilibria. These are 
likely to be important in aqueous solutions of highly 
soluble nonelectrolytes such as sugars which have 
polar groups capable of hydrogen bonding with water 
molecules.

We shall use the concept of the semiideal (or species- 
ideal) solution introduced by Scatchard2 and used 
earlier without this name by Dolezalek.3 Such a solu
tion is one in which all the departures from ideal be
havior are attributed to chemical reactions, and the ac
tivity of each actual species in the solution is equal to 
its actual mole fraction when the chemical reactions 
have reached equilibrium.

The Hildebrand-Scatchard4 theory of nonelectrolyte

solutions makes it clear that one may in general expect 
considerable departures from ideal behavior even when 
no specific interactions of a “ chemical”  kind are con
sidered. Nevertheless, Saroléa-Mathot5 and McGlas- 
han and Rastogi6 have successfully treated acetone- 
chloroform mixtures and dioxane-chloroform mixtures 
by the assumption of “ semiideal”  behavior. For 
aqueous solutions there are at least two other effects 
which may be of importance. One is the wide disparity 
in size between the molecules of water and the sugars 
which are our chief objects of interest. The other is 
the “ structured”  nature of liquid water. The main 
purpose of the present work is to obtain predictions of 
the activities in solutions of several solutes from known

(1) On leave fro m  the  U n ive rs ity  o f N ew  E ng land, A rm id a le , 
N . S. W ., A us tra lia .
(2) G. Scatchard, J. Am. Chem. Soc., 43, 2387 (1921).
(3) F . Dolezalek, Z. Physik. Chem., 64, 727 (1908).
(4) J. H . H ildeb rand  and R . L . S cott, “ The S o lu b ility  o f N o n 
e lectro ly tes,”  D ove r P ublications, N ew  Y o rk , N . Y ., 1964.
(5) L . S aro lea-M atho t, Trans. Faraday Soc., 49, 8 (1953).
(6) M . L . M cG lashan and R . P . R astogi, ib id., 54, 496 (1958).
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data for single solutes; it may be hoped that the ig
nored effects will to a large extent cancel between the 
several-solute and single-solute systems.

Solvation Equilibria and A verage H ydration N u m b ers  
for O n e Solute and Several Solutes

Denote the anhydrous solute by So, the monohydrate 
by Si, and so on. Let h be the average hydration num
ber, i.e., the average number of molecules of bound sol
vent per solute molecule. This number will decrease 
with increasing concentration of solute. For semiideal 
solutions, Scatchard2 has shown that h is given by

55.51 ctw 
m 1 — aw (1)

where m is molality and aw the water activity.
If we suppose that a solute molecule has n sites where 

a water molecule may be attached, the fth stepwise 
hydration equilibrium

St-1 +  H20  St (i = 1 , 2 ,  . . .  n) (2)

has the equilibrium constant

Kt =  Nt/iNi-iaJ (3)

55.51 
M b

55.51

1 — a.
+  h-i

+  hc
Mc 1 — dw 

The corresponding result for the mixture is

55.51
m-B +  me +

m-eh b +  mçhç 
mB +  me

(7)

(8)

(9)

Multiplying eq 7 by mB, eq 8 by me, adding, and using 
eq 9 gives

mB me 
M b +  Mc (10)

Equation 10 generalizes to any number of solutes

V'
i M ,

= 1 (11)

Equation 10 is an alternative and neater expression for 
the situation discussed by Robinson and Bower9 where 
the isopiestic ratio, R, of the mixture, defined by

mB +  me

where N  denotes mole fraction. Then by methods 
familiar from treatments of stepwise metal-ligand equi
libria,7 we obtain

h =  <7/2 (4)

where

2 = 1-)- Kiav +  KiK2a„2 +  . . . - } -  KiK%... ,K nawn

(5)

<7 =  — ------  = KiOw +  2KiK2aw2 +
d In aw

. . . .  +  n K i K o . . . K na J  ( 6 )

It is important to note that according to eq 4, 5, and 6, 
h depends only on the water activity. Now the study 
of solutions of several solutes is readily made by iso
piestic vapor pressure measurements, in which by iso
thermal distillation a solution of the mixed solutes is 
brought to the same water activity as separate solutions 
of the single solutes.8 For a given water activity, aw, 
let M b be the molality of a solution of B alone, and Me 
that of a solute C alone, while the mixture contains 
solute B at molality mB and solute C at molality me. 
Then hB and he will have the same values in the mix
ture as in the single solutions, since each is determined 
by the water activity.

We have, from eq 1

is linear in the fraction of B in the mixture, defined by

?/B
mB

mB +  mc

Where this linear relation, or eq 10, holds, the Mc- 
Kay-Perring10 equation for the activity coefficient of 
either solute in the ternary system can be shown to re
duce to

M bFb 
mB +  mc

(12)

where IT is the molal activity coefficient of B in a 
solution of B alone having the same water activity as 
the mixed solution, and yb is the activity coefficient of 
solute B in the mixed solution. An equation similar 
to (12) of course holds for solute C. It can also be 
shown that subject to eq 11 holding, the activity co
efficient of solute k in any mixture is

2 jnij
(13)

(7) J. B je rru m , “ M e ta l A m m ine  F o rm a tion  in  Aqueous S olu tions,”  
P. Haase and Sons, Copenhagen, 1941.
(8) R . A . Robinson and R . H . Stokes, “ E le c tro ly te  S o lu tions,”  2nd  
ed, B u tte rw o rth  and Co. L td .,  London, 1959, C hap ter 15.
(9) R . A . Robinson and V . E . Bow er, J . Res. Natl. Bur. Std.., 69A, 
19 (1965).
(10) H . A . C. M c K a y  and J. K .  P erring, Trans. Faraday Soc., 49, 
163 (1953).
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Comparisons with Experiment
(a) Single Sugar Solutions. Equations 1 and 4-6 

permit the calculation of the molality to corresponding 
to a chosen o „ if the K ( are known. This is of little 
value, since it seems likely that every oxygen atom in a 
sucrose molecule constitutes a possible hydration site. 
If we are free to assign 11 K { values, we can be assured 
of a good fit to any reasonably simple experimental 
curve such as the osmotic coefficient of aqueous sucrose. 
Scatchard2 chose the rather drastic course of assuming 
that only one hydrate (for preference, the hexahydrate) 
existed in significant amounts. A more acceptable 
simplifying assumption is to suppose that all the step
wise Ki are equal (though statistical objections can be 
raised against this assumption also). Then we obtain

55.51
TO 1 (Zw ( 1 4 )

where

2 = 1 +  Kaw +  . .. +  (Kav)n (15)

<r =  Kaw +  .. . +  n(Kaw)n (16)

are functions of ow and the single equilibrium constant
K. For sucrose solutions we put n =  11 and find that 
K  =  0.994 gives a good fit to the osmotic coefficient 
data, as shown in Table I.11

It is not advisable to attempt the calculation of aw 
at a given value of to for any selected value of K  and n. 
It is better to reverse the calculation to find to at a given 
value of ow. The calculation is made as follows. First, 
a table is constructed of values of aw, ranging from 0.98 
to 0.84 at intervals of 0.02, and then of corresponding 
values of aw/ ( l  — aw) and of —55.51 In aw (=  nap).

Table I: Osmotic Coefficients of Aqueous 
Sucrose Solutions at 25°

m <P calcd a S“e x p t F

1 1.092 1.085
2 1.189 1.186
3 1.285 1.286
4 1.374 1.376
5 1.450 1.450
6 1.510 1.508

From eq 14-16 with n = 11, K  = 0.994. b From isopiestic
measurements (see ref 11)

<P = — (55.51/ro) In aw

can evaluate <p for each value of to. Graphical inter
polation is then adequate to give values of <p at round 
values of m. The calculation is then repeated with 
different values of K  until the best fit is found with the 
experimental data.

Other compounds of the sugar type for which iso- 
piestic data exist are mannitol, glucose, and glycerol. 
The solubility of mannitol (~1.2  m) is too limited to 
make a useful test of eq 14. For glucose, there is some 
difficulty in obtaining good isopiestic equilibrium at 
low concentrations, which may be connected with the 
mutarotation phenomenon. However, some results 
obtained by Dr. P. N. Henrion at the University of 
New England, probably reliable within 0.5% in the 
osmotic coefficient, are given in Table II. For glucose 
we put n = 6 and find that K  =  0.786 gives a good 
representation of the results up to saturation. For 
glycerol, the isopiestic data of Scatchard, Hamer, and 
W ood12 are available. Osmotic coefficients of glycerol 
derived therefrom have been calculated to conform 
with the reference data for sodium chloride13 so that 
the osmotic coefficients of glycerol are consistent with 
those of sucrose and glucose. For glycerol we put n =  
3, since there are three oxygen sites, and obtain a good 
fit to 7 to with K =  0.720.

Table II : Osmotic Coefficients of Glucose 
and Glycerol Solutions at 25°

G lucose---------------• <---------------G lycerol-
m C aled“ E x p tl C a led6 E x p tl

i 1.028 1.020 1.011 1.012
2 1.054 1.050 1.021 1.023
3 1.080 1.079 1.031 1.033
4 1.105 1.105 1.039 1.043
5 1.128 1.128 1.047 1.050
6 1.147 1.149 1.055 1.055
7 1.166 1.166 1.062 1.060
7.5 1.175 1.173

“ Equations 14-16 with n  =  6, K  =  0.786. 6 Equations 14- 
16 with n  = 3, K  = 0.720.

The data for glucose show the same characteristic 
as those for sucrose, a slightly low osmotic coefficient 
in the region below 2 to but an excellent fit at the higher 
concentrations. In the case of sucrose, we have tried 
other values of the number of sites, n, and find that

A value of K  is selected and the corresponding values of 
2, <r, and <r/2 are calculated with the aid of tables. 
Knowing <r/2 and aw/ (1 — a»), we calculate to by eq 1 
with k — <r/2. As to is known for each given aw, we

(11) R . A . Robinson and R . H . Stokes, J. Phys. Chem., 65, 1954 
(1961). [N ote th a t in  Tab le  V  of th is  paper the  headings VIb and  
Me in  the  f irs t tw o  colum ns should be interchanged. ]
(12) G. Scatchard, W . J. H am er, and S. E . W ood, J. Am. Chem. Soc., 
6 0 ,  3061 (1938).
(13) See re f 8, p 476.
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after choosing the best value of K  the fit to the experi
mental data is definitely inferior to that in Table I. It 
is obviously preferable to fix n as equal to the number of 
oxygen atoms in the molecule, for then eq 14 becomes 
in effect a single-parameter equation.

It may well be asked why the equilibrium constant, 
K, should be noticeably lower for glucose and glycerol 
than for sucrose. A fairer question, in view of the ex
treme oversimplification of the argument, would be 
why the treatment works as well as it does. We have 
certainly neglected a great many effects which could be 
compensated by small variations in K.

(ib) Solutions of Several Solutes. Equations 10-13 
hold for solutions conforming to the present model irre
spective of whether the equilibrium constants, K {, are 
all the same or all different, known or unknown. Data 
have been published11 for mixtures of sucrose and man
nitol. Unfortunately, the limited solubility of man
nitol means that direct tests of eq 10 must be confined 
to solutions of water activity greater than that of 
saturated mannitol solution. For more concentrated 
solutions, however, we can make the test by calculating 
from the data for mixtures and for sucrose alone, by eq 
10, the value of Me in a supersaturated solution of man
nitol of the same water activity. The constancy of M c 
obtained from several mixtures of the same water ac
tivity, shown in Table III, confirms relation 10.

Table III: Sucrose (B)-Mannitol (C) Mixtures"

M b M C m b me
( v i b / M b )  +

(me/Afe)

0.7751
(a)

0.8197
Direct tests of eq 10 

0.6227 0.1604 0.9990
0.7751 0.8197 0.4597 0.3332 0.9996
0.7751 0.8197 0.3139 0.4880 1.0003
0.7751 0.8197 0.1555 0.6559 1.0008
0.9393 1.0046 0.7561 0.1947 0.9987
0.9393 1.0046 0.5594 0.4057 0.9993
0.9393 1.0046 0.3828 0.5953 1.0005
0.9393 1.0046 0.1900 0.8014 1.0000

2.8576
(b)

3.401
Indirect tests of 

2.5321
eq 10 
0.3874 (1.000)

2.8576 3.390 2.2820 0.5756 (1.000)
2.8576 3.381 1.9707 1.9707 (1.000)
1.9123 2.180 1.5970 0.3594 (1.000)
1.9123 2.182 1.4767 0.4971 (1.000)
1.9123 2.184 1.1259 0.8979 (1.000)
5.497 7.14 5.2913 0.2669 (1.000)
5.497 7.08 5.1174 0.4889 (1.000)
5.497 7.13 4.9550 0.7051 (1.000)

“ Figures calculated from the equation are shown in boldface 
type.

0 0.5 1.0

yB
Figure 1. Plots of (mB/iWe) +  (mo/Afe) vs. y B  =  

m s / l m B  +  me), where B = sucrose and C = a second 
solute: 1, sucrose-sorbitol; 2, sucrose-glucose; 3, 
sucrose-arabinose; 4, sucrose-glycerol; 5, 
sucrosetris(hydroxymethyl)aminomethane; 6, sucrose-urea.

Some further isopiestic experiments on mixed solutes 
have been made with sucrose (B) as one solute and one 
of the following: sorbitol, glucose, arabinose, glycerol, 
tris(hydroxymethyl)aminomethane, urea, as the second 
solute (C). The resubs are given in Table IV and 
plotted in Figure 1.

We do not claim that eq 10 will be valid for any pair 
of solutes. For it to hold, it is necessary that there be 
no interaction between the solutes themselves, although 
interaction between solute and solvent is permitted. 
Thus eq 10 describes a type of semiideal behavior to 
which some pairs of solutes may conform; a deviation 
does not mean a breakdown of eq 10 but does imply a 
departure from the semiideality symbolized by this

V olum e 70, N um ber 7 J u ly  1966
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Table IV : Mixtures of Sucrose (B) and Other Substances (C)

M b  M c ms m e
(mB/ M b ) + 

(m c / M c )

Sucrose-sorbitol
2.5881 3.0584 2.3125 0.3241 0.9995

1.6930 1.0593 1.0005
0.8984 2.0015 1.0015

2.5974 3.0664 2.0678 0.6222 0.9990
1.2683 1.5709 1.0005
0.4604 2.5249 1.0008

Sucrose-glucose
3.2588 3.8757 2.8039 0.5542 1.0034

2.3504 1.0996 1.0049
1.2166 2.4489 1.0052

3.2916 3.9233 1.7391 1.8737 1.0060
0.8286 2.5903 1.0038
0.3648 3.4947 1.0016

Sucrose-arabinose
2.5299 3.0535 2.0592 0.5885 1.0066

1.6592 1.0813 1.0099
1.1853 1.6606 1.0123

2.5846 3.1370 1.9049 0.8524 1.0087
1.3632 1.5200 1.0119
0.5191 2.5289 1.0070

Sucrose-glycerol
3.0975 3.8427 2.0405 1.3615 1.0131

1.0701 2.5640 1.0127
0.3278 3.4537 1.0046

3.1193 3.8766 2.4640 0.8524 1.0098
1.5022 2.0650 1.0143
0.6493 3.1014 1.0082

M b M C m a m e
m  B; f

(.m c /M c )

Sucrose-tris(hydroxy- 
methyl )aminomethane
2.4772 3.1036 2.0264 0.6385 1.0260

0.5808 2.4761 1.0329

2.4990 3.1095 1.6532 1.1837 1.0418
0.8438 2.1918 1.0426
0.2963 2.8023 1.0198

2.7286 3.4372 2.5095 0.3243 1.0141
1.9921 1.0591 1.0382
1.4088 1.8323 1.0494

Sucrose--urea
2.1740 2.8645 0.4488 2.4058 1.0463
2.1762 2.8659 1.8948 0.4851 1.0400

1.3823 1.2714 1.0788
0.6283 2.2345 1.0684

2.2143 2.9553 1.6317 0.9731 1.0662
1.2148 1.5880 1.0859
0.5438 2.4114 1.0616

2.2596 3.0184 2.1232 0.2402 1.0192
1.4008 1.3967 1.0826
0.9072 2.0582 1.0834

2.2669 3.0317 1.8178 0.7704 1.0560
1.1582 1.7477 1.0874
0.3220 2.7258 1.0441

equation. An inspection of Figure 1 shows that sucrose 
and sorbitol conform to eq 10 as do sucrose and man
nitol. But for mixtures of sucrose with glucose, ara- 
binose, and glycerol there are small but significant de
partures from eq 10 amounting to a maximum of 1.5% 
in the case of sucrose-glycerol. With sucrose-urea, 
however, deviations amounting to almost 10% are 
found; this is not surprising, for urea itself gives a 
solution which is by no means ideal, since there are 
significant amounts of dimer formed.14 15 More surpris
ing is the deviation shown in the sucrose-tris(hydroxy- 
methyl)aminomethane system, for the latter has been 
shown16 to be almost ideal in its own solution. We sus
pect that the nearly ideal behavior of this solute is an 
accidental consequence of the near cancellation of two 
effects, a solvation which tends to increase the activity 
coefficient and a solute-solute association which tends 
to decrease the activity coefficient, i.e., to a combina
tion of the effects which characterize sucrose and urea 
in their separate solutions.

List of Symbols

K i  Stepwise equilibrium constant for formation of S ,  from 
a „  Water activity
2 = 1 +  K i a w +  K i K ' / i w 2 +  .. . +  K \ K i . . . K na wn

a =  K ia „  +  2K\Kiay,i +  . . . +  nKiK'i . ,K nawn 
v  = — (55.51/m) In aw (osmotic coefficient) 
h Average hydration number = v /2  
y  Stoichiometric molal activity coefficient of solute 
M u ,  M e  Molalities of solutions of solutes, B or C, having the 

same water activity as the mixed solution 
ma, me Molalities of solutes, B and C, in mixed solution 
Tb Stoichiometric activity coefficient (molal) of solute B alone 

at molality M b  

V b  = mB/(mB +  mc)
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The rate of dissolution of solid silica in static sodium and potassium silicate melts was 
studied in the temperature ranges 1000-1400 and 1000-1200°, respectively, and in sodium 
silicate melt, stirred by a rotating silica disk, at 1400°. Concentration profiles obtained 
in the static melts were measured for selected slag composition and temperature. It is 
concluded from the experimental data that the dissolution process is controlled by mass 
transfer in the liquid. Interdiffusivities as calculated from the dissolution rates under 
static and stirred conditions and as determined from the concentration profiles are con
sistent with each other.

Introduction

The rates of dissolution of solid oxides in oxide melts 
are of considerable interest for numerous metallurgical 
and ceramic processes. In the present work, the rate 
of dissolution of solid silica in static sodium or potas
sium silicate melts was studied in the temperature 
ranges 1000-1400 and 1000-1200°, respectively, and in 
sodium silicate melts, stirred by a rotating silica disk, 
at 1400°.

Previous work on the dissolution of solid silica in 
liquid sodium metasilicate, as done by Shurygin, 
Barmin, and Esin1 by using the rotating-disk method, 
revealed that the dissolution process was controlled 
by mass transport in the liquid. The authors, however, 
state that their data are only exact to the order of 
magnitude because of the experimental difficulties 
encountered in determining the corrosion rate ac
curately.

Experim ental Section

Methods. Three different experimental methods were

employed for the dissolution of silica into static melts,
(a) In the first method, silica was dissolved from silica 
plugs placed at the bottom of cylindrically shaped plati
num crucibles. With this plug position, convection by 
density differences is assumed to be avoided since, ac
cording to data in the literature,2,3 the density is lowest 
in the silica-poorer slag at the top of the crucible. As an 
additional precaution to prevent convection currents, the 
crucible was suspended in a vertical tube furnace at the 
lower part of the hot zone so that the temperature at the 
top of the melt was about 3° higher than that at the bot
tom. After the experiment, the sample was rapidly 
cooled to room temperature. The platinum crucible was 
then sliced and the change in thickness of the plug was 
measured using a cathetometer. In order to have a 
reference point at the bottom of the plug for the length 1 2 3

(1) P . M . S huryg in , L . N . B a rm in , and O. A . E s in , Izv. Vysshikh. 
Uchebn. Zavedenii Chernaya Met., 5, 5 (1962).
(2) J. O ’M . B ockris , J. W . Tom linson , and J. L . W h ite , Trans. Fara
day Soc., 52, 299 (1956).
(3) G. H e id tka m p  and K . E nde ll, Glastech. Ber., 14, 89 (1936).
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Figure 1. Specimen as used in this work; L i  is the length 
of the silica plug at the start of the experiment;
L 2 is the length of the silica plug at the end of the 
experiment; (corrosion Y  =  L i  — L i ) .

measurements, a platinum bead was embedded at the 
bottom of the silica plug. A sliced platinum crucible 
with plug and slag is shown in Figure 1. Since the 
plugs usually were more attacked at the side of the 
crucible, measurements were always taken at the center 
of the plug, (b) In the second method, silica was dis
solved from cylindrical silica rods of 8 to 12-mm di
ameter and 20 to 25-mm length which were placed in 
the center of a silicate melt contained in a platinum 
crucible. The upper part of the rod was protected 
by a platinum foil to prevent the stronger corrosion at 
the slag-air interface. At low silica contents in the 
slag and at high temperatures this technique could be 
used only for limited dissolution times; at longer re
action times the corrosion of the rod became uneven 
over the length of the rod. (c) In the third technique, 
silica was dissolved from the walls of silica crucibles 
of —10-mm internal diameter. This technique was 
also used to determine the liquidus curve of Si02 in 
the Na20 -S i0 2 system by equilibrating the melt with 
the crucible (equilibration time 2-12 weeks) and by 
analyzing the slag subsequently.

In some experiments done with technique a, the slag 
was drilled out of the crucible in layers and analyzed 
chemically for the determination of the concentration 
profile. Silica concentration near the silica-melt inter
face was determined using an electron microprobe

analyzer. The necessary electrical conductiveness of 
the specimen was obtained with a 100-A thick coating 
of copper. It was found that the concentration in the 
silicate at the interface was 86 ±  4 wt %  Si02 at 1400°, 
which is the equilibrium value (see next section, Figure 
2).

In order to check the data of Shurygin, et al.,1 some 
measurements were made with sodium silicate melts 
using the rotating-disk technique. The experiments 
were carried out in an apparatus which was similar in 
construction to that described elsewhere.4 The faces of 
silica rods, 1.3 cm in diameter, were used as disks. The 
sides of the rods were protected by a platinum foil. 
After the experiment, the adherent slag was easily dis
solved in hot water, and the corrosion was determined 
by measuring the change in length of the rod with a 
cathetometer.

Temperature Control, Materials, and Analysis. The 
temperatures of all the furnaces used were controlled 
automatically in the usual manner. Temperatures 
were measured with a Pt— Pt-10% Rh thermocouple. 
The reported temperatures are accurate within ± 5 °.

Starting materials for the slags were reagent grade 
sodium metasilicate, potassium hydroxide, silicic acid, 
and North Carolina quartz sand. The sodium silicates 
were prepared by first dehydrating the commercial 
sodium metasilicate which was then mixed with the 
desired amount of North Carolina quartz sand and 
fused. The potassium silicates were prepared by dis
solving silicic acid in an aqueous potassium hydroxide 
solution and by evaporating the obtained solution to 
dryness. About half of the slag samples used were pre
melted under vacuum, although no difference in the 
results was found when such a treatment was not ap
plied. In order to make slag and solid silica better dis
tinguishable for the measurement of the corrosion thick
ness, the slags were colored blue with an addition of 
—0.1% CoO.

The silica plugs and rods or crucibles were made from 
translucent quartz glass rod or tubing, respectively. 
During the experiment, the quartz glass crystallized to 
cristobalite (as identified by an X-ray test) in a layer 
adjacent to the slag.

The samples were analyzed for Si02 by the conven
tional dehydration method in the concentration range 
50 to 65% Si02 with an accuracy of ± 1 % . At higher 
Si02 contents, Na20  or K20  contents were analyzed by a 
modified technique, because of a decreased accuracy of 
the Si02 dehydration method. The procedure was 
first to evaporate all the silica with an H F-H2S04 mix-

(4) R . G. Olsson, V . K oum p, and T . F . Perzak, Trans. Met. Soc. 
A IM E , in  press.
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Figure 2. The liquidus curve of silica 
in the system NaaO-SiCh.

ture and then to convert the residue, by evaporating 
excess H2S04 and H20, to Na2S04 or K2S04, which was 
determined gravimetrically. This method yielded a 
reproducibility of ±0 .2%  or better. Its reliability 
was checked with standard samples made up from 
Na2C 03, K2C03, and North Carolina quartz sand.

Results and Discussion
Dissolution of Silica in a Static Semiinfinite Medium 

of Sodium or Potassium Silica Melt. Sodium Silicate 
Melts. Figure 2 shows the results of the equilibrium 
measurements to determine the liquidus curve of Si02 
together with the same curve as obtained by Kracek.5 
Good agreement exists between both curves within 1% 
or better. The results of the dissolution experiments 
are given in Figures 3, 4, and 5 where the change in the 
length (F) of silica plug, the radius of silica rod, or the 
wall thickness of the silica crucible is plotted against the 
square root of reaction time for 1000, 1200, and 1400°, 
respectively. Within the limits of experimental error, 
the plots of distance Y vs. l‘/s may be taken to be 
linear, suggesting a diffusion-controlled rate of silica 
dissolution. Figure 6 shows the silica concentration 
profile in a selected slag at 1200° as a function of the

0 200 400 600 800 1000

Figure 3. The dissolution of solid silica in 
static Na20-S i02 melts at 1000°.
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Figure 4. The dissolution of solid silica in 
static Na20 -Si02 melts at 1200°.

parameter y/t'/l, where y is the distance in the melt from 
the original position of the interface. The curve de
picting the profile is drawn such that the shaded areas 
on either side of the initial interface are equal.

Interdiffusivities (D) may be calculated from the dis
solution rate using expression 1 (Equation 1 is strictly 
valid only for diffusion into a semiinfinite medium with 
a plane source. However, if in the case of cylindrical 
sources (cylindrical rods, hollow cylinder) F is small

(5) F . C. K racek, J. Phys. Chem., 34,1583 (1930) ; J. Am. Chem. Soc., 
61 ,2863 (1939).
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Figure 5. The dissolution of solid silica in 
static NaiO-SiCh melts at 1400°.

Figure 6. Concentration profile in static sodium 
silicate melt (c„ = 50% Si02, 1200°).

------- - =  ze*-s /x ( l  — erf z) (1)
Ci cB

where z =  Y/2\/T)t, Ci is the concentration of silica at 
the interface (=  equilibrium concentration), c„ is the 
concentration of silica in the bulk melt, and cs is the 
concentration of silica in solid silica. This equation 
may be derived for the present conditions from the 
general equations as given by Danckwerts6 for diffusion 
into a semiinfinite medium involving a moving phase 
boundary. Density differences2,3 in the melt and be
tween melt and solid silica are small and may be neg
lected. All concentrations may be taken in wt %. 
Equation 1 applies for the case of concentration-inde
pendent interdiffusivity. Hence, if the interdiffusivity 
varies with concentration, D as obtained with (1) is an 
average interdiffusivity for the concentration range c„ 
to c;. An approximate interdiffusivity-concentration 
relationship may be obtained by relating D values ob
tained for various c„ to the corresponding average com
positions c' = (c„ +  Ci)/2. Table I contains the ob
tained D values. As would be expected, D increases 
with decreasing silica content and increasing tempera
ture. The accuracy of the reported log D values is in 
the order of ±0 .2  as was estimated from the uncer
tainties of the Y/\Yt values and from an assumed error 
of ± 1 %  in the concentrations.

Table I : The Dissolution of Silica in Static Na20-SiC>2 Melts

Log D,
T e m p , Ci Coo c' 17 D  in cm2

°c ■wt % Si02°- cm sec-1/2 sec-1

1000 77.2 60.0 68.6 - 1 .4  X 10~4 -7 .2 5
70.0 73.6 - 0 .6  X 10-4 -7 .4 0

1200 79.5 50.0 64.7 - 6 .4  X 10“ 4 -6 .3 0
60.0 69.7 -3 .5  X 10“ 4 -6 .5 9
70.0 74.7 -1 .3  X 10"4 -7 .0 0

1400 86.7 50.0 68.3 - 8 .1  X 10"4 -6 .3 9
60.0 73.3 - 5 .2  X 10~4 -6 .6 4
70.0 78.3 - 2 .6  X 10-4 -7 .0 0

“ Ci is the silica concentration in the melt at the interface 
(=  equilibrium value). c „  is the silica concentration in the bulk 
melt, c '  =  (ci +  Co»)/2.

Interdiffusivities may be obtained from the concen
tration profile in the range 52-56% Si02 for 1200° 
(Figure 6) using the equation

c o m p a r e d  t o  t h e  r a d iu s ,  e q  1 is  a ls o  a  g o o d  a p p r o x im a -  __________________________________________________________________

t i o n  f o r  these Cases.) (6) P . V . D anckw erts , Trans. Faraday Soc., 46, 701 (1950).
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dX

in which

x =  V i  <2a)

An average value of log D =  — 5.4 ±  0.2 is obtained 
which is satisfactorily consistent with the data ob
tained with eq 1 (see Table I) if these values are related 
to the average concentration c'.

Potassium Silicate Melts. Figures 7 and 8 show the 
corrosion Y as a function of i 1'1 for various K20 -S i0 2 
melts. Calculated interdiffusivities are reported in 
Table II. The licuidus concentrations were used as 
given by Kracek, et aU The determination of the Si02 
liquidus curve in the K20 -S i0 2 system by equilibrating 
melts in a silica crucible, in the same way as for the 
Na20 -S i0 2 system, is not possible within a reasonable 
period of time because of the much smaller interdif- 
fusivity values near the liquidus concentrations.

Table II : The Dissolution of Silica in Static K20-S i02 Melts

Log D, 
D in

Temp, Ci C co c' Y /V t, cm2
°c -w t % SiCha cm sec _1/2 sec -1

1000 77.0 65.4 71.2 - 4 .5  X 10~6 -7 .9 7
73.3 75.1 - 1 . 0  X 10~6 -8 .4 4

1200 81.0 57.0 69.0 -1 2 .5  X 10"6 -7 .6 5
65.4 73.2 - 7 .5  X 10“5 -7 .8 4
73.3 77.1 - 3 . 7  X 10"5 -7 .9 9

“ See footnote in Table I.

Dissolution of Silica in Sodium Silicate Melt from a 
Rotating Silica Disk. Figure 9 shows the corrosion Y as 
a function of t (angular velocity w =  131 radians/sec) 
for the sodium silicate melt containing 51% Si02 at 
1400°. Figure 10 shows dF /d i as a function of ul/\ 
Included in this diagram is a corresponding curve for 
1250° as obtained by Shurygin, et at4 

As shown by Levich,7 8 the thickness of the diffusion 
boundary layer at a rotating disk is given by

when v is the kinematic viscosity of the melt. Taking 
the moving phase boundary into account, the rate of

-0.08
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-0.05

J -0.04 
>-

-0.03 

-0.02 

-0.01

0 500 1000 1500 2000
tl/2(sec l/z)

Figure 7. The dissolution of solid silica in 
static KiO-SiCh melts at 1000°.

Figure 8. The dissolution of solid silica 
in static K20-S i02 melts at 1200°.

motion of the interface between solid and liquid is ob
tained as shown by Lommel and Chalmers9 from the ex
pression (eq 4)

(7) F . C. K race k , N . L . Bowen, and G . W . M o re y , J . Phys. Chem., 
41,1188 (1937).
(8) V . G. Lev ich , “ Physicochem ical H yd ro d yn a m ics ,”  P ren tice- 
H a ll,  In c ., Englewood C liffs , N . J., 1962, pp  60-72.
(9) J. M . Lom m el and B . Chalm ers, Trans. Met. Soc. A IM E , 215, 
499 (1959); see also D . B . Spald ing, “ C onvective  Mass T rans fe r,”  
M c G ra w -H ill B ook Co. In c ., N ew  Y o rk , N . Y ., 1963, pp  184-186.
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d Y D
—  = ----- lndi d 1 +

Cj C co

Ca — C i .

Inserting (3) into (4)

dF 
di
—  =  -0 .6 2 ö vV_1/'ajv , ln ' l + ^ = lCg Ci

(4)

(5)

Equation 5 is valid only for constant viscosity and 
interdiffusivity; however, eq 5 may be used for the 
present case to obtain an approximate value of D for an 
average melt composition. Average values of kine-

£
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matic viscosities were taken from the work of Heidt- 
kamp and Endell.3 The value of D thus obtained from 
the present data is given in Table III. For the same 
average composition this value of D is somewhat 
smaller than that obtained by dissolution into a static 
melt (Table I). Considering, however, the experi
mental errors in both techniques and the approxima
tions involved in using eq 1 and 5 for a system display
ing the strong concentration dependence of diffusivity 
and viscosity, agreement may be regarded as satisfac
tory. Some source of error in the rotating disk 
method may also be due to the finite size of the disk di
ameter in comparison with the relatively large thickness 
of the hydrodynamic boundary layer established in the 
present system.

Comparison of Diffusivities in Sodium Silicate and 
Potassium Silicate Melts. Figure 11 shows interdif
fusivities in Na20 -S i0 2 and K20 -S i0 2 melts, obtained 
from the dissolution rates of silica in the static melts, as 
a function of the average molar cation concentration in 
the melt at 1200°. It is seen that interdiffusivities in 
both systems can be represented essentially by one
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Table III: The Dissolution of Silica in Na20-S i02 Melt,
Stirred by a Rotating Disk

Log D,
(dy/dt)/u‘A, D  in

Temp, Ci C CO c' cm sec “V2 cm “V 3 cm2
rad “V2 sec“1'  V» U /O kJlV/2

(a) This work
1400 86.7 51.0 68.8 -1 .1 7  X 10-6 0.43 -6 .7 1

(b) From the work of Shurygin, Barmin, and Esinc
1360 84.5 49.2 66.9 - 7 .7  X 10~6 0.43 -5 .4 2
1250 80.8 49.2 65.0 - 4 .8  X 10~6 0.43 -5 .6 0
1170 79.0 49.2 64.1 - 2 .1  X IO“6 0.40 -6 .0 3

“ See footnote in Table I. h v '  =  (jo +  v m ) / 2  «  v a ,/ 2 .  
c Shurygin, Barmin, and Esin1 use a somewhat different equation 
than eq 5 with a wrong driving force to interpret their data. 
Log D  values were therefore recalculated.

curve. Included in Figure 11 is a curve for the self- 
diffusivities Z)*Na, D*k of the cations Na or K  at 1200°. 
These values were measured either directly with tracer 
methods10 or were calculated by the author from elec
trical conductivity data11’12 on the assumption that the

transport mechanism in electrical conduction is the 
same as that in diffusion. The oxide interdiffusivities 
are smaller at 1200° by two to three orders of magnitude 
than the above self-diffusivities. In the dissolution 
experiments, the transport of cations is accompanied by 
the movement of anions such that the electroneutrality 
is maintained. Since the anions have a much lower 
mobility than the cations,13 the oxide interdiffusivi
ties are expected to be smaller than the cation self-dif
fusivities. A quantitative analysis of the present data 
with respect to self-diffusivities is not possible at pres
ent, because the self-diffusivities of O and Si are not 
known in these slags.
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(10) V . I .  M a lk in  and B . M . M o g u tn o v , D o k l .  A k a d .  N a u k  S S S R ,  
141, 1127 (1961); tra n s l in  P r o c .  A c a d .  S c i .  U S S R ,  141, 941 (1961).
(11) C. L . Babcock, J .  A m .  C e r a m . S o c . , 17, 329 (1934).
(12) J. O ’M . B ockris , J. A . K itchen e r, S. Ign a tow icz , and J. W . 
T om linson , T r a n s .  F a r a d a y  S o c . , 48, 75 (1952).
(13) J. O ’M . B ockris , J. A . K itchen e r, and A . E . D avies, ib id . ,  
48, 536 (1952).
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Some Aspects of Interionic Charge-Transfer Interactions of 

Alkylpyridinium Ions in Ion Pairs and on Micelles1

by A shoka R ay and Pasupati M u k e r je e 2

D ep a rtm en t o f  P h y s ic a l  C h em is try , I n d ia n  A s s o c ia tio n  f o r  the C u ltiva tion  o f  S cien ce, 
J a d a vp u r , C a lcu tta  8 2 , I n d ia  (.R ece iv ed  O ctober 28 , 1 9 6 6 )

The characteristic micellar absorption bands of long-chain alkylpyridinium (R Py+) 
iodides have been recently interpreted as charge-transfer (CT) bands. Similar absorption 
bands characteristic of interionic CT interactions are obtained on RPy+-type micelles 
in aqueous solution with Br- , S2O32-, S 032-, and N3-  also, but not with Cl- , SO42-, N 0 3- , 
N 02- , C103- , Br03- , IO3- , or formate. In the ion-pair form, in chloroform, R P y+ ions 
do show CT interactions with Cl-  but not with C104- . The anions which show CT inter
actions with R Py+ ions also have absorptions characteristic of CT to the solvent. No 
evidence of any CT interactions with I -  or Br-  was found for tetraalkylammonium or 
trialkylphenylammonium ions in chloroform or at the surface of micelles. It is suggested 
that the planar geometry of the nitrogen charge center in R Py+ ions facilitates CT inter
actions. The effect of alkyl chain length on the CT band position in chloroform is neg
ligible. The CT bands with I -  ions for both micelles and ion pairs in various solvent 
media have been found to have the same shape and half-width when plotted on a wave
length (X) scale. The bands can thus be matched by shifting positions along the X scale, 
and X for maximum absorption for partially hidden bands can be determined. The average 
extinction coefficients for ion pairs of two pyridinium iodides in alcoholic solvent media 
have been estimated. The values are much smaller than the extinction coefficients of ion 
pairs in chloroform, suggesting that in different media different fractions of ion pairs 
are in the “ contact”  or “ intimate”  class. This approach is expected to be of some use 
in the study of the equilibrium between “ intimate”  and “ solvent-sharing”  or “ solvent- 
separated”  ion pairs.

Introduction

The two following papers in this series report the 
results of our investigations on the characteristic spectra 
exhibited by micelles of long-chain pyridinium iodides 
in water, which have recently been interpreted as 
charge-transfer (CT) bands,3 and the relation of these 
bands to the properties of the innermost part of the 
electrical double layer, the so-called Stem layer. The 
present paper deals with some problems of general 
interest concerning interionic CT interactions, par
ticularly in alkylpyridinium salts, both as ion pairs 
in vari ous solvents and at the surface of micelles.

The unusual spectra of alkylpyridinium iodides have 
been noticed by Hantzsch.4 * Their interpretation 
has been possible only recently after the work of

Mulliken and others has clarified the essential features 
of the CT interactions in molecular complexes.6 7 8 
Kosower and his co-workers6-9 have used these ideas

(1) Taken in part from the doctoral dissertation of A. Ray, Calcutta 
University, 1963.
(2) Chemistry Department, University of Southern California, Los 
Angeles, Calif. 90007. Requests for reprints should be sent to 
this address.
(3) P. Mukerjee and A. Ray, J . P h y s .  C h em ., 67, 190 (1963).
(4) A. Hantzsch, B e r . , 44, 1783 (1911).
(6) R. S. Mulliken, J . A m . C h em . S o c ., 74, 811 (1952); J . P h y s .  
C h em ., 56, 801 (1952).
(6) (a) E. M. Kosower, J . A m . C h em . S o c ., 77, 3883 (1955); (b) 
E. M. Kosower, ib id ., 78, 3493 (1956).
(7) E. M. Kosower and J. C. Burbach, ib id ., 78, 5838 (1956).
(8) E. M. Kosower, ib id ., 80, 3253 (1958).
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in their study of the spectra of alkylpyridinium iodides 
and have shown that most of their features can be 
understood in terms of interionic charge transfer. 
On the absorption of a photon, it is assumed that an 
electron from the iodide ion of the charged ground 
state of the alkylpyridinium ion pair is transferred to 
an orbital of the ^-electron system of the pyridinium 
ion to produce a neutral excited state. The situation 
in this respect is the reverse of the charge transfer 
in molecular complexes for which the ground state is 
neutral. The interionic CT interactions thus exhibit 
some differences from CT interactions in molecular 
complexes.

Experim ental Section

Materials. Two samples of dodecylpyridinium iodide 
(DPI) were used. One was prepared by heating 
stoichiometric amounts of pyridine (E. Merck, freshly 
distilled) and pure dodecyl iodide (Columbia Chemi
cals) in an evacuated and sealed tube in an oil bath at 
80° for about 24 hr. The sample was recrystallized 
six times from a 1:6 mixture of absolute alcohol and 
absolute ether. The equivalent weight of the sample 
determined by ion-exchange analysis was 99.8% of 
theory. The critical micelle concentration (cmc) 
remained unchanged by two further recrystallizations. 
A second sample was prepared from dodecylpyridinium 
chloride supplied by Milton Industrial Chemicals,
U. K. The chloride was washed with ether, recrystal
lized from dioxane, and precipitated twice from con
centrated potassium iodide solutions, and finally re
crystallized three times from water. The iodide was 
filtered in the cold, with as little passage of air as 
possible, washed with ice-cold water, and dried under 
vacuum. The two samples gave identical erne’s in 
0.0001 M  Na^Os. The value of the cmc in water,
5.26 X 10~3 M w is about 5% higher than that ob
tained previously by the same method9 10 11 and consider
ably higher than a conductometric value reported.12 13 
A light-scattering value of 5.60 X 10~3 M u is probably 
unreliable because high turbidities were observed 
below the cmc, suggesting impurities.

Dodecylpyridinium bromide (DPB) and myristyl- 
pyridinium chloride (MyPC) were gift samples from 
Diversey (U. K.) Ltd., and described as being of single 
chain length. The samples were slightly colored ini
tially. They were treated with sugar charcoal in hot 
methanol for decolorization, followed by evaporation 
on a water bath and three recrystallizations from ace
tone. Dodecyltrimethylammonium bromide (DTAB) 
was supplied by Milton Industrial Chemicals Ltd., 
and was used after recrystallization from acetone. 
The ion-exchange analysis was 99.8% of theory.

The corresponding iodide (DTAI) was prepared from 
DTAB by precipitation with KI in aqueous solution 
and was recrystallized twice from water.

Myristylpyridinium perchlorate (MyPP) was pre
pared by precipitation from an aqueous solution of 
MyPC with excess KC104, filtration, repeated washing 
with KCIO4 solution and finally water, and drying un
der vacuum.

Methylpyridinium iodide (MePI) and ethylpyridin- 
ium iodide (EtPI) were prepared by refluxing pyridine 
(E. Merck, freshly distilled) and methyl or ethyl iodide 
(Riedel de Haen, Hanover, Germany, also distilled), 
taken in stoichiometric amounts, in absolute alcohol 
for 6 hr. The cooled mixtures were seeded with 
some previously prepared crystals. The solid materials 
were washed with alcohol and dried under vacuum. 
Ion-exchange analysis agreed to within 0.1% of theory. 
Phenyltrimethylammonium iodide (PhTAI) was ob
tained from the British Drug Houses, Ltd.

All inorganic salts used were of analytical reagent 
grade from E. Merck or the British Drug Houses, Ltd.

The methanol and ethanol used were dried over 
calcium oxide and distilled before use. E. Merck’s 
pure variety ethylene glycol was dried with anhydrous 
Na^SCfi and distilled under vacuum just before use. 
The chloroform used was from E. Merck and contained 
a small amount of ethanol used as a preservative.

Apparatus. A Hilger Uvispek spectrophotometer 
was used for absorbance measurements. Silica cells 
were used throughout. The cell chamber was thermo- 
stated, when necessary, to within 0.2°. Solutions, in 
most cases, were prepared and diluted by weight.

R esu lts and D iscussion

The Effect of Alkyl Chain Length. For understand
ing the properties of the micelles of long-chain alkyl
pyridinium iodides in aqueous solution, it was necessary 
to investigate whether the long alkyl chains had any 
effect on the CT spectrum. The CT spectra of MePI, 
EtPI, and DPI in chloroform were found to be nearly 
identical in comparable concentrations, showing that 
the chain-length dependence of the position of the 
spectrum is very small as previously noted for methyl, 
ethyl, and isopropyl derivatives by Kosower.9b

(9) (a) E. M. Kosower, J. A. Skorcz, W. M. Schwartz, Jr., and 
J. W. Patton, J . A m . C h em . S oc ., 8 2 , 2188 (1960); (b) E. M. 
Kosower and J. A. Skorcz, ib id ., 8 2 , 2195 (1960).
(10) P. Mukerjee and A. Ray, J . P h y s .  C h em ., 70, 2150 (1966).
(11) W. D. Harkins, H. Krizek, and M. L. Corrin, J . C o llo id  S c i.,  6 , 
576 (1951).
(12) K. Meguro and T. Kondo, N ip p o n  K a g a k u  Z a ssh i, 80, 818 
(1959).
(13) H. C. Parreira, A n a is .  A ca d . B ra s il .  C ien c ., 32, 207 (1950).
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Figure 1. Absorption spectra in chloroform at 25°:
(1) DPI, 5.89 X 10-“ Af; (2) DPB, 8.5 X 1CT4 Af;
(3) MyPC, 6.7 X 10~4 Af; (4) PhTAI, 4.7 X 10“ 3 Af;
(5) DTAI, 6.8 X 10~4 Af; (6) MyPP, 5.2 X 10“ 4 Af;
(7) KI, saturated solution; (8) DTAB, 8.4 X 10-4 Af; DTAC 
at 6.0 X 10“ 4 Af has negligible absorption above 250 my.

The Effect of Concentration. On changing the con
centration of DPI in chloroform from 3.2 X 10 “ 4 
to 5.9 X 10-4 mole/1., we observed a slight blue shift 
of about 1 m/x of the band. Larger shifts have been 
observed by Kosower for more concentrated solutions 
of l-ethyl-4-carbomethoxypyridinium iodide.8 No 
such shift was observed for alcoholic solutions. The 
blue shifts on changing the solvent medium are usually 
associated with increasing polarity.8 The same ex
planation may be advanced here as the effective polarity 
of a highly nonpolar medium is expected to increase 
with the concentration of dissolved electrolyte.14

Interionic Charge Transfer in Various Systems. 
Previous studies have been primarily concerned with 
iodide salts of alkylpyridinium ions. To investigate 
how general the CT interactions are, we have deter
mined the spectra of a large number of salts.

Figure 1 shows some spectra in chloroform of several 
salts. All three of the alkylpyridinium halides 
undergo CT interactions, the bands appearing at higher 
wavelengths in the sequence I >  Br~ >  Cl- . The I -  
and Br-  bands are easily recognizable. For the chlo
ride, the comparison of MyPC and MyPP shows the 
presence of CT interaction, since the absorbance of

Cl-  and CIO4-  are negligible in this region. The per
chlorate does not seem to undergo any CT interaction 
as the steep spectrum of MyPP seems to be due to the 
pyridinium ion. The quaternary ammonium and 
the quaternary anilinium iodides seem to show no 
CT interaction, their absorbances being due to that 
of I -  alone.15a The absorbances of DTAB also seems 
to be due to that of Br-  alone.

It seems that the pyridinium moiety is particularly 
suited for CT interactions, presumably because of its 
geometry which allows the anions to come close to 
the positive charge center on nitrogen, as compared to 
substituted anilinium and tetralkylammonium ions. 
However, in highly nonpolar solvents like CC14, even 
the tetraalkylammonium iodides can undergo CT 
interactions as recent work has shown.15■16

For aqueous micellar systems, we have studied the 
interactions of I - , S20 32-, S032-, N3- , S042-, C103~, 
Br03- , I0 3- , formate, N 03- , N 02- , Br- , and Cl-  
with dodecyl- or myristylpyridinium ions. Positive 
evidence for CT interactions was obtained for I - , 
S2O32-, S032-, and N3-  (Figure 2) and for Br-  (Figure
3). The nearly flat part of the spectrum obtained at 
the higher wavelengths for Br-  (Figure 3), Cl- , and 
other salts were ascribed to the scattering from the 
micelles, in view of their low intensities and the ap
proximate dependence on X-4, but there is sufficiently 
strong absorption below 340 m̂ i for DPB (Figure 3) 
to show that the effects of CT interactions at the 
micelle surface are appreciable in this region, the 
absorptions of the individual ions being negligible. 
Indeed, the absorbance values can be used to determine 
the critical micelle concentration of DPB.10 No 
evidence of CT interactions was observed for SO42-, 
C103- , Br03- , I0 3- , formate, N 03- , and N 02~.

The pyridinium thiosulfate band for micelles is 
extremely similar to the pyridinium iodide band, as 
far as the position and the shape are concerned. The 
similarity was also found in the ion-pair form in meth
anol.17

The extinction coefficient for the thiosulfate seems 
to be lower, however. Some unusual concentration 
dependence of absorption of tetramethylpyridinium 
iodide in ethanol obtained by Kosower in alcohol7 
may have been due to a high concentration of Li2S203 
used, whose effect was not recognized.

As described in the following paper, there is no

(14) H. L. Friedman, J .  P h y s .  C h em ., 6 6 , 1595 (1962).
(15) (a) T. R. Griffiths and M. C. R. Symons, M o l.  P h y s . , 3, 90 
(1960) ; (b) M. L. Blandamer, T. E. Gough, and M. C. R. Symons, 
T ra n s . F a ra d a y  S o c ., 6 0 , 488 (1964).
(16) F. S. Larkin, ib id ., 59, 403 (1963).
(17) P. Mukerjee and A. Ray, J . P h y s .  C h em ., 70, 2144 (1966).
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Figure 2. Absorption spectra at 25° in water: V, DPI, 
micellar difference spectrum,3 6.57 X 10-3 M  against 
5.76 X 10-3 M ; O, MyPC (6.25 X 10-3 M) +  Na^Oa 
(6.92 X 10-3 M ) against water; □, MyPC (3.13 X 10-3 M) 
+  NaN3 (1.28 X 10-2 M ) against water; A, MyPC 
(6.25 X 10-3 M) +  Na2S03 (8.08 X 10~3 M ) against water.

evidence of CT interactions on the micelles of long- 
chain trimethylammonium iodides.

The above results establish the generality of CT in
teractions both in chloroform (as ion pairs) and on 
micelles (presumably at the surface) between alkyl
pyridinium ions and a variety of anions. The same 
anions, namely Cl- , Br- , I - , S20 32-, N3- , and S032-, 
have absorptions in the ultraviolet in solution which 
have been attributed to charge transfer to the sol
vent.18-21 It is to be expected that CT interactions 
with pyridinium ions will be related to those with 
solvents, the main difference being the localized char
acter of the acceptor for the former case. CT inter
actions with RPy+ ions may be useful for diagnosing 
the existence of charge-transfer-to-solvent bands of 
anions and vice versa.

Comparison of CT Bands in Various Media and the 
Isolation of Amax. The CT bands of pyridinium iodides 
on micelle surfaces are clearly seen to the extent of 
only about one-half of the band, on the long wave
length side. The other part is in the region of the very 
intense absorption of the pyridinium ions and partly 
the iodide ions themselves. For intercomparison of 
the bands in various media it was desirable to estimate

Figure 3. Absorbance data on DPB at 25° in water. 
Concentration: (1) 0.5037 M, (2) 0.2519 M, (3) 0.1260 M,
(4) 0.0630 M, (5) 0.0315 M, (6) 0.01575 M, (7) 0.00788 M.

the wavelengths of these band maxima for these partly 
visible bands.

We attempted a gaussian analysis of the bands, but 
small deviations seem to occur from the strictly 
gaussian behavior so that, when the Amax for a well- 
resolved band (in chloroform) was estimated from the 
long-wavelength half of the band alone and com
pared to the actual Amax, the uncertainty was about 3 
mg, which was unsatisfactory. Resolution of the 
partially visible band by correcting for the absorption 
of the individual ions did not prove satisfactory either.

The isolation of Amax was achieved on the basis of 
an interesting observation on the shapes of the bands. 
When log OD is plotted against the wavelength, as 
in Figure 4, the effect of a different concentration of 
the absorbing species is a vertical parallel displacement 
of the whole curve. It was found empirically that the 
long-wavelength parts of the CT bands m micellar 
systems, and for ion pairs in various solvent media 
including chloroform, were very similar in shape in 18 19 20 21

(18) M. Smith and M. C. R. Symons, T ra n s . F a ra d a y  S o c ., 54, 338
(1958) .
(19) R. Sperling and A. Treinin, J .  P h y s .  C h em ., 68, 897 (1964).
(20) G. Stein and A. Treinin, T ra n s. F a ra d a y  S oc ., 55, 1086, 1091
(1959) .
(21) I. Burak and A. Treinin, J . C h em . P h y s . ,  3 9 , 186 (1963).

V olum e 70, N um ber 7 J u ly  1966



2142 A s h o k a  R a y  a n d  P a s u p a t i  M u k e r j e e

Figure 4. Matching of spectral shapes of DPI in different 
media at 25°: O, micellar difference spectrum in water;
A, in CHCfi; □, in ethanol (100%); >, in ethanol-water 
(80:20 by weight); V, in methanol-water (90:10 by weight).

such plots when data above 290 were used and could 
be superposed on one another by a horizontal shift of 
the spectrum, i.e., by a displacement along the wave
length coordinate, after a suitable vertical displacement 
to allow for differences in absorption intensities. This 
superposability, or the matching of band shapes, is 
satisfactory over a wide range of optical densities, 
about a factor of 10 from the band maximum.

Figure 4 shows examples of this matching of the 
spectra. Absorbance data for five systems are shown, 
including chloroform. The peaked continuous curves 
shown are all the same, however, namely the chloro
form band, plotted after suitable vertical and hori
zontal displacements. The absorbance data in the 
long-wavelength region are clearly well represented 
by a single curve.

From such comparisons, Amax for a partially resolved 
band can be estimated from the Amax of the well- 
resolved band in chloroform. A stencil defining the 
shape of the long-wavelength half of the band in 
chloroform was found useful for such intercomparisons. 
The horizontal shift of the stencil which makes it match 
any band gives directly the difference between the Amax 
of the band and that of chloroform. The uncertainty 
of these estimates of was about ±  1 mg.

The above technique may be useful in extending the 
Z-value scale of the empirical measure of solvent 
polarities8 to solvents of high polarity, in which the 
band maxima cannot be directly isolated. For the 
Z-value scale, Kosower, et al.f used the \max values of
l-ethyl-4-earbomethoxypyridinium iodide, a system 
which shows much more pronounced effect of CT 
than an alkylpyridinium iodide. The Amax values for 
this compound and those estimated by us for DPI 
show a fair linear correlation.

The observed matchability of the CT bands means 
that the width of the band AA, the difference between 
Amax and Ai/2, the wavelength at which the absorption 
is half that at the maximum, is constant. Its value is 
39-40 mgi for the alkylpyridinium iodides. In terms 
of frequencies (v), over limited variations in Amax, 
the corresponding relation is rmax — vi/l — A r2max, 
where A  is a constant. Briegleb and Czekalla22 obtained 
a linear relation between i>max — rVs and rmax for inter- 
molecular CT interactions of different donors and ac
ceptors. The relationship observed here is probably 
characteristic of medium effects on CT interactions.

The Extinction Coefficients of CT Bands. It has 
been observed by Kosower8 that when the polarity 
of the medium increases, along with a blue shift of the 
CT band, the intensity at Ama* usually decreases when 
the concentration of the pyridinium iodides are kept 
constant. The most likely explanation, of course, 
is that the extent of ion pairing decreases. It is also 
likely, since CT interactions must involve short-range 
forces, that only a fraction of the ion pairs act as the 
absorber, the “ contact”  or “ intimate”  ion pairs, as 
compared to “ solvent separated”  or “ solvent sharing”  
ion pairs,8’16 and the fraction is dependent on the 
medium. Because of the intrinsic interest of this 
question, and for comparisons with apparent intensi
ties for micelles, we estimated the molar extinction co
efficients of the CT bands for some ion pairs.

As the “ intimate”  ion pairs remain in equilibrium 
with the other types, they can be considered to be a 
constant fraction of all ion pairs, independent of con
centration. The equilibria may be expressed as 
(RPy+I ) intimate x— (III(y  I )solvent sharing x—  (RPy ~
I )solvent separated x—  RPy+ + 1 “ .

If the total concentration of the salt is C and that of 
all ion pairs is C2, and if the absorbance is due entirely 
to the ion pairs and not the free ions, then from the defi
nitions for the dissociation constant Kd [Kd = (C — 
C2)7<72] and the molar extinction coefficient e averaged * 37

(22) G. Briegleb and J. Czekalla, Z .  P h y s ik .  C h em . (Frankfurt), 24,
37 (1960).

T he Journal o f  P h ysica l Chem istry



C h a r g e - T r a n s f e r  I n t e r a c t i o n s  o f  A l k y l p y r i d i n i u m  I o n s 2143

Figure 5. Plot of a/C against—a/C: A, 
l-ethyl-4-carbomethoxypyridinium iodide in ethanol, 
absorbance measurements at XmM; O, DPI in 80% 
methanol-water, absorbance measurements at 290 m/i.
Arrows indicate ± 2 %  error in absorbance values.

over all ion pairs (e =  a/C<i where a is the absorbance 
for 1-cm path length), we obtain the relations

(AdC2) V2 =  C2 =  a_ = W K aaV'
C C eC C\ e /

and

A plot of a/C against a h/C should give a straight line 
from the slope and intercept of which the e and K d 
values may be evaluated. For the approximate cal
culations involved here, the activity coefficients are 
considered to be unity.

Figure 5 shows plots of this type for DPI in 80% 
methanol-water (by weight) and l-ethyl-4-carbome- 
thoxypyridinium iodide in ethanol. The data for the 
second system were taken from ref 8. The estimated 
Kd values, 4.1 X  10~: and 5.4 X 10-3 (mole/1.) for 
DPI and the carbomethoxy compound show the ex
pected magnitude and trend for these solvent media. 
The corresponding e values are only 430 and 450, much 
lower than the values of 1140 and 12008 for chloroform. 
If the apparent oscillator strengths are estimated from 
a plot of a against v, assuming symmetrical bands, 
the differences are reduced somewhat but still remain 
large. The most likely explanation seems to be that 
the fraction of the ion pairs exhibiting CT interactions, 
the “ intimate”  ion pairs, is much smaller in alcoholic 
solvents than in chloroform. This conclusion involves 
the assumption that the intrinsic oscillator strength 
of the CT band remains constant. It is expected that 
this approach will be cf some use in investigating the 
equilibrium between “ intimate”  and other types of 
ion pairs, at least on a relative basis, as a function of the 
medium. The problem of estimating absolute frac
tions of “ intimate”  ion pairs would probably require 
some other approach As discussed later,17 when 
micellar band intensities are compared to those of 
chloroform, it appears that not all ion pairs, even in 
such a nonpolar medium as chloroform with a di
electric constant of 5, are “ intimate.” I5a The high 
intensities, -—-104, obtained for the tetraalkylammo- 
nium iodides in even less polar solvents such as carbon 
tetrachloride15b seem to be in accord with this con
clusion.
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Charge-Transfer Interactions and the Polarity at the Surface of 

Micelles of Long-Chain Pyridinium Iodides1

by Pasupati M u k e r je e 2 3 and A sh oka Ray

D ep a r tm en t  o f  P h y s ic a l  C h em is try , I n d ia n  A s s o c ia tio n  f o r  th e C u ltiva tion  o f  S c ien ce , 
J a d a v p u r , C a lcu tta  3 2 , I n d ia  {R ece iv ed  O ctober 2 8 , 1 9 6 5 )

The absorption spectra of micelles of dodecylpyridinium iodides, characterized as charge 
transfer (CT) bands involving the interaction of pyridinium ions and iodide ions, provide 
an experimental probe for studying directly the innermost part of the electrical double 
layer or the Stern layer. These interionic CT bands are highly sensitive to the polarity of 
the environment. The micellar bands in water are found to be very different from the 
ion-pair bands in water. The difference is attributed to the reduced effective polarity at 
the micelle surface. Comparison of ion-pair bands in various solvents to the micellar band 
leads to an estimated “ effective”  dielectric constant of 36 for the micelle surface in water. 
Small shifts in the micellar band position for different environments produced by mixed 
counterions, added KI, and some other additives, including a nonionic association col
loid, have been observed. The “ effective” dielectric constant has been compared to 
theoretical expectations and agrees with some rough estimates made using Booth’s theory 
of dielectric saturation or the effect of high concentrations in the Stern layer. The close 
similarity of the shape of the CT bands of micelles and ion pairs has been interpreted to 
show the essential homogeneity of the adsorption sites in the Stern layer.

Introduction

Perhaps the least understood region of micelles of 
association colloidal electrolytes, and highly charged 
colloids in general, is the so-called “ Stern”  layer, or 
the innermost part of the double layer. The character
istic distance of interaction here is more likely to be the 
average separation of charges (5-10 A) rather than the 
Debye-Hiickel thickness of the diffuse double layer 
and thus be comparable to the dimensions of ions and 
solvent molecules even when the concentration of small 
ions in the intermicellar fluid is small. This makes 
all continuum approximations in theories extremely 
hazardous. Short-range forces, usually of diverse 
origin and generally intractable, add to the difficulties.

On the experimental side, few approaches are avail
able for investigating the Stern layer directly. The 
interesting optical absorptions characteristic of micelles 
of long-chain pyridinium iodides3-5 seem to be a very 
useful tool from this point of view. These micellar 
bands are very probably due to charge transfer (CT) 
interactions between alkylpyridinium and iodide ions.4

As these interactions must involve electronic orbitals, 
they must be of very short range. The study of the 
CT bands, therefore, provides an experimental probe 
for the innermost part of the double layer. The 
present paper is concerned with the interpretation of 
the position and shape of these bands for various 
micellar environments, as compared to bands due to 
ion pairs in various solvents.

Experim ental Section

The materials used and the experimental procedures 
have been described previously.5

(1) Taken in part from the doctoral dissertation of A. Ray, Calcutta 
University, 1963.
(2) Department of Chemistry, University of Southern California, 
Los Angeles, Calif. 90007. Requests for reprints should be sent 
to this address.
(3) W. D. Harkins, H. Krizek, and M. L. Corrin, J . C o llo id  S c i ., 6, 
576 (1951).
(4) P. Mukerjee and A. Ray, J . P h y s .  C h em ., 6 7 , 190 (1963).
(5) A. Ray and P. Mukerjee, ib id ., 70, 2138 (1966).
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R esults and D iscussion

Qualitative Nature of the Micellar Band. The wave
length of maximum absorption (Xmax) of the CT bands 
for dodecylpyridinium iodide (DPI) micelles in water 
at 25° has been estimated by the band-matching 
technique described previously6 to be 286 mp. In 
contrast, methylpyridinium iodide (MePI), which does 
not form micelles, gives in water a CT band due to 
ion pairs whose maximum lies too far into the ultra
violet to be directly determined.6 Kosower and 
Skorcz7 have been able to estimate Xmax for MePI 
by an indirect method, namely by extrapolation of a 
plot of Et v s . Z, where E? and Z are transition energies, 
corresponding to band maxima, in kcal/mole, of MePI 
and a related standard compound, l-ethyl-4-carbo- 
methoxypyridinium iodide, respectively. The value 
so obtained is 256 ±  1 mu- This red shift of about 30 
mu of CT bands for DPI micelles as compared to 
MePI ion pairs, both in aqueous media, is of central 
interest to this paper.

Of the various alternative explanations possible, the 
possible effect of chain-length variation alone must be 
negligible since MePI, ethylpyridinium iodide, and DPI 
have CT bands in about the same position in chloroform.5 
A second possibility arises from the consideration that 
the ion-pair bands are essentially due to 1:1 interac
tions between pyridinium and iodide ions, whereas on 
the surface of the micelle, containing a large number 
of monomers and a large fraction of the counterions, 
the ions are in close proximity. Although CT inter
actions must be of extremely short range, some co
operative effect involving several ions cannot be ruled 
out a priori.

This possibility was tested experimentally by ab
sorbance measurements in mixed micelles. In the 
first experiment, the spectrum of a concentrated 
dodecyltrimethylammonium iodide (DTAI) solution 
well above the cmc was compared to a similar solution 
containing, in addition, 1 mole %  of DPI. DTAI 
does not undergo any CT reaction, as is evident from 
the lower curve in Figure 1, where the longer wave
length absorbance is very small, considering the high 
concentration used, and is roughly proportional to 
X-4. It can, therefore, be ascribed entirely to scatter
ing from micelles. On the other hand, the mixed 
micellar system containing 1 mole %  of DPI has the 
characteristic micellar band, very similar in shape to 
the band obtained for DPI alone at 45°, but somewhat 
shifted toward the red (Figure 1). This experiment 
was performed at 45° because of the low solubility 
of DTAI at lower temperatures. Results of a similar 
experiment with myristylpyridinium chloride (MyPC), 
to which small amounts of KI were added, are shown in

Figure 1. Absorbance data at 45°: A, 9.59 X 10~2 M  
DTAI against water; O ,  9.59 X 10~2 M  DTAI -f- 9.19 X 
10-4 M  DPI against 9.59 X 10-2 M  DTAI; □, micellar 
difference spectrum for DPI at 45°, after suitable vertical 
shift and a horizontal shift of 5 m u  toward the red.

Figure 2. Again, the micellar band is evident even 
when the Cl- / ! -  ratio is 75. We have thus no indi
cation of any cooperative phenomenon involving either 
the pyridinium or the iodide ion.

The third and most likely possibility is that the band 
shift for micelles is due to a reduced polarity at the 
micelle surface. Kosower8 has shown that one of the 
characteristics of the pyridinium CT bands is their 
strong dependence on the solvent polarity, presumably 
because of the charged character of the ground state. 
A decrease in polarity causes a red shift of the band. 
A probable explanation is that the ground state is 
destabilized and thus brought closer to the essentially 
uncharged excited state. It is also generally recog
nized that at the surface of highly charged colloids, 
the polarity is reduced because of dielectric saturation,9 
the high concentration of ions,10 and the proximity of 
the hydrocarbon core in the case of a micelle. Quali
tatively, therefore, the position of the micellar band may 
be attributed to a combination of these factors.

(6) E. M. Kosower and P. E. Klinedinst, J . A m . C h em . S o c ., 78, 
3493 (1956).
(7) E. M. Kosower and J. A. Skorcz, ib id ., 82, 2195 (1960).
(8) E. M. Kosower, ib id ., 80, 3253 (1958).
(9) F. Booth, J . C h em . P h y s . , 19, 391, 1327, 1615 (1951).
(10) M. J. Sparnaay, R ec . T rav. C h im ., 77, 872 (1958).
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Figure 2. Absorbance data at 25°: X, 6.12 X 10 3 M  MyPC 
against water; O, 3.58 X 10 _2 M  MyPC +  4.41 X 10~3 M 
KI against 3.58 X ÎO“ 2 M  MyPC; D, 1.796 X 10~2 M  MyPC 
+  2.23 X 10"3 M KI against 1.796 X lO“ 2 M  MyPC;
A, 6.12 X 10 ~3 M MyPC +  7.59 X 10-4 M KI against
6.12 X 10“ 3 M  MyPC; o-, 3.98 X 10~2 M  MyPC +
5.13 X 10-4 M  KI against 3.98 X 10“ 2 M  MyPC; 
i , micellar difference spectrum for DPI at 25°.

Comparison of the Micellar Band with Ion-Pair 
Bands. In order to make a more quantitative study 
of this effect, it was of interest to make a comparison 
of the micellar band position with the ion-pair bands 
in various solvent media of different dielectric con
stants. These positions have therefore been de
termined in solvent mixtures of methanol, ethanol, 
and ethylene glycol with water. The concentrations 
used were well below the estimated critical micelle 
concentrations in these media. Small amounts of 
sodium thiosulfate were added to all of these solvents 
to prevent any triiodide formation. It was found that 
the addition of the small amount of thiosulfate does 
not materially alter the shape or the position of the 
band because of the close similarity of the CT bands 
with thiosulfates and iodides. Figure 3 shows an ex
ample of the characteristic variation of the CT bands 
of the ion pairs of DPI in such solvent mixtures; the 
band always shifts toward the red with increasing con
centration of the organic component. The shapes 
of the bands on the long wavelength side remain the 
same, however, and by matching these bands against

Figure 3. Absorbance data of DPI in methanol-water 
mixtures at 25°: (1) 100% methanol, 4.29 X 10-3 M  DPI 
+  3.0 X 10~4 M Na&Os; (2) 90% methanol,
4.40 X 10“ 3 M  DPI +  3.0 X 10“ 4 M  Na2S20 3;
(3) 80% methanol, 9.87 X 10“ 3 M  DPI +  3.3 X 
10_4 M Na2S20 3. Measurements were made against 
the solvent; percentage of alcohol by weight.

the CT band in chloroform, as discussed previously,5 
the Xmax values could be estimated.

A plot of these Xmax values against the dielectric 
constants (D) of the solvent mixtures is shown in 
Figure 4. For each solvent combination, Xmax varies 
smoothly with the dielectric constant D. The meth
anol-water and glycol-water curves overlap almost 
completely, and the ethanol-water curve lies close to 
them.

The micellar Xmax (286 m/x) corresponds to dielectric 
constants of 36 ±  2 of these solvent mixtures, which is, 
therefore, the effective D at the micelle surface. This 
is unlikely, however, to be a true estimate of the 
polarity at the micelle surface, as discussed below, al
though it may be a close approximation. The im
portant point is that even in an aqueous environment 
(of bulk D — 79) the CT band at the micelle surface 
corresponds to a macroscopic dielectric constant of 36. 
This provides very strong evidence of the reality of 
the dielectric saturation and other such polarity- 
reducing effects of highly charged surfaces. On the 
other hand, the reduction in D is not as excessive as is 
sometimes assumed.

The Polarity at the Micelle Surface. The uncertainty
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Figure 4. Plot of the dielectric constant of the solvent against 
Xmas for DPI at 25°: O, methanol-water mixtures; A, 
ethanol-water mixtures; □, glycol-water mixtures.

of the above estimated “ effective”  D at the micelle 
surface comes from two sources. First, the criticism 
can be made that in mixed solvents, fractionation of the 
solvent molecules may occur around an ion pair and, 
therefore, the bulk value of D is not representative 
of the microscopic value. However, in view of the 
close agreement of pure ethylene glycol (D =  37.7) 
with the other solvent mixtures, and the closeness of its 
Amax value to that of the micellar band, it seems that 
any preferential solvation effect is probably of little 
importance, at least in the systems considered here. 
More important, to accept the value of 36 for the 
micelle surface, we must neglect any dielectric satura
tion effect for the ion pair, i.e., assume that the bulk 
D is identical with the microscopic D affecting the in
teractions of the ion pair. The neglect of this factor 
leads to an overestimate of D at the micelle surface. 
The error, however, is probably small. A recent esti
mate of D in water around a monovalent ion with a 
radius of 2 A, comparable to the radius of 2.16 A for
I - , shows that D increases rapidly between 2 and 3 
A from the center of the ion, and the value of D at
3.5 A, the minimum distance of separation between 
the charges in the pyridinium iodide ion pair, is about 
72.11 In the mixed solvents, with lower D, the satu
ration effect is expected to be even smaller.

Environmental Effects on the Micellar Band Position. 
If the positions of the CT bands on the micelle surface 
are truly indicative of the effective polarity, and the 
value of the effective D at the micelle surface is caused 
by the factors mentioned before, it would be expected 
that alterations of the surface conditions should affect 
the Amax of the CT bands. Small variations in Amax 
were indeed found. Thus, the CT band for trace

amounts of I -  on MyPCl micelles, shown in Figure 2, 
is shifted slightly toward the ultraviolet, as the com
parison with the micellar band of DPI in water shows. 
The estimated shift in Amax is 3 m/i. Since the specific 
interactions of I -  with pyridinium micelles is much 
stronger than that of Cl- ,12 the chloride micelles are 
expected to have a somewhat lower counterion con
centration and field strength at the micelle surface 
than iodide micelles. Moreover, the concentration 
eifect of Cl-  is less than that of iodide, the molar 
decrement in D of aqueous solutions being 11 and 15 
for NaCl and Nal, respectively.13 It is thus expected 
that the effective polarity on the chloride micelle is 
higher, in agreement with the blue shift of the micellar 
band. Similar conclusions have been reached pre
viously in a different connection.

Similarly, with increasing concentration of KI, as 
the micelle increases in size and charge density14 
and there is a stronger specific adsorption of I -  ions,12 
the CT bands of DPI shift to higher wavelengths 
(Figure 5). The shift is small at 0.02 M  KI, the esti
mated Amax being 288 m/i compared to 286 m/t for DPI 
micelles in water. At the higher concentration of KI, 
0.1 M, the shift is more pronounced and the band actu
ally crosses the bands of DPI in water and in 0.02 M 
KI. The estimated Amax here is 292 m/t. The CT 
band for a trace of DPI in DTAI (Figure 1) is about 5 
mju toward the red as compared to the DPI micellar 
band in water at 45°, separately determined. Here 
again, the high concentration of DTAI used appears 
to be the main reason.

Some experiments were also performed using various 
additives. In the presence of 7.0 X  10~4 M  dodecyl- 
amine, the band position of 5.75 X 10-3 M DPI was 
identical with that of DPI alone, but the intensity was 
about 55% higher than the value found for DPI alone, 
showing that micelle formation increased considerably, 
presumably because of induced micellization.15 When 
5% by weight of ethanol was added to 6.55 X 10-3 M 
DPI, the band shifted slightly toward the blue by about 
2 npi. The intensity was about 24% lower than that 
for DPI alone, showing that micellization is decreased 
by the addition of ethanol. When a nonionic associa
tion colloid, Lubrol-W, was added, the characteristic 
micellar bands appeared when DPI concentrations well

(11) B. E. Conway, J. E. Desnoyers, and A. C. Smith, P h U . T ra n s. 
R o y . S oc . (London), A256, 389 (1964).
(12) P. Mukerjee and A. Ray, J . P h y s .  C h em ., 70, 2150 (1966).
(13) (a) J. B. Hasted, D. M. Ritson, and C. H. Collie, J . C h em . 
P h y s . , 16, 1 (1948); (b) P. Mukerjee and K. Banerjee, J .  P h y s .  
C h em ., 68, 3567 (1964).
(14) H. C. Parreira, A n a is .  A ca d . B r a s i l .  C ien c ., 32, 207 (1960).
(15) P. Mukerjee and K. J. Mysels, J . A m . C h em . S oc ., 77, 2937 
(1955).
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Figure 5. Difference micellar spectra of DPI at 25°: □, in 
water, 6.57 X 10-3 M  DPI against 5.77 X 10~3 M\
O, 0.020 M  KI, 3.066 X 10~3 M  DPI against 2.40 X 10-3 M;
A, 0.100 M  KI, 1.664 X 10“ 3 M  DPI against 1.175 X 10“ 3 M.

below the cmc were used, showing the formation of 
mixed micelles. Or: increasing the concentration of 
the nonionic detergent by a factor of 3, the intensity 
decreased by about 30%. This is probably due to the 
dilution of DPI, leading to lower charge densities on 
the micelles and thus lower binding of the counterions. 
Unexpectedly, however, the position of the band, as 
compared to DPI micelles in water, shifts toward the 
red by 4 and 6 mp in 0.44 and 1.36% Lubrol-W, sug
gesting that the CT interaction centers are in an en
vironment of a somewhat lower effective polarity, com
pared to DPI micelles in water, even when the non
ionic fraction predominates in the mixed micelle. 
Lubrol-W contains polyethylene oxides as the head 
groups. It appears that these bulky head groups, 
which are, nevertheless, mainly organic in character, 
containing ether linkages, produce a region of low 
effective polarity at the micelle surface, a not unlikely 
result when it is remembered that ethyl ether has a 
dielectric constant as low as 4.3.

Comparison with Theory. Any detailed theory of 
the effective polarity at the micelle surface must 
include at least the three factors mentioned above: 
namely, the field-strength effect on dielectric satura
tion,9 the concentration effect,10'18 and the proximity of 
the hydrocarbon core. The factors, however, are not 
independent. The third factor can be evaluated sepa
rately, assuming its independence from the others.16 
The calculated D depends critically on the assumed

position of the charges in relation to the hydrocarbon 
sphere, i.e., whether the charges are considered to be 
just inside the surface of the sphere or just outside. 
In the former case, low effective D values are ob
tained, but in the latter case, using any reasonable 
geometry of charge separation and micelle radius, 
the effective D is only slightly lower than the medium 
value, not nearly enough to explain the observed value 
of 36. It seems to us that this latter assumption is 
physically more plausible and, therefore, the effect of 
the proximity of the hydrocarbon core is small.

The macroscopic dielectric saturation effect can be 
calculated on the basis of an average field strength on 
the basis of a continuum model. The Gouy-Chap- 
man surface potential calculated for DPI micelles in 
water is about 200 mv. Considering the specific adsorp
tion of I -  ions,12 it is expected that the electrokinetic 
potential for DPI micelles should be considerably lower 
than those of micelles of sodium lauryl sulfate.17 Thus, 
a fall of approximately 100 mv for the Stern layer is 
unlikely to be an overestimate. In view of the ex
pected roughness of the micelle surface,17 and the atten
dant snuggling of the counterions, the average separa
tion between the surfaces describing the positive and 
negative charges on the micelle is certainly much less 
than the sum of the radii of I -  and of the nitrogen 
charge center of pyridine (3.5 A). If we accept a 
reasonable value of 1.5 A for this separation,17 the field 
strength is about 7 X 106 v /cm  for which Booth’s 
theory9 predicts a dielectric constant of 38. The ex
cellent agreement with the experimental “ effective”  
value is fortuitous, but it suggests that if the dielectric 
saturation approach is to be used,18'19 Booth’s theory 
should be superior to the older theories of Debye and 
others, which, as treated by Conway, et al,,18 predict 
a value of only 16 for the above field strength.

Reasonable agreement with the experimental value 
can also be obtained using an estimate based on the 
concentration effect alone. The molar dielectric dec
rements are 11 and 15 for NaCl and N al,18 and about 
17 for tetraethylammonium chloride, as recently de
termined.20 For the pyridinium iodide, the value should 
be in the range of 15-20. Assuming an average thick
ness of 4-5 A for the Stern layer, its concentration is

(16) K. Lindenstr0m-Lang and S. O. Nielsen, “Electrophoresis,” 
M. Bier, Ed., Academic Press Inc., New York, N. Y., 1959, Chapter 
II.
(17) D. Stigter and K. J. Mysels, J . P h y s .  C hern., 59, 45 (1955).
(18) B. E. Conway, J. O’M. Bockris, and I. A. Ammar, T ra n s .  
F a ra d a y  S o c ., 47, 756 (1951).
(19) J. Lyklema and J. Th. G. Overbeek, J .  C o llo id  S e i ., 16, 501 
(1961).
(20) W. D. Kraeft and E. Gerdes, Z .  P h y s ik .  C h em . (Leipzig), 228, 
331 (1965).
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calculated to be 2-3 M, which is enough to account for 
the value of D at the micelle surface.

The fact that the two approaches are individually 
enough to explain the effective D, whereas the two 
factors should be additive, suggests the need for cau
tion. It seems that the measured bulk dielectric con
stant of an ionic solution does not necessarily represent 
its value at the microscopic level, and the average field 
strengths calculated on the basis of a continuum model 
may be overestimated. The effect of high electrolyte 
concentrations on the positions of ion-pair bands should 
be of considerable interest, in this connection, to 
examine.

The Homogeneity of the Stern Layer. An important 
conclusion can be drawn regarding the Stem layer from 
the matchability of the CT bands5 of ion pairs and of 
micelles. Although the CT interaction is probably 
confined5 to the “ intimate”  ion pairs and is not ex
hibited by all ion pairs, there is no evidence of any 
heterogeneity of these “ intimate”  ion pairs; i.e., 
to the best of our knowledge, all “ intimate”  ion pairs

involve the same interactions. Thus, the characteris
tic shape and width of the CT bands of ion pairs appear 
to correspond to a single class of absorbers. The same 
conclusion, therefore, follows for the micelle surface. 
Otherwise, if counterion adsorption sites of different 
energies or local environments with different effective 
polarities were present, it would be expected that the 
characteristic CT bands for the different kinds of 
sites would be differently placed along the wavelength 
axis, and the experimentally observed sum would be 
more diffuse and have a larger half-width than the ion- 
pair bands. It appears, therefore, that at least as 
far as the CT interaction centers are concerned, the 
Stern layer is quite homogeneous. It thus seems fairly 
safe to treat Stem layers as such in theoretical formula
tions.
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The Specificity of Counterion Adsorption to Micelles of Dodecylpyridinium 

Iodide and Their Critical Concentrations1

by Pasupati M u k e r je e 2 and A sh oka R ay

D ep a r tm en t  o f  P h y s ic a l  C h em is tr y , I n d ia n  A s s o c ia tio n  f o r  th e C id tiv a tw n  o f  S c ien ce, 
J a d a v p u r , C a lcu tta  3 2 , I n d ia  (R ece iv ed  O ctober  2 8 , 1 9 6 5)

The critical micelle concentrations (cmc) of dodecylpyridinium iodide (DPI) have been de
termined at several temperatures and several concentrations of added potassium iodide at 
30° from the ultraviolet absorbances of the self-indicating micelles. The technique is 
also applicable to the bromide, confirming the presence of charge-transfer interactions. 
The slope of the absorbance-concentration curve above the cmc measures the average 
extinction coefficient («') per equivalent of the long-chain ions in the micellar form. The 
absolute value of e is surprisingly high; the effect is ascribed to the presence of the strong 
electric field at the micelle surface. The variation of «' for DPI with added KI, tempera
ture, and increasing micelle concentrations, as also some literature data on the micellar 
conductance of DPI and the corresponding bromide and the chloride, are in qualitative 
accord with the specificity of counterion adsorption for DPI micelles which is theoretically 
expected on the basis of the observed charge-transfer interactions. The effect of increas
ing micelle concentrations on t' is contrary to the notion of “ retrograde dissociation” : 
it is concluded that because of the specificity of counterion interaction, DPI and also 
DPBr may be poor models for other micellar systems in this respect. Approximate esti
mates of the difference in the free energy of adsorption between chloride and iodide, ob
tained from the cmc and the selectivity of adsorption to micelles, give concordant results, 
the value being —1.7 ±  0.5 kcal/equiv. An approximate value of the enthalpy of specific 
adsorption for the iodide has also been derived. The variations of the cmc with tempera
ture and added KI are also consistent with, and provide evidence for, a significant con
tribution of the specificity of counterion adsorption to the stability of micelles.

Introduction

The problem of the specificity of counterion adsorp
tion on the surface of charged micelles and colloids 
in general is greatly complicated by the difficulty of 
separating any effect of short-range interactions from 
those of purely electrostatic interactions, which are as 
yet only imperfectly understood, and the paucity of ex
perimental approaches for studying directly the inner
most part of the electrical double layer, or the Stem 
layer. The previous paper3 has dealt with the effec
tive polarity in the Stem layer as revealed by a study 
of the charge-transfer (CT) spectra characteristic of 
the micelles of dodecylpyridinium iodide (DPI). The 
short-range CT interactions involve some electronic 
interactions in the ground state. In Mulliken’s

formulation of CT complexes,4 for example, it is 
assumed that the wave function of the excited state 
makes some contribution in the ground state. Since 
in interionic CT interactions the ground state is charged 
and the excited state is uncharged, an equivalent 
statement is that there is a weak contribution of cova
lent bonding in the ground state. Thus, excellent 
theoretical reasons exist, a priori, for expecting a speci

(1) Taken in part from the doctoral dissertation of A. Ray, Calcutta 
University, 1963.
(2) Department of Chemistry, University of Southern California, 
Los Angeles, Calif. 90007. Requests for reprints should be sent 
to this address.
(3) P. Mukerjee and A. Ray, J . P h y s .  C h em ., 70, 2144 (1966).
(4) R. S. Mulliken, J . A m . C h em . S o c ., 74, 811 (1952); ./. P h y s  
C h em ., 5 6 , 801 (1952).
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ficity of interaction of iodide ions and pyridinium ions, 
i.e., interactions over and above purely electrostatic 
interactions. Moreover, this interaction, as revealed 
in the CT bands, must be confined to the Stem layer, 
because of the short-range nature of CT interactions. 
It was thus expected that the intensity of the CT 
bands should reflect the extent of the specific adsorp
tion. The present paper reports results on the varia
tion of the CT band intensity of DPI micelles with 
counterion concentration, concentration of micelles, 
and temperature. Critical micelle concentrations 
(cmc), determined by the ultraviolet absorption 
method,5'6 as a function of the counterion concentra
tion and temperature are also reported. The band 
intensities and the variations in the cmc are shown to 
be consistent with a significant specificity of adsorp
tion.

Experim ental Section

The materials used and the experimental methods 
have been described.7

R esults

Critical Micelle Concentrations. The cmc’s were 
determined from absorbance data at 290 m/r. Figure 
1 shows the nature of the variation of the absorbance 
with concentration for DPI in water. The absorbance 
is appreciable at concentrations much below the cmc, 
presumably because of ion-pair formation of the iodide 
ion with the monomer, as is found for methylpyridin- 
ium iodide,8 and also, possibly, with the dimer of the 
long-chain ions.9 The absorbance increases nonlinearly 
as the cmc is approached until somewhat above the 
cmc, and then, in the micellar region, it increases 
rapidly but linearly with concentration. Any extrapo
lation from the curved region near the cmc is uncertain. 
We have, therefore, determined the cmc from the inter
section of the straight lines through the absorbance 
data well below the cmc and those somewhat above.6 
This procedure gives cmc values precise within 0.5- 
1% in water on duplicate measurements and on using 
different wavelengths for absorbance measurements. 
On the other hand, it seems to give a comparatively 
low estimate of the cmc. The cmc, of course, is 
always arbitrary to some extent, because it pinpoints 
one concentration from a range of concentrations. 
Different experimental methods lead to somewhat 
different estimates of the “ break-point”  of the “ turn- 
away point,”  defined as the cmc, as some physical 
property of the solution is plotted against some func
tion of the concentration. A consistent difference of 
about 3% is found even for such closely related plots, 
using the same basic experimental data, as equivalent

Figure 1. Absorbance data for DPI in water 
at 25°: O, 290 m#; A, 295 m .̂

conductance vs. the square root of concentration or 
specific conductance vs. the concentration, the latter 
giving the higher value of the cmc.10'11 Ideally, there
fore, any cmc value determined should be associated 
with an estimate of the fraction micellized.12 In our 
case, from a reasonable extrapolation of the absorb
ance data, due to nonmicellar material, well below the 
cmc, it appears that the micellar absorbance at the cmc 
corresponds to only about 1% of micellization in water. 
We thus expect that the cmc from ultraviolet absorb
ance data will have a slight, systematic bias toward 
lower values when compared to those determined from 
specific conductance data.

Our cmc value in water at 25°, 5.26 X 10-3 M, is 
some 5% higher than that previously obtained by the 
same method,5 and about 15% higher than one de
termined from specific conductance data.13 This 
suggests that our sample was purer than the previous 
ones.

The absorbance data for DPI at different tempera-

(5) W. D. Harkins, H. Kriaek, and M. L. Corrin, J . C o llo id  S e i., 6, 
576 (1951).
(6) P. Mukerjee and A. Ray, J . P h y s .  C h em ., 67, 190 (1963).
(7) A. Ray and P. Mukerjee, ib id ., 70, 2138 (1966).
(8) E. M. Kosower and P. E. Klinedinst, J . A m . C h em . S o c ., 78, 
3493 (1956).
(9) P. Mukerjee, J . P h y s .  C h em ., 69, 2821 (1965).
(10) K. J. Mysels and P. Kapauan, J . C o llo id  S e i ., 16, 481 (1961).
(11) B. D. Flockhart, ib id ., 16, 484 (1961).
(12) R. J. Williams, J. N. Phillips, and K. J. Mysels, T ra n s . F a ra d a y  
S o c ., 51, 728 (1955).
(13) K. Meguro and T. Xondo, N ip p o n  K a g a k u  Z a ssh i, 80, 818 
(1959).

V olum e 70, N um ber 7 J u ly  19 6 6



2152 P a s u p a t i  M u k e r j e e  a n d  A s h o k a  R a y

Figure 2. Absorbance data for DPI in water at different 
temperatures: O, 20.3°; 0, 24.9°; □, 30.1°; A, 34.9°; 
O , 40.0°; V, 44.9° (erne’s indicated by arrows).

Figure 3. Absorbance data for DPI in KI solutions at 
30°: V , 0 M K I ;  □, 0.0202 M K I ;  A, 0.0501 M  KI;
O, 0.1002 M  KI feme’s indicated by arrows).

tures are shown in Figure 2, and those at different con
centrations of added KI are shown in Figure 3. The 
cmc data are collected in Table I.

Figure 4 shows absorbance data at three wavelengths7 
for dodecylpyridinium bromide (DPBr) as a function 
of the concentration. The primary purpose here is 
to show that most of the absorbance at these wave
lengths is characteristic of the micelles for the bromide 
also. The cmc estimated at 25°, 1.2i X 10-2 M,

Table I: Cme Data for DPI

Cmc in Concn of Cmc at
Temp, water X 10s, added KI, 30° X 10s,

°c moles/1. mole/1. moles/1.
20.3 5.10 0.0202 1.94
24.9 5.26 0.0501 1.12
30.1 5.60 0.1002 0.65
34.9 5.85
40.0 6.30
44.9 6.70

Figure 4. Absorbance data for DPBr in water 
at 25°: V, 295 nut; A, 300 m//; O, 305 mp.

agrees fairly well with a value of 1.14 X 10-2 M  ob
tained from specific conductance data.14

The slopes of the linear portion of the absorbance 
data above the cmc measure the apparent average 
extinction coefficient («') per equivalent of long-chain 
ion in the micellar form, on the assumption that the 
monomer concentration in this region remains constant. 
The error due to this assumption is probably small. 
The slopes were evaluated by linear regression analysis, 
and the results plotted later (Figures 5 and 6) contain 
the probable error. Because of the relatively rapid 
variation of the cmc of DPI with temperature, a part 
of the uncertainty of the e' values arises from small 
temperature variations in the cell compartment, which 
alter the concentration of micelles.

D iscussion

Extinction Coefficients of Micelles. The «' value

(14) J. E. Adderson and H. Taylor, J. Colloid Sci., 19, 495 (1964).
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Figure 5. The variation in e' for DPI micelles with 
total iodide concentration at the cmc at 30°.

calculated for DPI micelles in water at 25° is 1140 
at 290 m/n It increases with added KI (Figure 5) to 
more than 1500, and a rough extrapolation gives the 
extinction coefficient per equivalent of iodide ion («) 
as about 1600. The value will be slightly higher at 
the estimated band maximum, Amax of 286 m/u3 In 
comparison, the extinction coefficient of DPI ion pairs 
in chloroform, which has a dielectric constant of about 
5, is 1140 at its long wavelength band maximum,7 
whereas in solvents in which ion-pair bands have about 
the same Amax as the DPI micelles in water, the average 
extinction coefficient for ion pairs is 400-450.7 It has 
been suggested that this low value is due to the fact 
that only a fraction of the ion pairs, the “ intimate” 
ones, undergo CT interactions.7 The micellar e is 
clearly very high. It suggests that the extent of 
“ intimate”  contacts between ions at the micelle 
surface is considerably higher than in ion pairs for the 
same effective polarity. This effect is probably due 
to the strong electric field created by the excess of 
positively charged ions around the individual CT 
sites on the micelles, which promotes desolvation of the 
solvent-separated or solvent-sharing ion pairs.7 The 
e values for micelles are higher than even that for 
chloroform ion pairs. If the total oscillator strengths 
of the bands are estimated, by assuming a sym
metrical band, the difference is magnified. It thus 
appears that the ion-pair band in chloroform cannot 
be used as a measure of the intrinsic oscillator strength 
of the CT band and that, even in chloroform, not all 
ion pairs are “ intimate.”

It is thus not possible, at present, to estimate the 
absolute fraction of counterions that are “ intimately”  
bound to the micelle surface from the intensity of CT 
bands of model systems. However, if we make the

assumption that the “ intimate”  fraction of the bound 
iodide ions in the Stem layer remains constant, the 
relative intensities should indicate the variation 
of the extent of counterion binding on micelles.

Specificity of Pyridinium-Iodide Interaction on the 
Micelle. In the Introduction, theoretical reasons 
have been given for expecting some specificity in the 
interaction of iodide ions with pyridinium ions at the 
micelle surface. Any specific attractive interaction 
would result in greater “ binding”  of the counterions 
at the micelle surface than is possible from electrostatic 
interactions alone. Moreover, it would be predicted, 
theoretically, that the “ binding”  will increase with 
higher concentrations of counterions, and since the CT 
interactions should be exothermic, the “ binding”  
should decrease with temperature. All of these 
and some other predictable results of the specificity 
of interaction were indeed found.

Micellar Conductance. That the iodide “ binding”  
to the micelle surface is greater than that of the chloride 
or the bromide is shown by the conductance measure
ments of Meguro and Kondo.13 The rate of increase 
of specific conductance with concentration above the 
cmc, which is a measure of the conductance of the 
micelle and its counterions, is considerably greater for 
dodecylpyridinium chloride (DPC1) than the bromide 
and the iodide, the values being roughly in the ratio 
1.9:1.2:1.0 for Cl~, Br~, and I - , even though the ionic 
conductances of Br_ and I -  are slightly larger than 
that of the chloride. This shows a smaller percentage 
of free ions in the diffuse double layer for DPI and 
greater “ binding”  of the iodide ions in the Stem layer.

Effect of Added KI. Figure 5 shows the average 
e' values, corrected for the small band shifts, as a func
tion of the total concentration of iodide ions at the 
cmc as KI is added. There is a marked increase 
at first and a tendency to level off at high concentra
tions. This shows increased “ binding” of the iodide 
ions at the micelle surface, with added KI. The shape 
of the curve suggests a close approach to saturation of 
the adsorption of iodide ions at the higher concentra
tions of KI. A rough extrapolation to a value of about 
1600 for e' corresponding to complete “ binding”  of 
the iodide ions does not seem unreasonable. This 
value, then, can be looked upon as the average e for 
iodide ions.

It seems extremely likely from Figure 5 that at high 
concentrations of KI, the micelles of DPI will have a 
low charge. Electrophoretic mobility and conduct
ance measurements to check this conclusion would 
be of great interest. It may be noted that Parreira 
found evidence for a rapid decrease in the charge of
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Figure 6. The variation in e' for DPI micelles 
in water with temperature.

DPI micelles with added KI from light-scattering 
measurements.15

Effect of Temperature. Figure 6 shows the e' values 
as a function of temperature. There is a significant 
decrease in e' with rising temperature. These values 
were not corrected for the slight shift in the band 
position, about 2 mu between 25 and 45°. The cor
rection is small and would add slightly to the change 
shown in Figure 6.

The Effect of High Concentration of Micelles and the 
Problem of “Retrograde D isso c ia tio n A long-standing 
puzzle for ionic association colloids is the problem of 
the increase in the equivalent conductance at high 
concentrations.16'17 One of the explanations suggested, 
originally by Hartley,16 is that the degree of dissocia
tion of the counterions increases even as the concentra
tions of all ions increase. Hartley also suggested that 
the color of alkylpyridinium iodide micelles should 
be of some use in the study of this problem.18 Harkins, 
Krizek, and Corrin6 examined this suggestion and 
found that the intensity of the micellar absorption 
close to the band maximum varied linearly with con
centration above the cmc up to 0.032 M, from which 
they concluded that the range of concentration was 
not sufficiently high to give any observable effect. 
In their experiments, the temperature variation 
was rather large, ± 2 ° , and different cells using dif
ferent path lengths showed appreciable discrepancies. 
In our experiments, 10-4 M  sodium thiosulfate was 
used to prevent any triiodide formation, and the 
absorbance measurements were made at 380 m/t, 
enabling us to cover a concentration range up to 0.044
M. We corrected the observed absorbances for 
scattering from micelles, using turbidity data at 380 
m/i for myristylpyridinium chloride (MyPCl).7 The 
myristyl compound was chosen rather than the dodecyl, 
because of the high cmc of the latter, 1.7 X  10-2 
M ,13 and the low molecular weight of the micelles, 
530019 compared to 32,700 for D PI.16 It is expected 
that both in cmc and molecular weight, MyPCl is a

Figure 7. The variation of the absorbance at 25° 
with the concentration of DPI (absorbance measured 
at 380 my and corrected for turbidity).

better analog of DPI than DPC1. The maximum 
turbidity correction was only 0.044 in optical density.

Figure 7 shows the corrected absorbance data against 
the concentration of DPI. The slope of the line in
creases with concentration rather than decreases, 
contrary to what is expected from “ retrograde dissocia
tion.”  The initial slope, close to the cmc, determined 
from careful measurements of the micellar difference 
absorbance at 380 m^ and comparison to the more 
accurately determined slope at 290 m/n, is shown by 
the dotted line.

Since small shifts in the micellar band positions may 
have occurred, the data at high concentrations should 
not be used quantitatively. The qualitative fact that 
the DPI system gives no evidence of “ retrograde 
dissociation”  is supported by the independent observa
tions of Heckmann and Woodbridge.20

Figure 8 shows similar measurements for DPB ex
tended to very high concentrations. For this system, 
the turbidity corrections were made from optical 
densities at much longer wavelengths, using the X-4 
dependence. Here again, the evidence is for increased 
“ binding”  with concentration and, therefore, de
creased dissociation.

On the other hand, the observed results are quali
tatively in line with the specificity of interaction of the

(15) H. C. Parreira, A n a is .  A ca d . B r a s i l .  C ien c ., 32, 207 (1960).
(16) G. S. Hartley, B. Collie, and C. S. Samis, T ra n s . F a ra d a y  S oc ., 
32, 795 (1936).
(17) K. J. Mysels and C. I. Dulin, J . C o llo id  S c i., 10, 461 (1955).
(18) G. S. Hartley, Q u art. R ev . (London), 2, 152 (1948).
(19) R. H. Ottewill and H. C. Parreira, ./. P h y s .  C h em ., 6 2 , 912 
(1958).
(20) K. D. Heckmann and R. F. Woodbridge, P r o c .  In te rn . C on gr . 
S u rfa c e  A c t iv i ty ,  4 th  B ru ss e ls , 1 9 6 4 , to be published.
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Figure 8. The variation of the absorbance at 
25° with the concentration of DPBr (absorbance 
measured at 325 m*i and corrected for turbidity).

counterions. As the micelle concentration increases, 
the counterion concentration in the intermicellar 
fluid increases, leading to increased specific adsorption, 
as in the case of added KI (Figure 5). Thus the nega
tive results obtained for DPI and DPBr may have 
been caused by presence of short-range specific inter
actions. It should be of some interest to see if DPI 
shows any evidence of “ retrograde dissociation”  in 
conductance or transference measurements. We do 
not believe that our work precludes the reality of this 
phenomenon in systems where interionic interactions 
are primarily electrostatic.

Estimates of Specific Interaction Energy and Enthalpy. 
The quantitative treatment of specificity is compli
cated by the difficulty of separating the specific from 
the purely electrostatic interactions. Some rough 
but useful estimates of the specific interaction energy 
and enthalpy can be obtained nevertheless. The 
cmc of DPC1 at 30° has been estimated13 as 1.74 X 
10~2 compared to 5.60 X 10-3 for DPI. This dif
ference by a factor of 3 corresponds to a difference of 
about —1.1 kcal in the free energy of micelle formation 
per equivalent of long-chain ion, that for the iodide 
being more negative. In this calculation, based on 
the mass-action model,21 no account has been taken 
of any dimerization,9 and it has been assumed that 
70% of the counterions are bound to the micelle surface 
for both counterions. While the fraction bound, due 
to the combination of specific and electrical interac
tions, is expected to be less for the chloride, the cor
rection for dimerization which reduces the monomer 
concentration at the cmc is expected to be much 
higher for the chloride because of its higher cmc. The

errors due to the neglect of the two factors are in the 
opposite direction and cancel in part. Considering 
that only about 70% of the counterions are bound to 
the DPI micelles, the free energy difference per equiva
lent of counterion, on the average, is about —1.6 kcal. 
This value is likely to be close to the total specific 
interaction energy of iodide ion itself, since that for the 
chloride is expected to be small on general grounds. 
The close similarity of the cmc of DPC1,13 1.74 X 10~2 
M  at 30°, and that of dodecyltrimethylammonium 
chloride,22 1.72 X 10~2 at 25°, also argues for the ab
sence of any strong specific interaction for DPC1.

Another estimate of the difference in the free energy 
of adsorption between chloride and the iodide can be 
obtained on the basis of the selectivity of the adsorp
tion in systems with mixed counterions, assuming that 
the electrostatic interactions are identical for both 
ions. Absorption spectra of MyPCl in presence of 
small amounts of iodide are shown in Figure 2 of the 
previous paper. The intensities, corrected for the 
slight band shift observed, can be used to determine 
the fraction of the iodide ions in the Stern layer, using 
the value of e' =  1600 for the case of complete 
“ binding.”  In 6.12 X 10-3 M  MyPCl containing 
7.59 X 10“ 4 M  KI, the fraction of the iodide ions in 
the Stern layer thus evaluated is 0.72. The fraction 
of chloride ions in the Stern layer depends on some 
assumptions about the cmc and the total fraction of 
the micellar charge, a, neutralized by all counterions 
in the Stem layer. The estimated cmc of MyPCl 
is 4 X 10-3 M. For assumed a values of 0.60 and 
0.70, the calculated fractions of all chloride ions in 
the Stern layer are 0.12 and 0.15, respectively. Thus 
iodide ions are adsorbed highly selectively. The selectiv
ity factors /, given by the ratio of the concentration ratio 
o f iodide to chloride ions in the Stem layer, and the 
same concentration ratio of the free ions in the bulk 
are 19 and 15, respectively, for assumed a values of 
0.60 and 0.70. The difference in the free energy of 
adsorption of the two ions to the pyridinium micelles, 
given by — RT In /, where R is the molar gas constant 
and T is the absolute temperature, is —1.7 ±  0.5 
kcal/equiv. The large estimated uncertainty includes 
the estimated uncertainty in the value of e' for com
plete adsorption. The free energy difference agrees 
well with the estimate from the cmc data.

A rough estimate of the enthalpy of specific inter
action of the counterions can be obtained from the 
temperature variation of e' (Figure 6). In this case, 
the cmc and, therefore, the counterion concentration

(21) P. Mukerjee, J . P h y s .  C h em ., 66, 1375 (1962).
(22) H. W. Hoyer and A. Marmo, ib id ., 65, 1807 (1961).
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close to the cmc, increases by about 30% between 20 
and 40°. While this, by itself, should result in an 
increase in the binding of iodide ions, a part of this 
effect is cancelled by the decrease in the surface poten
tial caused by this concentration increase. We there
fore make the approximation that the effective con
centration remains the same. Using the value of 1600 
for complete “ binding”  and the experimental e , 
the fraction of the sites in the Stern layer to which 
counterions are bound, 0, can be calculated for each 
temperature. At the constant effective concentration 
assumed, 0/(1 — 0) is a relative measure of the ad
sorption equilibrium between the bound and the un
bound fraction. Plotting log 0/(1 — 0) against 1/T, 
the enthalpy obtained from the slope is — 2 ±  1 kcal/ 
equiv, taking the uncertainty of the various factors 
into account. It seems probable that the specific 
interaction free energy consists primarily of enthalpy.

The surprisingly low values of the free energy of 
specific interaction of the counterions for DPI, for 
which the manifestations of the specificity are so 
pronounced, throws some doubts on occasional esti
mates of high specific interaction energies for many 
systems.23

Interpretation of the Cmc Data. The variation of the 
cmc of DPI with temperature and counterion concen
tration shows some peculiarities, when compared with 
other similar systems. Figure 9 shows the linear de
pendence of log cmc on the logarithm of the total 
counterion concentration. Such linear plots have 
been frequently demonstrated for a variety of ionic 
association colloids. The slope of the curve, —0.74, 
is significantly different, however, from —0.679 for 
sodium lauryl sulfate12 and —0.68 for dodecyltrimethyl- 
ammonium chloride.24 25 A large number of factors, 
such as dimerization,9 activity coefficient corrections, 
salting out of the long-chain ions,26 and the variation 
of the micelle size, must be taken into account before 
a quantitative interpretation of these slopes can be 
given. Nevertheless, the slope of DPI is consistent 
with the idea that its absolute value represents the 
degree of association of the counterions.26 Because of 
specific interactions, the degree of association of the 
counterions for DPI is expected to be greater.

The temperature dependence of the cmc of DPI, 
shown in Figure 10, is remarkable for its high magni
tude over the range covered. Most ionic association 
colloids show a minimum in the cmc at 25-40°, and the 
variation of the cmc is much smaller than that of 
DPI.11 The enthalpy of micelle formation, AHm, 
can be calculated, using the phase-separation model,27 
from the equation

AHm =  —RT2 d In (cm c)/dT (1)

Figure 9. The variation of the cmc of DPI with the 
total counterion concentration at the cmc.

Figure 10. The variation of the cmc of DPI with temperature.

The estimated values of AHm, in kcal/equiv for DPI, 
are -1 .2 8  at 21°, -1 .5 5  at 25°, -2 .2 6  at 35°, and 
— 3.01 at 45°. The phase-separation model is a 
poor model for micellar systems,28 particularly for ther

(23) J. T. Davies and E. K. Rideal, “Interfacial Phenomena,” 
Academic Press Inc., New York, N. Y., 1961.
(24) L. M. Kushner, W. D, Hubbard, and R. A. Parker, J .  R e s .  
N a t l .  B u r .  S t d . , 59, 113 (1957).
(25) P. Mukerjee, J .  P h y s .  C h e m ., 70, 783 (1966).
(26) M. L. Corrin, J .  C o l lo id  S c i . ,  3, 333 (1948).
(27) G. Stainsby and A. E. Alexander, T r a n s .  F a r a d a y  S o c . , 46, 527 
(1950).
(28) K. J. Mysels, P. Mukerjee, and M. Abu-Hamdiyyah, J .  P h y s .  
Che m .., 67, 1943 (1963).
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modynamic calculations.21 Unfortunately, other 
models, such as the chemical mass-action model, 
based on the idea of binding of counterions,21 or the 
more physical model based on the calculation of elec
trostatic free energies,29 require many as yet unde
termined parameters for the calculation of AHm. 
It is to be expected, however, that the phase-separation 
model gives at least qualitative information about 
the variation of AHm for related systems. Table II 
compares some AHm values for some systems containing 
a dodecyl chain. The consistently more negative 
values for DPBr and DPI and the difference between 
the two argue for a significant contribution of the 
specific interaction of the counterions, increasing from 
the bromide to the iodide, to AHm. Previous studies 
have indicated the absence of any strong specific inter
action for the sulfonates and the sulfates.30 The close 
similarity of the acid sulfonate and the sodium sulfate 
in their AHm values (Table II) support this conclusion.

The cmc minimum for DPBr occurs at 15°, which is 
appreciably lower than the 25-30° range of the other 
systems of Table II excepting DPI. For the latter, 
an approximate estimate of the temperature of the 
minimum cmc can be obtained by plotting A Hm against

Table II : A H  m (Eq 1) Values for Some Association Colloids

■AH mt kcal/equiv-
Association colloid 20° 40°

Sodium dodecyl sulfate” 0.4 - l . i
Dodecylsulfonic acid” 0.5 - l . i
Dodecylammonium chloride” 1.1 -2 .0 (5 0 ° )
Dodecylpyridinium bromide6 -0 .5 5 -1 .7 7
Dodecylpyridinium iodide” -1 .2 8 (2 1 ”) - 2 .6 3

“ Reference 11. 6 Reference 14. ■ '  This work.

temperature and extrapolating to a value of 0 for AHm. 
The estimated temperature is close to 0°, which is in 
the expected direction.
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A Study of Concentration-Dependent Three-Component Diffusion

by P . F . M ijn lie ff and H . A . Vreedenberg

K o n in k li jk e/ S h e ll -L a b o ra to r iu m , A m sterd a m , H o lla n d  (R ece iv ed  N ov em b er  S 3 ,1 9 6 5 )

The continuity equations for isothermal and isopiestic diffusion in systems of three com
ponents, solutes I and II and a solvent, have been solved on an analog computer for the 
case of infinitely long diffusion cells ( —00 <  x <  + 00)- The concentration dependences 
of the four diffusion coefficients, D i_i, D i_ii etc., were chosen such as to agree closely with 
those holding for aqueous solutions of two electrolytes with one common ion. The con
centrations, ci(x,t) and Cn(x,t), in the diffuse boundaries tend to become a function of 
x/y/t only. The way in which ci and Cn depend on this variable, once this situation has 
been reached, is determined by the particular functions Di_i(ci,cn), D i- ii(ci,cii), etc., and 
by the values of ci and cu for x —► — °° and x -*■ +  °°, but not by the particular concen
tration distributions in the initial boundary layer. Three consequences of this behavior, 
to be generally expected in three-component diffusion, are discussed. The first concerns 
electromotive force measurements on galvanic cells with liquid junctions; as suggested 
by Guggenheim a long time ago, the liquid junctions should preferably be made in long 
capillaries. The second is that it proves possible to suggest a method for the determination 
of the values of all four diffusion coefficients, whether or not they are concentration de
pendent. Thirdly, the entropy produced per unit time in diffusion processes as con
sidered here appears to become inversely proportional to the square root of time.

I . Introduction

The present paper deals with translational diffusion 
in liquids taking place isothermally and isopiestically 
in cells cylindrical along the x axis. We restrict our
selves to linear behavior. Then Fick’s first law applies 
and in the one-dimensional case considered here it 
reads for a two-component system

c)c
Jim =  - D { e ) -  (1)ox

In this equation, D(c) is the diffusion coefficient, which 
quantity depends, in general, on concentration. Jam 
denotes the diffusional mass flow, i.e., the amount (we 
choose the mass) of one of the components (we take 
the solute, i.e., the component with the lowest mass 
concentration) that passes per unit time through a 
plane of unit area perpendicular to the x axis. Further, 
c stands for the concentration o f the component to 
which /¿iff refers; in the present case, c is the mass 
of the solute per unit volume of solution. The above- 
mentioned plane is moving with a so-called reference 
velocity Fref. A further discussion of this quantity

is postponed to section II (especially ref 12). Here it 
may suffice to say that, by introducing a reference 
velocity, it becomes possible to describe two-component 
diffusion with only one mass flow. In real diffusion 
processes a reference velocity equal or very nearly 
equal to zero (viz. the mean volume velocity) may be 
selected. We therefore discuss the equation of con
tinuity that follows from eq 1 if the reference velocity 
is zero. It reads

where t denotes time.
There are two main problems associated with concen

tration-dependent diffusion. The first one is to derive 
solutions of eq 2 for various types of concentration 
dependence of D and for boundary conditions and 
initial concentration distributions in conformity with 
the experimental setup. Then a rapid classification 
and evaluation of diffusion experiments becomes 
possible. Such solutions are available1 for a few types 
of concentration dependence only.

The second problem is to determine, from diffusion
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experiments, the course of D as a function of c without 
knowing, beforehand, anything about the way D de
pends on c. Of the methods used, that of Boltzmann2 
is best known. As much of the following is closely re
lated to this method, we discuss it in some detail.

It is based on Boltzmann’s statement that, irrespec
tive of the way D depends on c, the concentration is a 
function of the single variable x/~Vt — ¿sharp, provided

c =  Co,-a, for x <  0) 
c =  Co,+„ for x >  0) at ¿ =  ¿sharp (step function) (3a)

c
c

Co,_co for x — > 
Co,+„ for x — ►

----  CO

+  00j*at ¿ = ¿sharp (3b)

where Co,-«, and Co,+co are constants.
At these conditions each particular D(c), say Dpart(c), 

gives rise to a particular concentration distribution

c(x,t) — Cpsrt t ¿sharp) (4)

Furthermore, each initial distribution given at ¿ =  ¿0 by

c(x. ¿o) =  Cpsri (x f  ¿sharp) (3c)
will, at ¿ ^  ¿o, result in the same distribution (4).

Experimentally supersharp (step-function) boun
daries cannot be produced, and the creation of an 
initial distribution exactly equal to the distribution (3c) 
will be a matter of pure chance. Yet, in the general 
case that the initial distribution differs from the one 
described by eq 3c, it often appears (viz. in long diffu
sion cells and in the absence of a volume change on 
mixing) that c(x,t), as diffusion proceeds, tends to 
become3 a function of the single independent variable 
f  =  x/y/t — to +  A¿, where A¿ is a constant. Whether 
this situation exists or is being reached may be found 
out4 by plotting the square of the experimentally 
determined values of

A ci(t) x^ d x  (5a)

vs. t — to. If a straight line appears, extrapolation to 
Aa(t) =  0 and to t — to =  0 produces the values of A¿ 
and of D at c =  ci; xa denotes the position in the diffu
sion cell at which c =  Ci.

Essentially, this procedure means that, also for 
initial distributions which are not supersharp and even 
nonideal (i.e., not in agreement with distribution (3c)), 
one may still indicate a moment ¿sharp, viz. ¿sharp =  ¿o — 
At: the distribution c(x,t) gradually approaches an 
“ ideal”  one, i.e., one that would issue from a super
sharp initial distribution, in this case supersharp at t = 
to — At. Furthermore, the “ ideal”  distribution will 
be a function of the single variable f  only if its virtual 
supersharp initial boundary is situated at x =  0.

The position of x =  0 may, if there is no volume 
change on mixing (as considered here), be determined5 
from the condition

/ o /*+=>
(c — c0,_œ)ch =  I (c0,+„ — c)dx (5b)

- 00 t/ 0

In finite diffusion cells the liquid column only ex
tends from the cell bottom, at x =  Slower, to the menis
cus, at X  Supper* Concentration distributions de
pending on the single variable x/VT~-— ¿ô +  Ai can 
then only exist as long as the concentrations at Slower 

and ¡tapper have not yet changed. The boundaries 
—oo and + o o  in the integrals (5) reduce in that case
tO X lower and Xupper*

After this discussion of the Boltzmann method we 
just mention two other procedures for the determina
tion of D as a function of c.

In the first one,6 D is calculated as the ratio of the 
experimentally found local values of Jum and — àc/àx; 
it provides values of D at any concentration occurring 
in the diffusion boundary. Neither cell length nor 
initial concentration distributions come into play.

In the other one (differential diffusion), the total 
concentration difference across the diffusion boundary 
is chosen small enough7 for the diffusion coefficient to

(1) L. J. Gosting and H. Fujita, J . A m . C h em . S o c .,  7 9 , 1359 (1957); 
D. H. Clarke, J . C h em . P h y s . , 27, 29 (1957); E. Krtlcke and H. Ley, 
Z .  P h y s ik .  C h em . (Frankfurt), 26, 187 (I960); J. Crank, “The 
Mathematics of Diffusion,” Clarendon Press, Oxford, 1956, Chapter 
9.
(2) (a) L. Boltzmann, A n n .  P h y s ik , [3], 53, 959 (1894); (b) W. Jost, 
Z .  P h y s ik , 127, 163 (1959); (c) see also: Y. Nishijima and G. Oster, 
J .  C h em . P h y s . , 27, 269 (1957).
(3) For a constant diffusion coefficient this behavior follows from 
the general solution (see W. Jost, “Diffusion in Solids, Liquids, 
and Gases,” Academic Press, Inc., New York, N. Y., 1952, eq 1.124) 
of the diffusion equation. For a diffusion coefficient depending on 
concentration in an arbitrary way, a derivation has not been given.
(4) On introducing the variable f, eq 2 transforms into

dc _  i n —\ 
d In (t/U>) /2f+  dfV + /

As c becomes a function of £ alone, the first term on the left-hand 
side disappears and integration over f gives

- V i / f "  r = - ‘ /ra r t J  -

à c  ,
, __________  , x  r-dz =

V t — fo +  Af J  -  “ dx

in which K a  depends on ci only. This clarifies the above procedure
(5) W. Jost, “Diffusion in Solids, Liquids, and Gases,” Academic 
Press, Inc., New York, N. Y., 1952, pp 31, 32.
(6) (a) P. F. Mijnlieff in “Ultracentrifugal Analysis in Theory and 
Experiment,” J. W. Williams, Ed., Academic Press, Inc., New York, 
N. Y., 1963, p 81 ff; (b) P. F. Mijnlieff, K o n in k l .  N ed . A k a d . W e te n -  
s c h a p ., P r o c . , B65, 334 (1962).
(7) From diagrams at la rg e concentration intervals a m ea n  diffusion 
coefficient can be found by an slegant procedure recently proposed by 
H. Vink ( N a tu r e , 205, 73 (1965)).
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have effectively the same value everywhere in the 
boundary. The concentration distributions may then 
be analyzed by standard methods for concentration- 
independent diffusion. A series of experiments must 
be performed to find D as a function of c.

The problems in three-component diffusion are 
essentially similar to those encountered in two-com
ponent diffusion but more complicated. Equation 1 
must now be extended to

JI ,d iff =
bci den

OX

T ll .d i f f  = - n „  J 5  -
o x

dcu
D u - l l   ̂

o x

where, in the general case, all four diffusion coefficients 
depend on ci as well as on cu ; I and II indicate two out 
of the three components, usually those with the lowest 
concentrations (the solutes). Roman numerals in sub
scripts refer to electroneutral solutes, whereas arabic 
ones, to be introduced later, refer to ions.

The continuity equations, again if VTe{ is zero, become

dci
dt

den
d( r~J n.diff ox (7)

For diffusion coefficients that do depend on the con
centrations, analytical solutions become very difficult, 
if not impossible.

The determination of the D values is difficult, too. 
This is apparent from the numerous experiments by 
Gosting and his co-workers,8 who, in the interpretation 
of the diffusion diagrams, had to start assuming all 
diffusion coefficients to be constant.

The present paper (section IV) proposes a method 
for the determination of all four diffusion coefficients, 
whether or not concentration dependent. Essentially, 
it is an extension of the Boltzmann method.

Most frequently, three-component diffusion prob
lems are met in galvanic cells, viz., in those containing 
so-called liquid junctions. This aspect is treated in 
section III. A closely related problem is the interpre
tation of Donnan potentials,9 for which detailed in
formation on the liquid junctions involved is required.

The principal problem is that of the diffusion, in 
general a concentration-dependent diffusion, in three- 
component systems. We therefore determined c\(x,t) 
and cn(x,t) for some selected systems with the aid of an 
analog computer. These calculations are discussed in 
section II. Some remarks on the entropy production 
in diffusion are made in section V. The Appendix 
gives details of the analog computations and specific 
results for the electrolyte diffusion.

Attention has been paid to three-component diffu
sion in recent years;8,10 only Gose,u however, took the 
concentration dependence of the diffusion coefficients 
into account throughout his treatment.

II. Solution o f the D iffusion Equations

We combine eq 6 and 7 into12

The degree of accuracy to which these equations 
can be solved depends on the boundary and initial 
conditions and on the way the diffusion coefficients 
depend on c\ and cu-

We have solved them, on an analog computer, for 
the following initial concentration distributions and 
boundary conditions

Ci “
a smooth 
(sigmoid) 
symmetric 
change of c<

for — oo <  x g  — Xb 

between — Xb and +Xb

ct = Ci,+W for + x h ^  x <  +

at t —— ¿o (9a)

(8) (a) I. J. O’Donnell and L. J. Gosting in “The Structure of Elec
trolytic Solutions,” W. J. Hamer, Ed., John Wiley and Sons, Inc., 
New York, N. Y., 1959, Chapter 11; (b) H. Fujita and L. J. Gosting, 
J .  P h y s .  C h em ., 64, 1256 (1960); (c) L. A. Woolf, D. G. Miller, and 
L. J. Gosting, J . A m . C h em . S o c ., 84, 317 (1962); (d) L. A. Woolf, 
J . P h y s .  C h em ., 67, 273 (1963).
(9) J. Th. G. Overbeek, J . C o llo id  S c i ., 8, 593 (1953).
(10) (a) H. Fujita and L. J. Gosting, J . A m . C h em . S o c . , 78, 1099
(1956); (b) H. Fujita, J .  P h y s .  C h em ., 63, 242 (1959); (c) L. O. 
Sundelof and I. Sodervi, A r k iv  K e m i , 21, No. 15 (1963); (d) H.
Schonert, Z . P h y s ik .  C h em . (Frankfurt), 42, 247 (1964).
(11) E. E. Gose, J .  C h em . P h y s . , 39, 735 (1963).
(12) The compactness of describing three-component diffusion with 
the aid of only two diffusional mass flows, as in eq 6, is arrived at (see 
S. R. de Groot and P. Mazur, “Non-equilibrium Thermodynamics,” 
North-Holland Publishing Co., Amsterdam, 1962, pp 239, 240) by 
counting them with respect to some reference velocity V Tcf. The 
latter is constructed as an average from the mass flows of all three 
components relative to the wall of the cell; the value of Fret will, in 
general, vary with place and time. Unlike the mass flows in eq 6, 
however, those in the continuity equations of the form (7) are flows 
relative to the wall of the diffusion cell. Equations 8 are therefore 
correct only if Fret is zero at any moment and any place in the cell. 
Solving diffusion equations as well as analyzing diffusion diagrams 
becomes extremely complicated (J. G. Kirkwood, et a l .,  J .  C h em . 
P h y s . , 33, 1505 (1960); H. Fujita, J . A m . C h em . S o c ., 83, 2862 
(1961)) in the case of a nonzero, time- and place-dependent reference 
velocity.

Fortunately, the mean volume velocity (preferred for this reason 
as a reference velocity) is often very near, if not equal, to zero. So 
there is little loss of realism if Fref if put equal to zero, as we will do 
here, thus obtaining eq 8. General conclusions arrived at later are 
only applicable therefore to diffusion processes in which a reference 
velocity that is equal to zero can be indicated.
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c t
Ci

c,,_„ for x 
c(,+„ for x

— 00
+  00 '

at t ^  ¿0 (9b)

where c4,_„ and cii+„ are constants and where i =  I, II.
A type of concentration dependence of the D values 

as may roughly be expected in the systems NaCl(I) +  
KCl(II) in water and HC1(I) +  KCl(II) in water was 
selected on the basis of reasonable model assumptions 
discussed earlier.68”13 They lead to the following simple 
expressions used already by Nernst14

A - i  = Di — n ( A  — A )
A - ii =  —(M i/Mu) t\(D% — A )  
A-11 = — (Mu/Mi)r3(Di — A )  
D  ii—ii =  A  — t 3( D 3 — A )

These expressions15 apply to a thermodynamically 
ideal solution of two n-n electrolytes with one common 
ion. The “ ionic diffusion coefficients” Dh A ,  and A , 
and therefore the frictional coefficients f t (per gram) to 
which they are related by

D, = RT/fMi (t =  1, 2, 3) (11)

(where R is the gas constant) have been supposed not 
to depend on ci and cu. The discussion68”13 on the valid
ity of eq 11 and the constancy of the mobilities (in
versely proportional to the frictional coefficients) is 
not repeated here. We would rather stress the fact 
that in general, owing to the dependence of the trans
ference numbers r4 on ci and C n , none of the four dif
fusion coefficients is constant or becomes constant at 
infinite dilution. This can be easily seen by introducing 
into eq 10 the definition13 of the transference number

/  3
T i  ---- C iC lX li /  y  I C j(yj U i

/ »=1

(et is the electrical charge per gram of the ions i, ut 
their electrophoretic mobility in cm2/v  sec) and the 
relation13

Ui &i/fi

between ut and f t. The result is 

a c i +  I3cu ,

where

D i_ i =  

A -11 =

yci +  /3cn 

5ci

A

A1-1  =  — 

A i- ii =

y Ci +  /Sen 

ecu 
7C1 +  |8cii 

vcu +  yci

( A  -  Di) 

(A  -  Di)

yci +  /SenA

(12)

(13a)

a. =  2Di(Mi/Mi); 5 =  Di(M2/A n )

P =  ( A  +  Di) ( Mi / Mn)  ; e =  D 3( M2/ M i) 

y =  (Di +  Di)(Mi/Mi)' v =  2Di{Mi/Mu))

(13b)

The coefficients a, etc., are constants for a particular 
system considered.

Mainly in order to indicate their order of magnitude, 
the parameter values used have been collected in Tables 
I and II; A  etc., and a etc., are given in units 1(D6 
cm2 sec-1 ; the values selected for A ,  A ,  and A  dif
fer only slightly from the true ones derived in the well- 
known way16 from limiting equivalent conductivities. 
As A  = A ,  in both systems A _ n  =  0; furthermore 
Dii-n =  A -

Equations 10 are based17 on the following simple

Table I

S y s te m D i D i D 3 Mu/ M \ M i/  M \ i

NaCI(I) +  KCl(II) 
HC1(I) +  KCl(II)

1.33
9.29

1.98
1.98

1.98
1.98

0.607
0.973

0.476
0.476

picture. The ions are primarily moving at random. 
If concentration gradients are present, this random 
motion results in net displacements from higher to

(13) P. F. Mijnlieff and J. Th. G. Overbeek, K o n in k l .  N ed . A k a d .  
W eten sch a p .,  P r o c . , B65, 221 (1962).
(14) W. Nernst, Z .  P h y s ik .  C h em ., 2 , 613 (1888).
(15) They are easily derived from eq 13 of ref 13, viz . by realizing 
that the quantities C 2 3 /C 1 1  and cn / ci are, in a solution of two n - n  
electrolytes, equal to M i / M n  and to M i/ M i , respectively ( M  = 
molecular or ionic weight); they are equivalent to those given by 
L. J. Gosting, A d v a n . P r o t e in  C h em ., 11, 429 (1956), eq 168-171.
(16) See, e .g ., H. S. Harned and B. B. Owen, “The Physical Chemis
try of Electrolytic Solutions,” Reinhold Publishing Co., 3rd ed, 
New York, N. Y„ 1958, pp 231, 245.
(17) Formally, eq 10 or 13 can also be derived from irreversible 
thermodynamics, v iz ., by introducing certain expressions (see ref 6) 
for the phenomenological coefficients, considering dilute solutions, 
admitting the model assumptions (11) and (12), and by inserting 
for d y i/ d x  and b y i i/ i ix  (occurring in the phenomenological equations 
for diffusion) the expressions applying to ideal electrclyte solutions. 
As mentioned earlier (ref 13), the expressions (10) and (13) are still 
consistent with the Onsager relation between the eross-phenome- 
nological coefficients.

This fact reduces somewhat the significance of those experimental 
proofs (ref 8a-c; see also D. G. Miller, J . P h y s .  C h em ., 62, 767 
(1958)) of the Onsager relation that were based on measurements 
(ref 8a, b) of the four diffusion coefficients in systems like NaCl + 
KC1 in water: even in concentrated solutions the simple physical 
picture (correct for very dilute solutions) already accounts for the 
major part of the cross-phenomenological coefficients: the merit of 
the Onsager relation is its prediction that the “remaining” parts 
(finding their origin in thermodynamic nonideality and in depend
ence of mobilities on concentrations, and coming into play at finite 
concentrations) are equal too; however, the experimental error in 
the measured values of the cross coefficients is sometimes larger than 
this “remaining” part. Fortunately, electrolyte solutions were not 
(ref 8c) the only ones from which the Onsager relations were shown 
to agree with experimental observations.
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Table II
System a ß  y ô e -rj

NaCl(I) +  KCl(II) 2.40 1.88 2.01 0.63 1.20 1.88
HC1(I) +  KCl(II) 3.85 1.88 10.97 4.42 1.93 1.88

lower concentration regions; it is modified by an in
ternal electric field with such a strength, everywhere 
in the cell, that there is nowhere a net transport of 
electrical charge.

Owing to the restrictions of the model underlying 
eq 10, the applicability of our computer results (see 
Appendix) on the electrolyte diffusion is limited to 
dilute solutions. Most of the conclusions, however, 
arrived at in this paper apply to concentration-de
pendent three-component diffusion in general.

We now return to the numerical solution of the diffu
sion equations (8). They have been solved for six 
initial distributions (indicated by a, b, etc.) of the 
type (9a); their characteristics are given in Table III. 
The possibility of gravitational instabilities18 has not 
been considered here, the development of the con
centration profiles as far as resulting from diffusion 
alone having our primary interest.

Table III
Initial

distribu-
tion CI,—oo C II.-cc Cl,+ co CII,+ co

a V 50Co 0 Co 0
b 0 V 60Co 0 Co

c V 50C0 C o Co Co

d Co V 50Co Co Co

e V 50C0 Co Co V 50C0
f V 6oCo 1AoCo C o Co

We introduced the new variables

 ̂=  r/Vfi'(( -  iref);
0 In {(f — i,ef)/(io ~  fief)} (14)

where D' is a diffusion coefficient which is conveniently 
chosen to be the largest ionic diffusion coefficient 
occuring in the system studied. Accordingly, in the 
system NaCl +  KC1 in water we chose D' =  D3, and 
in the system HC1 +  KC1 in water we chose D' =  D\. 
The initial, sigmoid, boundary was taken to extend 
from £ =  —2.0 to £ =  +2 .0 ; inspection of eq 9a and 
14 then shows that

¿0 ¿ref
X b *
4 D' (15)

With the new variables, eq 8 transforms into

The new boundary conditions follow from eq 9, 14, 
and 15.

After inserting expressions 13 and the data of 
Tables I and II into eq 16, they were solved on the 
analog computer; details on the method are given in 
the Appendix.

The solutions were produced as plots of ci and cu 
vs. d for a number of selected £ values. Figure 1 gives 
an example of such a plot.

According to these graphs (and to all other curves 
obtained), after some time Ci and cu at fixed £ become 
constant; in other words

C i(£ , &)  >  C i (£ ) ;  C n (£ , d )  — >  C n (£ ) (1 7 )

as d increases.
Functions c+£) and C n (£ ) will be called “ final dis

tributions”  in the following discussion.
If the initial distributions, c\ and Cn as functions of 

x at t = to, had been chosen in accordance with the final 
distribution, (ci)j and (cn)j would have been constant 
from the very beginning. This is true for any (¿0 — 
¿ref) >  0, and the smaller ¿0 — ¿rei, the greater the re
semblance of such an initial distribution to a super
sharp one. The supersharp distribution (step function) 
itself conforms with the (and with any) final distribu
tion, for at ¿o =  ¿ref all finite values of £ are “ compressed”  
at x =  0. The final distributions, therefore, are the 
solutions of eq 16 for the initial and boundary condi
tions : (with i  =  I, II)

Ci =  c4,_„ for x <  0\
ct =  cii+„ for * >  01 at ~  iref (18a)

c4 ■
Ci ■

c4,_„ for x ■ 
c(j+a for x • + 00

|at ¿ Ïï ¿ref (18b)

and, naturally, for the particular functions Di_i(ci,cn), 
etc. For the two-component case this was already 
stated by Boltzmann (see section I). Comparison 
of eq 18 and 3 shows that ¿ref used here is identical with 
¿sharp used in section I.

If the distribution at t =  t0 differs from the one which 
would result, at t  =  ¿0, from the initial distribution

The meaning of rref is explained below. (18) R. P. Wendt, J .  P h y s .  C h em ., 6 6 , 1740 (1962).
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I 8
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FIGURE 1b

Figure 1. Example of a solution of eq 16 with the analog computer. System: NaCl +  KC1 in water; initial distribution: 
f of Table III.

(18a), then according to the result (17), the system 
under investigation still “ relaxes”  to a distribution as 
would have issued from the initial conditions (18a).

The existence of final distributions in three-compo
nent systems was already recognized and used by 
Guggenheim.19 Probably, it will be difficult to 
furnish a rigorous mathematical proof20 that the dif
fusion processes, whatever the initial concentration 
distributions and whatever the particular way the dif
fusion coefficients depend on ci and cn, relax automatic
ally to final distributions solely determined by the 
values of ct,̂ m and cil+m and by the way D i_i etc.

depend on ci and cn. From a physical point of view, 
however, this result is plausible, for at t = U> the transi
tion region (between x =  — Xb and x =  +Xb) extends, 
relative to the length of the diffusion cell, over a very 
small distance only; its detailed structure will lose more 
and more influence as t increases. From now on we 
assume therefore that the behavior (17) is displayed 
in any real diffusion process, provided only that the dif-

(19) E. A. Guggenheim, J .  A m . C h em . S o c ., 52, 1315 (1930).
(20) Again (see ref 3), for con s ta n t diffusion coefficients, such proof 
is possible.
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fusion cells are long enough to allow the final distribu
tions to have been reached before the concentrations 
at the ends of the cell have changed perceptibly.

Finally, we ask how fast a given initial concentra
tion distribution “ relaxes”  to a final one. This may 
be estimated from the curves of the type drawn in 
Figure 1. If the final distribution is observed to be 
attained at ê  «  dfin, then the time interval to which 
this corresponds can be calculated from

(t — ¿ref) =  (¿0 -  ¿ref) eXp(#fin) =  —  exp($fin)

In our cases tffin varied between 3 and 6.
An exact calculation of the relaxation process will 

only be possible for constant diffusion coefficients; 
the equation already cited (ref 3) could then serve as 
a starting point. Guided by this equation we estimate 
that the relaxation may approximately be described 
by a relaxation time r equal to

Z2
47t2D

(19)

where l is the width of the initial boundary (i.e., I =  
2xb) and D is the smallest of the diagonal diffusion 
coefficients (in our case D i_i or Dn -n ) .

In the present section we have confined ourselves 
to the more general aspects of concentration-dependent 
three-component diffusion. Some computer results 
for the specific cases of mixed electrolyte diffusion have 
been summarized in the Appendix.

III . C onsequences for Galvanic Cells  
with Liquid Junctions

For a cell shown schematically in Figure 2, the elec
tromotive force (emf) reads21

emf =  7 b -  Fa
] /»right
-  I (rid/ui +  T3d;uu) (20)
T  «/left

where subscripts I and II refer to electrolytes I and II, 
1 and 3 indicating the noncommon ions (H+ and Na+) 
in I and II, respectively.

The chemical potentials, m and gn, as well as n  
and t3 are functions of both ci and cii.

However, the knowledge of these four functions does 
not suffice to calculate the emf from eq 20. An addi
tional piece of information, viz., the whole set of cor
responding values of c\ and cu all across the diffuse 
boundary between solutions a and b, is required. This 
is seen by writing eq 20 as

2>gn ,
t3 —------h

O C i
- f - 4 r ii ^ +

F  J  left L ÔCi

<2i>

Figure 2. Scheme of a galvanic cell with a liquid junction. 
The dashed line indicates the position of the diffuse 
boundary (liquid junction) between the electrolyte solutions. 
The integration in eq 20 extends over the liquid junction 
from left to right.

The changes, caused by the diffusion, in the quantity 
{ \dcnfbx},/[bcifbx],} with time give rise to a varia
tion of the emf, a phenomenon frequently observed22 
in experiments.23

In the preceding section, however, we found—in 
agreement with Guggenheim’s statement19 made long 
ago—that at constant £ values ci and cu tend to be
come constant. This implies that then the integrand 
in the integral (21) may be treated as a function of 
Ci (or of cn) only, the value of the integral thus becoming 
time-independent. This value can be predicted pro
vided one knows: (a) the structure of the liquid junc
tion, i.e., the connection between ci and cn along the 
whole boundary; (b) the values of dpi/dci, dgi/dcn, 
etc., and those of n  and t3 at these particular combi
nations of ci and cn values.

As to (b), the precise values can only be provided 
by experiments; if, however, the values of one or more 
of the quantities considered are taken from a model 
theory, such a theory may be checked by comparing 
emf-values thus obtained with measured ones.

(21) P. B. Taylor, J . P h y s .  C h em ., 31, 1478 (1927); see also ref 16, 
p 435 ff.
(22) See D. A. Mac-Innes, “The Principles of Electrochemistry,” 
Reinhold Publishing Corp., New York, N. Y., 1939, p 229.
(23) These facts may disturb a comparison between predicted and 
measured emf values. For practical purposes, the time dependence 
of the emf is eliminated by continuously renewing (“flowing junc
tion”) the boundary between the two electrolyte solutions; the 
structure of the boundary is then assumed to be as calculated by 
M. Planck ( A n n .  P h y silc , [3], 39,161 (1890); [3], 40, 561 (1890)), or, 
more frequently, as approximated by P. Henderson (Z . P h y s i k .  C h em .,  
59, 118 (1907); &3, 325 (1908)). Although the agreement between 
prediction and experiment is often fairly good, the approximations 
used certainly become invalid for junctions between concentrated 
electrolyte solutions. Recently, the structure of this type of junc
tion was calculated by Gose (ref 11). See also A. Ekman, et a l .,  N a 
tu r e , 200, 1071 (1963)).
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As to (a), the safest way to obtain this information—• 
certainly if the purpose is to check a model theory as 
referred to above—is from a diffusion experiment. 
This should be an experiment at boundary conditions 
(cj and cn at a;iower and z upPer) similar to those of the 
particular liquid junction investigated, warranting the 
final distributions to be identical. In the absence of 
such diffusion experiments the structure of the diffusion 
boundary must be calculated, for example, as described 
in section II, but in that case model assumptions cannot 
be avoided.

We agree with Guggenheim19 that exact information 
from emf data of cells with liquid junctions should be 
derived from measurements in the final situation 
(reached automatically) where the emf has become 
constant; only then is it certain that the structure of 
the liquid junction, to be formed in long capillaries, 
is identical with that in a diffusion experiment at similar 
boundary conditions. This is a useful application of 
diffusion measurements in three-component systems.

IV . Consequences for T hree-C om ponent  
Diffusion Experim ents

In this section a method for the determination of 
the values of all four diffusion coefficients at known 
values of c\ and cn is proposed.

We consider experiments in which the final distribu
tions discussed in section II have been reached. In 
that case the relation between ci and cn along the boun
dary no longer changes with time. For example, 
at an initial distribution resembling type e of Table 
III, corresponding values of ci and cn lie on curve A of 
Figure 3, whereas at an initial distribution resembling 
type f of Table III they lie on curve B.

We now suppose to have the disposal of ci and cn 
as a function24 of x for two diffusion experiments (A 
and B) of the type mentioned above (ways to find 
ci and cn separately are discussed below). These data 
may be converted25 into curves of ci and cn vs. x/\/t =  
£'. Furthermore, the same data enable us to con
struct two curves (A and B) like those shown in Figure 3.

The point of intersection of curves A and B indicates 
the only combination of ci and cn values that occurs 
in both experiments. In addition, it provides us with 
the £ ' values, to be called £ 'A £ 'b , at which this combina
tion is situated in fexperiments A and B, respectively.

By virtue of the property (17), eq 16 reduces to

Figure 3. Combinations of ci and cn values as 
expected qualitatively in various diffusion experiments.

The left-hand sides of these equations are known 
from the graphs of ci and cn vs. £', and may be inte
grated numerically. Integration between £' =  — °° 
and £' =  |'A in experiment A and between £ ' = — <» 
and £' =  £'B in experiment B leads to

(22a)

(22b)

(24) The position of x  = 0 may be determined with the aid of eq 5b’ 
to be applied to a ( x )  or to c n ( x ) .  We consider the instance that the 
mean volume velocity is the reference velocity that is equal to zero 
(c/. ref 12). In that case the positions of x  = 0, as derived from 
c i ( x )  arid c i i ( x ) ,  will not move. If they do not coincide, their dif
ference, A®, leads to an uncertainty Ax / y / t in S' =  x/  Vi. Only 
after this uncertainty, by the increase of time, has become negligible, 
the check on the attainment of final distributions may lead to a posi
tive answer. The way in which initial boundaries are formed in all 
usual experiments will keep the As values negligibly small.
(25) In the final distribution state, curves pertaining to different 
times coincide provided that t is counted with respect to the virtual 
time, (sharp, at which the concentration distributions (ci and cii as a 
function of x ) would have been infinitely sharp. We attribute to 
(«harp its proper value in the same way as in the case of a two-com
ponent system, explained in section I.
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Table IV

System 
(soln in water 

at 18°) Xp, A Xq, A Bx, p B i,q Bll.p Bll.q

LiCNS(I) +  LiCl(II) 2749 3612 0.3846 0.3020 0.2833 0.2517
LiBr(I) +  RbBr(II) 2502 4601 0.4307 0.2800 0.1435 0.0969
NaCl(I) +  Nal(II) 2749 4601 0.2310 0.1890 0.2549 0.1600

where D i_i in eq 22a is equal to D i_i in eq 22b etc., 
because { Ci} at{'A =  {c i}at£'B and {cn }at{»A = {cn }atrB. 
Equations 22 may be solved, thus providing us with 
the values of the four diffusion coefficients at cr =
{ci}at£'A =  {cijatf'B and ClI =  {c il}at£'A = {c il}at£'B-

Additional experiments, C, D, etc., giving rise to 
curves C, D, etc. (see Figure 3), produce values at 
other combinations of Ci and cn.

The procedure suggested is an extension of Boltz
mann’s method2 to three-component diffusion. We 
see no way, however, of extending the method cor
respondingly to systems of four components, for there 
is no general reason why, even at an infinite number of 
diffusion experiments, a single combination of the 
concentrations of the three solutes should occur twice.

A practical difficulty is to find a  and cn separately.
One way would be by chemical analysis of the con

tents of sections into which the diffusion cell is broken 
up after sufficient time of diffusion; this method goes 
back to Schuhmeister.26 It does not take advantage 
of the fact (which increases the accuracy) that measure
ments at different times reduce to identical c-£' curves.

The most usual method to follow diffusion is by 
Philpot-Svensson schlieren or Rayleigh interference 
optics. These two methods give, in principle, the same 
information, so we confine ourselves to the first one. 
Here the refractive index gradient, dn/dx, is recorded 
as a function of x. In a three-component system 
dn/dx contains the contributions of the concentration 
gradients of both I and II

dn bn dci
dx bei dx

bn den dci
Öen dz 1 da:

den
da;

We will only consider cases where the refractive in
crements Ri and Ru are concentration independent.

Though Ri and Ru are known (measurable in sepa
rate experiments), the measured dn/dx does not give 
us the separate values of dci/dx and dcn/da;. For that 
purpose we need additional information, which might 
be provided by a light-absorption measurement in 
case there is specific absorption by one of the solutes.

Another possibility would be to measure dn/dx for 
two different wavelengths, Xp and Xq, chosen such that

Rl ,q Rjl,(l

For some combinations of electrolytes values27 of Ri 
and Ru (in cubic centimeters per gram) have been col
lected in Table IV. Only a few systems lend them
selves to such an analysis and the experiments will 
be tedious; often quartz optics will be required and 
optical distances must be readjusted when switching 
from one wavelength to another.

V . T h e  Entropy Production in D iffusion

As before, we consider a system in which one-dimen
sional diffusion takes place in a cylindrical cell, with a 
cross section of unit area. Pressure and temperature 
are assumed to be uniform and constant; the constancy 
of temperature is thought to be effected by appropriate 
heat exchanges through the walls of the cell.

The difference between the increase, per unit time, 
of the entropy of the total system and the increase 
corresponding to heat exchanged with the surroundings 
will be called the total entropy production, to be indi
cated by cr tot* From irreversible thermodynamics28 
the following expression for <rtot may be derived

The integration extends over the total length of the 
cell; the summation over all components j, except for 
the last one, n. The term for component n, for which, 
in general, the solvent is taken, was eliminated in a 
way indicated in ref 12.

For three-component systems, the equation for trt01 
reduces to

Totot — J«Ix,diff---da; +  fJu,ditt~r~ dx (23) bx bx

For linear behavior, the diffusional mass flows may 
be decomposed into

(26) J. Schuhmeister, S itzu n g sb er . W ie n .  A k a d ., 79 (II), 603 (1879).
(27) C. Lübden, A n n .  P h y s ik , [4], 44, 977 (1914); A. Heydv/eiller 
and O. Grube, ib id ., 49, 653 (1916).
(28) S. R. de Groot and P. Mazur, “Non-equilibrium Thermo
dynamics,” North-Holland Publishing Co., Amsterdam, 1962, p 241.
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T A dfAl I 4 àflu
J i .d iff =  -^ i - it ;  r  2i i _ n —  dx ox

r a dy.1 J j dmi
•/h ,«H» =  -A i i - i t  r  - ¿ l i i - i i ^ r ~  dx ox

where the coefficients A i_i etc. are functions of Ci and
Cii.

For dm/dx and dmi/dx one may write

àfj. i dm òci dm òcn
dx dei dx òcu dx

dmi _  dmi dei dmi dcu
dx dei dx òcu dx

where the factors dm/dci etc. are again functions of 
Ci and cii.

The integrands in eq 23 are therefore quadratic 
expressions in the concentration gradients (dct/dx), 
where i  =  I, II, with coefficients depending on ci and 
Cii only. In the “ final-distribution state,”  Ci and cn 
depend on £' =  x/y/t only.29 After replacing the 
variable x by £', eq 23 transforms into

Totot
constant

s/t
(24)

where F(£') is a function of £' only.
The result (24) seems worth mentioning because it 

is valid for a three- and even multi-component dif
fusion process, whatever the particular way the dif
fusion coefficients depend on the concentrations. It 
applies to the “ final-distribution state.”  As was 
stressed before, this is the state approached in a system 
containing concentration gradients. Whether or not 
it is ever reached in an actual diffusion experiment 
depends on the length of the diffusion cell and on the 
nature of the deviations of the initial distribution, at 
t =  to, from the distribution that (at the same moment 
t =  to) corresponds to the final distribution. Once the 
concentrations at the ends of the diffusion cell start 
to change, <rtot will decrease faster with time than de
scribed by eq 24, e.g., according to

O't o t  ~  t~m (wt >  1)

for the total increase of the entropy of a finite system 
remains finite. However, as long as the “ final distri
bution”  exists, eq 24 prevails and as such provides an 
answer, albeit a partial one, to questions80 on the way 
in which nonequilibrium systems “ move”  toward 
equilibrium.

We note that the inverse proportionality with the 
square root of time is a property of the total entropy 
production <rt01, obtaining as soon as the concentra-

tions have become functions of £' only. In the same 
stage, the local entropy production o, the quantity 
usually considered in irreversible thermodynamics,, 
does not behave in such a simple way.

Finally, the fundamental stage in which relation 24 
is obeyed should be well distinguished from that31 
of “ minimum entropy production,”  characterized by

o tot =  constant

as realized in constrained, constant concentration 
gradients.
Addendum

After the manuscript of this paper had been sub
mitted for publication, two papers on related subjects 
appeared.

Hafeman32 has calculated the time necessary for a 
liquid-junction potential to be built up. This process 
is shown to be finished after some nanoseconds, after 
which the condition of zero electric current, underlying 
the diffusion expressions (10), may be applied.

Duda and Vrentas33 have solved the equations for 
multicomponent concentration-dependent diffusion by 
rigorous mathematical treatment, admitting volume 
changes on mixing. Even then the concentrations 
appear to be functions of x/y/t only. The authors 
confined the treatment to step-function initial concen
tration distributions; the “ relaxation”  toward the 
“ final distributions”  was therefore not considered.
Appendix

Details of Analog Computation and Some Specific 
Results. In the analog computation, the continuous 
independent variable was chosen to be d. Differential 
quotients with respect to £ were replaced by difference 
quotients in the points £i =  —6.0, £2 = —5.2, £3 =  
—4.4, . . . ,  £i6 =  5.2, £i6 = 6.0. Thus, the first of eq 
16 transforms, after substitution of (13), into

dci.n
dd =  (ci, n-fl c i’n){ ĥ +

ctD\
4 A yD' A2

(«  -  y)&Di , , \
—2yA2D,— Un.n+l -r l ll .n lj +  (Ci,„ — Ci.n-iJ

f  ! zl . aDl (a -  y)/?Pi , i
t~ 4 A  +  7D 'A2 “  2TA W  (r iI ’n +  T " '* -1) /

(cil,n+l — CII„) 2A2D ' 3)(r i . -  r i ’")

X

+

(Cll.n C lll?!- l )
S(D2 — Df) 

2A2D' 1 ,71 +  ri,„_i)

(29) For the value to be attributed to t see ref 25.
(30) G. V. Chester, K ep t . P r o g r .  P h y s . , 26, 411 (1963).
(31) See ref 28, Chapter 5.
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for n =  1, 2, . . . ,  16. In this formula

r _______ ccn
1 i , n  ~  . aTCl.n +  PClI.n

where i  =  I, II ; "i,n and cu,n are the values of ci and 
cn pertaining to £ =  £„; A = £re -  £k_i =  0.8.

The second eq 16 yields a similar result. The quan
tities Ci,o and c{,n which occur in the equations for n = 
1 and n = 16 can be eliminated by means of the 
boundary conditions

Cf 0 Cf,2 j Ci, 17 Ci, 15 (Al)

where i =  I, II.
For a chosen initial distribution of ci and cn all the 

32 quantities cj,K/c 0 and /3cn,„/yc0 were simultane
ously generated as functions of d.

At £„ =  ±6.0, Ci and cn were always found to be 
independent of d. Thus it was justified to restrict 
the computation to the range |£| ^  6 with the aid of 
the boundary conditions (A l).

According to the above procedure, difference equa
tions instead of differential equations were solved on 
the computer. The accuracy of these solutions was 
high; for concentration-independent two-component 
diffusion the difference equation can also be solved by 
hand, and the computer values of c/co (at selected £ 
values, for d >  about 6) for such a case agreed within 
0.001 with those of the solution obtained by hand.

The comparison, for the same simple case, between 
the solution of the difference equation and the physi
cally sound differential equation was less favorable. 
This is demonstrated in Table V.

Table V : Solution of the Difference Equation and 
the Differential Equation for NaCl in Water

£

c/co as the solution of 
Differ
ential

Dif- equation 
ference (error 

equation function) £

c/co as the solution of 
Differ
ential

Dif- equation 
ference (error 

equation function)

- 6 . 0 0.020 0.020 0.4 0.635 0.632
- 5 .2 0.020 0.020 1.2 0.841 0.832
- 4 . 4 0.020 0.020 2.0 0.955 0.944
- 3 . 6 0.020 0.022 2.8 0.992 0.987
- 2 .8 0.027 0.033 3.6 0.999 0.998
- 2 . 0 0.063 0.076 4.4 1.000 1.000
- 1 . 2 0.176 0.188 5.2 1.000 1.000
- 0 . 4 0.382 0.388 6.0 1.000 1.000

The discrepancies shown in this table will decrease 
the closer the £ values selected are and the larger their 
number is. If one were interested in solutions nearer

Figure 4. A(ci/co) and A(cn/co) (see text) as a function 
of i; for initial distribution e of Table III.

to those of the differential equations, the analog com
puter should be used in a different way or a digital 
computer could be used. There the limitation with 
regard to the number and distance of £ values, inherent 
in the analog computation outlined above, hardly 
exists.

Nevertheless, the influences of the concentrations 
and the concentration gradients of the two electrolytes 
on each other’s diffusion manifest themselves clearly 
in the solutions of the difference equations. They 
result in differences, at corresponding £ values

A(Ci/c0)   (C f/C o)real (Cj/Co)indep (f =  I, II)

where (c(/co)reai indicates the computer solutions 
(derived from plots of the type of Figure 1, for & >  
about 6) for the realistic case of coupled concentration- 
dependent diffusion (initial distributions c, d, e, and f 
of Table III therefore), while (Ci/co)indep denotes the 
computer solutions for the imaginary case that I and 32 33

(32) D. R. Hafeman, J . Phys. Chem., 6 9 , 4226 (1965).
(33) J. L. Duda and J. S. Vrentas, ibid., 6 9 , 3305 (1965).
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II, though present together, diffuse independently; in 
the latter process the diffusion coefficients would be

Z)i_n =  -Dn_i = 0; D\—i — ~D i; D i m  =  Ẑ>3
y  P

(A2)

The solutions of the difference equations are then either 
equal to those for initial distributions a and b of Table
III, or constant. For one initial distribution the values 
of A(Ci/co) have been plotted in Figure 4.

The general character of the results for the initial 
distributions c and f is the same. At least as far as

their sign is concerned, the results are as can be ex
pected qualitatively from eq 13 and Tables I and II. 
In agreement with qualitative and quantitative expec
tations, A(Ci/c0) for initial distribution d came out to 
be zero for all £.

It might well be, therefore, that the influences of I 
and II on each other’s diffusion are adequately de
scribed by the A(c</co) as found with the computer. 
If so, the complete distributions, (c4/c 0) at chosen £ 
values and at t -*■ , should be found by adding these
A(ci/c0) values to the exact solutions for independent 
diffusion (preferably to be derived from error functions, 
using D i_i and Dn_n, as given in eq A2).

Heats of Immersion in Water of Characterized Silicas of Varying 

Specific Surface Area

by J. A. G. Taylor1 and J. A. Hockey

C h em is try  D ep a r tm e n t , F a cu lty  o f  T ech n o lo g y , U n iv er s ity  o f  M a n ch es ter, M a n ch es ter , E n g la n d  
(R ece iv ed  N ov em b err 2 9 , 1 9 6 5)

The heat of immersion (Afli) in water of annealed, fully hydroxylated amorphous silica 
is 160 ±  3 ergs/cm2. This value is independent of the specific surface area in the range
8.5-147.5 m2/g . Higher values were obtained for samples containing microporous defects.

Introduction
Although absolute values for the surface energy of 

solids cannot be obtained from heat of immersion 
(AHi) studies, this technique has been widely used in 
recent years to measure variations between surfaces of 
differing structure.2-7 The results obtained have in 
some cases been interpreted in terms of the crystal
linity of the solid. It has been suggested that as the 
particle size of the solid increases, the surface cor
responds more closely to that of the pure crystalline 
material and so the energy change on formation of the 
solid-liquid interface increases. This hypothesis has 
been used to interpret the marked increase in AHi 
on passing from high to low surface area solids.2 In

the present work, values for AHi in water of well- 
characterized silicas of similar surface properties but 
varying particle size have been determined. 1 2 3 4 5 6 7

(1) Chemical Physics Division, Unilever Research Laboratory, Port 
Sunlight, Cheshire, England.
(2) W. H. Wade, H. D. Cole, D. E. Meyer, and N. Hackerman, 
Advances in Chemistry Series, No. 33, American Chemical Society, 
Washington, D. C., 1961, p 35.
(3) (a) A. C. Makrides and N. Hackerman, J . P h y s .  C h em ., 63, 594 
(1959); (b) W. H. Wade, R. L. Every, and N. Hackerman, ib id ., 64, 
355 (1960).
(4) R. L. Venables, W. H. Wade, and N. Hackerman, ib id ., 69, 317 
(1965).
(5) J. W. Whalen, ref 2, p 281.
(6) M. M. Egorov and V. F. Kiselev, Z h . F iz . K h im . , 36, 158 (1962).
(7) D. Kolar, C roa t. C h em . A c ta , 35, 123, 289 (1963).

Volum e 70, N um ber 7 J u ly  1966



2170 J. A. G. Taylor and J. A. H ockey

Table I: Characteristics of the Silica Samples
Specific
surface Micro-

Sample area, Initial porosity, ✓------------ A # i, ergs/cm2---------
no. Preparation mVg Non ml/g Set A* Set

i Heated at 700° for 48 hr 147.5 4.71 0.006 165 170
2 Heated at 940° for 4 hr 99.3 4.61 0.005 158 154
3 Heated to 940° for 16 hr 87.1 4.64 0.004 158 144
4 Heated to 980° for 4 hr 79.0 4.62 158 160
5 Heated to 980° for 16 hr 64.7 4.68 153 159
6 Heated to 1040° for 16 hr 29.9 4.31 0.005 155
7 Heated to 1060° for 4 hr 8.2 163 173
8 Heated to 1040° for 4 hr 35.5 5.50 0.018 186 177
9 Prepared by precipitation 47.1 >8.0 0.110 1330 1320

“ A: heated in air at 115° for 6 hr. b B: heated in vacuo at 115° for 6 hr.

Experim ental Section

1. Apparatus. AHi values were determined at
27.0 ±  0.05° by means of a differential calorimeter 
mounted in an ethylene glycol-water bath thermo- 
stated to ±0.002° during the experimental run. Up 
to three sample bulbs could be mounted in each 
calorimetric vessel, where the temperature changes 
were measured to ± 5  X 10~6° by means of two 105- 
ohm thermistors mounted in opposing arms of a 
Wheatstone bridge circuit. At least two electrical 
calibrations were performed after each experiment, 
the agreement between these pairs always being better 
than 0.3%. All the values for AH\ in Table I are the 
result of at least two independent determinations. 
The 3- to 15-g samples were contained in thin-walled 
Pyrex glass bulbs, 22 mm in diameter and 50 mm long, 
which had an exothermic heat of bulb breaking of 0.22 
±  0.05 cal. A correction of 0.0075 cal/g of sample, 
calculated from the heat of vaporization of water, was 
applied to the experimentally determined heats to 
allow for the change in the free volume available for 
evaporation. The bulbs were completely shattered 
to ensure rapid and complete dispersion of the solid. 
In an experimental determination, the heat liberated 
varied from 3 to 15 cal; this corresponded to a 1-5 X 
10_2° temperature rise. The accuracy of the data is 
± 3 %  for the lowest surface area sample but consider
ably better in the other cases.

2. Materials. Samples 1-8 (see Table I) were all 
derived from a 2-kg batch of “ Aerosil”  (from Degussa) 
which had been rehydrated by heating in liquid water 
at 95° for 5 hr and then dried at 115° in air.8 This 
material (coded R.A.2) had a specific surface area 
(ssa) of 158 m2/g  and a surface hydroxyl population of 
6.25 groups per 100 A 2, i.e., Non =  6.25. Sample 1 
was prepared by heating a portion of this material at 
700° for 48 hr; it was then rehydrated and dried

as described above. There was little change in the 
surface area (ssa = 147.5 m2/g) as a result of this treat
ment, but the Non value fell to 4.71. This Non value 
corresponds closely with that expected for one hy
droxyl group per silicon atom in a /3-cristobalite or /3- 
tridymite structure. Samples 2-8 of varying particle 
size were obtained by heating portions of R.A.2 for 
differing lengths of time at temperatures between 940 
and 1060° (see Table I), then rehydrating and drying, 
as described above. Sample 9 was a highly micro- 
porous precipitated silica which was used, after drying, 
without further rehydration. Finally the bulbs were 
loaded, weighed, and glass-blown onto a vacuum line 
separated by means of a liquid nitrogen trap from any 
portion of the system having greased joints. One set 
(A) was heated in air at 115° for 16 hr, followed by 
evacuation to a pressure of <10~5 mm at room tempera
ture for a further 16 hr. A second set (B) was heated 
in vacuo at 115° for 16 hr. The bulbs were sealed off 
under vacuum. Control experiments demonstrated 
that such treatments gave reproducible surface prop
erties.

The ssa values (Table I) were determined by appli
cation of the BET equation to the adsorption of nitro
gen at 77°K. A surface area of 16.2 A 2 was assigned 
to the nitrogen molecule.

Distilled water was passed through a bed of “ Biode- 
minrolit”  mixed-bed ion-exchange resin, distilled from 
dilute alkaline permanganate solution and then finally 
distilled in a previously steamed Pyrex still.

The microporosities (Table I) were calculated from 
the difference in apparent densities of samples immersed 
in water and carbon tetrachloride. The samples were 
loaded into a previously calibrated dilatometer, then

(8) J. A. G. Taylor, J. A. Hockey, and B. A. Pethica, Proc. Brit. 
Ceram. Soc., 5, 133 (1966).
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0 10 0  20 0  30 0  400 50 0  800 70 0  800 900 10 0 0

Temperature, °C.

Figure 1. Dehydration curves for the various surface area 
silicas (sample no. in parentheses): O (1), □ (2),
X (3), +  (4), ♦, (5), 0  (6), • (8).
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Figure 2. Variation in AHi in water witli specific 
surface area: O, this work, heated at 115°; X , Wade, ei ai.;2 
A, Paterson and Wheatley,14 heated at 250°; □, Egcrov 
and Kiselev,6 heated at 200°; •, miscellaneous other 
studies heated at 115-150°.
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evacuated as described above for set B ; the out-gassed 
liquids were then distilled into the dilatometer under 
reduced pressure. Control experiments with a flame 
sphericalized silica (“ Fransil,”  Fransol S.A.) demon
strated that changes in the molar volumes of the liquids 
were negligible under the experimental conditions used 
and confirm that this method gives a meaningful indi
cation, though not necessarily an absolute measure
ment, of the microporosity.9“ 11 No h  values were 
determined from the weight lost on heating samples 
from 115 to 1100°.12

Results and Discussion
Figure 1 compares the thermal dehydration character

istics of the samples and gives the equilibrium No h  

values as a function of ignition temperature under 
virtually identical atmospheric conditions. Previous 
workers12’13 have suggested that this dehydration 
process reflects the loss of water by elimination between 
pairs of adjacent surface hydroxyls; the governing 
factor in the dehydration is therefore the initial steric 
arrangement of the surface hydroxyl groups. The 
close similarity of the curves in Figure 1 therefore sup
ports the assertion that samples 1-7 have virtually 
identical surface properties and vary only in particle 
size, de Boer12 has shown that silicas heated above 
ca. 700° and then rehydrated have a limiting I V o h  

value of 4.6-4.7. Thus samples 8 and 9, which have 
higher No h  values, presumably contain a portion of 
their surface unavailable to nitrogen. This view is 
confirmed by the presence of microporous defects 
accessible to molecules of water but not to those of 
carbon tetrachloride.

Figure 2 shows values of AHi for the silicas 1-7 and

the two microporous silicas 8 and 9 together with 
the data of previous workers2'6’14 as a function of ssa.

It has previously been reported that AHi of Si02,3a 
T i02,15 and A120 316 in water increases as the particle 
size increases. The data given in Figure 2 from this 
study and that of certain other workers2’6’14 clearly show 
that there is no variation in the AHi of Si02 in water 
with variation in particle size as such. Similarly, a 
recent study by Kolar7 shows that for U 02 AHi in 
water is independent o: particle size over the range
1-9 m2/g. However, there is a wealth of contra
dictory data, and it is pertinent to consider why this 
is so. In a previous paper8 we summarized the param
eters which must be defined to make heat of immersion 
results meaningful. Unfortunately, many studies have 
been performed on insufficiently characterized systems, 
and hence valid comparisons between the results ob
tained by different workers often cannot be made. 
The four sets of internally consistent data given in 
Figure 2 differ from each other. It is possible that 
these differences reflect changes in the crystallinity 
of the solid as suggested by Wade and Hackerman.2 
As large particles are generally associated with a 9 10 11 12 13 14 15 16

(9) C. Okkerse, Ph.D. Thesis, Delft, 1961.
(10) S. C. Bright, unpublished data.
(11) D. Dollimore and G. R. Heal, Trans. Faraday Soc., 59, 2386 
(1963).
(12) J. H. de Boer, M . E. A. Hermans, and J. M . Vleeskens, Koninkl. 
Ned. Akad. Wetenschap., Proc , B60, 45 (1957).
(13) J. A. Hockey and B. A . Pethica, Trans. Faraday Soc., 57, 2247 
(1961).
(14) M . S. Paterson and K. Wheatley, J. Appl. Chem., 9, 231 
(1959).
(15) W . H. Wade and N. Hackerman, J. Phys. Chem., 65, 1681 
(1961).
(16) W . H. Wade and N. Hackerman, ibid., 64, 1196 (1960).
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higher degree of crystallinity, AHj per unit surface 
area would appear, at first sight, to be a function of 
the particle size, i.e., specific surface area.

Some reported A H j  values are significantly higher 
than any of the values given in the four sets of intern
ally consistent data illustrated in Figure 2, e.g., 892 
ergs/cm2 obtained by Wade, et al.3h It is noteworthy 
in this context that samples 8 and 9 which have a 
microporous nature and higher Non. values exhibit 
higher AHj values. The presence of pores of diameter 
less than ca. 7 A leads to a spuriously low value for the 
ssa as measured with N2 by the normal BET method 
and hence to too high a value for A H i  and Noh- Also, 
in such small pores where “ persorption”  can occur, the 
heat of adsorption of water is greater than for a planar 
surface. The presence of such micropores may 
account for the report that Noh values, based on the 
N2 surface areas, increase significantly when the 
surface area decreases.17 The presence of such struc
tural defects in large particles of quartz has already 
been suggested,18 but, owing to the experimental 
problems involved, unambiguous verification is dif
ficult. When such particles are ground to produce 
higher surface area samples, it is likely that fracture 
will occur at these defects; thus A H i ,  N oh, and, 
probably, the microporosity will decrease. This hy
pothesis may explain much of the variability of pre
viously published data, but unfortunately the lack of 
information on Non values and possible structural 
defects does not allow this view to be checked. Hence, 
the findings of Wade and Hackerman, who in one 
study19 report a decrease in AHi with decreasing 
particle size for a number of fractionated samples de
rived by grinding a low surface area quartz, but in 
another study,2 following a similar procedure, note 
no change, are understandable if the first sample con
tained such defects but the latter did not. The pro
posal of Egorov and Kiselev6 that variations result from 
the creation of porosity on dry grinding is directly 
opposed to the experimental A Hi data as this would 
give rise to an increase in A H i  as the particle size de
creases.

The presence of micropores would also account for 
the findings of Holmes and Secoy,20 who show for 
four samples of Th02 having ssa’s of 2-15 m2/g  that, 
with one exception, AHi increases as the ssa increases. 
The samples were all prepared from the same batch 
of thorium oxalate by thermal decomposition at

various temperatures. Surface areas calculated from 
crystallite dimensions (determined by X-ray line 
broadening) were always higher than the measured 
BET value. The greatest discrepancy between the 
two was noted for the sample having the anomalously 
high A Hi value (see Table II). Winfield21 has noted 
that the surface area calculated for ThO» from H20  
isotherms was ca. twice that calculated from the nitro
gen isotherms. Again, the results could be explained 
by the presence of microporosity in these samples.

Table II : Properties of the Th02 Samples“

n2 Calcd
surface surface
area, area,
mVg m!/g Ratio A Hib

A 14.7 32.1 2.18 500
B 11.5 27.7 2.40 570
C 5.64 8.92 1.58 530
D 2.20 3.58 1.63 430

See ref 20. b In vacuo. 115°.

Conclusions

(1) There is no variation in the A Hi per unit sur
face area of silica in water with particle size. (2) 
A Hi in water of crystalline modifications of silica is 
probably higher than that of amorphous silica. (3) 
Microporous silicas exhibit higher values of AHi and 
No h  than do nonmicroporous silicas when these values 
are based on the N2 surface area determined by the 
normal BET method.
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The Promotion of a Nickel Catalyst by Electronic Interaction 

with Germanium Supports

by Raymond F. Baddour and Max C. Deibert

Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 
CReceived December 7, 1965)

The activity of nickel deposited on carefully prepared germanium supports for the de
composition of formic acid was studied as a function of the electronic properties of the 
germanium. It was concluded that electronic interaction between the germanium sup
ports and the nickel has a strong promoting effect, increasing the catalytic activity by a 
factor of 1.33-3 for as few as one electron transferred per 10,000 nickel atoms in the 
catalyst layer.

I. Introduction

The properties of supported catalysts are highly 
dependent on the properties of the supporting material, 
especially those properties which influence the surface 
area, and accessibility of the active catalyst. It has 
been demonstrated that the specific activity of the ex
posed surface of supported metal catalysts is also de
pendent on the chemical nature of the support.1'2 
The source of this dependence may be indicated by the 
results of measurements of the infrared spectra of 
species chemisorbed on supported metals.3'4 These 
investigations revealed that the properties of chemi
sorption bonds are influenced by type of material used 
as the support for the metals. This influence of sup
port on chemisorption bonds, if extended to the proper
ties of chemisorbed intermediates in a catalytic reac
tion mechanism, would be expected to affect the activity 
of a supported catalyst.

The mechanism by which a support can influence the 
properties of chemisorption bonds may be by altering 
the electronegativity of the metal through the electronic 
interaction at the metal-support interface. If the 
metallic deposit on the support surface is sufficiently 
thin, or if the ratio of the support-metal interfacial 
area to the volume of the metal is sufficiently high, any 
charge transfer at the support interface may alter the 
concentration and energy of the electrons on the active 
catalyst surface. Since the strength of a chemisorp
tion bond should depend on the difference in electro
negativity of the chemisorbed species and the solid

surface, the alteration of the electronic, and therefore 
the chemical, nature of the catalyst surface may have 
been the source of the effects noted earlier.1-4

In addition to the influence of support-catalyst inter
phase electronic interaction on the properties of sup
ported catalyst, the support may alter the rate or 
course of a catalytic reaction in other ways.5 These 
influences may result frcm the contribution of impuri
ties to the catalyst from the support, through the modi
fication of the particle size and crystal orientation of 
the supported catalyst, or through contribution of 
catalytic properties of the support surface itself to 
alter the course of a reaction. In this latter case, 
interphase electronic effects may exert an important 
influence if interphase surface diffusion is a step in 
the catalytic mechanism, as has been indicated for 
certain reactions in recent studies.6 The interphase 
potential between the catalyst and support could 
influence the rate of this diffusion.

The promoting effect of interphase electronic inter
action has been investigated previously7-9 using nickel

(1) E. B. Maxted and S. I. Ali, J. Chem. Soc., 4137 (1961).
(2) D. J. C. Yates, W . F. Taylor, and J. H. Sinfelt, J. Am. Chem. 
Soc., 86, 2996 (1964).
(3) R. P. Eischens and W . A. Pliskin, Advan. Catalysis, 10, 1 (1958).
(4) C. E. O ’Neill and D. J. C. Yates, J. Phys. Chem., 65, 901 (1961).
(5) R. P. Eischens, “ Surface Chemistry of Metals and Semicon
ductors,” H. C. Gatos, Ed., John Wiley and Sons, Inc., New York, 
N. Y „  1959, p 421.
(6) P. J. Lucchesi, J. L. Carter, and J. H. Sinfelt, J. Am. Chem. 
Soc., 86, 1494 (1964).
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catalysts supported on variously doped refractory 
oxide supports (AU03, NiO, Cra0 3, and TiO). All 
of these studies revealed an increase in the activation 
energy for formic acid decomposition on the nickel 
catalysts as the electron concentration in the supports 
was increased.

Previous evidence indicates that a possible rate- 
limiting step of the zero-order decomposition of formic 
acid on nickel involves replacing an oxygen-catalyst 
bond with a hydrogen-catalyst bond in an adsorbed 
formate group.10

H - V °
n oh

H

h  o A o
am T^ìifiimnìnr

(2)

0 (3). CO,

H hA o 
m b m ^ n fu m iìm i

(4P H,

(i)

In the rotation of the adsorbed formate group (step 2), 
electronic charge will be transferred from the formate 
group to the catalyst surface since the electronegative 
oxygen is replaced by a hydrogen atom adjacent to 
the surface.

Increasing the electron concentration in the refrac
tory oxide supports may, through the interphase charge 
transfer, have increased the electron concentration in 
the supported nickel. These added electrons could 
have made the transfer of charge from the decom
posing formate groups more difficult, thus increasing 
the activation energy and decreasing the reaction rate. 
The specific activity of the supported nickel catalysts 
was not reported,7-9 so there is no assurance that the 
activity decreased with increasing activation energy. 
The consistent increase in the activation energy with 
the electron concentration in the supports is evidence, 
however, that the interphase electronic interaction does 
influence the catalytic properties of nickel for formic 
acid decomposition.

A quantitative estimate of the magnitude of the 
electronic interaction between these supports and the 
nickel catalysts cannot be made since the refractory 
oxides are poorly characterized semiconductors whose 
surface properties are not well understood.

The purpose of this investigation was to demon
strate quantitatively the promoting effect of support- 
catalyst electronic interaction. A series of supported

catalysts were prepared using materials and methods 
designed to yield predictable variations in the magni
tude of the electronic interaction between the catalyst 
and its support. The catalysts consisted of nickel 
deposited on various types of powdered germanium 
supports. The germanium supports were prepared 
from single-crystal germanium samples containing dif
fering quantities and types of impurities. Variations 
in the impurities produced measured variation in the 
electronic properties of the germanium and predict
able changes in the magnitude of electronic interaction 
at the germanium-nickel interface in the catalysts. 
The influence of these changes in interphase electronic 
interaction on the catalytic properties of the nickel 
was detected by measuring and comparing the activity 
of the catalysts for formic acid dehydrogenation.

EE. Theory
If the electronic properties of a semiconductor are 

well characterized and its surface properties are closely 
controlled, the magnitude of the equilibrium inter
facial electronic interaction between the semiconductor 
and a metal whose work function is known can be pre
dicted from the Schottky theory of metal-semiconduc
tor contact.11-13 Although this theory is currently 
under attack, it is apparently the best available at 
present for the estimation of these effects.

The magnitude of the equilibrium potential dif
ference (Volta potential) can be varied by an amount 
equal to the maximum variation in the Fermi energy 
of the semiconductor, which is approximately equal to 
the width of the forbidden energy gap between its 
valence and conduction bands. It has been demon
strated that the measured potential difference at care
fully prepared contacts between silicon and various 
metals can be predicted with fair accuracy by this 
method.14 The germanium-metal contact should also 
be amenable to analysis by the Schottky theory.

The potential difference (VD) which is established 
between a metal and a semiconductor in contact at 
thermal equilibrium is given by13 relationship 2 7 8 9 10 11 12 13 14

(7) G .-M . Schwab, J. Block, and D. Schultze, Angevj. Chem., 71, 
101 (1959).
(8) G .-M . Schwab, ibid., 73, 399 (1961).
(9) Z. G. Szabó and F. Solymosi, Actes Congr. Intern. Catalyse, 2“, 
Paris, 1960, 2, 1627 (1961).
(10) P. Mars, J. J. F. Schölten, and P. Zwietering, Advan. Catalysis, 
14, 35 (1963).
(11) W . Schottky, Z. Physik, 113, 367 (1939).
(12) N . F. Mott, Proc. Roy. Soc. (London), A171, 25, 281 (1939).
(13) E. Spenke, “ Electronic Semiconductors,”  McGraw-Hill Book 
Co., Inc., New York, N. Y ., 1958.
(14) R. J. Archer and M . M . Atalla, Ann. N. Y. Acad. Sci., 101, 697 
(1963).
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F d  = -kT/e l n ( —\
v w

(2)

where nB and mb are the concentration of conduction 
electrons (eleetrons/cms) in the bulk of the semicon
ductor and immediately adjacent to the metal interface, 
respectively. The boundary electron concentration, 
Tin, is a constant independent of ns for a given metal- 
semiconductor pair. It depends on the work function 
of the metal, \[/m, the electron affinity of the semicon
ductor, E0, which is the electron energy at the bottom 
of its conduction band, and the magnitude of any inter
facial potential barrier resulting from impurities and 
lattice interruptions at the interface, fa, according 
to the equation

Mb =  N0 exp ('
— Eq — \pB

kT )
(2a)

where

lf- = 2-5 x l 0 ' ( ^ r ) /( 3 ô h ) //cm’ (2b)
The quantity (meff/m) which is of the order of magni
tude of unity, is the ratio of the effective mass of an 
electron at the bottom of the conduction band of 
the semiconductor to the mass of a free electron.

The work function of nickel has been measured to 
be 4.96 ev.15 16 The electron affinity of germanium is
4.49 ev, as derived from the work function \f/Bi of in
trinsic germanium, 4.78 ev,16 and the width of its 
forbidden energy gap (Ec — Ev) of 0.582 ev at 240° 
(the reference temperature of this study) by the equa
tion

Eo =  K  -  W o  -  Ev) (2c)

Substituting these values into eq 2a yields a value of 
1.41 X  1016 for mb at the germanium-nickel interface at 
240°.

The potential difference between nickel and germa
nium at 240° (calculated from eq 2) is plotted in Figure 
1 as a function of the conduction electron concentra
tion in the germanium. Also shown are the interphase 
potential differences predicted when an impurity 
potential barrier of ±0.10 v is present. The calculated 
potential difference between germanium and nickel 
changes by about 0.1 v when the conduction electron 
concentration is changed by a factor of 10.

The magnitude of the charge transfer between nickel 
and germanium is given by17

,,  ‘A
(j/e =  — '—  ( t t e) 1/ ! ( — F d ) 1/s electrons/cm2 (3) 

27re-

when nB >  10nB, and
e ‘A

<r/e =  —7̂ —(mp) ‘/2(Fd) 1/! electrons/cm2 (4) 2 ire

whenn8 <  nB/10.
These equations are plotted in Figure 2 as a func

tion of the conduction electron concentration. Also 
shown in Figure 2 is the interphase electronic inter
change predicted when an impurity potential of ±0.10 
v is present. Increasing the conduction electron 
concentration by a factor of 10 increases the interphase 
charge transfer by a factor of about 4. The charge 
transfer for very heavily doped germanium, na = 1020/  
cm3 for n-type or 1012/cm 3 for p-type, is about 1013

Figure 1. Volta potential difference at a 
germanium-nickel interface at 240°.

Figure 2. Charge transfer at a germanium-nickel 
interface at 240°.

(15) A. J. Decker, “Solid State Physics,” Prentice-Hall, Inc., Engle
wood Cliffs, N. J., 1957, p 223.
(16) H. E. Farnsworth and J. Dillon, J. Appl. Phys., 28, 174 (1957).
(17) H. K. Henish, “ Rectifying Semi-conductor Contacts,”  Oxford
University Press, London, 1957, pp 177-182.
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electrons/cm2, or about 1 electron per 1000 A2. The 
effect of an interfacial potential barrier on the charge 
transfer is small.

The conduction electron concentration in germanium 
can be varied between about 1012/cm 3 and 1020/cm 3 at 
240° with variations of the type and concentration of 
impurities dissolved in the germanium. The maxi
mum concentration of these impurities is about 0.01%. 
There is, thus, little variation in the chemical nature of 
the germanium while the electronic properties of the 
germanium-supported nickel catalysts vary over wide 
limits. The concentration of lattice defects in germa
nium crystals generally increases with increases in the 
concentration of dissolved impurities. This may result 
in an increase in the magnitude of the double-layer 
voltage, i/'b, at the germanium-nickel interface at high 
impurity contents, but should not substantially affect 
the magnitude of interphase charge transfer, as shown 
in Figure 2. Thus, any regular variation in the cata
lytic properties of a series of catalysts prepared from 
these materials would most probably result from varia
tions in their electronic properties.

The possibility that nickel from the catalyst layer or 
hydrogen from the catalytic reaction might diffuse into 
the germanium supports and alter their electronic 
properties is unlikely because of the extremely low 
solubility of these materials in germanium under the 
conditions to which the catalysts were exposed. The 
solubility of nickel in germanium is given by18

S =  1.9 X 1023 exp(—39,500/727') atom/cm3

This equation was calculated from solubility data ob
tained between 700 and 920°, where the solubility is 
on the order of 1014 to 1016 nickel atoms/cm3. Ex
trapolation of this solubility equation to 300°, the maxi
mum temperature encountered by any of the catalysts, 
yields a maximum solubility of nickel in these supports 
of less than 109 atoms/cm3. This is well below the 
concentration of about 1013 atoms/cm3 at which it is 
felt that dissolved nickel would significantly influence 
the electrical properties of the catalysts. The solu
bility of hydrogen in germanium is given by19

(S =  1.60 X 1024 exp(—52,800/RT) atoms/cm3

This equation was developed from solubility data 
taken between 800 and 910°. Extrapolation of this 
equation to 300° yields a value below 10s hydrogen 
atoms/cm3, again well below an electronically signifi
cant level.

The solution of germanium in the nickel might in
fluence its catalytic properties. The solubility of 
germanium in nickel is probably quite low at tempera

tures below 300°, however, and should be identica 
for all the catalysts studied..

It has recently been demonstrated in this laboratory 
that the surface of vacuum-crushed germanium is 
oxidized to some extent by oxygen-free ethanol vapors.20 
The reaction products, in addition to germanium oxide, 
are hydrogen and ethylene. It is most probable that 
any uncovered germanium surfaces in the catalysts 
prepared for this study were oxidized by the formic 
acid vapor in the catalytic reactor. This surface oxide 
should not extend to the germanium nickel interface 
and should influence the interphase electronic inter
action only near the edges of nickel deposits on the 
germanium surface. The catalytic reaction was con
ducted at temperatures above 200° since under those 
conditions nickel surfaces are not oxidized by formic 
acid vapor.21 22 *

III. Experimental Section
A diagram of the catalyst preparation equipment is 

shown in Figure 3. A major problem of this research 
was the preparation of the germanium-supported nickel 
catalysts by a procedure which potentially yields 
clean and reproducible electrical contact between the 
two materials. Any impurity on the germanium sur
face, such as the oxide film which readily forms, would 
effectively insulate the nickel from the germanium. 
Uncontaminated germanium surfaces were created 
by crushing germanium chips into a fine powder under 
ultrahigh vacuum by the technique of Rosenberg, 
et al.M

In preparing a batch of germanium powder support, 
approximately 10 g of germanium chips, 1-3 mm in 
size, was sealed into the side arm on the crushing ap
paratus. These chips were obtained from a single 
crystal of germanium which had been electrically 
characterized by the Hall technique to determine its 
conductivity (<r), the sign of the majority charge 
carriers (electrons or holes), and their mobility (un or 
Up). The concentration of the majority charge 
carrier was determined from the equation

<t =  e(unna +  upnp)

where a ^  eunns when ns »  np, i.e., n-type semi-

(18) F. van der Maesen and J. A. Brenkman, Philips Res. Rept., 9, 
225 (1954).
(19) R. C. Frank and J. E. Thomas, Jr., Phys. Chem. Solids, 16, 144 
(1960).
(20) C. W . Selvidge, Sc.D. Thesis, Chemical Engineering Depart
ment, M IT, 1966.
(21) R. E. Eischens and W . A. Pliskin, Actes Congr. Intern. Catalyse, 
2Q, Paris, 1960, 1, 789 (1961).
(22) A. J. Rosenberg, P. H. Robinson, and H. C. Gatos, J. Appi.
Phys., 29, 771 (1958).
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Figure 3. Catalyst preparation equipment.

conductor, and a =  eupnp when np »  ns, i.e., p-type 
semiconductor. The electron or hole concentration 
and the impurity element contained in the three types 
of germanium supports used in this study are indi
cated in Table I.

Table I : Electronic Properties of Germanium Supports
Conduction Equilibrium

electron charge trans-
concn at fer at Ge-Ni

240° interface“
n8, <r,

Ge-type electrons/cm3 electrons/cm2

p-Type
Zn doped 3 X 1018 6 7.3 X 10“  to Ni

n-Type
Sb doped 3.4 X 1017 5.3 X 1011 to Ni
As doped 2.4 X 1019 3.7 X IO12 to Ni

° From Figure 2. ” For Ge at 240° (n,np)1/2 = 3.46 X IO18.

After sealing the germanium chips into the catalyst 
preparation unit, it was evacuated first with a roughing 
pump and then with a Vac-Ion ion-trap pump, until 
a pressure as low as 10~8 torr was obtained. It was 
necessary to bake the unit out at 450° to attain this 
pressure. Generally a pressure of about 10 ~9 torr was 
maintained in the apparatus during crushing.

Crushing was accomplished by dropping a stainless 
steel hammer, enclosed in the crushing tube, repeatedly 
onto individual batches of about 0.5 g of chips. 
Hammer movement was activated by a solenoid coil 
placed outside the crushing tube to which a pulsed dc 
current was supplied. Chips were added to the crushing 
tube and crushed powder was removed by tipping 
the apparatus up or down through the flexible coupling 
in the vacuum manifold. The crushed powder was 
held in the quartz irradiating dish.

Nickel was deposited on the germanium powder 
supports by the decomposition of rigorously purified 
nickel carbonyl vapor. Since it was desired that the 
interphase charge-transfer influence the electrical 
properties of the nickel exposed to the chemical reac
tion, the average thickness of the nickel deposit was 
no more than a few atomic layers.

The nickel carbonyl was initially purified by two 
trap-to-trap distillations, discarding both the initial 
and final 25% portions of the distillate from each trap. 
This partially purified nickel carbonyl was stored as 
the liquid at room temperature in a storage trap. 
Prior to the use of a portion of this initially purified 
carbonyl for catalyst coating, it was further treated by 
repeated freeze-evacuation-sublimation cycles to re
move traces of dissolved gases, together with any CO 
formed by the autodecomposition of the carbonyl in 
the storage trap. A portion of the purified carbonyl 
vapor was then added to the crushing and coating 
apparatus, which had been isolated from the high- 
vacuum pump and opened to a 0-20-mm absolute 
pressure gauge. The germanium powder was then 
heated with infrared radiation, while cooling the out
side of the quartz dish with air streams. The carbonyl 
vapor decomposed on the heated powder by the reac
tion23

Ni(COMg) — ^ Ni(s) +  4CO(g)

The carbon monoxide does not irreversibly adsorb on 
the germanium surface.24 The amount of nickel 
deposited was calculated from the pressure increase 
indicated on the absolute pressure gauge and the known 
volume and temperature of the system. Uniform 
heating and nickel deposition on the germanium powder 
was encouraged by mixing the powder through the 
vibration and occasional tipping of the crushing and 
coating system. Since the carbon monoxide formed 
tended to purge the carbonyl vapor out of the dish, 
it was sometimes necessary to evacuate and recharge 
the system repeatedly with fresh carbonyl vapor until 
the total pressure increase in all runs indicated that the 
desired quantity of nickel had been deposited. The 
pressure increase corresponding to the deposition of 1 
m2 of a monolayer of nickel was about 1.75 torr in this 
system. In the absence of germanium powder, only 
slight pressure rises were noted in the system when the 
carbonyl vapor was admitted to it, indicating that 
very little decomposition occurred on the inner surface 
of the apparatus during the catalyst-coating p rocess.

Following the nickel deposition, the catalyst was

(23) R. K . Chan and R. McIntosh, Can. J. Chem., 40 , 845 (1962).
(24) H. C. Gatos, personal communication, 1962.
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Table II : Catalytic Properties of the Germanium-Nickel and Pure Nickel Catalysts 
for Formic Acid Dehydrogenation at 240° and 19.5 mm

Catalog
Surface

area,

Average
nickel
laye r

thickness,
a tom ic

In it ia l
a c tiv ity ,

A c tiva tio n
energy,

A  frequency 
factor,

A pparent
reaction

no. Ge-type cm 2/g layers m o les/m 2 hr kca l/m o le m oles/m 2 h r order

3“

4
9a
9b

10a

n-Type 
Sb doped

680

658
961
961
812

1.0

None
1.0
3.1
6.2

None

2.4 X 10-4
3.4 X IO“ 4 
7.8 X IO“ 4

14.2 X 10-> 17.0-18.9 7.1 X 104 0.97
10b 812 18.5 23.7 X 10“ 4 10.6-11.0 9.6 X 101 0.89
11a p-Type 1143 4.4 2.9 X 10“ 4 33.6 6.0 X 1010 0.85

lib
Zn doped

1143 13.1 7.9 X 10-4 10.0 1.46 X 101 0.85
12c n-Type 936 10.7 25.4 X 10~4 13.8 1.9 X 103 0.83

7b
As doped 

Pure Ni 122 1.54 ±  0.06 28.7 ±  1.1 2.2 X 1012 0.15

* Not outgassed to remove carbon monoxide.

baked out and evacuated in the quartz dish until no 
more adsorbed CO could be removed from the nickel. 
This condition was assumed when the pressure had 
reached 10-8 torr while the catalyst temperature was 
at 250°. Approximately one-fifth of the catalyst was 
then removed from the system in one of the two break- 
seals on the quartz dish. The remaining catalyst was 
then, generally, coated with additional nickel by the 
procedure outlined above. After a sample of this 
catalyst was taken in a break-seal, the remaining nickel- 
coated germanium powder, about 6 g, was removed 
from the system for BET surface area measurements. 
The results of these measurements are indicated in 
Table II for the catalysts prepared. The surface area 
varied from 658 to 1143 cm2/g .

It was assumed in calculating the activity of the 
catalysts that the surface area of the air-exposed 
germanium-nickel powder was the same as that of the 
break-seal-sampled catalysts which were not exposed 
to air. It was also assumed that the nickel deposition 
did not change the area of the catalysts, so that the 
same surface area could be used to calculate the 
specific activity of both catalysts prepared from a 
single germanium crushing. The average thickness of 
the nickel deposit on each catalyst, as indicated in 
Table II, was calculated under the same assumptions 
from the BET surface areas and the measured amount 
of carbonyl decompositions. Except for a single 
catalyst, which was sampled before nickel deposition, 
the nickel deposits on the nine catalysts prepared and

tested ranged in average thickness from 1.0 to 18.5 
atomic layers.

Nickel powder catalysts were also prepared by re
ducing slightly oxidized commercial nickel powder, 
supplied by Federal-Mogal-Bower Bearings, Inc., 
with hydrogen in the catalyst preparation unit. The 
reduced powder was heated to 450° under a pressure, 
lowered to 10“ 8 torr, in an attempt to remove the 
dissolved hydrogen. It was sampled under vacuum 
in break-seals.

The activity of the germanium-nickel catalysts for 
formic acid dehydrogenation was measured in a single
pass, continuous-flow reactor, to which carefully puri
fied formic acid vapor was fed. A diagram of the re
actor system is shown in Figure 4.

The formic acid feed was purified by repeated distil
lations in which the distillate was collected as a solid 
in a continuously evacuated flask or trap. Water was 
removed by storing the formic acid over anhydrous 
copper sulfate in the first distillation flask and by 
passing the vapor through a bed of the same material 
in the first distillation step. After the second distilla
tion step the formic acid was purged with nitrogen to 
remove the last traces of dissolved gases, especially 
oxygen. All traces of oxygen were removed from the 
nitrogen purge gas by passing it through a bed of hot, 
freshly reduced copper powder. The formic acid was 
stored in the third distillation flask at —78° under 
vacuum.

Prior to the initiation of a kinetic run a portion of the
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Figure 4. Formic acid decomposition reactor system.

stored formic acid was distilled into a feed flask. 
Included in this transfer step were two condensations 
of the formic acid vapor into the solid in continuously 
evacuated flasks, the second evacuated condensation 
being in the feed flask. The feed flask was immersed 
in a constant-temperature bath maintained at 35.0 ±  
0.1° during a kinetic run. The formic acid feed rate 
was established by the setting on a fine metering valve 
above the feed flask and the reading on a 0-20-mm 
absolute pressure gauge on the feed line downstream 
of the metering valve. The feed pressure was main
tained at 19.5 mm except during tests of reaction order, 
when lower pressures were used.

The reactor was a vertical glass tube 3 cm in diameter, 
containing a glass frit to support the catalysts and 
thermowell above and below the frit to measure the 
reaction temperature. The reactor was contained in a 
thermostated box capable of maintaining constant 
reaction temperatures between room temperature and 
about 400°. All kinetic runs were initiated at 240°, 
with the activation energy determined by temperature 
cycles within 30° of that point. The direction of the 
temperature cycle depended on the magnitude of the 
activity at 240°. Following the reaction, the un
reacted formic acid vapor was removed from the prod
uct stream in cold traps. The composition of the un
condensed gases was measured by gas chromatography 
and the flow rate of these gases determined by measur
ing the absolute pressure upstream of and the pressure 
drop across a capillary flow meter. The reaction 
gases were finally removed from the system through 
a vacuum pump.

After initiation of the formic acid feed, measurements 
were made to ensure the absence of inert gases in the 
feed and to determine the activity of the empty re
actor (usually negligible). After the formic acid flow 
was established and the reactor had reached a steady

240°, the evacuated break-seal was opened to add the 
catalyst to the reactor. After the activity at 240° 
was determined, the temperature and then the pressure 
were cycled to obtain activation energy and reaction 
order data. These latter data were not taken on the 
earlier tests.

IV. Results
The kinetic data collected on the pure nickel catalysts 

and the germanium-nickel catalysts are indicated in 
Table II. The activities listed are those initially 
obtained on the catalyst; in all cases only hydrogen 
and carbon dioxide were detected in the product gas, 
indicating that the nickel catalyst promoted only the 
dehydrogenation reaction, as reported elsewhere.26 
As noted above, total BET surface areas were used to 
calculate specific activities. The possible presence of 
uncovered germanium surface in some of the catalysts 
may make the calculated specific activities a little low. 
The character of deposits containing similar quantities 
of nickel should not be substantially different on the 
various germanium supports. For this reason, and 
others to be noted later, only catalysts containing simi
lar quantities of supported nickel are compared to 
determine the influence of interphase charge transfer.

Seven kinetic tests were made on separate 1.0-g 
samples of the reduced nickel powder catalyst. These 
tests were interspersed with the kinetic tests on the 
germanium-nickel catalysts. The reaction rate de
creased with time, as shown in Figure 5, for one of the 
tests. The initial activity of the seven nickel powder 
catalysts at 240° and 19.5 torr was 1.54 ±  0.06 moles/ 
hr m2. After 130 min the rates decreased to 0.396 ±  
0.041 mole/hr m2. Thus, although the rates were time 
dependent, they were reproducible on a time-depend
ent basis. In separate kinetic tests in which less than 
1 g of the reduced nickel powder was used, the initial 
activities were approximately equivalent to those ob- 25

Figure 5. Variation of catalyst activity with time: 1 g of 
nickel powder catalyst, 122 cms/g, 240°, 19.5 torr (run 49).

(25) G . C . B on d , “ C atalysis b y  M e ta ls ,”  A ca d em ic  Press Inc., 
N ew  Y ork , N.  Y „  1962.
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tained for 1 g of catalyst, while the reaction rates de
creased more rapidly with time. Thus in tests using 
0.41, 0.73, and 1.0 g of nickel powder, the percentage 
decrease in the reaction rate during 130 min of testing 
was 85, 81, and 74%, respectively. It appears that 
the catalyst poisoning may have been caused either by 
an impurity in the formic acid feed or by trace quanti
ties of water and carbon monoxide produced by the 
decomposition of formic acid on the glass walls of the 
reactor.

Activation energy data were obtained by cycling 
the temperature after 130 min of reaction. A linear 
decrease in catalytic activity was assumed during the 
period of temperature cycling in the calculation of 
activation energy, which was found to be 28.7 ±  1.1 
kcal/mole. The reaction rate on the reduced nickel 
catalysts showed only a slight pressure dependence, 
varying as the 0.15 power of the pressure of the formic 
acid feed to the reactor. The reaction rate was shown 
to be essentially independent of formic acid flow rate 
at constant pressure.

The activity of the germanium-nickel catalysts 
generally also decreased with time, although to a much 
smaller extent than did that of reduced nickel powder 
catalysts. Typical time-dependent reaction-rate data 
for these catalysts are shown in Figure 6 for catalyst 
12c. The activities reported in Table II are the 
maximum activities obtained before the initial tempera
ture cycle, except, for catalyst l ib  for which a higher 
activity obtained after the temperature cycle was re
ported.

The slower deactivation of the germanium-nickel 
catalyst may possibly be explained by the larger 
surface areas of these catalysts. The surface areas 
of the germanium-nickel catalyst test samples were 
about 20 times those of the nickel powder catalysts. 
If a constant amount of catalyst poison was exposed to 
the catalyst bed in all tests, this should have produced 
a smaller effect on the higher surface catalysts.

The specific activities of the germanium-supported 
nickel catalysts are on the order of 0.1% of the activities 
on the nickel powder catalysts. The specific rates of 
formic acid decomposition on five previously investi
gated nickel catalysts, as summarized by Bond,26 
vary by about two orders of magnitude. The decom
position rate on the most active of these nickel catalysts 
corresponds closely to that of the presently investi
gated nickel powder catalyst, and all investigators 
indicated that the reaction was zero order in formic 
acid pressure. The difference of nearly an order of 
magnitude in the specific activity of the least active, 
previously reported nickel catalyst and the germa
nium-supported nickel catalysts indicates that the

18 ~T------ 1 I 1 1 I 1
o -
*16 - f  Temperoture
6 0 ° Cycle \ —ic |2 0— \ Pressure -
N ' Cycle f  _

1 8 -
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•? 4 -
o
< 0

- _!____ l 1 1 1 1 1____
10 £0 30 40 50 60 70 80

Time, min.

Variations of activity of catalyst 12c with
>° and 19.5 torr HCOOH pressure.

latter are significantly different from other nickel 
catalysts. This difference is also indicated by the 
higher pressure sensitivity of the reaction on the 
germanium-nickel catalysts. The source of this dif
ference is not clear. It may arise from the poisoning 
of the nickel by germanium, or from the character of 
the deposit formed by nickel carbonyl decomposition 
on germanium. Although this difference is real, it 
should not affect the significance of the results of this 
study, since the nickel deposits should have similar 
catalytic properties apart from the electronic influence 
of the germanium supports.

The activation energies of the catalysts with nickel 
deposits averaging 18.5 atomic layers on the Sb-doped 
support and 13.1 atomic layers on the Zn-doped sup
port were about 10 kcal/mole, while that on the As- 
doped support containing an average of 10.7 atomic 
layers was 13.8 kcal/mole. The catalysts with nickel 
deposits averaging 6.2 atomic layers on the Sb-doped 
support and 4.4 atomic layers on the Zn-doped support 
had higher activation energies, about 18 and 34 kcal/ 
mole, respectively. There appears to be a general 
increase in the activation energy, with a decrease in 
average nickel layer thicknesses. Variations in the 
Arrhenius frequency factors compensate for the wide 
variations in the activation energies to give specific 
rates of the same order of magnitude.

The reaction was slightly less than first order in the 
upstream formic acid pressure, varying from 0.83 to 
0.97 in the five tests conducted. Since the average 
pressure in the catalyst bed varied less than linearly 
with the upstream pressure, the actual order of the re
action was probably closer to first order than the data 
indicate.

V. Discussion
The relationship between the specific activity and the 

average thickness of the nickel deposits on the three 
germanium-support materials is shown in Figure 7. 
The activities of the catalysts supported on the Sb-
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Figure 7. Activity of germanium-supported nickel catalysts 
for formic acid dehydrogenation at 240°.

doped and Zn-doped germanium samples increase as 
the average thickness of the nickel deposit increases. 
Interpolating the curves drawn on Figure 7, the rela
tive specific activities of catalysts with nickel deposits 
averaging 10.7 atomic layers on the Zn-doped, Sb- 
doped, and As-doped germanium supports are in the 
ratio 1:3:4. The ratio of 1:3 in the activity of the 
catalysts containing Zn-doped and Sb-doped germa
nium, respectively, holds quite closely for catalysts 
containing 4.4 and 13.1 atomic layer quantities of 
nickel.

The nearly linear increases in the activity of the 
catalysts containing Sb-doped germanium, with the 
average thickness of the nickel layer from 0 to 6.2 
atomic layers, indicate that the nickel may have been 
present in clumps or islands which increase in number 
as more nickel was added to the catalysts. The 
activity of the catalyst containing an 18.1 atomic 
layer quantity of nickel was well below a continuation 
of the initial straight-line position of the curve, indi
cating that the clumps may have grown together by 
that point. As noted above, there is a sharp decrease 
in the activation energy in going from catalysts con
taining less than about 10 atomic layers of nickel to 
those containing more. This may be the result of a 
changing character of the nickel deposit, i.e., a growing 
together of clumps of nickel and a thickening of the 
nickel deposit. Deposits containing similar quantities 
of nickel on the separate supports should have similar 
physical character, however, and be amenable to com
parison to determine the effect of interphase electronic 
interaction.

Increasing the interphase charge transfer from the 
germanium supports to catalyst deposits containing 
an average of 10.7 atomic layers of nickel from 7.3 X

1010 to 5.3 X 10u and then to 3.7 X 1012 electrons/ 
cm2 promoted an increase in activity in the ratio of 
1:3:4. The number of nickel atoms in films containing
10.7 atomic layers is about 1.8 X 1016 atoms/cm2. 
Thus, an average of only about 2.5 X 10~6 and 1.8 X 
10“ 4 electrons were added per nickel atom in going 
from the Zn-doped to the Sb-doped germanium and 
from the Sb-doped to the As-doped germanium. 
A similar effect is noted for the influence of interphase 
charge transfer to nickel layers of about 4 and 13 atomic 
layers in average thickness on the Zn-doped and 
Sb-doped supports. These nickel deposits contain 
about 6.4 X 1016 and 22.4 X 1016 nickel atoms/ 
cm2, respectively. Thus a variation of only about 7 X 
10 “ 5 and 2 X 10 ~5 electrons/nickel atom in the 
interphase charge transfer results in a tripling in the 
catalytic activity of the nickel. This fraction was a 
great deal smaller for the surface nickel atoms several 
atomic layers from the germanium interface, where the 
catalytic reaction may occur. This small variation 
in the excess charge associated with the nickel catalyst 
layers definitely appears to be catalytically significant.

The increase in the activity of the nickel catalysts 
with increasing concentrations of excess charge in the 
•catalyst layers may be explained by the mechanism 
indicated in eq 1. The rate-limiting step in the first- 
order decomposition of formic acid is probably the dis
sociative adsorption of the acid, step 1. In this step, 
there is a transfer of charge from the catalyst surface 
to the adsorbed formate group. Increasing the con
centration of electrons in the catalyst should make this 
charge transfer easier. The results of this investiga
tion indicate that easing this charge transfer increases 
the reaction rate.

VI. Conclusions
The activity of nickel catalysts for formic acid de

composition can apparently be increased by a factor of 
1.33-3 by transferring from a germanium support 
as little as one electron for every 105 nickel atoms. 
Interphase charge transfer from a support can thus 
be an important factor in determining the activity of 
industrial catalysts.
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The Viscosity of Water under Pressure

by R. A. Horne and D . S. Johnson

Arthur D. Little, Inc., Cambridge, Massachusetts (Received December 15, 1965)

The effect of hydrostatic pressure on the viscosity of pure water has been measured with a 
rolling-ball type of viscometer over the pressure and temperature ranges of 1-2000 
kg/cm 1 2 and 2-20°. The application of pressure tends to destroy the structured regions 
in liquid water.

Introduction
Over the past few years we have been concerned with 

the electrical conductivity of aqueous electrolytic solu
tions, including sea water, under high hydrostatic pres
sure.1-4 A modified Walden’s rule has been proposed 
relating empirically the conductivity with the viscosity 
under pressure.5,8 The viscosity of water, relative to 
1 atm, exhibits a minimum at about 1000 kg/cm 2,7 
and this anomaly has been attributed to the breakup 
of the rarified regions of structure in liquid water.8 
At somewhat higher pressure (about 2000 kg/cm 2), the 
relative conductances of aqueous solutions of strong 
1:1 salts exhibit maxima, the activation energies of 
such transport processes exhibit minima,3 and the 
“ mixture effect”  in mixed electrolytic solutions exhibits 
inflections.4 5 6 Presumably the same pressure-induced 
structural changes in liquid water are responsible for 
these phenomena even though the mechanism of electri
cal conductivity and viscous flow in water are not iden
tical.9

Reliable data on the viscosity of aqueous solutions 
under pressure are needed for purposes of interpreting 
conductivity data and for correlating the structural 
changes that have been indicated by the changes in 
the activation energies of conduction.

Unfortunately, although the earlier work of Bridg
man,10 Tammann and Rabe,11 and Lederer12 for the 
viscosity of pure water under pressure appear to be in 
agreement at 30°, at lower temperatures significant 
discrepancies are apparent (see Figure 1). Recent 
new measurements by Bett and Cappi13 and Weber14 
are in disagreement with the earlier work of Bridgman, 
Tammann and Rabe, and Lederer at 30° (Figure 1). 
Although the discrepancies in the relative viscosity 
(Figure 1) are appreciable, it should be remembered 
that the differences in absolute viscosity are quite small.

Experimental Section
The details of the thermostat and the high-pressure 

producing and measuring equipment are described 
elsewhere.1 The rolling-ball type of viscometer, while 
it may not be as accurate at 1 atm as other types, lends 
itself so easily to high-pressure work that, although 
other types of high-pressure viscometers have been 
developed,15 16 17 18 19 20 it has been used by a majority of investi
gators of the viscosity of fluids under high hydrostatic 
pressures.16-29
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Figure 1. Comparison of literature values for the relative viscosity of pure water as a function of temperature and pressure.

Although the literature contains many descriptions 
of high-pressure, rolling-ball type of viscometers,16-29 in
asmuch as the discrepancies mentioned above probably 
arise from differences in apparatus and experimental 
technique, a detailed description of the present experi
ment is necessary.

The high-pressure, rolling-ball viscometer consists 
of a length of 8/j-in. o.d., Vs-in. i.d. stainless steel, 
nonmagnetic tubing, 30 in. in length and closed at one 
end with a dead-end plug. The viscometer is en
closed in a Lucite jacket through which transformer 
oil circulates. Thermocouple probes measure the 
temperature at both of the pickup coils.

The viscometer design incorporates one important 
innovation. The ball rolls, not along the inside of the 
high-pressure tubing itself, but rather along a loose- 
fitting inner lining consisting of thin-wall stainless 
steel tubing, 0.09-55-in. i.d., slightly crimped near the 
lower end to stop the ball’s descent. Pressure forces 
the walls of the high-pressure tubing outward, thereby 
increasing the inside diameter, but there is no pressure 
differential across the walls of the inner liner; thus the 
ball moves in a tube of essentially constant diameter 
and, inasmuch as the compressibility of the ball is very 
small, there is no significant correction factor with

increasing pressure. We feel that the present measure
ments are more accurate than those previously re
ported largely because the uncertainties of a pressure- 
deformation correction have been thus avoided.

In order to avoid corrosion, initially the 0.0625-in. 
diameter balls were nickel striked and gold plated. 
After a short time, the fall time of these balls became 
erratic and tended to increase. Microscopic examina
tion revealed that the gold plate had blistered. Nickel- 
plated balls were substituted. These performed satis
factorily and were quite corrosion resistant. The balls 
were veiy uniform; no differences among the balls 
were detectable from viscometer fall times at 1 atm 21 22 23 24 25 26 27 28 29

(21) B. H. Sage and W . N. Laeey, Am. Inst. Mining Met. Engrs., 
Tech. Pub., 845 (1937).
(22) B. H. Sage and W . N . Lacey, Ind. Eng. Chem., 30, 829 (1938).
(23) R. B. Block, J. Appl. Phys., 11, 635 (1940).
(24) B. H . Sage and W . N . Lacey, Ind. Eng. Chem., 32, 587 (1940).
(25) R. M . Hubbard and G. G. Brown, Ind. Eng. Chem., Anal. Ed., 
15, 212 (1943).
(26) E. M . Griest, W . Webb, and R. W . Schiessler, J. Chem. Phys., 
29,711 (1958).
(27) S. E. Babb, Jr., and G. J. Scott, ibid., 40 , 3666 (1964).
(28) G. E. McDuffie, Jr., and M . V. Kelly, ibid., 41, 2666 (1964).
(29) D . E. Harrison and R. B. Grosser, Rev. Sci. Instr., 36, 1840
(1965).
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Figure 2. Viscometer circuit diagram.

and a given temperature, weightings, or diameters as 
measured with a micrometer.

The angle used was 30°, this optimum value being 
determined by trial and error. A more steep inclina
tion sacrificed a significant figure in the fall time, while 
less steep inclinations tended to give erratic fall times. 
The latter was probably due to the greater likelihood 
of a very slowly moving ball getting retarded by dust 
motes or slight inhomogeneities on the inner surface 
of the liner.

The rolling-ball viscometer timing circuit is shown 
in Figure 2. Using a magnet, the steel ball is brought 
to the top of the inclined viscometer. When the mag
net is withdrawn, the ball rolls down the inclined sec
tion, and its fall time between the two pickup coils is 
measured.

Two sets of coils are arranged a fixed distance apart 
(approximately 26 cm) along the viscometer. Each 
set of coils contains two primary sections, wound in 
series opposition, and a centrally located pickup coil. 
The primaries are energized by an audio oscillator 
feeding 2000 c to a 100-w amplifier. The amplifier 
is adjusted so as to put out a 2-v signal. (The dc 
resistance of each coil is approximately 6 ohms.) 
In the absence of the steel ball, the effect of the two 
primary sections on the pickup coil cancels out, and the 
output voltage should be zero. Although each section 
of the primary coils has been designed to be exactly 
the same, a 10-mv background signal remains in each 
pair of coils owing to residual unbalance in the mutual 
inductance. This is caused by slight differences in 
geometry when the coils are wound.

The EPUT meter contains a precision quartz crysta 
controlled clock. As the ball passes through the first 
set of coils, it produces a gross imbalance in the coupling 
and thus induces a voltage in the pickup coil. This 
signal is amplified and fed into the start channel of 
the EPUT meter. It triggers the start channel and 
actuates the running-time readout. As the ball passes 
through the second set of coils, the process is repeated 
except that the amplified signal is fed into the stop 
channel of the EPUT meter and terminates the readout 
of the elapsed time. The interval of time between the 
start and stop signals is read directly off the digital 
display on the EPUT meter. Since the distance be
tween the two pairs of coils is known and the time for 
the ball to roll between the two pairs of coils is meas
ured, the velocity of the rolling ball can be calculated.

Immediately prior to a run the viscometer is dis
assembled, and the high-pressure tube and its stainless 
steel liner are rinsed successively with washes of (1) 
acetone, (2) distilled water, and (3) the solution to be 
studied. The liner is next inserted and the viscometer 
filled. The liquid in the viscometer is subjected to a 
mild vacuum to remove the gases and the ball carefully 
inserted with the tube enclosed in such a manner as to 
minimize gas entrainment. The viscometer is loosely 
connected to the high-pressure system and a slight 
pressure applied until the escape of hydraulic fluid 
through the loose coupling indicates that the air space 
between the fluid to be studied and the hydraulic 
fluid is removed. The proper angle of the viscometer 
is checked with a special level, the connection tightened, 
and the level checked again. The angle is also checked 
in the course of the experiment since it is very critical.

The hydraulic fluid used was Esso Univis P-38. 
The electrical conductivity of aqueous solutions is very 
sensitive to molecular and especially ionic contamina
tion. Conductivity measurements on aqueous elec
trolytic solutions in direct contact with Univis P-38 
before, during, and after pressurization and over ex
tended periods of time (weeks) at 1 atm showed that, 
in the absence of strong acids or bases, water is not 
significantly contaminated by this hydraulic fluid. 
As a further check on water purity, following each 
pressurization series the sample was immediately 
returned to 1 atm and its viscosity remeasured.

Following each pressure increment the apparatus 
is allowed to stand from 10 to 15 min in order that the 
temperature increase resulting from adiabatic compres
sion be dissipated. This equilibration time was de
termined experimentally and is quite small as a result 
of the relatively large surface-to-volume ratio of the 
“ sample”  (about 32 in.-1). The ball is raised to the 
top of the viscometer by hand with a 2495-gauss mag-
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Table I : Relative Viscosity of Compressed Water

Rei Rei
Pressure, viscosity, Pressure, viscosity,
kg/cm2 VP/vi atm kg/cm3 VP/VI atm

At 2 .252 ±  0.073°
70 0.9938 844 0.9370

141 0.9875 844 0.9358
141 0.9869 844 0.9353
141 0.9838 984 0.9358
281 0.9708 984 0.9349
281 0.9713 984 0.9343
281 0.9702 984 0.9352
281 0.9689 1125 0.9326
281 0.9688 1195 0.9346
422 0.9539 1125 0.9350
562 0.9457 1406 0.9382
562 0.9434 1406 0.9373
633 0.9420 1406 0.9369
633 0.9417 1547 0.9383
703 0.9403 1547 0.9394
703 0.9392 1547 0.9388
703 0.9396 1828 0.9425
773 0.9318 1968 0.9455
773 0.9322

At 4.009 ±  0.015°
70 0.3985 703 0.9765
70 0.9976 703 0.9750

141 0.9938 703 0.9745
141 0.9942 844 0.9726
141 0.9933 844 0.9765
281 0.9889 844 0.9748
281 0.9875 844 0.9748
281 0.9884 984 0.9745
423 0.9839 1265 0.9775
423 0.9814 1265 0.9781
562 0.9775 1476 0.9800
562 0.9786 1547 0.9818
633 0.9777 1828 0.9876
633 0.9749 1828 0.9861

At 6.241 ±  0.053°
70 0.9986 703 0.9865

352 0.9930 844 0.9850
352 0.9922 984 0.9855
422 0.9902 984 0.9850
422 0.9907 1195 0.9875
422 0.9911 1265 0.9852

Rel Rel
Pressure, viscosity, Pressure, viscosity,
kg/cm3 VP A11 atm kg/cm3 vp /v i atm

At 6.241 ±  0.053°
492 0.9898 1828 0.9954
562 0.9889 2109 1.001
562 0.9880
633 0.9865
633 0.9875

At 10.090 ±  0.035°
211 0.9960 984 0.9901
281 0.9955 984 0.9911
281 0.9952 984 0.9901
562 0.9908 1265 0.9938
562 0.9917 1265 0.9938
633 0.9895 1265 0.9929
703 0.9906 1547 0.9977
703 0.9896 1898 1.0039
703 0.9906 1898 1.0060
703 0.9910 2109 1.0086
844 0.9894 2109 1.0091
844 0.9894 2109 1.0089
844 0.9889

At 15.112 ±  0.085°
70 0.9990 1406 1.0036

211 0.9985 1406 1.0045
422 0.9974 1758 0.0125
703 0.9968 1758 1.0130

1055 0.9994 2109 1.0216
1055 0.9985 2109 1.0210
1406 1.0050

At 20.359 ±  0.183°
141 0.9992 1055 1.0024
211 0.9990 1055 1.0026
281 0.9986 1055 1.0034
422 0.9982 1406 1.0096
562 0.9979 1406 1.0092
562 0.9981 1406 1.0089
703 0.9993 1406 1.0081
703 0.9988 1758 1.0181
703 0.9984 1758 1.0176

net with a 3.5-cm gap. The ball is held at the top 
about 4-5 cm above the first pickup coil for about 30 
sec (longer for more viscous solutions). If this pre
caution is not taken, the roll times tend to be erratic 
and not reproducible. Apparently this pause allows 
eddies set up by raising the ball to die away. The ball 
is then released and its fall time between the two pickup 
coils measured. The procedure is then repeated.

The initial position of the ball at the top of its roll is 
crucial. If the ball is too close to the top coil, it may

still be accelerating while in the timed zone between 
the two coils. On the other hand, if it is too near the 
top of the viscometer, it may come in contact with the 
interface between the fluids. Fortunately, when the 
ball does accidently come in contact with the inter
face, erratic results obtain so the difficulty is easily 
recognized.

At a given temperature and pressure an experiment 
was repeated from four to as many as ten times. 
In the course of a given series of runs, the measured
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average deviation of the temperatures of the viscometer 
ranged from ±0.005 (for temperatures near room 
temperature) to as much as ±0.02° (for the lowest 
temperatures). The larger temperature deviations 
listed in Table I are averaged over series of series.

The ball-roll time is read to four significant figures 
and the roll times range from 5 to 10 sec. The average 
deviation in the measured roll time is about 0.10%.

Over the temperature interval 0-10°, thermal 
expansion of the vbreous silica spacer between the 
pickup coils increases the distance between them and 
thus the roll time by approximately 0.008%. The 
diameter of the rolling ball increases by about 0.034%, 
but the effect of this increase is partially compensated 
by an approximately 0.018% increase in the diameter of 
the inner tube in which the ball rolls. These effects of 
thermal expansion are well within the measured average 
deviation of 0.10%; therefore no attempt is made to 
apply corrections for them. However, the temperature 
dependencies of the densities of the ball and of the fluid 
are taken into consideration (see below).

The pickup coil spacer is not exposed to pressure, 
and the application of pressure does not appreciably 
alter the inside diameter, Dt, of the liner, and its effect 
on the diameter of the ball, Dn, is slight. The expres
sions derived by Hubbard and Brown,25 contain the 
terms D b/D t and (Dt +  D b), and over the pressure 
range 1-10,000 kg/cm2 they change by only 0.02 
and 0.06%, respectively. However, again, the pres
sure dependencies of the densities of the ball, pb, 
and of the fluid, pp, are taken into consideration.

In the present work the simplified relation developed 
by Sage19 was used

V =  Ct(pB  — p f )  (1 )

where rj is the viscosity, C is a constant, and t is the roll 
time. Over the temperature and pressure ranges in
volved, the density of the steel ball is very nearly a con
stant, but the density of water and thus of ( p b  —  p f ) 
varies significantly. The density of steel, pFe, was cal
culated from the expression
p b  = pfb = 7.8835/(1 +  3.5 X  10-6T) X

(1 -  6.1 X 10-7[P -  1]) (2)

where T is the centigrade temperature, P  is the hydro
static pressure in atmospheres, and the constants are 
based on the densities, compressibilities, and coef
ficients of cubic thermal expansion from “ The Inter
national Critical Tables.”

Up to about 2500 kg/cm2 there is good agreement in 
the density of water as reported by Amagat80 and 
Bridgman.30 31 In view of this agreement, reliance was 
placed on Dorsey’s compilation of specific volumes,32

and, for a given P  and T, densities were calculated from 
specific volumes read or interpolated from Dorsey’s 
Table 95.

A calibration curve of the viscosity vs. t(pR — p f )  for 
aqueous NaCl solutions (using data of Sheely33) and 
water-sucrose solutions (using data of Bingham and 
Jackson34 35 and more recent data of Swindells, Snyder, 
Hardy, and Golden36) shows that in the region of in
terest in the present experiments the curve is linear; 
thus eq 1 is applicable, and the following useful rela
tionship is valid.

Vp/v latm =  tp(pB — Pf ) p / £ i atm(pB —  PF)latm  (3)

Earlier viscosity measurement made on pure water 
and sea water at 1 atm9 with this same viscometer 
yielded values in good agreement with those compiled 
by Dorsey.32 Deionized and degassed water was used.

Results
The effect of pressure on the absolute viscosity at 

a given temperature is quite small (Figure 3); therefore 
a much more meaningful way of reporting the results 
is in terms of the viscosity at pressures relative to the 
viscosity at 1 atm and the same temperature. The 
observed temperature and pressure dependencies 
of the relative viscosity of pure water are summarized 
in Table I and Figure 4. Absolute viscosities may be 
obtained by multiplying the relative viscosity given in 
Table I by the 1-atm viscosity for the corresponding 
temperature obtained from Figure 1 or Figure 2 in 
Horne, Courant, Johnson, and Margosian,9 or the tables 
in Dorsey.32

Discussion
Qualitatively the present results show the same fea

tures as revealed by earlier studies, namely an initial 
decrease in the relative viscosity as pressure is applied 
followed by an increase, the minima in the relative vis
cosity becoming more shallow and gradually disap
pearing as the temperature increases (Figure 4). 
Quantitatively, however, the agreement among the 
values obtained by different experimentalists is poor 
(c/. Figures 1 and 4). In particular, the present 
results are not in agreement with the older values of

(30) E. H . Amagat, Ann. Chim. Phys., 29, 68, 505 (1893).
(31) P. W . Bridgman, Proc. Am. Acad. Arts Sei., 48, 307 (1913).
(32) N . E. Dorsey, “ Properties of Ordinary Water-Substance,’ ’ 
Reinhold Publishing Corp., New York, N . Y ., 1940, pp 182-189.
(33) M . L. Sheely, Ind. Eng. Chem., 24, 1060 (1932).
(34) E. C. Bingham and R. F. Jackson, Bull. Natl. Bur. Std., 14, 
59 (1918).
(35) J. F. Swindells, C. F. Snyder, R. C. Hardy, and P. E. Golden,
National Bureau of Standards Circular 440, Supplement, IL S. 
Government Printing Office, Washington, D. C., July 31, 1958.
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Figure 3. Absolute viscosity of pure water 
as a function of temperature and pressure.

Bridgman10 as quoted by Dorsey.32 Bridgman’s values 
of vp/t)i atm at 30° appear much too high compared 
with the present 20° values, while his values at 10° 
appear much too low. Tammann and Rabe11 have 
criticized Bridgman’s results, and the present values 
at 2 or 10° appear to be in fair agreement with their 
0 and 10° values, respectively, as quoted by Dorsey.82 
Although the values of Zhuze, Sergeevich, and Chestnov 
at 40°, as quoted by Richardson, et al.,36 and Tammann 
and Rabe11 at 30° as quoted by Dorsey appear to be in 
agreement with Bridgman,10 the more recent work of 
Weber14 at 32° and Bett and Cappi13 at 30° indicate 
that Bridgman’s values are much too high and seem to 
be in better harmony with our values at 20°, yet 
Weber’s values at 20° appear to be considerably less 
than our values and those of Bett and Cappi13 at the 
same temperature. At temperatures close to 0° the 
present values and those of Cohen,7 Bridgman,10 
Tammann and Rabe,11 and Lederer12 are in fair agree
ment. Reading values from the small graphs pub
lished by Bett and Cappi13 is difficult, yet their values 
and the present ones appear to be in good agreement at 
2 and 20°, but in poor agreement at 10°.

In summary, the present results are in agreement 
with the recent results of Bett and Cappi;13 however, 
by making many measurements over a rather narrow

Pressure
Figure 4. Relative viscosity of pure water 
as a function of temperature and pressure.

temperature region the present results give evidence of 
phenomena which escaped the notice of Bett and 
Cappi.13

The structured regions in liquid water are less dense 
than the “ free” water; thus cluster breakup results in 
a volume decrease and is therefore enhanced by the 
application of pressure. The thermal destruction of 
the clusters superimposed on the “ normal”  thermal 
expansion of the “ free”  water gives rise to the well- 
known maximum in the density of pure water near 
4°. If the data in Figure 4 are plotted isobarically 
vs. temperature (Figure 5), two significant features 
become clear: (1) the isobars exhibit inflections in 
the form of an abrupt change in slope near 4° and (2) 
isobars above and below 1000 kg/cm 2 appear to form 
two distinct families of curves. As mentioned in the 
Introduction, this pressure appears to have consider
able structural significance. Above 1000 kg/cm 2 
and 4°, Figure 5 suggests that the dominant effect is 
an increase in relative viscosity with increasing pres-

(36) J. L. Richardson, P. Bergsteinson, R. J. Getz, D . L. Peters, and 
R. W . Sprague, “Sea Water Mass Diffusion Coefficient Studies,” 
Philco Corp. Publication No. U-3021 (Feb 26, 1961), Office of Naval 
Research Contract No. Nonr-4061(00).
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Temperature,°C
Figure 5. The effect of temperature 
on relative viscosity isobars.

sure as the water molecules are crowded closer together, 
the effect becoming more marked with increasing tem
perature. The pressure-induced destruction of the 
water clusters is greatest in the region below 4°, where 
the clusters are largest, and, as a result, a given relative 
viscosity isobar drops off very abruptly as the tempera
ture is lowered below 4°. The data of Bett and Cappi13 
when plotted isobarically (Figure 5) give no hint of 
these phenomena.

Pressure is a water structure-breaking influence; 
thus one expects the low-temperature structural tran
sition in water and hence its temperature of maximum 
density to be displaced by the application of pressure.

Nemethy and Scheraga37 have estimated that in 
going from 0 to 100° the average cluster size decreases 
from 90.6 to 21.0 molecules, while the fraction of un
broken H bonds decreases from 0.529 to 0.325. Al
though transport processes such as electrical conduc
tivity and viscous flow correlate nicely with this esti
mate of cluster size,38 the phenomenological transitions 
in viscosity (Figure 5) and conductivity3'38'39 at 4° are 
so sharply defined and abrupt that one is somewhat at 
a loss to account for them in terms of the more or less 
gradual cluster breakup, and one is tempted to revert

Temperature, °C
Figure 6. The temperature dependence of the activation 
energy of viscous flow of pure water under pressure.

to a more radical structural transition such as that 
postulated in the classical paper of Bernal and Fowler.40 
The greater elegance of the Frank-Wen-Nemethy- 
Scheraga model for liquid water is very much to its 
credit; however, this model may be a more serious 
oversimplification than presently realized.

The pressure at which the relative viscosity is at its 
minimum is decreased with increasing temperature. 
The qualitative conclusions to be drawn from this are 
in harmony with experience: as the freezing tempera
ture is approached, very high pressures are necessary 
to destroy the structure, while at temperatures above 
about 40-50° there is so little structure that the effect 
of pressure is slight and the relative viscosity vs. 
pressure isotherms cease to exhibit minima. The pres
sure at which the relative viscosity is again equal to 
unity also increases with decreasing temperature, the 
rate of increase becoming very great as the freezing 
temperature is approached.

(37) G. Nemethy and H. A. Seheraga, J. Chem. Phys., 36, 3382 
(1962).
(38) R. A . Horne and R. A. Courant, J. Phys. Chem., 68, 1258 
(1964).
(39) R. A. Horne and R. A. Courant, J. Geophys. Res., 69, 1152 
(1964).
(40) J. D . Bernai and R. H. Fowler. J. Chem. Phys., 1, 515 (1933).
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Figure 7. The pressure dependence of the activation 
energy of viscous flow of pure water.

Viscous flow can be treated as a rate process and 
activation energies, Ea, calculated from the integrated 
form of the Arrhenius equation. At 1 atm the Arrhenius 
activation energy of viscous flow of pure water, unlike 
the activation energy of electrical conductance in water, 
continues to increase with decreasing temperature.9 
However, under hydrostatic pressure a maximum ap
pears in the temperature dependence of Ea (Figure 6), 
and the value of Ea appears to be related to T max, 
the temperature at which the maximum occurs, in a 
very simple way

(Ha)mM =  5.2 -  0.126Tmax (4)

The rapid decrease in Ea with decreasing temperatures 
in the low-temperature region at a given pressure was 
not expected, and its explanation is not clear at this 
time. However, the pressure dependence of Ea for a 
given temperature (Figure 7) is as anticipated: at 
3°, where water structure is extensive, increasing the 
pressure destroys this structure and Ea decreases ac
cordingly, but at 16° where there is less water structure 
the effect of pressure is correspondingly less and Ea 
decreases much more slowly with increasing pressure.

Finally, returning now to Figure 4, at some pressure 
below 1000 kg/cm 2 the relative viscosity of water goes

Temperature °C
Figure 8. Pressure coefficients of specific volume and viscosity.

through a minimum and then begins to increase with 
increasing pressure as a “ normal”  unassociated liquid. 
Does this observation imply that by the time such 
pressures have been reached, all of the structure in 
liquid water has been destroyed and water has become 
a “ simple,”  unassociated fluid? If such is the case, then 
pressure is indeed a powerful structure-breaking in
fluence, for, as we have seen above, even at 100° the 
fraction of unbroken H bonds in water is still as high 
as 0.325. Unfortunately, highly specific molecular 
interactions strongly dependent on molecular structure 
appear to be important in determining the viscous 
properties of fluids under high pressure;41 hence there 
is little point in trying to compare water’s behavior with 
that of other “ simple”  liquids. However, at 20° above 
1500 kg/cm 2 the tjp/ jji atm vs. P  curve (Figure 4) is linear 
and its slope corresponds to a pressure coefficient 
A(W4iatm)/AP of +2.7 X 10"6 cm2/kg. At 20° 
the pressure coefficient of the specific volume of water, 
A(Vp/Vi atm)/AP, calculated from Dorsey’s compilation 
of data of Amagat,30 is —2.75 X 10-8 cm2/kg. Thus 
the viscosity at this temperature and these pressures 
appears to depend only on the reciprocal of the specific 
volume (Figure 8). Whether the water molecules

(41) See ref 8, pp 81-84.
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would cease behaving as compact spheres upon further 
crowding at even greater pressures remains to be seen; 
but, if the present finding is not fortuitous, then the 
state of affairs in liquid water above moderate tempera
tures and pressures may be incredibly simple.
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Reactions of the Ethyl Radical. VIII. A Molecular Orbital Approach 
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The atom localization energy and maximum free valence have been calculated for a diverse 
selection of olefins, cyclic polyenes, and vinyl monomers. A simple LCAO molecular 
orbital method was used in which allowance for the effects of differences in bond length, 
interaction between nonbonded atoms, and hyperconjugation was made. The activation 
energy for the addition of the ethyl radical to these diverse substrates shows significant 
correlation with the atom localization energy, but no appreciable correlation with the 
maximum free valence was found. A similar correlation energy was also found for the 
rates of methyl radical addition with atom localization energy, but not with free valence. 
A deviation was observed with cyclooctatetraene and was linked with flattening of the 
molecule during the formation of the activated complex. An alternative correlation 
with the incremental conjugation stabilization energy of the transition state succeeds to 
a similar degree; the linearly related experimental quantity log Q' shows greater cor
relation, where Q' is an intrinsic reactivity parameter based upon styrene with Q' =  1.00 
and e' =  0.00. These four parameters are critically examined as indices of reactivity 
toward radical addition, and we conclude that the atom localization energy offers the 
greatest promise at the simple computational level.

Introduction

The selection of an appropriate molecular property 
as an index for the reactivity of unsaturated molecules 
toward the addition of free radicals continues to pro
voke discussion as the variety of kinetic data increases. 
Ten years ago the only comprehensive body of such data 
was a list of relative rate constants for the addition of 
the methyl radical to a series of aromatic hydrocarbons 
and closely related compounds in isooctane solution at 
65°.1 Localization energy,2 free valence,1’2 singlet- 
triplet excitation energy,1 electron affinity,3 and ioni
zation energy3 each gave linear correlation with the 
logarithm of the relative rate constant divided by the

number of equivalent reactive sites in the molecule. 
Each of these molecular properties is therefore suitable 
as an index of reactivity of aromatic compounds 
toward the addition of free radicals. The generality 
of these correlations arises from two characteristics 
of this class of substrate: (a) the linear correlation of 
all such electronic properties of the molecule and (b) 
the steric equivalence of the most reactive sites of all 
substrates. Such generality limits the degree to 
which the study of aromatic systems can increase our

(1) M . Levy and M. Szwarc, J. Am. Chem. Soc., 77, 1949 (1955).
(2) C. A . Coulson, J. Chem. Soc., 1435 (1955).
(3) F. A. Matsen, J. Chem. Phys., 24, 602 (1956).
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understanding of the radical addition process, but this 
limit is removed when olefins and their derivatives 
are employed as substrates. Among this wide class 
of compounds the electronic properties of the molecule 
are no longer so simply related, and the steric equiva
lence of the most reactive sites may be destroyed by 
successive substitution at the carbon atoms of the 
double bond. This loss of steric equivalence has 
proved a serious obstacle to the interpretation of the 
available kinetic data, which are normally limited to 
a set of rate constants at a single temperature. To 
plot the logarithms of such rate constants against, 
for example, the corresponding localization energies 
is to attempt a correlation between free energy and 
internal energy, and a uniformity of the entropy factor 
is implied. This severely limits the generality of our 
methods of correlation. The values of entropy of 
activation should be reasonably uniform for the 
addition of a given radical to a series of molecules 
having an identical pattern of substitution at the 
carbon atoms of the double bond. If the pattern of 
substitution is varied, however, we may expect an as
sociated change in the preexponential factor,4 which 
would render dubious any correlation based upon the 
logarithm of the rate constant. Recognition of this 
difficulty has led Jennings and Cvetanovic5 to employ 
the hydrogen atom as the attacking radical in the ex
pectation that the variation of the steric factor with 
the degree of substitution would be insufficient to 
invalidate such a correlation; they found evidence 
for correlation with atom localization energy, but not 
with free valence. Clearly a more satisfactory resolu
tion of the difficulty lies in the correlation of the energy 
of activation for the addition reaction with the ap
propriate molecular property. Yang6 7 8 9 has applied this 
approach to the addition of the hydrogen atom to a 
range of hydrocarbons similar to those chosen by 
Jennings and Cvetanovic and has confirmed their con
clusions by finding a reasonable correlation of the 
energy of activation with the atom localization energy, 
but not with the free valence.

In this present investigation we have extended this 
approach to our own experimental results on the ethyl 
radical as attacking radical and to selected data taken 
from the extensive collection of Szwarc and his collab
orators1’4'7-10 on the methyl radical as attacking agent. 
The molecular orbital calculations were carried out on a 
much wider variety of olefinic derivatives than in 
previous studies.

Correlations are attempted between the activation 
energy for addition (ethyl radical only) and the /?-car
bori atom localization energy, the maximum free va
lence, the incremental stabilization energy of the react

ing species in the transition state,11 and the revised ex
pressions12’13 of the Alfrey-Price intrinsic reactivity 
parameter Q.14 The molecular orbital calculations were 
designed to recognize any -interaction between the 
formally nonbonded carbon atoms of the cyclic poly
enes by including an appropriate bond integral in the 
calculation.

The Method of Calculation
The simple LCAO molecular orbital method was 

improved in a manner appropriate to the wide variety 
of the substrates. The variation of the bond integral 
with internuclear separation was included as in the 
comparable calculations of Binks and Szwarc4 and 
Sato and Cvetanovic;15 moreover, it was extended to 
encompass interaction between nonneighboring atoms, 
so that possible transannular interaction in the mole
cules of cyclic polyenes should not be neglected. The 
effect of hyperconjugation was treated according to 
the conjugation model.16 Pure overlap integrals were 
omitted from the secular matrix, as in the method of 
Binks and Szwarc;4 their inclusion merely raises the 
values of the resonance energies uniformly17 and would 
scarcely affect the validity of any linear correlation 
discovered. Ethylene is used as a reference molecule; 
the carbon atoms are assigned a Coulomb integral of 
ao, and the carbon-carbon double bond is assigned a 
bond integral of /30, corresponding to a bond length 
of 1.335 A. Bond integrals for other internuclear 
distances were assumed to be directly proportional to 
the overlap integral in coplanar x-electron systems 
and expressed in terms of 0O, using the tables of Kopi- 
neck18 and Mulliken, et al.19 The corresponding inter

(4) J. H. Binks and M . Szwarc, J. Chem. Phys., 30, 1494 (1959).
(5) K. R. Jennings and R. J. Cvetanovic, ibid., 35, 1233 (1961).
(6) K. Yang, J. Am. Chem. Soc., 84, 3795 (1962).
(7) R. P. Buckley and M . Szwarc, Proc. Roy. Soc. (London), A240 
396 (1957).
(8) A. Rajbenbach and M . Szwarc, ibid., A251, 1266 (1959).
(9) J. Gresser, A. Rajbenbach, and M . Szwarc, J. Am. Chem. Soc., 
83, 3005 (1961).
(10) L. Herk, A. Stefani, and M . Szwarc, ibid., 83, 3008 (1961).
(11) K. Hayashi, T. Yonezawa, S. Lkamura, and K. Fukui, J. Poly
mer Sci., A l, 1405 (1963).
(12) N . Kawabata, T . Tsuruta, and J. Furukawa, Makromol. Chem., 
51, 70 (1962).
(13) R. D. Burkhart and N. L. Zutty, J. Polymer Sci., A l, 1137 
(1963).
(14) T. Alfrey and C. C. Price, ibid., 2, 101 (1947).
(15) S. Sato and R. J. Cvetanovic, J. Am. Chem. Soc., 81, 3223 
(1959).
(16) A. Streitwieser, Jr., “ Molecular Orbital Theory for Organic 
Chemists,” John Wiley and Sons, Inc., New York, N. Y ., 1961, p 131.
(17) R. S. Mulliken and C. A. Rieke, J. Am. Chem. Soc., 63, 1770 
(1941).
(18) H. J. Kopinek, Z. Naturforach., A5, 420 (1950).
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nuclear distances were calculated from the values 
selected by Lide19 20 wherever direct measurements 
had not been made. The 7r-electron system of cyclo- 
hexadiene-1,3 was assumed to be coplanar.21 The 
molecular parameters for cycloheptatriene-1,3,5,22 cy- 
clooctatetraene-1,3,5,7,23 and bicyclo [2.2.1 jheptadiene- 
2,524 25 are all known, and the bond integrals were cor
rected for deviations from coplanarity wherever ap
propriate. The Coulomb integrals of the heteroatoms 
were taken as a0 +  fadft where /3 is the bond integral 
for the carbon-carbon bond of benzene and is equal 
to 0.914/30; kx  was assigned the value of 1 for both 
ethereal oxygen and nitrilic nitrogen. Vinyl acetate 
was treated as a conjugated system comprising the two 
carbon atoms of the vinyl group and the directly at
tached oxygen atom only; for the latter the factor 
k x  was assigned a value of 2 to compensate for the large 
electron-withdrawing capacity of the acetyl group. 
Each carbon atom bonded to a heteroatom was as
signed a Coulomb integral of a0 +  O.lfcxft26 The effect 
of hyperconjugation was treated16 28 29 by assigning the 
following parameters to the CH3 and CH2 groups: 
etc — oio — 0.1/3, « h =  ao ~• 0.5/3, /3c-c =  0.8ft /3c_h =  
3.0/3; and the Coulomb integral of a carbon atom 
attached to a hyperconjugative group was taken as 
ao -  0.1/3.

Results and Discussion
Ethyl Radical Addition. The calculated values of 

atom localization energy and maximum free valence 
for 14 unsaturated compounds (B) are given in Table 
I, with the corresponding experimental values of acti
vation energies, preexponential factors, and rate con
stants at 100°.26-81 The subscripts refer to the reac
tions

CHsCH2- +  B — >  CH3CH2B- (1)

2CH3CH2 • — > CH3CH2CH2CH3 (2)

Where appropriate the rate constants have been divided 
by n, the number of equivalent most reactive sites in 
the molecule of the substrate. Limits of error are 
given at the 5% probability level. Figures 1 to 4 
show attempts to correlate the localization energy or 
the maximum free valence with the activation energy 
or with the statistically corrected rate constant at 
100°. Localization energy is clearly the more promis
ing index of reactivity. The points for seven hydro
carbons lie very close to the reference straight line 
drawn in Figure 1 for the correlation between corrected 
rate constants and localization energy. Marked devia
tion from this line is shown by the points for the 
nitriles, cyclooctatetraene, and 2,5-dimethylhexadiene-
2,4. A similar pattern of correlation is shown for the

Figure 1. Correlation of rates of ethyl radical addition 
with localization energies: circles represent hydrocarbons; 
squares, ethers and esters; and stars, nitriles 
(on this and all subsequent figures). w

activation energies in Figure 2, except that the devia
tion for 2,5-dimethylhexadiene-2,4 is much less pro
nounced.

The general pattern of correlation shown by Figures 
1 to 4 parallels the conclusion of Binks and Szwarc4 31 on 
methyl radical addition, and of Jennings and Cvetano- 
vié6 and Yang6 on hydrogen atom addition. The 
significance of this pattern of correlation was reviewed 
by Fueno.32 The atom localization energy is the 
energy required to disengage one electron from the

(19) R. S. Mulliken, C. A. Riete, D . Orloff, and H. Orlo3, J. Chem 
Phys., 17, 1248 (1949).
(20) D. R. Lide, Jr., Tetrahedron, 17, 125 (1962).
(21) B. Franzus, J. Org. Chem., 28, 2954 (1963).
(22) M . Traetteberg, J. Am. Chem. Soc., 86, 4265 (1964).
(23) O. Bastiansen, L. Hedberg, and K . Hedberg, J. Chem. Phys. 
27, 1311 (1957).
(24) C. F. Wilcox, Jr., S. Winstein, and W . G. McMiLan, J. Am. 
Chem. Soc., 82, 5450 (1960).
(25) T. Fueno, T. Tsuruta, and J. Furukawa, J. Polymer Sei., 40, 
487 (1959).
(26) D. G. L. James and D. MacCallum, Can. J. Chem., 43, 633 
(1965).
(27) D . G. L. James and T. Ogawa, ibid., 43, 640 (1965).
(28) A. C. R. Brown and D. G. L. James, ibid., 43, 1102 (1965).
(29) A. C. R. Brown and D. G. L. James, ibid., 43, 1110 (1965).
(30) D. G. L. James and G. E. Troughton, J. Polymer Sei., A3, 75
(1965).
(31) D. G. L. James and S. M . Kambanis, unpublished results.
(32) T. Fueno, Ann. Rev. Phys. Chem., 12, 303 (1961).
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Table I : Kinetic Data for the Addition of the Ethyl Radical to Various Substrates (B) Compared with 
the Corresponding Values of Atom Localization Energy and Free“ Valence

No.
Substrate

(B) Ref

13 +
log ki/nk21,i 

(at 100°)
13 +

log Ai/nAilf 2
Ei — Vs Ei, 
kcal/mole

Localization
energy,

- ß

Max
free

valence

1 Octene-l 23 1.03 ±  0.03 5.5 ±  0.1 7.6 ± 0 .2 1.947 0.754
2 2-Methylpentene-l 23 1.24 ±  0.03 5.5 ± 0 .2 7.3 ±  0.3 1.906 0.776
3 2,3-Dimethylbutadiene-l, 3 24 2.69 ±  0.06 5.3 ±  0.2 4.5 ±  0.2 1.693 

f 1.791 C2 
[2.136 C3

0.808

4 2,5-Dimethylhexadiene-2,4 24 1.02 ±  0.04 4.9 ±  0.2 6.6 ±  0.3 0.435
0.485

5 Cyclohexadiene-1,3 24 2.18 ±  0.04 5.2 ±  0.2 5.2 ±  0.3 1.760 0.615
6 Cy clohep tatriene 25 1.83 ±  0.04 5.6 ±  0.2 6.4 ±  0.2 1.808 0.691
7 Cyclooctatetraene 25 1.11 ±  0.07 4.4 ±  0.2 5.6 ±  0.6 2.014 0.561
8 Bicycloheptadiene 25 1.12 ±  0.02 5.2 ±  0.1 7.0 ±  0.1 1.909 0.732
9 Styrene 22 2.56 ±  0.15 5.0 ±  0.3 4.1 ±  0.6 1.723 0.796

14 Vinyl acetate 22 1.28 ±  0.12 5.3 ±  0.3 6.9 ±  0.5 1.921 0.774
15 Vinyl n-butyl ether 22 1.20 ±  0.12 4.8 ±  0.3 6.1 ±  0.5 1.854 0.838
23 Acrylonitrile 22 3.17 ± 0 .1 7 5.2 ±  0.3 3.4 ±  0.4 1.769 0.860
24 cfs-Crotonitrile 23 1.72 ± 0 .1 2 4.6 ±  0.3 5.0 ±  0.5 1.866 0.687
25 fraras-Crotononitrile 23 1.83 ±  0.15 4.9 ±  0.3 5.2 ±  0.6 1.869 0.685

“ The units of fa and fa are cm3/molecule sec; n denotes the number of equivalent most reactive sites for addition; limits of error 
are given at the 5% probability level.

Figure 2. Correlation of activation energies for 
ethyl radical addition with localization energies.

system and localize it at the chosen carbon atom. The 
localized species resembles the electron density pattern 
at an advanced stage in the reaction (certainly later 
than the transition state) at which incipient bond for
mation is largely completed. In contrast, free valence 
is an index of reactivity which describes the state of 
the reactants before mutual interaction has become

Figure 3. Correlation of rate of ethyl 
radical addition with free valences.

appreciable. Neither index is accurately matched to 
the configuration of the transition state, so that only 
approximate correlation should be expected at all. 
Nevertheless, the relative success of localization energy 
as an index indicates that the transition state resembles 
the products more closely than the reactants, for the 
addition of radicals of low electron affinity. Calcula-

The Journal of Physical Chemistry



Energetics for the Addition of the Ethyl Radical 2195

Figure 4. Correlation of activation energies for 
ethyl radical addition with free valences.

tions based upon an index of reactivity more appropri
ate to the transition state might seem to have a greater 
hope of success. The incremental stabilization energy 
of the transition state is such an index, and will be dis
cussed below. First we shall enquire why the localiza
tion energy fails even as an approximate index of re
activity for certain substrates.

Each of the deviations of the hydrocarbons of Figures 
1 and 2 may be rationalized. Cyclooctatetraene shows 
the greatest deviation ; the molecule has equilibrium di
hedral angles of 42.3° which severely restrict the extent 
of conjugation.22'23 The method of calculation requires 
that the geometry of the substrate should be un
changed in the transition state except at the reaction 
center. Any reduction in the dihedral angles during 
the formation of the transition state should increase the 
extent of conjugation and thereby reduce the observed 
activation energy below the predicted value, and indeed 
this is the direction of the observed deviation. Further
more, cyclooctatetraene possesses a remarkably high 
electron affinity, and a planar configuration for the radi
cal anion is consistent with the electron spin resonance 
spectral parameters, with the position of the dispropor
tionation equilibrium, and with the rates of the electron 
exchange reactions.33 34 Accordingly, any polar contribu
tion to the transition state should also reduce the acti
vation energy below the predicted value.

The deviation of the point for 2,5-dimethylhexadiene-
2,4 is much smaller in Figure 2 than in Figure 1, indi

cating a low preexponential factor for the addition. 
This is consistent with addition at either of the highly 
shielded equivalent atoms C2 and C5, at which the 
localization energy is 1.791/3. Pullman has suggested3* 
that addition occurs preferentially at C3 and C4, but 
the localization energy at these atoms is much greater 
at 2.136/3, corresponding to an even greater deviation 
in the opposite direction. The observed deviations 
may be rationalized either (a) by accepting exclusive 
addition at C2 and C3 with an increment in the energy 
of activation associated with the penetration of the 
ethyl radical between the ethyl groups to the site of 
reaction or (b) by accepting simultaneous addition at 
C3 and C4, C2 and C6 with a composite rate constant 
and an apparent intermediate energy of activation.

The parameters used for ethereal oxygen lead to a 
satisfactory degree of correlation for vinyl n-butyl ether 
and vinyl acetate, but there are considerable deviations 
for the nitriles. The fair correlation between the rate 
of methyl radical attack and localization energy for ni
triles discussed in the next section indicate that the 
course of these deviations is not in the choice of theoret
ical parameters.

Methyl Radical Addition. Szwarc and his collabora
tors7-10 have compiled a large number of rate constants

Figure 5. Correlation of methyl radical addition 
rates with localization energies.

(33) H. L. Strauss, T. J. Katz, and G. K. Fraenkel, J. Am. Chem. 
Soc., 85, 2360 (1963).
(34) B. Pullman, J. Chim. Phys., 55, 790 (1958).
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for the addition of methyl radicals to conjugated sys
tems. We have extended our calculations on the 
molecules of Table I to include four more olefins, four 
methyl esters, and two nitriles. The results for the 
localization energies, free valencies, and the experimen
tal log kt/ki values are given in Table II. Our correla
tions between experiment and theory for these 24 sub
stances are shown graphically in Figures 5 to 7. Com
parison of Figures 5 and 7 shows clearly that the rate 
data correlates much better with localization energy than 
with free valence in accordance with our findings for the 
ethyl radical. The points for cyclooctatetraene, bi- 
cycloheptadiene, and 2,5-dimethylhexadiene-2,4 also 
behave, as for ethyl radical attack, in that they de
viate from the best straight line, probably because of 
steric effects which are apparently more important than 
potential energy affects for these molecules.

Table II: Kinetic Data for the Addition of the Methyl 
Radical to Various Substrates and the Atom 
Localization Energies and Free Valences

Local
ization

Log energy, Free
No. Substrate fa/ki -ß valence

1 Octene-l 1.389 1.947 0.754
2 2-Methylpentene-l 1.556“ 1.906 0.776
3 2,3-Dimethyl-l,3- 3.348 1.693 0.808

butadiene
4 2,5-Dimethyl-2,4- 1.431 1.791C2 0.435

hexadiene 2.136 C3 0.485
5 Cyclohexadiene-1,3 2.830 1.760 0.615
6 Cycioheptatrisne 2.193 1.808 0.691
7 Cyclooctatetraene 1.908 2.014 0.561
8 Bicycloheptadiene 2.060 1.909 0.732
9 Styrene 2.899 1.723 0.796

10 Propylene 1.530 1.947 0.754
11 cfs-2-Butene 0.580 2 .00 0 0.574
12 irares-2-Butene 0.826 2 .00 0 0.574
13 1,3-Butadiene 3.043 1.701 0.813
16 Methyl acrylate 3.013 1.727 0.875
17 Methyl crotonate 1.830 1.854 0.719
18 Methyl methacrylate 3.158 1.657 0.890
19 Methyl ß,/3-dimethyl 1.077 1.910 0.529

acrylate
23 Acrylonitrile 3.170 1.769 0.860
24 cfs-Crotonitrile 1 1.860 1 .866 0.687
25 irans-Crotonitrile / 1.869 0.685
26 Methacrylonitrile 3.263 1.700 0 .868
27 ft/3-Dimethylacrylo 1.371 1.946 0.507

nitrile

° Isobutene.

In Figure 7 we have compared the log of the relative 
rate constants for the ethyl radical attack with the cor
responding quantities for methyl radical attack. Sev

Figure 6. Correlation of methyl radical 
addition rates with free valences.

of methyl and ethyl radicals.

eral points deviate considerably from the regression line. 
The most serious deviations are for cyclooctatetraene 
and bicycloheptadiene, deviations which may be ra
tionalized in terms of the different steric requirements 
in the transition state for ethyl and methyl radical at
tack. However, for the deviations of acrylonitrile,
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cyclohexadiene-1,3, and 2,3-dimethylbutadiene, we can 
offer no explanation except to remark that the deviation 
is beyond that expected from the reported errors in the 
experimental measures. It is unfortunate that for 
molecules containing heteroatoms only acrylonitrile is 
common to both sets of data.

The data for methyl radical attack on conjugated ni
triles and on acrylic methyl esters are fairly close to the 
regression line in Figure 6, implying that the poor fit for 
nitriles in the case of ethyl radical attack is not due 
entirely to a poor choice of parameters in the calcula
tion of the localization energies. However, our choice 
of parameters is not an entirely happy one because they 
predict the nitriles to be slightly less reactive than the 
corresponding methyl esters whereas the experimental 
rate constants of Table II show the opposite trend. 
Nevertheless, the difference is very small and consider
ing the crudeness of our adopted model we do think 
that the results are satisfactory and do not warrant 
further refinement.

Related Correlations. The ethyl radical, the methyl 
radical, and the hydrogen atom belong to a class of 
radical having low electron afliinity and high ionization 
energy. The results of three other investigations4-6 
support the conclusion of this study that localization 
energy is a much better index than free valence for the 
reactivity of olefinic compounds toward the addition 
of this class of free radical. However, Sato and Cvet- 
anovic15 have presented evidence for the linear correla
tion of the logarithms of corrected relative rate con
stants for radical addition with the free valences of the 
olefins attacked. The apparent success of their graphi
cal correlation should be accepted with reserve. First, 
the failure of the correlation with localization energy 
may arise from the comparison of a free energy term 
(log k)  with an internal energy term. The substrates 
are classified according to the degree of substitution at 
the carbon atoms of the double bond, and all degrees 
from 0 to 4 are represented. The attacking radicals are 
CH3-, CCU-, and CHsCHr, and a considerable range 
of steric factors is certain.36 Secondly, the correlation 
claimed for the addition of the ethyl radical is illusory, 
as the critical points for vicinal disubstituted ethylenes 
represent merely the maximum values which the rate 
constants could possess under the conditions prevailing 
in systems where no addition was detected.36 Thirdly, 
the support lent by the behavior of the trichloromethyl 
radical may be ambiguous as it is an electrophilic radi
cal, and the indices of reactivity appropriate to electro
philic reagents appear to be distinct from those ap
propriate to radicals of low electron affinity.16 The 
case for free valence must therefore depend upon the 
behavior of the methyl radical, and this behavior has

been interpreted as evidence for localization energy as 
an index of reactivity.4

We conclude that the atom localization energy is the 
index appropriate to the addition of alkyl radicals to 
olefinic compounds.

Radical Polymerization. The calculation of reac
tivity ratios r0 for the radical copolymerization of 
ethylene (0) with a series of vinyl monomers (B) is 
closely related to the main theme of this investigation. 
With the usual assumption that the reactivity of a 
polymer radical is determined solely by its terminal 
unit, all polymer radicals terminating in an ethylene 
unit may be represented as 0  ■, and their propagation 
reactions written in the simple form

0 - +  B — >  B- /cob

0 - +  0  — > O' koo

The ethyl radical is then a particular form of the poly
ethylene-type radical 0  •, and the addition reaction

CHsCHr +  B — *-B- h

emerges as a particular example of the cross-propaga
tion reaction given above. The reactivity ratio r0 is 
defined as k o o / k 0B, and we may expect a linear correla
tion between ki and l /r 0 at a common temperature. 
We have previously demonstrated this correlation for 
a diverse set of twelve monomers at 60° j27 a line of unit 
gradient was fitted to a graph of log (1 /r->) against 
log (fcifc21/s), and the degree of scatter of the points 
about the line is small although the magnitudes of the 
values span a range of 200:1.

The temperature dependence of the reactivity ratio 
is given by the equation.

To =  (Aoo/A ob.) exp(I?oB — Eoo)/RT (3)

We shall show below that the activation energy term 
Eob — Eoo may be calculated, while experiment yields 
the corresponding term Ei — 1/JEi. We can therefore 
attempt a more significant form of the correlation 
mentioned above by comparing the activation energies 
Ei and F ob-

Molecular orbital theory has been applied in two dif
ferent forms to the calculation of reactivity ratios for 
the radical copolymerization of vinyl monomers. The 
/3-carbon atom localization energy was chosen as a 
suitable index for the reactivity of a mcnomer by 
Fueno, et al.u The calculations of localization energy 
were less detailed than our own as the variation of the 
bond integral with bond length was not introduced, 
but the success of their correlation of the addition rate 35

(35) D. G. L. James and E. W . R. Steacie, Proc. Roy. Soc. (London), 
A244, 297 (1958).

Volume 70, Number 7 July 1966



2198 J. E. Bloor, A. C. R. Brown, and D. G. L. James

constants with the localization energy parallels the 
conclusions of this paper.

The transition state is not accurately portrayed by 
models based upon localization energy or free valence 
as indices of reactivity. Recognition of this anomaly 
led to the adoption of a model based directly upon the 
transition state by Yonezawa, et al.,36 and by Levinson.37 
These authors propose that conjugation occurs between 
the x-electron systems of the unsaturated molecule 
and the attacking radical in the transition state and 
that the activation energy of the addition reaction is 
simply related to the magnitude of the associated 
stabilization energy. In general the activation energy 
F  may be expressed by the equation

E =  C +  A Ea +  A Et (4)

where C is a constant, and AEa and AEr are increments 
associated with the systems of a and 7r electrons, re
spectively. In a binary copolymerizing system of 
monomers A and B, the polymer radicals may be 
designated simply as A- and B-. Four propagation 
reactions are possible, but the reactivity ratio rA is 
defined as the ratio of the rate constant of two of them.

A- +  A — >  A- kAa =  A aa exp(—EAA/RT)

A- +  B — >  B- Icab =  A ab exp(—F ab/F T )

rA =  kAA/kAB =  (Aaa/A ab) exp(FAB — EAA)/RT (5)

For such reactions, the activation energy may be re
written in a simple generalized form, for example

F ab =  Ek — F ab* (6)

The term Ek has a common value for all such reactions 
and includes the terms C +  AE„ of the equation above. 
The decrement F ab* has a specific value for each system 
and represents the stabilization energy due to con
jugation of the x-electron systems of the radical and 
the monomer in the transition state. This stabilization 
energy F Ab* is equal to the difference in the energy of 
the system A- +  B when the exchange integral 
between the carbon atoms which ultimately form the 
new bond has a value appropriate to the transition 
state and when it has the value of 0 appropriate to 
separated reactants. The reactivity ratio rA may there
fore be related to the difference in the corresponding 
stabilization energies by the equation

-R T  In rA =  F AB* -  F Aa* (7)

if we may assume that (Aaa/A ab) =  1. The validity 
of this relationship has been confirmed graphically in 
the form indicated by the equation, using experimental 
values of rA; the points showed only small deviations 
from a linear relationship. Yonezawa, et al.,11 have

calculated the stabilization energies by the second-order 
perturbation method. Levinson37 has applied simple 
molecular orbital theory to the calculation by assigning 
a value of 0.4/5 to the bond integral of the incipient 
bond in the transition state. The accuracy of the 
latter method was tested by comparing calculated and 
experimental reactivity ratios for 38 systems of fully 
representative diversity. Although the reactivity ra
tios span a range of 2000:1, the greatest error in the 
predicted values is a factor of only 3. The close corre
lation observed for both methods of calculation indi
cates that each provides a reasonably satisfactory 
model for the transition state.

Further progress38 resulted from the adoption of 
ethylene (0) as the reference monomer and the separa
tion of the general stabilization energy F Ab* into four 
separate terms

F ab* =  Foo* +  AFao* +  AFob* +  AFab6 (8)

The term Foo* is the stabilization energy for the system
O- +  O, AFao* is the increment of this stabilization 
energy for the system A- +  0, and AFob* is the 
corresponding increment for the system 0 - +  B. 
These increments were associated38 with the parameters 
of the revised12 Q-e scheme

In (Qa '/Q bO =  (AFoa* -  AFob* )/F T  (9)

In (PaZ /P b-O =  (AFao* -  AFBo* )/F T  (10)

This revised scheme is based upon the values Q' =
1.00 and e' =  0.00 for styrene; the constancy of the 
parameters P ' and Q' for a particular monomer in a 
variety of systems was established on this basis. The 
fourth term AFab6 has been called the “ surplus stabili
zation energy”  and is related to the revised composite 
polarity term cab by the equation8’39

AFab6 =  —RTe abZ

The stabilization energy for the addition of a polymer 
radical terminating in an ethylene unit (0 - )  to a 
monomer molecule (B) is given by the simplified equa
tion

F ob =  Foo* +  AFob* (11)

in which the surplus stabilization energy AF0b6 is 0.36 
The activation energy for this class of reaction may 
therefore be written in the form of relationship 12

(36) K. Hayashi, T. Yonezawa, C. Nagata, S. Okamura, and K. 
Fukui, J. Polymer Sei., 20, 537 (1956).
(37) G. S. Levinson, ibid., 60, 43 (1962).
(38) N. Kawabata, T . Tsuruta, and J. Furukawa, Makromol. Chem., 
51, 80 (1962).
(39) N. Kawabata, T. Fueno, T. Tsuruta, and J. Furukawa, Bvll. 
Chem. Soc. Japan, 36, 1168 (1963).
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2?ob =  E k  +  E o b *  =  E k o  +  AEob* (12)

where E k o  has a common value for all systems of the 
type O- +  B. Simple copolymerization theory al
lows us to treat the ethyl radical as a particular example 
of the radical class 0 - .  Equation 12 may then be 
applied to systems of the type CH3CH2- +  B, and 
we may expect Ex — 1/iE2 to be linearly related to 
AEob*. Figure 8 presents a test of this relationship. 
The values of A E 0 b *  were calculated36 by a simple 
LCAO molecular orbital method and are given in 
Table III. The degree of correlation found in Figure 8 
is not appreciably greater than that found in Figure 2, 
although the structural diversity of the substrates of 
Figure 2 is much greater. This is perhaps surprising, 
as the method underlying Figure 8 alone treats the 
transition state directly. We may infer that the in
adequacies of our own model, based upon localization 
energy, are of secondary importance.

Figure 8. Correlation between activation energy for ethyl 
radical addition and incremental stabilization energy 
A.E0 3 * of the transition state, in units of — (Aj3)’//3.

The revised intrinsic reactivity parameter Qb ' is 
related to A E q b *  by the equation

log Q b '  =  log Qo' +  A E 0 b * / 2 . 3 R T  (13)

which is obtained from 9 by using the definition A E 0 0 *  

=  0. We may therefore devise a test of the proposed 
linear relationship between A E 0 b *  and E i  — 1/ 2E 2 

which is independent of the choice of parameters for

I

Figure 9. Correlation between the activation energy for ethyl 
radical addition and the intrinsic reactivity parameter Q '.

The reference is styrene { Q ’ = 1.00, e' = 0.00).

heteroatoms. This is shown in Figure 9, which is a 
plot of E i  — 1/2Ei against log Q b ' .  For common sub
strates the degree of correlation is greater than in 
Figure 8, suggesting that inadequate parameters for 
heteroatoms cause the main deviations found in that 
diagram. Figure 9 reveals a reasonably good general 
correlation between the activation energy Ei and the 
experimental intrinsic reactivity parameter QB'.

Burkhart and Zutty have proposed13'40 a revision of 
the Q-e scheme based upon ethylene as the reference 
monomer with Qo° = 1 .00  and eo° =  0.00. In principle 
the activation energy E1 — 1/2E2 should show greater 
correlation with log Q b °  than with log Q b ' ,  but Figure 
10 is no better than Figure 9. This is not re
markable as nearly all the values of QB° used in Figure 
10 are determined indirectly and are subject to larger 
error. When directly determined values of QB° are 
available we may expect Figure 10 to show the greater 
correlation.

Figure 11 shows that Ex — l/JE2 is poorly correlated 
with log Qb, where Qb is the original Alfrey-Price 
parameter based upon styrene as a reference monomer 
with Q =  1.00 and e =  —0.80. A comparison of 
Figures 9 and 11 lends very little support to the view 
that Qb' is the better index of reactivity and that a 
system based upon styrene with Q' =  1.00 and e' =

(40) R. D. Burkhart and N. L. Zutty, Makromol. Cherrt., 67, 219 
(1963).
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Table III: The Activation Energy for the Addition of the Ethyl Radical to Various Substrates (B) Compared with the 
Increment of Conjugation Stabilization Energy in the Transition State and Various Forms of the Intrinsic Reactivity 
Parameter of Copolymerization Theory

No.
Substrate

(B) Ref
Ei — 1/ 2E 2, 
kcal/mole

AEob*,
-(AS)V(S Log Q' Log Q° Log Q

1 Octene-1 23 7.6 ±  0.2 0 .0 0 0 “ 2.55' T.83' 2.28'
2 2-Methylpentene-l 23 7.3 ±  0.3 2.46" 1.94" 2.52"
3 2,3-Dimethylbuta- 24 4.5 ±  0.2 0.246i> 0 . 1 T 1,786 0.386

9
diene-1,3

Styrene 22 4.1 ±  0.6 0.231 0 .0 0 1.45 0 .0 0
14 Vinyl acetate 22 6.9 ±  0.5 0.071 2.62 1.97 2.42
6 Allyl acetate 31 7.7 ±  0.5 2.33 1.84 2.45

15 Vinyl n-butyl ether 22 6.1 ± 0 . 5 2.38' 1.89' 2.50'
23 Acrylonitrile 22 3.4 ±  0.4 0.424 0.44 1.57 1.76
26 Methylacrylonitrile 23 4.6 ±  0.7 0.409 0.52 1.72 1.91
16 Methyl acrylate 30 3.1 ±  0.3 0.276 0 .1 2 1.35 1.64
18 Methyl methacrylate 30 4.2 ±  0.3 0.266 0.28 1.55 1.88

“ Ethylene. 6 Butadiene-1,3. “ Hexene-1. " Isobutene. '  Vinyl ethyl ether.

Figure 10. Correlation between the activation energy for 
ethyl radical addition and the intrinsic reactivity parameter Qa. 
The reference is ethylene (Q° = 1.00, e' = 0.00).

0.00 has inherent advantages, but this may be due to 
paucity of data.

The validity of Q' as an index of reactivity depends 
upon a simple relationship with the incremental stabili
zation energy such as that expressed in eq 9 and 13. 
The derivation of these equations depends in turn upon 
a uniformity of the preexponential factors of the ap
propriate addition reactions. This limits the usefulness 
of Q' to correlations involving substrates having a simi

Figure 11. Correlation between the activation energy for 
ethyl radical addition and the intrinsic reactivity parameter Q. 
The reference is styrene (Q =  1.00, e = —0.80).

lar pattern of substitution at the double bond, and 
indeed the substrates of Table II are all unsubstituted 
at the terminal carbon atom. As an index of reactivity 
Q' therefore shares the limitations of Ki/n and lacks 
the generality of AE0b* or Ex.

Each of the theoretical indices of reactivity suffers a 
common disadvantage when applied to the conjugated 
nitriles as the treatment commonly employed for the 
nitrile group is inadequate. The special theoretical
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advantage of using a model for the addition reaction 
based upon the transition state appears to be lost in the 
process of calculation. We conclude that the model 
based upon localization energy seems in its simplicity 
to offer the greatest promise for the calculation of an 
index of reactivity of a molecule toward the addition 
of free radicals.
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Triplet State Zero-Field Splittings of Some Structurally Related 

Aromatic Hydrocarbon and Heterocyclic Molecules1

by Seymour Siegel and Henry S. Judeikis

Aerospace Corporation, El Segando, California (Received December 21, 1965)

The triplet state zero-field splitting parameters D and E have been determined from the 
Am =  ± 1  epr spectra of the photoexcited triplet states of several structurally related 
aromatic hydrocarbons and aromatic heterocyclic molecules, using diethyl ether glasses 
at 77°K. The values of the splitting parameters in cm-1 for the various molecules are as 
follows: biphenyl, D =  0.1092, E =  0.0036; fluorene, D =  0.1075, E =  0.0033; car- 
bazole, D = 0.1022, E =  0.0066; dibenzofuran, D =  0.1071, E =  0.0092; dibenzothio- 
phen, D =  0.1130, E =  0.0021. The uncertainties in these numbers are ±0 .2  mK for 
D and ±0.1 mK for E. Lifetimes of the triplet states were also determined. A dis
cussion of the results in terms of conjugation of the heteroatom with the aromatic rings is 
given. Also, the results are compared to the published values of D and E for phenanthrene. 
It is found that biphenyl is a better hydrocarbon model than phenanthrene for the hetero- 
cyclics investigated in this paper.

I. Introduction
The utility of electron paramagnetic resonance 

(epr) spectroscopy for studying triplet state molecules 
was considerably increased by the observation that the 
epr spectra of randomly oriented triplet state mole
cules gave special significance tb those molecules where 
the principal axes of the electron dipolar spin-spin 
interaction tensor were parallel to the direction of the 
applied magnetic field.2 It was no longer necessary 
to have single crystal hosts to determine the separation 
of the magnetic sublevels of the triplet state experi
mentally. The data obtained when using noncrystal

line rigid media are not as accurate as that obtained 
when using appropriate single crystals; however, the 
number of suitable host single crystals available is small, 
and the accuracy of the glass or plastic technique is 
sufficient for many purposes. The major drawback 
of using noncrystalline host media is that it is not usu
ally possible to determine the hyperfine interaction 
energies between the triplet state electrons and the

(1) This work was supported by the U. S. Air Force under Con
tract No. AF 04(695)-669.
(2) W. A. Yager, E. Wassernan, and R. M. R. Cramer, J. Chem. 
Phys., 37, 1148 (1962).
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2 2 0 2 S e y m o u r  S i e g e l  a n d  H e n r y  S . J u d e i k i s

v a r i o u s  n u c l e a r  m a g n e t i c  m o m e n t s  p r e s e n t  i n  t h e  m o l e 

c u l e .

T h e  e f f e c t i v e  s p i n  H a m i l t o n i a n  f o r  a  t r i p l e t  s t a t e  

m o l e c u l e  i n  a  m a g n e t i c  f i e l d  m a y  b e  w r i t t e n  a s

æ  =  ( iH -g -S  +  D S *2 +  E (S X2 -  Sy2) -  2/zD (1)

w h e r e  t h e  c o n s t a n t s  D  a n d  E  c a n  b e  o b t a i n e d  d i r e c t l y  

f r o m  t h e  A m — ±  1 e p r  s p e c t r a  a n d  x, y, a n d  z a r e  a  

p r i n c i p a l  a x e s  c o o r d i n a t e  s y s t e m .  T h e  c o n s t a n t s  

a r e  t h e  z e r o - f i e l d  s p l i t t i n g  p a r a m e t e r s  a n d  a r e  r e l a t e d  

t o  t h e  s p a t i a l  d i s t r i b u t i o n  o f  t h e  t w o  t r i p l e t  e l e c t r o n s  

o v e r  t h e  m o l e c u l e .  F o r  t w o  e l e c t r o n s ,  w h e n  w e  c o n 

s i d e r  m u t u a l  d i p o l a r  i n t e r a c t i o n s  a n d  i g n o r e  s p i n -  

o r b i t  i n t e r a c t i o n s ,  t h e  z e r o - f i e l d  p a r a m e t e r s  c a n  b e  

e x p r e s s e d  a s

D  =  V 4Sred2< ^ ( l , 2 ) | r 122 -  3 * 122U l , 2 ) >

( 2 )

E  =  » / m & W M l v * 1 -  X n 2\ < p ( l , 2 ) )

w h e r e  ge i s  t h e  f r e e  e l e c t r o n  “g” v a l u e  a n d  t h e  q u a n t i t i e s  

i n  b r a c k e t s  a r e  a v e r a g e s  o f  t h e  i n t e r e l e c t r o n i c  d i s t a n c e s ,  

a n d  c o r r e s p o n d i n g  v e c t o r  c o m p o n e n t s  i n  t h e  p r i n c i p a l  

a x e s  s y s t e m ,  t a k e n  o v e r  t h e  a n t i s y m m e t r i c  s p a t i a l  

p o r t i o n  o f  t h e  t w o - e l e c t r o n  w a v e  f u n c t i o n . 3 T h e  

p a r t i c u l a r  l a b e l i n g  o f  t h e  m o l e c u l a r  a x e s  i s  s o m e w h a t  

a r b i t r a r y .  H o w e v e r ,  f o r  m o l e c u l e s  o f  s u f f i c i e n t  s y m 

m e t r y ,  a  n a t u r a l  c h o i c e  u s u a l l y  p r e s e n t s  i t s e l f .  F o r  

p l a n a r  m o l e c u l e s ,  z i s  u s u a l l y  c h o s e n  p a r a l l e l  t o  t h e  

n o r m a l  t o  t h e  m o l e c u l a r  p l a n e .

T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o f  t h e  e x p e r i m e n t a l  

d e t e r m i n a t i o n  o f  t h e  v a l u e s  o f  z e r o - f i e l d  p a r a m e t e r s  

f o r  t h e  p h o t o e x c i t e d ,  l o w e s t  t r i p l e t  s t a t e s  o f  t h e  s t r u c 

t u r a l l y  r e l a t e d  m o l e c u l e s  s h o w n  i n  F i g u r e  1 .  T h e  

p a r t i c u l a r  a s s i g n m e n t  o f  a  m o l e c u l a r  a x e s  s y s t e m  u s e d  

i n  t h e  a n a l y s i s  i s  a l s o  g i v e n  i n  F i g u r e  1 .  A s s i g n m e n t  

o f  t h e  e p r  s p e c t r a l  t r a n s i t i o n s  t o  t h e  c o r r e c t  m o l e c u l a r  

a x e s  w a s  m a d e  w i t h  t h e  a i d  o f  t h e  o p t i c a l  p o l a r i z a t i o n  

e f f e c t s  d i s c u s s e d  i n  t h e  f o l l o w i n g  p a p e r .  S i m i l a r i t i e s  

b e t w e e n  t h e  u l t r a v i o l e t  a b s o r p t i o n  s p e c t r a  o f  t h e  h e t e r o -  

c y c l i c s  i n  F i g u r e  1 a n d  t h a t  o f  p h e n a n t h r e n e  ( R  =  

— H C = C H — )  h a s  b e e n  d i s c u s s e d  i n  s e v e r a l  p l a c e s . 4  5’ 8 

T h e  e q u i v a l e n c e  o f  t h e  h e t e r o a t o m  t o  a  — H C = C H — - 

g r o u p  i n s t e a d  o f  C H 2 g r o u p  h a s  b e e n  e m p h a s i z e d . 8 

T h e  r e s u l t s  o f  t h e  D  a n d  E  d e t e r m i n a t i o n s  a r e  d i s c u s s e d  

i n  t e r m s  o f  t h i s  p o s t u l a t e d  e q u i v a l e n c e  ; i t  w i l l  b e  s h o w n  

t h a t ,  f o r  t r i p l e t  s t a t e s ,  b i p h e n y l  i s  a  b e t t e r  h y d r o c a r b o n  

m o d e l  m o l e c u l e  t h a n  p h e n a t h r e n e  f o r  t h e  h e t e r o c y c l i c s .

II. Experimental Details and Results
A  V a r i a n  X - b a n d  e p r  s p e c t r o m e t e r  w a s  u s e d  t o  o b 

s e r v e d  t h e  A m  =  ± 1  a n d  ± 2  t r a n s i t i o n s  o f  t h e  p h o t o -  

e x c i t e d  t r i p l e t  s t a t e  m o l e c u l e s .  D e t a i l s  o f  t h e  e p r  

s p e c t r o m e t e r  a n d  o p t i c a l  e x c i t a t i o n  c o n f i g u r a t i o n

R MOLECULE

—  H H —  BIPHENYL 

— CH2 —  FLUORENE 

- N H —  CARBAZOLE

—  0  -  DIBENZOFURAN

—  S -  DIBENZOTHIOPHEN

Figure 1. Molecules studied and principal 
axes system used in analysis.

a r e  g i v e n  e l s e w h e r e . 6 T h e  l i f e t i m e s  o f  t h e  t r i p l e t  s t a t e  

m o l e c u l e s  w e r e  m e a s u r e d  b y  o b s e r v i n g  t h e  d a r k  d e c a y  

o f  t h e  p h o s p h o r e s c e n t  o p t i c a l  e m i s s i o n  a n d  t h e  A m  =  

± 2  e p r  t r a n s i t i o n  i n t e n s i t i e s .  A l l  m e a s u r e m e n t s  

w e r e  m a d e  a t  7 7 ° K ,  u s i n g  1 0 ~ 2 M  s o l u t i o n s  o f  t h e  a r o 

m a t i c  m o l e c u l e s  d i s s o l v e d  i n  B a k e r  A n a l y z e d  r e a g e n t  

g r a d e  d i e t h y l  e t h e r ;  t h e  s o l u t e s  w e r e  e i t h e r  E a s t m a n  

W h i t e  L a b e l  o r  C h e m i c a l  P r o c u r e m e n t  L a b o r a t o r i e s  

r e s e a r c h  q u a l i t y  c h e m i c a l s .  M a g n e t i c  f i e l d  m e a s u r e 

m e n t s  w e r e  m a d e  w i t h  a  N u m a r  M o d e l  M - 2  n m r  p r e 

c i s i o n  g a u s s m e t e r ,  a n  H P  M o d e l  5 2 4 C  e l e c t r o n i c  

c o u n t e r ,  a n d  a n  H P  M o d e l  5 2 5 A  f r e q u e n c y  c o n v e r t e r  

p l u g - i n  u n i t .  A p p r o x i m a t e  m e a s u r e m e n t  o f  t h e  e p r  

k l y s t r o n  f r e q u e n c y  w a s  o b t a i n e d  w i t h  a n  H P  M o d e l  

X 5 3 2 B  f r e q u e n c y  m e t e r ;  a n  H P  M o d e l  5 4 0 B  t r a n s f e r  

o s c i l l a t o r  a n d  t h e  e l e c t r o n i c  c o u n t e r  w i t h  a n  H P  

M o d e l  5 2 5 B  p l u g - i n  u n i t  w e r e  u s e d  f o r  a c c u r a t e  k l y 

s t r o n  f r e q u e n c y  d e t e r m i n a t i o n s .

T h e  v a l u e s  o f  t h e  z e r o - f i e l d  s p l i t t i n g  c o n s t a n t s  D  
a n d  E ,  a s  w e l l  a s  t h e  v a l u e s  o f  gxx, gyv, gzl w h e r e  gu 
i s  t h e  c o m p o n e n t  o f  t h e  g t e n s o r  i n  e q  1 a l o n g  t h e  f t h  

p r i n c i p a l  a x i s ,  w e r e  d e t e r m i n e d  u s i n g  t h e  e q u a t i o n s  

d e v e l o p e d  b y  W a s s e r m a n ,  S n y d e r ,  a n d  Y a g e r . 7 D e 

t e r m i n a t i o n  o f  gxx, gvy, a n d  gzz g a v e  v a l u e s  i n  t h e  

r a n g e  2 . 0 0 2 3  t o  2 . 0 0 3 5  w i t h  a n  e x p e r i m e n t a l  u n c e r 

t a i n t y  o f  ± 0 . 0 0 1 5  i n  e a c h  g v a l u e .  T h e r e f o r e ,  w i t h i n  

t h e  e x p e r i m e n t a l  u n c e r t a i n t y ,  t h e  g t e n s o r  i s  i s o t r o p i c ,  

a n d  t h e r e  w a s  n o  e v i d e n c e  o f  c o n t r i b u t i o n s  f r o m  s p i n -  

o r b i t a l  i n t e r a c t i o n s  t o  t h e  g v a l u e s  f o r  t h e s e  m o l e c u l e s .  

T h e  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  o f  D  a n d  E  a r e  

g i v e n  i n  T a b l e  I ;  t h e  e x p e r i m e n t a l  p r e c i s i o n  i n d i c a t e d  

i n  t h e  t a b l e  a r i s e s  m a i n l y  f r o m  t h e  l a r g e  l i n e  w i d t h s  

c f  t h e  e p r  l i n e s  w h i c h  p r e c l u d e  t h e  d e t e r m i n a t i o n  o f

(3) J. H . van  der W aals and M . S. de G root, Mol. Phys., 2, 333 
(1959); 3, 190 (1960).

(4) G. M . Badger and B . J. C hris tie , J. Chem. Soc., 3438 (1956).
(5) H . H . Jaffé and M . O rch in , “ Theory  and A pp lica tio ns  o f U ltra 
v io le t Spectroscopy,”  John W ile y  and Sons, Inc ., N ew  Y o rk , N . Y ., 
1962, pp 353-361.

(6) (a) S. Siegel and H . S. Judeikis, J. Chem. Phys., 41, 648 (1964); 
(b) S. Siegel and K . B . E isentha l, ib id., 42, 2494 (1965).
(7) E . Wasserman, L . C. Snyder, and W . A . Yager, ib id., 41, 1763
(1964).
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s p e c i f i c  l i n e  s h a p e  p o s i t i o n s  t o  b e t t e r  t h a n  ± 0 . 5  g a u s s .  

A l s o  i n c l u d e d  i n  T a b l e  I  a r e  t h e  r e s u l t s  o f  t h e  l i f e t i m e  

m e a s u r e m e n t s .  B o t h  t h e  p h o s p h o r e s c e n t  e m i s s i o n  

a n d  e p r  ( A m  =  ± 2  t r a n s i t i o n s )  d a r k  d e c a y  c u r v e s  

w e r e  f o u n d  t o  b e  e x p o n e n t i a l ,  a n d  t h e  l i f e t i m e s  d e r i v e d  

f r o m  b o t h  t e c h n i q u e s  w e r e  e q u i v a l e n t  ( w i t h i n  e x p e r i 

m e n t a l  e r r o r ) .  M o s t  o f  t h e  l i f e t i m e s  h a v e  b e e n  

r e p o r t e d  e l s e w h e r e 8 ' 9 a n d  a r e  i n  g o o d  a g r e e m e n t  w i t h  

t h e  p r e s e n t  r e s u l t s .

Table I : Zero-Field Splitting Parameters and Lifetimes

Molecule
D, cm 1 

(±0 .2  m K)°
E, cm-1 

(±0 .1  m K )a

T , sec 
( ± 0.2 
sec)6

Phenanthrene 0.10044 0.04657 3.7
Biphenyl 0.1092 0.0036 4.4
Fluorene 0.1075 0.0033 6.3
Carbazole 0.1022 0.0066 7.7
Dibenzofuran 0.1071 0.0092 5.9
Dibenzothiophen 0.1130 0.0021 1.3

“ The phenanthrene data were taken from the literature (an 
certainty ±0 .02  mK is given) and were obtained using a bi
phenyl single crystal as a host. (See R. W. Brandon, R. E. 
Gerkin, and C. A. Hutchison, Jr., J .  C h e m . P h y s . ,  37, 447 
(1962); 41, 3717 (1964).) With the axis labeling in Figure 1, D  

and E  for phenanthrene are both positive since D  is positive and 
E  negative if x  and y  are interchanged. (See Brandon, et a l . )  The 
other values of D  and E  are absolute values because the sign of 
the parameters cannot be obtained from glass data at 77 °K ; how
ever, there is no reason to assume any change from phenanthrene; 
therefore, D  and E  are most likely both positive in this axis 
system for all the molecules studied here. b The phosphorescent 
emission lifetimes are given; however, the lifetimes derived 
from the epr data are identical, within experimental error.

F r o m  t h e  A m  =  ± 2  t r a n s i t i o n s ,  o n l y  a  c o m b i n a 

t i o n  o f  t h e  z e r o - f i e l d  p a r a m e t e r s 8 c a n  b e  d e t e r m i n e d  

d i r e c t l y  f o r  t h e s e  m o l e c u l e s ,  i.e., D* =  ( D 2 +  3 f ? 2) I/2. 

T h e  v a l u e s  o f  D*, d e t e r m i n e d  d i r e c t l y  f r o m  t h e  A m  =  

± 2  t r a n s i t i o n s ,  a r e  g i v e n  i n  T a b l e  I I ;  v a l u e s  o f  D*, 
d e t e r m i n e d  f r o m  t h e  v a l u e s  o f  D a n d  E  i n  T a b l e  I ,  

a r e  a l s o  g i v e n  i n  T a b l e  I I .  T h e r e  s e e m s  t o  b e  a  s y s t e 

m a t i c  d i s c r e p a n c y  i n  t h e  r e s u l t s  o b t a i n e d  b y  t h e  t w o  

m e t h o d s ,  w i t h  t h e  v a l u e s  o b t a i n e d  f r o m  t h e  A m  =  

± 2  t r a n s i t i o n s  b e i n g  u n i f o r m l y  l a r g e r  b y  1 . 0  t o  1 . 5  

m K .  T h i s  d i s c r e p a n c y  c o u l d  a r i s e ,  i n  p a r t ,  f r o m  e x 

p e r i m e n t a l  m e a s u r e m e n t  e r r o r ;  h o w e v e r ,  t h e  u n i 

f o r m i t y  o f  t h e  t r e n d  i n d i c a t e s  t h a t  t h e  s p e c i f i c  c h o i c e  

o f  t h e  m a x i m u m  o f  t h e  d e r i v a t i v e  l i n e  s h a p e  o f  t h e  

A m  =  ± 2  t r a n s i t i o n  o r  t h a t  a n o t h e r  m o r e  f u n d a m e n t a l  

c a u s e  m a y  a l s o  b e  i n v o l v e d .

HI. Discussion
T h e  a s s i g n m e n t  o f  t h e  u l t r a v i o l e t  a b s o r p t i o n  b a n d s

o f  t h e  h e t e r o c y c l i c  m o l e c u l e s  d i s c u s s e d  h e r e  t o  7r,x*  

t r a n s i t i o n s  h a v e  b e e n  m a d e  i n  v a r i o u s  p l a c e s 4’10 11 ( i n 

c l u d i n g  r e f  11)  b y  a n a l o g y  t o  t h e  s p e c t r a  o f  t h e  a r o 

m a t i c  h y d r o c a r b o n s .  S i m i l a r  a r g u m e n t s  h a v e  b e e n  

u s e d  t o  a s s i g n  t h e  p h o s p h o r e s c e n t  t r i p l e t - s i n g l e t  

e m i s s i o n  f o r  t h e  h e t e r o c y c l i c s  t o  t , tt*  t r a n s i t i o n s . 10 
T h e  d a t a  i n  T a b l e  I  a g r e e  w i t h  t h e  t ,w* a s s i g n m e n t s  f o r  

t h e  t r i p l e t  s t a t e  o f  t h e s e  m o l e c u l e s ,  c o n s i d e r i n g  t h e  

g e n e r a l  s i m i l a r i t y  o f  t h e  v a l u e s  o f  D  a n d  E  f o r  t h e  h y 

d r o c a r b o n s  a n d  h e t e r o c y c l i c s .  T h e  m a g n e t i c  z d i 

r e c t i o n  i s  s h o w n  t o  b e  p e r p e n d i c u l a r  t o  t h e  m o l e c u 

l a r  p l a n e ,  a s  i s  e x p e c t e d  f o r  7r , x *  t r i p l e t  s t a t e s .  T h e  

l o n g  l i f e t i m e s  s h o w n  i n  T a b l e  I  a r e  a l s o  c o n s i s t e n t  w i t h  

tt, 7t *  t r i p l e t  s t a t e  a s s i g n m e n t s .

T h e  m o s t  s t r i k i n g  a s p e c t  o f  t h e  v a l u e s  o f  D  a n d  E  
i s  t h e  l a r g e  d i f f e r e n c e s  b e t w e e n  t h e  s y m m e t r y  o f  t h e  

e l e c t r o n  s p i n  d i s t r i b u t i o n  i n  p h e n a n t h r e n e  a n d  t h e  

s y m m e t r y  i n  t h e  h e t e r o c y c l i c  a r o m a t i c s ,  a s  r e f l e c t e d  b y  

t h e  l a r g e  d i f f e r e n c e s  i n  t h e  E  v a l u e s .  A l t e r n a t i v e l y ,  

t h e  e l e c t r o n i c  d i s t r i b u t i o n s  i n  t h e  h e t e r o c y c l i c  a r o m a t i c s  

a r e  v e r y  s i m i l a r  t o  t h o s e  i n  b i p h e n y l  a n d  f l u o r e n e .  

F r o m  t h e  c o n c l u s i o n  t h a t  t h e  t r i p l e t  s t a t e s  o f  t h e  h e t e r o 

c y c l i c s  a r e  v e r y  s i m i l a r  t o  t h e  t r i p l e t  s t a t e  o f  b i p h e n y l  

a n d  q u i t e  d i f f e r e n t  f r o m  t h a t  o f  p h e n a n t h r e n e ,  a s  f a r  

a s  t h e  e l e c t r o n i c  s p a t i a l  d i s t r i b u t i o n  i s  c o n c e r n e d ,  i t  

c a n  b e  f u r t h e r  c o n c l u d e d  t h a t  t h e  h e t e r o a t o m s  d o  n o t  

e n t e r  i n t o  a n y  a p p r e c i a b l e  d e g r e e  o f  c o n j u g a t i o n  w i t h  

t h e  a r o m a t i c  r i n g s .  I n  f a c t ,  t h e  s m a l l  v a l u e  o f  E  
o b s e r v e d  f o r  d i b e n z o t k i o p h e n  i n d i c a t e s  t h a t  s u l f u r  

i s  l e a s t  e f f e c t i v e  i n  i n t r o d u c i n g  a d d e d  c o n j u g a t i o n .  T h e  

l a t t e r  c o n c l u s i o n  i s  o p p o s i t e  t o  t h a t  w h i c h  o n e  w o u l d  

p r e d i c t  o n  t h e  b a s i s  o f  t h e  r e l a t i v e  e l e c t r o n e g a t i v i t i e s  

o f  t h e  h e t e r o a t o m s .  S u l f u r  h a s  e s s e n t i a l l y  t h e  s a m e  

e l e c t r o n e g a t i v i t y  a s  c a r b o n  a n d  h a s  d  o r b i t a l s  a v a i l 

a b l e  f o r  p a r t i a l  d o u b l e  b o n d i n g  ; t h e r e f o r e ,  s u l f u r  m i g h t  

b e  e x p e c t e d  t o  h a v e  t h e  m o s t  c o n j u g a t i o n .  H o w e v e r ,  

s u l f u r  i s  a  l a r g e  a t o m  a n d  t h e  r e s u l t a n t  s t r a i n  o n  t h e  

m o l e c u l e  m a y  c h a n g e  t h e  g e o m e t r y  s u f f i c i e n t l y  s o  t h a t  

c o n j u g a t i o n  i s  m i n i m i z e d .  A l s o ,  s u l f u r  d o e s  n o t  f o r m  

d o u b l e  b o n d s  e a s i l y .

T h e  t r e n d  i n  t h e  v a l u e s  o f  D  g i v e n  i n  T a b l e  I  a l s o  

i n d i c a t e s  t h a t  t h e r e  i s  t h e  l e a s t  c o n j u g a t i o n  i n  t h e  

t h i o p h e n  b e c a u s e  i t  h a s  t h e  l a r g e s t  v a l u e  o f  D. T h e  

l a r g e  v a l u e  o f  D  r e f l e c t s  a  g r e a t e r  c o n c e n t r a t i o n  o f  

e l e c t r o n  d e n s i t y  i n  t h e  t w o  r i n g s ,  t h e r e b y  d e c r e a s i n g  

t h e  a v e r a g e  v a l u e  o f  ri2 a n d  i n c r e a s i n g  t h e  v a l u e  o f  t h e  

d i p o l a r  i n t e r a c t i o n .  T h e r e f o r e ,  t h e  g e o m e t r y  o f  t h e

(8) D . S. M cC lu re , J. Chem. Phys., 17, 905 (1949).
(9) A . N . Teren in  and V . L . E rm o laev, Izv. Akad. Nauk SSSB Ser. 
Fiz., 2 6 , 21 (1962).
(10) R . N . N u rm ukha m e to v  and G. V . Gobov, Opt. i  Spectroskopia, 
18, 227 (1965).
(11) S. Siegel and H . S. Judeikis, J. Phys. Chem., 70, 2205 (1966).
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Table II: Magnitude of D *  =  ( D 2 +  3/Î2)’/2

Z>2* -  D i*  
m K

T h is w orkT h is w ork B randon0 T his w ork Smaller** T h om son 4*
M olecu le ( ± 0 .2  m K ) ( ± . 0 4  m K ) ( ± 0 .1  m K ) ( ± 1 . 5  m K ) ( ± 0 . 4  m K ) ( ± 0 . 3  m K )

Phenanthrene 0.12882 0.1335 0.1336
Biphenyl 0.1094 0.1107 0.1130 0.1111 1.3
Fluorene 0.1076 0.1092 0.1096 0.1088 1.6
Carbazole 0.1028 0.1043 0.1044 0.1063 1.5
Dibenzofuran 0.1082 0.1092 1.0
Dibenzothiophen 0.1131 0.1144 1.3

“ Di* calculated using D and E values in TableI. 6 Df* calculated from Ds* = (l/hc)[(3/ t)(hvy — 3(g0Hm)2}'^ where vis the klystron 
frequency and H m is the field position of the low-field maximum of the A m  =  ± 2  epr transition derivative spectrum (see ref 3). c See 
Brandon, et al., ref a in Table I. d Methanol or EPA at 77°K used as the host medium. See B. Smaller, J . C h e m . P h y s . ,  37, 1578 
(1962). 6 Poly(methyl methacrylate) used as the host medium. See C. Thomson, i b i d . ,  41, 1 (1964).

t r i p l e t  s t a t e  o f  t h e  d i b e n z o t h i o p h e n  m u s t  b e  s u c h  t h a t  

t h e  t w o  r i n g s  a r e  s o m e w h a t  n o n p l a n a r  o r  t h e  C - C  

b o n d  b e t w e e n  r i n g s  i s  s o m e w h a t  b e n t  c o m p a r e d  t o  

t h a t  i n  b i p h e n y l  a n d  t h e  o t h e r  h e t e r o c y c l i c s .  O r d e r i n g  

o f  t h e  m o l e c u l e s  i n  F i g u r e  1 a c c o r d i n g  t o  t h e  i n c r e a s i n g  

d e g r e e  o f  c o n j u g a t i o n ,  a s  r e f l e c t e d  b y  t h e  m a g n i t u d e  o f  

D, c a n  b e  g i v e n  a s  d i b e n z o t h i o p h e n ,  b i p h e n y l ,  f l u o r e n e ,  

d i b e n z o f u r a n ,  c a r b a z o l e ,  a n d  p h e n a n t h r e n e .

I t  m u s t  b e  e m p h a s i z e d  t h a t  t h i s  d i s c u s s i o n  i s  b a s e d  

o n  a  s i m p l e  m o d e l  o f  a  p u r e  ir,7r* e l e c t r o n i c  d i s t r i b u t i o n .  

M o r e  s u b t l e  e f f e c t s  s u c h  a s  c o n f i g u r a t i o n  i n t e r a c t i o n s  

a r e ,  b y  n e c e s s i t y ,  c o m p l e t e l y  n e g l e c t e d .  A l s o ,  m o r e

o b v i o u s  e f f e c t s  s u c h  a s  g e o m e t r y  a n d  s y m m e t r y  

c h a n g e s  i n  t h e  t r i p l e t  s t a t e s  o f  t h e s e  m o l e c u l e s  a s  t h e  

n a t u r e  o f  t h e  R  g r o u p  c h a n g e s  h a v e  n o t  b e e n  c o n 

s i d e r e d  s i n c e  t h e s e  g e o m e t r i e s  a r e  n o t  a v a i l a b l e .  

H o w e v e r ,  w i t h i n  t h e  l i m i t a t i o n s  o f  t h e  s i m p l e  m o d e l ,  

t h e  d a t a  p r e s e n t e d  h e r e  i n d i c a t e  t h a t  b i p h e n y l  i s  a  

b e t t e r  h y d r o c a r b o n  m o d e l  m o l e c u l e  t h a n  p h e n a n t h r e n e  

f o r  t h e  d i s c u s s i o n  o f  t h e  a b s o r p t i o n  s p e c t r a  o f  t h e  h e t e r o 

c y c l i c  a r o m a t i c s .  T h i s  c o n c l u s i o n  i s  i n  a g r e e m e n t  w i t h  

t h a t  m a d e  b y  N u r m u k h a m e t o v  a n d  G o b o v  o n  t h e  b a s i s  

o f  t h e i r  r e c e n t  d e t a i l e d  s t u d i e s  o f  t h e  f l u o r e s c e n c e  a n d  

p h o s p h o r e s c e n c e  s p e c t r a 10 o f  t h e s e  m o l e c u l e s .
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T h e  p o l a r i z a t i o n s  o f  t h e  l o n g  w a v e l e n g t h  e l e c t r o n i c  a b s o r p t i o n  b a n d s  o f  t h e  m o l e c u l e s  

p h e n a n t h r e n e ,  b i p h e n y l ,  f l u o r e n e ,  c a r b a z o l e ,  d i b e n z o f u r a n ,  a n d  d i b e n z o t h i o p h e n  h a v e  

b e e n  d e t e r m i n e d  b y  t h e  m e t h o d  o f  m a g n e t o p h o t o s e l e c t i o n .  A l s o ,  t h e  p o l a r i z a t i o n s  o f  t h e  

n e x t  h i g h e r  a b s o r p t i o n  b a n d s  h a v e  b e e n  e s t i m a t e d  f o r  p h e n a n t h r e n e ,  c a r b a z o l e ,  a n d  d i 

b e n z o t h i o p h e n .  I n  g e n e r a l ,  t h e  r e s u l t s  a g r e e  w i t h  t h e o r y .  T h e  b a n d s  b e l o n g i n g  t o  t h e  

h e t e r o c y c l i c  m o l e c u l e s  h a v e  b e e n  a s s i g n e d  t o  ! L a a n d  4 5 6L b  d e s i g n a t i o n s  o n  t h e  b a s i s  o f  t h e  

p o l a r i z a t i o n  r e s u l t s .  T h e  r e s u l t s  a r e  d i s c u s s e d  b r i e f l y .

I. Introduction
T h e  e l e c t r o n i c  a b s o r p t i o n  a n d  e m i s s i o n  s p e c t r a  o f  

m a n y  m o l e c u l e s  c o n t a i n i n g  o n e  o r  m o r e  b e n z e n e  r i n g s  

f u s e d  t o  a  f i v e - m e m b e r e d  h e t e r o c y c l i c  s y s t e m  h a v e  b e e n  

r e p o r t e d . 2 - 4  H o w e v e r ,  t h e  i n t e r p r e t a t i o n  a n d  c o r r e l a 

t i o n  o f  t h e  h e t e r o c y c l i c  s p e c t r a  h a v e  b e e n  q u i t e  d i f f i c u l t .  

I n  g e n e r a l ,  o n l y  q u a l i t a t i v e  t r e n d s  h a v e  b e e n  o b t a i n e d ,  

a n d  a s s i g n m e n t s  o f  t h e  s p e c t r a  t o  7r ,7r*  t r a n s i t i o n s  h a v e  

b e e n  m a d e  b y  a n a l o g y  w i t h  t h e  s p e c t r a  o f  s t r u c t u r a l l y  

s i m i l a r  a r o m a t i c  h y d r o c a r b o n  m o l e c u l e s .  I n  t h i s  p a p e r ,  

t h e  m e t h o d  o f  m a g n e t o p h o t o s e l e c t i o n 5 - 7  i s  u s e d  t o  d e 

t e r m i n e  t h e  p o l a r i z a t i o n  o f  t h e  l o n g  w a v e l e n g t h  e l e c 

t r o n i c  a b s o r p t i o n  b a n d s  o f  s e v e r a l  s t r u c t u r a l l y  r e l a t e d  

a r o m a t i c  h y d r o c a r b o n s  a n d  h e t e r o c y c l i c  m o l e c u l e s .  

T h e  m o l e c u l e s  s t u d i e d  a r e  g i v e n  i n  F i g u r e  1 a l o n g  w i t h  

t h e  a x i s  s y s t e m  u s e d  i n  t h e  a n a l y s i s .  F o r  s o m e  o f  t h e  

m o l e c u l e s ,  e s t i m a t e s  a r e  a l s o  g i v e n  o f  t h e  p o l a r i z a t i o n s  

o f  t h e  n e x t  h i g h e s t  t r a n s i t i o n s .  T h e  m o l e c u l e s  s t u d i e d  

a r e  t h e  s a m e  o n e s  f o r  w h i c h  t h e  z e r o - f i e l d  s p l i t t i n g  

p a r a m e t e r s  o f  t h e  t r i p l e t  s t a t e s  w e r e  d e t e r m i n e d  i n  t h e  

p r e c e d i n g  p a p e r . 8

T h e  a d v a n t a g e  o f  u s i n g  t h e  m a g n e t o p h o t o s e l e c t i o n  

m e t h o d  i s  t h a t  t h e  Am =  ± 1  e l e c t r o n  p a r a m a g n e t i c  

r e s o n a n c e  ' ( e p r )  s p e c t r u m  o f  t r i p l e t - s t a t e  m o l e c u l e s  d i s 

s o l v e d  i n  a  r i g i d  g l a s s  g i v e s  o v e r w h e l m i n g  p r o m i n e n c e  

t o  t h e  m o l e c u l e s  o r i e n t e d  s o  t h a t  o n e  o f  t h e  p r i n c i p a l  

a x e s  o f  t h e  e l e c t r o n  s p i n - s p i n  d i p o l a r  c o u p l i n g  t e n s o r  i s  

p a r a l l e l  t o  t h e  a p p l i e d  m a g n e t i c  f i e l d . 9 ' 10 F o r  t h e  e x 

p e r i m e n t s  i n  t h i s  s t u d y ,  t h e  t r i p l e t  s t a t e s  a r e  p o p u l a t e d  

b y  t h e  i n t r a m o l e c u l a r  s e q u e n c e

S o  >  S *  — >  T  ( 1 )

I f  p o l a r i z e d  l i g h t  i s  u s e d  t o  e x c i t e  t h e  p o p u l a t i n g  S o  -*■  S *  

t r a n s i t i o n ,  t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  e p r  t r a n s i t i o n s  

w i l l  b e  d i r e c t l y  r e l a t e d  t o  t h e  f r a c t i o n  o f  t h e  p o l a r i z a 

t i o n  o f  t h e  o p t i c a l  t r a n s i t i o n  c a r r i e d  a l o n g  e a c h  m o l e c u 

l a r  a x i s  i f  c e r t a i n  c o n d i t i o n s  a r e  s a t i s f i e d . 7 ' 11 T h e  

n e c e s s a r y  c o n d i t i o n s  w h i c h  c o n c e r n  i n t r a -  a n d  i n t e r -  

m o l e c u l a r  p r o c e s s e s ,  m o l e c u l a r  s y m m e t r y ,  a n d  m o l e c u 

l a r  m o t i o n s  a r e  g i v e n  i n  a  p r e v i o u s  p a p e r , 7 a n d  t h e s e  

c o n d i t i o n s  w e r e  m e t  t o  a  s a t i s f a c t o r y  a p p r o x i m a t i o n  i n  

t h e  e x p e r i m e n t s  b e i n g  d e s c r i b e d  h e r e .  W h e n  t h e  

p o l a r i z a t i o n  o f  t h e  e l e c t r i c  v e c t o r  E  o f  t h e  e x c i t i n g  l i g h t  

i s  p a r a l l e l  t o  t h e  d i r e c t i o n  o f  t h e  e x t e r n a l  m a g n e t i c

(1) This work was supported by the U. S. A ir Force under Contract 
No. AF  04(695)-669.
(2) R. N . Nurmukhametov and G. V. Gobov, Opt. i  Spectroskopia, 
18, 227 (1965).
(3) G. M . Badger and B. J. Christie, J. Chem. Soc., 3438 (1956).
(4) H . H . Jaffé and M . Orchin, “ Theory and Applications of U ltra 
vio let S pec troscopyJohn  W iley and Sons, Inc., New Y ork, N . Y ., 
1962, pp 347-361.
(5) M . A. El-Sayed and S. Siegel, J. Chem. Phys., 44, 1416 (1966).
(6) S. Siegel and L . Goldstein, ib id., 43, 4185 (1965).
(7) S. Siegel and L . Goldstein, “ A  Study of T rip le t-T r ip le t Transfer
by the Method of Magnetophotoselection: I I .  Concentration
Depolarization,”  Aerospace Corp. Report No. TDR-669(6250-20)-2, 
Dec 1965; also J. Chem. Phys., in  press.
(8) S. Siegel and H. S. Judeikis, J . Phys. Chem., 70, 22C1 (1966).
(9) E. Wasserman, L . Snyder, and W . A. Yager, J. Chem. Phys., 41, 
1763 (1964).
(10) P. K o ttis  and R. Lefebvre, ib id., 41, 379 (1964).
(11) P. K o ttis  and R. Lefebvre, ib id., 41, 3660 (1964).
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Figure 1. Molecules studied and principal 
axes system used in analysis.

field H, the intensity I t of the Am  =  ±  1 epr transition 
corresponding to any one of the three canonical orienta
tions is proportional to the number of excited triplet 
state molecules iV7(||) which have their zth molecular 
axis at the correct observational angle diH <  8. Be
cause the z'th axis must be essentially parallel9 to H for 
its corresponding epr transition to be observed in the 
usual derivative epr spectrum, the magnitude of 8 must 
be very small (i.e., 0iH ~  0). When the assumption 
that the probability of observation is unity for diH <  8 
and zero for all other values of 5 is used, expressions are 
derived in the Appendix for iV/(| |) and N ? ( ± )  (where 
the latter term is the number of excited molecules with 
diH <  8 and H ±  E).

If the magnitudes of the incident light intensity are 
equal in the two polarization directions, then the use of 
eq A5 and A6 yields an expression for the usual 
polarization ratio P t as follows

# , ‘ (11) -  #,*(_L) =
4 # , * ( | | )  +  # , * ( . L )

Ij(\\) - l i U )  =  3 r , -  1
7,(||) +  7,(_L) 1 +  i / z k  +  r t U

where M, N ,  and L  are the molecular axes defined in 
Figure 1, r{ is the component of the polarization of the 
optical populating transition carried along the fth 
molecular axis, and A; is a constant introduced to include 
the percentage of depolarized (i.e., isotropic) light pres
ent or other depolarizing effects. The data will be 
analyzed in terms of eq 2.

II. Experimental Section

The epr spectrometer and optical excitation configu
ration used in this study have been described else
where.6-12 The sample container consisted of a 4-mm
o.d. quartz tube that had been flattened at one end to an

a p p r o x i m a t e  r e c t a n g u l a r  s h a p e .  T h i s  c r u d e l y  f a s h 

i o n e d  c e l l  w a s  f o u n d  t o  b e  a d e q u a t e  f o r  t h i s  s t u d y .  T h e  

t u b e  w a s  p l a c e d  i n  a  q u a r t z  l i q u i d  n i t r o g e n  d e w a r  w i t h  

a n  u n s i l v e r e d  t i p  d i r e c t l y  i n  t h e  e p r  c a v i t y .  A l l  m e a s 

u r e m e n t s  w e r e  m a d e  a t  7 7 ° K .  S o l u t i o n s  w e r e  p r e 

p a r e d  f r o m  B a k e r  A n a l y z e d  r e a g e n t  g r a d e  d i e t h y l  

e t h e r ,  a n d  t h e  s o l u t e s  w e r e  e i t h e r  E a s t m a n  W h i t e  

L a b e l  o r  C h e m i c a l  P r o c u r e m e n t  L a b o r a t o r i e s  r e s e a r c h  

q u a l i t y  c h e m i c a l s .

T h e  c o n c e n t r a t i o n s  u s e d  w e r e  a l l  0 . 0 0 3  M  ( r o o m -  

t e m p e r a t u r e  c o n c e n t r a t i o n s ) .  T h i s  c o n c e n t r a t i o n  w a s  

s u f f i c i e n t l y  h i g h ,  b e c a u s e  o f  t h e  l o n g  t r i p l e t  s t a t e  l i f e 

t i m e s  i n v o l v e d , 8 t o  p e r m i t  a c c u r a t e  m e a s u r e m e n t s  o f  

t h e  A  t o  =  ± 1  e p r  l i n e s ;  i t  w a s  a l s o  h i g h  e n o u g h  t o  

a v o i d  u n c e r t a i n t i e s  a r i s i n g  f r o m  p h o t o c h e m i c a l  e f f e c t s  

r e l a t e d  t o  s e n s i t i z e d  s o l v e n t  d e c o m p o s i t i o n . 13 Y e t ,  

t h e  c o n c e n t r a t i o n  u s e d  w a s  s u f f i c i e n t l y  l o w  t o  a v o i d  

c o m p l i c a t i o n s  f r o m  i n t e r m o l e c u l a r  t r i p l e t - t r i p l e t  e n e r g y  

t r a n s e r . 7

T h e  t r a n s m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  f i l t e r  c o m b i n a 

t i o n s  u s e d  b e t w e e n  t h e  e x c i t i n g  l a m p  ( P E K - 5 0 0  h i g h -  

p r e s s u r e  m e r c u r y  a r c )  a n d  t h e  s a m p l e  w e r e  d e t e r m i n e d  

w i t h  t h e  u s e  o f  a  C a r y  1 5  s p e c t r o p h o t o m e t e r  a n d  a r e  

g i v e n  i n  F i g u r e  2 .  T h e  a b s o r p t i o n  s p e c t r a  o f  t h e  s o l u t e s  

i n  e t h e r  s o l u t i o n  a t  r o o m  t e m p e r a t u r e  w e r e  d e t e r m i n e d  

o n  t h e  s p e c t r o p h o t o m e t e r  a n d  a r e  g i v e n  b y  t h e  s o l i d  

c u r v e s  i n  F i g u r e  3 .  A l s o  g i v e n  i n  F i g u r e  2  i s  t h e  r e l a 

t i v e  s p e c t r a l  o u t p u t  ( m a n u f a c t u r e r ’ s  s p e c i f i c a t i o n s )  o f  

t h e  P E K - 5 0 0  l a m p .  I t  w a s  f o u n d  t h a t  t h e  b r o a d  o u t 

p u t  o f  t h e  l a m p  i n  t h e  2 3 0 - 2 5 0 - m / i  r e g i o n  w a s  o f  m i n o r  

i m p o r t a n c e  i n  p o p u l a t i n g  t h e  t r i p l e t  s t a t e s  u n d e r  t h e  

e x p e r i m e n t a l  c o n d i t i o n s  u s e d  i n  t h i s  s t u d y .  T h i s  c o n 

c l u s i o n  i s  b a s e d  o n  a  s e r i e s  o f  m e a s u r e m e n t s  o n  t h e  

t r i p l e t  s t a t e  e p r  i n t e n s i t y  o f  a  s o l u t i o n  o f  d i b e n z o f u r a n ,  

u s i n g  s e v e r a l  s h a r p - c u t  f i l t e r s  ( s o m e  o f  w h i c h  a r e  

g i v e n  i n  F i g u r e  2 ) .  T h e  r e s u l t s  o f  t h e s e  m e a s u r e m e n t s  

i n d i c a t e  a n  a p p r e c i a b l e  d e p e n d e n c e  o f  t h e  t r i p l e t  s t a t e  

p o p u l a t i o n  ( m o n i t o r e d  b y  m e a n s  o f  t h e  Am =  ± 2  e p r  

t r a n s i t i o n s )  o n  t h e  c u t o f f  w a v e l e n g t h  o f  t h e  f i l t e r  i n  t h e  

w a v e l e n g t h  r e g i o n  X > 2 6 0  m ^ ,  b u t  a  m i n o r  o r  n e g l i g i b l e  

d e p e n d e n c e  i n  t h e  r e g i o n  X < 2 6 0  m j t .

T h e  r e m a i n i n g  c u r v e s  i n  F i g u r e  3  r e p r e s e n t  t h e  w a v e 

l e n g t h  d e p e n d e n c e  o f  t h e  l i g h t  a b s o r b e d  b y  t h e  s o l u t e s  

7 a  w h e n  t h e  s a m p l e s  w e r e  e x p o s e d  t o  t h e  u n f i l t e r e d  

( d a s h e d  c u r v e )  a n d  f i l t e r e d  ( d o t t e d  c u r v e )  l a m p  o u t 

p u t s .  T h e  7 a  c u r v e s  w e r e  c o n s t r u c t e d  u s i n g  t h e  e x p r e s 

s i o n

7 A ( X )  =  7 0( X ) T ( X )  [1  -  e x p ( — i Xf c ) ]  ( 3 )  

w h e r e  7 0( X )  i s  t h e  u n f i l t e r e d  l a m p  o u t p u t ,  T (\)  i s  t h e

(12) S. Siegel and H . S. Judeikis, J . Chem. P h y s ., 41, 648 (1964).
(13) S. Siegel and K . B. Eisenthal, ib id ., 42, 2494 (1965).
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Figure 2. Lamp output (--------- ) and filter transmissions
(--------- ). Filter used: phenanthrene (Filter CF), biphenyl
(Filter E), fluorene (Filter B), carbazole (Filter CF), 
dibenzofuran (Filter AD), dibenzothiophen (Filter BF).

f r a c t i o n  o f  l i g h t  t r a n s m i t t e d  b y  t h e  f i l t e r  a t  w a v e l e n g t h  

X , €X i s  t h e  a p p r o p r i a t e  m o l a r  e x t i n c t i o n  c o e f f i c i e n t ,  a n d  

l a n d  c  a r e  t h e  p a t h  l e n g t h  a n d  c o n c e n t r a t i o n ,  r e s p e c 

t i v e l y .  A  v a l u e  o f  l =  0 . 1  c m  w a s  u s e d  b e c a u s e  t h i s  i s  

t h e  a p p r o x i m a t e  w i d t h  o f  t h e  s a m p l e  c e l l ;  a l s o ,  a  v a l u e  

o f  c  =  0 . 0 0 3 6  w a s  u s e d  t o  a c c o u n t  f o r  t h e  v o l u m e  c o n 

t r a c t i o n  o f  t h e  s o l v e n t  a t  7 7  ° K  c o m p a r e d  t o  r o o m  

t e m p e r a t u r e .  T h e  c o n t r i b u t i o n s  f r o m  w a v e l e n g t h s  b e 

l o w  2 6 0  m / i  w e r e  n e g l e c t e d  w h e n  c o n s t r u c t i n g  t h e  I  a 
c u r v e s  i n  F i g u r e  3  b e c a u s e  o f  t h e  r e a s o n s  d i s c u s s e d  

a b o v e .  T h i s  n e g l e c t  o f  t h e  s h o r t e r  w a v e l e n g t h s  w i l l  b e  

c o n t i n u e d ,  f o r  t h e  m o s t  p a r t ,  i n  t h e  s u b s e q u e n t  a n a l y 

s i s .  A l t h o u g h  t h i s  n e g l e c t  m a y  h a v e  s o m e  s l i g h t  b e a r 

i n g  o n  t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  f u l l  l a m p  o u t p u t ,  

i t  w i l l  n o t  a f f e c t  t h e  r e s u l t s  o f  t h e  f i l t e r e d  e x p e r i m e n t s  

b e c a u s e  t h e  f i l t e r s  d o  n o t  t r a n s m i t  a p p r e c i a b l y  b e l o w  

2 6 0  m ti. T h e  o n l y  e x c e p t i o n  t o  t h i s  c o n c l u s i o n  m a y  b e  

t h e  c a s e  o f  b i p h e n y l  b e c a u s e  i t  d o e s  n o t  a b s o r b  a p p r e c i 

a b l y  a b o v e  2 6 0  m p ,  a s  i s  d i s c u s s e d  s u b s e q u e n t l y .

A  g l a n  p r i s m  w a s  u s e d  t o  p o l a r i z e  t h e  e x c i t i n g  l i g h t .  

M o r e o v e r ,  g r e a t  c a r e  w a s  t a k e n  t o  m i n i m i z e  o r  e l i m i 

n a t e  s u c h  d e p o l a r i z i n g  e f f e c t s  a s  i c e  f o r m a t i o n  i n  t h e  

l i q u i d  n i t r o g e n  d e w a r  o r  c r a c k i n g  o f  t h e  l o w - t e m p e r a 

t u r e  g l a s s e s .  A l s o ,  t h e  m u t u a l  a l i g n m e n t  o f  s a m p l e  

t u b e ,  d e w a r ,  a n d  p o l a r i z e r  w a s  k e p t  a s  r e p r o d u c i b l e  a s  

p o s s i b l e .  H o w e v e r ,  s o m e  v a r i a t i o n s  i n  t h e  g e o m e t r y  

o f  t h e  o p t i c a l  t r a i n  d i d  o c c u r  f r o m  o n e  e x p e r i m e n t  t o  

t h e  n e x t .  T h e s e  r e s u l t e d  m a i n l y  f r o m  s l i g h t  c h a n g e s  i n  

t h e  p o s i t i o n i n g  o f  t h e  l a m p ,  f i l t e r s ,  o r  p o l a r i z e r .  T o

c o m p e n s a t e  f o r  t h e s e  v a r i a t i o n s  a n d  f o r  t h e  e f f e c t s  o f  

d i f f e r e n t  a m o u n t s  o f  l i g h t  r e a c h i n g  t h e  s a m p l e  i n  t h e  

t w o  p o l a r i z e r  p o s i t i o n s  u s e d  (i.e., H  p a r a l l e l  t o  o r  p e r 

p e n d i c u l a r  t o  E), a l l  d a t a  f o r  a  g i v e n  s o l u t e  w e r e  n o r m a l 

i z e d  b y  a s s u m i n g  t h a t ,  f i r s t ,  t h e  i n t e n s i t y  o f  a  Am =  

±  2  t r a n s i t i o n  i s  p r o p o r t i o n a l  t o  t h e  l i g h t  i n t e n s i t y  i n 

c i d e n t  u p o n  t h e  s a m p l e ,  a n d ,  s e c o n d ,  t h e  i n t e n s i t y  o f  t h e  

Am =  ± 2  t r a n s i t i o n  i s  i s o t r o p i c  w i t h  r e s p e c t  t o  t h e  

p o l a r i z a t i o n  o f  t h e  i n c i d e n t  o p t i c a l  r a d i a t i o n .  T h e  

f i r s t  a s s u m p t i o n  w a s  v e r i f i e d  e x p e r i m e n t a l l y  b y  u s i n g  

c a l i b r a t e d  w i r e  s c r e e n s  t o  r e d u c e  t h e  i n c i d e n t  l i g h t  i n 

t e n s i t y  i n  s t e p s .  T h e  s e c o n d  a s s u m p t i o n  w a s  v e r i f i e d  

b y  s i m u l t a n e o u s  m e a s u r e m e n t s  o f  t h e  Am =  ± 2  e p r  

t r a n s i t i o n  i n t e n s i t y  a n d  t h e  p h o s p h o r e s c e n t  e m i s s i o n  

i n t e n s i t y .  T o  w e l l  w i t h i n  e x p e r i m e n t a l  e r r o r ,  t h e  r a t i o  

o f  t h e  r e s u l t s  o f  t h e s e  l a t t e r  m e a s u r e m e n t s  w a s  f o u n d  t o  

b e  i n d e p e n d e n t  o f  t h e  p o l a r i z a t i o n  o f  t h e  e x c i t i n g  l i g h t .  

N o r m a l i z a t i o n  o f  t h e  Am =  ± 2  i n t e n s i t i e s  l e d  t o  r e 

p r o d u c i b l e  r e s u l t s  b e t w e e n  s e p a r a t e  e x p e r i m e n t s  t o  w e l l  

w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t i e s  o f  a  s i n g l e  e x p e r i 

m e n t .

HI. Results
T h e  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  o f  P t a r e  g i v e n  

i n  T a b l e  I .  T h e y  r e p r e s e n t  t h e  a v e r a g e  o f  t h e  v a l u e s  

d e t e r m i n e d  i n d e p e n d e n t l y  f o r  t h e  h i g h -  a n d  l o w - f i e l d  

t r a n s i t i o n s  o f  t h e  p a i r  o f  Am =  ± 1  t r a n s i t i o n s  c o r r e 

s p o n d i n g  t o  e a c h  c a n o n i c a l  o r i e n t a t i o n . 6 ' 9 ’ 10 T o  w e l l  

w i t h i n  e x p e r i m e n t a l  e r r o r ,  t h e  v a l u e s  o f  P t d e r i v e d  f r o m

Table I : Experimental Values of the Polarization Ratios P,“

Filtered excitation1i

Molecule P m c P l c P

Phenanthrene +0.27 +0.15 0.74
Biphenyl -0 .6 4 +0.82 e

Fluorene -0 .3 2 +0.48 -0 .4 2
Carbazole +0.42 -0 .1 7 -0 .5 1
Dibenzofuran +0.44 -0 .0 8 -0 .6 7
Dibenzothiophen +0.75 -0 .3 9 -0 .6 3

Unfiltered excitation6
Phenanthrene -0 .3 2 +0.49 -0 .6 5
Biphenyl -0 .3 9 +0.63 -0 .7 7
Fluorene -0 .3 0 +0.49 -0 .4 8
Carbazole +0.01 +0.27 -0 .5 9
Dibenzofuran +0.27 -0 .0 6 -0 .6 3
Dibenzothiophen +0.48 -0 .1 8 -0 .7 8

° Defined by eq 2. 6 For light absorbed with filtered and un
filtered excitation; see Figure 3. c Experimental precision was 
±0.05 except for biphenyl where the precision was ±0.10. 
1 Experimental precision was ±0.15 for filtered excitation and 
±0.08 for unfiltered excitation. * Signal was too weak to make 
meaningful determination.
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Figure 3. Absorption curves of molecules studied. Absorption spectrum in diethyl ether (--------- ). Light absorbed by sample
when unfiltered lamp output is used (------ ). Light absorbed by sample when exposed to filter lamp output (. . .) ; (see
Table I and Figure 2 for filter used). The molar extinction coefficient is e; the light absorbed as calculated from eq 3 is / A.

t h e  l o w - f i e l d  c o m p o n e n t s  w e r e  e q u a l  t o  t h o s e  f o u n d  f o r  

t h e  h i g h - f i e l d  c o m p o n e n t s .  T h e  e x p e r i m e n t a l  u n c e r 

t a i n t i e s  a r e  a l s o  g i v e n  i n  T a b l e  I ;  f o r  m o s t  c a s e s ,  w e  

h a v e  b a s e d  t h e s e  u n c e r t a i n t i e s  o n  t h e  l i b e r a l  s i d e .  

T h e  l a r g e  v a l u e s  o f  t h e  u n c e r t a i n t i e s  i n  P N a r i s e  b e c a u s e  

t h e  i n t e n s i t y  o f  t h e  c o r r e s p o n d i n g  e p r  t r a n s i t i o n s  a r e  

u s u a l l y  t h e  w e a k e s t  o f  t h e  s e t .  D i f f e r e n c e s  i n  t h e  e x 

c i t a t i o n  b a n d s  w i t h  t h e  f i l t e r e d  a n d  u n f i l t e r e d  P E K - 5 0 0  

o u t p u t  c a n  b e  e s t i m a t e d  b y  u s i n g  F i g u r e  3 .

I n  t h e o r y ,  t h e  u s e  o f  e q  2  t o g e t h e r  w i t h  t h e  r e l a t i o n 

s h i p

rM +  rL +  rN =  1 ( 4 )

s h o u l d  a l l o w  t h e  d e t e r m i n a t i o n  o f  t h e  v a l u e s  o f  a l l  t h r e e  

c o m p o n e n t s  o f  t h e  p o l a r i z a t i o n  a n d  t h e  v a l u e  o f  k, d i 

r e c t l y  f r o m  t h e  e x p e r i m e n t a l  d a t a .  U n f o r t u n a t e l y ,  t h e  

e x p e r i m e n t a l  p r e c i s i o n  i s  n o t  s u f f i c i e n t  t o  p r o d u c e  a  

m e a n i n g f u l  v a l u e  o f  k b y  t h i s  p r o c e d u r e .  T h e  s i m p l e s t

m e t h o d  o f  e s t i m a t i n g  k i s  t o  a s s u m e  t h a t  rN =  0  f o r  t h e  

h y d r o c a r b o n s  p h e n a n t h r e n e  a n d  b i p h e n y l  b e c a u s e  ir , x *  

t r a n s i t i o n s  a r e  e x p e c t e d  t o  b e  p o l a r i z e d  i n  t h e  m o l e c u l a r  

p l a n e .  T h i s  a s s u m p t i o n  l e a d s  t o  a  v a l u e  o ik  =  0 . 2 7  ±  

0 . 0 7 ,  w h i c h  c o r r e s p o n d s  t o  a p p r o x i m a t e l y  2 0 %  u n 

p o l a r i z e d  e x c i t a t i o n .  I n  g e n e r a l ,  t h e  d e t e r m i n a t i o n  o f  

t h e  v a l u e s  o f  rM a n d  rL i s  n o t  t o o  s e n s i t i v e  t o  t h e  c h o i c e  

o f  k o v e r  a  r a n g e  o f  ±  5 0 % ;  t h e  e x p e r i m e n t a l  p r e c i s i o n  

i s  t h e  d o m i n a n t  s o u r c e  o f  u n c e r t a i n t y  i n  t h e s e  d e t e r m i 

n a t i o n s .  F o r  rN, t h e  c h o i c e  o f  t h e  v a l u e  o f  k i s  c r i t i c a l ,  

a n d  t h u s  v e r y  l i t t l e  c o n f i d e n c e  s h o u l d  b e  p l a c e d  i n  t h e s e  

v a l u e s .  A  l i b e r a l  e s t i m a t e  o f  k =  0 . 3 5  i s  u s e d  i n  t h e  

f o l l o w i n g  a n a l y s i s  a n d  c a l c u l a t i o n s ;  t h e r e f o r e ,  t h e  

d e r i v e d  v a l u e s  o f  rN s h o u l d  b e  c o n s i d e r e d  a s  l o w e r  l i m i t s .

T h e  v a l u e s  o f  r t f r o m  t h e  f i l t e r e d  e x c i t a t i o n  e x p e r i 

m e n t s  w e r e  c a l c u l a t e d  u s i n g  a  r e o r g a n i z e d  f o r m  o f  e q  2  

a n d  t h e  d a t a  i n  T a b l e  I ;  t h e  r e s u l t s  a r e  g i v e n  i n  T a b l e

I I .  T h e  s u m  o f  rM a n d  rL i s  a l s o  g i v e n  i n  T a b l e  I I .  I f
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Table II: Components of the Polarization of the Long Wavelength Absorption Bands 
( i . e . ,  Filtered Excitation Absorption)“

Assign-
Molecule r u r L rff rM + r L ment

Phenanthrene 0.51 dz 0.04 0.43 ± 0.03 0.01 ± 0.014 0.94 ± 0.07 ‘Lb
Biphenyl 0.03 ± 0.034 0.96 ± 0.046 C 0.99 ± 0.07 ‘La
Fluorene 0.15 ± 0.02 0.68 ± 0.04 0.11 ± 0.07 0.83 ± 0.06 ‘La
Carbazole 0.63 ± 0.04 0.23 ± 0.02 0.06 ± 0.06 0.86 ± 0.06 ‘Lb
Dibenzofuran 0.65 ± 0.04 0.28 ± 0.02 0.03 ± 0.036 0.93 ± 0.06 ‘Lb
Dibenzothiophen 0.94 ± 0.05 0.12 ± 0.02 0.03 ± 0.034 1.06 ± 0.02 ‘Lb

“ The equation r4 = [P4(1.50) +  l] /(3  — P 4) was used in the calculations; a liberal value of k  =  0.35 was used in all calculations; 
therefore, the calculated numbers are probably lower limits. 4 Negative values of r4 and values of r4 greater than unity were rejected. 
In these cases, the actual results are as follows: phenanthrene, r N  =  —0.03 ±  0.05; biphenyl, r M =  0.01 ±  0.05; dibenzofuran, r N  = 
0.00 ±  0.06; and dibenzothiophen, r N  — 0.01 ±  0.06. '  No data are available because of large experimental uncertainty.

Table HI: Components of the Polarization of Short Wavelength Bands“ 6

Molecule TM r L r M  + rt f \ c (X)
Assign

ment

Phenanthrene 0.02 ±  0.02 0.99 ±  0.01 1.01 ±  0.03 0.6 (306) ‘La
Carbazole 0.02 ±  0.02 1.00 ±  0.01 1.01 ±  0.03 2 (304) ‘La
Dibenzothiophen 0.08 ±  0.08 0.85 ±  0.15 0.93 ±  0.23 5 (296) ‘La

“ Calculated using eq 2 and 6. 6 Negative values of n  and values of r t greater than unity were rejected. For example, when a result
r t  = 1.10 ±  0.15 was obtained, the result was listed as r4 = 0.97 ±  0.03. Therefore, the actual uncertainty in the absolute values of 
T i  was greater than listed. '  The ratio of the amount of light absorbed in band 1 compared to that absorbed in band 2 is /, and A 
is the wavelength chosen to separate the two bands. The values of f \  were obtained by integrating the dashed curves in Figure 3; 
this determination is probably the greatest source of error in the calculation.

rN =  0 ,  t h e n  rM +  rL =  1 b y  e q  4 .  A n a l y s i s  o f  t h e  d a t a  

i n  T a b l e  I I  i n d i c a t e s  t h a t  o n l y  t w o  m o l e c u l e s ,  i.e., 
f l u o r e n e  a n d  c a r b a z o l e ,  h a v e  c o m p o n e n t s  o f  t h e  p o l a r i z a 

t i o n  p e r p e n d i c u l a r  t o  t h e  L M  p l a n e  w h i c h  a r e  o u t s i d e  

o f  e x p e r i m e n t a l  u n c e r t a i n t y .  T h e  u n c e r t a i n t y  i s  t o o  

l a r g e  f o r  t h e  o t h e r  m o l e c u l e s  f o r  o n e  t o  m a k e  a n y  d e f i n i t e  

s t a t e m e n t s  a b o u t  t h e i r  rN c o m p o n e n t s .  A n a l y s i s  o f  t h e  

P N d a t a  f r o m  t h e  u n f i l t e r e d  e x c i t a t i o n  e x p e r i m e n t s  a l s o  

s h o w s  a n  rN c o m p o n e n t  f o r  f l u o r e n e  a n d  c a r b a z o l e .  

W h e t h e r  t h e  o u t - o f - p l a n e  c o m p o n e n t  a r i s e s  f r o m  m i x i n g  

o f  e n e r g y  s t a t e s  o r  f r o m  a  n o n p l a n a r  g e o m e t r y  c a n n o t  

r e a d i l y  b e  d e t e r m i n e d  f r o m  t h e s e  d a t a .

T h e  d a t a  f r o m  t h e  u n f i l t e r e d  e x p e r i m e n t s  w e r e  a n a 

l y z e d  b y  a s s u m i n g  t h a t  a l l  t h e  a b s o r p t i o n  o c c u r s  i n  t w o  

b a n d s  a n d  t h a t  t h e  a b s o r p t i o n  i n  t h e  f i l t e r e d  e x p e r i 

m e n t s  o c c u r s  i n  o n e  b a n d .  I f  t h e  l o n g  w a v e l e n g t h  

b a n d  i s  l a b e l e d  b a n d  1 a n d  t h e  s h o r t  w a v e l e n g t h  b a n d  i s  

l a b e l e d  b a n d  2 ,  t h e n  t h e  o b s e r v e d  v a l u e  o f  P t f r o m  t h e  

u n f i l t e r e d  e x p e r i m e n t s  c a n  b e  e x p r e s s e d  a s

p i ( o b s d )  =  ^ 7  +  ( 5 )

w h e r e  P }  a n d  P }  a r e  t h e  p o l a r i z a t i o n  r a t i o s  o f  b a n d  1 

a n d  b a n d  2 ,  r e s p e c t i v e l y ,  a n d  /  =  I f } / It } .  T o  d e t e r 

m i n e  P 42 f r o m  t h e  e x p e r i m e n t a l  d a t a ,  o n e  c a n  r e a r 

r a n g e  e q  5  t o

P }  =  ( 1  +  / ) P 4( o b s d )  -  f P }  ±  A ( 2 /  +  1 )  ( 6 )

w h e r e  A  i s  t h e  e s s e n t i a l l y  c o n s t a n t  e x p e r i m e n t a l  u n 

c e r t a i n t y  i n  P ( o b s d )  a n d  P } .
M a g n i t u d e s  o f  t h e  r a t i o  f  c a n  b e  e s t i m a t e d  b y  i n t e 

g r a t i o n  o f  t h e  d a s h e d  c u r v e s  g i v e n  i n  F i g u r e  3 .  E s t i 

m a t e s  f o r  t h e  v a l u e s  o f  rM a n d  rL f o r  t h e  s h o r t  w a v e 

l e n g t h  b a n d  o f  t h r e e  o f  t h e  m o l e c u l e s  w h i c h  h a d  w e l l -  

d e f i n e d  b a n d s  w e r e  d e t e r m i n e d  u s i n g  e q  6 ,  a n d  t h e  r e 

s u l t s  a r e  g i v e n  i n  T a b l e  I I I .  T h e  e s t i m a t e s  o f  / ,  t o 

g e t h e r  w i t h  t h e  w a v e l e n g t h s  a r b i t r a r i l y  c h o s e n  t o  s e p a 

r a t e  b a n d s  1 a n d  2 ,  a r e  a l s o  g i v e n  i n  T a b l e  I I I .  T h e  

v a l u e s  o f  rN f o r  b a n d  2  a r e  a s s u m e d  t o  b e  e q u a l  t o  t h o s e  

g i v e n  i n  T a b l e  I I  b e c a u s e  t h e r e  a r e  n o  r e a l  d i f f e r e n c e s ,  

o u t s i d e  o f  e x p e r i m e n t a l  p r e c i s i o n ,  o b s e r v e d  i n  t h e  v a l u e s  

o f  P N o b t a i n e d  w i t h  t h e  f i l t e r e d  a n d  u n f i l t e r e d  e x c i t a 

t i o n .  F o r  f l u o r e n e ,  t h e  s a m e  b a n d  i s  e x c i t e d  b o t h  w i t h  

a n d  w i t h o u t  t h e  u s e  o f  f i l t e r s ,  a s  c a n  b e  s e e n  f r o m  F i g u r e  

3 ;  t h e  r e s u l t s  i n  T a b l e  I  c o n f i r m  t h i s  c o n c l u s i o n  b e 

c a u s e  n o  c h a n g e s  w e r e  o b s e r v e d  i n  t h e  v a l u e s  o f  P t. 
T h e  c h a n g e s  o b s e r v e d  i n  t h e  v a l u e s  o f  P M f o r  d i b e n z o 

f u r a n  a r e  v e r y  s m a l l  a n d  a r e  n e g l i g i b l e  f o r  P L; t h e r e 

V olum e  70 , N um ber  7  J u ly  1966



2 2 1 0 S e y m o u r  S i e g e l  a n d  H e n r y  S . J u d e i k i s

f o r e ,  b e c a u s e  i t  i s  d i f f i c u l t  t o  r e s o l v e  b a n d s ,  n o  c a l c u l a 

t i o n s  w e r e  a t t e m p t e d  f o r  t h i s  m o l e c u l e .

T h e  r e s u l t s  f o r  b i p h e n y l  s e e m  t o  i n d i c a t e  s m a l l  

c h a n g e s  i n  t h e  v a l u e s  o f  P M a n d  P L g o i n g  f r o m  t h e  f i l 

t e r e d  t o  t h e  u n f i l t e r e d  e x c i t a t i o n .  H o w e v e r ,  a  d e 

t a i l e d  a n a l y s i s  o f  t h e  b i p h e n y l  a b s o r p t i o n  c u r v e s  i n  

F i g u r e  3  i n d i c a t e s  t h a t  a n y  c h a n g e s  w h i c h  t a k e  p l a c e  

m u s t  o c c u r  i n  t h e  I  a b a n d  a t  2 4 0  m ,u . B e c a u s e  b i 

p h e n y l  d o e s  n o t  a b s o r b  m u c h  a b o v e  2 6 0  m /x ,  a n y  s m a l l  

a m o u n t  o f  l i g h t  f r o m  t h e  s h o r t  w a v e l e n g t h  s o u r c e  

w o u l d  h a v e  c o n s i d e r a b l y  m o r e  i n f l u e n c e  f o r  b i p h e n y l  

t h a n  f o r  a n y  o t h e r  m o l e c u l e .  H o w e v e r ,  t h e  o b s e r v e d  

c h a n g e s  a r e  s o  s m a l l  t h a t  n o  e f f o r t  w a s  m a d e  t o  d e t e r 

m i n e  t h e  s m a l l  c o n t r i b u t i o n s  f r o m  t h i s  s h o r t  w a v e l e n g t h  

b a n d  e x c e p t  t h a t  i t  c a n  b e  s e e n  t h a t  t h e  p o l a r i z a t i o n  i s  

o p p o s e d  t o  t h e  p o l a r i z a t i o n  o f  t h e  l o n g  w a v e l e n g t h  b a n d .

IV. Discussion

T h e  b r o a d - b a n d  t e c h n i q u e  u s e d  i n  t h i s  s t u d y  d o e s  n o t  

a l l o w  f o r  t h e  s e p a r a t i o n  o f  t h e  p o l a r i z a t i o n s  o f  t h e  i n d i 

v i d u a l  v i b r o n i c  s u b b a n d s .  T h e r e f o r e ,  t h e  v a l u e s  o f  P { 
o r  rf o b t a i n e d  f r o m  t h i s  t e c h n i q u e  a r e  a v e r a g e s  o v e r  a l l  

t h e  v i b r o n i c  s u b b a n d s .  A l s o ,  t h e  a v e r a g e s  a r e  n o n -  

w e i g h t e d  a v e r a g e s  b e c a u s e  t h e  e n t i r e  e l e c t r o n i c  b a n d  d i d  

n o t  c o n t r i b u t e  e q u a l l y  t o  t h e  p o p u l a t i n g  o f  t h e  t r i p l e t  

s t a t e ,  a n d  n o  a t t e m p t  w a s  m a d e  t o  c o r r e c t  f o r  t h i s  f a c t .  

E s t i m a t e s  o f  t h i s  e f f e c t  c o u l d  b e  m a d e  b y  r e f e r e n c e  t o  

t h e  I  a c u r v e s  i n  F i g u r e  3 .  W i t h  a  s u i t a b l e  m o n o c h r o m a 

t o r ,  t h i s  t e c h n i q u e  c a n  b e  m a d e  e a s i l y  i n t o  a  n a r r o w -  

b a n d  m e t h o d .

T h e  r e s u l t  f o r  t h e  s h o r t e r  w a v e l e n g t h  'L a  b a n d  o f  

p h e n a n t h r e n e  a g r e e s  w i t h  t h e o r e t i c a l  p r e d i c t i o n s 14,15 

t h a t  i t  s h o u l d  b e  l o n g - a x i s  p o l a r i z e d .  T h e o r y  p r e d i c t s  

t h a t  t h e  l o n g  w a v e l e n g t h  xL b  b a n d  o f  p h e n a n t h r e n e  

s h o u l d  b e  s h o r t - a x i s  p o l a r i z e d ,  w h i l e  t h e  r e s u l t s  i n  T a b l e  

I I  g i v e  rM/r L »  1 . H o w e v e r ,  t h e  p r e d i c t i o n  a p p l i e s  t o  

a  p u r e  e l e c t r o n  s y s t e m  w h e r e  n o  v i b r o n i c  p e r t u r b a t i o n s  

a r e  p r e s e n t .  T h e r e f o r e ,  t h e  e x p e r i m e n t a l  r e s u l t  i n d i 

c a t e s  t h a t  s u b s t a n t i a l  v i b r o n i c  c o u p l i n g  e x i s t s  b e t w e e n  

t h e  xL b a n d  h i g h e r  s t a t e s  ( p r o b a b l y  t h e  xL a s t a t e ) .

T h e  l o n g  w a v e l e n g t h  a b s o r p t i o n  b a n d  o f  b i p h e n y l  

p e a k i n g  a t  2 5 0  m /x  h a s  b e e n  a s s i g n e d  t o  t h e  xL a t r a n s i 

t i o n ,  w h i l e  t h e  xL b b a n d  i s  p r o b a b l y  l o s t  i n  t h e  l o n g  

w a v e l e n g t h  t a i l  o f  t h i s  s t r o n g  b a n d . 1 5 -1 7  T h e  r e s u l t  i n  

T a b l e  I I  a g r e e s  w i t h  t h i s  p r e d i c t i o n  b e c a u s e  t h e  xL a 

b a n d  s h o u l d  b e  l o n g - a x i s  p o l a r i z e d .  H o w e v e r ,  t h e  

l o n g  w a v e l e n g t h  b a n d  o f  f l u o r e n e  ( w h i c h  c a n  b e  c o n 

s i d e r e d  a s  a  2 , 2 ' - d i s u b s t i t u t e d  b i p h e n y l )  i s  a s s u m e d  t o  

b e  t h e  xL b  b a n d  s h i f t e d  t o  t h e  r e d  i n  t h i s  m o l e c u l e .  I f  

t h i s  a s s i g n m e n t  i s  c o r r e c t ,  t h e  p o l a r i z a t i o n  r e s u l t  rL/  
rM «  4  i n d i c a t e s  t h a t  t h e  a b s o r p t i o n  i n t e n s i t y  a r i s e s  

m a i n l y  f r o m  v i b r o n i c  c o u p l i n g  w i t h  t h e  xL a t r a n s i t i o n .  

T h e  p o l a r i z a t i o n  r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e r e  i s  a n

a p p r e c i a b l e  o u t - o f - p l a n e  c o m p o n e n t  t o  t h e  p o l a r i z a t i o n .  

I t  i s  p r o b a b l e  t h a t  t h i s  c o m p o n e n t  a l s o  a r i s e s  f r o m  s o m e  

v i b r o n i c  c o u p l i n g  w i t h  a  h i g h e r  e l e c t r o n i c  s t a t e  w h i c h  

h a s  o u t - o f - p l a n e  p o l a r i z a t i o n .  I t  i s  u n l i k e l y  t h a t  t h e  

o u t - o f - p l a n e  c o n t r i b u t i o n s  c o m e  f r o m  i n t e r a c t i o n s  w i t h  

t h e  s o l v e n t .

T h e  a s s i g n m e n t s  i n  T a b l e  I I  a n d  I I I  o f  t h e  h e t e r o 

c y c l i c  a b s o r p t i o n  b a n d s  t o  xL a o r  xL b h a v e  b e e n  m a d e  b y  

a n a l o g y  w i t h  t h e  p o l a r i z a t i o n  r e s u l t s  f r o m  t h e  a r o m a t i c  

h y d r o c a r b o n s ;  i.e., xL a i s  l o n g - a x i s  p o l a r i z e d  a n d  xL b i s  

b o t h  l o n g -  a n d  s h o r t - a x i s  p o l a r i z e d .  I f  t h e  m i x e d  

p o l a r i z a t i o n  i n  t h e  xL b b a n d s  a r i s e s  f r o m  v i b r o n i c  c o u 

p l i n g  b e t w e e n  e l e c t r o n i c  s t a t e s ,  t h e n  t h e  d a t a  i n  T a b l e  

I I  i n d i c a t e  t h a t  d i b e n z o t h i o p h e n  h a s  t h e  l e a s t  d e g r e e  o f  

c o u p l i n g  a n d  t h e  xL b b a n d  f o r  t h i s  m o l e c u l e  i s  n e a r l y  a  

p u r e  e l e c t r o n i c  b a n d .  A s  i n d i c a t e d  p r e v i o u s l y ,  t h e  

c a r b a z o l e  d a t a  i n d i c a t e  t h e  p r e s e n c e  o f  c o m p o n e n t s  o f  

t h e  p o l a r i z a t i o n  o f  t h e  xL b a n d  xL a b a n d s  w h i c h  a r e  o u t  

o f  p l a n e .  T h e r e f o r e ,  s o m e  s m a l l  c o u p l i n g  m u s t  e x i s t  

b e t w e e n  t h e  7r,7r* s t a t e s  a n d  a  h i g h e r  n ,7 r *  o r  <j ,tt* s t a t e .

F i n a l l y ,  a  w o r d  o f  c a u t i o n  m u s t  b e  r a i s e d  i n  r e g a r d  

t o  t h e  d i s c u s s i o n  g i v e n  h e r e .  I f  t h e  g e o m e t r y  a n d  

s y m m e t r y  o f  t h e  t r i p l e t  s t a t e  i s  s u f f i c i e n t l y  d i f f e r e n t  

f r o m  t h a t  o f  t h e  g r o u n d  s t a t e  o f  t h e  m o l e c u l e  i n  q u e s 

t i o n ,  t h e n  t h e  m a g n e t i c  a x e s  d o  n o t  n e c e s s a r i l y  c o i n c i d e  

w i t h  t h e  g r o u n d  s t a t e  s y m m e t r y  a x e s .  T h e r e f o r e ,  o n e  

m u s t  c o n s i d e r  t h e  p r o j e c t i o n s  o f  t h e  p o l a r i z a t i o n  c o m 

p o n e n t s  u p o n  t h e  m a g n e t i c  a x e s .  T h e  o u t - o f - p l a n e  

c o m p o n e n t s  d i s c u s s e d  a b o v e  m a y  a r i s e  f r o m  t h i s  c a u s e .

Appendix

T h e  p r o b a b i l i t y  o f  a b s o r p t i o n  P a f o r  a n y  m o l e c u l e  

e x c i t e d  w i t h  l i g h t  p o l a r i z e d  p a r a l l e l  t o  H  i s

P a =  rM c o s 2 6Mh +  rL c o s 2 dLH +  rN c o s 2 dNH

w h e r e  rt i s  t h e  c o m p o n e n t  o f  t h e  p o l a r i z a t i o n  c a r r i e d  

a l o n g  e a c h  a x i s  ( 2 ^  =  1 )  a n d  diH i s  t h e  a n g l e  b e t w e e n  

t h e  m o l e c u l a r  a x i s  a n d  t h e  m a g n e t i c  f i e l d .  T h e  f r a c 

t i o n  o f  excited m o l e c u l e s  pt w i t h  diH <  5 f o r  a  r a n d o m  d i s 

t r i b u t i o n  o f  o r i g i n a l l y  u n e x c i t e d  m o l e c u l e s  i s

rt I c o s 2 6m s i n  6iH ddiH

Pi =  - f i - 2 -------------------------  (A l)
I c o s 2 e iH s i n  e iH d eiH 

Jo

B e c a u s e  o n l y  e x c i t e d  m o l e c u l e s  w h i c h  h a v e  e s s e n t i a l l y  

c a n o n i c a l  o r i e n t a t i o n s 9,10 a r e  o b s e r v e d  i n  t h e  d e r i v a t i v e  

e p r  s p e c t r a  i n  g l a s s e s ,  5 , t h e  a n g l e  o f  o b s e r v a t i o n ,  i s  14 15 16 17
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v e r y  s m a l l .  I t  i s  a s s u m e d  t h a t  t h e  p r o b a b i l i t y  o f  o b 

s e r v a t i o n  i s  u n i t y  i f  0(H <  8 a n d  z e r o  f o r  6iH >  8. E v a l u 

a t i o n  o f  e q  A 1 y i e l d s

pi ( f o r  s m a l l  5 )  =  3/i82rt ( A 2 )

T h e  f r a c t i o n  o f  all m o l e c u l e s  p '  w i t h  diH < 8  i s

5 2
p '  =  2 (A3)

f o r  a l l  t h r e e  a x e s .  I f  a l l  t h e  e x c i t i n g  l i g h t  i s  p o l a r i z e d ,  

t h e n  t h e  n u m b e r  o f  e x c i t e d  m o l e c u l e s  w i t h  t h e  o b s e r v a 

t i o n  a n g l e s  diH < 8  i s  e q u a l  t o  p , A e x , w h e r e  A E x  i s  t h e  

t o t a l  n u m b e r  o f  e x c i t e d  m o l e c u l e s  p r e s e n t .

H o w e v e r ,  i f  t h e  i n c i d e n t  o p t i c a l  e x c i t a t i o n  h a s  a  

d e p o l a r i z e d  i s o t r o p i c  c o m p o n e n t  b e c a u s e  o f  l i g h t  s c a t 

t e r i n g  o r  o t h e r  p h y s i c a l  d e p o l a r i z i n g  c a u s e s ,  t h e  e x c i t e d  

m o l e c u l e s  p r e s e n t  w i l l  h a v e  A E X ( p )  m o l e c u l e s  e x c i t e d  b y  

t h e  p o l a r i z e d  e x c i t a t i o n  a n d  A E X ( n p )  m o l e c u l e s  e x 

c i t e d  b y  t h e  n o n p o l a r i z e d  c o m p o n e n t .  T h e  n u m b e r  o f  

e x c i t e d  m o l e c u l e s  w i t h  8lH <  5 w h e n  E  i s  p a r a l l e l  t o  H  
c a n  b e  w r i t t e n  a s

A !  A l l )  =  A e x ( p ) p < +  A E X ( n p ) p '  ( A 4 )

I f  i t  i s  a s s u m e d  t h a t  t h e  r a t i o  A E x ( n p ) / A E X ( p )  =  k i s  

a  c o n s t a n t ,  t h e n

A  A l l )  =  A E X ( p ) ( 0 ( 3 r < +  k) ( A 5 )

W h e n  E  i s  p o l a r i z e d  p e r p e n d i c u l a r  t o  H ,  t h e n  o n l y  

m o l e c u l e s  e x c i t e d  a l o n g  t h e  o t h e r  c o m p o n e n t s  (j  9  ̂ i )  

o f  t h e  m o l e c u l a r  p o l a r i z a t i o n  w i l l  c o n t r i b u t e  t o  A  A - L )  

a n d

N ,* U )  =  A e x ( p ) p ' ( 1  -  rt) +  A E X ( n p ) p '  =

A E X ( p ) ( | ) [ V 2( l  -  ri) +  k] ( A 6 )

s i n c e  t h e  p r o b a b i l i t y  o f  a b s o r p t i o n  a l o n g  a n  a x i s  o t h e r  

t h a n  i  m u s t  b e  a v e r a g e d  o v e r  a l l  v a l u e s  o f  c c s 2 &JH- 
I f  i t  i s  a s s u m e d  t h a t  p h o t o e x c i t e d  m o l e c u l e s  w i t h  t h e  

c a n o n i c a l  o r i e n t a t i o n  dm <  8 h a v e  u n i t  p r o b a b i l i t y  o f  

b e i n g  o b s e r v e d  a n d  t h o s e  w i t h  diH >  S h a v e  z e r o  

o b s e r v a t i o n a l  p r o b a b i l i t y ,  t h e  i n t e n s i t y  o f  t h e  e p r  

t r a n s i t i o n  11 i s  p r o p o r t i o n a l  t o  A  A l l )  o r  A / ( ± )  w h e n  

E  i s  p a r a l l e l  t o  o r  p e r p e n d i c u l a r  t o  H ,  r e s p e c t i v e l y .
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C h a n g e s  i n  p o t e n t i a l  a n d  l i m i t i n g  c u r r e n t s  o n  a  r o t a t i n g  p l a t i n u m  e l e c t r o d e  w e r e  s t u d i e d  

d i r e c t l y  a n d  c o n t i n u o u s l y  d u r i n g  i r r a d i a t i o n  o f  a q u e o u s  s o l u t i o n s  o f  c u p r i c  s u l f a t e  a n d  

s u l f u r i c  a c i d ,  w i t h  a n d  w i t h o u t  e t h a n o l .  C o n d i t i o n s  u n d e r  w h i c h  C u +  i n t e r m e d i a t e s  m a y  

b e  d i r e c t l y  m e a s u r e d  a r e  d e m o n s t r a t e d .  M e a s u r e m e n t s  w e r e  m a d e  a t  p H  v a l u e s  r a n g i n g  

f r o m  1 . 5  t o  4 . 5  a n d  f o r  d i f f e r e n t  s c a v e n g e r  c o n c e n t r a t i o n s .  D e p e n d e n t  o n  t h e  e x p e r i 

m e n t a l  c o n d i t i o n s ,  t h e  l i m i t i n g  c u r r e n t  w a s  a  m e a s u r e  o f  t h e  p r i m a r y  r e d u c i n g  s h o r t - l i v e d  

s p e c i e s  o r  o f  t h e  t o t a l  f r e e - r a d i c a l  y i e l d .  I t  m a d e  p o s s i b l e  c a l c u l a t i o n  o f  t h e  p r i m a r y  

r a d i c a l  p r o d u c t  y i e l d s  i n  w a t e r  r a d i o l y s i s  i n  t h e  p H  r e g i o n  s t u d i e d ,  ( ? h  +  C eaq-  a n d  ( t o h - 

B y  m e a s u r i n g  c o m p e t i t i o n  r e a c t i o n s  w e  f o u n d  t h a t  f cH ,cu 2* / ^ H , c 2HB0H =  2 . 6 4  ±  0 . 0 6  a n d  

&e0<f  , c u 2 + /& e a(f , h + =  1 . 6 4  ±  0 . 0 3 .  F r o m  t h e s e  m e a s u r e m e n t s  w e  a l s o  d e r i v e d  t h a t  a t  p H

3 . 6 - 4 . 8 ,  ( r e « , -  =  2 . 3  ±  0 . 1 .  V a r i a t i o n  o f  t h e  s u l f a t e  i o n  c o n c e n t r a t i o n  i n  t h e  s o l u t i o n s  

s t u d i e d  c o n f i r m s  t h a t  d i s s o c i a t e d  a s  w e l l  a s  u n d i s s o c i a t e d  f o r m s  o f  c o p p e r  a c t  a s  e f f i c i e n t  

s c a v e n g e r s .

I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  y i e l d s  o f  p r i m a r y  

r a d i c a l  p r o d u c t s  o f  w a t e r  r a d i o l y s i s  d e c r e a s e  w h e n  t h e  

p H  o f  t h e  s o l u t i o n  c h a n g e s  f r o m  a c i d  t o  n e u t r a l .  

D a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e  r e p o r t  a  s h a r p  d e c r e a s e  

a f t e r  p H  2 ,  w h i c h  s t o p s  a t  a b o u t  p H  4 .  O n  t h e  o t h e r  

h a n d ,  D r a g a n i c ,  et al.,1 f o u n d  t h a t  t h i s  d e c r e a s e  i s  

f a i r l y  s l o w  a n d  c o n t i n u o u s  i n  t h e  o x a l i c  a c i d - o x y g e n  

s y s t e m .  T h e  v a l u e s  g i v e n  i n  t h i s  r e p o r t  f o r  a c i d  a n d  

n e u t r a l  m e d i a  a r e  i n  a g r e e m e n t  w i t h  t h e  g e n e r a l l y  

a d o p t e d  v a l u e s ,  b u t  a r e  d i f f e r e n t  i n  t h e  t r a n s i e n t  r e g i o n  

b e t w e e n  p H  2  a n d  5 .  T h i s  d i f f e r e n c e  s e e m e d  f a i r l y  

s i g n i f i c a n t  t o  u s ,  a n d  w e  t r i e d  t o  c h e c k  t h e s e  o b s e r v a 

t i o n s  b y  m e a n s  o f  a n  i n o r g a n i c  s y s t e m .  T h e  h y d r o l y 

s i s  o f  r a d i o l y t i c  p r o d u c t s  a t  h i g h e r  p H  m a k e s  t h e  c h o i c e  

v e r y  l i m i t e d .  S o m e  p r e l i m i n a r y  e x p e r i m e n t s  s u g 

g e s t e d  ' t h a t  w e  s e l e c t  c u p r i c  s u l f a t e .  I n  t h i s  c a s e ,  

o n e  h a s  a  s u i t a b l e  s o l u b i l i t y  p r o d u c t  o f  h y d r o x i d e s  o f  

c u p r o u s  a n d  c u p r i c  i o n s ,  a s  w e l l  a s  a  s u i t a b l e  m e t h o d  o f  

m e a s u r e m e n t .

F r o m  t h e r m o d y n a m i c a l  d a t a 2 i t  m a y  b e  s e e n  t h a t  

c u p r o u s  i o n s  a r e  u n s t a b l e  a n d  d i s p r o p o r t i o n a t e  t o  

m e t a l l i c  c o p p e r  a n d  c u p r i c  i o n s .  H o w e v e r ,  p r e l i m i 

n a r y  m e a s u r e m e n t s  m a d e  b y  o n e  o f  t h e  p r e s e n t  a u t h o r s  

s u g g e s t e d  t h e  p o s s i b i l i t y  o f  d i r e c t  o b s e r v a t i o n  o f  t h e

C u +  i n t e r m e d i a t e  w i t h  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  

d u r i n g  i r r a d i a t i o n s . 3

E v i d e n c e  f o r  C u +  i o n s  f o u n d  i n  t h e  l i t e r a t u r e  h a s  

b e e n  o b t a i n e d  f r o m  k i n e t i c  c o n s i d e r a t i o n s  o n l y  b y  u s i n g  

t h e  d a t a  o f  s t a b l e  p r o d u c t s  m e a s u r e m e n t s .  T h i s  w a s  

j u s t  t h e  r e a s o n  w h y  w e  w e r e  p a r t i c u l a r l y  i n t e r e s t e d  i n  

t h e  p o s s i b i l i t y  o f  d i r e c t  o b s e r v a t i o n  o f  s h o r t - l i v e d  C u +  

i n t e r m e d i a t e s  d u r i n g  i r r a d i a t i o n .  I t  s h o u l d  b e  p o i n t e d  

o u t  t h a t  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  h a v e  b e e n  

u s e d  e a r l i e r  t o  f o l l o w  i n t e r m e d i a t e s ;  M i l l e r  a n d  

V e s e l o v s k i 4 m e a s u r e d  p e n t a v a l e n t  u r a n i u m ,  a n  i n 

t e r m e d i a t e  i n  t h e  r a d i o l y s i s  o f  a q u e o u s  s o l u t i o n s  o f  

q u a d r i -  a n d  s e x i v a l e n t  u r a n i u m .

H a r t  a n d  W a l s h 5 h a v e  s h o w n  t h a t  i n  i r r a d i a t e d  

c u p r i c  i o n  a q u e o u s  s o l u t i o n s  C u +  i n t e r m e d i a t e s  a r e  

f o r m e d  i n  r e a c t i o n s  w i t h  s h o r t - l i v e d  r e d u c i n g  s p e c i e s .

(1) Z. D . Draganié, I .  G . D raganic, and M . M . Kosanié, J. Phys. 
Chem., 68, 2085 (1964).
(2) A . N . F ru m k in , “ K in e tik a  e lek trodn ih  processov,”  A cadem y o f 
Sciences of the  USSR, Moscow, 1955; W . M . La tim e r, “ O x ida tion  
P oten tia ls ,”  P ren tice -H a ll Inc ., N ew  Y o rk , N . Y ., 1952.
(3) C. I .  Z a lk in d  and O. I .  M ié ic , unpublished data.
(4) N . B . M ille r  and V . I .  Veselovski, Tr. 2-g. Ves. Soveshch. po 
Radiats. Khim . Akad. Nauk SSSR, Otd. Khim . Nauk, Moscow, (1962).
(5) E . J. H a r t  and P. D . W alsh, Radiation Res., 1, 498 (1954).

T he  Jou rnal  o f  P hysica l  Chem istry



S t u d y  o f  7  R a d i o l y s i s  b y  D i r e c t  M e a s u r e m e n t s  o f  Cu+ I n t e r m e d i a t e 2213

S c h w a r z 6 h a s  s t u d i e d  t h e  s c a v e n g i n g  e f f i c i e n c y  o f  C u 2 +  

i o n s  o n  m o l e c u l a r  h y d r o g e n  y i e l d s  a n d  c o n s i d e r e d  t h e  

d i s s o c i a t e d  c u p r i c  i o n s  t o  b e  r e s p o n s i b l e  f o r  t h e s e  

r e a c t i o n s .

E x p e r i m e n t s  w i t h  p u l s e d  e l e c t r o n  b e a m s  h a v e  

s h o w n  t h a t  c u p r i c  i o n s  a r e  a m o n g  t h e  m o s t  e f f i c i e n t  

s c a v e n g e r s  f o r  s o l v a t e d  e l e c t r o n s .  T h e r e  i s  s o m e  d i s 

a g r e e m e n t  b e t w e e n  t h e  d a t a  o n  t h e  r e a c t i o n  r a t e  c o n 

s t a n t s  f o r  c o p p e r  s u l f a t e  a n d  H  a t o m s .  F r o m  s o m e  

o b s e r v a t i o n s 7 o n e  m a y  c o n c l u d e  t h a t  t h e  r e a c t i o n  r a t e s  

o f  c u p r i c  i o n s  w i t h  s o l v a t e d  e l e c t r o n s  a n d  w i t h  h y d r o g e n  

a t o m s  a r e  o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e ,  w h i l e  f r o m  

s o m e  o t h e r  d a t a  t h e  r e a c t i o n  o f  a t o m i c  h y d r o g e n  

s h o u l d  b e  s l o w e r  b y  a  f a c t o r  o f  10,8 o r  e v e n  1000.9
T o d a y  i t  i s  g e n e r a l l y  a c c e p t e d  t h a t  s o l v a t e d  e l e c t r o n s  

a n d  H  a t o m s  a r e  t h e  p r i m a r y  s h o r t - l i v e d  r e d u c i n g  

s p e c i e s  i n  a c i d  a n d  n e u t r a l  m e d i a .  A  d i s a g r e e m e n t  

d o e s  e x i s t  i n  t h e  r a d i a t i o n  y i e l d s .  U n t i l  r e c e n t l y  t h e  

g e n e r a l l y  a c c e p t e d  y i e l d  f o r  s o l v a t e d  e l e c t r o n s  h a s  

b e e n  2 . 8 .  T o d a y ,  t h e r e  a r e  s o m e  p u b l i s h e d  d a t a  i n d i 

c a t i n g  t h a t  t h e  y i e l d  c o u l d  b e  l o w e r .10-11 T h e  s i m p l i c i t y  

o f  t h e  m e a s u r e m e n t s  a n d  o f  t h e  r e a c t i o n  s c h e m e  f o r  

t h e  s y s t e m s  w e  s t u d i e d  a l s o  p r o v i d e d  i n f o r m a t i o n  i n  

t h i s  r e s p e c t .

Experimental Section

Solutions. T h e  c h e m i c a l s  C u S 0 4- 5 H 20 ,  N a 2S 0 4, 

a n d  H 2S O 4 w e r e  a l l  A R  M e r c k  p r o d u c t s .  T h e  e t h a n o l  

w a s  a  B D H  A R  g r a d e  p r o d u c t .  T h e  c u p r i c  s u l f a t e  

c o n c e n t r a t i o n  w a s  d e t e r m i n e d  b y  t h e  c o n v e n t i o n a l  

p o l a r o g r a p h i c  p r o c e d u r e  u s i n g  a  s o l u t i o n  m a d e  u p  b y  

d i s s o l v i n g  m e t a l l i c  c o p p e r  ( M e r c k ) .

T h e  s o l u t i o n s  w e r e  m a d e  u p  w i t h  w a t e r  o f  a  p u r i t y  

u s u a l l y  r e q u e s t e d  i n  r a d i a t i o n  c h e m i s t r y .  T h e  p H  

o f  t h e  s o l u t i o n  w a s  a d j u s t e d  b y  s u l f u r i c  a c i d .  S o d i u m  

s u l f a t e  w a s  a d d e d  i n  o r d e r  t o  s e c u r e  t h a t  t h e  i o n i c  

s t r e n g t h  o f  t h e  s o l u t i o n  w a s  a l w a y s  t h e  s a m e  ( 0 . 1 5 ) .  

A l l  m e a s u r e m e n t s  w e r e  m a d e  i n  a  n i t r o g e n  g a s  a t m o s 

p h e r e .  T h e  n i t r o g e n  w a s  p r e v i o u s l y  p u r i f i e d .12
Irradiation Cell. T h e  i r r a d i a t i o n  c e l l  w a s  a  c y l i n 

d r i c a l  g l a s s  v e s s e l  f i t t e d  w i t h  g r o u n d - g l a s s  i n l e t  t u b e s  

f o r  t h e  w o r k i n g ,  p o l a r i z i n g ,  a n d  r e f e r e n c e  e l e c t r o d e s  

a s  w e l l  a s  g a s  i n l e t  a n d  o u t l e t  t u b e s  f o r  n i t r o g e n  s u p p l y .  

T h e  v o l u m e  o f  t h e  s o l u t i o n  w a s  a b o u t  5  m l .  A  r o 

t a t i n g  p l a t i n u m  e l e c t r o d e  w a s  u s e d  i n  s t a n d a r d  e x 

p e r i m e n t a l  c o n d i t i o n s ;  d e t a i l e d  d e s c r i p t i o n  o f  t h e  i r 

r a d i a t i o n  c e l l ,  i n c l u d i n g  d a t a  o n  t h e  e l e c t r o d e  t r e a t 

m e n t ,  i s  g i v e n  e l s e w h e r e .12 T o  r e d u c e  t h e  r e s i d u a l  

c u r r e n t  t o  s e v e r a l  t e n t h s  o f  a  m i c r o a m p e r e ,  i t  w a s  

s u f f i c i e n t  t o  k e e p  t h e  e l e c t r o d e  a t  t h e  w o r k i n g  p o t e n t i a l  

f o r  1 5  m i n .

A  h y d r o g e n  e l e c t r o d e  i n  a  0 . 1  A  H 2S 0 4 s o l u t i o n ,  

w h o s e  p o t e n t i a l  w a s  0 . 0 8  v  i n  c o m p a r i s o n  w i t h  t h e

n o r m a l  h y d r o g e n  e l e c t r o d e ,  w a s  u s e d  a s  r e f e r e n c e  

e l e c t r o d e .  F o r  s o m e  c o m p a r a t i v e  m e a s u r e m e n t s  w e  

u s e d  a  r o t a t i n g  g o l d  e l e c t r o d e 13 w h i c h ,  b y  s u i t a b l e  

t r e a t m e n t ,  w a s  a d j u s t e d  s o  t h a t  m o l e c u l a r  h y d r o g e n  

w a s  n o t  o x i d i z e d  o n  i t .

Measurement of the Change in Potential and in Lim it
ing Current. A l l  m e a s u r e m e n t s ,  e x c e p t  i n  b l a n k  t e s t s ,  

w e r e  p e r f o r m e d  w h i l e  t h e  s a m p l e  w a s  s i m u l t a n e o u s l y  

i r r a d i a t e d .  C h a n g e s  i n  t h e  p o t e n t i a l  w e r e  d e t e r m i n e d  

b y  m e a s u r i n g  t h e  e l e c t r o m o t i v e  f o r c e  o f  t h e  w o r k i n g  

a n d  r e f e r e n c e  e l e c t r o d e  w i t h  a  T a c u s s e l  M o d e l  S G E  

c a t h o d e  v o l t m e t e r ,  a n d  a  B e c k m a n  M o d e l  G  p H  m e t e r .  

T h e  p r e c i s i o n  o f  t h e  m e a s u r e m e n t s  w a s  ±  2  m v .

T h e  l i m i t i n g  c u r r e n t  a t  a n o d i c  p o l a r i z a t i o n ,  o n  a  

p l a t i n u m  e l e c t r o d e ,  w a s  m e a s u r e d  a t  0 . 5  v  a g a i n s t  t h e  

h y d r o g e n  e l e c t r o d e  i n  0 . 1  N  H 2S 0 4. T h e  w o r k i n g  

p o t e n t i a l  o f  t h e  e l e c t r o d e  w a s  k e p t  c o n s t a n t  b y  m e a n s  

o f  a  T a c u s s e l  M o d e l  P R T  p o t e n t i o s t a t  w i t h  a n  a c c u r a c y  

o f  ± 5  m v .  T h e  c u r r e n t  w a s  m e a s u r e d  w i t h  a  S a f r a m  

M o d e l  T L V A  3  g a l v a n o m e t e r ,  w i t h  a  s e n s i t i v i t y  o f  1 . 5  

X  1 0 ~9 a m p .  D u r i n g  i r r a d i a t i o n  t h e  c u r r e n t  w a s  r e a d  

e v e r y  6 s e c .

Irradiation. I r r a d i a t i o n s  w e r e  p e r f o r m e d  i n  a  2 0 0 0 -  

c u r i e  c o b a l t  s o u r c e .14 T h e  d o s e  r a t e  w a s  1 . 0 2  X  1 0 17 
e v  m l -1  m i n -1  a s  d e t e r m i n e d  w i t h  t h e  F r i c k e  d o s i m 

e t e r  a n d  a s s u m i n g  f r ( F e 3 + )  =  1 5 . 5 .  T h e  t e m p e r a t u r e  

o f  t h e  r o o m  ( 1 7 ° )  i n  w h i c h  t h e  60C o  s o u r c e  w a s  l o c a t e d  

v a r i e d  d u r i n g  a  s e r i e s  o f  i r r a d i a t i o n s  o n l y  w i t h i n  

± 1 °  a n d  t h e  i r r a d i a t i o n  c e l l  w a s  t h e r e f o r e  n o t  t e m p e r a 

t u r e  c o n t r o l l e d .

Determination of Molecular Hydrogen.15 * T h e  m e a s 

u r e m e n t s  w e r e  m a d e  b y  g a s  c h r o m a t o g r a p h y  o n  a  

P e r k i n - E l m e r  M o d e l  1 5 4  D G  a p p a r a t u s .  A  4 . 1 - m  

l o n g  s i l i c a  g e l  c o l u m n  w a s  u s e d  a t  5 0 ° .  A r g o n  w a s  

u s e d  a s  t h e  g a s  c a r r i e r .

Results
Changes in Potential. I t  w a s  a s s u m e d  i n i t i a l l y  t h a t

(6) H . A . Schwarz, J. Am. Chem. Soc., 77, 4960 (1955;.
(7) A . O. A llen , Radiation Res. Suppl., 4, 54 (1964).
(8) E . J. H a rt, Radiation Res., 2, 33 (1955).
(9) J. H . Baxendale and D . H . Smithies, Z. Physik. Chem. (F ran k
fu r t) ,  7, 242 (1956).
(10) E . H ayon, Trans. Faraday Soc., 61, 273 (1965).
(11) G. V . B ux ton  and F. S. D a in ton , Proc. Roy. Soc. (London), 
A287, 427 (1965).
(12) D . S. O vcin, O. I .  M ic ié , and I .  G. D raganic, Radiation Res., 
24, 324 (1965).
(13) C. I .  Z a lk in d  and V . I  Veselovski, “ D e js tv ie  ion iz iru iuschch ih  
iz luchen ii na neorganicheskie i  organicheskie s is tem i," Academ y of 
Sciences of the  USSR, Moscow, 1958.
(14) B . B . R adak and X. G. D raganic, B ull. Boris K idri'c Inst. Nucl. 
Sei. (Belgrade), 13, 77 (1962).
(15) L . V . Petkovié , M . M . Kosanié, and I .  G. Draganié, ibid., 15, 9
(1964).

V olum e  70 , N um ber  7  July  1966



2214 O l g a  M icic a n d  I v a n  D r a g a n i ó

D  ( e v  m l - * )  X  1 0 " » .

Figure 1. Potential-dose curves for 5 X 10 ~2 M  H2SO4 
solutions for different cupric sulfate concentrations.
Platinum electrode: (a) 0, (b) 1 X 10-2 M ,  (c) 1 X 10~ 3 M .  

Gold electrode: (d) 1 X 10~2 M ,  (e) 0. In (d) and (e) 3.5 X 
10_s M  H 2C2O4 was also present in the irradiated solution.

i f  m e a s u r a b l e  c o n c e n t r a t i o n s  o f  t h e  C u +  i n t e r m e d i a t e s  

w e r e  f o r m e d  d u r i n g  i r r a d i a t i o n ,  c h a n g e s  i n  t h e  o x i d a 

t i o n - r e d u c t i o n  p o t e n t i a l  o f  C u + - C u 2 +  i o n s  h a d  t o  b e  

o b s e r v e d  o n  a n  i n e r t  e l e c t r o d e  s u c h  a s  t h e  p l a t i n u m .  

I t  s h o u l d  b e  m e n t i o n e d  t h a t  i n  t h i s  c a s e  a l s o  t h e  m o l e c u 

l a r  r a d i o l y t i c  p r o d u c t s  o f  w a t e r ,  h y d r o g e n  a n d  h y d r o 

g e n  p e r o x i d e ,  m i g h t  e s t a b l i s h  t h e  p o t e n t i a l .  H o w e v e r ,  

u n d e r  o u r  e x p e r i m e n t a l  c o n d i t i o n s  a  p o t e n t i a l  c h a n g e  

m a y  b e  d u e  o n l y  t o  t h e  p r e s e n c e  o f  m o l e c u l a r  h y d r o g e n 12 

a n d ,  p r o b a b l y ,  t o  t h e  C u +  i n t e r m e d i a t e .  A s  c a n  b e  

s e e n  i n  F i g u r e  1 ,  c u r v e  a ,  t h e  p o t e n t i a l  a t  f i r s t  f a l l s  

s h a r p l y  a n d  t h e n  i t  r e m a i n s  c o n s t a n t  ( 8 0  m v  a g a i n s t  

t h e  h y d r o g e n  e l e c t r o d e  i n  t h e  s a m e  s o l u t i o n ) .  T h i s  

c o r r e s p o n d s  t o  t h e  p o t e n t i a l  o f  m o l e c u l a r  h y d r o g e n  

w h i c h  u n d e r  t h e  g i v e n  c o n d i t i o n s  i s  e s t a b l i s h e d  o w i n g  

t o  t h e  H 2 f o r m e d  d u r i n g  t h e  i r r a d i a t i o n .  T h e  p r e s e n c e  

o f  c o p p e r  s u l f a t e  i n  t h e  s a m e  s o l u t i o n  ( F i g u r e  1 ,  c u r v e s  

b  a n d  c )  c o n s i d e r a b l y  i n c r e a s e s  t h e  m e a s u r e d  v a l u e  

o f  t h e  p o t e n t i a l ,  i n d i c a t i n g  t h a t  i n  t h i s  c a s e ,  b e s i d e s  

m o l e c u l a r  h y d r o g e n ,  t h e r e  m u s t  a l s o  b e  o t h e r  s p e c i e s ,  

i.e., C u + i o n s .

T o  c o n f i r m  t h a t  c u p r o u s  i o n s  r e a l l y  c o n t r i b u t e  t o  

t h e  b u i l d u p  o f  t h e  p o t e n t i a l ,  w e  a l s o  g i v e  s o m e  d a t a  

o b t a i n e d  i n  a n  e a r l i e r  w o r k . 3 T h e s e  r e s u l t s  w e r e  

o b t a i n e d  b y  u s i n g  t h e  g o l d  e l e c t r o d e  i n  s u l f u r i c  a c i d  

s o l u t i o n ,  w i t h  a n d  w i t h o u t  c u p r i c  s u l f a t e .  I n  t h e s e  

e x p e r i m e n t s  o x a l i c  a c i d  ( 3 . 5  X  1 0 - 3  M ) w a s  a d d e d  t o

t h e  s o l u t i o n  s o  t h a t  t h e r e  w o u l d  b e  n o  o x i d a t i o n  p r o d 

u c t s .  I t  c a n  b e  s e e n  t h a t  i n  t h e  a b s e n c e  o f  c o p p e r  

s u l f a t e  ( c u r v e  e ) ,  i r r a d i a t i o n  c a u s e s  a  n e g l i g i b l e  c h a n g e .  

A d d i t i o n  o f  c u p r i c  s u l f a t e  t o  t h e  s o l u t i o n  s h a r p l y  r e 

d u c e s  t h e  p o t e n t i a l  d u r i n g  i r r a d i a t i o n  ( c u r v e  d )  w h i c h  

c a n  b e  a t t r i b u t e d  o n l y  t o  t h e  e s t a b l i s h m e n t  o f  p o t e n 

t i a l  o f  C u +  a n d  C u 2 +  i o n s .

Limiting Currents. A f t e r  e s t a b l i s h i n g  t h e  s t a t i o n 

a r y  p o t e n t i a l  i n  t h e  s o l u t i o n s  s t u d i e d ,  w e  d e t e r m i n e d  

t h e  d e p e n d e n c e  o f  t h e  p o l a r i z a t i o n  c u r r e n t  o n  t h e  p o 

t e n t i a l .  I t  w a s  f o u n d ,  f o r  a l l  t h e  s o l u t i o n s  u s e d ,  t h a t  

f o r  p o t e n t i a l s  m o r e  p o s i t i v e  t h a n  0 . 4  v  t h e  p o l a r i z a t i o n  

c u r r e n t  d i d  n o t  d e p e n d  o n  t h e  p o t e n t i a l ;  i.e., t h e  l i m i t 

i n g  c u r r e n t  o f  h y d r o g e n  a n d  c u p r o u s  i o n s  i s  e s t a b l i s h e d  

a l r e a d y  a t  t h i s  p o t e n t i a l .  T h e s e  m e a s u r e m e n t s  s u g 

g e s t e d  u s  t o  c h o o s e  0 . 5  v  a s  t h e  w o r k i n g  p o t e n t i a l .  

A l l  t h e  s u b s e q u e n t  m e a s u r e m e n t s  o f  t h e  l i m i t i n g  c u r 

r e n t  w e r e  m a d e  a t  t h i s  p o t e n t i a l .

Limiting Current of the C u + Intermediate. F i g u r e  

2  s h o w s  d a t a  f o r  t h e  c h a n g e  i n  l i m i t i n g  c u r r e n t  d u r i n g

D  ( e v  m l -1 ) x  1 0 " .

Figure 2. Limiting current-dose curves, measured on Pt 
rotating electrode, in 5 X 10~2 M  H2SO4 solution containing 
(a) 1 X 10- 3 M  CuS04, (b) 5 X 10“ 3 M  CuS04 +
1 X 10- 3 M  C2HsOH, ( c )  1 X 10- 3 M  C2H6OH.
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i r r a d i a t i o n  o f  s u l f u r i c  a c i d  s o l u t i o n s  ( 5  X  1 0 - 2  M) 
c o n t a i n i n g  1 0 ~ 2 M  C u S 0 4 ( c u r v e  a )  o r  5  X  1 0 - 3  M  
C u S 0 4 +  1 0 - 3  M  C 2H 6O H  ( c u r v e  b ) .  F o r  c o m p a r i 

s o n  ( c u r v e  c ) ,  t h e  d e p e n d e n c e  o f  t h e  l i m i t i n g  c u r r e n t  

o n  t h e  a b s o r b e d  d o s e  i n  t h e  a b s e n c e  o f  c o p p e r  s u l f a t e  

i s  s h o w n .  I t  c a n  b e  s e e n  t h a t ,  i n  t h e  p r e s e n c e  o f  c u p r i c  

s u l f a t e ,  t h e  i n i t i a l  p a r t  o f  t h e  e x p e r i m e n t a l  c u r v e s  h a v e  

m o r e  p r o n o u n c e d  s l o p e s .  T h i s  r e f e r s  b o t h  t o  t h e  f o r 

m a t i o n  o f  m o l e c u l a r  h y d r o g e n  a n d  t o  t h e  f o r m a t i o n  

o f  c u p r o u s  i o n s .  A f t e r  a  d o s e  o f  a b o u t  4  X  1 0 17 

e v  m l - 1 , t h e  s l o p e  d e c r e a s e d  w i t h  i n c r e a s i n g  d o s e .  

S t a t i o n a r y  c o n c e n t r a t i o n  o f  t h e  C u +  i n t e r m e d i a t e  i s  

e s t a b l i s h e d ,  a n d  t h e  r i s e  i n  l i m i t i n g  c u r r e n t  r e f e r s  o n l y  

t o  m o l e c u l a r  h y d r o g e n  f o r  w h i c h  t h e  c o n c e n t r a t i o n  

i n c r e a s e s  w i t h  i n c r e a s i n g  d o s e .  T h i s  w a s  n o t  t h e  c a s e  

f o r  t h e  g o l d  e l e c t r o d e , 3 o n  w h i c h  m o l e c u l a r  h y d r o g e n  

d o e s  n o t  r e a c t .  I n  t h e  l a t t e r  c a s e ,  a f t e r  a  c e r t a i n  t i m e  

o f  i r r a d i a t i o n ,  t h e  l i m i t i n g  c u r r e n t  w a s  i n d e p e n d e n t  

o f  t h e  d o s e .

I t  i s  o b v i o u s  t h a t  i n  o r d e r  t o  c a l c u l a t e  t h e  c o n c e n t r a 

t i o n  o f  c u p r o u s  i o n s ,  t h e  l i m i t i n g  c u r r e n t  m e a s u r e d  o n  

t h e  p l a t i n u m  e l e c t r o d e  m u s t  b e  c o r r e c t e d  b e c a u s e  o f  

t h e  p r e s e n c e  o f  m o l e c u l a r  h y d r o g e n .  T h e  e x p e r i m e n t s  

w e r e  p e r f o r m e d  w i t h o u t  i r r a d i a t i o n  i n  o r d e r  t o  s e e  a l s o  

t h e  p o s s i b l e  i n f l u e n c e  o f  t h e  p r e s e n c e  o f  c u p r i c  s u l f a t e  

o n  t h e  h y d r o g e n  o x i d a t i o n .  T h e  l i m i t i n g  c u r r e n t  o f  

h y d r o g e n  w a s  m e a s u r e d  i n  C u S 0 4 ( 1 0 - 3  M ) a n d  H 2S 0 4 

( 5  X  1 0 ” 2 M) s o l u t i o n .  T h e  r o t a t i n g  p l a t i n u m  e l e c 

t r o d e  w a s  k e p t  a t  a  c o n s t a n t  p o t e n t i a l  o f  0 . 5  v  d u r i n g  

s a t u r a t i o n  o f  t h e  s o l u t i o n  w i t h  h y d r o g e n  g a s .  T h i s  

p o t e n t i a l  w a s  c h o s e n  s o  a s  t o  a v o i d  s e p a r a t i o n  o f  

m e t a l l i c  c o p p e r .  T h e  r e s u l t s  s h o w  t h a t  t h e  l i m i t i n g  

c u r r e n t  i n  t h i s  c a s e  w a s  s l i g h t l y  s m a l l e r  t h a n  i n  t h e  

s o l u t i o n  o f  p u r e  s u l f u r i c  a c i d ,  b u t  i t  d e c r e a s e d  v i s i b l y  

w i t h  t i m e  ( a b o u t  1 0 %  i n  t h e  c o u r s e  o f  1 0  m i n ) .  T h i s  

d e c r e a s e  i s  p r o b a b l y  d u e  t o  t h e  c u p r i c  i o n  a b s o r p t i o n  

o n  t h e  s u r f a c e  o f  t h e  e l e c t r o d e  a n d  t o  i n t e r f e r e n c e  b y  

s o m e  o t h e r  e l e c t r o c h e m i c a l  p r o c e s s e s .

I t  i s  f a i r l y  d i f f i c u l t  t o  s t a n d a r d i z e  t h e  e x p e r i m e n t a l  

c o n d i t i o n s  i n  r o u t i n e  w o r k ,  a n d  t h e  d i s p e r s i o n  o f  t h e  

l i m i t i n g  c u r r e n t s  m e a s u r e d  c o u l d  a m o u n t  u p  t o  2 0 % .  

I n  o r d e r  t o  m i n i m i z e  t h i s  s o u r c e  o f  e r r o r ,  t h e  h y d r o g e n  

l i m i t i n g  c u r r e n t  w a s  s u b t r a c t e d  f r o m  t h e  i n i t i a l  s l o p e  o f  

t h e  c u r r e n t - d o s e  c u r v e  i n  a l l  e x p e r i m e n t s .  T h e  s l o p e  

o f  a n  e x p e r i m e n t a l  c u r v e ,  c o r r e c t e d  i n  t h i s  w a y  f o r  t h e  

h y d r o g e n  c o n t r i b u t i o n ,  w a s  u s e d  t o  c a l c u l a t e  t h e  C u +  

i o n  c o n c e n t r a t i o n .  W e  u s e d  t h e  c a l i b r a t i o n  c u r v e  

f o r  h y d r o g e n  ( /  =  K C )  i n  s u l f u r i c  a c i d  ( 5  X  1 0 - 2  M) 
w i t h o u t  i r r a d i a t i o n  a n d  c o n v e r t e d  i t  t o  t h e  c o r r e s p o n d 

i n g  c u r r e n t  o f  c u p r o u s  i o n s .  I n  t h e  c a l c u l a t i o n  w e  

a s s u m e d  t h a t  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  c u p r o u s  

a n d  c u p r i c  i o n s  i s  t h e  s a m e .  T h i s  a s s u m p t i o n  s e e m s  

r e a s o n a b l e  s i n c e  t h e i r  m a s s e s  a r e  t h e  s a m e .  I t  i s  a l s o

w e l l  k n o w n  t h a t  t h e  m e t a l l i c - i o n  d i f f u s i o n  c o e f f i c i e n t s  

d i f f e r  v e r y  l i t t l e .  I n  t h i s  w a y  w e  c a l c u l a t e d  t h e  v a l u e  

K  =  4 . 7  X  1 0 ~ 17 ga  m l  m o l e c u l e - 1  f o r  C u +  i n t e r m e 

d i a t e s .  S t a t i o n a r y  c o n c e n t r a t i o n  o f  C u +  i n t e r m e d i a t e s  

w a s  d e r i v e d  f r o m  t h e  i n t e r c e p t  o f  t w o  s t r a i g h t  l i n e s  a s  

s h o w n  i n  F i g u r e  2 .

Influence of the pH  on the Limiting Current of C u + 
Intermediates under Various Conditions. T a b l e  I  

s u m m a r i z e s  t h e  r e s u l t s  f o r  t h e  l i m i t i n g  c u r r e n t  o f  

c u p r o u s  i o n s ;  t h e y  w e r e  m e a s u r e d  b y  a  r o t a t i n g  

p l a t i n u m  e l e c t r o d e  i n  5  X  1 0 ~ 2 M  s u l f u r i c  a c i d  s o l u 

t i o n s  a n d  d i f f e r e n t  c u p r i c  s u l f a t e  c o n c e n t r a t i o n s  w i t h  

a n d  w i t h o u t  e t h a n o l .  T h e  p H  o f  t h e  s o l u t i o n  v a r i e d  

f r o m  1 . 5  t o  4 . 5 .  T h e  e x p e r i m e n t a l  c u r v e s  h a d  t h e  s a m e  

s h a p e  a s  i n  F i g u r e  2 .  T h e  s l o p e s  w e r e  c a l c u l a t e d  f r o m  

t h e  l i n e a r  p a r t .  D e p e n d i n g  o n  t h e  e x p e r i m e n t a l  c o n 

d i t i o n s ,  t h e  v a l u e s  v a r i e d  f r o m  0 . 1 3 4  t o  0 . 3 2 0  /¿ a  m i n - 1 . 

T h e  s l o p e s  a r e  g i v e n  a s  t h e  m e a n  v a l u e  o f  a t  l e a s t  f i v e  

s i m i l a r  e x p e r i m e n t s .

Table I : Radiation Chemical Yields of the Cu +
Intermediate under Different Conditions

Slope, Stationary
/¿a concn of

Solution,0 M min-1 Cu + ions,
pH CuSOi + C,HsOH x 10 G(Cu+) M  X 10«

1.5 1  x  1 0 - 3 1.72 3.56 4.2
1.5 1 X 10-2 1.74 3.61 4.0
2.5 1  x  1 0 - 3 1.52 3.14 3.4
3.5 1  x  1 0 - 3 1.34 2.76 2.0
4.5 1  x  1 0 - 3 1.43 2.96 0.9
1.5 5 X IO-3 1  x  1 0 - 3 3.20 6.58 19
1.5 5 X IO"3 1  x  1 0 - 2 3.18 6.55 15
1.5 1 X IO '2 1  x  1 0 - 2 3.16 6.54 16
2.5 5 X IO-3 1  x  1 0 - 2 2.94 6.08 15
3.5 1  x  1 0 - 3 1 X 1 0 - 3 2.62 5.42 12
3.5 5 X IO"3 1 X 10-2 2.58 5.33 10
3.5 1  x  1 0 - 3 1 X 10~2 2.54 5.25 8
4.5 1  x  1 0 - 3 1 X 10-2 2.49 5.15 10
4.5 1  x  1 0 - 3 1  x  1 0 - 3 2.52 5.21 7
4.5 1  x  1 0 - 4 1 X 10 —2 >1

“ The ionic strength of the solutions was always the same
(0.15).

Molecular Hydrogen Yields under Various Conditions. 
T a b l e  I I  s u m m a r i z e s  t h e  r a d i a t i o n  c h e m i c a l  y i e l d s  

o f  m o l e c u l a r  h y d r o g e n  o b t a i n e d  b y  g a s  c h r o m a t o g r a p h i c  

m e a s u r e m e n t s  i n  t h e  i r r a d i a t e d  s o l u t i o n s .  T h e  y i e l d s  

a r e  t a k e n  a s  t h e  m e a n  v a l u e  o f  s i x  i n d i v i d u a l  i r r a d i a 

t i o n s .

Measurements of Hydrogen Peroxide. H y d r o g e n  p e r 

o x i d e  w a s  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  b y  t h e  

t i t a n i u m  s u l f a t e  m e t h o d .  S i n c e  t h i s  m e t h o d  w a s  n o t
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Table II : Molecular Hydrogen Yields
under Various Conditions

Solution, M

pH CuSO , ! CjH tO H G (H 2)

1.5 1 X 10~2 0.43
4.5 1 X 1 0 - 3 0.45
1.5 4 X 1 0 - 3 1 X 10- 2 2.23
1.5 1 X 1 e r 3 1 X 10~2 3.18
1.5 2 X 1 0 - 3 1 X 10~2 2.86
1.5 5 X 1 0 - 4 1 X 10-2 3.59
1.5 1 X u r 2 1 X 10 ~2 1.40
3.6 1 X 10-" 1 X 10~2 2.39
3.6 2 X H r 4 1 X 10"2 1.89
3.7 5 X 1 er6 1 X 10“2 2.73
4.1“ 1 X 1 er4 1 X 10~2 1.70
4.3“ 1 X 1 0 - 4 1 X 10~2 1.58
4.8 1 X 10"2 1 X 10-2 1.22

“ Sodium sulfate present (5 X 10 2 M ) .

s e n s i t i v e  e n o u g h  a s  t o  e n a b l e  t h e  d e t e r m i n a t i o n  o f  t h e  

i n i t i a l  y i e l d ,  h y d r o g e n  p e r o x i d e  w a s  d e t e r m i n e d  a t  

a b s o r b e d  d o s e s  f o r  w h i c h  s t a t i o n a r y  s t a t e  o f  c u p r o u s  

i o n s  h a d  a l r e a d y  b e e n  e s t a b l i s h e d .  W e  f o u n d  t h a t  t h e  

s t a t i o n a r y  c o n c e n t r a t i o n  o f  h y d r o g e n  p e r o x i d e  a m o u n t s  

t o  a b o u t  1 0 -5  M  H 20 2.

Discussion
Radiation Chemical Yields of C u + Intermediates. 

M e a s u r e m e n t s  o f  t h e  c h a n g e s  i n  p o t e n t i a l  a n d  t h e  

l i m i t i n g  c u r r e n t s  i n  c u p r i c  s u l f a t e  s o l u t i o n  s h o w e d  

t h a t  t h e  c u p r o u s  i o n s  c a n  b e  e l e c t r o c h e m i c a l l y  m o n i 

t o r e d .  A s  m a y  b e  s e e n  f r o m  t h e  d a t a  i n  F i g u r e  1 ,  t h e  

e s t a b l i s h m e n t  o f  a  s t a t i o n a r y  p o t e n t i a l  o n  t h e  p l a t i n u m  

e l e c t r o d e  d u r i n g  i r r a d i a t i o n  o f  a n  a q u e o u s  s o l u t i o n  i n  

w h i c h  c u p r i c  s u l f a t e  i s  p r e s e n t  ( c u r v e s  b  a n d  c )  i s  d u e  

n o t  o n l y  t o  t h e  p r e s e n c e  o f  t h e  H 2 a n d  H +  i o n s  b u t  a l s o  

t o  t h e  C u +  a n d  C u 2 +  i o n s .  T h e  e s t a b l i s h m e n t  o f  t h i s  

p o t e n t i a l  o n  a  g o l d  e l e c t r o d e  i s  d u e  o n l y  t o  t h e  p r e s 

e n c e  o f  t h e  C u +  a n d  C u 2 +  i o n s  ( c u r v e  d ) .  T h a t  C u +  

i n t e r m e d i a t e s  a r e  r e a l l y  d e t e c t e d  i s  a l s o  q u i t e  e v i d e n t  

f r o m  T a b l e  I I I  w h e r e  e x p e r i m e n t a l l y  o b t a i n e d  C u +  a n d  

C u 2 +  s t a t i o n a r y  p o t e n t i a l s  a r e  c o m p a r e d  w i t h  t h e  c a l 

c u l a t e d  p o t e n t i a l s .  I n  t h i s  c a l c u l a t i o n  w e  u s e d  a  

p o t e n t i a l  0 . 1 6  v  a s  t h e  n o r m a l  p o t e n t i a l  a n d  t h e  C u +  

s t a t i o n a r y  c o n c e n t r a t i o n  f r o m  t h e  l a s t  c o l u m n  o f  T a b l e  

I .  F o r  c o m p a r i s o n ,  p o t e n t i a l s  m e a s u r e d  i n  s u l f u r i c  

a c i d  w i t h o u t  c u p r i c  s u l f a t e  a r e  a l s o  p r e s e n t e d .

A s  m a y  b e  s e e n  f r o m  T a b l e  I I I ,  t h e  c a l c u l a t e d  v a l u e s  

f o r  t h e  p l a t i n u m  e l e c t r o d e  a r e  i n  g o o d  a g r e e m e n t  w i t h  

t h o s e  o b t a i n e d  e x p e r i m e n t a l l y .  T h e y  a r e  s l i g h t l y  h i g h e r  

b e c a u s e  t h e  c o r r e c t i o n  f o r  t h e  l o w  p o t e n t i a l  d e c r e a s e ,  

d u e  t o  p r e s e n c e  o f  h y d r o g e n  i n  t h e  i r r a d i a t e d  s o l u t i o n ,  

c o u l d  n o t  b e  t a k e n  i n t o  a c c o u n t .

T a b l e  I  s h o w s  t h e  v a l u e s  f o r  G (C u +) o b t a i n e d  u n d e r  

v a r i o u s  c o n d i t i o n s .

In itia l Mechanism. B a s e d  o n  t h e  g e n e r a l  a s s u m p 

t i o n  t h a t  t h e  r a d i o l y t i c  d e c o m p o s i t i o n  o f  w a t e r  m a y  b e  

w r i t t e n

H 20  — >  H 20 2, H 2, O H ,  H ,  e a q -

t h e  r e d u c t i o n  o f  b i v a l e n t  c o p p e r  i s  a t t r i b u t e d  t o  t h e  

r e a c t i o n s  o f  c u p r i c  i o n s  w i t h  r e d u c i n g  s h o r t - l i v e d  

s p e c i e s

C u 2+  +  H  =  C u +  +  H +  ( 1 )

C u 2 +  +  e a q -  =  C u +  +  H 20  ( 2 )

I n  a c i d  m e d i u m  t h e  f o l l o w i n g  v e r y  f a s t  r e a c t i o n  s h o u l d  

b e  a l s o  t a k e n  i n t o  a c c o u n t .

H +  +  e a q -  =  H  +  H 20  ( 3 )

I n  a q u e o u s  s o l u t i o n s  c o n t a i n i n g  o n l y  s u l f u r i c  a c i d  b e 

s i d e s  c u p r i c  s u l f a t e ,  t h e  f a t e  o f  h y d r o x y l  r a d i c a l s  i s  i n  

s l o w  r e a c t i o n

H S 0 4-  +  O H  =  O H -  +  H S 0 4 ( 4 )

I n  h i s  e x p e r i m e n t s  w i t h  p u l s e d  e l e c t r o n  b e a m ,  B a x e n -  

d a l e 16 s u g g e s t s  t h a t ,  i n  t h e  a b s e n c e  o f  a n  e f f i c i e n t  O H  

s c a v e n g e r ,  t h e  p o s s i b l e  r e a c t i o n  c o u l d  a l s o  b e

C u 2 +  +  O H  =  C u 3 +  +  O H -  ( 5 )

S u f f i c i e n t  d a t a  t o  s u p p o r t  r e a c t i o n  5  a r e  n o t  a v a i l 

a b l e .  I f  C u 3 +  i o n s  f o r m  u n d e r  o u r  w o r k i n g  c o n d i t o n s  

a n d  a r e  r e d u c e d  v e r y  r a p i d l y  i n  s o m e  c h e m i c a l  r e a c t i o n ,  

w e  m i g h t  n o t  b e  a b l e  t o  r e g i s t e r  t h e m  e l e c t r o c h e m i 

c a l l y .  N e v e r t h e l e s s  w e  f e e l  t h a t  w e  c o u l d  o b s e r v e  

t h e m  u n d e r  c e r t a i n  c o n d i t i o n s .  I n  p u r e  c u p r i c  s u l f a t e  

s o l u t i o n s  t h e  m e a s u r e d  C u +  l i m i t i n g  c u r r e n t  w o u l d  

t h u s  b e  r e d u c e d  o w i n g  t o  e i t h e r  t h e i r  p a r t i c i p a t i o n  i n  

t h e  l i m i t i n g  c u r r e n t  ( a t  0 . 5  v  t h e y  w o u l d  r e d u c e  t h e  

t o t a l  p o s i t i v e  c u r r e n t  m e a s u r e d )  o r  t o  t h e i r  p o s s i b l e  

r e a c t i o n  w i t h  C u +  i o n s .  H o w e v e r ,  t h e  v a l u e s  f o r  

p r i m a r y  s h o r t - l i v e d  s p e c i e s ,  d e r i v e d  f r o m  t h e  m e a s u r e d  

G ( C u + )  a n d  t h e  p r o p o s e d  r e a c t i o n  s c h e m e ,  a r e  i n  

r e a s o n a b l e  a g r e e m e n t  w i t h  v a l u e s  d e r i v e d  f r o m  o t h e r  

s y s t e m s .  H e n c e ,  i t  s e e m s  n o t  v e r y  p r o b a b l e  t h a t  

r e a c t i o n  5  i s  o f  a n y  s i g n i f i c a n c e  t o  t h e  r e s u l t s  o f  m e a s 

u r e m e n t s  i n  o u r  w o r k i n g  c o n d i t i o n s .

I n  t h e  p r e s e n c e  o f  e t h a n o l  w h i c h  i s  a  v e r y  e f f i c i e n t  

s c a v e n g e r  f o r  O H  r a d i c a l s ,  w e  h a v e

C 2H 6O H  +  O H  =  H 20  +  C 2H 4O H  ( 6 )

T h e  C 2H 4O H  r a d i c a l s  f o r m e d  d i s a p p e a r  i n  r e a c t i o n  

w i t h  c u p r i c  i o n s

(16) J. H. Baxendale, E. M. Fielden, and J. P. Keene, P r o c .  R o y .  
S e e . (London), A286, 320 (1965).
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Table III: Experimentally Obtained Stationary Potentials and Calculated Oxidation-Reduction Potentials
for Cu+-Cu2+ Ions

r--------------- Poter
Experimentally

itial°----- ----------->
Calculated

Stationary
concn,

determined for Cu+-Cu! + Solution Electrode M  X 10«

0.30 0.30 1  X 10- 2 M CuS04 +  5 X 10-2 M  H2S04 Platinum 4.0
0.22 0.24 1 X IO“ 3 M  CuS04 +  5 X IO-2 M  H2g o 4 Platinum 4.2
0.08 5  X  IO"2 M  h 2S04 Platinum
0.25 0.25 1 X 10-2 M  CuS04 +  5 X 10-2 M  H2S04 

+  3.5 X X0—4 M  H2C2O4
Gold 20

0.56 5 X 10-2 M  H2SO4 +  3.5 X 10-2 M

h 2c 2o 4
Gold

° The values of the potential are given against the normal hydrogen electrode.

C 2H 4O H  +  C u 2 +  =  C u +  +  H +  +  C 2H 40  ( 7 ) G H =  G eaq-  =  G( C u + )

I n  t h e  p r e s e n c e  o f  e t h a n o l  w e  a l s o  h a v e  t h e  r e a c t i o n  

w i t h  H  a t o m s

C 2H 5O H  +  H  =  H 2 +  C 2H 4O H  ( 8 )

w h i c h  i s  i n  c o m p e t i t i o n  w i t h  r e a c t i o n  1 .  T h e  r e a c t i o n  

w i t h  s o l v a t e d  e l e c t r o n s  m a y  b e  n e g l e c t e d  a s  b e i n g  v e r y  

s l o w  i n  c o m p a r i s o n  w i t h  r e a c t i o n s  2  a n d  3 .

F o r  i n i t i a l  c o n d i t i o n s ,  r e a c t i o n s  1 t h r o u g h  5  o f f e r  

t h e  p o s s i b i l i t y  o f  c a l c u l a t i n g  p r i m a r y  y i e l d s  o f  w a t e r  

r a d i o l y s i s  b y  m e a n s  o f  t h e  e x p e r i m e n t a l  d a t a  f o r  C u +  

i n t e r m e d i a t e s .  F o r  t h e  u s u a l  k i n e t i c  t r e a t m e n t ,  w h e r e  

s t e a d y - s t a t e  c o n d i t i o n s  f o r  t h e  f r e e  r a d i c a l s  a r e  a s s u m e d ,  

w e  h a v e

G ( C u + )  =  Gh +  Gem' ( 9 )

G ( H 2)  =  G H l ( 1 0 )

I f ,  b e s i d e s  c u p r i c  s u l f a t e ,  e t h a n o l  i s  a l s o  p r e s e n t  i n  

t h e  s u l f u r i c  a c i d  s o l u t i o n ,  t h e  y i e l d  o f  C u +  i n t e r m e d i a t e  

i s  a  m e a s u r e  o f  t h e  t o t a l  f r e e - r a d i c a l  y i e l d

C?(Cu+)Et =  G h  +  G e aq— b G o h  ( 1 1)

I n  t h i s  c a s e  w e  a l s o  h a v e

G ( H 2)  =  G h ,  +

1 +

G h ________

ki [ C u S 0 4 

ks [ C 2H 4O H  ] 

G e M

+

1 +
k [ C u S 0 4 ]- 

fc8 [ C 2H 6O H ] J L
1 +

fc2 [ C u S 0 4 ]~ 

fc3 [ H + ]  .

( 1 2 )

w h i l e  e q  1 1  g i v e s

G h  +  G e aq-  +  G o h  =  G ( C u + )

B y  s u b t r a c t i n g  ( 9 )  f r o m  ( 1 1 )  w e  c a n  d e t e r m i n e  t h e  

y i e l d  o f  t h e  o x i d i z i n g  s p e c i e s  a t  t h e  g i v e n  p H .

Goh =  G(Cu+)Bt -  G(Cu+) (13)

I n  e q  1 3 ,  G ( C u + )  i s  t h e  y i e l d  o f  c u p r o u s  i o n s  i n  a  c u p r i c  

s u l f a t e  s o l u t i o n ,  a n d  G ( C u + ) E t  i s  t h e  c o r r e s p o n d i n g  

y i e l d  i n  a  c u p r i c  s u l f a t e  s o l u t i o n  i n  t h e  p r e s e n c e  o f  

e t h a n o l .

F i g u r e  3  s u m m a r i z e s  t h e  p r i m a r y  y i e l d s  d e r i v e d  f r o m  

o u r  e x p e r i m e n t a l  d a t a  a n d  e q  9 ,  1 1 ,  a n d  1 3 .  T h e  

s t a n d a r d  d e v i a t i o n s  w e r e  c a l c u l a t e d  i n  t h e  u s u a l  w a y ,  

a l l  t h e  m e a s u r e m e n t s  b e i n g  t a k e n  i n t o  a c c o u n t .  F i g u r e  

3 a  p r e s e n t s  t h e  y i e l d s  c a l c u l a t e d  f r o m  t h e  d i r e c t  m e a s 

u r e m e n t s  o f  C u +  i n t e r m e d i a t e s  i n  c u p r i c  s u l f a t e  s o l u -

pH

pH  Influence on Prim ary Radiolytic Products in  
Aqueous Solutions. T h e  d a t a  o n  r a d i a t i o n  y i e l d s  f o r  

C u +  i n t e r m e d i a t e s  a n d  e q  9  a n d  1 1  a l l o w  u s  t o  c a l c u l a t e  

t h e  y i e l d s  o f  t h e  s h o r t - l i v e d  p r i m a r y  p r o d u c t s .  T h u s ,  

f r o m  e q  9  w e  h a v e

Figure 3. pH influence on primary radical yields. 
Points derived from experimental measurements with 
calculated standard deviations: (1) Gh +  Ge,q-  = 
G(Cu+), (2) Gh +  Gea(1— +  GH = G(Cu+)Et,
(3) Goh = G(Cu+)Et -  G(Cu+). Dashed lines show 
data from (a) Draganic, et a l . , 1 (b) Hayon.10

V olum e  7 0 , N um ber  7 J u ly  1966
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t i o n s .  A s  c a n  b e  s e e n ,  s t a n d a r d  d e v i a t i o n s  a r e  f a i r l y  

h i g h ,  u p  t o  9 % .  T h e  r e a s o n  f o r  t h i s  i s  m a i n l y  t h e  

r a t h e r  n a r r o w  l i n e a r  p a r t  o f  t h e  c u r r e n t - d o s e  c u r v e  

w h i c h  i s  a  c o n s e q u e n c e  o f  t h e  r e l a t i v e l y  f a s t  e s t a b l i s h 

m e n t  o f  a  C u +  s t a t i o n a r y  c o n c e n t r a t i o n  ( F i g u r e  2 ,  

c u r v e  a ) .  F i g u r e  3 b  g i v e s  t h e  t o t a l  f r e e - r a d i c a l  y i e l d s  

c a l c u l a t e d  f r o m  t h e  d a t a  o b t a i n e d  i n  t h e  c u p r i c  s u l 

f a t e - e t h a n o l  s y s t e m .  A s  t h e  l i n e a r  p a r t  o f  t h e  e x p e r i 

m e n t a l  c u r v e  i s  c o n s i d e r a b l y  l a r g e r  ( F i g u r e  2 ,  c u r v e  b ) ,  

t h e  a c c u r a c y  i s  h i g h e r  a n d  t h e  s i z e  o f  t h e  s t a n d a r d  

d e v i a t i o n  s e e m s  q u i t e  r e a s o n a b l e  ( 5 % ) .  I n  F i g u r e  3 c  

t h e  y i e l d s  o f  t h e  s h o r t - l i v e d  o x i d i z i n g  s p e c i e s  d e r i v e d  

a c c o r d i n g  t o  e q  1 3  a r e  p l o t t e d .  I t  s h o u l d ,  h o w e v e r ,  

o n l y  b e  t a k e n  a s  a n  i l l u s t r a t i o n  s i n c e  t h e  p o s s i b l e  

e r r o r s  a r e  v e r y  h i g h .  T h e s e  v a l u e s  a r e  d e r i v e d  f r o m  a  

d i f f e r e n c e  w h e r e  e a c h  f a c t o r  w a s  m e a s u r e d  w i t h  a  

f a i r l y  h i g h  s t a n d a r d  d e v i a t i o n .  F o r  c o m p a r i s o n ,  w e  

a l s o  p l o t t e d  H a y o n ’ s  r e c e n t  d a t a 10 f o r  e t h a n o l - o x y g e n  

a n d  t h e  d a t a  o b t a i n e d  f r o m  t h e  o x a l a t e - o x y g e n  s y s t e m . 1 

A s  c a n  b e  s e e n ,  t h e  g e n e r a l  t r e n d  i n  o u r  v a l u e s  i s  i n  

g o o d  a g r e e m e n t  w i t h  t h o s e  c i t e d  a b o v e .  H o w e v e r ,  

t h e  d e c r e a s e  i n  y i e l d  f o r  s h o r t - l i v e d  r e d u c i n g  s p e c i e s  

w i t h  i n c r e a s i n g  p H  a s  o b t a i n e d  h e r e  i s  l a r g e r  t h a n  t h a t  

o b t a i n e d  f r o m  t h e  o x a l a t e - o x y g e n  s y s t e m .  I n  o u r  

c a s e  i t  i s  e s p e c i a l l y  p r o n o u n c e d  a t  a b o u t  p H  3 .  F o r  

t h e  t o t a l  f r e e - r a d i c a l  y i e l d s ,  o u r  v a l u e s  f a l l  s o m e w h e r e  

i n  b e t w e e n .  I f  w e  a d o p t  H a y o n ’ s  d e f i n i t i o n , 10 t h a t  a  

d i l u t e  s o l u t i o n  i s  t h e  o n e  w h e r e  f c i t s [ S ]  <  1 0 7 s e c - 1 , 

t h e n  w e  w i l l  h a v e  t o  t a k e  i n t o  a c c o u n t  t h e  f o l l o w i n g  

w i t h  r e g a r d  t o  t h e  d a t a  p r e s e n t e d  i n  F i g u r e  3 :  H a y o n ’ s  

c u r v e  ( d a s h e d )  i s  n o r m a l i z e d  t o  kRsCs <  1 0 7 s e c - 1 ; 

u p  t o  p H  3 . 5 ,  IcrsC s i n  o u r  e x p e r i m e n t s  d o e s  n o t  e x 

c e e d  1 X  1 0 7 s e c - 1  ( a t  p H  h i g h e r  t h a n  t h i s  i t  a m o u n t s ,  

i n  s o m e  c a s e s  o n l y ,  u p  t o  3 . 8  X  1 0 7 s e c - 1 ) ; i n  t h e  o x a l i c  

a c i d - o x y g e n  s y s t e m  fco H ,H iC so 4 [ H 2C 20 4 ] <  1 X  1 0 6 

s e c - 1 .

The Relative Rate Constant for Some Reactions Studied. 
E x p e r i m e n t a l  d a t a  f o r  h y d r o g e n  ( g i v e n  i n  T a b l e  I I ,  

a n d  e q  1 2  w i t h  c e r t a i n  t r a n s f o r m a t i o n s )  a l l o w  u s  t o  

c a l c u l a t e  t h e  r e l a t i v e  r a t e  c o n s t a n t  f o r  t h e  H  a t o m  

r e a c t i o n s  w i t h  c u p r i c  s u l f a t e  a n d  e t h a n o l  a t  p H  1 . 5 .  

A s s u m i n g  t h a t  [ H + ]  5i> [ C u S 0 4 ] a n d  a l s o  i n t r o d u c i n g  

e q  9  a n d  1 0 ,  w e  o b t a i n  a n  e x p r e s s i o n  s u i t a b l e  f o r  g r a p h i 

c a l  r e p r e s e n t a t i o n

g ( C u + )  =  f o [ C u S O « ]

G ( H , ) E t  -  G ( H t )  +  fc8 [ C 2H 5O H ]  1 j

w h e r e  f ? ( H 2)E t  i s  t h e  m o l e c u l a r  h y d r o g e n  y i e l d  m e a s u r e d  

i n  t h e  c u p r i c  s u l f a t e  s o l u t i o n  i n  t h e  p r e s e n c e  o f  e t h a n o l .  

G ( H 2)  i s  t h e  m o l e c u l a r  h y d r o g e n  y i e l d  m e a s u r e d  i n  t h e  

c o r r e s p o n d i n g  s o l u t i o n  w i t h o u t  e t h a n o l .  I t  i s  p r e 

s e n t e d  i n  F i g u r e  4  t o g e t h e r  w i t h  o u r  e x p e r i m e n t a l  

r e s u l t s .  B y  t h e  l e a s t - s q u a r e s  m e t h o d ,  t h e  i n t e r c e p t

[C u «+]/[C iH sO H ]. 

Figure 4. Competition between cupric 
sulfate and ethanol for H atoms.

i s  d e t e r m i n e d  t o  b e  0 . 9 9 ,  a n d  t h e  s l o p e  o f  t h e  c u r v e  t o  

b e  k,/ks =  2 . 6 4  ±  0 . 0 6 .

V a l u e s  f o r  ks a r e  k n o w n  a n d  f o u n d  t o  b e  i n  r a t h e r  

g o o d  a g r e e m e n t .  I f  w e  a d o p t  t h e  v a l u e 17 1 . 6  X  1 0 7 

M ~l s e c - 1 , w e  o b t a i n  f o r  t h e  r e a c t i o n  s t u d i e d  ( 1 )  t h a t  

fcH .c u s o *  =  4 . 2  X  1 0 7 M ~l s e c - 1 . T h i s  v a l u e  i s  t w o  

o r  t h r e e  o r d e r s  o f  m a g n i t u d e  l o w e r  t h a n  t h o s e  g i v e n  

e a r l i e r 7 '8 f o r  a c i d  m e d i u m .  I t  i s  a b o u t  o n e  o r d e r  o f  

m a g n i t u d e  l o w e r  t h a n  r e c e n t  d a t a  g i v e n  f o r  n e u t r a l  

m e d i u m . 18 H o w e v e r ,  i t  i s  i n  f a i r l y  g o o d  a g r e e m e n t  w i t h  

t h e  v a l u e  6 . 4  X  1 0 7 M ~ l s e c - 1  g i v e n  f o r  a c i d  m e d i u m  

b y  B a x e n d a l e . 17

F r o m  o u r  e x p e r i m e n t a l  d a t a  w e  m a y  a l s o  d e r i v e  t h e  

r a t e  c o n s t a n t  r a t i o  f o r  s o l v a t e d  e l e c t r o n  r e a c t i o n s  w i t h  

c u p r i c  s u l f a t e  a n d  H +  i o n s .  I n  t h e  c a s e  w h e r e  

[ C 2H sO H ]  »  [ C u S 0 4 ] ,  e q  1 2  m a y  b e  w r i t t e n  a s

_________________ 1___________________________ 1

< ? ( H 2) E t  —  < ? ( H 2)  —  Gn G eaq-

I f  w e  a d o p t  h e r e  Gh =  0 . 5 5 ,  w h i c h  i s  o b t a i n e d  f r o m  

m e a s u r e m e n t s  i n  n e u t r a l  m e d i u m , 19' 20 a n d  i n t r o d u c e  

t h i s  v a l u e  i n t o  e q  1 5  t o g e t h e r  w i t h  t h e  e x p e r i m e n t a l  

d a t a  g i v e n  i n  T a b l e  I I ,  w e  o b t a i n  t h e  c h a r a c t e r i s t i c  

c o m p e t i t i o n  c u r v e  ( F i g u r e  5 ) .  T h e  s l o p e  o f  t h e  c u r v e  

i s  d e t e r m i n e d  t o  b e  0 . 7 3  a n d  t h e  i n t e r c e p t  0 . 4 4 .  H e n c e ,  

w e  c a n  c a l c u l a t e  fc2/ f c 3 =  1 . 6 4  ±  0 . 0 4 .  T h i s  r a t e  

c o n s t a n t  r a t i o  h a s  n o t  b e e n  m e a s u r e d  e a r l i e r ,  b u t  t h e  

c o n s t a n t s  fc2 a n d  k-s h a v e  b e e n  d e t e r m i n e d  u n d e r  o t h e r

1 +
fc2 [ C u S 0 4

/csi H + l
( 1 5 )

(17) J. H . Baxendale, Radiation Res. Suppl., 4 , 114 (1964).
(IS ) E . H ayon  and M . M oreau, J. Chim. Phys., 43, 391 (1965); 
A . A pp leby, G. Scholes, and M . Sim ic, J. Am. Chem. Soc., 85, 3891 
(1963).
(19) A . O. A lle n  and G. Scholes, Nature, 187, 218 (1960),
(20) I .  R aban i and G. Stein, J. Chem. Phys., 37, 1865 (1962).
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F ig u re  5. C o m p e tit io n  be tw een c u p ric  s u lfa te  and  
H  + ions fo r  so lva te d  e lec trons : • ,  sod iu m  su lfa te  
presen t (5 X  1 0-2 M )\ O, sod iu m  su lfa te  absent.

c o n d i t i o n s  a n d  a r e  w e l l  k n o w n .  I f  w e  t a k e  t h e  v a l u e  

r e p o r t e d  b y  K e e n e , 21 kz =  ( 2 . 0 7  ±  0 . 0 8 )  X  1 0 10 A f - 1  

s e c - 1 , t h e n  f r o m  o u r  m e a s u r e m e n t s  w e  c a n  d e r i v e  t h e  

a b s o l u t e  v a l u e  f o r  t h e  r e a c t i o n s  ( 2 ) ,  w h e r e  ke.M~, c u s o ,  

=  3 . 4  X  1 0 10 M ~ x s e c - 1 . T h i s  v a l u e  i s  i n  g o o d  a g r e e 

m e n t  w i t h  t h e  v a l u e s  o b t a i n e d  b y  a b s o l u t e  m e a s u r e 

m e n t s  i n  p u l s e d  r a d i o l y s i s  b y  H a r t , 22 3 . 3  X  1 0 10 A f - 1  

s e c - 1 , a n d  B a x e n d a l e , 23 2 . 9  X  1 0 10 A f - 1  s e c - 1 .

T h e  i n t e r c e p t  i n  F i g u r e  5  p r o v i d e s  f o r  t h e  c a l c u l a 

t i o n  o f  t h e  p r i m a r y  y i e l d  o f  s o l v a t e d  e l e c t r o n s  i n  t h e  p H  

r e g i o n  3 . 6  t o  4 . 8  s t u d i e d ,  Geaq-  =  2 . 3  ±  0 . 1 .  T h i s  

v a l u e  i s  l o w e r  t h a n  t h a t  o b t a i n e d  b y  R a b a n i  a n d  

S t e i n 20 a n d  b y  C z a p s k i  a n d  A l l e n . 24 I t  s h o u l d  b e  

p o i n t e d  o u t  t h a t  t h i s  v a l u e  i s  a l s o  l o w e r  t h a n  t h e  p r i 

m a r y  y i e l d  o f  r e d u c i n g  s h o r t - l i v e d  s p e c i e s  d e r i v e d  f r o m  

o u r  m e a s u r e m e n t s  o f  C u +  i n t e r m e d i a t e ;  t h e  d i f f e r e n c e  

i s  t h e  v a l u e  a d o p t e d  f o r  ( ? h -

Remarks on the Scavenging Efficiency of Dissociated 
and Undissociated Cupric Ions. A s  c a n  b e  s e e n  i n  

F i g u r e  4 ,  t h e  e x p e r i m e n t a l  d a t a  a r e  n o t  p l o t t e d  o n  t h e  

a b s c i s s a  a s  a  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  d i s 

s o c i a t e d  i o n s  b u t  r a t h e r  i n  t e r m s  o f  t h e  c u p r i c  s u l f a t e  

c o n c e n t r a t i o n .  T h e  e x p e r i m e n t a l  p o i n t s  f i t  w e l l  t o  a  

s t r a i g h t  l i n e ,  w h i c h  w o u l d  p r o b a b l y  n o t  b e  t h e  c a s e  i f  

o n l y  t h e  d i s s o c i a t e d  c u p r i c  i o n s  r e a c t  e f f i c i e n t l y  a s  

s c a v e n g e r s .  T h e  o b s e r v a t i o n s  i s  p r o b a b l y  m o r e  c o n 

v i n c i n g  i n  d e t e r m i n i n g  fc2/ f c 3 ( F i g u r e  5 ) .  N o  d i f 

f e r e n c e  c o u l d  b e  o b s e r v e d  b e t w e e n  t h e  v a l u e s  m e a s u r e d  

w i t h  a n d  w i t h o u t  s o d i u m  s u l f a t e  ( 5  X  1 0 - 2  M ), i.e.,

w h e t h e r  o r  n o t  a  s u p p r e s s i o n  o f  t h e  d i s s o c i a t i o n  e x i s t s .  

T h i s  c l e a r l y  i n d i c a t e s  t h a t  a l l  t h e  c u p r i c  s u l f a t e  p r e s e n t  

r e a c t s  a s  a  s c a v e n g e r ,  n o t  o n l y  t h e  d i s s o c i a t e d  p a r t  a s  

s u g g e s t e d  b e f o r e . 6

I t  c a n  b e  s e e n  t h a t  i n  m e a s u r i n g  t h e  c o n s t a n t  r a t i o  

ki/kt, w e  d i d  n o t  o b s e r v e  a n y  i n f l u e n c e  o f  t h e  i o n i c  

s t r e n g t h .  T h i s  w a s  t o  b e  e x p e c t e d  s i n c e ,  a t  t h e  i o n i c  

s t r e n g t h  o f  0 . 1 5 ,  t h e  u n d i s s o c i a t e d  c u p r i c  s u l f a t e  

m o l e c u l e s  r e p l a c e  C u 2 +  i o n s .

Remarks on the Reactions in C u + Steady State. 
I t  c a n  b e  s e e n  i n  F i g u r e s  1 a n d  2  t h a t  t h e  s t a t i o n a r y  

c o n c e n t r a t i o n  o f  C u +  i n t e r m e d i a t e s  i s  n o t  e s t a b l i s h e d  

a l r e a d y  u n d e r  i n i t i a l  c o n d i t i o n s .  T h i s  r e g i o n  d i d  n o t  

h a v e  a n y  s p e c i a l  i n t e r e s t  i n  o u r  e x p e r i m e n t s ;  n e v e r 

t h e l e s s ,  t h e  d a t a  o b t a i n e d  a l l o w  c e r t a i n  o b s e r v a t i o n s .  

I n  t h e  c a s e  w h e r e  d i s p r o p o r t i o n  i s  t h e  o n l y  c a u s e  f o r  a n  

e q u i l i b r i u m  s t a t e ,  t h e  m e c h a n i s m  i n  c u p r i c  s u l f a t e  

s o l u t i o n s  c o u l d  b e  p r e s e n t e d  b y  r e a c t i o n s  1 t h r o u g h  4  

a n d  1 6 .

C u +  +  C u +  =  C u  +  C u 2 +  ( 1 6 )

H e n c e ,  t h e  f o l l o w i n g  e q u a t i o n  w o u l d  b e  t h e  c o n s e 

q u e n c e .

[ C u + ]  =  r  g ( C u + )  ~

[ C u + E t ]  “  U ( C u + ) B t_

I f  e x p e r i m e n t a l  d a t a  f r o m  T a b l e  I  a r e  i n t r o d u c e d  

i n  e q  1 7 ,  i t  i s  f o u n d  t h a t  t h i s  i s  n o t  t h e  c a s e .  T h i s  i s  

t h e  r e a s o n  w h y  t h e  e q u i l i b r i u m  s t a t e  s e e m s  t o  b e  a  

r e s u l t  o f  t h e  r e a c t i o n s  o f  c u p r o u s  i n t e r m e d i a t e s  w i t h  

s o m e  r a d i o l y t i c  p r o d u c t s .

I t  s e e m s  e v i d e n t  t h a t ,  b e s i d e s  r e a c t i o n s  1 t h r o u g h  

4 ,  o n e  m a y  a l s o  e x p e c t  t h e  f o l l o w i n g  r e a c t i o n s  i n  s u l 

f u r i c  a c i d  s o l u t i o n s  w h e r e  o n l y  c u p r i c  s u l f a t e  i s  p r e s e n t .

C u +  +  H 20 2 =  C u 2 +  +  O H  +  O H -  ( 1 8 )

C u +  +  O H  =  C u 2+  +  O H -  ( 1 9 )

C u +  +  H S 0 4 =  C u 2 +  +  H S 0 4-  ( 2 0 )

I n  t h e  p r e s e n c e  o f  e t h a n o l ,  t h e  d i s a p p e a r a n c e  o f  C u +  

i n t e r m e d i a t e  m a y  a l s o  r e s u l t  f r o m  t h e  r e a c t i o n

C u +  +  C 2H 4O H  =  C u 2 +  +  C 2H 50 H  ( 2 1 )

T h e  e x i s t e n c e  o f  r e a c t i o n  1 8  w a s  i n d i c a t e d  f r o m  o u r  

d e t e r m i n a t i o n  o f  t h e  H 20 2 e q u i l i b r i u m  c o n c e n t r a t i o n .

(21) J. P. Keene, Radiation Res., 22, 1 (1964).
(22) S. Gordon, C. J. H a rt , M . S. M atheson, J. R abani, and K .  
Thomas, J. Am. Chem. S o c 85, 1375 (1963).
(23) J. H . Baxendale, E . M . Fie lden, and J. P. Keene, Proc. Chem. 
Soc., 242 (1963).
(24) C . C zapski and A . O. A llen , J. Phys. Chem., 66, 262 (1962).

( 1 7 )
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P h o t o c h e m i s t r y .  I I .  P h o t o c h e m i c a l  R e a c t i o n s  i n  y - I r r a d i a t e d  
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School of Chemistry and Cookridge Radiation Laboratories, The University, Leeds 2, England 
(Received A p ril 14, 1966)

T h e  y  r a d i o l y s i s  o f  a c e t o n i t r i l e  a t  7 7 ° K  i n  t h e  a b s e n c e  o f  l i g h t  r e s u l t s  i n  t h e  f o r m a t i o n  o f  

t r a p p e d  C H 2C N  r a d i c a l s  t o g e t h e r  w i t h  a  h i g h l y  p h o t o s e n s i t i v e  s p e c i e s  w h i c h  y i e l d s  m e t h y l  

r a d i c a l s  w h e n  i r r a d i a t e d  w i t h  i n f r a r e d  o r  r e d  l i g h t .  I r r a d i a t i o n  w i t h  w h i t e  l i g h t  r e s u l t s  i n  

t h e  d i s a p p e a r a n c e  o f  m e t h y l  r a d i c a l s  a n d  t h e  f o r m a t i o n  o f  f u r t h e r  C H 2C N  r a d i c a l s .  T h e s e  

r e a c t i o n s  a r e  i n t e r p r e t e d  i n  t e r m s  o f  a  m e c h a n i s m  i n v o l v i n g  b o t h  t r a p p e d  e l e c t r o n s  a n d  

p o s i t i v e  “ h o l e s . ”  T h e  c o m p a r a t i v e  b e h a v i o r  o f  p r o p i o n i t r i l e  a n d  m a l o n o n i t r i l e  i s  a l s o  

d i s c u s s e d  b r i e f l y .

I n  p a r t  I  o f  t h i s  s e r i e s 1 w e  p r e s e n t e d  a  g e n e r a l  s u r v e y  

o f  r e a c t i o n s  o b s e r v e d  b y  m e a n s  o f  e l e c t r o n  s p i n  r e s o 

n a n c e  i n  7 - i r r a d i a t e d  a q u e o u s ,  a l c o h o l i c ,  e t h e r e a l ,  

a n d  o l e f i n i c  g l a s s e s  a t  l o w  t e m p e r a t u r e s  a n d  a t t r i b u t e d  

t o  m o b i l e  t h e r m a l  e l e c t r o n s .  M a n y  o f  t h e s e  r e a c t i o n s  

c o u l d  b e  s i m u l a t e d  b y  t h e  p h o t o c h e m i c a l  g e n e r a t i o n  o f  

e l e c t r o n s  o r  b y  r e m o b i l i z a t i o n  o f  t r a p p e d  e l e c t r o n s  b y  

t h e r m a l  o r  p h o t o c h e m i c a l  m e t h o d s .  W h e n  a c e t o 

n i t r i l e  w a s  i n c o r p o r a t e d  i n t o  a  g l a s s y  m a t r i x  o f  8 AT 

s o d i u m  h y d r o x i d e  a t  7 7  ° K ,  m e t h y l  r a d i c a l s  w e r e  

f o r m e d  b y  t h e  r e a c t i o n  o f  m o b i l e  e l e c t r o n s  a c c o r d i n g  

t o  t h e  d i s s o c i a t i v e  c a p t u r e  p r o c e s s  ( 1) ,  b u t  i n  a  r e p o r t  

b y  D u n b a r ,  H a l e ,  H a r r a h ,  R o n d e a u ,  a n d  Z a k a n c y z 2 * 
t h e r e  i s  n o  m e n t i o n  o f  t h e  a p p e a r a n c e  o f  m e t h y l  r a d i -

C H 3C N  +  e -  — >  ( C H 3C N - )  — ■> C H 3 +  C N ~  ( 1 )

c a l s  i n  7 - i r r a d i a t e d  p u r e  a c e t o n i t r i l e  b e t w e e n  7 7 ° K  a n d  

r o o m  t e m p e r a t u r e .  T h e  p r e s e n t  i n v e s t i g a t i o n  w a s  

u n d e r t a k e n  t o  a t t e m p t  t o  r e s o l v e  t h i s  a p p a r e n t  c o n 

t r a d i c t i o n  a n d  t o  e x a m i n e  t h e  p o s s i b i l i t y  o f  o b s e r v i n g  

t h e  r e a c t i o n s  o f  e l e c t r o n s  t r a p p e d  i n  t h i s  p o l y c r y s t a l 

l i n e  m a t r i x .

Experimental Section
E l e c t r o n  s p i n  r e s o n a n c e  s p e c t r a  w e r e  r e c o r d e d  b y  

m e a n s  o f  a  V a r i a n  V - 4 5 0 0  e p r  s p e c t r o m e t e r  w i t h  1 0 0  

k c / s e c  m o d u l a t i o n  a n d  a  l o w - p o w e r  m i c r o w a v e  b r i d g e .

A c e t o n i t r i l e  w a s  o f  s p e c t r o s c o p i c  g r a d e  a n d  w a s  n o t  

f u r t h e r  d i s t i l l e d .  P r o p i o n i t r i l e  a n d  m a l o n o n i t r i l e  w e r e  

o b t a i n e d  f r o m  B . D . H .  L t d .  a n d  E a s t m a n  K o d a k  L t d . ,  

r e s p e c t i v e l y ,  a n d  w e r e  f r e s h l y  d i s t i l l e d  b e f o r e  u s e .  

A l l  s a m p l e s  w e r e  d e g a s s e d  b y  t h e  f r e e z e - p u m p - t h a w  

p r o c e d u r e  b e f o r e  b e i n g  d i s t i l l e d  i n t o  S p e c t r o s i l  g r a d e  

q u a r t z  s a m p l e  t u b e s  f o r  i r r a d i a t i o n  a n d  e x a m i n a t i o n  

b y  e s r .  7 - I r r a d i a t i o n s  w e r e  c a r r i e d  o u t  u s i n g  a  ( n o m i 

n a l )  1 7 0 0 - c u r i e  w C o  s o u r c e  a n d  d o s e s  o f  2  t o  1 2  X  1 0 5 
r a d s  w e r e  g i v e n  i n  c o m p l e t e  d a r k n e s s .  S a m p l e s  w e r e  

k e p t  i n  d a r k n e s s  b y  m e a n s  o f  a  l i g h t - t i g h t  b r a s s  

h o u s i n g  w h i l e  e s r  s p e c t r a  w e r e  r e c o r d e d .  A  s h u t t e r  

w a s  p r o v i d e d  s o  t h a t  l i g h t  c o u l d  b e  a d m i t t e d  f r o m  a  

t u n g s t e n  l a m p  t h r o u g h  a  1- c m 2 a p e r t u r e  i n  f r o n t  o f  

w h i c h  w a s  a  c l o s e - f i t t i n g  a t t a c h m e n t  f o r  h o l d i n g  s p e c t r a l  

f i - t e r s .  N o t e :  i r r a d i a t e d  s a m p l e s  o f  p r o p i o n i t r i l e  

i n v a r i a b l y  s h a t t e r e d  v i o l e n t l y  w h e n  m e l t e d .

Results

F i g u r e  l a  d e p i c t s  t h e  s p e c t r u m  o b t a i n e d  f r o m  a c e t o 

n i t r i l e  a f t e r  a  d o s e  o f  2  X  1 0 5 r a d s  a t  7 7 ° K  i n  d a r k n e s s .  

T h e  t r i p l e t  c o m p o s e d  o f  a  n a r r o w  c e n t r a l  l i n e  a n d  a s y m 

m e t r i c  o u t e r  p e a k s  i s  c h a r a c t e r i s t i c  o f  a  r o t a t i n g  m e t h y l -

( l l  P. B . Ayscough, R . G. Collins, and F . S. D a in to n , Nature, 205, 
965 (1965).

(2) D . D unbar, D . Hale, L . H arrah , R . Rondeau, and S. Zakanycz,
Develop. Appl. Spectry., 3 , 361 (1964).
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P h o t o c h e m i c a l  R e a c t i o n s  i n  y - I r r a d i a t e d  N i t r i l e s 2221

F ig u re  1. E le c tro n  sp in  resonance spe c tra  o f a c e to n itr ile  
Y -irra d ia te d  a t  7 7 ° K  in  darkness. D ose 2 X  105 ra ds : (a ) 
observed a t  7 7 ° K  in  da rkness; (b )  observed a t  7 7 ° K  
a fte r  10-sec i l lu m in a t io n  w ith  re d  l ig h t  in  c a v ity ;
(c ) observed a t  77 ° K  a fte r  1 -m in  i l lu m in a t io n  w ith  
v is ib le  l ig h t  in  c a v ity .

e n e  g r o u p  a n d  m a y  b e  a t t r i b u t e d  w i t h o u t  d o u b t  t o  

C H 2C N  r a d i c a l s .2 T h e  a d d i t i o n a l  m i n o r  p e a k s  i n d i 

c a t e  t h e  p r e s e n c e  o f  a  s m a l l  n u m b e r  o f  m e t h y l  r a d i c a l s .  

F i g u r e  l b  s h o w s  t h e  s p e c t r u m  o b s e r v e d  a f t e r  a  1 0 - s e c  

e x p o s u r e  t o  r e d  l i g h t  ( u s i n g  a  C h a n c e  O R - 1  f i l t e r ) .  

T h e  m e t h y l  r a d i c a l  q u a r t e t  h a s  i n c r e a s e d  e n o r m o u s l y  

i n  s i z e ,  b u t  t h e r e  i s  n o  c h a n g e  i n  t h e  s i z e  o f  t h e  C H 2C N  

s i g n a l .  F u r t h e r  e x p o s u r e  t o  u n f i l t e r e d  l i g h t  f o r  a b o u t  

1 m i n  o r  t o  r e d  l i g h t  f o r  a b o u t  4 0  m i n  c a u s e s  t h e  d i s a p 

p e a r a n c e  o f  t h e  m e t h y l  q u a r t e t  a n d  a  6 0 %  i n c r e a s e  

i n  t h e  s i z e  o f  t h e  C H 2C N  p e a k  ( s e e  F i g u r e  l c ) .  I n  

o t h e r  e x p e r i m e n t s  i t  w a s  s h o w n  t h a t  t h e  m o s t  c a r e f u l  

s c r e e n i n g  o f  l i g h t  f r o m  t h e  s a m p l e  d u r i n g  y  i r r a d i a t i o n  

d i d  n o t  e n t i r e l y  e l i m i n a t e  t h e  t r a c e  o f  m e t h y l  r a d i c a l s  

i n  t h e  o r i g i n a l  s p e c t r u m .  I t  w a s  a l s o  s h o w n  t h a t  

e x p o s u r e  o f  y - i r r a d i a t e d  s a m p l e s  t o  i n f r a r e d  l i g h t  

( > 8 0 0 0  A )  a l s o  b r o u g h t  a b o u t  t h e  i n c r e a s e  i n  c o n c e n t r a 

t i o n  o f  m e t h y l  r a d i c a l s  s h o w n  i n  F i g u r e  l b  t h o u g h  m u c h  

m o r e  s l o w l y .

I n c o r p o r a t i o n  o f  e l e c t r o n  s c a v e n g e r s  i n  t h e  s a m p l e s  

b e f o r e  y  i r r a d i a t i o n  c a u s e d  l i t t l e  o r  n o  c h a n g e  i n  t h e  o b 

s e r v e d  s p e c t r a .  F o r  e x a m p l e ,  0.2  M  n i t r o u s  o x i d e  a n d  

0 . 0 4 ,  0 .1 , 0 . 4 ,  a n d  1 M  s u l f u r i c  a c i d  h a v e  n o  e f f e c t ;  

i n  a  4  M  s o l u t i o n  o f  s u l f u r i c  a c i d  ( g l a s s y  r a t h e r  t h a n  

p o l y c r y s t a l l i n e )  t h e  y i e l d  o f  C H 2C N  r a d i c a l s  w a s  m o r e  

t h a n  d o u b l e d ,  a n d  a  l o n g e r  p e r i o d  o f  p h o t o l y s i s  w a s  

n e e d e d  t o  g i v e  a  r a t h e r  l e s s  i n t e n s e  m e t h y l  r a d i c a l  

s i g n a l  s u b s e q u e n t l y .

T h e  b e h a v i o r  o f  C D 3C N  w a s  i d e n t i c a l  a p a r t  f r o m  t h e  

r e p l a c e m e n t  o f  t h e  C H 2C N  t r i p l e t  b y  t h e  p e n t e t  o f  

C D 2C N  a n d  t h e  C H 3 q u a r t e t  b y  t h e  C D 3 s e p t e t .

W h e n  p r o p i o n i t r i l e  w a s  s u b j e c t e d  t o  t h e  s a m e  t r e a t 

m e n t ,  t h e  i n i t i a l  s p e c t r u m  c o n s i s t e d  o f  a p p r o x i m a t e l y  

e q u a l  p r o p o r t i o n s  o f  t h e  n o r m a l  t w e l v e - l i n e  s p e c t r u m  

o f  C 2H 5 a n d  a  b r o a d e r  f i v e - l i n e  s p e c t r u m  ( a v e r a g e  p e a k  

s e p a r a t i o n  2 0  g a u s s )  a t t r i b u t e d  t o  C H 3C H C N .  I l l u 

m i n a t i o n  w i t h  r e d  l i g h t  i n c r e a s e d  t h e  c o n c e n t r a t i o n  o f  

e t h y l  r a d i c a l s ,  b u t  f u r t h e r  i l l u m i n a t i o n  w i t h  u n f i l t e r e d  

l i g h t  d i d  n o t  b r i n g  a b o u t  a n y  f u r t h e r  c h a n g e .

I t  w a s  f o u n d  t h a t  m a l o n o n i t r i l e  r e q u i r e d  a p p r o x i 

m a t e l y  s i x  t i m e s  t h e  r a d i a t i o n  d o s e  t o  a c h i e v e  t h e  s a m e  

r a d i c a l  c o n c e n t r a t i o n  a s  a c e t o n i t r i l e ,  a n d  ar_  i l l u m i n a 

t i o n  t i m e  t w o  o r d e r s  o f  m a g n i t u d e  g r e a t e r  w a s  n e e d e d  

t o  b r i n g  a b o u t  t h e  c h a n g e  s h o w n  i n  F i g u r e  2 b .  W e  

i n t e r p r e t  F i g u r e  2 a  a s  b e i n g  c o m p o s e d  m a i n l y  o f  

C H 2C N  w i t h  s m a l l e r  a m o u n t s  o f  C H 3 a n d  p e r h a p s  

C H ( C N ) C H 2C N ,  t h e  o u t e r  p e a k s  o f  w h i c h  a p p e a r  

o u t s i d e  t h e  C H 3 q u a r t e t .  T h e  f i n a l  s p e c t r u m  o b t a i n e d  

a f t e r  i l l u m i n a t i o n  w i t h  u n f i l t e r e d  l i g h t  i s  a  p r e d o m i 

n a n t  d o u b l e t ,  p r o b a b l y  a t t r i b u t a b l e  t o  C H ( C N ) 2. 

W h e n  i r r a d i a t e d  i n  t h e  p r e s e n c e  o f  l i g h t ,  t h e  s p e c t r u m  

i s  m a i n l y  C H ( C N )2 (an  =  22.0  g a u s s ,  csn =  9 . 5  g a u s s )  

a n d  n o  c h a n g e  o c c u r s  o n  f u r t h e r  i l l u m i n a t i o n .  H y 

d r o g e n  a t o m s  w e r e  p r e s e n t  i n  a l l  i r r a d i a t e d  s a m p l e s  

b u t  w e r e  u n a f f e c t e d  b y  i l l u m i n a t i o n .

Discussion
T h o s e  o b s e r v a t i o n s  r e l a t i n g  t o  t h e  f i n a l  s p e c t r a  o b 

s e r v e d  i n  a c e t o n i t r i l e  a r e  i n  a g r e e m e n t  w i t h  t h o s e  o f  

e a r l i e r  r e p o r t s ,2,3 b u t  t h e  a d d i t i o n a l  i n f o r m a t i o n  d e 

r i v e d  f r o m  t h e  o t h e r  n i t r i l e s  a n d  f r o m  t h e  p h o t o l y s i s  

e x p e r i m e n t s  s u g g e s t s  s o m e  m o d i f i c a t i o n  o f  t h e  r e a c t i o n  

m e c h a n i s m .  W e  m u s t  d i s t i n g u i s h  b e t w e e n  p r o c e s s e s  3

F ig u re  2. E le c tro n  sp in  resonance spec tra  o f m a lo n o n itr ile  
Y -irra d ia te d  a t  7 7 ° K .  D ose 1.2 X  106 ra ds : (a ) observed  
a t  7 7 ° K  in  da rkness; (b )  observed a t  7 7 ° K  a fte r 10-m in  
i l lu m in a t io n  w ith  v is ib le  l ig h t  ou ts ide  c a v ity .

(3) N . V . Eliseeva, B . V . K o to v , V . A . Sharpatzi, and A . N . Praved- 
n ikov , Opt. Spectry. (USSR), 18, 470 (1965).
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2 2 2 2 P. B. A y s c o u g h , R. G. C o l l i n s , a n d  T. J. K e m p

o c c u r r i n g  i n  t h e  d a r k  a t  7 7  ° K  a n d  t h o s e  o c c u r r i n g  u n d e r  

t h e  i n f l u e n c e  o f  i n f r a r e d  a n d / o r  v i s i b l e  r a d i a t i o n .

I n  o u r  w o r k  a n d  i n  t h a t  o f  D u n b a r ,  et a l,  t h e  m a i n  

s p e c i e s  t r a p p e d  i n i t i a l l y  a t  7 7  ° K  i s  C H 2C N  s u g g e s t i n g  

a  p r i m a r y  i o n i z a t i o n  ( 2 )  f o l l o w e d  b y  t h e  i o n - m o l e c u l e  

r e a c t i o n  ( 3 a )  o r  t h e  d i s s o c i a t i v e  e l e c t r o n - c a p t i v e  

r e a c t i o n  ( 3 b ) .

C H 3C N  C H 3C N +  +  e ~  ( 2 )

C H 3C N H +  +  C H 2C N  ( 3 a )

C H 3C N +

\
C H 3C N *  — >► C H 2C N  +  H  ( 3 b )

D u n b a r ,  et al., s u g g e s t  t h a t  a  p o o r l y  r e s o l v e d  t r i p l e t  

c o i n c i d e n t  w i t h  t h e  c e n t r a l  p e a k  o f  C H 2C N  i n d i c a t e s  

t h e  p r e s e n c e  o f  C N ,  b u t  o u r  o w n  o b s e r v a t i o n s  t h a t  t h e s e  

f e a t u r e s  f o l l o w  e x a c t l y  t h e  c h a n g e s  i n  t h e  C H 2C N  c o n 

c e n t r a t i o n  d u r i n g  p h o t o l y s i s  e x p e r i m e n t s  l e a d  u s  t o  

i d e n t i f y  t h e m  a s  p a r t i a l l y  r e s o l v e d  h y p e r f i n e  i n t e r a c 

t i o n  w i t h  U N  i n  C H 2C N  i t s e l f .  T h i s  c o n c l u s i o n  i s  

s u p p o r t e d  b y  ( a )  t h e  a b s e n c e  o f  C 2N 2 o r  H C N  i n  t h e  

p r o d u c t s  a n d  ( b )  t h e  e x a c t  e q u i v a l e n c e  o f  g f a c t o r s  f o r  

C H 2C N  a n d  t h e  “ C N ”  r a d i c a l .  I n  p r o p i o n i t r i l e  t h e  

r a d i c a l s  C H 3C H C N  a n d  C 2H 5 a r e  o b s e r v e d  ( p r o d u c t s  

o f  r e a c t i o n s  a n a l o g o u s  t o  ( 2 )  a n d  ( 3 ) )  b u t  a g a i n  n o  

C N  i s  f o u n d .

T h e  o b s e r v a t i o n  b y  D u n b a r ,  et al., o f  a  p u r p l e  c o l o r  

i n  “ q u i c k - f r o z e n ”  s a m p l e s  o f  a c e t o n i t r i l e  w h i c h  d i s 

a p p e a r e d  o n  w a r m i n g  t o  1 4 7 ° K  a c c o m p a n i e d  b y  a  4 0 %  

i n c r e a s e  i n  C H 2C N  c o n c e n t r a t i o n  c l o s e l y  p a r a l l e l s  o u r  

o w n  o b s e r v a t i o n s  o f  t h e  e f f e c t  o f  p h o t o l y s i s  a t  7 7 ° K ,  

a p a r t  f r o m  t h e  t r a n s i e n t  a p p e a r a n c e  o f  l a r g e  n u m b e r s  

o f  m e t h y l  r a d i c a l s  d u r i n g  t h e  p h o t o l y s i s .  D u n b a r ,  

et al., s u g g e s t  t h a t  t h e  i n c r e a s e  i n  C H 2C N  i s  c a u s e d  b y  

t h e  t h e r m a l  d i s s o c i a t i o n  o f  a n  e x c i t e d  s p e c i e s  C H 3C N * ,  

p o s s i b l y  a  t r i p l e t - s t a t e  m o l e c u l e ,  w h i c h  i s  t r a p p e d  a t  

7 7  ° K  a n d  i s  r e s p o n s i b l e  f o r  t h e  p u r p l e  c o l o r  ( r e a c t i o n

4 ) .  O u r  o w n  e x p e r i m e n t s  s u g g e s t  t h a t  C H 3 i s  a  p r e -

C H 3C N *  ( o r  C H 3C N )  — >  C H 2C N  +  H  ( 4 )

c u r s o r  o f  C H 2C N  c e r t a i n l y  d u r i n g  t h e  i l l u m i n a t i o n  a n d  

p r o b a b l y  d u r i n g  t h e r m a l  a n n e a l i n g  o f  i r r a d i a t e d  

s a m p l e s  a l s o .  T h i s  m i g h t  s u g g e s t  t h e  s e q u e n c e  o f  r e 

a c t i o n s  5  a n d  6 .  H o w e v e r ,  t h e  f a i l u r e  t o  d e t e c t  C N

C H 3C N *  ( o r  C H 3C N )  — >  C H 3 +  C N  ( 5 )  

C H 3 +  C H 3C N  — >  C H 4 +  C H 2C N  ( 6 )

C N  +  C H 3C N  — >  H C N  +  C H 2C N  ( 7 )

e v e n  w h e n  f o r m e d  b y  t h e  e x t r e m e l y  l o w - e n e r g y  p r o c e s s

( 5 )  i n d u c e d  b y  i n f r a r e d  r a d i a t i o n  i s  p o w e r f u l  e v i d e n c e  

a g a i n s t  t h i s  i n t e r p r e t a t i o n .  F u r t h e r m o r e ,  n o  H C N  

w a s  f o u n d  b y  D u n b a r ,  et al.
I t  i s  i m p o r t a n t  t o  s t r e s s  t h a t  d u r i n g  t h e  p h o t o l y s i s  

o f  y - i r r a d i a t e d  a c e t o n i t r i l e  a t  7 7  ° K  t h e r e  i s  a  l a r g e  

i n c r e a s e  i n  t h e  a b s o l u t e  c o n c e n t r a t i o n  o f  t r a p p e d  

r a d i c a l s  d e t e c t e d  b y  t h e i r  e s r  s p e c t r a .  T h i s  c a n  a r i s e  

o n l y  b y  d i s s o c i a t i o n  o f  a  d i a m a g n e t i c  s p e c i e s  o r  f r o m  

r e a c t i o n  o f  a  p a r a m a g n e t i c  s p e c i e s  w h i c h  f a i l s  t o  g i v e  

a n  o b s e r v a b l e  e s r  s p e c t r u m .  W h e n  c o m b i n e d  w i t h  t h e  

r e q u i r e m e n t  t h a t  t h i s  s p e c i e s  s h o u l d  a d s o r b  i n  t h e  i n 

f r a r e d  a n d  y i e l d  m e t h y l  r a d i c a l s ,  d i r e c t l y  o r  i n d i r e c t l y ,  

w i t h  g r e a t  e f f i c i e n c y  a n d  a  v e r y  l o w  q u a n t u m  o f  e n e r g y ,  

t h e  s u g g e s t i o n  t h a t  t h e  s p e c i e s  i s  a  t r a p p e d  e l e c t r o n  i s  

m o r e  a c c e p t a b l e  t h a n  a  t r i p l e t  s t a t e  o f  C H 3C N .  T h e  

f a i l u r e  t o  o b s e r v e  t h e  c h a r a c t e r i s t i c  s p e c t r u m  o f  t r a p p e d  

e l e c t r o n s  a s  o b s e r v e d  i n  p o l a r  m a t r i c e s  s u c h  a s  a q u e o u s  

o r  a l c o h o l i c  g l a s s e s  m i g h t  b e  a t t r i b u t e d  t o  l i n e  b r o a d e n 

i n g  c a u s e d  b y  i n t e r a c t i o n  w i t h  14N  n u c l e i  i n  c y a n i d e  

i o n s  c l o s e  t o  t h e  t r a p .  A l s o ,  t h e  f a i l u r e  o f  e l e c t r o n  

s c a v e n g e r s  s u c h  a s  n i t r o u s  o x i d e  t o  i n t e r f e r e  w i t h  t h e  

p h o t o l y s i s  m a y  w e l l  b e  c a u s e d  b y  t h e  s t r o n g  e l e c t r o 

p h i l i c  c h a r a c t e r  o f  a c e t o n i t r i l e  i t s e l f  a n d  t o  t h e  f a c t  

t h a t  t h e  m i g r a t i o n  d i s t a n c e  o f  t h e  e l e c t r o n  i s  l e s s  t h a n  

t h e  d i m e n s i o n s  o f  t h e  m i c r o c r y s t a l  o f  a c e t o n i t r i l e .  

S i n c e  t h i s  i s  p o l y c r y s t a l l i n e ,  t h e  s c a v e n g e r  m o l e c u l e s  

a r e  l i k e l y  t o  b e  i n  t h e  i n t e r s t i c e s .  D i s s o c i a t i v e  e l e c t r o n -  

c a p t u r e  p r o c e s s e s  s u c h  a s  ( 1 )  w o u l d  t h e n  a c c o u n t  f o r  

t h e  p h o t o l y t i c  g e n e r a t i o n  o f  m e t h y l  a n d  e t h y l  r a d i c a l s  

w i t h o u t  t h e  s i m u l t a n e o u s  f o r m a t i o n  o f  C N  r a d i c a l s .

T h e  s u b s e q u e n t  d i s a p p e a r a n c e  o f  m e t h y l  r a d i c a l s  

o n  p r o l o n g e d  i r r a d i a t i o n  w i t h  v i s i b l e  l i g h t  i s  p r o b a b l y  

a  c o n s e q u e n c e  o f  p h o t o i o n i z a t i o n  o f  C N - , a  m u c h  

l e s s  e f f i c i e n t  p r o c e s s  t h a n  t h a t  b y  w h i c h  t h e  r a d i c a l s  

a r e  f o r m e d .  V a n  D u s e n  a n d  T r u b y 4 h a v e  p r o p o s e d  a  

s i m i l a r  m e c h a n i s m  t o  e x p l a i n  t h e  e f f e c t  o f  p h o t o l y s i s  o f  

7 - i r r a d i a t e d  m e t h y l  b r o m i d e  i n  c y c l o h e x a n e  a t  7 7 ° K .  

T h e y  s u g g e s t  t h a t  e l e c t r o n s  f o r m e d  b y  p h o t o i o n i z a t i o n  

o f  b r o m i d e  i o n s  c o m b i n e  w i t h  a  p o s i t i v e  “ h o l e ”  w h i l e  

t h e  b r o m i n e  a t o m  r e c o m b i n e s  w i t h  a  m e t h y l  r a d i c a l  

i n i t i a l l y  f o r m e d  i n  c l o s e  p r o x i m i t y .  I n  a c e t o n i t r i l e  

t h e  p o s i t i v e  “ h o l e ”  i s  p r o b a b l y  C H 3C N H +  f o r m e d  b y  

r e a c t i o n  3 a ,  s o  r e a c t i o n  o f  t h e  e l e c t r o n  p h o t o e j e c t e d  

f r o m  C N -  m a y  t a k e  t h e  c o u r s e  r e p r e s e n t e d  b y  ( 8 )  a n d  

( 9 )  w h e r e  H *  i s  t h e  “ h o t ”  h y d r o g e n  a t o m .  T h e  d i s 

a p p e a r a n c e  o f  m e t h y l  a n d  t h e  s i m u l t a n e o u s  f o r m a t i o n  

o f  C H 2C N  w o u l d  t h e n  b e  e x p l a i n e d  b y  a  m e c h a n i s m

(4) W . Van Dusen, Jr., and F . K . T ru b y , J. Am. Chem. Soc., 87, 
188 (1965).
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C H SC N H +  +  e -  — >  C H s C N  +  H *  ( 8 )

H *  +  C H s C N  — ► C H 2C N  +  H 2 ( 9 )

v e r y  s i m i l a r  t o  t h a t  p r o p o s e d  f o r  t h e  p h o t o l y s i s  o f  y- 
i r r a d i a t e d  m e t h a n o l 5 a t  l o w  t e m p e r a t u r e s .

T h e r e  i s  n o  e v i d e n c e  f o r  t h e  p a r t i c i p a t i o n  o f  a n y  

h i g h l y  p h o t o s e n s i t i v e  i n t e r m e d i a t e  i n  t h e  r a d i o l y s i s  o f  

m a l o n o n i t r i l e ,  a n d  t h e  p r e s e n c e  o f  m e t h y l  r a d i c a l s  

c a n  b e  e x p l a i n e d  o n l y  b y  s u g g e s t i n g  t h a t  t h e y  a r e  

d e r i v e d  f r o m  a c e t o n i t r i l e  f o r m e d  d u r i n g  t h e  p r o l o n g e d  

r a d i o l y s i s .  T h e  c h a n g e  b r o u g h t  a b o u t  b y  c o n t i n u e d  

p h o t o l y s i s  w i t h  v i s i b l e  l i g h t  i s  s i m i l a r  t o  t h a t  o b s e r v e d  

i n  t h e  f i n a l  s t a g e s  o f  t h e  p h o t o l y s i s  o f  a c e t o n i t r i l e ,  

t h o u g h  v e r y  m u c h  s l o w e r .  I t  s e e m s  l i k e l y  t h a t  t h e  

s a m e  m e c h a n i s m  a p p l i e s  t h o u g h  t h e  r e a s o n s  f o r  t h e  d i f 

f e r e n c e s  i n  y i e l d s  f r o m  t h e  r a d i o l y s i s  a n d  t h e  s u b s e 

q u e n t  p h o t o l y s i s  a r e  n o t  y e t  c l e a r .

I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  o u r  o b s e r v a t i o n s  c a n  b e  

i n t e r p r e t e d  m o r e  r e a d i l y  i n  t e r m s  o f  a  m e c h a n i s m

i n v o l v i n g  t r a p p e d  e l e c t r o n s  w h i c h  c a n  b e  r e m o b i l i z e d  

b y  p h o t o l y s i s  t h a n  o n e  i n v o l v i n g  t r a p p e d  e x c i t e d  

s i n g l e t  o r  t r i p l e t  a c e t o n i t r i l e  m o l e c u l e s ,  t h o u g h  t h e  

n a t u r e  o f  t h e  e l e c t r o n  t r a p  i s  n o t  w e l l  d e f i n e d .  I n  

g e n e r a l ,  t h e  p r e r e q u i s i t e  f o r  t h e  f o r m a t i o n  o f  a  “ g o o d ”  

e l e c t r o n  t r a p  i s  a  g l a s s y  m a t r i x  o f  h i g h  d i e l e c t r i c  c o n 

s t a n t  i n  w h i c h  t h e  e l e c t r o n  c a n  c a u s e  l o c a l  p o l a r i z a t i o n  

b y  s o m e  r e o r i e n t a t i o n  o f  t h e  s o l v e n t  d i p o l e s .  A c e t o 

n i t r i l e  h a s  a  h i g h  d i e l e c t r i c  c o n s t a n t ,  b u t  r e o r i e n t a t i o n  

o f  i t s  d i p o l e  a r o u n d  a  t h e r m a l i z e d  e l e c t r o n  i s  d i f f i c u l t  

b e c a u s e  o f  i t s  p o l y c r y s t a l l i n e  n a t u r e  s o  t h a t  s t a b i l i z a 

t i o n  e n e r g y  o f  t h e  e l e c t r o n  i s  l i k e l y  t o  b e  l o w .
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H y d r o g e n  i o d i d e  h a s  b e e n  u s e d  a s  a  s c a v e n g e r  t o  m e a s u r e  t h e  t o t a l  r a d i c a l  y i e l d  i n  t h e  

r a d i o l y s i s  o f  s a t u r a t e d  a l k a n e s .  I n i t i a l l y ,  t h e  r a d i c a l s  r e a c t  w i t h  t h e  h y d r o g e n  i o d i d e  t o  

p r o d u c e  i o d i n e .  A s  i o d i n e  b u i l d s  u p ,  c o m p e t i t i v e  s c a v e n g i n g  o c c u r s  b e t w e e n  t h e  t w o  

s o l u t e s  p r e s e n t .  I t  i s  f o u n d  p o s s i b l e  t o  t r e a t  t h e  c o m p e t i t i o n  k i n e t i c s  a n a l y t i c a l l y  a n d  

c o r r e c t  t h e  i o d i n e  p r o d u c t i o n  c u r v e s  f o r  t h e  r e a c t i o n  w i t h  i o d i n e  s o  a s  t o  o b t a i n  a n  a c c u r a t e  

v a l u e  f o r  t h e  i n i t i a l  y i e l d .  T h i s  y i e l d  i s  f o u n d  t o  b e  e q u a l  t o  t h a t  o f  i o d i n e  d i s a p p e a r a n c e  

i n  t h e  c o r r e s p o n d i n g  i o d i n e - a l k a n e  s y s t e m .  T h e  r a t i o  f o r  t h e  r a t e  c o n s t a n t s  f o r  t h e  t w o  

s c a v e n g i n g  r e a c t i o n s  c a n  b e  o b t a i n e d  f r o m  a  d e t a i l e d  c o n s i d e r a t i o n  o f  t h e  g r o w t h  a n d  

d e c a y  o f  i o d i n e  a s  t h e  i r r a d i a t i o n  p r o g r e s s e s .  T h e  v a l u e  f o r  t h e  r a t i o  /c r + u / Z c r + h i  i s  f o u n d  

t o  b e  2 . 0  i n  h e x a n e  a t  r o o m  t e m p e r a t u r e .

I n  s p i t e  o f  t h e  f a c t  t h a t  h y d r o g e n  i o d i d e  w a s  s u g 

g e s t e d  s o m e  t i m e  a g o 2 3 4 5 a s  a  s c a v e n g e r  t o  m e a s u r e  t h e  

o v e r - a l l  r a d i c a l  y i e l d  i n  h y d r o c a r b o n  r a d i o l y s i s ,  n o  

s u c h  s t u d i e s  w e r e  c a r r i e d  o u t  u n t i l  t h o s e  o f  H a n r a h a n  

a n d  c o - w o r k e r s . 3 -6  I n  c o n j u n c t i o n  w i t h  s t u d i e s  i n  

w h i c h  t r i t i u m  i o d i d e  h a s  b e e n  u s e d  t o  p r o d u c e  l a b e l e d  

h y d r o c a r b o n  p r o d u c t s  f r o m  t h e  r a d i c a l s , 6 w e  h a v e  a l s o  

e x a m i n e d  t h e  u s e  o f  h y d r o g e n  i o d i d e  i n  s o m e  d e t a i l  

a n d  p r e s e n t  t h e  r e s u l t s  h e r e .  S i n c e  a  s e c o n d  c o m p e t i n g  

s c a v e n g e r ,  i o d i n e ,  i s  a l w a y s  p r e s e n t  i n  t h i s  s y s t e m ,  

q u a n t i t a t i v e  t r e a t m e n t  o f  t h e  d a t a  i n v o l v e s  c e r t a i n  

i n h e r e n t  d i f f i c u l t i e s .  E v e n  i n  t h e  p r e s e n c e  o f  t h e s e  

d i f f i c u l t i e s ,  h o w e v e r ,  t h i s  s y s t e m  h a s  a  n u m b e r  o f  a d 

v a n t a g e s  w h i c h  i n c l u d e ,  a s  d i s c u s s e d  b e l o w ,  c e r t a i n  

c h e m i c a l  s i m p l i f i c a t i o n s  o f  t h e  r e a c t i o n s  d u e  t o  h y d r o 

g e n  a t o m s ,  t h e  m e a s u r e m e n t  o f  p r o d u c t  f o r m a t i o n  

r a t h e r  t h a n  r e a c t a n t  d i s a p p e a r a n c e ,  a n d  t h e  p r o d u c t i o n  

o f  s t a b l e  l a b e l e d  h y d r o c a r b o n s  t h r o u g h  t h e  u s e  o f  d e u 

t e r i u m  a n d  t r i t i u m  i o d i d e .  T h e  p r e s e n t  r e s u l t s  g i v e  

m e a s u r e m e n t s  o f  r a d i c a l  y i e l d s  w h i c h  a r e  q u i t e  c o m 

p a r a b l e  t o  t h o s e  o b t a i n e d  w i t h  o t h e r  s c a v e n g e r s  a n d  i n  

a d d i t i o n  i n d i c a t e  a  r a t i o  b e t w e e n  t h e  r a t e  c o n s t a n t s  f o r  

r e a c t i o n  o f  r a d i c a l s  w i t h  i o d i n e  a n d  w i t h  h y d r o g e n  

i o d i d e  w h i c h  i s  q u i t e  c l o s e  t o  u n i t y .

Experimental Section
Sample Preparation. S a m p l e s  o f  P h i l l i p s  R e s e a r c h  

g r a d e  h e x a n e ,  d e c a n e ,  a n d  t r i d e c a n e  w e r e  t h o r o u g h l y  

d r i e d  o n  a  h i g h - v a c u u m  l i n e  o v e r  f r e s h l y  d i s t i l l e d  s o 

d i u m  a n d  d i s t i l l e d  i n t o  t h e  i r r a d i a t i o n  c e l l .  H y d r o g e n

i o d i d e  w a s  p r e p a r e d  b y  d e h y d r a t i n g  a  s o l u t i o n  o f  h y -  

d r i o d i c  a c i d  ( B a k e r  4 7 %  a q u e o u s  H I  s o l u t i o n )  w i t h  

P 2 O 5 . F r e e  i o d i n e  a n d  o t h e r  i m p u r i t i e s  w e r e  r e m o v e d  

b y  d i s t i l l a t i o n  a t  D r y  I c e  t e m p e r a t u r e .  A  m e a s u r e d  

g a s  v o l u m e  o f  t h e  h y d r o g e n  i o d i d e  w a s  a d d e d  t o  3  m l  

o f  t h e  h y d r o c a r b o n .  T h e  v a p o r  v o l u m e  a b o v e  t h e  

l i q u i d  s a m p l e  w a s  ~ 3  m l .  W i t h  e x p e r i e n c e  a n d  c a r e  

i t  w a s  f o u n d  p o s s i b l e  t o  p r e p a r e  H I  s o l u t i o n s  w i t h  n o  

o b s e r v a b l e  i o d i n e  (  [ E ]  <  1 0  - 5  M).
Irradiation and Analysis. T h e  i r r a d i a t i o n  c e l l s  w e r e

1 - c m  S u p r a s i l  ( n o n r a d i a t i o n  c o l o r i n g )  q u a r t z  c e l l s  

s u i t a b l e  f o r  i n s e r t i o n  i n t o  t h e  s p e c t r o p h o t o m e t e r .  

T h e s e  w e r e  c o n n e c t e d  t o  t h e  v a c u u m  l i n e  t h r o u g h  

g r a d e d  s e a l s .  I r r a d i a t i o n s  w e r e  c a r r i e d  o u t  i n s i d e  

a  c y l i n d r i c a l  C o 60 s o u r c e  a t  a n  a b s o r b e d  d o s e  r a t e  i n  

h e x a n e  o f  9 . 3  X  1 0 18 e v  g - 1  h r - 1 . S t a n d a r d  F r i c k e  

d o s i m e t r y ,  w i t h  a p p r o p r i a t e  c o r r e c t i o n s  f o r  t h e  e l e c 

t r o n  d e n s i t y  o f  t h e  a b s o r b i n g  m a t e r i a l ,  w a s  u s e d .

(1) Supported in  p a rt by  the U. S. A to m ic  E nergy Comm ission. 
Presented a t the  151st N a tio n a l M eeting  of the A m erican C hem ical 
Society, P ittsbu rgh , Pa., M a rch  1966.
(2) R . H . Schuler, / .  Phys. Chem., 62, 37 (1958).
(3) B . N . Hughes and R. J. H anrahan, ib id., 69, 2707 (1965).
(4) I .  M a n i and R. J. H anrahan, Abstracts , 150th N a tio n a l M ee ting  
o f the  Am erican Chem ical Society, A tla n tic  C ity , N . J., Sept 1965; 
J. Phys. Chem., 70, 2233 (1966).
(5) H ydrogen iod ide has, however, been used in  a lk y l iod ide systems; 
c{., R . J. H anrahan and J. R . W illa rd , J. Am. Chem. Soc., 79, 2434 
(1957) ; D . L . B unb u ry , R . R . W illiam s, and W . H . H a m ill,  ib id., 
78, 6228 (1956); H . A . G illis , R . R . W illiam s, and W . H . H a m ill,  
ib id., 83, 17 (1961).
(6) D . Perner and R . H . Schuler, to  be published.
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T h e  i o d i n e  c o n c e n t r a t i o n  w a s  d e t e r m i n e d  d u r i n g  t h e  

c o u r s e  o f  t h e  i n t e r m i t t e n t  i r r a d i a t i o n  b y  m e a s u r e m e n t  

o f  t h e  a b s o r b a n c e  a t  525 m ¡x w i t h  a  C a r y  1 4  s p e c t r o 

p h o t o m e t e r .  B e c a u s e  m a n y  o f  t h e  m e a s u r e m e n t s  

w e r e  m a d e  a t  l o w  a b s o r b a n c e s ,  t h e  s c a l e  e x p a n s i o n  

a v a i l a b l e  f o r  u s e  w i t h  t h e  C a r y  i n s t r u m e n t  f o r  a b s o r b 

a n c e s  u p  t o  0 . 2  w a s  u s e d  t o  p r o v i d e  i n c r e a s e d  a c c u r a c y  

i n  t h i s  r e g i o n .  T h e  e x t i n c t i o n  c o e f f i c i e n t s  f o r  i o d i n e  

u s e d  i n  t h i s  w o r k  w e r e  9 1 4  M ~ x c m - 1  i n  h e x a n e ,  9 2 0  

M ~x c m - 1  i n  d e c a n e ,  a n d  9 3 5  M - 1  c m “ 1 i n  t r i d e c a n e .

F o r  t h e  r u n s  a t  — 7 8 °  w i t h  h e x a n e  t h e  s a m p l e s  w e r e  

p r e c o o l e d  i n  a  D r y  I c e  b a t h  a n d  t h e n  k e p t  a t  t h i s  

t e m p e r a t u r e  i n  t h e  s o u r c e  b y  a  t h i n  l a y e r  o f  D r y  I c e .  

T h e  s a m p l e s  w e r e  w a r m e d  t o  r o o m  t e m p e r a t u r e  f o r  

a b s o r b a n c e  m e a s u r e m e n t s .

T h e  I d e a l i z e d  K i n e t i c s

I n  t h i s  s y s t e m  t h e  r a d i c a l s  p r o d u c e d  b y  t h e  r a d i a 

t i o n  a r e  e x p e c t e d ,  a t  c o n v e n t i o n a l  i n t e n s i t i e s  a n d  

s c a v e n g e r  c o n c e n t r a t i o n s ,  t o  r e a c t  w i t h  t h e  h y d r o g e n  

i o d i d e  a d d e d  t o  t h e  s y s t e m  t o  f o r m  a  h y d r o c a r b o n  a n d  

i o d i n e .  I n  t h e  a b s e n c e  o f  c o m p l i c a t i o n s ,  t h e  i n i t i a l  

i o d i n e  p r o d u c t i o n  y i e l d s  s h o u l d  b e  e q u a l  t o  t h e  i o d i n e  

d i s a p p e a r a n c e  y i e l d  i n  t h e  i o d i n e - h y d r o c a r b o n  s y s t e m s .  

B e c a u s e  o f  a n  i n c r e a s e d  i m p o r t a n c e  o f  s c a v e n g i n g  o f  

r a d i c a l s  b y  i o d i n e  a n d  d e c r e a s e  i n  t h e  h y d r o g e n  i o d i d e  

c o n c e n t r a t i o n ,  o n e  q u a l i t a t i v e l y  e x p e c t s  t h a t ,  a s  t h e  

r a d i o l y s i s  p r o g r e s s e s ,  t h e  i o d i n e  w i l l  a t  f i r s t  b u i l d  u p  

i n  c o n c e n t r a t i o n  a n d  t h e n  l a t e r  o n  d e c r e a s e .  T h e  

d e t a i l e d  f o r m  o f  t h e  i o d i n e  p r o d u c t i o n  c u r v e  w i l l ,  o f  

c o u r s e ,  d e p e n d  o n  t h e  r a t i o  o f  r a t e  c o n s t a n t s  f o r  t h e  

t w o  s c a v e n g i n g  r e a c t i o n s .  S i n c e  t h i s  r a t i o  i s  k n o w n  

t o  b e  o f  t h e  o r d e r  o f  m a g n i t u d e  o f  u n i t y ,  a n  e x a c t  

s o l u t i o n  t o  t h e  k i n e t i c  p r o b l e m  i s  d e s i r a b l e .  M a t h e 

m a t i c a l  a n a l y s i s  o f  t h e  p r o b l e m  i s  r a t h e r  c o m p l e x  a n d  

o n e  c a n n o t ,  i n  f a c t ,  o b t a i n  a n  e x p l i c i t  s o l u t i o n  f o r  

e i t h e r  t h e  i o d i n e  o r  t h e  h y d r o g e n  i o d i d e  c o n c e n t r a t i o n  

a s  a  f u n c t i o n  o f  d o s e .  A s  i s  s h o w n  h e r e ,  a  g e n e r a l ,  

t h o u g h  s o m e w h a t  i n d i r e c t ,  s o l u t i o n  o f  t h e  p r o b l e m  

d o e s  e x i s t .  M a n i  a n d  H a n r a h a n 4 h a v e  c o n s i d e r e d  

t h i s  s a m e  p r o b l e m  a n d  c a r r i e d  o u t  n u m e r i c a l  c a l c u l a 

t i o n s  b a s e d  o n  i t e r a t i v e  c o n s i d e r a t i o n s  o f  t h e  r a t e s  o f  

t h e  c o m p e t i n g  s c a v e n g i n g  p r o c e s s e s  a s  t h e  r e a c t i o n  

p r o g r e s s e s .  T h e  f o r m s  o f  t h e  c u r v e s  r e s u l t i n g  f r o m  

t h e i r  c a l c u l a t i o n s  a r e  v i r t u a l l y  t h e  s a m e  a s  t h o s e  o b 

t a i n e d  b y  t h e  p r e s e n t  t r e a t m e n t .

W e  c o n s i d e r  h e r e  t h e  i d e a l i z e d  p r o b l e m  i n  w h i c h  

r a d i c a l s  p r o d u c e d  a t  a  c o n s t a n t  r a t e  GD
GD

R H — — >  R -  +  R ' -

r e a c t  c o m p e t i t i v e l y  e i t h e r  w i t h  H I  i n i t i a l l y  a d d e d  t o  

t h e  s y s t e m

r . +  H I  R H  +  I -  ( I )

o r  w i t h  m o l e c u l a r  i o d i n e  p r o d u c e d  a s  a  r e s u l t  o f  t h e  

c o m b i n a t i o n  o f  t h e  i o d i n e  a t o m s  f o r m e d  i n  ( I ) . 7

R -  +  R  — >  R I  +  I -  ( I I ) 8

F r o m  t h e  a p p r o p r i a t e  k i n e t i c  e x p r e s s i o n s ,  i t  c a n  b e  

s h o w n  t h a t  t h e  s t o i c h i o m e t r y  i s  r e p r e s e n t e d  b y  t h e  

r e l a t i o n s h i p

GDt =  2 {  [ H I ] 0 —  [ H I ]  —  [ I 2 ] }  ( 1 )

w h e r e  GDt i s  t h e  t o t a l  n u m b e r  o f  r a d i c a l s  p r o d u c e d ,  

[ H I  ] 0 i s  t h e  i n i t i a l  h y d r o g e n  i o d i d e  c o n c e n t r a t i o n ,  a n d  

[ H I ]  a n d  [ I 2 ] a r e  t h e  h y d r o g e n  i o d i d e  a n d  i o d i n e  c o n 

c e n t r a t i o n s  p r e s e n t  a t  d o s e  Dt. T h e  n u m b e r  o f  r a d i c a l s  

p r o d u c e d  i s  t h u s  m e a s u r e d  b y  t h e  n u m b e r  o f  e q u i v a l e n t s  

o f  H I  l o s t  f r o m  s o l u t i o n  m i n u s  t h e  n u m b e r  o f  e q u i v a 

l e n t s  o f  i o d i n e  b u i l t  u p ,  w i t h  1 m o l e  o f  e a c h  r e a c t a n t  

r e p r e s e n t i n g  2  e q u i v  i n  t h e  o v e r - a l l  r e a c t i o n .  I n 

t r o d u c i n g  t h i s  s t o i c h i o m e t r i c  r e l a t i o n s h i p  i n t o  t h e  

a p p r o p r i a t e  r a t e  e x p r e s s i o n ,  o n e  o b t a i n s

----------------------------------« ---------------------  ®

( f c ,  -  f c ) [ H I ] +  f c ( [ H I ] ,  -  — )

E q u a t i o n  2  i s  t h e  b a s i c  d i f f e r e n t i a l  e q u a t i o n  w h i c h  

m u s t  b e  i n t e g r a t e d  t o  g i v e  t h e  d e p e n d e n c e  o f  t h e  h y 

d r o g e n  i o d i d e  a n d  i o d i n e  (via e q  1 )  c o n c e n t r a t i o n s  u p o n  

d o s e .

The Limiting Cases. T h e  t w o  l i m i t i n g  c a s e s ,  w h e r e  

e i t h e r  t h e  r a t e  o f  r e a c t i o n  I  o r  I I  d o m i n a t e s  t h e  o v e r - a l l  

k i n e t i c s ,  a r e  t r i v i a l  a n d  c a n  b e  t r e a t e d  b y  i n s p e c t i o n .  

W h e r e  f c i / f c 2 > >  1 t h e  r a d i c a l s  r e a c t  e x c l u s i v e l y  w i t h  

H I  a t  a  r a t e  e q u a l  t o  GD  a n d  i o d i n e  b u i l d s  u p  a t  a  

r a t e  e q u a l  t o  GD/2 .  W h e n  t h e  H I  b e c o m e s  e x h a u s t e d ,  

i o d i n e  w i l l  b e  p r e s e n t  a t  a  c o n c e n t r a t i o n  o f  [ H I ] 0/ 2  

a n d  w i l l  t h e n  d i s a p p e a r  a t  a  r a t e  e q u a l  t o  GD/2 .  

T h i s  b e h a v i o r ,  w h i c h  g i v e s  t h e  r e s p e c t i v e  l o w e r  a n d  

u p p e r  l i m i t s  t o  t h e  H I  a n d  I 2 c o n c e n t r a t i o n s ,  i s  i l 

l u s t r a t e d  b y  t h e  d a s h e d  c u r v e s  o f  F i g u r e  1 .  W h e r e  

h /k 2 «  1 i o d i n e  w i l l  d i s a p p e a r  a s  r a p i d l y  a s  i t  i s  

f o r m e d  a n d  w i l l  b e  p r e s e n t  o n l y  a t  a  v e r y  l o w  c o n c e n t r a 

t i o n  d u r i n g  t h e  c o u r s e  o f  t h e  r e a c t i o n .  T h e  H I  c o n 

c e n t r a t i o n  w i l l  d e c r e a s e  a t  a  r a t e  o f  GD/2  s i n c e  e a c h

(7) S. W . Benson [J . Chem. Phys., 20, 1605 (1952); “ The Founda
tion s  o f C hem ical K in e tic s ,”  M c G ra w -H ill B ook Co., Inc ., N ew  
Y o rk , N . Y ., 1960, p 45] has treated a som ewhat s im ila r general case 
where com petition  exists between the  reactions B  +  A  —*■ C and 
B  +  C —► D . The case under consideration here is som ewhat more 
re s tric tive  in  th a t one reactan t (B ) is produced a t a constant ra te  so 
th a t the  dependence o f the  sum of the  o ther reactan ts (a  +  C) upon  
tim e  is know n (cf. eq 5a).
(8) The reaction R - +  H I  -*■ R I  +  H -  w il l  n o t occur because of 
the  h igh  e n do th e rm ic ity  o f th is  reaction.
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Figure 1. Idealized dependence of hydrogen iodide and iodine 
concentrations upon the reduced dose M  for the cases where 
fa =  fa (solid curves) and where fa fa (dashed curves). 
When k  «  fa, the iodine concentration remains trivially 
small and the hydrogen iodide concentration follows the 
upper dotted and dashed curve (which also expresses 
the total scavenger concentration in all cases).

m o l e c u l e  o f  H I  w i l l  r e a c t  w i t h  t w o  r a d i c a l s .  T h i s  

r e p r e s e n t s  t h e  u p p e r  l i m i t  t o  t h e  H I  c o n c e n t r a t i o n .

The Special Case Where ki =  k2. F o r  t h e  c a s e  w h e r e  

k\ — k2 t h e  c o e f f i c i e n t  o f  [ H I ]  i n  t h e  d e n o m i n a t o r  o f  

( 2 )  b e c o m e s  z e r o ,  a n d  t h e  e x p r e s s i o n  m a y  b e  r e a d i l y  

i n t e g r a t e d  t o  g i v e

[ H I ]  =  [ H I  ] 0 —  GDI +  v S y 2 ( 3 )
l/til Jo

F r o m  e q  1

[ I 2 ] =  V *GDI -  ( 4 )
[H i Jo

A t  t h i s  p o i n t  i t  i s  c o n v e n i e n t  t o  d e f i n e  d o s e  i n  t e r m s  o f  

M, t h e  f r a c t i o n  o f  t h e  d o s e  r e q u i r e d  f o r  c o m p l e t e  e x 

h a u s t i o n  o f  t h e  s c a v e n g e r  p r e s e n t ,  i.e.

M GDt 
2 [HI], (5)

E q u a t i o n s  3  a n d  4  m a y  b e  r e w r i t t e n  i n  t h e  f o r m  o f  

r e d u c e d  h y d r o g e n  i o d i d e  a n d  i o d i n e  c o n c e n t r a t i o n s  t o

g i v e

[ H I ]

[ H I ] 0
=  ( i  -  jw y ( 6 )

a n d

[h]
[ H I ] 0

M (  1 -  M) (7)

d e c r e a s e s  l i n e a r l y  w i t h  d o s e  a s  i s  e x p e c t e d  f r o m  ( 1 )  

a n d  i s  s h o w n  b y  s u m m i n g  ( 6 )  a n d  ( 7 ) .

[ H I ]  [ I , ]  

[ H I  ]0 +  [ H I ] 0
=  1 -  M

E x p r e s s i o n  o f  t h e  v a r i a b l e s  i n  t e r m s  o f  t h e  r e d u c e d  

q u a n t i t i e s  [ H I  ] /  [ H I  ]0, [ I 2] /  [ H I  ] 0, a n d  M  t h e r e f o r e  

a l l o w s  o n e  t o  w r i t e  g e n e r a l  e q u a t i o n s  w h i c h  d e s c r i b e  

t h e  d e p e n d e n c e  a t  a l l  v a l u e s  o f  s c a v e n g e r  c o n c e n t r a 

t i o n s .  I t  i s  s e e n  b e l o w  t h a t  t h i s  a l s o  h o l d s  f o r  t h e  

g e n e r a l  c a s e .

The General Case. F o r  t h e  g e n e r a l  c a s e  w h e r e  

h / h  ^  1 ,  e q  2  c a n n o t  b e  i n t e g r a t e d  d i r e c t l y  s i n c e  

n e i t h e r  [ H I ]  n o r  t c a n  b e  f a c t o r e d  o u t  o f  t h e  r i g h t  s i d e  

o f  t h e  e q u a t i o n .  W i t h  a p p r o p r i a t e  s u b s t i t u t i o n s  t h e  

v a r i a b l e s  o f  d i f f e r e n t i a l  e q  2  c a n ,  h o w e v e r ,  b e  s e p a r a t e d  

a n d  t h e  e q u a t i o n  i n t e g r a t e d  t o  g i v e  M  a n d  [ I 2 ] / [ H I ] 0 

a s  n o n l i n e a r  f u n c t i o n s  o f  [ H I ] / [ H I ] 0 ( c / .  A p p e n d i x  I ) .  

T h e  r e s u l t a n t  e x p r e s s i o n s  a r e

T h u s ,  a l t h o u g h  i t  i s  n o t  p o s s i b l e  t o  s o l v e  e q  8  a n d  9  f o r  

[ H I ]  a n d  [ I 2 ]  a s  e x p l i c i t  f u n c t i o n s  o f  d o s e  ( e x c e p t  o f  

c o u r s e  w h e r e  k2 =  ki) i t  i s  p o s s i b l e ,  g i v e n  t h e  r a t i o  

ki/ki, t o  c a l c u l a t e  t h e  d o s e  M  a t  w h i c h  t h e  c o n c e n t r a 

t i o n  o f  h y d r o g e n  i o d i d e  w i l l  b e  r e d u c e d  b y  a  g i v e n  

f r a c t i o n  a n d  t o  a l s o  c a l c u l a t e  t h e  i o d i n e  c o n c e n t r a t i o n  

c o r r e s p o n d i n g  t o  t h i s  d o s e .  C u r v e s  s h o w i n g  t h e  d e 

p e n d e n c e  o f  [ I 2 ] / [ H I ] 0 u p o n  M  f o r  a  n u m b e r  o f  s p e c i f i c  

v a l u e s  o f  k2/k\ a r e  g i v e n  i n  F i g u r e  2 .

Determination of Radical Yield from I 2 Production 
Rate. T h e  r a d i c a l  p r o d u c t i o n  r a t e  GD  c a n  b e  d e 

t e r m i n e d  f r o m  t h e  i n i t i a l  r a t e  o f  p r o d u c t i o n  o f  I 2, 

w h i c h  i s  e q u a l  t o  GD/2 .  H o w e v e r ,  s i n c e  i n i t i a l  y i e l d s  

a r e  d i f f i c u l t  t o  m e a s u r e  a c c u r a t e l y ,  i t  i s  d e s i r a b l e  t o  

f i n d  a  m e t h o d  t o  r e l a t e  s u b s e q u e n t  p o i n t s  o n  t h e  [ I 2 ]  vs. 
d o s e  g r a p h s  t o  t h e  r a d i c a l  y i e l d .  A  c o r r e c t i o n  f a c t o r  

F  m a y  b e  d e f i n e d  b y

T h e s e  e q u a t i o n s  a r e  r e p r e s e n t e d  b y  t h e  s o l i d  c u r v e s  

o f  F i g u r e  1 .  T h e  t o t a l  s c a v e n g e r  p r e s e n t  o f  c o u r s e
F [  I , ]  =

GDt
( 1 0 )
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Figure 2. Dependence of iodine concentration upon reduced 
dose for various values of k i / k i  (solid curves). Dotted curve 
gives locus of the iodine maximum for all values of fe/fa.

Figure 3 . Values of the factor F  ( = M (  [ I 2] / [ H I ] o ) _1 ) 
used to correct the production of iodine for reaction 
I I  at ratios of fe to h  of 1 , 1 .5 ,  and 2 .

I f  r e a c t i o n  I I  d i d  n o t  o c c u r ,  F  w o u l d  b e  u n i t y  t h r o u g h 

o u t  t h e  e x p e r i m e n t .  D i v i d i n g  ( 1 0 )  b y  [ H I  ] 0 g i v e s

GDt 
2  [ H I  ]0

=  M

F  m a y  t h e r e f o r e  b e  e v a l u a t e d  f r o m  t h e  c o r r e s p o n d i n g  

v a l u e s  o f  M  a n d  [ I 2 ] / [ H I ] 0 d e t e r m i n e d  f r o m  e q  8  a n d  

9 .  F o r  k i/h  =  1 t h i s  f a c t o r  i s  s i m p l y  1 / ( 1  —  M). 
C u r v e s  c a l c u l a t e d  b y  t h i s  m e t h o d  f o r  t h e  r a t e  c o n s t a n t  

r a t i o s  o f  1 ,  1 . 5 ,  a n d  2  a r e  g i v e n  i n  F i g u r e  3  a s  a  f u n c t i o n  

o f  M.
The Iodine Maximum. T h e  c o m p l e x i t y  o f  e q  8  

a i  d  9  t o g e t h e r  w i t h  t h e  f a c t  t h a t  t h e  d e s i r e d  d e p e n d 

e n c e ,  i.e., [ I 2 ] =  f (Dt), c a n  b e  c a l c u l a t e d  o n l y  i n d i r e c t l y ,  

m a k e s  t h e  g e n e r a l  u t i l i t y  o f  t h i s  t y p e  o f  s o l u t i o n  s o m e -

w h a t  l i m i t e d .  T h e  a v a i l a b i l i t y  o f  t h e s e  e q u a t i o n s  

d o e s ,  h o w e v e r ,  m a k e  c e r t a i n  o t h e r  f a c e t s  o f  t h e  a n a 

l y t i c a l  s o l u t i o n  o f  t h e  p r o b l e m  t r a c t a b l e .  I n  p a r t i c u l a r ,  

o n e  c a n  s h o w ,  a s  i s  d o n e  i n  A p p e n d i x  I I ,  t h a t  t h e  r e 

d u c e d  q u a n t i t y  [ I 2] /  [ H I ] 0 a t  t h e  m a x i m u m  i o d i n e  

c o n c e n t r a t i o n  i s  i n d e p e n d e n t  o f  t h e  v a l u e  o f  [ H I ] o  

a n d  i s  a  f u n c t i o n  ( e q  1 1 )  o n l y  o f  t h e  r a t i o  k2/ h

( [ I * ] / [ H I ] 0) m « I ,  =  ( 1 1 )

T h i s  d e p e n d e n c e  i s  g i v e n  i n  F i g u r e  4 .  T h e  l a c k  o f  d e 

p e n d e n c e  o f  ( [ I 2 ] / [ H I ] o ) max n  u p o n  i n i t i a l  h y d r o g e n  

i o d i d e  c o n c e n t r a t i o n  w a s  d e m o n s t r a t e d  e m p i r i c a l l y  

i n  t h e  r e c e n t  s t u d y  o f  H u g h e s  a n d  H a n r a h a n . ’  V a l u e s  

f o r  t h e  o t h e r  v a r i a b l e s ,  M m ax u a n d  ( [ H I  ] /  [ H I  ] 0)m a x  i 2, 

w h i c h  a r e  s i m i l a r l y  i n d e p e n d e n t  o f  [ H I  ] 0 a r e  g i v e n  b y  

e q  2 9  a n d  2 8  i n  A p p e n d i x  I I .  F r o m  t h e s e  r e l a t i o n s h i p s  

t h e  l o c u s  o f  t h e  i o d i n e  m a x i m u m  m a y  b e  c a l c u l a t e d  a n d  

i s  r e p r e s e n t e d  i n  F i g u r e  2  b y  t h e  d o t t e d  c u r v e .  W h e r e  

t h e  r a t e  c o n s t a n t s  a r e  c o m p a r a b l e ,  t h e  v a l u e  o f  M  a t  

w h i c h  t h e  m a x i m u m  o c c u r s  d o e s  n o t  d e p e n d  s t r o n g l y  o n  

t h e  r a t i o  o f  t h e  r a t e  c o n s t a n t s ,  b e i n g  a  m a x i m u m  o f  

^ 0 . 5 3 5  a t  ki/ki ~  0 . 2  a n d  o n l y  d e c r e a s i n g  t o  0 . 4 6 8  

a t  ki/ki =  2 .  T h e  v a l u e  o f  [ I 2 ] / [ H I ] 0 a t  t h e  m a x i m u m  

d o e s ,  h o w e v e r ,  d e p e n d  s i g n i f i c a n t l y  o n  t h e  r a t i o  o f  

t h e  r a t e  c o n s t a n t s  s o  t h a t  a  r e a s o n a b l y  a c c u r a t e  

e s t i m a t e  s h o u l d  b e  p o s s i b l e  f r o m  t h e  e x p e r i m e n t a l  

m e a s u r e m e n t s  i f  t h e  c o m p e t i t i o n  a t  a l l  a p p r o x i m a t e s  

t h e s e  i d e a l i z e d  k i n e t i c s .

Results and Discussion

T y p i c a l  r e s u l t s  o b t a i n e d  i n  h e x a n e  s o l u t i o n s  f o r  t h e  

d e p e n d e n c e  o f  i o d i n e  c o n c e n t r a t i o n  u p o n  d o s e  a r e  

g i v e n  b y  t h e  l o w e r  c u r v e s  i n  F i g u r e  5 .  T h e s e  a r e  v e r y  

s i m i l a r  i n  f o r m  t o  t h e  d e p e n d e n c e s  r e p o r t e d  b y  H a n r a -  

h a n  a n d  c o - w o r k e r s  f o r  c y c l o p e n t a n e 3 a n d  c y c l o h e x a n e 4 

s o l u t i o n s .  I n  t h e  a b s e n c e  o f  c o m p l i c a t i o n s ,  t h e  s c a v 

e n g e r  i s  e x p e c t e d  t o  b e  u s e d  u p  a t  a  d o s e  Dt„ e q u a l  t o  

2  [ H I ] 0/G. T h e  t a i l s  o f  t h e  i o d i n e  c o n c e n t r a t i o n  c u r v e s  

w e r e  e x t r a p o l a t e d  t o  t h e  a x i s  a n d  t h e  r e s u l t a n t  d o s e s  

a r e  p l o t t e d  i n  F i g u r e  6  a s  a  f u n c t i o n  o f  t h e  i n i t i a l  h y -
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Figure 5. Dependence of [I2] upon dose for hexane 
solutions initially containing 1.06 X 10 ~ 3 M  HI (•) and 
5.2 X 10“ 4 M  HI (A). Open points are the 
values obtained by multiplying the observed concentrations 
by the appropriate factors from Figure 3.

Figure 6. Dependence of dose required for complete 
exhaustion of scavenger (ZM0) upon the initial 
HI concentration. Hexane at room temperature 
(•), at —78° (O), decane at room temperature (A).
Solid curve corresponds to a yield of 5.9.

d r o g e n  i o d i d e  c o n c e n t r a t i o n .  I t  i s  s e e n  t h a t  t h e  d a t a  

e x h i b i t  i n  u p w a r d  c u r v a t u r e ;  i.e., t h e  a v e r a g e  y i e l d  

d e t e r m i n e d  i n  t h i s  w a y  d e c r e a s e s  w i t h  i n c r e a s i n g  h y 

d r o g e n  i o d i d e  c o n c e n t r a t i o n .  T h e  p r i n c i p a l  r e a s o n  

f o r  t h i s  d e c r e a s e  i s  a l m o s t  c e r t a i n l y  d u e  t o  r e a c t i o n  o f  

h y d r o g e n  a t o m s  w i t h  t h e  i o d i n e  a n d  a l k y l  i o d i d e s  

p r e s e n t  a f t e r  t h e  i r r a d i a t i o n  h a s  p r o g r e s s e d .

H • +  I 2 — >  H I  +  I  • ( I I I )

H - +  R I — >  H I  +  R - ( I V )

R - +  H I — >  R H  +  I  ■ ( I )

I t  i s  s e e n  f r o m  t h e  s u m  o f  r e a c t i o n s  I I I  a n d  I  t h a t  t h e  

r e a c t i o n  o f  h y d r o g e n  a t o m s  w i t h  i o d i n e  e f f e c t i v e l y  

r e s u l t s  i n  t h e  f o r m a t i o n  o f  a  h y d r o c a r b o n  m o l e c u l e  

w i t h o u t  t h e  c o n s u m p t i o n  o f  a n y  s c a v e n g e r .  T h e  

a v e r a g e  r a d i c a l  y i e l d  w i l l  t h e r e f o r e  b e  d e c r e a s e d  b y  

t w i c e  t h e  c o n t r i b u t i o n  o f  r e a c t i o n  I I I  t o  t h e  o v e r - a l l  

k i n e t i c s .  R e a c t i o n  I V  s i m i l a r l y  r e s u l t s  i n  t h e  e f f e c t i v e  

c o n v e r s i o n  o f  a  h y d r o g e n  a t o m  t o  a n  i o d i n e  a t o m  a n d  

t h e  l o s s  o f  t w o  e q u i v a l e n t s  c o n t r i b u t i o n  t o  t h e  y i e l d .  

H y d r o g e n  a t o m s  w h i c h  r e a c t  w i t h  H I  t o  f o r m  h y d r o 

g e n  g a s  w i l l  c a u s e  n o  c o m p l i c a t i o n s  i n  t h a t  t h e y  a r e  

i n c l u d e d  i n  t h e  n o r m a l  c o u n t  o f  r a d i c a l s .

H -  +  H I - ^ H 2 +  I -  ( V )

I n  t h e  e a r l y  s t a g e s  o f  t h e  r e a c t i o n ,  ( V )  d o m i n a t e s  

o v e r  ( I I I )  a n d  ( I V )  s o  t h a t  t h e  i n i t i a l  s l o p e  s h o u l d  

a c c u r a t e l y  r e f l e c t  t h e  t o t a l  r a d i c a l  y i e l d  ( i n c l u d i n g  t h a t  

o f  t h e  h y d r o g e n  a t o m s ) . 9

I n  t h e  e x p e r i m e n t s  r e p o r t e d  i n  F i g u r e  5 ,  i t  s h o u l d  

b e  n o t e d  t h a t  t h e  i o d i n e  c o n c e n t r a t i o n  b u i l d s  u p  t o  

o n l y  1 - 2  X  1 0 - 4  M. S i n c e  i t  i s  k n o w n  f r o m  t h e  l a c k  

o f  a n  e f f e c t  o n  t h e  h y d r o g e n  p r o d u c t i o n  a t  t h i s  i o d i n e  

l e v e l 10 a n d  a l s o  f r o m  t h e  h i g h  r e a c t i v i t y  o f  h y d r o g e n  

a t o m s  p r o d u c e d  i n  t h e  p h o t o l y s i s  o f  t r i t i u m  i o d i d e  

s o l u t i o n s 11 t h a t  a t  t h e s e  s c a v e n g e r  c o n c e n t r a t i o n s  t h e  

h y d r o g e n  a t o m s  p r e d o m i n a n t l y  a b s t r a c t  f r o m  t h e  s o l 

v e n t

H -  +  R H  — *■  H 2 +  R -  ( V I )

c o m p l i c a t i o n s  f r o m  r e a c t i o n s  I I I  a n d  I V  s h o u l d  b e  

a t  a  m i n i m u m .  I n  t h e  o v e r - a l l  k i n e t i c s  t h e  c o n v e r s i o n  

o f  h y d r o g e n  a t o m s  t o  a l k y l  r a d i c a l s  via r e a c t i o n  V I

(9) W hen iod ine itse lf is used as the  rad ica l scavenger, any hydrogen  
atoms w hich react w ith  the  iodine w ill du ring  the  in it ia l stages o f the  
reaction resu lt in  the  disappearance o f one equ iva len t o f iod ine  and 
be counted in  the  rad ica l y ie ld  in  the  no rm al w ay. As the  H I  
bu ilds up  and subsequently reacts, the  average apparent rad ica l 
y ie ld  w ill decrease as in  the present case. One expects, therefore, 
th a t iod ine  consum ption w ill a t f irs t be linea r w ith  dose w ith  an 
upw ard  cu rva tu re  appearing o n ly  a t the  la te  stage in  the  reaction  
when the  ra tio  [ H I ] / [ l2] becomes s ign ificant. E xp e rim e n ta lly  th is  
is found to  be the  case [see R . H . Schuler, J. Phys. Chem., 63, 925 
(1959) ]. The cu rva tu re  should be sm all a t low  iod ine  concentra
tions (< 1 0 -3 M ) where reaction V I  converts hydrogen atom s to  
a lk y l radicals and thus decreases the  im portance o f ( I I I ) .
(10) R . H . Schuler, J. Phys. Chem., 61, 1472 (1957).
(11) D . Perner and R . H . Schuler, ib id., 70, 317 (1966).
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i s  i m p o r t a n t  i n  t h a t  i t  p e r m i t s  t h e  i d e a l i z e d  k i n e t i c s  

d e s c r i b e d  e a r l i e r  t o  b e  o b e y e d  r a t h e r  a c c u r a t e l y .

T h e  v a l u e s  f o r  t h e  r a t i o  [ I 2] / [ H I ]0 a t  t h e  m a x i m u m  

i o d i n e  c o n c e n t r a t i o n  i s  0 . 1 8 5  a n d  0 . 1 8 8  f o r  t h e  t w o  

e x p e r i m e n t s  a t  r o o m  t e m p e r a t u r e  r e p o r t e d  i n  F i g u r e  5 .  

T h e  f o l l o w i n g  d i s c u s s i o n  i s  b a s e d  o n  a n  a s s u m e d  v a l u e  

o f  k2/ki o f  2  f o r  w h i c h  ( [ I 2] / [ H I ] 0)m a x  =  0 . 1 8 4  (cf. A p 

p e n d i x  I I I ) .  T h e  t o t a l  r a d i c a l  p r o d u c t i o n ,  o b t a i n e d  b y  

m u l t i p l y i n g  t h e  o b s e r v e d  i o d i n e  c o n c e n t r a t i o n  b y  t h e  

a p p r o p r i a t e  f a c t o r s  f r o m  F i g u r e  3 ,  i s  p l o t t e d  a s  t h e  u p p e r  

c u r v e  i n  F i g u r e  5 .  T h e  s l o p e  o f  t h i s  l i n e  c o r r e s p o n d s  

t o  ( 7 ( R )  =  5 . 8 8 .  I n  t h i s  t r e a t m e n t  t h e  c o r r e c t i o n  

f a c t o r s  a r e  o b t a i n e d  f r o m  s u c c e s s i v e  a p p r o x i m a t i o n s  

o f  v a l u e s  o f  M  b a s e d  o n  t h e  r e a c t i o n  r a t e  e s t i m a t e d  

e i t h e r  f r o m  t h e  i n i t i a l  s l o p e  o r  f r o m  t h e  d a t a  o f  F i g u r e  6 .  

F o r t u n a t e l y ,  t h e  s l o p e  i s  n o t  s t r o n g l y  d e p e n d e n t  o n  

t h e  v a l u e  o f  M  i n  t h e  i n i t i a l  s t a g e s  o f  t h e  r e a c t i o n  s o  

t h a t  t h i s  a p p r o x i m a t i o n  c o n v e r g e s  r a t h e r  r a p i d l y .  

P r e v i o u s  m e a s u r e m e n t s  o f  i o d i n e  d i s a p p e a r a n c e  i n  

h e x a n e  g a v e  v a l u e s  o f  ( 7 ( R )  o f  5 . 6 0  w i t h  y  r a y s  a n d  5 . 5 5  

w i t h  e l e c t r o n s . 12 T h e  s l i g h t  d i f f e r e n c e  b e t w e e n  t h e s e  

v a l u e s  i s  f o r  t h e  m o s t  p a r t  w i t h i n  t h e  e x p e r i m e n t a l  

e r r o r  o f  d e t e r m i n i n g  t h e  i n i t i a l  s l o p e  o f  e a c h  o f  t h e  

c u r v e s  a l t h o u g h  i t  m a y  p o s s i b l y  r e f l e c t ,  t o  a  s m a l l  

e x t e n t ,  t h e  d e p e n d e n c e  o f  y i e l d  f o u n d  a t  v e r y  m u c h  

h i g h e r  H I  c o n c e n t r a t i o n s  ( s e e  b e l o w ) .

T h e  r e d u c e d  i o d i n e  c o n c e n t r a t i o n ,  [ I 2 ] / [ H I ] 0, i s  

p l o t t e d  i n  F i g u r e  7  a s  a  f u n c t i o n  o f  M  w h e r e  M  i s  

c a l c u l a t e d  f r o m  e q  5  t a k i n g  G t o  b e  5 . 9 .  T h e  g r o w t h  

a n d  d e c a y  c u r v e s  c a l c u l a t e d  f r o m  e q  8  a n d  9  a r e  g i v e n  

b y  t h e  s o l i d  c u r v e s  i n  F i g u r e  7  f o r  kz/ki =  2  a n d  1 .

I t  i s  s e e n  t h a t  a t  r o o m  t e m p e r a t u r e  t h e  e x p e r i m e n t a l  

d a t a  f i t  t h e  c u r v e  f o r  k2/ki =  2 q u i t e  w e l l  w i t h  o n l y  a  

v e r y  s l i g h t  s k e w i n g  t o w a r d  l o w e r  v a l u e s  o f  M . S i n c e  

t h e  a v e r a g e  r a d i c a l  y i e l d  o f  5 . 7 2  d e t e r m i n e d  f r o m  t h e  

o b s e r v e d  v a l u e  o f  Dtc a g r e e s  v e r y  w e l l  w i t h  t h e  a b o v e -  

m e n t i o n e d  i n i t i a l  y i e l d  o f  5 . 8 8 ,  a  h i g h  d e g r e e  o f  a g r e e 

m e n t  i s  e x p e c t e d  b e t w e e n  t h e  i d e a l i z e d  k i n e t i c s  a n d  

t h e  e x p e r i m e n t a l  d a t a  i n  t h i s  f o r m  o f  p l o t .  F r o m  t h e  

r a t i o  o f  t h e s e  y i e l d s  t h e  m a x i m u m  f r a c t i o n a l  c o n t r i 

b u t i o n  f r o m  r e a c t i o n  I I I  m a y  b e  e s t i m a t e d  t o  b e  

V a [ ( 5 . 8 8 / 5 . 7 2 )  -  1 ]  =  0 . 0 1 4  ( o r  a  G  o f  0 . 0 8 ) .  T h i s  

i s  i n  t h e  r a n g e  i n d i c a t e d  b y  t h e  t r a c e r  e x p e r i m e n t s  f o r  

s c a v e n g e r  c o n c e n t r a t i o n s  o f  t h e  o r d e r  o f  1 0 - 4  M.
D a t a  w e r e  a l s o  o b t a i n e d  o n  s o l u t i o n s  i r r a d i a t e d  a t  

— 7 8 ° .  H e r e  ( [ I 2] / [ H I ] 0)m a x  i s  v e r y  c l o s e  t o  t h e  v a l u e  

o f  0 . 2 5  e x p e c t e d  f o r  k2/ h  =  1 ,  C o r r e c t i n g  t h e  o b 

s e r v e d  i o d i n e  c o n c e n t r a t i o n s  a s  i n d i c a t e d  a b o v e  g i v e s  

a n  i n i t i a l  s l o p e  c o r r e s p o n d i n g  t o  G  =  5 . 5 .  T h e s e  

d a t a  t h e r e f o r e  i n d i c a t e  t h a t  o v e r  t h i s  r a n g e  t h e r e  i s  

o n l y  a  s m a l l  e f f e c t  o f  t e m p e r a t u r e  o n  t h e  r a d i c a l  y i e l d .  

T h e  r e d u c e d  c o n c e n t r a t i o n s  a r e  p l o t t e d  i n  F i g u r e  7  a s  

a  f u n c t i o n  o f  GDt/2 [ H I ] 0. W h i l e  t h e  v a l u e s  i n i t i a l l y

Figure 7. Dependence in hexane of reduced I2 concentration 
on reduced dose. Closed circles and triangles correspond to 
the points in Figure 5 taken at room temperature. Values 
obtained at —78° for solutions 1.03 and 0.54 X 10~3 M  are 
given by open and closed squares, respectively. Curves are 
for the idealized case with fe/fci =  1 (upper) and 2 (lower).

f o l l o w  t h e  c a l c u l a t e d  c u r v e  v e r y  a c c u r a t e l y  t h e y  

s t r a g g l e  a t  h i g h e r  v a l u e s  o f  M. T h i s  b e h a v i o r  i s  n o t  

u n e x p e c t e d  s i n c e  c o n v e r s i o n  o f  h y d r o g e n  a t o m s  t o  

o t h e r  r a d i c a l s  via r e a c t i o n  V I  b e c o m e s  l e s s  i m p o r t a n t  

a t  t h e  l o w e r  t e m p e r a t u r e .  T h e  a v e r a g e  r a d i c a l  y i e l d  

d e t e r m i n e d  f r o m  m e a s u r e m e n t s  o f  Dta i s  5 . 1  a t  t h e  l o w e r  

a n d  4 . 4  a t  t h e  h i g h e r  c o n c e n t r a t i o n  r e p o r t e d  i n  t h e  

f i g u r e .  T h e  d i s t o r t i o n  o f  t h e  g r o w t h  a n d  d e c a y  c u r v e s  

b y  t h e  i n c r e a s e d  i m p o r t a n c e  o f  ( I I I )  a n d  ( I V )  w i l l  

h o w e v e r  h a v e  o n l y  a  s l i g h t  i n f l u e n c e  o n  t h e  v a l u e  o f

[ I 2 ] / [ H I ] o a t  t h e  m a x i m u m .  W e  t a k e  t h e  d a t a  o f  

F i g u r e  7  t o  i n d i c a t e ,  t h e r e f o r e ,  t h a t  k2/ h  i s  v e r y  c l o s e  

t o  1 a t  t h e  l o w e r  t e m p e r a t u r e .

I t  w o u l d  a p p e a r  f r o m  t h e  a b o v e  t h a t  t h e  r a t e  c o n 

s t a n t  r a t i o  c h a n g e s  b y  a p p r o x i m a t e l y  a  f a c t o r  o f  2  i n  

g o i n g  f r o m  r o o m  t e m p e r a t u r e  t o  — 7 8 ° .  T h i s  c h a n g e  

c o r r e s p o n d  t o  a n  a c t i v a t i o n  e n e r g y  f o r  r e a c t i o n s  o f  

r a d i c a l s  w i t h  l 2 8 0 0  c a l  m o l e - 1  g r e a t e r  t h a n  f o r  r e a c 

t i o n  w i t h  H I .  S i n c e  t h e  a c t u a l  r a t e s  f a v o r  t h e  r e a c 

t i o n  o f  r a d i c a l s  w i t h  i o d i n e  a t  r o o m  t e m p e r a t u r e ,  t h i s  

a c t i v a t i o n  e n e r g y  d i f f e r e n c e  m u s t  b e  c o m p e n s a t e d  b y  

a  s t e r i c  f a c t o r  s o m e w h a t  s m a l l e r  f o r  t h e  r e a c t i o n  w i t h  

H I .  T h e  o b s e r v e d  r e l a t i v e  r a t e  c o n s t a n t s  c a n  b e  e x 

p r e s s e d  b y  t h e  e m p i r i c a l  r e l a t i o n s h i p

(12) R . H . Schuler, J. Phys. Chem., 63, 925 (1959).
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^2 _  1 - 8 0 0 / R T

h  0 . 1 3

S i n c e  t h e  r a t e  o f  r e a c t i o n  o f  r a d i c a l s  w i t h  i o d i n e  i s  

k n o w n  t o  b e  v e r y  c l o s e  t o  t h a t  f o r  a  d i f f u s i o n - c o n t r o l l e d  

r e a c t i o n , 13 t h e  a b o v e  i n d i c a t e s  t h a t  i n  t h a t  c a s e  t h e  

s t e r i c  f a c t o r  m u s t  b e  v e r y  c l o s e  t o  u n i t y  a n d  t h e r e f o r e  

t h a t  t h e  a c t i v a t i o n  e n e r g y  f o r  t h e  r e a c t i o n  w i t h  h y 

d r o g e n  i o d i d e  i s  v e r y  c l o s e  t o  z e r o .  F r o m  t h e  a b o v e -  

i n d i c a t e d  v a l u e  o f  8 0 0  c a l  m o l e - 1 , a  d i f f u s i o n - c o n t r o l l e d  

r a t e  c o n s t a n t  o f  1 0 9 M - 1  s e c - 1  a n d  a  s t e r i c  f a c t o r  o f  

u n i t y ,  a n  a b s o l u t e  r a t e  o f  3  X  1 0 8 M ~ l s e c - 1  i s  c a l c u 

l a t e d .  T h i s  a g r e e s  w i t h  t h e  e s t i m a t e 13 m a d e  f o r  t h e  r a t e  

c o n s t a n t  f o r  t h e  r e a c t i o n  o f  m e t h y l  r a d i c a l s  w i t h  i o d i n e .

E x p e r i m e n t s  s i m i l a r  t o  t h e  a b o v e  w e r e  a l s o  c a r r i e d  

o u t  a t  r o o m  t e m p e r a t u r e  w i t h  d e c a n e .  I n  t h i s  c a s e  

( [ I 2 ] / [ H I ] o ) m a x  ~  0 . 2 1 6 ,  w h i c h  c o r r e s p o n d s  t o  a  v a l u e  

f o r  h / h  o f  1 . 5 .  P l o t s  o f  t h e  r e d u c e d  v a l u e s  o f  t h e  f o r m  

g i v e n  i n  F i g u r e  7  s h o w  g o o d  a g r e e m e n t  w i t h  t h e  c u r v e  

c a l c u l a t e d  f o r  k^/ki o f  1 . 5 .  T h e  m e a s u r e d  i n i t i a l  

r a d i c a l  y i e l d  i s  6 . 1 .  M e a s u r e m e n t s  o f  Dt0 w e r e  m a d e  

a t  v a r i o u s  H I  c o n c e n t r a t i o n s  a n d  a r e  g i v e n  i n  F i g u r e  6 .  

A t  t h e  l o w e s t  c o n c e n t r a t i o n s ,  a v e r a g e  r a d i c a l  y i e l d s  

o f  6 . 0  a n d  5 . 9  w e r e  o b t a i n e d  f r o m  t h e s e  m e a s u r e m e n t s .  

D e t e r m i n a t i o n s  o f  t h e  i n i t i a l  r a d i c a l  y i e l d  w e r e  a l s o  

m a d e  f o r  t r i d e c a n e  a t  a  h y d r o g e n  i o d i d e  c o n c e n t r a 

t i o n  o f  4  X  1 0 - 4  M  a n d  g a v e  a  v a l u e  o f  6 . 3 .

A t  h i g h e r  h y d r o g e n  i o d i d e  c o n c e n t r a t i o n s ,  t h e  

i n i t i a l  i o d i n e  p r o d u c t i o n  r a t e s  c a n  b e  r e a d i l y  m e a s u r e d  

w i t h o u t  s i g n i f i c a n t  i n t e r f e r e n c e  f r o m  r e a c t i o n  I I .  

Y i e l d s  m e a s u r e d  i n  h e x a n e  a r e  g i v e n  i n  F i g u r e  8 .  I t  i s  

s e e n  t h a t  i n  t h e  r e g i o n  o f  1 0 - 2  M  s c a v e n g e r ,  t h e  y i e l d s  

i n c r e a s e  b y  a b o u t  t w o  u n i t s .  A  s i m i l a r  i n c r e a s e  w a s  

a l s o  f o u n d  i n  t h e  c a s e s  o f  d e c a n e  a n d  t r i d e c a n e .  M e a s 

u r e m e n t s  o f  t h e  y i e l d  o f  f o r m a t i o n  o f  a l k y l  i o d i d e  p r o d 

u c t  a t  h i g h  c o n c e n t r a t i o n s  o f  i o d i n e  ( ~ 1 0 - 2  M )  i n  

b u t a n e 14 a n d  i n  c y c l o h e x a n e 15 s h o w  a  s i m i l a r  i n c r e a s e  

i n  y i e l d .

T h e s e  h i g h e r  o b s e r v e d  i n i t i a l  y i e l d s  c o r r e s p o n d  t o  

p o i n t s  b e l o w  t h e  l i n e a r  r e l a t i o n s h i p  i n  F i g u r e  6  s o  t h a t  

t h e  i n c r e a s e  i n  a p p a r e n t  r a d i c a l  y i e l d  c a n n o t  b e  e x 

p l a i n e d  b y  a n y  o f  t h e  r e a c t i o n s  w r i t t e n  a b o v e .  I n  

p a r t i c u l a r ,  t h e  i n t e r f e r e n c e  w i t h  t h e  a b s t r a c t i o n  r e a c 

t i o n  ( V I )  b y  t h e  s c a v e n g i n g  o f  h y d r o g e n  a t o m s  w i t h  

H I  s h o u l d  n o t  c h a n g e  t h e  n u m b e r  o f  e q u i v a l e n t s  o f  

i o d i n e  p r o d u c e d .  I t  h a s  a l s o  b e e n  n o t e d  t h a t  t h e  

t o t a l  h y d r o g e n  y i e l d  f r o m  t h e s e  s o l u t i o n s  i s  g r e a t e r  

t h a n  f o r  t h e  p u r e  h y d r o c a r b o n s 10 a n d  t h a t  t h e r e  i s  a n  

a p p r e c i a b l e  H 2 y i e l d  f r o m  H I - d e u t e r i o c y c l o h e x a n e 16 

a n d  D 2 y i e l d  f r o m  D i - h e x a n e  s o l u t i o n s . 17 T h e s e  

v a r i o u s  c o m p l i c a t i o n s  s h o w  t h a t  t h e r e  a r e  p h y s i c a l  

e f f e c t s  s u c h  a s  e n e r g y  t r a n s f e r  o r  e l e c t r o n  c a p t u r e  

w h i c h  r e s u l t  i n  d i s s o c i a t i o n  o f  t h e  s o l u t e  a n d  w h i c h  c a n

Figure 8. Dependence of initial yield for the formation 
of I2 upon HI concentration (in hexane).

b e  o p e r a t i v e  a t  e v e n  m o d e r a t e  c o n c e n t r a t i o n s .  A s  i n  

a l l  s c a v e n g i n g  e x p e r i m e n t s ,  e x t r e m e  c a u t i o n  m u s t  t h e r e 

f o r e  b e  u s e d  i n  t h e  i n t e r p r e t a t i o n  o f  r e s u l t s  a t  h i g h e r  

c o n c e n t r a t i o n s ,  i.e., i n  t h i s  c a s e  a t  H I  c o n c e n t r a t i o n s  

a b o v e  1 0 - 3  M. A t  l o w e r  c o n c e n t r a t i o n s  t h e  p r e s e n t  

r e s u l t s ,  a s -  w e l l  a s  t h e  s t u d i e s  w i t h  l a b e l e d  h y d r o g e n  

i o d i d e ,  i n d i c a t e  t h a t  c o m p l i c a t i o n s  a r e  s m a l l .

Appendix I

Integration of the General Equation. T h e  v a r i a b l e s  

o f  e q  2  c a n  b e  s e p a r a t e d  i f  o n e  r e w r i t e s  t h i s  e q u a t i o n  

i n  t h e  f o r m

d  [ H I  ] 

d f
0 D ------------------------------- ( 1 2 )

fci -  h  fc2 0 2

h  +  h  [ H I ]

a n d  d e f i n e s  a  n e w  v a r i a b l e

y  =
[ H I ]

(13)

D i f f e r e n t i a t i n g  ( 1 3 )  a n d  s o l v i n g  f o r  d f ,  o n e  o b t a i n s

dt =  - - ^ { [ m } d y  +  y d [ R l } }  ( 1 4 )

I n s e r t i o n  o f  t h e  n e w  v a r i a b l e  i n t o  ( 1 2 )  g i v e s

(13) R . H . Schuler and R . R . K u n t z , Phys. Chem., 67, 1004 (1963).
(14) C. E . M cC au ley  and R . H . Schuler, J. Am. Chem. Soc., 79, 
4008 (1957).
(15) R . W . Fessenden and R . H . Schuler, ibid., 79, 273 (1957).
(16) J. R . Nash and W . H . H a m ill, J. Chem. Phys., 66, 1097 (1962).
(17) D . Perner, to  be published.
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d  [ H I ]  

d f
=  GD

1

kl —  &2
— 7------------ i -  r yki ki

w h i c h  c a n  b e  s o l v e d  f o r  dt

‘ +  ( 1 5 >  

E q u a t i n g  t h e  r i g h t  s i d e s  o f  ( 1 4 )  a n d  ( 1 5 )

2 [ H I ] d  y +  2 y d  [ H I ]  =  +  | ? y | d [ H I ]  ( 1 6 )

a l l o w s  s e p a r a t i o n  o f  t h e  v a r i a b l e s  i n  t h e  f o r m

2  [ H I ]
d  y

o r

d [ H I ]  

d [ H I ]

fc i —  h  
ki + G - >

[ H I ]  h  -
^  + ( | - 2>

d  y

S i n c e  y  =  1  a t  t =  0 ,  i.e., w h e r e  [ H I ]  =  [ H I ] 0 

f ! H i ] d [ H I ]  p  2

J t H i ] ,  [ H I ]  '  J i  h -
i r + ( l _2)!

w h i c h  u p o n  i n t e g r a t i o n  g i v e s  

[ H I ]  2
I n I n

lHIt a : - 2)

2 h  1

< - à ) [ H I ]

( 2 0 )

O n e  c a n  t h e r e f o r e  w r i t e

/ [ H i ]  y w - 1 ^  , kj _  \

\  [ H I ] 0/  U i  /

■ ( ■ - a

[HI]o -
GDt

[ H I ]
( 2 1 )

A t  t h i s  p o i n t  i t  i s  a g a i n  c o n v e n i e n t  t o  s u b s t i t u t e  i n  

t h e  v a l u e  f o r  t h e  r e d u c e d  d o s e  d e f i n e d  b y  e q  5 .

n m \
\ [ H I ] o /

(ki/2ki) -1
l )  +

< 2 2 >

S o l v i n g  ( 2 2 )  f o r  M  g i v e s  e q  8 .  

[ H I ]  1
M  =  1 -

[HI],
X

K 1 - J O
j /  [ H I ] Y « - 1 

i \  [ H I  ]o) - m
( 8 )

S u b s t i t u t i n g  ( 5 )  i n t o  ( 1 )

[h
[ H I  ] c

=  1 -  M -
[HI]
[HI]o

( 2 3 )

[ H I ] 1

( 1 7 )
'  [ H I ] 0

2 ( ‘  -  s )

( 1 8 )

r / [h i ] y « - 1

L \ [ H I ] J

w h i c h  s i m p l i f i e s  t o  e q  9 .

[ I 2] [ H I ] 1 /

[ H I  ]„  [ H I ] 0

( 1 9 )
\  2ki/

X

- e - O H
( 2 4 )

/ / [ H I ]  Y W 2 W _ 1

( 9 )

Appendix II
Evaluation of the Variables at the Iodine Maximum. 

T h e  r e l a t i v e  i o d i n e  a n d  h y d r o g e n  i o d i d e  c o n c e n t r a t i o n s  

m a y  b e  o b t a i n e d  b y  d i v i d i n g  b o t h  s i d e s  o f  e q  9  b y  [ H I ] /  

[ H I ] 0.

n r r i m  a n n / i n r , , , ' * » ■ * " - '  -  i
I U / [ H I ] -  2 ( i  -  f e / 2 4 , )  ( 2 5 )

A t  t h e  m a x i m u m  i o d i n e  c o n c e n t r a t i o n ,  t h e  r a t e s  o f  

r e a c t i o n s  I  a n d  I I  a r e  e q u a l

^ [ R J m a x L  “  kl [ H I  ] m ax I ,

o r

( M )
V  , H 1  ] / max I2

h
k<i

( 2 6 )

I n t r o d u c i n g  t h e  v a l u e  o f  ( [ I 2 ] / [ H I ] ) max i ,  o b t a i n e d  

f r o m  ( 2 5 )  o n e  c a n  w r i t e

( / [ h i ] y ™ - >

i  l \  [ H I ] „ / n

ki
ki

-  £ )
r max  la

( 2 7 )

(18) T h is  expression is o f the  same fo rm  as th a t given b y  S. Benson 
[J . Chem. Phys., 20, 1605 (1952) ] fo r the  general com pe tition  o f tw o  
reactants w ith  a th ird  substance. I t  can be ob ta ined m ore d ire c tly  
b y  d iv id in g  the  ra te  expression fo r [H I ]  b y  th a t fo r [ I2] to  e lim inate  
t im e  as a variab le  and then  separating variables b y  su b s titu tio n  o f 
y =  [ I s ] / [H I ] .
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M u l t i p l y i n g  b y  2  [1  —  [fc2/ 2 f c i ]

2 < W «  -  > -  ( { § * )

w h i c h  g i v e s

m i n  =

\ [ H I ] o / m ax i 2 \ 2 k J

(hi/2k\) - 1

-  1
max I 2

l / t i - c w a f a n

( 2 8 )

I n t r o d u c i n g  t h i s  v a l u e  i n t o  ( 9 )  g i v e s

/  [ I 2 ] \  / f c 2 \ V I 1 - ( W 2 W  1

\ [ H I ] o
- )  =
\o/ max I 2 \ 2 f c i /

X

V  _  2 k j

w h i c h  r e a d i l y  s i m p l i f i e s  t o

=  y ( h \
V  [ H I  ] o /  ma x  I2 \2kiJ

{ X / [ l  — (*2/ 2 * i) ] }  — 1

( 1 1 )

e q u a t i o n s  c a n  b e  e v a l u a t e d  b y  s u b s t i t u t i n g  i n  t h e  q u a n 

t i t y  (k2/2ki) =  1 +  A  a n d  e v a l u a t i n g  t h e  e x p r e s s i o n s  

a s  A  -* ■  0 .  T h u s  f o r  t h i s  c a s e  ( 1 1 )  b e c o m e s

I2
=  l i m  V 2( l  +  A ^ / t i - C i + A ) ] ! - !  =

A—*-0

Ü”„‘A( n h )  ( n h )
I 19
2 e

a n d  ( 2 9 )  b e c o m e s

M m , ! i ,  =  l i m j l  -  ( 1  +  a ) 1 / [ 1 - ( 1 + a )1
A—*-0 V

X

i 1 +  2 ( 1  +  A ) ) }

1
/ _ _ i ____ y / A  3 +  2 A 1

\ 1  +  A /  2 ( 1  +  A ) J

T h e  e q u a t i o n  f o r  M m ax x, c a n  b e  o b t a i n e d  e i t h e r  b y  

s u b s t i t u t i n g  ( 2 8 )  a n d  ( 1 1 )  i n t o  ( 2 3 )  o r  b y  s u b s t i t u t i n g  

( 2 8 )  i n t o  ( 8 ) .  T h e  f o r m e r  i s  s o m e w h a t  l e s s  l a b o r i o u s  

a n d  g i v e s

T h e  l o c u s  o f  t h e  i o d i n e  m a x i m u m  a s  a  f u n c t i o n  o f  

h /k i  c a n  t h e r e f o r e  b e  o b t a i n e d  f r o m  ( 1 1 )  a n d  ( 2 9 )  

a n d  i s  g i v e n  b y  t h e  d o t t e d  c u r v e  i n  F i g u r e  2 .

Appendix III

Evaluation of the Equations When k2 — 2k 1 . I n  

g e n e r a l ,  n u m e r i c a l  e v a l u a t i o n  o f  t h e  q u a n t i t i e s  g i v e n  

b y  t h e  a b o v e  e q u a t i o n s ,  t h o u g h  s o m e w h a t  i n v o l v e d ,  

c a n  b e  r e a d i l y  c a r r i e d  o u t .  W e  w o u l d  l i k e  t o  m e n t i o n  

h e r e ,  h o w e v e r ,  t h e  s p e c i a l  c a s e  w h e n  2ki =  k2 f o r  w h i c h  

t h e  e q u a t i o n s  a s  w r i t t e n  b e c o m e  i n d e t e r m i n a t e .  T h e

S i m i l a r l y ,  g e n e r a l  e q  9  b e c o m e s

[ I s ]  [ H I ]  1 ( /  [ H I ]  \ A _  Ì

[ H I ] 0 a^ o [ H I ] 0 2 ( — A ) \ \  [ H I ] o /  f

w h i c h  c a n  b e  e v a l u a t e d  b y  d i f f e r e n t i a t i n g  b o t h  n u 

m e r a t o r  a n d  d e n o m i n a t o r  w i t h  r e s p e c t  t o  A .  T h u s  o n e  

o b t a i n s

[Is] _  . ,  [HI] [HI]
[HI ]„ /2[HI]o n [HI]0

w h i c h  g i v e s  [ f r o m  ( 1 )  a n d  ( 5 ) ]

M =  1 - V s  I n
[ g i n

[ H I ] « /

(19) The value o f l ira (1 /(1  -f* A ) ) l/A  =  1/e is re ad ily  ob ta ined from  
A—► O

the  series ex =  1 - f  x +  . . . .
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P u r e  C y c l o h e x a n e

by Inder Mani and Robert J. Hanrahan

Department of Chemistry, University o f Florida, Gainesville, Florida (Received January 11, 1966)

A  s e r i e s  o f  e x p e r i m e n t s  h a s  b e e n  d o n e  t o  s t u d y  c o m p e t i t i v e  r e a c t i o n s  o f  H I  a n d  I 2 w i t h  

f r e e  r a d i c a l s  i n  y - i r r a d i a t e d  l i q u i d  c y c l o h e x a n e .  T h e  e x p e r i m e n t a l  d a t a  c o n s i s t  o f  g r a p h s  

o f  i o d i n e  c o n c e n t r a t i o n  vs. d o s e  i n  e x p e r i m e n t s  i n  w h i c h  I 2, H I ,  o r  b o t h  a r e  a d d e d  t o  p u r e  

d e g a s s e d  c y c l o h e x a n e  b e f o r e  r a d i o l y s i s .  R a t e  e q u a t i o n s ,  b a s e d  o n  p r e v i o u s l y  p r o p o s e d  

m e c h a n i s m s ,  h a v e  b e e n  s e t  u p  a n d  t h e i r  i n t e g r a t i o n  h a s  b e e n  d o n e  b y  n u m e r i c a l  c a l c u l a 

t i o n s  u s i n g  t h e  s e c o n d - o r d e r  R u n g e - K u t t a  m e t h o d  o n  a n  I B M  7 0 9  c o m p u t e r .  T h e  

t h e o r e t i c a l  c u r v e s  s o  o b t a i n e d  f i t  t h e  e x p e r i m e n t a l  c u r v e s  w e l l .  A  v a l u e  f o r  t h e  r a t i o  

km/ku  f o r  c o m p e t i t i v e  s c a v e n g i n g  o f  a l k y l  r a d i c a l s  b y  H I  a n d  I 2 i n  c y c l o h e x a n e  h a s  b e e n  

o b t a i n e d .

Introduction

I t  i s  i n h e r e n t  i n  t h e  c o n c e p t  o f  a  f r e e  r a d i c a l  y i e l d  i n  

r a d i a t i o n  c h e m i s t r y  t h a t  r a d i c a l  s c a v e n g e r s  s h o u l d  

r e a c t  b y  a  p r o c e s s  o f  “ i n d i r e c t  a c t i o n . ”  T h a t  i s ,  

r a d i c a l s  p r o d u c e d  i n  t h e  i r r a d i a t e d  s o l v e n t  a r e  p r e 

s u m e d  t o  r e a c t  w i t h  t h e  s o l u t e ,  s o  t h a t  t h e  G v a l u e  

f o r  c o n s u m p t i o n  o f  t h e  s c a v e n g e r  s h o u l d  b e  i n d e p e n d e n t  

o f  s c a v e n g e r  c o n c e n t r a t i o n .  I o d i n e  i s  o n e  o f  t h e  m o s t  

r e l i a b l e  f r e e  r a d i c a l  s c a v e n g e r s  u s e d  i n  s t u d y i n g  t h e  

r a d i a t i o n  c h e m i s t r y  o f  h y d r o c a r b o n s , 1 b u t  i t s  u s e  i s  n o t  

e n t i r e l y  w i t h o u t  c o m p l i c a t i o n s .  A l t h o u g h  i n i t i a l  G 
v a l u e s  f o r  i o d i n e  d i s a p p e a r a n c e  c a n  b e  m e a s u r e d  

r a t h e r  r e a d i l y ,  s o m e  a m b i g u i t y  i s  i n t r o d u c e d  b y  t h e  

f a c t  t h a t  g r a p h s  o f  i o d i n e  c o n c e n t r a t i o n  vs. d o s e  a r e  

n o t  m e r e l y  s t r a i g h t  l i n e s ,  i n d i c a t i v e  o f  a  c o n s t a n t  v a l u e  

f o r  G (—1 2) ,  b u t  r a t h e r  a r e  a l w a y s  c o n c a v e  u p w a r d ,  

i n d i c a t i n g  a n  a p p a r e n t  G v a l u e  f o r  i o d i n e  d i s a p p e a r a n c e  

w h i c h  d e c r e a s e s  a s  t h e  d o s e  i n c r e a s e s . 2 A  s i m p l e  i n 

t e r p r e t a t i o n  o f  t h i s  p h e n o m e n o n  i s  t h a t  h y d r o g e n  

a t o m s ,  p r o d u c e d  f r o m  r a d i o l y s i s  o f  t h e  h y d r o c a r b o n  

s o l v e n t ,  r e a c t  w i t h  i o d i n e  t o  f o r m  H I ,  w h i c h  t h e n  

e n t e r s  i n t o  c o m p e t i t i o n  w i t h  I 2 f o r  t h e  r a d i c a l s  p r e s e n t .  

S o m e  y e a r s  a g o ,  t h i s  i n t e r p r e t a t i o n  a p p e a r e d  u n t e n a b l e  

b e c a u s e  H I  c o u l d  n o t  b e  i d e n t i f i e d  a s  a  r a d i o l y s i s  p r o d 

u c t . 1 T h e  p r e s e n c e  o f  H I  i n  i r r a d i a t e d  h y d r o c a r b o n -  

i o d i n e  s o l u t i o n s  w a s  l a t e r  e s t a b l i s h e d  b y  M e s h i t s u k a  

a n d  B u r t o n , 3 b u t  t o  d a t e  n o  a t t e m p t  t o  e x p l a i n  q u a n 

t i t a t i v e l y  t h e  c u r v a t u r e  o f  t h e  i o d i n e - d o s e  c u r v e s  o n  

t h e  b a s i s  o f  H I  h a s  b e e n  p u b l i s h e d .

A  f u r t h e r  a d v a n t a g e  o f  a n  i n t e r p r e t a t i o n  o f  H I - I 2 

c o m p e t i t i o n  k i n e t i c s  i n  h y d r o c a r b o n  r a d i o l y s i s  i s  t h a t  

i t  s h o u l d  b e  p o s s i b l e  t o  a p p l y  s u c h  a n  a n a l y s i s  t o  

s y s t e m s  i n  w h i c h  H I  r a t h e r  t h a n  I 2 i s  a d d e d  i n i t i a l l y  

a s  a  f r e e  r a d i c a l  s c a v e n g e r .  I n  s u c h  s o l u t i o n s ,  I 2 i s  

p r o d u c e d  d u r i n g  r a d i o l y s i s ,  a n d  a g a i n  t h e  c o m p e t i t i o n  

b e t w e e n  H I  a n d  I 2 o c c u r s .  A n o t h e r  t e s t  o f  s u c h  a  

k i n e t i c  s c h e m e  i s  p r o v i d e d  b y  s o l u t i o n s  i n  w h i c h  b o t h  

H I  a n d  I 2 a r e  a d d e d  i n i t i a l l y ,  s o  t h a t  t h e  c o m p e t i t i o n  

o c c u r s  f r o m  t h e  b e g i n n i n g .

T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o f  a  s t u d y  o f  H I - I 2 

c o m p e t i t i o n  k i n e t i c s  i n  i r r a d i a t e d  c y c l o h e x a n e  s o l u 

t i o n s .  A  s o m e w h a t  s i m i l a r  k i n e t i c  s i t u a t i o n  w a s  i n 

t e r p r e t e d  e a r l i e r  b y  H a n r a h a n  a n d  W i l l a r d 4 ; a n a l y t i c a l  

i n t e g r a t i o n  w a s  m a d e  p o s s i b l e  b y  a  s i m p l i f y i n g  a s s u m p 

t i o n  c o n c e r n i n g  t h e  r a t e  c o n s t a n t  r a t i o s .  D u r i n g  t h e  

c o u r s e  o f  t h e  p r e s e n t  i n v e s t i g a t i o n s ,  S c h u l e r  a n d  

P e m e r 5 d e v e l o p e d  a  m e t h o d  o f  t r e a t i n g  s e v e r a l  a s p e c t s

(1) R . W . Fessenden and R . H . Schuler, J. Am. Chem. Soc., 79, 273 
(1957).
(2) B . M . Hughes and R . J. H anrahan, J. Phys. Chem., 69, 2707 
(1965).
(3) G. M esh itsuka  and M . B u rto n , Radiation Res., 10, 499 (1959).
(4) R . J. H anrahan and J. E . W illa rd , J. Am. Chem. Soc., 79, 2434 
(1957).
(5) D . Perner and R . H . Schuler, J. Phys. Chem., 70, 2224 (1966).
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o f  t h e  H I - I 2 c o m p e t i t i o n  k i n e t i c s  u s i n g  a n  i n d i r e c t  

a n a l y t i c a l  i n t e g r a t i o n .  I n  t h e  w o r k  d e s c r i b e d  h e r e ,  

n u m e r i c a l  i n t e g r a t i o n  o n  a n  I B M  7 0 9  c o m p u t e r  w a s  

e m p l o y e d .  T h i s  w a s  d o n e  l a r g e l y  t o  m a k e  p o s s i b l e  

d i r e c t  e x t e n s i o n  o f  t h e  m e t h o d  t o  t h e  s o m e w h a t  m o r e  

c o m p l i c a t e d  s i t u a t i o n s  w h i c h  o c c u r  i n  t h e  r a d i o l y s i s  

o f  c y c l o h e x a n e - a l k y l  i o d i d e  s o l u t i o n s .  R e s u l t s  o n  

s u c h  s y s t e m s  w i l l  b e  d e s c r i b e d  i n  f u t u r e  p u b l i c a t i o n s .

Experimental Section

P h i l l i p s  “ p u r e  g r a d e ”  c y c l o h e x a n e  w a s  p a s s e d  t h r o u g h  

s i l i c a  g e l  b e f o r e  u s e .  E x a m i n a t i o n  o f  t h i s  m a t e r i a l  

b y  i n f r a r e d  s p e c t r o s c o p y  a n d  f l a m e  i o n i z a t i o n  g a s  

c h r o m a t o g r a p h y  i n d i c a t e d  t h a t  i t  c o n t a i n e d  a b o u t  1 %  

o f  a  m i x t u r e  o f  b r a n c h e d - c h a i n  s a t u r a t e d  h y d r o c a r b o n s  

e l u t i n g  b e f o r e  t h e  p a r e n t  o n  a  s i l i c o n e  r u b b e r  c o l u m n ,  

b u t  n o  d e t e c t a b l e  c y c l o h e x e n e .  I o d i n e  a n d  h y d r i o d i c  

a c i d  w e r e  B a k e r  A n a l y z e d  r e a g e n t s .  H y d r o g e n  i o d i d e  

w a s  p r o d u c e d  b y  d e h y d r a t i n g  h y d r i o d i c  a c i d .  T h e  

h y d r i o d i c  a c i d  w a s  f r o z e n  t o  l i q u i d  n i t r o g e n  t e m p e r a 

t u r e  i n  a  r o u n d - b o t t o m  f l a s k  a n d  P 2O 5 w a s  a d d e d  o n  

t o p  o f  i t .  T h e  f r o z e n  a c i d  w a s  t h e n  a t t a c h e d  t o  t h e  

v a c u u m  l i n e  a n d  d e g a s s e d .  T h e  h y d r i o d i c  a c i d  w a s  

a l l o w e d  t o  m e l t  a n d  i n t e r a c t  w i t h  P 2O 5, a n d  t h e  h y 

d r o g e n  i o d i d e  r e l e a s e d  w a s  c o l l e c t e d  i n  a n o t h e r  p o r t i o n  

o f  t h e  v a c u u m  s y s t e m .  T h i s  c o l l e c t e d  h y d r o g e n  i o d i d e  

w a s  d e g a s s e d  a n d  s t o r e d  a t  l i q u i d  n i t r o g e n  t e m p e r a 

t u r e  u n t i l  u s e d .  T h e  a m o u n t  o f  h y d r o g e n  i o d i d e  a d d e d  

t o  t h e  s a m p l e s  w a s  d e t e r m i n e d  b y  g a s  m e a s u r e m e n t s .

I n d i v i d u a l  4 - m l  s a m p l e s  w e r e  p r e p a r e d  v o l u m e t r i -  

c a l l y ,  d r i e d  w i t h  P 2O 5, d e g a s s e d ,  t r a n s f e r r e d  u n d e r  

v a c u u m  t o  t h e  i r r a d i a t i o n  v e s s e l s ,  a n d  s e a l e d  o f f .  

T h e  i r r a d i a t i o n  v e s s e l s  w e r e  1 3  X  1 0 0 - m m  t e s t  t u b e s  

w i t h  a t t a c h e d  s p e c t r o p h o t o m e t e r  c e l l s .  I r r a d i a t i o n s  

w e r e  p e r f o r m e d  u s i n g  a  C o 60 7  i r r a d i a t o r  w h i c h  h a s  

b e e n  d e s c r i b e d  p r e v i o u s l y .6 T h e  d o s e  r a t e  i n  t h e  

F r i c k e  d o s i m e t e r  [ G ( F e 3 + )  =  1 5 . 6 ]  w a s  f o u n d  t o  b e  

0 . 5 5 4  X  1 0 18 e v / m l  m i n .  F o r  c y c l o h e x a n e ,  t h e  

v a l u e  o f  / ¿ ( s a m p l e ) / / * ( d o s i m e t e r )  w a s  0 . 7 8 0  a s  o b 

t a i n e d  o n  t h e  b a s i s  o f  e l e c t r o n  d e n s i t y  r a t i o s .  I o d i n e  

w a s  a n a l y z e d  s p e c t r o p h o t o m e t r i c a l l y  u s i n g  a  B e c k m a n  

D U  s p e c t r o p h o t o m e t e r .  T h e  p o s i t i o n  o f  X max a n d  t h e  

e x t i n c t i o n  c o e f f i c i e n t  w e r e  u s e d  a s  g i v e n  b y  C r o f t  a n d  

H a n r a h a n .7

Results

M e a s u r e m e n t s  o f  i o d i n e  c o n c e n t r a t i o n  vs. d o s e  w e r e  

m a d e  d u r i n g  t h e  r a d i o l y s i s  o f  s e v e r a l  c y c l o h e x a n e  

s o l u t i o n s  w h i c h  i n i t i a l l y  c o n t a i n e d  c o n c e n t r a t i o n s  o f  

i o d i n e  v a r y i n g  f r o m  0 . 3  X  1 0  ~3 t o  2 . 0  X  1 0 -3  M. 
T h e  r e s u l t s  o f  s o m e  o f  t h e s e  e x p e r i m e n t s  a r e  s h o w n  b y  

t h e  c i r c l e s  i n  F i g u r e  l .8 9 ( T h e  l i n e s  a r e  t h e o r e t i c a l ;  

s e e  b e l o w . )  I t  c a n  b e  s e e n  t h a t  a l l  o f  t h e  c u r v e s  a r e

Figure 1. Iodine consumption in the radiolysis of pure 
cyclohexane with added I2 as a function of radiation time.
Circles are experimental; smooth curves are computed.
Initial I2 concentrations, reading left to right, are
0.31 X 10-3, 0.61 X 10-3, 1.16 X 10-3, and 1.71 X IO- 3 M .

c o n c a v e  u p w a r d ,  w i t h  t h e  s o l u t i o n s  h a v i n g  h i g h e r  

i n i t i a l  i o d i n e  c o n c e n t r a t i o n  s h o w i n g  t h e  m o s t  c u r v a t u r e .  

H o w e v e r ,  t h e  i n i t i a l  r a t e  o f  i o d i n e  u p t a k e  i n  s u c h  

e x p e r i m e n t s  h a s  b e e n  r e p o r t e d  t o  b e  i n d e p e n d e n t  o f  

i n i t i a l  i o d i n e  c o n c e n t r a t i o n  o v e r  t h e  r a n g e  5  X  1 0  ~ e 

t o  5  X  1 0 -3  M ?  W e  h a v e  c o n f i r m e d  t h i s  o b s e r v a t i o n  

f o r  t h e  r a n g e  o f  c o n c e n t r a t i o n  u s e d  i n  o u r  e x p e r i m e n t s .  

W e  f o u n d  a n  a v e r a g e  i n i t i a l  r a t e  o f  i o d i n e  u p t a k e  o f

3 . 0 8  m o l e c u l e s / 1 0 0  e v .10
W h e n  H I  i s  a d d e d  t o  a  h y d r o c a r b o n  p r i o r  t o  r a d i o l y 

s i s ,  I 2 i s  p r o d u c e d  i n i t i a l l y  r a t h e r  t h a n  c o n s u m e d .  

A l k y l  r a d i c a l s  a b s t r a c t  H  a t o m s  f r o m  H I ,  r e l e a s i n g  

i o d i n e  a t o m s  w h i c h  l a t e r  f o r m  I 2. T h e  r e s u l t s  o f  s e v e r a l

(6) R . J. H anrahan, In tern . J . A p p l. R adiation  Isotopes, 13, 254 
(1962).

(7) T . S. C ro ft  and R . J. H anrahan, J. P h ys. Chem., 66 , 2188 (1962).
(8) R a d ia tion  chem ica l y ie lds are n orm ally  g iven  as G  values, 
defined as the  nu m ber o f m olecu les o f  a substance p rod u ced  or con 
sum ed per 100 e v  deposited  in  the  system . In  the  present case, 
since con cen tra tion  and tim e m ust be  used as itera tion  param eters 
on  a  d igita l com puter, it is necessary t o  use m ore con ven ien t units. 
W e  have chosen  to  state con centration s as m icrom oles p er 4 -m l 
sam ple, and t o  use tim e in  m inutes, w h ich  is p rop ortion a l t o  radia
t io n  dose.
(9) R . H . Schuler, J. P h ys. Chem., 62 , 37 (1958).
(10) T h e  value obta in ed  fo r  the in itial G  value o f  iod in e  u p tak e 
depends som ew hat on  the procedure used t o  in terpret the  con cen tra 
t io n -d o s e  graphs, since the graphs are non linear. I t  is especia lly  
d isadvantageous t o  use d irectly  the  in itial co n ce n tra tio n -d o se  incre
m ents, since the  first few  p oin ts o ften  show  the m ost scatter. W e  
have fou n d  m ost successful the p roced ure o f ca lcu lating  the  net 
change o f  con cen tra tion  (or  op tica l density ) from  tim e zero  to  each  
successive radiolysis tim e t, graphing A (con cen tra tion )/t vs. t, and 
extrapolating  this graph to  zero tim e, w h ich  gives the  desired in itial 
rate.
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Figure 2. Iodine production in the radiolysis of pure 
cyclohexane with added HI as a function of radiation time. 
Circles are experimental; smooth curves are computed.
Initial HI concentrations, reading downward, are
8.88 X 1CT3, 4.10 X 10~3, 3.18 X 1CT3, and 2.11 X 10~3 M .

e x p e r i m e n t s  o f  t h i s  t y p e  a r e  s h o w n  i n  F i g u r e  2 .  A s  

t h e  r a d i o l y s i s  p r o c e e d s ,  t h e  I 2 p r o d u c e d  e n t e r s  i n t o  

c o m p e t i t i o n  w i t h  H I  f o r  f r e e  r a d i c a l s  s o  t h a t  t h e  n e t  

r a t e  o f  i o d i n e  p r o d u c t i o n  d e c r e a s e s  t o  z e r o  ( a t  t h e  

m a x i m u m  o f  t h e  c u r v e s )  a n d  t h e n  b e c o m e s  n e g a t i v e ;  

i f  t h e  e x p e r i m e n t  i s  c o n t i n u e d  t o  a  s u f f i c i e n t l y  h i g h  

d o s e ,  a l l  o f  t h e  I 2 a n d  H I  a r e  f i n a l l y  c o n s u m e d .  I t  c a n  

b e  s e e n  f r o m  F i g u r e  2  t h a t  t h e  i o d i n e  m a x i m u m  a n d  

f i n a l  “ e n d  p o i n t s ”  o f  t h e  e x p e r i m e n t s  i n c r e a s e  w i t h  

i n i t i a l  H I  c o n c e n t r a t i o n .  H o w e v e r ,  t h e  i n i t i a l  G v a l u e  

o f  i o d i n e  p r o d u c t i o n  i s  i n d e p e n d e n t  o f  i n i t i a l  H I  c o n 

c e n t r a t i o n .  E x p e r i m e n t s  w i t h  i n i t i a l  H I  c o n c e n t r a 

t i o n s  f r o m  2  X  1 0 “ 4 t o  9  X  1 0 -3  M  g a v e  i n i t i a l  v a l u e s  

o f  G ( I 2)  r a n g i n g  f r o m  2 . 8  t o  3 . 0  w i t h  n o  a p p a r e n t  

d e p e n d e n c e  o n  i n i t i a l  H I  c o n c e n t r a t i o n .  A  v a l u e  o f  

2 . 9 6 ,  b a s e d  o n  s e v e r a l  o f  t h e  m o s t  r e l i a b l e  e x p e r i m e n t s ,  

w a s  u s e d  i n  t h e  c a l c u l a t i o n s  d e s c r i b e d  b e l o w .

I f  i t  i s  t r u e  t h a t  p r o d u c t i o n  o f  H I  i s  r e s p o n s i b l e  f o r  

t h e  c u r v a t u r e  o f  I 2 vs. d o s e  p l o t s  w i t h  a d d e d  I 2, t h e n  

a d d i t i v e s  w h i c h  p r e v e n t  t h e  b a c k - r e a c t i o n  o f  H I  

s h o u l d  t e n d  t o  l i n e a r i z e  t h e  c u r v e s .  A d d i t i v e s  w h i c h  

m i g h t  b e  e x p e c t e d  t o  r e a c t  w i t h  H I  a n d  p r e v e n t  i t s  

r o l e  a s  a  r a d i c a l  s c a v e n g e r  i n c l u d e  B a O  a n d  w a t e r ;  t h e  

l a t t e r  h a s  b e e n  u s e d  p r e v i o u s l y  f o r  t h i s  p u r p o s e  b y  

s e v e r a l  w o r k e r s .3’11 R e s u l t s  o f  t h e  r a d i o l y s i s  o f  c y c l o 

h e x a n e - i o d i n e  s o l u t i o n s  w i t h  a d d e d  B a O  a n d  w i t h  

a d d e d  H 20  a r e  c o m p a r e d  w i t h  e x p e r i m e n t s  w i t h  o n l y  

i o d i n e  a d d e d  i n  F i g u r e  3 .  I t  c a n  b e  s e e n  t h a t  e x p e r i 

m e n t s  w i t h  B a O  o r  H 20  g i v e  i o d i n e  d i s a p p e a r a n c e  

g r a p h s  s t a r t i n g  w i t h  a b o u t  1 . 5  X  1 0 -3  M  I 2 w h i c h  a r e  

m u c h  l e s s  c u r v e d  t h a n  i n  t h e  c a s e  o f  a  s i m i l a r  e x p e r i 

m e n t  w i t h  o n l y  I 2 a d d e d .  ( T h e  e x p e r i m e n t s  s h o w n  i n

Radiolysis time, min.

Figure 3. Effect of added base in the radiolysis of pure 
cyclohexane with added I2 as a function of radiation time.
Initial I2 concentrations were about 1.5 X 10 ~3 M ;

•, with no base; i f , with added BaO; O, with added H20.

F i g u r e  3  w e r e  d o n e  u s i n g  a b o u t  2 0  / d  o f  H 20  a d d e d  t o  

4  m l  o f  c y c l o h e x a n e - i o d i n e  s o l u t i o n , 11 o r  a b o u t  1 g  

o f  B a O  a t t a c h e d  t o  t h e  r a d i o l y s i s  c e l l  t h r o u g h  a  f r i t t e d  

g l a s s  d i s k . )

D iscussion

Kinetic Analysis. A l t h o u g h  a  g r e a t  v a r i e t y  o f  c o n 

f l i c t i n g  v i e w p o i n t s  h a v e  b e e n  e x p r e s s e d  o n  t h e  m e c h 

a n i s m  o f  c y c l o h e x a n e  r a d i o l y s i s ,  e s s e n t i a l l y  a l l  i n v e s t i 

g a t o r s  h a v e  a g r e e d  t h a t  c y c l o h e x y l  r a d i c a l s  a r e  i n 

v o l v e d .12-16 T h e  r o l e  o f  h y d r o g e n  a t o m s  i s  f a r  m o r e  

o b s c u r e ;  a t  l e a s t  o n e  r e s e a r c h  g r o u p 14 p r e f e r s  t o  t a l k  o f  

“ p r e c u r s o r s ”  w h i c h  p r o v i d e  h y d r o g e n  a t o m s  b u t  w h i c h  

m a y  o r  m a y  n o t  a c t u a l l y  b e  h y d r o g e n  a t o m s .  I n  a n  

a t t e m p t  t o  p r o v i d e  a n  i n t e r n a l l y  c o n s i s t e n t  f r e e - r a d i c a l  

d e s c r i p t i o n  w h i c h  g o e s  a s  f a r  a s  p o s s i b l e  t o w a r d  i n -  11 12 13 14 15 16

(11) L . J. F orrestal and W . H . H am ill, J. A m . Chem. Soe., 83 , 1535 
(1961).
(12) N um erous papers have been published  dealing w ith  cycloh exane 
radiolysis. R eferences 1 3 -16  present several representative v iew 
points, and g ive  further references t o  the literature.
(13) R . H . Schuler, J. P h ys . Chem., 61, 1472 (1957).
(14) P . J. D y n e  and W . M , Jenkinson , Can. J . Chem., 39 , 2163 
(1 961); 3 8 ,5 3 9  (1960).
(15) P . J. D yn e , J. P h ys. Chem., 66 , 767 (1962).
(16) S. K . H o  and G . R . F reem an, ibid., 68 , 2189 (1964).
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t e r p r e t i n g  t h e  p r e s e n t  e x p e r i m e n t a l  r e s u l t s ,  w e  h a v e  

a d o p t e d  a  s i m p l i f i e d  m e c h a n i s m  w h i c h  a s s u m e s  t h e  

p r e s e n c e  o f  h y d r o g e n  a t o m s  w i t h  a n  effective y i e l d  

d e p e n d e n t  o n  t h e  t o t a l  c o n c e n t r a t i o n  o f  s c a v e n g e r s  

p r e s e n t .  ( A t  l o w e r  s c a v e n g e r  c o n c e n t r a t i o n s ,  i t  i s  

a s s u m e d  t h a t  t h e  h y d r o g e n  a t o m s  a r e  r e p l a c e d  b y  a  

c o m p l e m e n t a r y  y i e l d  o f  c y c l o h e x y l  r a d i c a l s ;  s e e  b e l o w . )

A t  s u f f i c i e n t l y  h i g h  c o n c e n t r a t i o n s ,  b o t h  H I  a n d  I 2 
m a y  b e c o m e  i n v o l v e d  i n  e l e c t r o n  c a p t u r e  o r  e n e r g y  

t r a n s f e r  p r o c e s s e s . 13'17 H o w e v e r ,  t h e  h i g h e s t  c o n c e n 

t r a t i o n  o f  s c a v e n g e r  w h i c h  w e  h a v e  u s e d  i s  a b o u t  10-2  
M, a n d  m o s t  o f  o u r  e x p e r i m e n t s  w e r e  d o n e  a t  m i l l i -  

m o l a r  s c a v e n g e r  c o n c e n t r a t i o n s .  T h e r e  i s  j u s t i f i c a 

t i o n 13 f o r  a s s u m i n g  t h a t  H I  a n d  I 2 b e h a v e  p r e d o m i 

n a n t l y  a s  f r e e  r a d i c a l  s c a v e n g e r s  a t  n e a r  m i l l i m o l a r  

c o n c e n t r a t i o n  l e v e l s .  H e n c e ,  f o r  t h e  p r e s e n t  p u r p o s e s  

w e  a s s u m e  t h a t  t h e  n e t  r e s u l t  o f  p r i m a r y  p r o c e s s e s  i s  

t h e  p r o d u c t i o n  o f  h y d r o g e n  a t o m s  a n d  a l k y l  r a d i c a l s ,  

w h i c h  t h e n  t a k e  p a r t  i n  c o m p e t i t i v e  r e a c t i o n s  u n d e r

s t e a d y - s t a t e  c o n d i t i o n s .

Reactions in Spurs18

c-C6H i2 — -> c-C6H12* (la)

c - C 6H 12 -*»■^  (c-C6Hi2+ +  e ~ )  — e - C 6H 12*  (lb) 

c-C6H12* — >■ c-C6H10 +  H 2 (2)

c - C s H w *  — >  c - C e H n  +  H  ■ ( 3 )

Thermal Radical Reactions

R -  +  I 2 — >  R I  +  I -  ( 4 )

R -  +  H I  — >  R H  +  I -  ( 5 )

H -  +  I 2 — >  H I  +  I -  ( 6 )

H  • +  H I  — >  H 2 +  I  • ( 7 )

I + I — > I 2 ( 8 )

T h e  a b o v e  r e a c t i o n  s c h e m e  c a n  b e  t r e a t e d  b y  c o n 

v e n t i o n a l  k i n e t i c s .  I t  i s  a s s u m e d  t h a t  H  a t o m s  a n d  

a l k y l  r a d i c a l s  a r e  p r o d u c e d  a c c o r d i n g  t o  z e r o - o r d e r  

k i n e t i c s  b y  t h e  r a d i a t i o n ,  a n d  t h a t  I 2 a n d  H I  t h e n  

c o m p e t e  f o r  t h e  r a d i c a l s  a n d  H  a t o m s  a c c o r d i n g  t o  e q  

4  t o  7 .  T h e  r a t e  c o n s t a n t s  f o r  r e a c t i o n s  4  a n d  6 a n d  

f o r  r e a c t i o n s  5  a n d  7  m i g h t  b e  e x p e c t e d  t o  b e  q u i t e  

s i m i l a r .  T h e  r a t i o s  fc6/ / c 4 a n d  k7/ks s h o u l d  b e  e v e n  m o r e  

s i m i l a r ;  w e  h a v e  a s s u m e d  t h e s e  r a t i o s  t o  b e  e q u a l ,  

w h i c h  g r e a t l y  s i m p l i f i e s  o u r  c a l c u l a t i o n s .

T h e  s t e a d y - s t a t e  a s s u m p t i o n  i s  a p p l i e d  t o  t h e  a l k y l  

r a d i c a l  a n d  H - a t o m  c o n c e n t r a t i o n s .  W e  s h a l l  l e t  A  
b e  t h e  r a t e  o f  p r o d u c t i o n  o f  t h e r m a l  a l k y l  r a d i c a l s  a n d  

D  b e  t h e  r a t e  o f  p r o d u c t i o n  o f  t h e r m a l  H  a t o m s  w h i c h  

e s c a p e  f r o m  t h e  s p u r s .  T h e n  w e  s e t  t h e  t h e r m a l  

a l k y l  p r o d u c t i o n  r a t e  e q u a l  t o  t h e  r a t e  o f  r e m o v a l  b y  

r e a c t i o n s  4  a n d  5

A  =  fc4 [ R - ]  [ I 2 ]  +  h [R -  ] [ H I ]

=  [ R -  ] ( f c 4 [ I 2 ] +  f c i [ H I ] ) ( 9 )

a n d

[ R -  ] =  A/Q c4 [ I 2 ] +  fc5 [ H I ] ) ( 1 0 )

S i m i l a r l y ,  w e  s e t  t h e  t h e r m a l  H - a t o m  p r o d u c t i o n  

r a t e  e q u a l  t o  t h e  r a t e  o f  r e m o v a l  b y  r e a c t i o n s  6 a n d  7

D  =  fc6 [ H - ] [ I 2 ]  +  [ H  • ] [ H I  ]

=  [ H -  ] ( / c 6 [ I 2 ] +  k7[H I ] ) ( 1 1 )

a n d

[ H - ]  =  D / ( f c 6 [ I 2 ] +  fc7 [ H I  ] ) ( 1 2 )

T h e  r a t e  o f  i o d i n e  p r o d u c t i o n  m a y  b e  e x p r e s s e d  a s  

d [ I 2 ] / d f  =  —  ( fc4/ 2 ) ( [ I 2] [ R -  ] )  +

( fc6/ 2 )  ( [ H I  ] [ R  - ] )  -

( f c e / 2 ) ( [ I 2] [ H - ] )  +  (h/2)  ( [ H I  ] [ H  • ] )  ( 1 3 )

T h e  f a c t o r  o f  * /2 i s  i n t r o d u c e d  b e c a u s e  o n l y  1/ 2 m o l e  

o f  i o d i n e  i s  c o n s u m e d  w h e n  a  m o l e  o f  r a d i c a l s  r e a c t s  

w i t h  I 2 ( r e a c t i o n s  4  a n d  8 ) .  A f t e r  s u b s t i t u t i n g  e x 

p r e s s i o n s  f o r  [ R  • ]  a n d  [ H  • ]  a n d  r e a r r a n g i n g ,  t h i s  

b e c o m e s

d [ I 2 ] / d i  =  — ( A / 2)(ki [h\ -

fc5 [ H I  ] ) / ( fc4 [ I 2 ] +  fc5 [ H I  ] )  -  

(D /2 )(h [h ]  -  fc7 [ H I ] ) / ( fc6[ I 2 ]  +  h  [ H I ] )  ( 1 4 )

A f t e r  p u t t i n g  kb/kt =  k7/kb =  km/ku  a n d  s i m p l i f y i n g  

f u r t h e r ,  t h i s  c a n  b e  e x p r e s s e d  a s

d [ I 2 ] / d i  =  (A  +  D )/2  -

( A  +  D)  [ I 2] / ( [ I 2 ] +  [ H I  ]km/kh) ( 1 5 )

S i m i l a r l y ,  t h e  r a t e  o f  H I  p r o d u c t i o n  c a n  b e  e x p r e s s e d  

a s

d [ H I ] / d f  =  —  [ H I  ] [ R  • ] +

fc6[ I 2] [ H - ]  —  fc7[ H I ] [ H - ] ( 1 6 )

A f t e r  s u b s t i t u t i o n  f o r  [ R  ■ ]  a n d  [ H  • ]  a n d  s i m p l i f i c a t i o n  

t h i s  b e c o m e s

d [ H I ] / d f  =  - ( A  +  D)  +

( A  +  2 D )  [ I 2] / ( [ I 2 ]  +  [ H I  ]km/ku) ( 1 7 )

I n  o r d e r  t o  o b t a i n  e q u a t i o n s  g i v i n g  t h e  I 2 c o n c e n t r a 

t i o n  a s  a  f u n c t i o n  o f  t i m e  ( a n d  i n c i d e n t a l l y ,  a l s o  g i v i n g  

H I  c o n c e n t r a t i o n  a s  a  f u n c t i o n  o f  t i m e ) ,  i t  i s  n e c e s s a r y  

t o  s o l v e  e q  1 5  a n d  1 7 ,  a  p a i r  o f  s i m u l t a n e o u s ,  f i r s t -

(17) J. R . N ash and  W . H . H am ill, J . P h ys . Chem., 66 , 1097 (1962).
(18) Asterisks represent electron ica lly  excited  species.
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o r d e r ,  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n s .  A  s i m i l a r  s e t  

o f  e q u a t i o n s  h a s  r e c e n t l y  b e e n  s o l v e d  b y  S c h u l e r  a n d  

P e m e r ,5 w h o  u s e d  a n  i n d i r e c t  a n a l y t i c a l  p r o c e d u r e .  

T h e i r  a n a l y s i s  a p p l i e s  t o  a  k i n e t i c  s c h e m e  w h i c h  i s  

s i m i l a r  t o  o u r s  e x c e p t  t h a t  n o  a l l o w a n c e  i s  m a d e  f o r  

d i r e c t  p a r t i c i p a t i o n  o f  h y d r o g e n  a t o m s .  ( I t  i s  a s s u m e d  

b y  t h e m  t h a t  h y d r o g e n  a t o m s  a t t a c k  t h e  s u b s t r a t e  a n d  

a r e  c o n v e r t e d  t o  a l k y l  r a d i c a l s ;  t h e  q u e s t i o n  o f  t h e  

r o l e  o f  h y d r o g e n  a t o m s  i s  d i s c u s s e d  b e l o w . )  B e c a u s e  

w e  w i s h e d  t o  t r e a t  n o t  o n l y  t h e  p r e s e n t  c a s e  b u t  a l s o  

t h e  s i m i l a r ,  s o m e w h a t  m o r e  c o m p l i c a t e d  k i n e t i c  s c h e m e  

a p p l i c a b l e  t o  t h e  r a d i o l y s i s  o f  h y d r o c a r b o n - a l k y l  

i o d i d e  s o l u t i o n s ,  w e  c h o s e  t o  a t t a c k  t h e  p r o b l e m  u s i n g  

n u m e r i c a l  i n t e g r a t i o n .  S l i g h t  m o d i f i c a t i o n  o f  a  p u b 

l i s h e d  p r o g r a m 19 f o r  t h e  s e c o n d - o r d e r  R u n g e - K u t t a  

m e t h o d  o f  s o l v i n g  s i m u l t a n e o u s  d i f f e r e n t i a l  e q u a t i o n s  

p r o v e d  a p p l i c a b l e .

Assignment of Parameters. B e f o r e  e q  1 5  a n d  1 7  

c a n  b e  s o l v e d  b y  t h e  c o m p u t e r ,  i t  i s  n e c e s s a r y  t o  

p r o v i d e  v a l u e s  f o r  t h e  q u a n t i t i e s  A  a n d  D  ( a l k y l  

r a d i c a l  y i e l d  a n d  h y d r o g e n  a t o m  y i e l d ) ,  a n d  f o r  t h e  

r a t i o  o f  r a t e  c o n s t a n t s  kni/ki,. S o m e  i n f o r m a t i o n  i s  

o b t a i n e d  f r o m  l i m i t i n g  f o r m s  o f  e q  1 5 .  W h e n  t h e  c o n 

c e n t r a t i o n  o f  H I  g r e a t l y  e x c e e d s  t h a t  o f  I 2, t h e  e q u a t i o n  

r e d u c e s  t o  t h e  f o r m

( ® )  =  (A  +  D )/  2  ( 1 8 )
\  d i  / m a x

Figure 4. Role of H-atom yield as an adjustable parameter:
I2 consumption in the radiolvsis of pure cyclohexane with 
added I2 (1.16 X 10-3 M )  as a function of radiation time. 
H-atom production rates, reading left to right, are 
0.0, 0.01, 0.02, 0.03, 0.04, and 0.05 jumoles/4 ml min. 
Corresponding 6  values are 0.0, 0.35, 0.7,
1.05, 1.4, and 1.74, respectively. Circles are 
experimental; smooth curves are computed.

a s  a n  u p p e r  l i m i t  f o r  t h e  h y d r o g e n  a t o m  y i e l d ,  a p p l i 

c a b l e  i n  s o l u t i o n s  w i t h  s c a v e n g e r  c o n c e n t r a t i o n s  o f  

a b o u t  2  X  1 0 ~2 M  o r  g r e a t e r .  A t  s u f f i c i e n t l y  l o w  

s c a v e n g e r  c o n c e n t r a t i o n s  ( o f  t h e  o r d e r  o f  10 - 4 ) ,  t h e  

s c a v e n g a b l e  h y d r o g e n  a t o m  y i e l d  i s  e f f e c t i v e l y  z e r o ,  

b e c a u s e  t h e  h y d r o g e n  a t o m s  r e a c t  w i t h  t h e  h y d r o 

c a r b o n  s u b s t r a t e  t o  f o r m  H 2 a n d  a r e  r e p l a c e d  b y  a  

c o r r e s p o n d i n g  y i e l d  o f  a l k y l  r a d i c a l s

a n d  w h e n  t h e  c o n c e n t r a t i o n  o f  I 2 g r e a t l y  e x c e e d s  t h a t  

o f  H I ,  o n e  o b t a i n s

= - ( A  +  D ) / 2  ( 1 9 )

T h e  s u b s c r i p t s  m a x  a n d  m i n  a r e  u s e d  b e c a u s e  t h e  f i r s t  

c a s e  r e f e r s  t o  t h e  i n i t i a l ,  m a x i m u m  v a l u e  o f  t h e  r a t e  

o f  p r o d u c t i o n  o f  I 2 w i t h  a d d e d  H I ,  w h e r e a s  t h e  s e c o n d  

r e f e r s  t o  t h e  i n i t i a l  r a t e  o f  c o n s u m p t i o n  o f  I 2 w i t h  a d d e d  

I 2, w h i c h  i s  a  m i n i m u m  i n  t h e  a l g e b r a i c  s e n s e .

F r o m  e q  1 8  a n d  1 9  i t  i s  c l e a r  t h a t  t h e  i n i t i a l  r a t e  o f  

i o d i n e  p r o d u c t i o n  w i t h  a d d e d  H I  a n d  t h e  i n i t i a l  r a t e  

o f  i o d i n e  c o n s u m p t i o n  w i t h  a d d e d  I 2 s h o u l d  b e  i d e n t i c a l .  

T h e  v a l u e s  w h i c h  w e  o b t a i n e d ,  2 . 9 6  a n d  3 . 0 8 ,  r e s p e c 

t i v e l y ,  c a n  b e  c o n s i d e r e d  t h e  s a m e  w i t h i n  e x p e r i m e n t a l  

e r r o r .  A n  a v e r a g e  o f  t h e  t w o  v a l u e s  w a s  u s e d  i n  

e s t a b l i s h i n g  a  v a l u e  o f  t h e  q u a n t i t y  (A +  D), t h e  t o t a l  

y i e l d  o f  a l k y l  r a d i c a l s  a n d  h y d r o g e n  a t o m s .

T h e  v a l u e  o f  t h e  h y d r o g e n  a t o m  y i e l d  D  c a n n o t  b e  

e s t a b l i s h e d  d i r e c t l y  f r o m  o u r  e x p e r i m e n t a l  r e s u l t s .  

S o m e  e v i d e n c e  o n  i t s  v a l u e  i s  g i v e n  b y  t h e  e x p e r i m e n t s  

o f  M e s h i t s u k a  a n d  B u r t o n 3 i n  w h i c h  t h e  i n i t i a l  v a l u e  

o f  t h e  y i e l d  o f  H I  i n  c y c l o h e x a n e  w i t h  a d d e d  I 2 w a s  

f o u n d  t o  b e  2 . 1  m o l e c u l e s / 1 0 0  e v .  T h i s  c a n  b e  t a k e n

H -  +  c - C 6H 12 — H 2 +  c - C 6H h  ( 2 0 )

A t  h i g h e r  c o n c e n t r a t i o n s ,  i o d i n e  a n d  o t h e r  g o o d  

s c a v e n g e r s  c a n  c o m p e t e  w i t h  t h i s  r e a c t i o n .  U s i n g  

i o d i n e ,  t h e  r e d u c t i o n  i n  t h e  c o r r e s p o n d i n g  h y d r o g e n  

y i e l d  o c c u r s  m a i n l y  i n  t h e  c o n c e n t r a t i o n  r a n g e  f r o m  

1 0 “ 3 t o  1 0 ~2 M .13 I t  h a s  b e e n  r e p o r t e d  t h a t  a  c o n 

c e n t r a t i o n  o f  3  X  1 0  ~3 M  i o d i n e  d e c r e a s e s  t h e  h y d r o g e n  

b y  5 0 %  o f  t h e  u l t i m a t e l y  o b s e r v e d  r e d u c t i o n .13 H e n c e ,  

f o r  o u r  p u r p o s e s ,  t h e  e f f e c t i v e  G v a l u e  o f  s c a v e n g e a b l e  

h y d r o g e n  a t o m s  s h o u l d  v a r y  f r o m  z e r o  a t  1 0 _4 M  I 2 
o r  H I  t o  a  m a x i m u m  o f  a b o u t  2  a t  ca. 2  X  1 0 -2  M  
s c a v e n g e r .

S i n c e  s u f f i c i e n t l y  d e t a i l e d  d a t a  w e r e  n o t  a v a i l a b l e ,  

t h e  h y d r o g e n  a t o m  y i e l d s  i n  t h e  p r e s e n t  s t u d y  w e r e  

o b t a i n e d  b y  u s i n g  t h e  D  f a c t o r  i n  e q  1 5  a n d  1 7  a s  a n  

a d j u s t a b l e  p a r a m e t e r  f o r  c u r v e  f i t t i n g .  T h e  a l k y l  

r a d i c a l  y i e l d  A  w a s  o b t a i n e d  b y  d i f f e r e n c e ,  s i n c e  t h e  

s u m  ( A  +  D )  i s  c a l c u l a b l e .  T h e  c a l c u l a t e d  e f f e c t  

o f  v a r y i n g  t h e  h y d r o g e n  y i e l d  o n  a  t y p i c a l  e x p e r i m e n t  

o n  t h e  r a d i a t i o n - i n d u c e d  u p t a k e  o f  I 2 i s  s h o w n  i n  

F i g u r e  4 .  I t  c a n  b e  s e e n  t h a t  i n c r e a s i n g  C r ( H - )

(19) J. M . M cC o rm ick  and M . G . Salvadori, “ N um erica l M eth od s  
in F o rtra n ,”  P rentice-H all, In c ., E n g lew ood  C liffs, N . J., 1964, pp 
253-255 .
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Figure 5. Role of H-atom yield as an adjustable parameter: 
h  production in the radiolysis of pure cyclohexane with 
added HI (2.11 X 10-s M ) as a function of radiation time. 
H-atom production rates, reading left to right, are 0.0, 0.01, 
0.02, 0.03, and 0.04 jumoles/4 ml min. Corresponding 
G  values are 0.0, 0.35, 0.70, 1.05, and 1.4, respectively.
Circles are experimental; smooth curves are computed.

i n c r e a s e s  t h e  e n d  p o i n t  o f  t h e  e x p e r i m e n t ,  t h e  d o s e  f o r  

c o m p l e t e  r e m o v a l  o f  I 2. I n  F i g u r e  5  i t  c a n  b e  s e e n  

t h a t  i n c r e a s i n g  G ()i ■) c a u s e s  a  s i m i l a r  i n c r e a s e  i n  

e n d  p o i n t  f o r  e x p e r i m e n t s  w i t h  a d d e d  H I .  ( I n  F i g u r e s  

4  a n d  5  t h e  r a t i o  km /h,  w a s  t a k e n  a s  0 . 7 1 ,  w h i c h  i s  

t h e  v a l u e  g i v i n g  t h e  b e s t  f i t  o f  e x p e r i m e n t a l  d a t a . )

A l t h o u g h  t h e r e  i s  e x p e r i m e n t a l  e v i d e n c e  s u g g e s t i n g  

t h a t  km /h,  i n  n o n p o l a r  s o l v e n t s  i s  o f  t h e  o r d e r  o f  u n i t y ,4 
t h e r e  w e r e  i n s u f f i c i e n t  d a t a  t o  a s s i g n  a n  a c c u r a t e  

v a l u e  f o r  o u r  e x p e r i m e n t s .  A c c o r d i n g l y ,  t h e  r a t i o  

km /h,  w a s  a l s o  t r e a t e d  a s  a n  a d j u s t a b l e  p a r a m e t e r  

i n  t h e  c a l c u l a t i o n s .  F i g u r e  6 s h o w s  t h a t  c h a n g i n g  t h i s  

r a t i o  m o d i f i e s  t h e  c u r v a t u r e  o f  a  g r a p h  o f  I 2 c o n c e n t r a 

t i o n  vs. r a d i o l y s i s  t i m e ,  b u t  d o e s  n o t  a f f e c t  t h e  e n d  

p o i n t  u n l e s s  t h e  r a t i o  i s  e s s e n t i a l l y  z e r o .  I n  t h a t  c a s e ,  

t h e  p r o d u c t s  a t  t h e  e n d  p o i n t  w o u l d  i n c l u d e  H I  a s  

w e l l  a s  a l k y l  i o d i d e s .  A s  l o n g  a s  km /h , i s  f i n i t e ,  t h e n  

a l l  o f  t h e  i o d i n e  i n  t h e  c h e m i c a l  i n t e r m e d i a t e  H I  a s  

w e l l  a s  t h a t  p r e s e n t  a s  I 2 m u s t  u l t i m a t e l y  a p p e a r  a s  

a l k y l  i o d i d e s .  I t  c a n  b e  s e e n  t h a t  t h e  e n d  p o i n t  o f  

t h e  e x p e r i m e n t  i s  t h e  s a m e  f o r  a l l  f i n i t e  v a l u e s  o f  km /h,, 
b u t  t h e  c u r v a t u r e  i n c r e a s e s  a s  k m /h , d e c r e a s e s .  ( T h i s

i s  p e r h a p s  o p p o s i t e  t o  w h a t  a  c a s u a l  c o n s i d e r a t i o n  o f  

t h e  k i n e t i c s  m i g h t  l e a d  o n e  t o  e x p e c t . )  I t  w i l l  b e  s e e n  

t h a t  t h e  i n i t i a l  s l o p e  i s  t h e  s a m e  i n  a l l  c a s e s  ( e x c e p t  

km /h, =  0 3 )  a n d  a p p r o a c h e s  t h a t  f o r  w h i c h  km/ h , =  

0 .

T h e  c o m p u t e d  e f f e c t  o f  v a r y i n g  km /h,  f o r  a n  e x 

p e r i m e n t  w i t h  a d d e d  H I  i s  s h o w n  i n  F i g u r e  7 .  A g a i n ,  

v a r i a t i o n  o f  km /h , d o e s  n o t  a f f e c t  t h e  e n d  p o i n t .  

A s  km /h , i n c r e a s e s ,  t h e  m a x i m u m  i o d i n e  c o n c e n t r a 

t i o n  a c h i e v e d  i n  t h e  e x p e r i m e n t  b e c o m e s  g r e a t e r ,  

a n d  t h e  r a d i o l y s i s  t i m e  c o r r e s p o n d i n g  t o  t h e  m a x i m u m

Radiolysis time, min.

Figure 6. Role of k m / h ,  as an adjustable parameter:
I2 consumption in the radiolysis of pure cyclohexane with 
added I2 (1.16 X 10~3 M )  as a function of radiation 
time. Ratios of k m / h , ,  reading left to right, are 
C.0, 0.3, 0.6, 0.9, 1.5, 2.0, and 00.

Figure 7. Role of k m / h ,  as an adjustable parameter: I2 
production in the radiolysis of pure cyclohexane with added HI 
(2.11 X 10~3 M )  as a function of radiation time. Ratios of 
k m /h i ,  reading downward, are 2.0, 1.5, 0.9, 0.6, and 0.3.

i n c r e a s e s .  ( A g a i n ,  a  s u p e r f i c i a l  e x a m i n a t i o n  o f  t h e  

k i n e t i c s  c o u l d  e a s i l y  g i v e  t h e  o p p o s i t e  p r e d i c t i o n . )

Comparison with Experiment. S i n c e  v a r y i n g  t h e  H -  

a m m  y i e l d  a f f e c t s  t h e  e n d  p o i n t  b u t  t h e  r a t i o  km /h, 
d o e s  n o t ,  i t  i s  q u i t e  e a s y  t o  a d j u s t  b o t h  o f  t h e s e  q u a n 

t i t i e s  t o  g i v e  t h e  b e s t  f i t  o f  t h e  e x p e r i m e n t a l  d a t a .  

T h e  r e s u l t s  o f  s u c h  e f f o r t s  a r e  s h o w n  b y  t h e  s m o o t h  

c u r v e s  i n  F i g u r e s  1 a n d  2 ;  t h e  c i r c l e s  r e p r e s e n t  e x p e r i 

m e n t a l  d a t a .  S i n c e  t h e  r a d i o l y s i s  t e m p e r a t u r e  ( 2 5  ±  

2 ° )  w a s  c o n s t a n t  f o r  a l l  e x p e r i m e n t s  a n d  t h e  s o l v e n t  

w a s  e s s e n t i a l l y  p u r e  c y c l o h e x a n e ,  t h e  r a t i o  km /h, 
s h o u l d  b e  t h e  s a m e  i n  a l l  c a s e s .  I n  f a c t ,  i t  w a s  f o u n d  

t h a t  km /h,  =  0 . 7 1  g a v e  a  g o o d  f i t  i n  a l l  c a s e s .  ( S c h u l e r  

a n d  P e r n e r  f i n d  a  r a t i o  o f  0 . 8 3  i n  r a - d e c a n e . 6)

B e c a u s e  o f  t h e  c o m p e t i t i o n  b e t w e e n  s o l v e n t  c y c l o 

h e x a n e  a n d  a d d e d  s c a v e n g e r  f o r  H  a t o m s ,  t h e  D  f a c t o r  

i s  e x p e c t e d  t o  b e  d e p e n d e n t  o n  i n i t i a l  s c a v e n g e r  c o n -
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c e n t r a t i o n .  S i n c e  t h e  s c a v e n g e r  c o n c e n t r a t i o n  d u r i n g  

e a c h  e x p e r i m e n t  d e c r e a s e s  a s  t h e  e x p e r i m e n t  p r o g r e s s e s ,  

i t  i s  p o s s i b l e  t o  a c c o u n t  f o r  s c a v e n g i n g  o f  h y d r o g e n  

a t o m s  o n l y  s e m i q u a n t i t a t i v e l y .  H o w e v e r ,  t h e  a l k y l  

i o d i d e s  p r o d u c e d  d u r i n g  r a d i o l y s i s  a r e  a l s o  g o o d  h y 

d r o g e n  a t o m  s c a v e n g e r s 11 s o  t h e  c h a n g e  i n  t o t a l  

s c a v e n g e r  c o n c e n t r a t i o n  i s  n e v e r  m o r e  t h a n  a  f a c t o r  

o f  2 .20 T h e  e f f e c t i v e  h y d r o g e n  a t o m  y i e l d s  u s e d  i n  

t h e  c a l c u l a t i o n s  f o r  F i g u r e  1 f o r  t h e  v a r i o u s  v a l u e s  

o f  i n i t i a l  i o d i n e  c o n c e n t r a t i o n  a r e  a s  f o l l o w s :  0 . 3 1  X

1 0 ~3 M, ( ? ( H - )  =  0 . 7 0 ;  0 . 6 1  X  1 0 - 3 M, C ( H - )  =

0 . 8 0 ;  1 . 1 6  X  1 0 ~3M, G{H )  =  1 . 4 0 ;  1 . 7 1  X  1 0 M, 
G{H - )  =  1 . 4 3 .  F o r  t h e  e x p e r i m e n t s  i n  F i g u r e  2 ,  

t h e  H - a t o m  y i e l d s  w h i c h  c o r r e s p o n d  t o  v a r i o u s  i n i t i a l  

h y d r o g e n  i o d i d e  c o n c e n t r a t i o n s  a r e  a s  f o l l o w s :  2 . 1 1  X  

1 0 ~ 3 M, G ( H - )  =  1 . 4 0 ;  3 . 1 8  X  1 0 ~3 M, G ( H - )  =

1 . 4 6 ;  4 . 1 0  X  1 0 - 3 M, G ( H - )  =  1 . 5 7 ;  8.88  X  1 0 - 3
M, C r ( H - )  =  1 . 7 4 .  I t  w i l l  b e  n o t e d  t h a t  a  g r e a t e r  

c o n c e n t r a t i o n  o f  H I  t h a n  o f  I 2 i s  r e q u i r e d  t o  a c h i e v e  

a  g i v e n  v a l u e  o f  6? ( H - ) ,  i m p l y i n g  t h a t  I 2 i s  a  s o m e w h a t  

b e t t e r  h y d r o g e n  a t o m  s c a v e n g e r  t h a n  H I .

C o n s i d e r a t i o n  o f  F i g u r e s  4 - 7  a l l o w s  c o m p a r i s o n  o f  

t h e  p r e s e n t  k i n e t i c  a n a l y s i s  w i t h  t h a t  o f  P e r n e r  a n d  

S c h u l e r .6 S t a r t i n g  w i t h  e s s e n t i a l l y  t h e  s a m e  m e c h 

a n i s m  a s  u s e d  b y  u s ,  t h e y  p r e s e n t  a  s i m p l i f i e d  k i n e t i c  

s c h e m e  f o r  e x p e r i m e n t s  w i t h  a d d e d  H I .  T h e i r  e q u a 

t i o n s  c a n  b e  i n t e g r a t e d  a n a l y t i c a l l y ,  a l t h o u g h  i n 

d i r e c t l y .  T h e i r  a n a l y s i s  a l l o w s  v a r i a t i o n  o f  t h e  

p a r a m e t e r  km/h*  ( a c t u a l l y  u s e d  i n  t h e  f o r m  o f  t h e  

r e c i p r o c a l  b y  t h e m )  b u t  d o e s  n o t  p r o v i d e  f o r  d i r e c t  

a l l o w a n c e  f o r  t h e  r e a c t i o n  o f  H  a t o m s  w i t h  I 2 p r o d u c i n g  

a d d i t i o n a l  H I .  H o w e v e r ,  t h i s  e f f e c t  i s  c l e a r l y  e v i d e n t  

i n  t h e i r  r e s u l t s  a s  s h o w n  b y  d e v i a t i o n s  i n  e x p e r i m e n t a l  

d a t a  c o m p a r e d  w i t h  p r e d i c t i o n s  o f  t h e i r  k i n e t i c  s c h e m e ,  

a n d  i s  s o  i n t e r p r e t e d  b y  t h e m .  T h e i r  a n a l y s i s  w o u l d  

g i v e  a  c u r v e  i d e n t i c a l  w i t h  t h a t  f o r  D  =  0  i n  F i g u r e  5 .  

S i n c e  t h e  e r r o r  i n  i g n o r i n g  t h e  H - a t o m  e f f e c t  i s  r a t h e r  

l a r g e  f o r  c o n c e n t r a t i o n s  a s  g r e a t  a s  2  X  1 0 _3 M  ( c o r 

r e s p o n d i n g  t o  F i g u r e  5 ) ,  t h e y  w o r k e d  m a i n l y  a t  m u c h  

l o w e r  H I  c o n c e n t r a t i o n s .  F o r  e x p e r i m e n t s  w i t h  a d d e d  

I 2, t h e  a p p r o x i m a t i o n  t h a t  C ? ( H  •) =  0  g i v e s  m e r e l y  a  

s t r a i g h t  l i n e  ( F i g u r e s  4  a n d  6 ) ,  s o  P e r n e r  a n d  S c h u l e r  

d i d  n o t  t r e a t  t h i s  c a s e .  H o w e v e r ,  t h e y  d i d  n o t e  t h e  

c u r v a t u r e  o f  e x p e r i m e n t a l  I 2 vs. d o s e  g r a p h s ,  a n d  i n 

t e r p r e t  t h i s  e f f e c t  a s  w e  d o .  T h e i r  a n a l y s i s  o f  t h e  e f f e c t  

o f  v a r y i n g  km/ki, i s  q u a l i t a t i v e l y  s i m i l a r  t o  o u r s ;  

t h e  r e s u l t i n g  g r a p h s  d i f f e r  s l i g h t l y  b e c a u s e  o f  o u r  a l l o w 

a n c e  f o r  t h e  h y d r o g e n  a t o m  y i e l d  ( F i g u r e  7 ) .

T w o  t y p e s  o f  s c a v e n g i n g  e x p e r i m e n t s ,  w i t h  I 2 o r  

H I  a d d e d  i n i t i a l l y ,  h a v e  b e e n  d i s c u s s e d  a b o v e .  A n 

o t h e r  p o s s i b i l i t y  i s  t o  c o n d u c t  e x p e r i m e n t s  i n  w h i c h  

b o t h  H I  a n d  I 2 h a v e  b e e n  a d d e d  i n i t i a l l y .  A s  a  f u r t h e r  

t e s t  o f  t h e  k i n e t i c  s c h e m e ,  w e  p e r f o r m e d  a  s e r i e s  o f

Figure 8. Iodine production in the radiolysis of pure 
cyclohexane, with both HI and I2 added, as a function of 
radiation time. Circles are experimental; smooth curves 
are computed using ( r ( H - )  =  1.5 and km/h ,  =  0.71.
HI concentrations, reading left to right, are 1.08 X 
10“ 3, 1.91 X 10-3, 2.43 X 13-3, and 3.43 X 10~3 M .
I2 concentration is 1.53 X 10 ~3 M  in all cases.

e x p e r i m e n t s  a l l  s t a r t i n g  w i t h  a n  i n i t i a l  i o d i n e  c o n c e n t r a 

t i o n  o f  1 . 5 3  X  1 0 _3 M, b u t  u s i n g  v a r i o u s  a m o u n t s  o f  

a d d e d  H I .  T h e  r e s u l t i n g  e x p e r i m e n t a l  p o i n t s  a n d  

c o r r e s p o n d i n g  t h e o r e t i c a l  c u r v e s  a r e  s h o w n  i n  F i g u r e  8 . 

A s  i n  t h e  p r e v i o u s  c a s e s ,  t h e  v a l u e  t a k e n  f o r  fcH i / & i 2 
w a s  0 . 7 1 .  O n  t h e  b a s i s  o f  t h e  w o r k  d e s c r i b e d  a b o v e ,  

t h e  r a n g e  o f  v a l u e s  o f  ( 7 ( H  ■) e x p e c t e d  f o r  c o m b i n e d  

H I  a n d  I 2 c o n c e n t r a t i o n s  i n  t h e  e x p e r i m e n t s  s h o w n  i n  

F i g u r e  8  w a s  1 . 4 0  t o  1 . 6 0 .  F o r  c o n v e n i e n c e ,  G ( H  • ) =

1 . 5 0  w a s  u s e d  f o r  a l l  o f  t h e  c a l c u l a t i o n s  i l l u s t r a t e d .  

( P r e p a r a t i o n  o f  a  s e r i e s  o f  s o l u t i o n s  w i t h  t h e  s a m e  

i n i t i a l  i o d i n e  c o n c e n t r a t i o n  w a s  f a c i l i t a t e d  b y  t h e  u s e  

o f  a  v a c u u m  l i n e  b u r e t .21
I n  v i e w  o f  t h e  v a r i o u s  a s s u m p t i o n s  m a d e ,  t h e  a g r e e 

m e n t  b e t w e e n  t h e  p r e d i c t e d  c u r v e s  a n d  e x p e r i m e n t a l  

p o i n t s  i n  F i g u r e s  1 ,  2 ,  a n d  8  s e e m s  q u i t e  s a t i s f a c t o r y .  

F u r t h e r ,  t h e  v a l u e s  o f  t h e  p a r a m e t e r s  ( r a t e  c o n s t a n t  

r a t i o  a n d  h y d r o g e n  a t o m  y i e l d s )  w h i c h  g i v e  t h e  b e s t  

f i t  o f  t h e  d a t a  a p p e a r  t o  b e  r e a s o n a b l e .22’23 F o r  t h e

(20) Perner and  Schuler5 have po in ted  ou t sim ilarities in  over-a ll 
s to ich iom etry  w h ich  suggest th at the  “ e ffective  H  a tom  y ie ld ,”  
ap p rox im ation  is less drastic than  it  m ay  appear.
(21) R . J. H anrahan, J . Chem. Educ., 41 , 623 (1964),
(22) O ur rate constan t ratios should  be  fa irly  a ccurate  because th ey  
depend  o n  the m axim a rather th an  th e  ta ils o f  the  graphs. I t  has 
recen tly  becom e  possib le  to  com p are  our h yd rogen  atom  y ie lds w ith  
d ata  ob ta in ed  b y  Schuler and P erner23 o n  p h oto lys is  o f  T I  in  n- 
hexane. U sing a nom ina l m axim um  G  va lu e  for  h y d rogen  atom s o f
2 .0  and  their rate con stan t ratio  fo r  reaction  o f T  atom s w ith  T I  vs. 
hexane, a graph  can  be  con stru cted  sh ow ing a p red iction  o f  effective  
H -a to m  y ie ld  vs. scavenger concen tra tion , coverin g  the  range of 
a b ou t 1 0 _4 to  1 0 -1 M  scavenger. Our effective  h yd rogen  atom

Volume 70, Number 7 July 1966



2240 Inder Mani and R obert J. Hanrahan

m o s t  p a r t ,  t h e  d e v i a t i o n s  w h i c h  o c c u r  a r e  m o s t  p r o 

n o u n c e d  t o w a r d  t h e  e n d  o f  t h e  e x p e r i m e n t s .  T h i s  i s  

j u s t  t h e  c o n d i t i o n  w h e r e  t h e  a m b i g u i t y  c o n c e r n i n g  

s c a v e n g i n g  o f  H  a t o m s  b y  a l k y l  i o d i d e s  i s  m o s t  s i g n i f i 

c a n t .  A n  a d d i t i o n a l  s o u r c e  o f  e r r o r  l i k e l y  t o  b e c o m e  

i m p o r t a n t  a t  l a r g e  d o s e s  i s  t h e  r e a c t i o n  o f  H I  a n d  R  

w i t h  c y c l o h e x e n e ,  w h i c h  i s  k n o w n  t o  b e  a  p r o d u c t  o f  

t h e  r a d i o l y s i s .  H o w e v e r ,  s u c h  r e a c t i o n s  w o u l d  r e m o v e  

s c a v e n g e r s  f r o m  s o l u t i o n  a n d  s h o r t e n  t h e  e n d  p o i n t  o f  

t h e  e x p e r i m e n t s ;  t h i s  e f f e c t  w o u l d  b e  o p p o s i t e  t o  t h e  

t r e n d  o f  t h e  d a t a .  R e a c t i o n  o f  h y d r o g e n  a t o m s  w i t h  

c y c l o h e x e n e  c a n  p r o b a b l y  b e  i g n o r e d  b e c a u s e  H I ,  I 2, 

a n d  c y c l o h e x y l  i o d i d e  a r e  a l l  b e t t e r  H - a t o m  s c a v e n 

g e r s , 11’* 23'24 a n d  a t  l e a s t  o n e  o f  t h e m  i s  a l w a y s  p r e s e n t  

i n  g r e a t e r  c o n c e n t r a t i o n  t h a n  c y c l o h e x e n e .  R e s u l t s  

o f  t h e  r a d i o l y s i s  o f  p u r e  c y c l o h e x a n e 13-16 p r o v i d e  e v i 

d e n c e  t h a t  t h e  r e a c t i o n  o f  c y c l o h e x y l  r a d i c a l s  w i t h  

c y c l o h e x e n e  i s  n o t  s i g n i f i c a n t .

I t  m i g h t  b e  p o s s i b l e  t o  i n c l u d e  i n  t h e  k i n e t i c  a n a l y s i s  

q u a n t i t a t i v e  c o r r e c t i o n s  f o r  r e a c t i o n s  i n v o l v i n g  c y c l o 

h e x e n e  a n d  a l k y l  i o d i d e  p r o d u c t s .  H o w e v e r ,  t h e  

k i n e t i c  s c h e m e  i s  a l r e a d y  m o d e r a t e l y  c o m p l i c a t e d  a n d  

t h e s e  f u r t h e r  r e f i n e m e n t s  w o u l d  p r o b a b l y  o b s c u r e  i t s  

v a l u e  a s  a n  a i d  i n  o b t a i n i n g  a n  i n s i g h t  i n t o  t h e  b e 

h a v i o r  o f  a  k i n e t i c  s y s t e m  o f  t h i s  t y p e .
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y ie lds parallel this graph qu ite system atically , bu t are ab ou t a fa ctor  
c f  2 higher in  the  low  concen tra tion  region . (R . H . Schuler, p riva te  
com m u n ica tion .) T here  m ay be som e uncertainties in v o lv ed  in 
com paring  the  tw o  system s. H ow ever, due to  the  ap p rox im ation s 
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T h e  e l e c t r i c a l  c o n d u c t i v i t i e s  o f  s o l u t i o n s  o f  b o r o n  t r i f l u o r i d e  i n  c h l o r i n e  a n d  b r o m i n e  t r i 

f l u o r i d e s  h a v e  b e e n  s t u d i e d  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  a n d  c o n c e n t r a t i o n .  D i l u t e  s o l u 

t i o n s  o f  b o r o n  t r i f l u o r i d e  i n  b r o m i n e  t r i f l u o r i d e  h a v e  c o n d u c t i v e  p r o p e r t i e s  s i m i l a r  t o  s t r o n g  

e l e c t r o l y t e s  i n  w a t e r ,  w i t h  a n  a p p r o x i m a t e  O n s a g e r  s l o p e  o f  8 0 . 2  a n d  e q u i v a l e n t  c o n d u c t 

a n c e  a t  i n f i n i t e  d i l u t i o n  o f  1 3 1  c m 2 o h m -1  e q u i v -1  a t  2 5 ° ,  w h i l e  t h e  e q u i v a l e n t  c o n d u c t a n c e s  

o f  d i l u t e  s o l u t i o n s  o f  b o r o n  t r i f l u o r i d e  i n  c h l o r i n e  t r i f l u o r i d e  d e c r e a s e  w i t h  d i l u t i o n .  T h e i r  

d i f f e r e n c e s  a n d  m e c h a n i s m s  a r e  d i s c u s s e d .  T h e  p r e p a r a t i o n  a n d  i d e n t i f i c a t i o n  o f  d i f l u o r o -  

b r o m i n i u m  t e t r a f l u o r o b o r a t e  i s  d e s c r i b e d .

Introduction
T h e  p h y s i c a l  a n d  c h e m i c a l  p r o p e r t i e s  o f  h a l o g e n  

f l u o r i d e s  h a v e  b e e n  s t u d i e d  e x t e n s i v e l y .2 P a r t i c u l a r  

i n t e r e s t  h a s  b e e n  s h o w n  i n  t h e  s e l f - i o n i z a t i o n  o f  m a n y  

o f  t h e  h a l o g e n  f l u o r i d e s .  H a s z e l d i n e 3 h a s  o b s e r v e d  

t h a t  c h l o r i n e  t r i f l u o r i d e  d i s s o l v e s  i n  b o t h  b r o m i n e  t r i 

f l u o r i d e  a n d  i o d i n e  p e n t a f l u o r i d e  a n d  i s  n o t  e v o l v e d  

u p o n  h e a t i n g  t h e  r e s u l t i n g  s o l u t i o n  t o  6 0 - 7 0 ° ,  a l t h o u g h  

c h l o r i n e  t r i f l u o r i d e  b o i l s  a t  1 2 ° .  W h i t n e y  a n d  c o 

w o r k e r s 4 5 h a v e  t r e a t e d  a l k a l i  m e t a l  f l u o r i d e s  i n  c h l o r i n e  

t r  f l u o r i d e  a n d  b r o m i n e  p e n t a f l u o r i d e  a t  100 °  t o  f o r m  

t h e  r e s p e c t i v e  a l k a l i  m e t a l  t e t r a f l u o r o c h l o r a t e s  a n d  

h e x a f l u o r o b r o m a t e s ; t h e  c o m p o u n d s  K C 1 F 4, R b C l F 4, 

CsC1F4, K B r F 6, R b B r F 6, a n d  C s B r F 6 h a v e  b e e n  p r e 

p a r e d .  R o g e r s  a n d  K a t z 6 h a v e  s t u d i e d  t h e  e x c h a n g e  o f  

r a d i o a c t i v e  F 18 b e t w e e n  c h l o r i n e  a n d  b r o m i n e  t r i 

f l u o r i d e s  a n d  s u g g e s t e d  t h a t  c h l o r i n e  t r i f l u o r i d e  a c t s  

a s  a  b a s e  i n  b r o m i n e  t r i f l u o r i d e  s o l u t i o n ,  t h e  e x c h a n g e  

r e a c t i o n  p r o c e e d i n g  t h r o u g h  t h e  e q u i l i b r i u m

C 1 F 3 +  B r F 3 C 1 F 2 +  +  B r F 4 ~  ( 1 )

T h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  m i x e d  h a l o g e n  f l u o r i d e s  

h a s  b e e n  r e p o r t e d  b y  Q u a r t e r m a n ,  H y m a n ,  a n d  K a t z 6 
f o r  s o l u t i o n s  o f  b r o m i n e  t r i f l u o r i d e  a n d  b r o m i n e  p e n t a 

f l u o r i d e .

B o r o n  t r i f l u o r i d e  i t s e l f  i s  a  n o n c o n d u c t o r  o f  e l e c 

t r i c i t y .  T h e  s o l u t i o n s  o f  b o r o n  t r i f l u o r i d e  a n d  h a l o g e n  

f l u o r i d e s  a r e  e x a m p l e s  o f  e l e c t r o l y t i c  c o n d u c t i o n

c a u s e d  b y  “ p o t e n t i a l  e l e c t r o l y t e s ”  i n  t h e  s e n s e  o f  t h e  

d e f i n i t i o n  g i v e n  b y  K o r t u m  a n d  B o c k r i s .7 T h e  n o n 

p o l a r  B F 3 m o l e c u l e s  r e a c t  w i t h  t h e  s e l f - i o n i z i n g  B r F 3 
m o l e c u l e s  t o  f o r m  e l e c t r o l y t e s  a s  d e s c r i b e d  b y  e q  2 a n d

3 .

B F 3( g )  +  B r F 3( l )  B r F 2 +  +  B F 4-  ( 2 )

2 B r F 3( l )  ^  B r F 2 +  +  B r F 4_  ( 3 )

I n  t h e  c a s e  o f  B F 3 i n  a  m i x e d  s o l v e n t  s y s t e m  ( B r F 3-  

C 1 F 3) ,  t h e  s e t  o f  e q  1 t o  5  i s  p o s t u l a t e d .

BF3(g) +  C1F3(1) C1F2+ +  BF4-  (4)
2C1F»(1) C1F2+ +  CIF4-  (5)

S e l i g  a n d  S h a m i r 8 h a v e  p r e p a r e d  d i f l u o r o c h l o r i n i u m  

t e t r a f l u o r o b o r a t e  a c c o r d i n g  t o  e q  4 ,  a n d  w e  h a v e  p r e 

(1) P resented  in  p art at th e  W estern  R eg ion a l M eetin g  o f  the 
A m erican  C hem ica l S ociety , L os A ngeles, C a lif., N o v  20 1965.
(2) A . G . Sharpe, Quart. Rev. (L o n d o n ), 4 , 115 (1 9 5 0 ); V . G u tm ann , 
A ngew . Chem., 62 , 312 (1 950 ); H . C . C lark , Chem. R ev., 58 , 869 
(1958).
(3) R . N . H aszeld ine, J. Chem. S oc., 3037 (1950).
(4) E . D . W h itn ey , R . O . M acL a ren , C . E . F og le , and  T  J. H u rley , 
J . A m . Chem. Soc., 86 , 2583 (1964).
(5) M . T . R ogers and  J. J. K a tz , ibid., 74 , 1375 (1952).
(6) L . A . Q uarterm an, H . H . H ym an , and  J. J. K a tz , J . P h ys . Chem., 
61, 912 (1957).
(7 ) G . K o rtu m  and O . B ock ris , “ T e x tb o o k  o f  E lectroch em istry ,”  
V o l. I , E lsevier P ublish ing  C o ., N ew  Y o rk , N . Y „  1951, p p  99, 100.
(8) H . Selig and  J. Sham ir, Inorg . Chem ., 3 , 294 (1 964).
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p a r e d  d i f l u o r o b r o m i n i u m  t e t r a f l u o r o b o r a t e  a c c o r d i n g  t o  

e q  2  ( s e e  E x p e r i m e n t a l  S e c t i o n ) .  F o r  t h e  i s o l a t i o n  o f  

a  p u r e  a n d  s t a b l e  p r o d u c t ,  a  l e n g t h y  e v a c u a t i o n  i s  r e 

q u i r e d  t o  e l i m i n a t e  t r a c e  a m o u n t s  o f  B r F 3 ( b p  1 2 5 -  

1 2 7 ° )  o r  c o m p o u n d s  a s  x B r F 3-2/ B F 3 t r a p p e d  i n  t h e  p u r e  

B r F 3 B F 3 s o l i d .

Experimental Section

Materials. B o r o n  t r i f l u o r i d e ,  b r o m i n e  t r i f l u o r i d e ,  

a n d  c h l o r i n e  t r i f l u o r i d e  w e r e  o b t a i n e d  f r o m  t h e  M a t h e -  

s o n  C o .  C h l o r i n e  t r i f l u o r i d e  a n d  b o r o n  t r i f l u o r i d e  

w e r e  p u r i f i e d  b y  p a s s i n g  t h e  v a p o r  t h r o u g h  a  s o d i u m  

f l u o r i d e  s c r u b b e r  t o  r e m o v e  p o s s i b l e  h y d r o g e n  f l u o r i d e  

i m p u r i t y .  B r o m i n e  t r i f l u o r i d e  w a s  p u r i f i e d  b y  r e 

m o v i n g  t h e  f i r s t  f r a c t i o n  u n d e r  r e d u c e d  p r e s s u r e  a t  

r o o m  t e m p e r a t u r e .  T h e  m e l t i n g  p o i n t  a n d  s p e c i f i c  

c o n d u c t i v i t y  o f  t h e  b r o m i n e  t r i f l u o r i d e  a g r e e d  w i t h  t h e  

l i t e r a t u r e  v a l u e s . 2 -6 ’ 9 T h e  p u r i t y  o f  b o r o n  t r i f l u o r i d e  

a n d  c h l o r i n e  t r i f l u o r i d e  w a s  c h e c k e d  b y  v a p o r  s p e c t r o 

s c o p i c  s p e c t r a  a n d  s p e c i f i c  c o n d u c t i v i t i e s  o f  t h e  l i q u i d s .  

T h e s e  s a m p l e s  w e r e  i n d i s t i n g u i s h a b l e  f r o m  t h e  s a m p l e s  

w h i c h  h a d  b e e n  e x h a u s t i v e l y  f r a c t i o n a t e d .  H o w e v e r ,  

t h e  s p e c i f i c  c o n d u c t i v i t y  o f  c h l o r i n e  t r i f l u o r i d e  e m 

p l o y e d ,  8 . 8  X  1 0 - 9  o h m - 1  c m - 1 , w a s  s l i g h t l y  h i g h e r  

t h a n  t h e  b e s t  l i t e r a t u r e  v a l u e ,  3 . 9  X  I O - 9  o h m - 1  c m - 1 . 2

Apparatus. T h e  c o n d u c t i v i t y  c e l l s  w e r e  m a d e  o f  

b o r o s i l i c a t e  g l a s s  w i t h  s m o o t h  p l a t i n u m  e l e c t r o d e s .  

C e l l  c o n s t a n t s  r a n g e d  f r o m  0 . 0 3  t o  0 . 5  c m - 1 . A n  i n t e r 

n a l  t h e r m o c o u p l e  w e l l  l o c a t e d  n e a r  t h e  e l e c t r o d e s  w a s  

u s e d  f o r  t e m p e r a t u r e  m e a s u r e m e n t .

C e l l - r e s i s t a n c e  m e a s u r e m e n t s  w e r e  m a d e  w i t h  a  

G e n e r a l  R a d i o  T y p e  1 6 5 0 - A  i m p e d a n c e  b r i d g e .  I t  w a s  

e q u i p p e d  w i t h  a n  i n t e r n a l ,  1 0 0 0 - c y c l e  s i g n a l  s o u r c e  a n d  

t u n e d  n u l l  d e t e c t o r .  M e a s u r e m e n t s  w e r e  a l s o  m a d e  

w i t h  a n  e x t e r n a l  s i g n a l  s o u r c e  r a n g i n g  f r o m  2 0 0  t o

1 0 , 0 0 0 - c y c l e s  t o  p e r m i t  c o r r e c t i o n  f o r  p o l a r i z a t i o n .  

F o r  m o r e  s e n s i t i v e  b a l a n c e  a  H e w l e t t - P a c k a r d  4 0 0  L  

v a c u u m  t u b e  v o l t m e t e r  w a s  u s e d  a s  a n  e x t e r n a l  n u l l  d e 

t e c t o r .

A  s t a i n l e s s  s t e e l  v a c u u m  l i n e  c o n s t r u c t e d  o f  3 0 4  s t a i n 

l e s s  s t e e l  t u b i n g  a n d  3 1 6  s t a i n l e s s  s t e e l  n e e d l e  v a l v e s  

w a s  e m p l o y e d  f o r  m a n i p u l a t i o n  o f  b o r o n  t r i f l u o r i d e  

a n d  h a l o g e n  f l u o r i d e s .  M e r c u r y  m a n o m e t e r s  c a n n o t  

b e  u s e d ;  t h e r e f o r e  p r e s s u r e  w a s  m e a s u r e d  w i t h  a  s t a i n 

l e s s  s t e e l  B o u r d o n  g a u g e  c o v e r i n g  t h e  r a n g e  f r o m  3 0 - i n .  

v a c u u m  t o  3 0  p s i  p r e s s u r e .  C a r e f u l  e x c l u s i o n  o f  m o i s 

t u r e  i s  e s s e n t i a l  i n  h a n d l i n g  t h e s e  c o m p o u n d s  a s  t h e  

p r e s e n c e  o f  a n y  w a t e r  v a p o r  w i l l  c a u s e  n o t i c e a b l e  a t t a c k  

o n  g l a s s  a n d  s t a i n l e s s  s t e e l  a n d  w i l l  l i k e w i s e  a f f e c t  c o n 

d u c t i v i t y  m e a s u r e m e n t s .  T h e  m e t a l  p a r t s  o f  t h e  

v a c u u m  s y s t e m  w e r e  f i r s t  d e g r e a s e d  w i t h  t r i c h l o r o 

e t h y l e n e ,  r i n s e d  w i t h  F r e o n ,  t h e n  v a c u u m  d r i e d .  A f t e r  

a s s e m b l y ,  t h e  v a c u u m  s y s t e m  w a s  p a s s i v a t e d  b y  f i l l i n g

Figure 1. Specific conductivities of 
solutions of BrF3 and C1F3 at 0°.

w i t h  g a s e o u s  f l u o r i n e  t o  1 a t m  f o r  1 8  h r .  F i n a l l y ,  t h e  

s y s t e m  w a s  e v a c u a t e d .  U n d e r  t h e s e  c o n d i t i o n s ,  i t  i s  

f o u n d  t h a t  b r o m i n e  t r i f l u o r i d e  d o e s  n o t  a p p r e c i a b l y  

a t t a c k  t h e  s t a i n l e s s  s t e e l  o r  g l a s s  d u r i n g  t h e  t i m e  r e 

q u i r e d  t o  c a r r y  o u t  t h e  e x p e r i m e n t s ,  viz. 1 t o  2  h r .  T h e  

s p e c i f i c  c o n d u c t i v i t y  o f  c h l o r i n e  t r i f l u o r i d e  i s  s o  l o w  

t h a t  i t s  c o n d u c t i v i t y  i s  a l t e r e d  b y  t r a c e  i m p u r i t i e s  

f r o m  a t t a c k  o n  g l a s s .  T h i s  c o u l d  r e a d i l y  a c c o u n t  f o r  

t h e  d i f f e r e n c e  i n  t h e  o b s e r v e d  s p e c i f i c  c o n d u c t i v i t y  r e 

p o r t e d  h e r e  a n d  t h e  l o w e s t  v a l u e  r e p o r t e d  i n  t h e  l i t e r a 

t u r e . 2

Preparation of Difluorobrominium Tetrafluoroborate. 
T h e  a d d u c t  w a s  p r e p a r e d  b y  b u b b l i n g  g a s e o u s  b o r o n  

t r i f l u o r i d e  t h r o u g h  l i q u i d  b r o m i n e  t r i f l u o r i d e  a t  r o o m  

t e m p e r a t u r e .  R a p i d  i n i t i a l  g a s  a b s o r p t i o n  w a s  a c 

c o m p a n i e d  b y  e x o t h e r m i c  r e a c t i o n .  T h e  s o l i d  p r o d u c t  

d i d  n o t  p r e c i p i t a t e ,  b u t  u p o n  v a c u u m  e v a p o r a t i o n  t o  

d r y n e s s  a t  r o o m  t e m p e r a t u r e ,  a  w h i t e  r e s i d u e ,  m p  ( i n  

s e a l e d  t u b e )  1 8 0 °  d e c ,  w a s  o b t a i n e d .  T h e  s a m e  s o l i d

(9) M . S. T o y  and  W . A . C an non , “ S ym p osium  on  A d v a n ce d  P ro 
pellant C h em istry ,”  A d va n ces in  C hem istry  Series, N o . 56, A m erican  
C hem ica l S ocie ty , W ash in gton , D . C ., in press.
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T e m p e r a t u r e  ( ° C )

Figure 2. Specific conductivities of solutions of BrF3 
and C1F3 as a function of temperature.

w a s  o b t a i n e d  b y  c o n d e n s i n g  g a s e o u s  b o r o n  t r i f l u o r i d e  

i n  e x c e s s  o n  t o p  o f  f r o z e n  b r o m i n e  t r i f l u o r i d e  a t  l i q u i d  

n i t r o g e n  t e m p e r a t u r e ,  w a r m i n g  t o  r o o m  t e m p e r a t u r e ,  

a n d  v a c u u m  e v a p o r a t i n g  t o  d r y n e s s .

W h e n  g a s e o u s  b o r o n  t r i f l u o r i d e  w a s  i n t r o d u c e d  i n t o  

a  c l o s e d  e v a c u a t e d  s y s t e m  a b o v e  l i q u i d  b r o m i n e  t r i 

f l u o r i d e  a t  r o o m  t e m p e r a t u r e ,  a  p r e s s u r e  d r o p  w a s  o b 

s e r v e d  a s  b o r o n  t r i f l u o r i d e  d i s s o l v e d .  T h i s  p r o c e s s  

w a s  r e p e a t e d  u n t i l  n o  a d d i t i o n a l  g a s  d i s s o l v e d  a t  1 a t m .  

T h e n  t h e  y e l l o w  l i q u i d  w a s  v a c u u m  e v a p o r a t e d  a t  

r o o m  t e m p e r a t u r e  t o  d r y n e s s .  T h e  y i e l d  o f  t h e  s a m e  

w h i t e  p r o d u c t  w a s  p o o r  i n  a l l  t h e s e  p r e p a r a t i o n s .  T h e  

s o l i d  s a m p l e  s h o u l d  a l w a y s  b e  e v a c u a t e d  a t  r o o m  t e m 

p e r a t u r e  f o r  s e v e r a l  h o u r s ,  p r e f e r a b l y  o v e r n i g h t ,  b e f o r e  

v a c u u m  s e a l i n g  t h e  s a m p l e  f o r  a n a l y t i c a l  p u r p o s e s .

Anal. C a l c d  f o r  B r F 2B F 4 : F ,  5 5 . 6 9 ;  B r ,  3 9 . 0 4 ;  

B ,  5 . 3 3 .  F o u n d :  F ,  5 5 . 3 7 ;  B r ,  3 8 . 7 1 ;  B ,  5 . 9 1 .

T h e  i n f r a r e d  s p e c t r u m  o f  t h i n  s o l i d  f i l m  o f  t h e  p r o d 

u c t  s h o w s  a  s t r o n g  b r o a d  b a n d  i n  t h e  r e g i o n  1 0 2 0 - 1 1 0 0  

c m - 1  i n d i c a t i v e  o f  t e t r a f l u o r o b o r a t e  i o n . 10 A  0 . 3  M  
s o l u t i o n  o f  B r F 2B F 4 i n  B r F 3 p o s s e s s e s  a  s p e c i f i c  c o n -

T e m p e r a t u r e  { ° C )

60 40 0 -20

Figure 3. Effect of temperature and concentration cn 
specific conductivity of BF3 in solutions of BrF3 and C1F3.

d u c t i v i t y  o f  3 . 3 1  X  1 0 ~ 2 o h m - 1  c m - 1  a t  2 5 ° ,  w h i l e  t h e  

s p e c i f i c  c o n d u c t i v i t y  o f  B r F 3 a t  2 5 °  i s  8 . 0  X  1 0 ~ 3 

o h m - 1  c m - 1 . T h e  f o r m u l a  ( B r F 2)  +  ( B F 4) ~  i s  p o s t u 

l a t e d  a s  c o n s i s t e n t  w i t h  c o n d u c t i v i t y  a n d  i n f r a r e d  d a t a .

Results and Discussion
F i g u r e  1 s h o w s  t h e  c o n d u c t i v i t i e s  o f  s o l u t i o n s  w h o s e  

c o m p o s i t i o n  l i e s  b e t w e e n  p u r e  b r o m i n e  t r i f l u o r i d e  a n d  

p u r e  c h l o r i n e  t r i f l u o r i d e .  T h e  c o n d u c t i v i t y  d e c r e a s e s  

s m o o t h l y  f r o m  t h e  m a x i m u m  i n  p u r e  b r o m i n e  t r i 

f l u o r i d e  t o  a  m i n i m u m  i n  p u r e  c h l o r i n e  t r i f l u o r i d e .  

T h e  c o n d u c t i v i t y  o f  p u r e  l i q u i d  b r o m i n e  t r i f l u o r i d e  

a n d  c h l o r i n e  t r i f l u o r i d e  a r e  a l m o s t  t e m p e r a t u r e  i n d e 

p e n d e n t  ( F i g u r e  2 ) ,  w h i l e  t h e  s o l u t i o n s  o f  t h e  t w o  s o l 

v e n t s  s h o w  v e r y  s l i g h t  n e g a t i v e  t e m p e r a t u r e  c o e f f i 

c i e n t s  o f  c o n d u c t i v i t y .  F i g u r e  3  s h o w s  t h e  t e m p e r a 

t u r e  c o e f f i c i e n t  o f  c o n d u c t i v i t y  f o r  B F 3 i n  p u r e  B r F 3 a n d  

s o l u t i o n s  o f  B r F 3 a n d  C 1 F 3 a s  s i m i l a r  a n d  b o t h  b e i n g  

s m a l l e r  t h a n  a q u e o u s  K C 1  s o l u t i o n s .  F i g u r e  4  s h o w s  

t h e  i n c r e a s e  o f  c o n d u c t i v i t y  o f  h a l o g e n  f l u o r i d e s  w i t h  

i n c r e a s e  o f  c o n c e n t r a t i o n  o f  b o r o n  t r i f l u o r i d e .  B y  

s u b t r a c t i n g  t h e  s p e c i f i c  c o n d u c t i v i t y  o f  s o l v e n t  f r o m  

t h e  s p e c i f i c  c o n d u c t i v i t y  o f  t h e  s o l u t i o n ,  t h e  e q u i v a l e n t  

c o n d u c t a n c e  vs. t h e  s q u a r e  r o o t  o f  c o n c e n t r a t i o n  o f  d i -  

f l u o r o b r o m i n i u m  t e t r a f l u o r o b o r a t e  c a n  b e  e s t i m a t e d

(10) R . W . Sprague, A . B . G arrett, and  H . H . Sisler, J. A m . Chem. 
Soc., 82 , 1059 (1 9 6 0 ); F . Seel and  O . D etm a r, Z . A uorg . A llgem . 
Chem ., 301, 8 (1959).
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Figure 4. Specific conductivity as a function of 
concentration of BF3 in solutions of BrFa and C1F3.

a n d  e x t r a p o l a t e d  t o  i n f i n i t e  d i l u t i o n .  T h e  a p p r o x i 

m a t e  e q u i v a l e n t  c o n d u c t a n c e  o f  i n f i n i t e  d i l u t i o n  o f  

B r F 2B F 4 i n  B r F 3 i s  1 3 1  c m 2 o h m - 1  e q u i v - 1  w i t h  a n  

O n s a g e r  s l o p e  o f  8 0 . 2  a t  2 5 ° .  T h e  a q u e o u s  p o t a s s i u m  

c h l o r i d e  c u r v e 11 12 i s  i n c l u d e d  i n  F i g u r e  5 f o r  c o m p a r a t i v e  

p u r p o s e s .  I n  d i l u t e  c o n c e n t r a t i o n s  o f  B F 3 i n  B r F 3, 

t h e  s o l u t i o n s  r e s e m b l e  s t r o n g  e l e c t r o l y t e s  i n  w a t e r ,  b u t  

B F 3 i n  C 1 F 3 s o l u t i o n s  b e h a v e  v e r y  d i f f e r e n t l y .  T h i s  

b e h a v i o r  i s  i n  a c c o r d a n c e  w i t h  t h e  p r e s u m e d  h i g h  d i 

e l e c t r i c  c o n s t a n t  o f  l i q u i d  B r F 36 a n d  t h e  l o w  d i e l e c t r i c  

c o n s t a n t  o f  l i q u i d  C 1 F 3. 12 T h u s  t h e  p h e n o m e n o n  o f  

d e c r e a s i n g  e q u i v a l e n t  c o n d u c t a n c e  w i t h  d e c r e a s i n g  

c o n c e n t r a t i o n  o f  b o r o n  t r i f l u o r i d e  i n  l i q u i d  C 1 F 3 c a n  b e

Figure 5. Equivalent conductance of BF3 in solutions 
of BrF3 and C1F3 as a function of concentration.

e x p l a i n e d  b y  t h e  s t a b l e  a s s o c i a t i o n  o f  i o n s  t o  f o r m  i o n  

p a i r s  a s  c o m p a r e d  w i t h  s i m p l y  s o l v a t e d  i o n s  f o r  h i g h  

d i e l e c t r i c  c o n s t a n t  s o l v e n t s .
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I n  a l c o h o l i c  a n d  a c i d i c  s o l v e n t s  N - ( o -  a n d  p - h y d r o x y b e n z y l i d e n e )  a n i l s  e x h i b i t  a n  a d d i t i o n a l  

l o n g  w a v e l e n g t h  b a n d  i n  t h e  n e i g h b o r h o o d  o f  4 0 0  m / i .  E v i d e n c e  s t r o n g l y  i n d i c a t e s  t h a t  

t h i s  b a n d  i s  d u e  t o  t h e  a b s o r p t i o n  s p e c t r u m  o f  t h e  q u i n o i d  t a u t o m e r  o f  t h e  a n i l .  F i r s t ,  

i s o s b e s t i c  p o i n t s  i n  t h e  c y c l o h e x a n e - e t h a n o l  s y s t e m  d e m o n s t r a t e  t w o  a b s o r b i n g  s p e c i e s .  

S p e c t r a  o f  v a r i o u s  m o l e c u l a r  s t r u c t u r e s  s h o w  t h a t  t h e  N - ( o -  o r  p - h y d r o x y b e n z y l i d e n e )  

a n i l  s t r u c t u r e  i s  r e q u i r e d .  I t  i s  a l s o  e s s e n t i a l  f o r  t h e  p r o p o s e d  t a u t o m e r i s m  t h a t  h y d r o g e n  

b o n d i n g  o c c u r  b e t w e e n  t h e  s o l u t e  ( t h e  i m i n e  n i t r o g e n )  a n d  a  s o l v e n t  a c i d i c  h y d r o g e n .  

I n c r e a s i n g  t h e  d i e l e c t r i c  c o n s t a n t  a n d  t h e  a c i d i t y  o f  t h e  s o l v e n t  i n c r e a s e s  t h e  t a u t o m e r i s m .  

I t  i s  b e l i e v e d  t h a t  t h e  i n t e r m o l e c u l a r  h y d r o g e n  b o n d i n g  p r o v i d e s  b o t h  a  r o u t e  f o r  t h e  

m e c h a n i s m  t h r o u g h  h y d r o g e n  t r a n s f e r  a n d  t h e  n e c e s s a r y  s t a b i l i t y  f o r  t h e  q u i n o i d  t a u t o m e r .

Introduction
R e c e n t l y ,  a n  i n t e r e s t  h a s  b e e n  s t i m u l a t e d  i n  t h e  g e n 

e r a l  s p e c t r o s c o p y  o f  S c h i f f  b a s e s ,  m a i n l y  d u e  t o  i n t e r e s t  

i n  t h e  p h o t o t r o p i s m  o f  s o l i d  N - ( o - h y d r o x y b e n z y l i d e n e )  

a n i l s .  A u t h o r s 1 - 4  h a v e  e x p l a i n e d  t h i s  p h e n o m e n o n  a s  

d u e  t o  a  r e v e r s i b l e  t a u t o m e r i s m  w i t h  t h e  q u i n o i d  s t r u c 

t u r e  o f  t h e  a n i l .  A  r e q u i r e m e n t  f o r  t h e  p r o c e s s  h a s  b e e n  

s h o w n  t o  b e  a n  i n t r a m o l e c u l a r  h y d r o g e n  b o n d  b r i d g e  

b e t w e e n  t h e  o - h y d r o x y  a n d  t h e  i m i n e  n i t r o g e n .  T h e  

t a u t o m e r i s m  t h e n  o c c u r s  via a n  i n t r a m o l e c u l a r  h y d r o 

g e n  t r a n s f e r .  V i s u a l l y ,  t h e  t a u t o m e r i s m  r e s u l t s  i n  a  

c o l o r  c h a n g e  o f  t h e  s o l i d  f r o m  y e l l o w  t o  r e d .

T h e r e  h a s  b e e n  l i t t l e  e v i d e n c e  f o r t h c o m i n g ,  h o w e v e r ,  

o n  t h e  p r o p o s e d  t a u t o m e r i s m  o c c u r r i n g  i n  s o l u t i o n .  

I t  w a s  r e p o r t e d  e a r l i e r 5 t h a t  t h e  p h o t o t r o p i s m  d i d  n o t  

o c c u r  i n  s o l u t i o n .  T h e  q u i n o i d  i s o m e r  o f  t h e  b e n z y l -  

a m i n e  a n i l  o f  l - h y d r o x y - 2 - a c e t y l n a p h t h a l e n e  i n  C D C I 3 
h a s  b e e n  s h o w n  t o  e x i s t  a t  r o o m  t e m p e r a t u r e  u s i n g  

n m r  d a t a . 6 T h i s  s a m e  a n i l  o f  o - h y d r o x y b e n z a l d e h y d e  

d i d  n o t  e x h i b i t  a  q u i n o i d  i s o m e r  u n d e r  t h e  s a m e  c o n 

d i t i o n s .  R e c e n t l y ,  t r a n s i e n t  s p e c t r a  o b s e r v e d  i n  t h e  

f l a s h  p h o t o l y s i s  o f  e t h a n o l  s o l u t i o n s  o f  N - ( o - h y d r o x y -  

b e n z y l i d e n e )  a n i l i n e  h a v e  b e e n  a t t r i b u t e d  t o  a  s h o r t 

l i v e d  q u i n o i d  i s o m e r . 7 A z o - h y d r a z o n e  t a u t o m e r i s m  

o f  l - p h e n y l a z o - 2 - h y d r o x y n a p h t h a l e n e  a n d  t h e  1 , 4  d e 

r i v a t i v e  i s  m o r e  c o m m o n  a n d  h a s  b e e n  r e p o r t e d  b y  a  

n u m b e r  o f  a u t h o r s . 8 - 1 1  F l a s h i n g  o f  s o l u t i o n s  o f  2 -

h y d r o x y - 5 - m e t h y l a z o b e n z e n e  h a s  p r o d u c e d  a  s h o r t 

l i v e d  s p e c i e s  w h i c h  i s  p o s t u l a t e d  t o  b e  t h e  h y d r a z o n e  

t a u t o m e r .

O n  o b s e r v a t i o n  b y  t h e  a u t h o r  o f  a  y e l l o w  c o l o r  i n  

e t h a n o l  s o l u t i o n s  o f  1 0 - 4  M  N - ( o - h y d r o x y b e n z y l i d e n e ) -

o - a m i n o p h e n o l ,  t h e  c o l o r  n o t  b e i n g  p r e s e n t  i n  c y c l o 

h e x a n e ,  t h e  p h e n o m e n o n  w a s  i n v e s t i g a t e d  f u r t h e r .  

C y c l o h e x a n e - e t h a n o l  s o l u t i o n s  o f  t h e  a b o v e  c o m p o u n d  

e x h i b i t  i s o s b e s t i c  p o i n t s  c h a r a c t e r i s t i c  o f  t w o  a b s o r b i n g  

s p e c i e s .  A  t h o r o u g h  s p e c t r a l  s t u d y  b a s e d  o n  m o l e c u l a r  

s t r u c t u r e  a n d  s o l v e n t  s t r o n g l y  i n d i c a t e s  t h a o  a n  e n o l  

i m i n e - k e t o  e n a m i n e  t a u t o m e r i s m  o f  t h e  f o l l o w i n g  t y p e  1 2 3 4 5 6 7 8 9 10 11

(1 ) G . M . J. Schm idt, A cta  Cryst., 10, 793 (1957).
(2 ) M . D . C ohen , Y . H irshberg, and  G . M . J. S ch m idt, “ H y d ro g e n  
B on d in g ,”  D . H adzi, E d ., P erga m on  Press, L o n d o n , 1959, p  293.
(3 ) M . D . C ohen  and G . M . J. S chm idt, S ym p osiu m  on  R evers ib le  
P h otoch em ica l P rocesses, D u rh am , N . C ., 1962, p  119.
(4 ) M . D . C ohen  and G . M . J. S chm idt, J. P h ys . C h en ., 66 , 2442 
(1962).
(5 ) V . D e G a o u ck  and R . J. W  L eF evre , J . Chem. Soc., 1457 (1939).
(6 ) G . 0 .  D u d ek  and R . H . H o lm , J. A m . Chem. Soc., 83 , 3914 
(1961).
(7 ) D . G . A nderson  and  G . W etterm ark , ibid., 87 , 1433 (1965).
(8 ) R . K u h n  and F . B ar, A n n ., 516, 143 (1935).
(9 ) E . Saw icki, J . Org. Chem., 22 , 743 (1957).
(10) A . B u raw oy  and  A . R . T h om p son , J . Chem. Soc., 1443 (1953).
(11 ) E . F ischer and  Y .  F . F rei, ibid., 3159 (1959).
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e x i s t s  i n  a l c o h o l i c  a n d  a c i d  s o l v e n t s  c a p a b l e  o f  h y d r o g e n  

b o n d i n g  w i t h  t h e  s o l u t e .

T h i s  p h e n o m e n o n  w a s  a l s o  o b s e r v e d  i n  t h e  c a s e  o f  N - ( p -  

h y d r o x y b e n z y l i d e n e )  a n i l i n e .  T h e  f o l l o w i n g  t a u t o m e r -  

i s m  f o r  t h i s  c o m p o u n d  i s  p r o p o s e d .

H

T h e  t a u t o m e r i s m  w a s  f o u n d  t o  i n c r e a s e  w i t h  t h e  d i 

e l e c t r i c  c o n s t a n t  a n d  a c i d i t y  o f  t h e  s o l v e n t .  T h e  d e 

p e n d e n c e  o f  t h e  t a u t o m e r i s m  o n  i n t e r m o l e c u l a r  h y d r o 

g e n  b o n d i n g  w i t h  t h e  s o l v e n t  l e a d s  t o  t w o  c o n c l u s i o n s .  

T h e  h y d r o g e n  b o n d i n g  p r o v i d e s  b o t h  a  r o u t e  f o r  t h e  

m e c h a n i s m  b y  h y d r o g e n  t r a n s f e r  a n d  t h e  n e c e s s a r y  

s t a b i l i t y  f o r  t h e  q u i n o i d  i s o m e r .

Experimental Section
T h e  f o l l o w i n g  c o m p o u n d s  w e r e  p r e p a r e d  b y  t h e  a p 

p r o p r i a t e  c o n d e n s a t i o n  o f  a l d e h y d e  a n d  a m i n e  i n  

e t h a n o l  o r  m e t h a n o l  a n d  r e c r y s t a l l i z e d  f r o m  t h e  s a m e  

s o l v e n t :  N - ( o - h y d r o x y b e n z y l i d e n e )  d e r i v a t i v e s  o f  o- 
a m i n o p h e n o l  ( I ) ,  p - a m i n o p h e n o l  ( I I ) ,  a n i l i n e  ( I I I ) ,  a n d  

m - a m i n o p h e n o l  ( I V )  ; N - ( p - h y d r o x y b e n z y l i d e n e )  d e 

r i v a t i v e s  o f  p - a m i n o p h e n o l  ( V )  a n d  a n i l i n e  ( V I ) ;  N -  

b e n z y l i d e n e  d e r i v a t i v e s  o f  p - a m i n o p h e n o l  ( V I I )  a n d

o - a m i n o p h e n o l  ( V I I I )  ; a n d  N - ( m - h y d r o x y b e n z y l i d e n e ) -  

a n i l i n e  ( I X ) .  T h e  m e l t i n g  p o i n t s  a g r e e d  w i t h  t h o s e  i n  

t h e  l i t e r a t u r e  a n d  t h e  e l e m e n t a l  a n a l y s e s  w e r e  i n  a c 

c o r d .

M o s t  o f  t h e  s o l v e n t s  u s e d  f o r  t h e  s p e c t r a l  s t u d y  w e r e  

o f  s p e c t r a l  q u a l i t y .  E x c e p t i o n s  w e r e  f - b u t y l  a l c o h o l ,

2 , 2 , 2 - t r i f l u o r o e t h y l  a l c o h o l ,  a c e t i c  a c i d ,  f o r m i c  a c i d ,  

a n d  s u l f u r i c  a c i d  w h i c h  w e r e  o f  r e a g e n t  q u a l i t y .  T h e  

e t h y l  a l c o h o l  w a s  a b s o l u t e  a n d  t h e  w a t e r  w a s  d i s t i l l e d .

T h e  s p e c t r a  w e r e  r e c o r d e d  a t  r o o m  t e m p e r a t u r e  w i t h  

a  C a r y  M o d e l  1 5  r e c o r d i n g  s p e c t r o p h o t o m e t e r  u s i n g

1 . 0 0 - c m  q u a r t z  c e l l s .  T h e  w a v e l e n g t h s  b e t w e e n  5 0 0  

a n d  2 8 0  m /r  w e r e  c a l i b r a t e d  a c c o r d i n g  t o  a  h o l m i u m  

o x i d e  f i l t e r .  A c c u r a c y  o f  t h e  r e c o r d e d  s p e c t r a  i s  t o  

t h e  n e a r e s t  m i l l i m i c r o n .  M o s t  s o l u t i o n  s p e c t r a  w e r e  

r e c o r d e d  a t  5 . 0  X  1 0 - 5  M.

Results and Discussion
I t  w a s  i n i t i a l l y  o b s e r v e d  t h a t  e t h a n o l  s o l u t i o n s  o f  I  

e x h i b i t e d  a n  a d d i t i o n a l  e l e c t r o n i c  a b s o r p t i o n  b a n d  a t  

e n e r g i e s  l e s s  t h a n  t h a t  r e q u i r e d  f o r  t h e  ir* ■ *- ir t r a n s i 

Figure 1. Absorption spectra of 
N-(o-hydroxybenzylidene)-o-aminophenol in 
cyclohexane-ethanol: (A) cyclohexane, (B) 97:3 
cyclohexane-ethanol, (C) 90:10 and (D) 50:50 by volume. 
M =  5.0 X 10~6.

Figure 2. Absorption spectra of 
N-(o-hydroxybenzylidene)-p-aminophenol (II), 
N-(o-hydroxybenzylidene)aniline (III), and 
N-(o-hydroxybenzylidene)-m-aminophenol (IV) in methanol. 
M =  5.0 X 10~6.

t i o n .  T h e  ir* ■ *- ir t r a n s i t i o n  f o r  s i m i l a r  c o m p o u n d s  

h a s  b e e n  a s s i g n e d  b y  a  n u m b e r  o f  a u t h o r s . 1 2 -1 4  T h e  

p o s s i b i l i t y  o f  t h e  a d d i t i o n a l  l o n g  w a v e l e n g t h  b a n d  

b e i n g  d u e  t o  t h e  ir* ■ *- n  t r a n s i t i o n  w a s  r u l e d  o u t  o w i n g  

t o  t h e  l a r g e  i n t e n s i t y  a n d  i t s  a b s e n c e  i n  a  n u m b e r  o f  

s o l v e n t s  ( s e e  T a b l e  I I ) .  I n  t h e  c y c l o h e x a n e - e t h a n o l  

s o l v e n t  s y s t e m  o f  I  ( F i g u r e  1 ) ,  i s o s b e s t i c  p o i n t s  a t  4 0 6 ,  

3 5 2 ,  a n d  2 8 0  rap d e f i n i t e l y  p o i n t  o u t  t h e  e x i s t e n c e  o f  

t w o  m o l e c u l a r  a b s o r b i n g  s p e c i e s  i n  e q u i l i b r i u m .

I f  t h e  a b s o r b a n c e  o f  t h e  t w o  l o n g  w a v e l e n g t h  b a n d s  

o f  I  i s  d e t e r m i n e d  a s  a  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  i n  

m e t h a n o l  ( B e e r ’ s  l a w ) ,  t h e  3 4 9 - m / r  b a n d  g i v e s  a  l i n e a r  12 13 14

(12 ) H . H . Jaffé, S. J. Y e h , and R . W . G ardner, J . M ol. Spectry., 2, 
120 (1958).
(1 3 ) W . F . Sm ith , Tetrahedron , 19, 445 (1963).
(1 4 ) V . I . M ink in , et a l Opt. S pectry ., 18, [4] 328 (1965).
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Table I : Dependence of Spectra in Methanol on Molecular Structure

No. Structure Spectra, m/i («)

OHV
i 0 ~ c h = n -0

OH

Q - C H = N - O ~ 0 H
\)H

444 (1600) 349 (9800) 269 (8600) 228 s (13,700)

i l 435 (400) 349 (17,000) 269 (9100) 230 (17,300)

h i /= \  /==\ 432 (280) 338 (13,400) 270(14,000) 225 (22,700)

IV 'OH 435 (240) 341 (9600) 268(9600) 230 s (14,400)

V
OH OH

420 (280) 333 (16,700) 284 (14,300) 230 s (11,500)

VI
ho_ Q _ Ch» n- Q _ oh

H ° - Q - cH=N-hQ

415 (150) 313 (16,500) 295 s (15,300) 226 (14,400)

VII
0 —ch= n- O oh

336 (14,000) 264 (13,600)

V ili G — p
IK)

345 (9500) 265 (14,600) 238 s (10,000)

IX O ^ w - 0 316 (10,300) 266 (14,100) 222 (20,800)

HO'

Figure 3. Absorption spectra of 
N-(p-hydroxybenzylidene)-p-aminophenol (V) and 
N-(p-hydroxybenzylidene)aniline (VI) in methanol.
M = 5.0 X 10

p l o t  w h i l e  t h e  4 4 4 - m p  b a n d  p l o t  i s  p r a c t i c a l l y  l i n e a r .  

I t  i s ,  i n  f a c t ,  l i n e a r  o v e r  t h e  r a n g e  2 . 0  X  1 0 ~ 5 t o  a t  l e a s t

1 0 . 0  X  1 0 ~ 6 M. F o r  t h e  p l o t s  t o  b e  l i n e a r ,  a n  e q u i l i b 

r i u m  m u s t  e x i s t  b e t w e e n  t h e  a b s o r b i n g  s p e c i e s .  T h e  

e q u i l i b r i u m ,  s u b s e q u e n t l y ,  d e p e n d s  o n  t h e  s o l v e n t .

T o  d e t e r m i n e  a n y  s t r u c t u r a l  r e q u i r e m e n t s  f o r  t h e  

f o r m a t i o n  o f  s u c h  a n  e q u i l i b r i u m ,  s e v e r a l  h y d r o x y - s u b 

Figure 4. Absorption spectra of N-benzylidene-p-aminophenol 
(VII), N-benzylidene-o-aminophenol (VIII), and 
N-(ra-hydroxybenzylidene)aniline (IX ) in methanol.
AT = 5.0 X 10~6.

s t i t u t e d  b e n z y l i d e n e  a n i l s  w e r e  p r e p a r e d .  T h e  s p e c t r a  

o f  t h e  a n i l s  w e r e  r e c o r d e d  i n  m e t h a n o l  a n d  a r e  s h o w n  i n  

F i g u r e s  2 ,  3 ,  a n d  4 ,  w h i l e  T a b l e  I  l i s t s  t h e  c r i t i c a l  s p e c 

t r a l  d a t a .  T h e  s m a l l  i n s e t  c u r v e s  o f  F i g u r e s  2  a n d  3  

d e m o n s t r a t e  t h e  f o r m a t i o n  o f  t h e  l o n g e r  w a v e l e n g t h  

b a n d  a t  h i g h e r  c o n c e n t r a t i o n s .  T h e  m o s t  o b v i o u s  

p o i n t ,  a n d  t h e  m o s t  s i g n i f i c a n t ,  o f  t h e  s p e c t r a  i s  t h a t  a n  

N - ( o -  o r  p - h y d r o x y b e n z y l i d e n e )  a n i l  s t r u c t u r e  i s  n e c e s -
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Table II : Solvent Effects on the x* <- x Band System“

N-(o-Hydroxybenzylidene)- N-(p-Hydroxybenzylidene)-
o■-aminophenol p-aminophenol

Solvent my («) my («)

Cyclohexane 358(10,800) 333(14,300)
Carbon tetrachloride 358(13,400) 333(14,100)
1,4-Dioxane 352(8900) 334(15,600)
Ethyl acetate 349(13,600) 330(15,700)
Acetonitrile 348(11,400) 329(16,000)
Chloroform 354(10,800) 440 s (100) 331(11,600)

Alcohols
f-Butyl 350(9600) 432(500) 332(17,300) 435 s (24)
Isopropyl 348(12,000) 446(1000) 334(17,700) 428 s (48)
Ethyl 350(12,000) 448(1400) 334(17,500) 423 s (140)
Methyl 349(9800) 444(1600) 333(16,700) 420(280)
20% Ethyl (water)6 333(5800) 438(3200) 408(1500)
2,2,2-Trifluoroethy 1 342(10,800) 437(7800)

Acids'
Acetic 332(6700) 402(4000) 381
Formic (Overlapped) 392(11,200) 380(28,000)
Sulfuric 352(8000) 390(7800) 365(9900)

“ Solvents in each group are in order of increasing dielectric constant. 6 Extinction coefficients are very approximate because of 
rapid hydrolysis. '  Acetic, 99.8%; formic, 90.0%; sulfuric, 95.5-96.5%. Extinction coefficients are approximate because of small 
amounts of water present.

s a r y  f o r  t h e  a d d i t i o n a l  b a n d  t o  o c c u r .  S i n c e  t h e  i s o s -  

b e s t i c  s t u d y  d e m o n s t r a t e d  t w o  a b s o r b i n g  m o l e c u l a r  

s p e c i e s  i n  e q u i l i b r i u m ,  t h e  o- a n d  p - h y d r o x y  s u b 

s t i t u e n t s  s u g g e s t  t h a t  a  q u i n o i d  s t r u c t u r e  i s  p o s s i b l e  i n  

s o l u t i o n .  T h e  e q u i l i b r i a  w o u l d  t h e n  i n v o l v e  e n o l - k e t o  

t a u t o m e r i s m s  a s  s h o w n  p r e v i o u s l y .  A c c o r d i n g  t o  p r e 

v i o u s  w o r k e r s , 15 16 t h e  trans i s o m e r  o f  N - ( b e n z y l i d e n e ) -  

a n i l i n e  i s  t h e  m o r e  s t a b l e  c o n f i g u r a t i o n  a t  r o o m  

t e m p e r a t u r e .  A l s o ,  i t  h a s  b e e n  s h o w n 16 t h a t  i n t r a 

m o l e c u l a r  h y d r o g e n  b o n d i n g  e x i s t s  i n  N - ( o - h y d r o x y -  

b e n z y l i d e n e )  a n i l s .  H e n c e ,  t h e  t a u t o m e r i s m  i s  t h o u g h t  

t o  o c c u r  f r o m  t h e  trans c o n f i g u r a t i o n  o f  t h e  b e n z e n o i d  

s t r u c t u r e .  I t  i s  r e a s o n a b l e  t o  b e l i e v e  t h a t  t h e  l o n g  

w a v e l e n g t h  b a n d  f o r  t h e  q u i n o i d  i s o m e r  w o u l d  a p p e a r  

a t  l o n g e r  w a v e l e n g t h s ,  s i n c e ,  f o r  l - p h e n y l a z o - 2 - h y -  

d r o x y n a p h t h a l e n e  a n d  t h e  1 , 4  d e r i v a t i v e ,  i t  a p p e a r s  

a t  a b o u t  4 7 0  m / x . 11 T h i s  i s  a b o u t  8 0  m p  l o n g e r  t h a n  t h e  

a z o  i s o m e r .  T h e  a v e r a g e  s h i f t  i n  T a b l e  I  i s  9 3  m p .

T h e  c o m p o u n d s  w h i c h  e x h i b i t  t h e  p r o p o s e d  t a u t o m 

e r i s m  m a y  b e  d i v i d e d  i n t o  t h r e e  g r o u p s  b a s e d  o n  

m o l e c u l a r  s t r u c t u r e  a n d  t h e  i n t e n s i t y  o f  t h e  a d d i t i o n a l  

l o n g  w a v e l e n g t h  b a n d  i n  m e t h a n o l .  T h i s  b a n d  i n 

t e n s i t y  i s  t a k e n  a s  a n  a p p r o x i m a t e  m e a s u r e  o f  t h e  e x 

t e n t  o f  t a u t o m e r i s m  t o  t h e  q u i n o i d  i s o m e r .  C o m p o u n d  

I  c o m p r i s e s  t h e  f i r s t  g r o u p  w i t h  t h e  m o s t  i n t e n s e  b a n d ,  

f o u r  t i m e s  g r e a t e r  t h a n  a n y  o f  t h e  o t h e r s .  C o m 

p o u n d s  I I ,  I I I ,  a n d  I V  c o m p r i s e  t h e  s e c o n d  g r o u p .  

T h e  i n t e n s i t i e s  o f  t h i s  g r o u p  a r e  f o u n d  t o  d e c r e a s e  i n

t h e  o r d e r  o f  d e c r e a s i n g  i m i n e  b a s i c i t y .  T h e  e x t e n t  o f  

t a u t o m e r i s m  w o u l d  b e  e x p e c t e d  t o  d e c r e a s e  w i t h  t h e  

i m i n e  b a s i c i t y  i f  t h e  t a u t o m e r i s m  w e r e  b y  h y d r o g e n  

t r a n s f e r .  T h e  t h i r d  g r o u p  c o n s i s t s  o f  t h e  p - h y d r o x y  

d e r i v a t i v e s ,  V  a n d  V I ,  w h o s e  b a n d  i n t e n s i t i e s  a r e  c o m 

p a r a t i v e l y  e v e n  l e s s .  T h e  s a m e  r e l a t i o n  o f  t h e  i n 

t e n s i t y  o f  t h e  q u i n o i d  b a n d  w i t h  i m i n e  b a s i c i t y  i s  e v i 

d e n t .  I t  i s  r e a s o n a b l e  t h a t  t h e  i n c r e a s e  i n  t h e  t a u t o m 

e r i s m  i n  g o i n g  f r o m  t h e  p - h y d r o x y  t o  t h e  o - h y d r o x y  

d e r i v a t i v e s  i s  d u e  t o  i n t r a m o l e c u l a r  h y d r o g e n  b o n d i n g  

p o s s i b i l i t i e s  o f  t h e  l a t t e r  i n  t h e  q u i n o i d  s t r u c t u r e .

T w o  i m p o r t a n t  a s p e c t s  i n  t h i s  t a u t o m e r i s m  a r e  t h e  

m e c h a n i s m  a n d  t h e  s t a b i l i t y  o f  t h e  t w o  f o r m s .  W h i l e  i t  

i s  d i f f i c u l t  t o  d e f i n e  m e c h a n i s m s ,  a  s o l v e n t  s t u d y  o f  t h e  

p h e n o m e n o n  h a s  p o i n t e d  o u t  t h a t  h y d r o g e n  b o n d i n g  

o f  t h e  s o l u t e  w i t h  t h e  s o l v e n t  i s  e s s e n t i a l  f o r  t h e  p r o c e s s .  

T a b l e  I I  t a b u l a t e s  t h e  r e s u l t s  o f  t h e  s p e c t r a  o f  c o m 

p o u n d s  I  a n d  V  i n  v a r i o u s  s o l v e n t s .  T h e  p u r p o s e  o f  i n 

c l u d i n g  V  i s  t o  d e m o n s t r a t e  c l e a r l y  t h i s  p r o p e r t y  o f  t h e  

p - h y d r o x y  d e r i v a t i v e s  a n d  t o  e l i m i n a t e  i n t r a m o l e c u l a r  

h y d r o g e n  b o n d i n g .  T h e  s o l v e n t s  c a n  b e  d i v i d e d  i n t o  

f o u r  g r o u p s .  F i r s t ,  t h e r e  a r e  t h o s e  s o l v e n t s  w h i c h  d o  

n o t  a l l o w  t h e  t a u t o m e r i s m .  T h e s e  a r e  f o l l o w e d  b y  

c h l o r o f o r m ,  t h e  a l c o h o l s ,  a n d  l a s t ,  t h e  a c i d s ,  i n  w h i c h  

o c c u r s  t h e  m o s t  i n t e n s e  r e s p o n s e .  T h e  s p e c t r a  o f  V  i n

(15) E . F ischer and Y . Frei, J. Chem. Phya., 27 , 808 (1957).
(16) S. B . H en dricks, O . R . W u lf, G . B . H ilbert, and  TJ. L idell, 
J . A m . Chem. Soc., 5 8 , 1955 (1936).
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t h e  a c i d s  s h o w  o n l y  o n e  b a n d  i n  t h e  r e g i o n  o f  i n t e r e s t .  

I t  i s  r e a s o n a b l e  t o  b e l i e v e  t h a t  i t  i s  a  c o m p o s i t e  o f  b o t h  

b a n d s  s i n c e  t h e  h y p s o c h r o m i c  s h i f t  f o r  I  f r o m  e t h y l  o r  

m e t h y l  a l c o h o l  t o  t h e  a c i d s  i s  r e f l e c t e d  i n  t h e  s p e c t r a  o f

V .  T h e  h y d r o g e n  b o n d  c o n c e i v e d  t o  b e  r e s p o n s i b l e  i s  

b e t w e e n  t h e  s o l v e n t  a c i d i c  h y d r o g e n  a n d  t h e  i m i n e  n i t r o 

g e n .  I t  i s  b e l i e v e d  t h a t  t h e  h y d r o g e n  b o n d i n g  p r o v i d e s  

a  b a s i s  f o r  h y d r o g e n  t r a n s f e r  t o  t h e  i m i n e  n i t r o g e n .  

A l s o ,  i t  w a s  f o u n d  t h a t  t h e  f o r m a t i o n  o f  t h e  a d d i t i o n a l  

l o n g  w a v e l e n g t h  b a n d  w i t h  s o l v e n t  w a s  a  r e v e r s i b l e  

p r o c e s s .  T h e  s t r e n g t h  o f  t h e  i n t r a m o l e c u l a r  h y d r o g e n  

b o n d  b e t w e e n  t h e  o - h y d r o x y  g r o u p  o f  N - ( o - h y d r o x y -  

b e n z y l i d e n e )  a n i l i n e  a n d  t h e  i m i n e  n i t r o g e n 16 i s  e v i 

d e n t l y  n o t  s u f f i c i e n t  t o  i n i t i a t e  t a u t o m e r i s m  i n  t h e  f i r s t  

g r o u p  o f  s o l v e n t s .  T h e  p o s s i b i l i t y  o f  a n  i n t r a m o l e c u l a r  

h y d r o g e n  t r a n s f e r  w i t h  t h i s  c o m p o u n d  i n  o t h e r  s o l v e n t s  

i s  b e i n g  s t u d i e d  f u r t h e r .

T w o  o t h e r  f a c t s  a r e  i m m e d i a t e l y  e v i d e n t  b e s i d e s  t h e  

h y d r o g e n  b o n d i n g .  T h e y  a r e  t h a t  t h e  t a u t o m e r i s m  

i n c r e a s e s  w i t h  t h e  a c i d i t y  a n d  t h e  d i e l e c t r i c  c o n s t a n t  o f  

t h e  s o l v e n t .  T h e  a f o r e m e n t i o n e d  a z o - h y d r a z o n e  t a u 

t o m e r i s m  a l s o  i n c r e a s e s  w i t h  s o l v e n t  p o l a r i t y . 11 T h e  

l a r g e s t  f a c t o r ,  h o w e v e r ,  s e e m s  t o  b e  t h e  a c i d i t y .  I t  i s  

t h e n  p r o p o s e d  t h a t  t h e  s t a b i l i t y  o f  t h e  q u i n o i d  i s o m e r  i s  

f o u n d  t h r o u g h  i n t e r m o l e c u l a r  h y d r o g e n  b o n d i n g  w i t h  

t h e  s o l v e n t .  T h e  s t a b i l i t y  f u r t h e r m o r e  i n c r e a s e s  w i t h  

t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  s o l v e n t .  T h e  e n a m i n e  

n i t r o g e n  o f  t h e  q u i n o i d  i s o m e r  i s  e x p e c t e d  t o  b e  m o r e  

b a s i c  t h a n  t h e  i m i n e  n i t r o g e n .  I n  a d d i t i o n ,  a n  i n c r e a s e  

i n  t a u t o m e r i s m  w i t h  t h e  p X N H + o f  t h e  c o r r e s p o n d i n g  

a m i n o p h e n o l  i s  o b s e r v e d .  I n c r e a s i n g  b o t h  t h e  n i t r o 

g e n  b a s i c i t y  a n d  t h e  s o l v e n t  a c i d i t y  w o u l d  i n c r e a s e  a  

t a u t o m e r i s m  o f  t h i s  t y p e  w h e r e  s o l u t e - s o l v e n t  h y d r o g e n  

b o n d i n g  i s  t h e  c r i t i c a l  f e a t u r e .

N o n e q u i v a l e n c e  o f  P r o t o n s  a n d  R e l a t e d  P h e n o m e n a  i n  S o m e  

O r g a n o n i t r o g e n  a n d  O r g a n o p h o s p h o r u s  C o m p o u n d s 1

by T. H . Siddall, III

Savannah River Laboratory, E . I .  du P on t de N em ours and Co., A ik en , South Carolina  
( Received January 10, 1966)

P r o t o n  n o n e q u i v a l e n c e  w a s  r a t i o n a l i z e d  i n  a  v a r i e t y  o f  m o l e c u l e s  i n  t e r m s  o f  t h e  s y m 

m e t r y  p r o p e r t i e s  o f  t h e  n o n e q u i v a l e n t  p r o t o n s ,  g r o u p s ,  o r  r a d i c a l s .  T h e  c o m p o u n d s  t h a t  

w e r e  s t u d i e d  i n c l u d e d  a m i d e s ,  a n  a m i n e ,  a  c a r b a m y l p h o s p h i n a t e  ( V I I I ) ,  c a r b a m y l m e t h -  

y l e n e p h o s p h o n a t e s  ( I X - X I I I ) ,  a n d  d i p h o s p h o n a t e s  ( X I V - X V I I I ) .

Introduction
N o n e q u i v a l e n c e  o f  m a g n e t i c  n u c l e i ,  o r  e v e n  o f  w h o l e  

g r o u p s  o r  r a d i c a l s  t h a t  c o n t a i n  s u c h  n u c l e i ,  h a s  b e e n  

w i d e l y  o b s e r v e d .  W e  h a v e  n o w  o b s e r v e d  s u c h  n o n 

e q u i v a l e n c e  f o r  p r o t o n s  i n  a  s t i l l  f u r t h e r  v a r i e t y  o f  

c o m p o u n d s .  T h e  p u r p o s e  o f  t h i s  p a p e r  i s  t o  r e p o r t  

t h e s e  o b s e r v a t i o n s  a n d  t o  s h o w  h o w  t h e y  c a n  a l w a y s  

b e  e x p l a i n e d  i n  t e r m s  o f  t h e  s y m m e t r y  p r o p e r t i e s  o f  

t h e  p r o t o n s ,  g r o u p s ,  o r  r a d i c a l s .

Experimental Section

T h e  p r o t o n  m a g n e t i c  r e s o n a n c e  ( p m r )  s p e c t r a  w e r e  

m e a s u r e d  o n  a  V a r i a n  A s s o c i a t e s  A - 6 0  s p e c t r o m e t e r  

f i t t e d  w i t h  t h e  V a r i a n  v a r i a b l e  t e m p e r a t u r e  p r o b e  a n d  

d e w a r  i n s e r t .  E x c e p t  w h e r e  n o t e d ,  m e a s u r e m e n t s

(1) T h e  in form ation  con ta ined  in  this article  was d eve lop ed  during 
the course o f  w ork  under C on tra ct A T (0 7 -2 ) - l  w ith  the  U . S. A tom ic  
E nergy  C om m ission .
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w e r e  m a d e  o n  s o l u t i o n s  t h a t  w e r e  m a d e  b y  d i l u t i n g  2 5 0  

m g  o f  c o m p o u n d  t o  1 m l  w i t h  C D C 1 3.

T h e  c h e m i c a l  c o m p o u n d s  w e r e  a l l  p r e p a r e d  b y  c o n 

v e n t i o n a l  s y n t h e t i c  t e c h n i q u e s . 2 ■3 A l l  c o m p o u n d s  w e r e  

p u r i f i e d  b y  v a c u u m  d i s t i l l a t i o n  a n d / o r  c r y s t a l l i z a t i o n  

u n t i l  n o  e x t r a n e o u s  s i g n a l s  c o u l d  b e  o b s e r v e d  i n  t h e  

p m r  s p e c t r a .

Results and Discussion
Conditions for Nonequivalence. I n  v i e w  o f  t h e  v a r i e t y  

o f  c o m p o u n d s  f o r  w h i c h  p r o t o n  n o n e q u i v a l e n c e  i s  r e 

p o r t e d  h e r e  a n d  i n  o r d e r  t o  h e l p  i n  o r g a n i z i n g  t h e  d i s 

c u s s i o n ,  i t  s e e m s  d e s i r a b l e  t o  s t a t e  t h e  c o n d i t i o n s  t h a t  

a r e  n e c e s s a r y  f o r  n o n e q u i v a l e n c e  t o  b e  o b s e r v a b l e ,  

e v e n  t h o u g h  m a n y  i n v e s t i g a t o r s  m a y  b e  a w a r e  o f  t h e s e  

c o n d i t i o n s .  T h e  m o s t  p r e c i s e l y  d e f i n e d  c o n d i t i o n  

f o r  p r o t o n s  ( o r  g r o u p s  o r  r a d i c a l s )  t o  b e  n o n e q u i v a l e n t  

i s  ( 1 )  t h a t  t h e r e  m u s t  n o t  b e  a n y  m o l e c u l a r  m o t i o n s  

t h a t  c o r r e s p o n d  t o  a  s y m m e t r y  o p e r a t i o n  f o r  t h e  

p r o t o n s  w h i c h  a r e  c o m p l e t e d  i n  a  t i m e  t h a t  i s  s h o r t  

c o m p a r e d  t o  t h e  n m r  s i g n a l  w i d t h .  T h e  s y m m e t r y  

o p e r a t i o n s  a r e  t h e  f a m i l i a r  s y m m e t r y  o p e r a t i o n s  o f  

s t e r e o c h e m i s t r y . 4  5'6 E v e n  i n  t h e  p r e s e n c e  o f  o n e  o r  

m o r e  s y m m e t r y  e l e m e n t s  c o r r e s p o n d i n g  t o  t h e  a b o v e  

o p e r a t i o n s ,  p r o t o n s  m a y  s t i l l  b e  n o n e q u i v a l e n t  'pro
vided t h a t  t h e  m o l e c u l a r  m o t i o n  ( s )  t h a t  c o r r e s p o n d s  

t o  t h e  s y m m e t r y  o p e r a t i o n  i s  s l o w  o n  t h e  n m r  t i m e  

s c a l e .

T w o  o t h e r  c o n d i t i o n s ,  w h i c h  c a n n o t  b e  s t a t e d  s o  

p r e c i s e l y  a s  t h e  s y m m e t r y  c o n d i t i o n  a r e :  ( 2 )  t h e r e  

m u s t  b e  a  f i e l d  g r a d i e n t  b e t w e e n  t h e  p r o t o n s ,  a n d  ( 3 )  

t h e r e  m u s t  n o t  b e  a n y  r a p i d  i n t e r n a l  m o l e c u l a r  m o t i o n s  

t h a t  p r o d u c e  a n  a p p r o x i m a t i o n  o f  s y m m e t r y  t h a t  i s  

g o o d  e n o u g h  t o  p r e v e n t  t h e  o b s e r v a t i o n  o f  n o n e q u i v a 

l e n c e .  C o n d i t i o n  3  h a s  b e e n  t h e  s u b j e c t  o f  c o n s i d e r 

a b l e  d i s c u s s i o n . 6 T h e  a n a l y s i s 7 o f  r o t a t i o n  a r o u n d  a n  

e t h a n e - l i k e  b o n d  i s  a n  e x a m p l e  o f  t h e  a c h i e v e m e n t  o f  

a p p r o x i m a t e ,  b u t  i n c o m p l e t e ,  s y m m e t r y .  A n o t h e r

c o u l d  a r i s e  w h e n  t h e r e  a r e  t w o  a s y m m e t r y  c e n t e r s  i n  a  

m o l e c u l e ,  o n e  n o t  i n v e r t i n g  a n d  t h e  o t h e r  i n v e r t i n g  

r a p i d l y .  T h e  r a p i d  i n v e r s i o n  o f  o n l y  o n e  o f  t h e  t w o  

c e n t e r s  d o e s  n o t  c o r r e s p o n d  t o  i n v e r s i o n  a s  a  s y m m e t r y  

o p e r a t i o n .  A s  a  c o n s e q u e n c e ,  n o n e q u i v a l e n c e  m i g h t  

s t i l l  b e  o b s e r v a b l e  i n  s p i t e  o f  r a p i d  i n v e r s i o n  o f  o n e  o f  

t h e  t w o  a s y m m e t r i c  c e n t e r s .

Amides. S l o w  r o t a t i o n  a r o u n d  t h e  c a r b o n y l  t o  

n i t r o g e n  b o n d  ( c a l l e d  t h e  a m i d e  b o n d  i n  t h e  f o l l o w i n g  

d i s c u s s i o n )  r e m o v e s  t h e  p o s s i b i l i t y  o f  a n y  m o l e c u l a r  

m o t i o n s  t h a t  c o r r e s p o n d  t o  a  s y m m e t r y  o p e r a t i o n  f o r

0 Ri
II /

R — C — N

\
R 2

t h e  r a d i c a l s  t h a t  a r e  a t t a c h e d  t o  n i t r o g e n .  A s  a  c o n 

s e q u e n c e  t h e s e  r a d i c a l s  a r e  n o n e q u i v a l e n t  a s  e n t i r e  

r a d i c a l s . 8 I n  g e n e r a l ,  t h e  g e m i n a l  p r o t o n s  o r  g r o u p s  

w i t h i n  a  r a d i c a l  a r e  e q u i v a l e n t ,  s i n c e  t h e r e  i s  a  m o l e c u 

l a r  s y m m e t r y  p l a n e .  T h i s  i s  t r u e  e v e n  w h e n  t h e  

b o n d i n g  t o  n i t r o g e n  i s  p y r a m i d a l ,  s i n c e  r a p i d  i n v e r s i o n  

o f  t h e  n i t r o g e n  a t o m  c o r r e s p o n d s  t o  t h e  s y m m e t r y  

o p e r a t i o n  o f  r e f l e c t i o n .  H o w e v e r ,  i f  t h e  m o l e c u l e  

p o s s e s s e s  a n  a s y m m e t r y  c e n t e r ,  n o  s y m m e t r y  p l a n e  

e x i s t s  a n d  g e m i n a l  n o n e q u i v a l e n c e  c o u l d  b e  o b s e r v a b l e .

T h e  o b s e r v a t i o n s  f o r  t h e  a m i d e s  i n  T a b l e  I  s h o w  t h a t  

t h i s  p r e d i c t i o n  i s  f u l f i l l e d  ( s e e  F i g u r e  1 a s  a n  e x a m p l e ) .  

I n  c o m p o u n d s  I ,  I I ,  a n d  I I I ,  t h e  a s y m m e t r y  c e n t e r  i s  

i n  t h e  c a r b o n y l  s u b s t i t u e n t  ( R  g r o u p )  o f  t h e  m o l e c u l e .  

S i m i l a r  e f f e c t s  w e r e  a c h i e v e d  w h e n  t h e  a s y m m e t r y  

c e n t e r  w a s

H  0  C 6H 6 0

C H 3— C — C —  a n d  H — C — C —

I I
C l  C l

A t  l o w e r  t e m p e r a t u r e s  t h e  f o u r  m e t h y l  g r o u p s  i n  t h e  

n i t r o g e n  s u b s t i t u e n t s  w i t h  R i  =  R 2 e a c h  h a s  i t s  o w n

(2) (a) W . J. H ick in b ottom , “ R eaction s o f  O rganic C o m p o u n d s ,”  
L ongm ans, G reen  and  C o ., N ew  Y ork , N . Y ., 1957; (b ) R . B . W a g 
ner and H . D . Z ook , “ Synthetic  O rganic C h em istry ,”  John W ile y  
and  Sons, In c ., N ew  Y ork , N . Y ., 1953.
(3) G . M . K oso la poff, “ O rganophosphorus C o m p o u n d s ,”  Joh n  W iley  
and  Sons, In c ., N ew  Y ork , N . Y ., 1950.
(4) F . A . C o tto n , “ C hem ical A p p lica tion s o f  G rou p  T h e o ry ,”  
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Table I: Pmr Data“ for Amides

Î r
° Ri

/
-N

\
R2

Compd R Ri Ri Data

I H
1 *

C6H5OC-

Ethyl Ethyl -CH 2-  of ethyl just barely nonequivalent. About the 
same at —40° as +40°

CHs

ii H
1*

C6H6OC-

CH3

2-Propyl 2-Propyl Four /3-methyl sets (2-propyl) 1.42, 1.33, 1.17, 0.98; 
two methine sets 4.39, 3.33 at +40°. At 75° in 
C2CI4H2 all 0 collapsed into a hump; methine lost 
in noise. /3 two sets at 100°, 1.27, 1.15. 0 two 
sets 1.25, 1.18 at 145°. Methine still collapsed at 
100°, but sharp at 130°, 3.85

h i H
1 *

CeHsOC-

c h 3

Isobutyl Isobutyl Four 7 -methyl sets (0.94, 0.89, 0.82, 0.78); N-CH2-  
nonequivalent at —40°. At +40° only one N - 
CH2-  set, 3.20; 7 , two sets 0.87, 0.82 (1:3 inten
sity). At 75° in C2CI4H2 one N-CH2-  set, 3.14; 
one 7  set, 0.83

IV H Methyl C6H5CH, No definite nonequivalence even at —40°
1*

c 6h 6o c -

c h 3

V CH3
C6H5*CHCH3

2-Propyl One amide isomer from —40° (CDC13) to 145° 
(C2CI4H2), but two sets of methyl (2-propyl) signals 
over entire range. Chemical shift between sets 
lies between 0.032 and 0.040 for whole range. Low- 
field set at 1.22 at —40°, at 1.34 at 145°

VI c h 3
c 6h 5*c h c h 3 H,C—

Only one amide isomsr down to —40°. o-Methyl at 
2.14, 1.67 a t +40°

VI-U Uranyl nitrate adduct of VI Only one amide isomer at +40°. o-Methyl at 2.49, 
1 . 8 8

“  Unless specified otherwise, all data are for solutions of 250 mg of compound made up to 1.0 ml in CDC13. All chemical shifts are 
in ppm from tetramethylsilane; all coupling constants in cps (same for other tables and figures).

d o u b l e t  f o r  t h e  i s o b u t y l  ( I I I )  a n d  2 - p r o p y l  ( I I )  d e r i v a 

t i v e s .  T h e  r a d i c a l s  a r e  n o n e q u i v a l e n t  a s  a l s o  a r e  t h e  

g e m i n a l  m e t h y l  g r o u p s  w i t h i n  t h e  r a d i c a l s .  A s  t h e  

t e m p e r a t u r e  i s  r a i s e d ,  r o t a t i o n  a r o u n d  t h e  a m i d e  b o n d  

b e c o m e s  r a p i d  a n d  t h e  r a d i c a l s  b e c o m e  e q u i v a l e n t  

( ~ 7 5 °  f o r  I I  a n d  s l i g h t l y  l e s s  t h a n  4 0 °  f o r  I I I ) ;  b u t  

e v e n  t h e n ,  t h e  g e m i n a l  m e t h y l  g r o u p s  r e m a i n  n o n 

e q u i v a l e n t  i n  I I  u p  t o  1 4 5 ° ,  s i n c e  t h e  o n l y  p o s s i b l e  

m o l e c u l a r  m o t i o n s  t h a t  c o r r e s p o n d  t o  s y m m e t r y  

o p e r a t i o n s  f o r  t h e m  i n v o l v e  i n v e r s i o n  o f  t h e  a s y m m e t r i c  

c a r b o n  a t o m ,  w h i c h  d o e s  n o t  o c c u r .  W i t h  m o r e  f r e e 

d o m  o f  m o t i o n  i n  t h e  l o n g e r  i s o b u t y l  c h a i n ,  g e m i n a l  

m e t h y l  n o n e q u i v a l e n c e  i n  I I I  d i s a p p e a r s  b e t w e e n  4 0

a n d  7 5 °  b u t  s t i l l  i s  o b s e r v a b l e  a t  a  h i g h e r  t e m p e r a t u r e  

t h a n  i s  r a d i c a l  n o n e q u i v a l e n c e .

T h e  g e m i n a l  p r o t o n s  i n  I  a n d  I I I  a r e  n o n e q u i v a l e n t  

i n  t h e s e  c o m p o u n d s  b u t  t o  a  m u c h  s m a l l e r  e x t e n t  t h a n  

t h e  g e m i n a l  m e t h y l  g r o u p s  i n  I I  a n d  I I I .  E v i d e n t l y  

e i t h e r  c o n d i t i o n  2  o r  3  o r  b o t h  a r e  n o t  w e l l  s a t i s f i e d .  

I n  c o m p o u n d  I V  t h e r e  w a s  p o s s i b l y  s o m e  b r o a d e n i n g  

o f  t h e  m e t h y l e n e  s i g n a l s ,  b u t  n o  d e f i n i t e  i n d i c a t i o n  o f  

t h e  o u t e r  c o m p o n e n t s  f o r  t h e  q u a r t e t s  t h a t  w o u l d  

a r i s e  f r o m  a n  A B  p a t t e r n .

C o m p o u n d s  V  a n d  V I  d e m o n s t r a t e  t h e  e f f e c t  o f  

h a v i n g  t h e  a s y m m e t r y  c e n t e r  i n  o n e  o f  t h e  r a d i c a l s  

a t t a c h e d  t o  n i t r o g e n  ( R i ) .  I n  b o t h  c a s e s  t h e  s i g n a l s
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f r o m  o n l y  o n e  o f  t h e  t w o  p o s s i b l e  a m i d e  i s o m e r s  w a s  

o b s e r v e d .  ( F r o m  w o r k  i n  t h i s  l a b o r a t o r y  w i t h  m a n y  

s i m i l a r  c o m p o u n d s ,  t h i s  e f f e c t  p r o b a b l y  r e s u l t s  f r o m  a  

g r e a t  p r e p o n d e r a n c e  o f  o n e  i s o m e r  o v e r  t h e  o t h e r  r a t h e r  

t h a n  f r o m  r a p i d  r o t a t i o n  a r o u n d  t h e  a m i d e  b o n d . )  

I n  b o t h  c a s e s  n o n e q u i v a l e n c e  w a s  o b s e r v e d .  T h e  

c h e m i c a l  s h i f t  i s  s m a l l ,  b u t  r e m a r k a b l y  n e a r  t o  c o n 

s t a n t  f r o m  — 4 0  t o  1 4 5 °  f o r  V .  M e t h y l  n o n e q u i v a 

l e n c e  w o u l d  b e  a n t i c i p a t e d  f o r  V ,  b u t  f o r  V I ,  e v e n  w i t h  

a n  a s y m m e t r y  c e n t e r ,  t h e r e  i s  a  m o l e c u l a r  m o t i o n  

t h a t  c o r r e s p o n d s  t o  a  s y m m e t r y  o p e r a t i o n  f o r  t h e  

m e t h y l  g r o u p s  o n  t h e  b e n z e n e  r i n g ,  i.e., r o t a t i o n  a r o u n d  

t h e  b e n z e n e  t o  n i t r o g e n  b o n d .  H o w e v e r ,  t h i s  r o t a t i o n  

p r o b a b l y  h a s  a  h a l f - t i m e  o f  m a n y  h o u r s ,  e v e n  w e l l  

a b o v e  1 0 0 ° . 9 C o n s e q u e n t l y ,  t h e s e  m e t h y l  g r o u p s  a r e  

n o n e q u i v a l e n t .  T h e  p r o t o n s  i n  t h e  3  a n d  5  p o s i t i o n s  

i n  t h i s  b e n z e n e  r i n g  s h o u l d  a l s o  b e  n o n e q u i v a l e n t ,  b u t  

n o  a n a l y s i s  c o u l d  b e  m a d e  b e c a u s e  o f  i n t e r f e r e n c e  f r o m  

s i g n a l s  f r o m  t h e  o t h e r  b e n z e n e  r i n g .

S l o w  r o t a t i o n  a r o u n d  t h e  b e n z e n e  t o  n i t r o g e n  b o n d  

c a n  i t s e l f  p r o v i d e  t h e  r e q u i r e d  a s y m m e t r y  c e n t e r ,  s i n c e  

w i t h  u n s y m m e t r i c a l  s u b s t i t u t i o n  i n  t h e  b e n z e n e  

r i n g  t h e r e  i s  n o  m o l e c u l a r  s y m m e t r y  p l a n e .  W e  h a v e  

r e p o r t e d  o u r  e x a m i n a t i o n  o f  t h i s  s p e c i a l  s i t u a t i o n  i n  

o t h e r  p u b l i c a t i o n s . 10' 11 T h i s  s i t u a t i o n  i s  o f  c o n s i d e r 

a b l e  i n t e r e s t  s i n c e  t h e  m o l e c u l a r  m o t i o n s  t h a t  m a k e  

g e m i n a l  g r o u p s  e q u i v a l e n t  c o r r e s p o n d  t o  t h e  s y m m e t r y  

o p e r a t i o n  o f  m o l e c u l a r  i n v e r s i o n  a t  t h e  n i t r o g e n  a t o m .

Compound V I I.  T h e  b e h a v i o r  o f  c o m p o u n d  V I I  

a s  t h e  t e m p e r a t u r e  i s  i n c r e a s e d  i l l u s t r a t e s  c o n d i t i o n  

3  s t a t e d  a t  t h e  b e g i n n i n g  o f  t h i s  d i s c u s s i o n .  I t  a l s o

c h 3 c h 3 

*

C 6H 5C H 2-----------N -----------C H

I
c 6h 6

V I I

w h i c h  p r e s u m a b l y  h a v e  d i f f e r e n t  e n e r g i e s  a n d  d i f f e r e n t  

a b u n d a n c e s .  H o w e v e r ,  i n c r e a s i n g  t e m p e r a t u r e  t e n d s  t o  

p o p u l a t e  t h e  l e s s  a b u n d a n t  i s o m e r  a n d  h e l p s  t o  p r o d u c e  

a p p r o x i m a t e  s y m m e t r y .

T h e  A B  p a t t e r n  c o n t a i n s  t h e  i n f o r m a t i o n  f o r  f o l l o w 

i n g  t h i s  p r o c e s s  d o w n  t o  s m a l l  c h e m i c a l  s h i f t s ,  e v e n  

b e y o n d  t h e  d i r e c t  r e s o l u t i o n  o f  t h e  i n s t r u m e n t .  E v e n  

w h e n  t h e  i n n e r  c o m p o n e n t s  o f  t h e  A B  q u a r t e t  h a v e  

a m o s t  m e r g e d ,  t h e  h i g h - f i e l d  o u t e r  c o m p o n e n t  i s

d e t e c t a b l e .  ( T h e  l o w - f i e l d  o u t e r  c o m p o n e n t  i s  l o s t  i n  t h e
I I

s i g n a l s  f r o m  C e H s C H - C - . )  B u t  t h e  r e l a t i v e  i n t e n s i t y ,
I

o u t e r - t o - i n n e r  c o m p o n e n t ,  i s  R  =  (Q —  J)/Q  +  J ) , 12 

w h e r e  Q i s  t h e  d i s t a n c e  b e t w e e n  t h e  f i r s t  a n d  t h i r d  

( o r  s e c o n d  a n d  f o u r t h )  c o m p o n e n t s  o f  t h e  q u a r t e t  a n d  

J  i s  t h e  g e m i n a l  c o u p l i n g  c o n s t a n t ;  a n d  t h e  c h e m i c a l  

s h i f t  Av ( i n  c p s )  i s  c a l c u l a t e d  b y  t h e  f o r m u l a  Av =  
( Q 2 -  J 2) V l o r

Av =  J ~(R  +  l ) 2 

. ( 1  -  R )2
2  J

1 -  R ( Ä )
Vs

( 1 )

C h e m i c a l  s h i f t s  b e t w e e n  t h e  b e n z y l  m e t h y l e n e  p r o 

t o n s  (Av) a r e  p l o t t e d  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  i n  

F i g u r e  2 .  T h e  p o i n t s  d e s i g n a t e d  $  w e r e  c a l c u l a t e d  

f r o m  e q  1 ;  t h e  p o i n t s  d e s i g n a t e d  A ,  f r o m  s i g n a l  s e p a 

r a t i o n .  T h e  g e m i n a l  c o u p l i n g  c o n s t a n t ,  J a b , w a s

1 3 . 8  ±  0 . 2  c p s  o v e r  t h e  r a n g e  6 0 - 1 8 0 ° .  R e s o l u t i o n  o f  

t h i s  c o m p o u n d  ( u n d i l u t e d )  b e c o m e s  v e r y  p o o r  b e l o w  

6 0 °  b e c a u s e  o f  i n c r e a s i n g  v i s c o s i t y .  H o w e v e r ,  Av c o n 

t i n u e s  t o  i n c r e a s e  i n  C D C 1 3 s o l u t i o n  a t  l e a s t  d o w n  t o  

—  4 0 °  ( a t  — 4 0 °  i n  C D C 1 3 Av =  2 4  c p s ,  J a b  =  1 6  c p s ) .  

A s  w o u l d  b e  e x p e c t e d ,  t h e  A  p o i n t s  f a l l  b e l o w  t h e  $  

p o i n t s  a s  Av b e c o m e s  s m a l l ,  s i n c e  a s  t h e  c e n t r a l  s i g n a l s  

b e g i n  t o  m e r g e ,  t h e  a p p a r e n t  s i g n a l  s e p a r a t i o n  i s  l e s s  

t h a n  t h e  r e a l  s e p a r a t i o n .

Compound V I I I .  I n  t h e  c a r b a m y l p h o s p h i n a t e

O  O

s h o w s  t h a t  t h e  e f f e c t s  o f  a n  a s y m m e t r i c  c e n t e r  c a n  b e  

d e m o n s t r a t e d  i n  a m i n e s .  T h e  g e m i n a l  p r o t o n s  o f  t h e  

m e t h y l e n e  g r o u p  i n  t h e  b e n z y l  r a d i c a l  a r e  n o n e q u i v a 

l e n t .  H o w e v e r ,  t h e  c h e m i c a l  s h i f t  b e t w e e n  t h e s e  

p r o t o n s  d e c r e a s e s  i n  a  g r a d u a l  a n d  r e g u l a r  m a n n e r  o v e r  

t h e  w h o l e  t e m p e r a t u r e  s p a n  (  —  4 0  t o  1 8 0 ° )  t h a t  w a s  

s t u d i e d .  T h e r e  i s  n o  m o l e c u l a r  m o t i o n  ( t h a t  c o r r e 

s p o n d s  t o  a  s y m m e t r y  o p e r a t i o n )  t h a t  b e c o m e s  r a p i d .  

T h e  o n l y  a v a i l a b l e  m o t i o n  w o u l d  b e  i n v e r s i o n  a t  t h e  

a s y m m e t r i c  c a r b o n  a t o m .  I n s t e a d ,  a  c o m b i n a t i o n  o f  

i n t e r n a l  m o t i o n s  a p p a r e n t l y  a p p r o a c h e s  a p p r o x i m a t e  

c o r r e s p o n d e n c e  t o  a  s y m m e t r y  o p e r a t i o n  ( c o n d i t i o n  3 )  

a s  t h e  t e m p e r a t u r e  r i s e s .  I n v e r s i o n  o f  t h e  n i t r o g e n  

m a y  b e  t h e  m o s t  i m p o r t a n t  m o t i o n  i n  t h i s  c o m b i n a t i o n .  

I n v e r s i o n  o f  t h e  n i t r o g e n  a t o m  p r o d u c e s  d i a s t e r e o m e r s

II II
( E t O )  ■— P  * — C — N  ( 2 - P r ) ,

C 6H 6

V I I I

t h e  a s y m m e t r y  c e n t e r  i s  t h e  p h o s p h o r u s  a t o m .  A t  

t e m p e r a t u r e s  b e l o w  9 0 °  f o u r  e q u a l  s e t s  o f  m e t h y l  

s i g n a l s  ( 1 . 4 5 ,  1 . 3 3 ,  1 . 2 5 ,  a n d  0 . 9 2  p p m  i n  C D C 1 3 a t

(9) R . A dam s, R ecord Chem. P rogr. (K resge-H ook er Sei. L ib .) , 10, 
91 (1949).

(10) T . H . S iddall, I I I ,  and C. A . P rohaska, N a tu re , 208, 582 (1 965 ).
(_1 ) T . H . S iddall, I I I ,  and G . A . P rohaska , su bm itted  fo r  p u b lica 
tion .

(12) K . B . W ib erg  and B . J. N ist, “ In terpreta tion  o f  N M R  Spec
tra ,”  W . A . B en jam in  In c ., N ew  Y o rk , N . Y ., 1962.
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l /T ° ,  K

Figure 2. Ar for methylene protons of the benzyl group.

4 0 ° )  a n a  t w o  s e t s  o f  m e t h i n e  s i g n a l s  ( 5 . 0 4  a n d  3 . 3 7  

p p m )  a r e  o b s e r v e d  f o r  t h e  2- p r o p y l  r a d i c a l s  ( s e e  

F i g u r e  3 ) .  T h e  s i g n a l s  o f  b o t h  s e t s  o f  m e t h i n e  s i g n a l s  

a r e  f u r t h e r  s p l i t  a t  4 0 °  b y  a b o u t  2  c p s  ( p e r h a p s  b y  

c o u p l i n g  t o  p h o s p h o r u s ) .  T h e  m e t h y l e n e  p r o t o n s  o f  

t h e  e t h y l  g r o u p  a r e  n o n e q u i v a l e n t  w i t h  a  c h e m i c a l  

s h i f t  o f  a b o u t  0 . 1  p p m .  N o n e q u i v a l e n c e  o f  g e m i n a l  

p r o t o n s  i n  a  r a d i c a l  a t t a c h e d  t o  a  p h o s p h o r y l  g r o u p  

d o e s  n o t  a p p e a r  t o  h a v e  b e e n  r e p o r t e d  b e f o r e ,  a l t h o u g h  

i t  h a s  i n  a  t h i o p h o s p h o r y l  a n a l o g  [ ( E t O ) 2P ( = S ) C H 3].13
A t  a b o u t  9 0 ° ,  w i t h  u n d i l u t e d  c o m p o u n d  V I I I ,  t h e  

m e t h y l  s i g n a l s  o f  t h e  2- p r o p y l  r a d i c a l  b e g i n  t o  c o a l e s c e  

a n d  t h e  m e t h i n e  s i g n a l s  b e c o m e  b r o a d  h u m p s  a n d  l o s e  

a l l  d e t a i l .  A t  1 7 0 °  t h e  m e t h y l  s i g n a l s  h a v e  c o a l e s c e d  

i n t o  t w o  s e t s  o f  s h a r p  s i g n a l s  ( A r  0 . 0 8 8  p p m ) ,  w h i l e  

t h e  m e t h i n e  s i g n a l s  h a v e  b e c o m e  o n e  s e t  w i t h  b r o a d e n e d  

c o m p o n e n t s  t h a t  i s  p a r t l y  o v e r l a p p e d  b y  t h e  m e t h y l e n e  

s i g n a l s  f r o m  t h e  e t h y l  r a d i c a l .

T h e  b e h a v i o r  o f  t h e  s i g n a l s  f r o m  t h e  2 - p r o p y l  r a d i c a l  

i s  e a s i l y  e x p l a i n e d ,  a s  w i t h  t h e  a m i d e s ,  o n  t h e  b a s i s  o f  

t h e  o n s e t  o f  r a p i d  r o t a t i o n  a r o u n d  t h e  a m i d e  b o n d  

a b o v e  a b o u t  9 0 ° .  B e l o w  t h a t  t e m p e r a t u r e  t h e  2 -  

p r o p y l  r a d i c a l s  a r e  n o n e q u i v a l e n t  a s  e n t i r e  r a d i c a l s ,  

s i n c e  r o t a t i o n  a r o u n d  t h i s  b o n d  i s  r e q u i r e d  f o r  c o r 

r e s p o n d e n c e  t o  a n y  s y m m e t r y  o p e r a t i o n .  T h e  m e t h y l  

g r o u p s  w i t h i n  a  r a d i c a l  a r e  n o n e q u i v a l e n t  b e c a u s e  t h e  

a s y m m e t r i c  p h o s p h o r u s  a t o m  r e m o v e s  a l l  m o l e c u l a r  

s y m m e t r y  p l a n e s .

T h e  s i g n a l s  f r o m  t h e  e t h y l  r a d i c a l  n e v e r  l o s e  t h e i r  

s h a r p n e s s ,  e v e n  d u r i n g  c o a l e s c e n c e  o f  t h e  2- p r o p y l  

s i g n a l s .  H o w e v e r ,  t h e r e  i s  a  c o n t i n u o u s  c h a n g e  f o r  

t h e  m e t h y l e n e  s i g n a l s  a s  t h e  t e m p e r a t u r e  i s  r a i s e d .  

T h e  m a i n  f e a t u r e  o f  t h i s  c h a n g e  i s  a p p a r e n t l y  a  d e 

c r e a s e  i n  t h e  c h e m i c a l  s h i f t  b e t w e e n  t h e  m e t h y l e n e

Figure 3.

p r o t o n s .  A t  1 7 0 °  t h e s e  p r o t o n s  a r e  n e a r l y ,  i f  n o t  

c o m p l e t e l y ,  e q u i v a l e n t .  T h i s  g r a d u a l  d e c r e a s e  i n  

c h e m i c a l  s h i f t  i s  v e r y  s i m i l a r  t o  t h a t  o b s e r v e d  f o r  t h e  

m e t h y l e n e  p r o t o n s  i n  V I I  a n d  m a y  b e  c o n n e c t e d  w i t h  

i n c r e a s i n g  r a t e  o f  r o t a t i o n  a r o u n d  t h e  a m i d e  b o n d .  

I f  s o ,  t h e  c o n n e c t i o n  i s  n o t  d i r e c t  o r  s i m p l e ,  s i n c e  a t  

120 °  ( w e l l  a b o v e  t h e  c o a l e s c e n c e  o f  t h e  2- p r o p y l  s i g n a l s )  

t h e  m e t h y l e n e  p r o t o n s  a r e  s t i l l  n o n e q u i v a l e n t .

Carbamylmethylenephosphonates and Related Com
pounds. T h e s e  c o m p o u n d s  c a n  b e  r e g a r d e d  a s  a m i d e s  

w i t h  a  p h o s p h o r y l - c o n t a i n i n g  s u b s t i t u e n t .  O n l y  f i v e  

c o m p a r a t i v e l y  s i m p l e  e x a m p l e s  o f  t h i s  c l a s s  a r e  i n -

1 1 0  O  R 3 O  I I I

\ l !  1 ¡1 /
P — C * — C — N

R O  R 4 R 2

e l u d e d  i n  T a b l e  I I . W e  h a v e  s y n t h e s i z e d  a n d  e x a m i n e d  

t h e  s p e c t r a  o f  m a n y  o t h e r s  a n d  f r o m  t h i s  c a n  s t a t e  c e r 

t a i n  g e n e r a l i t i e s .  O n e  s u c h  g e n e r a l i t y  i s  t h a t  a s  a  r u l e  

R  r a d i c a l s  a r e  n o n e q u i v a l e n t  a s  r a d i c a l s ,  a n d  g e m i n a l  

m e t h y l  g r o u p s  w i t h i n  a n  R  r a d i c a l  a r e  n o n e q u i v a l e n t  

w h e n e v e r  t h e  b r i d g e  c a r b o n  a t o m  ( i )  i s  a n  a s y m m e t r y  

c e n t e r .  T h e  a g e m i n a l  p r o t o n s  ( i i )  i n  R i  a n d  R 2

R 3 h

I I
— C * —  — N — C —

I I
r 4 h

i  i i

o f t e n  e x h i b i t  a  v e r y  c o m p l e x  a n d  n o t  r e a d i l y  a n a l y z a b l e  

s i g n a l  p a t t e r n ,  w h i c h  w e  t a k e  a s  i n d i c a t i v e  o f  g e m i n a l  

p r o t o n  n o n e q u i v a l e n c e .  ( F o r  g e m i n a l  m e t h y l  g r o u p s

(13) H . F inegold , J. A m . Chem. Soc., 82 , 2641 (I9 6 0 ).
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Table II: Pmr Data for Carbamylmethylenephosphonates
RO 0

\ll
P-

/
RO

R3 0  R,
1 II /

- C - C - N
1 \
R4 Ri

Compd R R3 R. Ri Data

IX c h 3 H c 6h 5c h 2 c h 3 R at 3.84, 3.80; Ri at 2.85, 2.75 (2.85 further split 
1 . 6  cps, by coupling to bridge H?)

X c h 3 H
c 6h 5c h c h 3

c h 3 R at 3.83, 3.79, 3.51, 3.44; R, at 2.99, 2.67, both 
very broad; bridge CH3 at 1.49, 1.32

XI 2-Propyl H c 6h 6c h 2 Isobutyl R methyl at 1.39, 1.38, 1.35, 1.36; Rj 7  methyl at 
0.85, 0.80, 0.65, 0.53

XII 2-Propyl H
O T ~

Ethyl R methyl at 1.46, 1.43, 1.38 (ratio 1:2:1); Ri 
methyl at 0.91, 0.35

XIII 2-Propyl c h 3 c ,h 5c h 2 c h 3 R methyl at 1.35, 1.32; Ri at 3.18, 3.16 (3:1); 
bridge CH3 1.40; CeHsCEh nonequivalent; 
center of pattern at 3.33; Ar between first and 
fifth peak 0.96 ppm; / ab =  13.6 cps, / h „ p  = 
/Hb.p = 9.2 cps

i n  R i  a n d  R 2 t h a t  a r e  c o n s p i c u o u s l y  n o n e q u i v a l e n t ,  

s e e  c o m p o u n d  X I  a s  a n  e x a m p l e . )

C o m p o u n d  X  ( s e e  F i g u r e  4 )  s h o w s  t h e  e f f e c t  o f  t w o  

a s y m m e t r y  c e n t e r s .  T h i s  i s  c l e a r e s t  f o r  t h e  R  s i g n a l s  

w h i c h  o c c u r  a s  f o u r  s e t s .  E v i d e n t l y ,  a s y m m e t r y  c a u s e s  

t h e  R  g r o u p s  t o  b e  n o n e q u i v a l e n t  i n  b o t h  d i a s t e r e o -  

i s o m e r s .

C o m p o u n d  X I I I  i s  i n t e r e s t i n g  i n  t h a t  t h e  C 6H 6-  

C H 2-  p r o t o n s  a t t a c h e d  t o  t h e  b r i d g e  a r e  n o n e q u i v a l e n t .  

T h e  r a t h e r  l a r g e  d e g r e e  o f  n o n e q u i v a l e n c e  s u g g e s t s

t h a t  t h e r e  m a y  b e  r a t h e r  s t r o n g  r o t a m e r  p r e f e r e n c e  
J I

a r o u n d  t h e  C 6H 5C H 2- C -  b o n d .  T h i s  s a m e  p h e -
I

n o m e n o n  f o r  X I  ( R 3 =  H )  w o u l d  h e l p  t o  a c c o u n t  f o r  

t h e  r a t h e r  l a r g e  e f f e c t s  o n  g r o u p s  a s  f a r  a w a y  a s  t h e

7 - m e t h y l  g r o u p s .  H o w e v e r ,  w h e n  R 3 =  H ,  t h e  o v e r 

l a p  f r o m  t h e  s i g n a l s  f r o m  t h i s  p r o t o n  h a s  p r e v e n t e d  

o u r  a n a l y z i n g  t h e  s i g n a l s  f r o m  t h e  a r y l - C H 2-  p r o t o n s .  

T h e  s t i f f n e s s  o f  t h e  a m i d e  b o n d  i s  p r o b a b l y  a l s o  a  

f a c t o r  i n  p r o d u c i n g  l a r g e  e f f e c t s  a t  a  d i s t a n c e .  T h e  

c h a n c e  o f  i n t e r n a l  m o t i o n  p r o d u c i n g  a p p r o x i m a t e  

s y m m e t r y  w o u l d  b e  r e d u c e d  b y  t h e s e  r e s t r i c t i o n s .  T h e  

s h i f t  t o  h i g h  f i e l d  o f  t w o  o f  t h e s e  7  s i g n a l s  s u g g e s t  t h a t  

t h e  7 - m e t h y l  g r o u p s  o f  o n e  i s o b u t y l  r a d i c a l  a r e  o n  t h e  

a v e r a g e  i n  a  p l a n e  t h a t  i s  s u b s t a n t i a l l y  p e r p e n d i c u l a r  

t o  t h e  p l a n e  o f  t h e  b e n z e n e  r i n g .  T h e  e f f e c t  i s  e v e n  

m o r e  p r o n o u n c e d  i n  c o m p o u n d s  w i t h  a  n a p h t h y l  

g r o u p  i n  t h e  p l a c e  o f  t h i s  b e n z e n e  r i n g .  T h i s  i s  s e e n  

i n  X I I  w h e r e  o n e  m e t h y l  s i g n a l  c e n t e r  i s  a t  0 . 3 5  p p m .  

R o t a m e r  p r e f e r e n c e  m a y  b e  i n c r e a s e d  w i t h  t h e  l a r g e r  

n a p h t h y l  g r o u p  a n d  t h e  f u s e d  r i n g  s y s t e m  c e r t a i n l y  

p r o v i d e s  a  l a r g e r  m a g n e t i c  f i e l d  t h a n  d o e s  t h e  s i m p l e  

b e n z e n e  r i n g .

Diphosphonates. S o  l o n g  a s  R 2 =  R i ,  t h e  R  r a d i c a l s  

a r e  e q u i v a l e n t  a s  w h o l e  r a d i c a l s  i n  t h e s e  d i p h o s p h o 

n a t e s ,  s i n c e  t h e r e  i s  a  s y m m e t r y  p l a n e .  E v e n  s o ,

R O  O  R 2 0  O R

\ l l  I 1 1 /
P — C — P

R P  R i  O R

g e m i n a l  p r o t o n s  ( o r  g r o u p s )  w i t h i n  a n  R  r a d i c a l  m a y  

b e  n o n e q u i v a l e n t ,  s i n c e  t h e y  p o s s e s s  n o  s y m m e t r y  

e l e m e n t .  ( T h i s  s i t u a t i o n  h a s  b e e n  s t u d i e d  f o r  t h e
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Table III : Pmr Data for Diphosphonates

RO O R, O OR
\ l l  I 1 1 /P—C—P

■Signals---------------------- Additional
Compd R Ri Rî a Proton /3-Methyl data

XIV“ 2-Propyl H H 4 . 7 9 1.35

XIV-U Uranyl nitrate chelate6 5.19 1.37, 1.58

XV 2-Propyl c 6h 5c h 2 H 4.77 1.32, 1.28, 1.26; in
tensity 2:1:1

C6H5CH2CH overlaps

XV-U Uranyl nitrate chelate 5.14 1.57, 1.50, 1.33, 1.22
j

C6H5CH2CH overlaps

XV-T Thorium nitrate chelate 4.9 1.47, 1.44, 1.23, 1.08
1

XVI 2-Propyl C6H5CH2 C6H6CH2 4.75 1.19 C6H5CH2— at 3.35, 
/ h p  = 16.2

XVII 2-Propyl

O C T " c d * -
4.77 1.10, 1.20 — ar 3.92,

T h p  = 18, center 
peak broad

XVIII Ethyl c 6h 5c h 2 H 4.04 1.26 CeHsCEhCH overlaps

XVIII-U Uranyl nitrate chelate Complex 1.37, 1.32 C6H5CH2CH overlaps

“ 10% by volume. 6 All chelates 250 mg/ml in CDC13.

s i m p l e  e s t e r s ,  ( R O ) 2P O R i . 14 15’ 18 W i t h  t h e  s i m p l e  e s t e r s ,  

o n l y  g r o u p s  a r e  n o n e q u i v a l e n t ,  a n d  n o t  w h o l e  r a d i c a l s . )  

H o w e v e r ,  a s  s o o n  a s  R i  ^  R 2 t h e  t w o  R ’ s  a t t a c h e d  t o  a  

p h o s p h o r u s  b e c o m e  n o n e q u i v a l e n t ,  s i n c e  t h e r e  i s  n o w  

n o  m o l e c u l a r  s y m m e t r y  p l a n e  t h a t  i s  a l s o  a  s y m m e t r y  

p l a n e  f o r  t h e  R ’ s .

T h e s e  v a r i o u s  c o n s i d e r a t i o n s  a s  w e l l  a s  c o n d i t i o n  

2  a r e  i l l u s t r a t e d  b y  t h e  s e r i e s  g i v e n  i n  T a b l e  I I I .  

( T h e  f i r s t  t w o  e n t r i e s  a r e  f r o m  a  p r e v i o u s  s t u d y . 16 *)  

E v i d e n t l y  t h e r e  i s  n o t  e n o u g h  f i e l d  g r a d i e n t  i n  X I V  

i t s e l f  t o  p r o d u c e  a n y  n o n e q u i v a l e n c e ,  b u t  t h e  u r a n y l  

g r o u p  i n  t h e  u r a n y l  n i t r a t e  c h e l a t e  ( X I V - U )  p r o v i d e s  

a  s t r o n g  a n i s o t r o p i c  m a g n e t i c  f i e l d .  T h e  c h e l a t e  

r i n g 16 t h a t  i s  f o r m e d  b y  b o n d i n g  o f  t h e  u r a n i u m  a t o m  

t o  t h e  p h o s p h o r y l  o x y g e n s  r e d u c e s  t h e  f l e x i b i l i t y  o f  t h e  

m o l e c u l e ,  e v e n  t h o u g h  t h e  b o n d i n g  i s  m o b i l e  a n d  e x 

c h a n g e  i s  r a p i d .  T h e  / 3 - m e t h y l  g r o u p s  w i t h i n  a  2 -  

p r o p y l  r a d i c a l  b e c o m e  n o n e q u i v a l e n t  i n  t h e  u r a n y l  

n i t r a t e  c h e l a t e ,  b u t  s i n c e  t h e r e  i s  a  s y m m e t r y  p l a n e  f o r  

t h e  2 - p r o p y l  r a d i c a l s ,  a s  a  w h o l e ,  t h e  r a d i c a l s  a r e  e q u i v 

a l e n t .  W i t h  c o m p o u n d  X V  t h e  a p p r o p r i a t e  s y m m e t r y  

p l a n e  i s  l a c k i n g ,  a n d  p o t e n t i a l l y  b o t h  t h e  e n t i r e  r a d i 

c a l s  a n d  t h e  ( 3 - m e t h y l  g r o u p s  a r e  n o n e q u i v a l e n t .  H o w 

e v e r ,  o n l y  t h r e e  / 3 - m e t h y l  s i g n a l  s e t s  a r e  o b s e r v e d ,  b u t

w i t h  a n  i n t e n s i t y  r a t i o  o f  2 : 1 : 1 .  T w o  o f  t h e  f o u r  /3 - 

m e t h y l  g r o u p s  ( f o r  e a c h  p h o s p h o r u s )  h a p p e n  t o  b e  

e q u i v a l e n t .  I n  t h e  u r a n y l  n i t r a t e  a d d u c t  ( X V - U )  

t h e r e  a r e  f o u r  e q u a l  s e t s  o f  / 3 - m e t h y l  s i g n a l s .  A g a i n  

t h r o u g h  c o n d i t i o n  2 ,  a n d  a l m o s t  c e r t a i n l y  ( 3 )  a s  w e l l ,  

g r e a t e r  m u l t i p l i c i t y  i s  r e a l i z e d .  T h e  f o r m a t i o n  o f  t h e  

c h e l a t e  r i n g  i s  n o w  p r o b a b l y  v e r y  i m p o r t a n t  i n  m a k i n g  

t h e  m a x i m u m  m u l t i p l i c i t y  o b s e r v a b l e .  I t  i s  u n l i k e l y  

t h a t  t h e  b r i d g e  g r o u p i n g  ( C 6 H 6C H 2C H - )  c a n  b e  r o 

t a t e d  t h r o u g h  t h e  c h e l a t e  r i n g .  T h i s  w o u l d  t e n d  t o  

f i x  t h e  C 6H 5C H 2-  g r o u p  o n  o n e  s i d e  o f  t h e  c h e l a t e  

m o l e c u l e ,  t h e r e b y  d i m i n i s h i n g  m o t i o n s  t h a t  a p p r o x i 

m a t e  s y m m e t r y  o p e r a t i o n s .  T h i s  e f f e c t  i s  i l l u s t r a t e d  

i n  t h e  t h o r i u m  n i t r a t e  c h e l a t e  w h e r e  p r e s u m a b l y  t h e r e  

i s  l i t t l e  o r  n o  a d d i t i o n a l  c o n t r i b u t i o n  t o  c o n d i t i o n  2  

o v e r  X V ,  b u t  a b o u t  t h e  s a m e  c h a n g e  i n  c o n d i t i o n  3  a s  

t h e r e  i s  f o r  X V - U .

W i t h  X V I ,  t h e  m o l e c u l a r  s y m m e t r y  p l a n e  i s  r e s t o r e d .  

S i n c e  t h e r e  i s  o n l y  o n e  s i g n a l  s e t  f o r  t h e  / 3 - m e t h y l  g r o u p s ,

(14) T . H . S iddall, I I I , and C . A . P rohaska, J. A m . Cherr.. Soc., 84 , 
2502 (1962).
(15) T . H . Siddall, I I I ,  and  C . A . P rohaska, ibid., 84, 3467 (1962).
(16) T . H . S iddall, I I I ,  and  C . A . Prohaska, Inorg . Chem., 4 , 783
(1965).
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i t  i s  e v i d e n t  t h a t  a n  a p p r o x i m a t e  s y m m e t r y  i s  a l s o  

a c h i e v e d  w i t h i n  a  2 - p r o p y l  r a d i c a l .  H o w e v e r ,  w i t h  

X V I I ,  t h e  a p p r o x i m a t e  s y m m e t r y  w i t h i n  a  r a d i c a l  

i s  l o s t  a n d  t w o  / 3 - s i g n a l  s e t s  a r e  o b s e r v e d .  T h e  f u s e d  

n a p h t h y l  r i n g s  e n f o r c e  a  h i g h  r i g i d i t y  o n  t h i s  m o l e 

c u l e .  T h i s  f a c t o r ,  p l u s  t h e  l a r g e r  m a g n e t i c  f i e l d  f r o m  

t h e s e  r i n g s ,  m u s t  a c c o u n t  f o r  t h e  l o s s  o f  a p p r o x i m a t e  

s y m m e t r y  a s  c o m p a r e d  t o  X V I .  U n f o r t u n a t e l y ,  w e  

h a v e  n o t  b e e n  a b l e  t o  i s o l a t e  t h e  n a p h t h y l  a n a l o g  o f  X V ; 

t h i s  c o m p o u n d  w o u l d  a l l o w  i n t e r e s t i n g  c o m p a r i s o n s .  

C o m p o u n d  X V I I I  a n d  i t s  u r a n y l  n i t r a t e  a d d u c t  a d d  

n o  n e w  c o n c l u s i o n s  b u t  d o  c o n f i r m  t h o s e  f o u n d  w i t h  t h e

2 - p r o p y l  a n a l o g .  T h e  u r a n y l  n i t r a t e  c h e l a t e  X V I I I - U  

g i v e s  t w o  s e t s  o f  m e t h y l e n e  s i g n a l s ,  p r e s u m a b l y  o n e  

s e t  f o r  e a c h  r a d i c a l  o n  a  p h o s p h o r u s  a t o m .  T h e  

m e t h i n e  s i g n a l s  o f  t h e  2 - p r o p y l  r a d i c a l s  a r e  a l r e a d y  

s o  c o m p l e x  ( 1 4  l i n e s )  t h a t  i t  i s  h a r d  t o  s a y  w h e t h e r  o r  n o t  

t h e r e  i s  s t i l l  f u r t h e r  m u l t i p l i c i t y .  A l s o ,  i t  i s  p o s s i b l e  

t h a t  t h e  m e t h y l e n e  p r o t o n s  o f  X V I I I  a n d  X V I I I - U  

s h o u l d  b e  n o n e q u i v a l e n t  w i t h i n  a n  e t h y l  r a d i c a l ) .  

T h i s  w o u l d  l e a d  t o  a  t h e o r e t i c a l  t o t a l  o f  6 4  l i n e s  [ 4  

( f o r  / h h )  X  2  ( f o r  . / H p )  X  2  ( f o r  n o n e q u i v a l e n t  r a d i 

c a l s )  X  4  ( f o r  n o n e q u i v a l e n c e  w i t h i n  a  r a d i c a l ) ] .  

T h e r e  d o e s  n o t  a p p e a r  t o  b e  t h a t  m u c h  m u l t i p l i c i t y  

f o r  X V I I I - U .

T h e  C 6 H 6C H 2-  p r o t o n s  s h o u l d  b e  e q u i v a l e n t  ( a  

s y m m e t r y  p l a n e )  f o r  a l l  t h e  c o m p o u n d s  i n  T a b l e  I I I .  

H o w e v e r ,  f o r  X V I I I ,  t h e  e x p e c t e d  t r i p l e t  i s  s o  b r o a d

i n  i t s  c e n t e r  c o m p o n e n t  t h a t  t h i s  c o m p o n e n t  i s  n o  h i g h e r

t h a n  t h e  w i n g  c o m p o n e n t s .  P o s s i b l y  t h e  r o t a t i o n  
I

a r o u n d  t h e  C 6 H 5C H 2- C H  b o n d  m a y  b e  s l o w  ( t h e  s y m -  
I

m e t r y  o p e r a t i o n  t h a t  c o r r e s p o n d s  t o  r e f l e c t i o n  i n  a  

m o l e c u l a r  s y m m e t r y  p l a n e ) .  H o w e v e r ,  a t  — 4 0 ° ,  

t h i s  c o m p o n e n t  i s  m u c h  t h e  s a m e  a s  a t  + 4 0 ° .

Conclusions

T h e  p o w e r  o f  e l e m e n t a r y  s y m m e t r y  c o n s i d e r a t i o n s  

t o  r a t i o n a l i z e  n o n e q u i v a l e n c e  i n  a  v a r i e t y  o f  c i r c u m 

s t a n c e s  i s  p e r h a p s  a d e q u a t e l y  d e m o n s t r a t e d  b y  t h e  

e x a m p l e s  c i t e d  a b o v e .  T h e  c h i e f  p r o b l e m  t h a t  r e 

m a i n s  i s  t h e  w e a k n e s s  o f  t h i s  f o r m a l i z a t i o n  i n  p r e 

d i c t i n g  n o n e q u i v a l e n c e .  I t  i s  e v i d e n t  t h a t  i n c r e a s e d  

p r e d i c t i v e  a b i l i t y  c a n  a r i s e  o n l y  a s  c o n d i t i o n s  2  a n d  3  

c a n  b e  m a d e  m o r e  e x p l i c i t .  G u t o w s k y ’ s  “ a s y m m e t r y  

e f f e c t ” 7 i s  a  b e g i n n i n g  i n  t h a t  d i r e c t i o n .  I t  s e e m s  

t h a t  c h e l a t e s  w i t h  u r a n y l  s a l t s  m a y  b e  e s p e c i a l l y  u s e f u l  

a s  m o d e l  c o m p o u n d s  f o r  s t u d i e s  o f  c o n d i t i o n s  2  a n d  3 .  

T h e  g e o m e t r y  o f  t h e  c h e l a t e  r i n g  s y s t e m  i s  o f t e n  w e l l  

k n o w n ,  a n d  t h e  a n i s o t r o p i c  f i e l d  o f  t h e  u r a n y l  g r o u p  

i s  s u b j e c t  t o  m e a s u r e m e n t .  F u r t h e r  s t u d i e s  a l o n g  

t h e s e  l i n e s  a r e  i n  p r o g r e s s  i n  t h i s  l a b o r a t o r y .
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T h e  e f f e c t  o f  n i c k e l  c r y s t a l l i t e  s i z e  o n  t h e  c a t a l y t i c  a c t i v i t y  o f  n i c k e l  s u p p o r t e d  o n  s i l i c a -  

a l u m i n a  w a s  i n v e s t i g a t e d ,  u s i n g  e t h a n e  h y d r o g e n o l y s i s  a s  t h e  t e s t  r e a c t i o n .  T h e  c r y s t a l 

l i t e  s i z e  o f  t h e  n i c k e l  w a s  v a r i e d  b y  s i n t e r i n g  i n  h y d r o g e n  a t  v a r y i n g  t e m p e r a t u r e s .  D a t a  

o n  n i c k e l  s u r f a c e  a r e a s  a n d  c r y s t a l l i t e  s i z e s  w e r e  o b t a i n e d  f r o m  h y d r o g e n  c h e m i s o r p t i o n  

i s o t h e r m s  a n d  f r o m  m e a s u r e m e n t s  o f  t h e  e f f e c t  o f  c h e m i s o r b e d  h y d r o g e n  o n  t h e  m a g 

n e t i z a t i o n  o f  t h e  n i c k e l .  I t  w a s  f o u n d  t h a t  t h e  c a t a l y t i c  a c t i v i t y  o f  t h e  n i c k e l  d e c r e a s e d  

w i t h  i n c r e a s i n g  c r y s t a l l i t e  s i z e  t o  a  l a r g e r  e x t e n t  t h a n  c o u l d  b e  a c c o u n t e d  f o r  b y  t h e  c o r 

r e s p o n d i n g  d e c r e a s e  i n  n i c k e l  s u r f a c e  a r e a .  T h e  s p e c i f i c  c a t a l y t i c  a c t i v i t y  o f  t h e  n i c k e l  

( a c t i v i t y  p e r  u n i t  o f  n i c k e l  s u r f a c e  a r e a )  t h u s  d e c r e a s e d  a s  t h e  c r y s t a l l i t e  s i z e  i n c r e a s e d .  

T h e  r e s u l t s  i n d i c a t e  t h a t  t h e  i n t r i n s i c  p r o p e r t i e s  o f  s m a l l  m e t a l  c r y s t a l l i t e s  c h a n g e  i n  t h e  

c o u r s e  o f  i n c r e a s i n g  t h e  c r y s t a l l i t e  s i z e  b y  s i n t e r i n g .

I t  i s  w e l l  k n o w n  i n  h e t e r o g e n e o u s  c a t a l y s i s  t h a t  t h e  

c a t a l y t i c  a c t i v i t y  o f  a  s u p p o r t e d  m e t a l  d e p e n d s  o n  t h e  

d e g r e e  o f  d i s p e r s i o n  o f  t h e  m e t a l  o n  t h e  s u p p o r t .  I t  

i s  c o m m o n l y  c o n s i d e r e d  t h a t  c a t a l y t i c  a c t i v i t y  i n 

c r e a s e s  w i t h  i n c r e a s i n g  d i s p e r s i o n ,  i.e., w i t h  i n c r e a s i n g  

s u r f a c e  a r e a  o r  d e c r e a s i n g  c r y s t a l l i t e  s i z e .  H o w e v e r ,  

w h i l e  t h e  i m p o r t a n c e  o f  c r y s t a l l i t e  s i z e  i n  c a t a l y s i s  

h a s  b e e n  r e c o g n i z e d ,  t h e  d e t a i l e d  n a t u r e  o f  t h e  c r y s t a l 

l i t e  s i z e  e f f e c t  i s  n o t  c l e a r ;  i.e., t h e r e  i s  r e l a t i v e l y  l i t t l e  

i n f o r m a t i o n  a v a i l a b l e  t o  d e t e r m i n e  i f  t h e  e f f e c t  o f  

c r y s t a l l i t e  s i z e  i s  l i m i t e d  t o  t h e  e f f e c t  o n  s u r f a c e  a r e a ,  

o r  w h e t h e r  t h e r e  i s  a n  e f f e c t  o v e r  a n d  a b o v e  t h i s . 1 

F o r  u n s u p p o r t e d  p l a t i n u m  b l a c k s ,  t h e  r e c e n t  r e s u l t s  

o f  M c K e e  o n  p r o p a n e  c r a c k i n g  i n d i c a t e  t h a t  t h e  e f f e c t  

i s  m o r e  t h a n  o n e  o f  s u r f a c e  a r e a ,  s i n c e  t h e  s i n t e r i n g  

o r  g r o w t h  o f  t h e  p l a t i n u m  c r y s t a l l i t e s  o n  h e a t i n g  r e 

s u l t e d  i n  a  d e c r e a s e  i n  c a t a l y t i c  a c t i v i t y  f a r  g r e a t e r  

t h a n  t h e  c o r r e s p o n d i n g  d e c r e a s e  i n  s u r f a c e  a r e a . 2 

F o r  s u p p o r t e d  n i c k e l  c a t a l y s t s ,  S e l w o o d ,  et al. , 3 h a v e  

s u g g e s t e d  t h a t  t h e  e f f e c t  o f  c r y s t a l l i t e  s i z e  i s  m o r e  t h a n  

a n  e f f e c t  o n  s u r f a c e  a r e a .  H o w e v e r ,  v e r y  l i t t l e  i n f o r 

m a t i o n  o f  a  q u a n t i t a t i v e  n a t u r e  i s  a v a i l a b l e  f o r  s u p 

p o r t e d  m e t a l  s y s t e m s ,  w h e r e  k i n e t i c  d a t a  a n d  m e t a l  

s u r f a c e  a r e a  m e a s u r e m e n t s  h a v e  b e e n  o b t a i n e d  o n  

s a m p l e s  i n  w h i c h  t h e  c r y s t a l l i t e  s i z e  h a s  b e e n  v a r i e d  

s y s t e m a t i c a l l y  b y  c o n t r o l l e d  s i n t e r i n g  p r o c e d u r e s .

I n  v i e w  o f  i t s  i m p o r t a n c e  t o  t h e  u n d e r s t a n d i n g  o f  

t h e  c a t a l y t i c  p r o p e r t i e s  o f  s u p p o r t e d  m e t a l s ,  t h e  n a t u r e  

o f  c r y s t a l l i t e  s i z e  e f f e c t s  i s  a n  i m p o r t a n t  a r e a  f o r  f u r t h e r  

i n v e s t i g a t i o n .  T o  t h i s  e n d  w e  h a v e  s t u d i e d  t h e  e f f e c t  

o f  n i c k e l  c r y s t a l l i t e  s i z e  o n  t h e  r a t e  o f  h y d r o g e n o l y s i s  

o f  e t h a n e  o v e r  n i c k e l  s u p p o r t e d  o n  s i l i c a - a l u m i n a .  T h e  

c r y s t a l l i t e  s i z e  w a s  v a r i e d  b y  s i n t e r i n g  a t  v a r i o u s  t e m 

p e r a t u r e s  i n  a  s t r e a m  o f  h y d r o g e n .  T h e  n i c k e l  s u r f a c e  

a r e a s  o f  t h e  s i n t e r e d  s a m p l e s  w e r e  d e t e r m i n e d  b y  h y 

d r o g e n  c h e m i s o r p t i o n  m e a s u r e m e n t s  a n d  a l s o  b y  o b 

s e r v i n g  t h e  e f f e c t  o f  a d s o r b e d  h y d r o g e n  o n  " h e  f e r r o 

m a g n e t i s m  o f  t h e  n i c k e l .  V a l u e s  o f  a v e r a g e  n i c k e l  

c r y s t a l l i t e  s i z e s  w e r e  d e t e r m i n e d  f r o m  t h e s e  s a m e  

m e a s u r e m e n t s .  I t  w a s  t h u s  p o s s i b l e  t o  e v a l u a t e  

t h e  s p e c i f i c  c a t a l y t i c  a c t i v i t y  o f  t h e  n i c k e l  a s  a  f u n c 

t i o n  o f  t h e  n i c k e l  c r y s t a l l i t e  s i z e .

Experimental Section
Apparatus and Procedure. T h e  h y d r o g e n  c h e m i 

s o r p t i o n  m e a s u r e m e n t s  w e r e  m a d e  i n  a  c o n v e n t i o n a l  

g l a s s  v a c u u m  s y s t e m  w i t h  a n  8 0 - l . / s e c  o i l  d i f f u s i o n

(1) G . C . B on d , “ C atalysis b y  M e ta ls ,”  A ca d em ic  P ress In c ., N ew  
Y o rk , N . Y .,  1962, p  31.
(2 ) D . W . M cK e e , J . P h ys. Chem ., 67 , 841 (1963).
(3) P . W . S elw ood , S. A d ler , and  T .  R . P h illips, J . A m . Chem. Soc., 
7 7 , 1462 (1955).
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p u m p .  T h e  a p p a r a t u s  h a s  b e e n  d e s c r i b e d  p r e v i o u s l y . 4 

U s i n g  a  t r a p  c o o l e d  i n  l i q u i d  n i t r o g e n ,  u l t i m a t e  d y 

n a m i c  v a c u a  o f  a b o u t  1 0 ~ 7 t o r r  w e r e  o b t a i n e d .  T h e  

s a m p l e  c e l l s  w e r e  m a d e  o f  P y r e x  g l a s s  a n d  h a d  t w o  

s t o p c o c k s  t o  p e r m i t  h y d r o g e n  t o  f l o w  t h r o u g h  t h e  b e d  

o f  m a t e r i a l .

I n  t h e  a d s o r p t i o n  m e a s u r e m e n t s  a  s a m p l e ,  w e i g h i n g  

a b o u t  2  g ,  w a s  p u t  i n  a  v a c u u m  a p p a r a t u s .  A f t e r  

e v a c u a t i o n  a t  1 0 0 °  f o r  a  s h o r t  t i m e ,  h y d r o g e n  w a s  

p a s s e d  t h r o u g h  t h e  b e d  o f  s a m p l e  a t  a  f l o w  r a t e  o f  5 0 0  

c m 3/ m i n .  T h e  t e m p e r a t u r e  o f  t h e  s a m p l e  w a s  t h e n  

i n c r e a s e d ,  i n  t h e  f l o w i n g  h y d r o g e n ,  t o  4 5 0 ° .  T h i s  

t e m p e r a t u r e  w a s  m a i n t a i n e d  f o r  3  h r ,  a f t e r  w h i c h  t h e  

s a m p l e  w a s  e v a c u a t e d  f o r  1 h r  a t  t h e  s a m e  t e m p e r a 

t u r e .  I n  o n e  c a s e  a  r e d u c t i o n  t e m p e r a t u r e  o f  3 7 0 °  

w a s  e m p l o y e d .  A f t e r  e v a c u a t i o n  a t  t h e  r e d u c t i o n  

t e m p e r a t u r e ,  t h e  s a m p l e  w a s  c o o l e d  t o  — 7 8 °  b y  s u r 

r o u n d i n g  t h e  a d s o r p t i o n  c e l l  w i t h  a  D r y  I c e - a l c o h o l  

m i x t u r e .  A  h y d r o g e n  a d s o r p t i o n  i s o t h e r m  w a s  t h e n  

m e a s u r e d  a t  t h i s  t e m p e r a t u r e .  I n  t h e  m e a s u r e m e n t  o f  

a n  i s o t h e r m ,  t h r e e  o r  m o r e  p o i n t s  u p  t o  a  p r e s s u r e  o f  

a b o u t  3 0  c m  w e r e  u s u a l l y  o b t a i n e d .

I n  t h e  p r e p a r a t i o n  o f  t h e  s i n t e r e d  c a t a l y s t  s a m p l e s ,  

t h e  c a t a l y s t  w a s  c h a r g e d  t o  a  q u a r t z  t u b e  a n d  h e a t e d  

f o r  1 h r  i n  f l o w i n g  h y d r o g e n ,  u s i n g  a  f l o w  r a t e  o f  1 1 . /  

m i n .  T h e  s i n t e r e d  s a m p l e s  w e r e  t h e n  c o o l e d  a n d  

p u r g e d  w i t h  n i t r o g e n  p r i o r  t o  e x p o s u r e  t o  t h e  a t m o s 

p h e r e .  T h i s  p r o c e d u r e  u n d o u b t e d l y  r e s u l t s  i n  t h e  f o r 

m a t i o n  o f  a n  o x i d e  l a y e r  a t  t h e  s u r f a c e  o f  t h e  n i c k e l ,  

b u t  t h i s  i n t r o d u c e s  n o  p r o b l e m  s i n c e  t h e  s a m p l e s  a r e  

r e - r e d u c e d  i n  p l a c e  p r i o r  t o  t h e  c h e m i s o r p t i o n ,  m a g 

n e t i c ,  o r  c a t a l y t i c  m e a s u r e m e n t s .

T h e  m a g n e t i c  m e a s u r e m e n t s  w e r e  m a d e  u s i n g  t h e  

F a r a d a y  m e t h o d  i n  a p p a r a t u s  s i m i l a r  t o  t h a t  d e s c r i b e d  

b y  o t h e r  w o r k e r s . 5 ’6 I n  t h i s  a p p a r a t u s  t h e  s a m p l e  w a s  

s u s p e n d e d  f r o m  a  C a h n  e l e c t r o b a l a n c e  i n  a  q u a r t z  

b u c k e t  l o c a t e d  m i d w a y  b e t w e e n  t h e  p o l e  f a c e s  o f  a  

V a r i a n  4 - i n .  m a g n e t .  T h e  s a m p l e  c o u l d  b e  r e d u c e d  

i n  f l o w i n g  h y d r o g e n  o r  e v a c u a t e d  t o  1 0 ~ 6 t o r r  in situ. 
T h e  e l e c t r o b a l a n c e  m e a s u r e s  t h e  f o r c e ,  / ,  e x e r t e d  b y  

t h e  m a g n e t i c  f i e l d ,  H, o n  t h e  s a m p l e .  T h e  m a g n e t i c  

s u s c e p t i b i l i t y  x  i s  d e t e r m i n e d  f r o m  t h e  r e l a t i o n

/  =  mxH  dH/ds  ( I )

w h e r e  m i s  t h e  m a s s  o f  s a m p l e ,  dH/ds  i s  t h e  f i e l d  g r a 

d i e n t ,  a n d  s  r e p r e s e n t s  t h e  v e r t i c a l  d i s t a n c e  f r o m  a  

h o r i z o n t a l  r e f e r e n c e  l i n e  b e t w e e n  t h e  p o l e  f a c e s .  

M a g n e t i c  f i e l d s  u p  t o  6 5 0 0  o e r s t e d s  w e r e  a t t a i n a b l e  w i t h  

t h e  a p p a r a t u s .  S p e c i a l l y  d e s i g n e d  p o l e  c a p s  o b t a i n e d  

f r o m  t h e  m a n u f a c t u r e r  g a v e  a  c o n s t a n t  v a l u e  o f  t h e  

q u a n t i t y  H dH /ds  o v e r  t h e  r e g i o n  w i t h i n  w h i c h  t h e  

s a m p l e  w a s  s u s p e n d e d .  F e r r o u s  a m m o n i u m  s u l f a t e  

w a s  u s e d  t o  c a l i b r a t e  t h e  a p p a r a t u s ,  w h i c h  w a s  i n  t u r n

c h e c k e d  w i t h  a  s a m p l e  o f  b u l k  n i c k e l .  T h e  v a l u e s  

o b t a i n e d  f o r  t h e  m a g n e t i z a t i o n  o f  t h e  b u l k  n i c k e l  

w e r e  i n  e x c e l l e n t  a g r e e m e n t  w i t h  p u b l i s h e d  d a t a . 7

T h e  e t h a n e  h y d r o g e n o l y s i s  d a t a  w e r e  o b t a i n e d  i n  a  

f l o w  r e a c t o r  s y s t e m  a t  a t m o s p h e r i c  p r e s s u r e ,  u s i n g  a  

v e r t i c a l l y  m o u n t e d  s t a i n l e s s  s t e e l  r e a c t o r  t u b e  1 . 0  c m  

i n  d i a m e t e r  a n d  8 . 0  c m  i n  l e n g t h .  D e t a i l s  o f  t h e  r e 

a c t o r  a s s e m b l y ,  f l o w  r a t e  m e a s u r e m e n t s ,  a n d  t h e  g a s  

c h r o m a t o g r a p h i c  a n a l y s i s  o f  t h e  r e a c t i o n  p r o d u c t s  

h a v e  b e e n  r e p o r t e d  p r e v i o u s l y . 8 T h e  e t h a n e  a n d  h y 

d r o g e n  w e r e  m i x e d  w i t h  h e l i u m  a n d  p a s s e d  d o w n f l o w  

t h r o u g h  a  b e d  c o n t a i n i n g  0 . 2 0  g  o f  c a t a l y s t  d i l u t e d  

U n i f o r m l y  w i t h  0 . 5 0  g  o f  g r o u n d  V y c o r  g l a s s .  B y  a p 

p r o p r i a t e  a d j u s t m e n t  o f  t h e  h e l i u m  f l o w  r a t e ,  i t  w a s  

p o s s i b l e  t o  v a r y  t h e  p a r t i a l  p r e s s u r e s  o f  e t h a n e  a n d  h y 

d r o g e n  i n d i v i d u a l l y .  T h e  t o t a l  g a s  f l o w  w a s  m a i n 

t a i n e d  a t  1 l . / m i n  t h r o u g h o u t .  I n  a  t y p i c a l  r u n  t h e  

r e a c t a n t  g a s e s  w e r e  p a s s e d  o v e r  t h e  c a t a l y s t  f o r  3  m i n  

p r i o r  t o  s a m p l i n g  p r o d u c t s  f o r  a n a l y s i s .  T h e  e t h a n e  

w a s  t h e n  c u t  o u t  a n d  t h e  h y d r o g e n  f l o w  c o n t i n u e d  f o r  

1 0  m i n  p r i o r  t o  a n o t h e r  r e a c t i o n  p e r i o d .  P r i o r  t o  

a n y  r e a c t i o n  r a t e  m e a s u r e m e n t s ,  t h e  c a t a l y s t s  w e r e  

r e d u c e d  f o r  3  h r  i n  f l o w i n g  h y d r o g e n  a t  4 5 0 °  i n  t h e  r e 

a c t o r ,  e x c e p t  f o r  o n e  s a m p l e  w h i c h  w a s  r e d u c e d  a t  

3 7 0 ° .

Materials. T h e  n i c k e l  c a t a l y s t  u s e d  i n  t h e  p r e s e n t  

s t u d y  c o n t a i n e d  1 0  w t  %  n i c k e l  a n d  w a s  p r e p a r e d  b y  

i m p r e g n a t i n g  s i l i c a - a l u m i n a  w i t h  a  s o l u t i o n  o f  N i -  

( N 03 ) 2- 6H 20  d i s s o l v e d  i n  d e i o n i z e d  w a t e r .  T h e  m a 

t e r i a l  w a s  t h e n  d r i e d  o v e r n i g h t  a t  1 0 5 ° ,  a f t e r  w h i c h  i t  

w a s  p r e s s e d  i n t o  w a f e r s  w h i c h  w e r e  s u b s e q u e n t l y  

c r u s h e d  a n d  s c r e e n e d  t o  a  s i z e  b e t w e e n  4 5  a n d  6 0  m e s h .  

T h e  s i l i c a - a l u m i n a  w a s  T y p e  D A - 1  c r a c k i n g  c a t a l y s t  

( n o m i n a l l y  1 3 %  A I 2O 3, 8 7 %  S i 0 2)  w i t h  a  s u r f a c e  a r e a  

o f  4 5 0  m 2/ g ,  a n d  w a s  o b t a i n e d  f r o m  D a v i s o n  C h e m i c a l  

C o .  S a m p l e s  o f  t h e  n i c k e l  c a t a l y s t  w e r e  h e a t e d  a t  d i f 

f e r e n t  t e m p e r a t u r e s  ( 3 7 0 ,  4 5 0 ,  5 0 0 ,  5 8 0 ,  7 0 0 ° )  i n  h y 

d r o g e n  t o  v a r y  t h e  n i c k e l  c r y s t a l l i t e  s i z e ,  a s  d e s c r i b e d  

i n  a  p r e v i o u s  p a r a g r a p h .

T h e  e t h a n e  u s e d  i n  t h i s  w o r k  w a s  o b t a i n e d  f r o m  t h e  

M a t h e s o n  C o .  A  c h r o m a t o g r a p h i c  a n a l y s i s  s h o w e d  n o  

d e t e c t a b l e  i m p u r i t i e s .  I t  i s  e s t i m a t e d  t h a t  a n  i m 

p u r i t y ,  e.g., m e t h a n e ,  w o u l d  h a v e  b e e n  d e t e c t e d  b y  

t h e  c h r o m a t o g r a p h i c  a n a l y s i s  i f  i t  w e r e  p r e s e n t  a t  a  

c o n c e n t r a t i o n  a b o v e  0 . 0 1  w t  % .  H i g h  p u r i t y  h y d r o -

(4) D . J. C . Y ates , W . F . T a y lo r , and  J. H . S in felt, J. A m . Chem. 
Soc., 86 , 2996 (1964).
(5) P . E . Jacob son  and  P . W . S elw ood , ib id ., 76 , 2641 (1954).

(6) P . W . S elw ood , “ M a gn etoch em istry ,”  2nd  ed , In terscien ce  P u b 
lishers, In c ., N ew  Y o rk , N . Y . ,  1956, p p  11 -13 .
(7) “ A m erican  In stitu te  o f  P hysics H a n d b o o k ,”  2nd  ed , M cG ra w - 
H ill B o o k  C o ., In c ., N ew  Y o rk , N . Y .,  1963, S ection  5, p  170.
(8) J. H . S infelt, J . P h ys. Chem., 68 , 344 (1964).
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Figure 1. Hydrogen adsorption isotherms at —78° for nickel 
on silica-alumina catalyst sintered in hydrogen at various 
temperatures: ©, 370°; O, 450°; □, 500°; A, 580°.

g e n  w a s  o b t a i n e d  f r o m  t h e  L i n d e  C o . ,  L i n d e n ,  N .  J .  

I t  w a s  f u r t h e r  p u r i f i e d  i n  a  “ D e o x o ”  u n i t  c o n t a i n i n g  

p a l l a d i u m  c a t a l y s t  t o  r e m o v e  t r a c e  a m o u n t s  o f  o x y g e n .  

T h e  w a t e r  f o r m e d  w a s  t h e n  r e m o v e d  b y  a  t r a p  c o o l e d  

i n  D r y  I c e  o r  b y  a  m o l e c u l a r  s i e v e  d r y e r ,  t h e  l a t t e r  

h a v i n g  b e e n  e m p l o y e d  f o r  t h e  h y d r o g e n  u s e d  i n  t h e  

k i n e t i c  m e a s u r e m e n t s .

Results
T h e  r e s u l t s  o f  h y d r o g e n  c h e m i s o r p t i o n  m e a s u r e m e n t s  

a t  — 7 8 °  o n  s a m p l e s  o f  t h e  n i c k e l  o n  s i l i c a - a l u m i n a  

c a t a l y s t  s i n t e r e d  i n  h y d r o g e n  a t  v a r i o u s  t e m p e r a t u r e s  

a r e  s h o w n  i n  F i g u r e  1 .  T h e  h y d r o g e n  a d s o r p t i o n  

d e c r e a s e s  w i t h  i n c r e a s i n g  s i n t e r i n g  t e m p e r a t u r e .  A  

d e c r e a s e  i s  n o t  o b s e r v e d  f o r  t h e  i n t e r v a l  f r o m  3 7 0  t o  

4 5 0 ° ,  s u g g e s t i n g  t h a t  l o s s  o f  n i c k e l  s u r f a c e  a r e a  i s  n o t  

s i g n i f i c a n t  b e l o w  a b o u t  4 5 0 ° .  F r o m  t h e  a d s o r p t i o n  

d a t a  t h e  n u m b e r  o f  h y d r o g e n  a t o m s  a d s o r b e d  p e r  

n i c k e l  a t o m  c a n  b e  d e t e r m i n e d .  T a k i n g  t h e  a d s o r p t i o n  

a t  2 5  c m  p r e s s u r e  a s  t h e  m o n o l a y e r  p o i n t ,  a n d  a s s u m i n g  

t h a t  o n e  h y d r o g e n  a t o m  i s  a d s o r b e d  o n  e a c h  n i c k e l  

a t o m  i n  t h e  s u r f a c e ,  o n e  t h e n  h a s  a  v a l u e  f o r  t h e  f r a c 

t i o n  o f  t o t a l  n i c k e l  a t o m s  w h i c h  a r e  p r e s e n t  i n  t h e  s u r 

f a c e  o f  t h e  n i c k e l  c r y s t a l l i t e s .  V a l u e s  f o r  t h e  v a r i o u s  

s i n t e r e d  s a m p l e s  a r e  i n c l u d e d  i n  F i g u r e  3 .

I n  t h e  m e a s u r e m e n t s  o f  t h e  m a g n e t i c  p r o p e r t i e s  o f  

t h e  s i n t e r e d  c a t a l y s t  s a m p l e s ,  t h e  s p e c i f i c  m a g n e t i z a 

t i o n  w a s  d e t e r m i n e d  a s  a  f u n c t i o n  o f  m a g n e t i c  f i e l d  

s t r e n g t h  a n d  t e m p e r a t u r e  d o w n  t o  l i q u i d  n i t r o g e n  t e m 

p e r a t u r e .  T y p i c a l  d a t a  f o r  t h e  s a m p l e  s i n t e r e d  a n d  

r e d u c e d  i n  h y d r o g e n  a t  4 5 0 °  a r e  s h o w n  i n  F i g u r e  2 .  

T h e  s p e c i f i c  m a g n e t i z a t i o n ,  <r, i s  d e f i n e d  b y  t h e  r e l a 

t i o n ,  <r =  \H ,  w h e r e  H  i s  t h e  m a g n e t i c  f i e l d  s t r e n g t h  

i n  o e r s t e d s  a n d  x  i s  t h e  m a g n e t i c  s u s c e p t i b i l i t y  p e r  

u n i t  m a s s .  T h e  u n i t s  o f  %  a r e  r e c i p r o c a l  d e n s i t y ,  c m 3/  

g .  T h e  d a t a  s h o w n  i n  F i g u r e  2  w e r e  o b t a i n e d  a t  a

Figure 2. Typical magnetization-field strength curves at 
77 °K for nickel on silica-alumina catalyst sintered in 
hydrogen at 450°: O, after reduction at 450° and 
evacuation; •, after subsequent adsorption of 
hydrogen at room temperature and 1 atm.

t e m p e r a t u r e  o f  7 7 ° K .  D a t a  a r e  p r e s e n t e d  f o r  t h e  

f r e s h l y  r e d u c e d  s a m p l e  a f t e r  e v a c u a t i o n  a t  t h e  r e d u c t i o n  

t e m p e r a t u r e  a n d  a f t e r  s u b s e q u e n t  a d s o r p t i o n  o f  h y 

d r o g e n  o n  t h e  n i c k e l .  T h e  h y d r o g e n  w a s  a c t u a l l y  

a d s o r b e d  a t  r o o m  t e m p e r a t u r e  a n d  1 a t m ,  a n d  t h e  

s a m p l e  t h e n  c o o l e d  t o  7 7 ° K  t o  m e a s u r e  t h e  e f f e c t  o f  

t h e  a d s o r b e d  h y d r o g e n  o n  t h e  m a g n e t i z a t i o n  o f  t h e  

n i c k e l .  T h e  p r e s e n c e  o f  a d s o r b e d  h y d r o g e n  c l e a r l y  

l o w e r s  t h e  s p e c i f i c  m a g n e t i z a t i o n  o f  t h e  n i c k e l .  B y  

i n s p e c t i o n  o f  t h e  c u r v e s  i n  F i g u r e  2 ,  i t  i s  s e e n  t h a t  t h e  

s p e c i f i c  m a g n e t i z a t i o n  a p p r o a c h e s  a  l i m i t i n g  v a l u e  a t  

t h e  h i g h e r  f i e l d s .  T h e  l i m i t i n g  v a l u e  w a s  f o u n d  t o  

i n c r e a s e  w i t h  s i n t e r i n g  t e m p e r a t u r e .  I n  t r e a t i n g  t h e  

m a g n e t i z a t i o n  d a t a ,  t h e  p r a c t i c e  w a s  a d o p t e d  o f  

p l o t t i n g  t h e  r e c i p r o c a l  o f  t h e  s p e c i f i c  m a g n e t i z a t i o n  

vs. t h e  r e c i p r o c a l  o f  t h e  f i e l d  s t r e n g t h .  W h e n  t h i s  i s  

d o n e ,  a  s a t i s f a c t o r y  l i n e a r  r e l a t i o n  i s  o b t a i n e d ,  a n d  

b y  e x t r a p o l a t i o n  t o  z e r o  r e c i p r o c a l  f i e l d  ( 1 / 1 7  =  0 )  

a n  a p p a r e n t  s a t u r a t i o n  v a l u e  i s  o b t a i n e d  f o r  t h e  s p e 

c i f i c  m a g n e t i z a t i o n .  A p p a r e n t  s a t u r a t i o n  m a g n e t i 

z a t i o n s  a t  7 7 ° K  d e t e r m i n e d  i n  t h i s  m a n n e r  f o r  v a r i o u s  

s i n t e r e d  c a t a l y s t  s a m p l e s  a r e  g i v e n  i n  T a b l e  I .  T h e  

e x t r a p o l a t i o n  g i v e s  m a g n e t i z a t i o n  v a l u e s  o n l y  s l i g h t l y  

h i g h e r  t h a n  t h o s e  a c t u a l l y  m e a s u r e d  a t  t h e  h i g h e s t  

f i e l d  e m p l o y e d  ( 6 5 0 0  o e r s t e d s ) .  W e  h a v e  t e r m e d  t h e  

e x t r a p o l a t e d  v a l u e  t h e  a p p a r e n t  s a t u r a t i o n  m a g n e t i 

z a t i o n ,  s i n c e  t h e  v a r i a t i o n  o f  s p e c i f i c  m a g n e t i z a t i o n  

w i t h  f i e l d  s t r e n g t h  i s  s m a l l  a t  f i e l d s  a b o v e  3 0 0 0  o e r s t e d s .  

W h i l e  t h e s e  s a m p l e s  a p p e a r  t o  b e  m a g n e t i c a l l y  s a t u 

r a t e d ,  t h e  s p e c i f i c  m a g n e t i z a t i o n  v a l u e s  a r e  s i g n i f i c a n t l y  

l o w e r  t h a n  t h a t  o f  b u l k  n i c k e l ,  w h i c h  i s  5 7  a t  7 7 ° K . 7 

T h i s  b e h a v i o r  i s  t y p i c a l  o f  s u p p o r t e d  n i c k e l  c a t a l y s t s  

i n  w h i c h  t h e  n i c k e l  e x i s t s  i n  a  h i g h l y  d i s p e r s e d  s t a t e
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a n d  i s  r e l a t e d  t o  a  p h e n o m e n o n  t h a t  h a s  b e e n  t e r m e d  

“ c o l l e c t i v e  p a r a m a g n e t i s m . ” 9 ’ 10 A s  t h e  c r y s t a l l i t e  

s i z e  o f  t h e  n i c k e l  i s  i n c r e a s e d  b y  s i n t e r i n g  a t  p r o g r e s 

s i v e l y  h i g h e r  t e m p e r a t u r e s ,  t h e  a p p a r e n t  s a t u r a t i o n  

m a g n e t i z a t i o n  a p p r o a c h e s  t h e  v a l u e  f o r  b u l k  n i c k e l .

Table I : Summary of Magnetization Data
on Sintered Ni Catalysts

Sintering
temp,

°C

Apparent 
satn mag
netization 
at 77°K°

% decrease 
in magnetiza
tion after H2 
adsorption**

370 34.4 12
450 35.7 7
500 4 2 .1
580 49.2 5
800 51.0 2

° Obtained from extrapolation of plot of 1/cr vs. 1 /H to 1 /H = 
0. 6 H2 adsorbed at 1 atm and room temperature prior to meas
urement of specific magnetization at 77°K.

T h e  a p p a r e n t  s a t u r a t i o n  m a g n e t i z a t i o n  a s  d e f i n e d  

h e r e  i s  a  s t r o n g  f u n c t i o n  o f  t e m p e r a t u r e  a n d  f o r  h i g h l y  

d i s p e r s e d  n i c k e l  i s  m u c h  l o w e r  t h a n  t h e  c o r r e s p o n d i n g  

q u a n t i t y  f o r  b u l k  n i c k e l .  H o w e v e r ,  t h i s  d o e s  n o t  m e a n  

t h a t  t h e  t r u e  s a t u r a t i o n  m a g n e t i z a t i o n ,  i.e., t h e  v a l u e  

a t  0 ° K  a n d  i n f i n i t e  f i e l d ,  i s  d i f f e r e n t  f r o m  t h a t  o f  b u l k  

n i c k e l .  T h e  d i f f e r e n c e  b e t w e e n  t h e  m a g n e t i c  p r o p e r 

t i e s  o f  f i n e l y  d i v i d e d  a n d  b u l k  n i c k e l  t e n d s  t o  d i s a p p e a r  

a t  v e r y  l o w  t e m p e r a t u r e s .  I t  i s  r e c o g n i z e d  t h a t  t h e  

t e r m  “ a p p a r e n t  s a t u r a t i o n  m a g n e t i z a t i o n ”  a s  u s e d  

i n  t h e  p r e s e n t  w o r k  m a y  h a v e  n o  p a r t i c u l a r  f u n d a m e n 

t a l  s i g n i f i c a n c e .  H o w e v e r ,  i t  i s  a  c o n v e n i e n t  w a y  t o  

r e f e r  t o  t h e  l i m i t i n g  v a l u e  o f  t h e  m a g n e t i z a t i o n  a p 

p r o a c h e d  a t  s u f f i c i e n t l y  h i g h  f i e l d s  a t  t e m p e r a t u r e s  w e l l  

a b o v e  0 ° K .  F u r t h e r m o r e ,  i t  i s  u s e f u l  i n  t h e  d i s c u s s i o n  

o f  m a t t e r s  s u c h  a s  t h e  e x t e n t  o f  r e d u c t i o n  o f  t h e  m e t a l  

a n d  t h e  e f f e c t  o f  s i n t e r i n g  o n  c r y s t a l l i t e  s i z e .

I n  c o n s i d e r i n g  t h e  t e c h n i q u e  o f  v a r y i n g  n i c k e l  

c r y s t a l l i t e  s i z e  b y  h e a t i n g  i n  h y d r o g e n  a t  v a r i o u s  t e m 

p e r a t u r e s ,  i t  i s  i m p o r t a n t  t o  c o n s i d e r  t h e  p o s s i b i l i t y  

t h a t  t h e  s a m p l e s  h e a t e d  i n  h y d r o g e n  a t  t h e  l o w e r  

t e m p e r a t u r e s ,  e.g., a t  3 7 0 ° ,  w e r e  n o t  c o m p l e t e l y  r e 

d u c e d ,  a n d  t h a t  p a r t  o f  t h e  i n c r e a s e  i n  m a g n e t i z a t i o n  

w i t h  i n c r e a s i n g  s i n t e r i n g  t e m p e r a t u r e  m a y  h a v e  b e e n  

d u e  t o  b e t t e r  r e d u c t i o n  o f  t h e  n i c k e l .  T o  o b t a i n  

d a t a  o n  t h i s  q u e s t i o n ,  a  s a m p l e  r e d u c e d  a t  3 7 0 °  i n  

t h e  u s u a l  w a y  w a s  e v a c u a t e d  a t  3 7 0 °  a n d  t h e n  h e a t e d  

t o  8 0 0 °  in  vacuo p r i o r  t o  d e t e r m i n a t i o n  o f  t h e  m a g n e t i 

z a t i o n  a t  7 7  ° K .  I t  w a s  o b s e r v e d  t h a t  t h e  a p p a r e n t  

s a t u r a t i o n  m a g n e t i z a t i o n  i n c r e a s e d  f r o m  a  v a l u e  o f  3 4  

t o  5 1  a f t e r  t h i s  t r e a t m e n t .  B e c a u s e  t h e  s a m p l e  w a s

h e a t e d  i n  t h e  a b s e n c e  o f  h y d r o g e n ,  t h e  i n c r e a s e  i n  

m a g n e t i z a t i o n  w a s  n o t  d u e  t o  f u r t h e r  r e d u c t i o n  o f  

t h e  n i c k e l ,  b u t  r a t h e r  t o  i n c r e a s i n g  t h e  s i z e  o f  t h e  

s m a l l e r  c r y s t a l l i t e s  i n  t h e  s a m p l e  t o  t h e  p o i n t  w h e r e  

t h e y  b e c a m e  f e r r o m a g n e t i c .  S i n c e  t h e  v a l u e  a p 

p r o a c h e d  t h a t  o f  b u l k  n i c k e l ,  i t  i s  c o n c l u d e d  t h a t  t h e  

n i c k e l  i s  e s s e n t i a l l y  c o m p l e t e l y  r e d u c e d  a f t e r  t r e a t m e n t  

w i t h  h y d r o g e n  a t  3 7 0 ° .

T h e  d e c r e a s e  i n  m a g n e t i z a t i o n  o n  h y d r o g e n  c h e m i 

s o r p t i o n  i s  a t t r i b u t e d  t o  t h e  t r a n s f e r  o f  e l e c t r o n s  f r o m  

t h e  h y d r o g e n  i n t o  t h e  u n f i l l e d  d  b a n d  o f  t h e  n i c k e l . 3 

E a c h  c h e m i s o r b e d  h y d r o g e n  a t o m  e f f e c t i v e l y  e r a s e s  

t h e  c o n t r i b u t i o n  o f  a  n i c k e l  a t o m  t o  t h e  m a g n e t i z a t i o n .  

D a t a  o n  t h e  p e r c e n t a g e  d e c r e a s e  i n  m a g n e t i z a t i o n  

a f t e r  c h e m i s o r p t i o n  o f  h y d r o g e n  a r e  g i v e n  i n  T a b l e  I .  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  a d s o r b e d  h y d r o g e n  h a s  

l e s s  o f  a n  e f f e c t  o n  t h e  m a g n e t i z a t i o n  i n  t h e  c a s e  o f  t h e  

m o r e  h i g h l y  s i n t e r e d  s a m p l e s .  T h i s  i s  r e a s o n a b l e  

s i n c e  t h e s e  s a m p l e s  h a v e  l o w e r  n i c k e l  s u r f a c e  a r e a s  

a n d  h e n c e  c h e m i s o r b  l e s s  h y d r o g e n .  T h e  e f f e c t  o f  

c h e m i s o r b e d  h y d r o g e n  o n  t h e  m a g n e t i z a t i o n  o f f e r s  

a n  a p p r o x i m a t e  m e t h o d  o f  e s t i m a t i n g  t h e  f r a c t i o n  o f  

t h e  a t o m s  i n  t h e  n i c k e l  c r y s t a l l i t e s  w h i c h  a r e  p r e s e n t  

i n  t h e  s u r f a c e .  T h i s  q u a n t i t y  i s  s i m p l y  e q u a l  t o  t h e  

f r a c t i o n a l  d e c r e a s e  i n  m a g n e t i z a t i o n  a f t e r  a d s o r p t i o n  

o f  h y d r o g e n .  V a l u e s  o f  t h e  f r a c t i o n  o f  t h e  t o t a l  n i c k e l  

a t o m s  p r e s e n t  i n  t h e  a c c e s s i b l e  s u r f a c e  o f  t h e  n i c k e l  

c r y s t a l l i t e s  a r e  s h o w n  i n  F i g u r e  3  a s  a  f u n c t i o n  o f  

s i n t e r i n g  t e m p e r a t u r e .  T h e  p l o t  c o n t a i n s  v a l u e s  

d e r i v e d  f r o m  t h e  e f f e c t  o f  a d s o r b e d  h y d r o g e n  o n  m a g 

n e t i z a t i o n  a l o n g  w i t h  v a l u e s  o f  t h i s  q u a n t i t y  d e t e r 

m i n e d  f r o m  t h e  h y d r o g e n  a d s o r p t i o n  i s o t h e r m s  i n  F i g u r e  

1 .  T h e  v a l u e s  d e r i v e d  f r o m  t h e  a d s o r p t i o n  i s o t h e r m s  

a n d  f r o m  t h e  m a g n e t i c  m e a s u r e m e n t s  s h o w  r e a s o n a b l y  

g o o d  a g r e e m e n t ,  w i t h  t h e  i n d i v i d u a l  p o i n t s  a l l  f a l l i n g  

a b o u t  a  s i n g l e  c u r v e .  T h e  p o i n t s  d e r i v e d  f r o m  t h e  

e f f e c t  o f  c h e m i s o r b e d  h y d r o g e n  o n  m a g n e t i z a t i o n  s h o w  

a  c o n t i n u o u s  d e c r e a s e  i n  t h e  s u r f a c e  n i c k e l  a t o m s  a s  

t h e  s i n t e r i n g  t e m p e r a t u r e  i s  i n c r e a s e d  a b o v e  3 7 0 ° .  

B y  c o m p a r i s o n ,  t h e  a d s o r p t i o n  i s o t h e r m s  i n  F i g u r e  

1 i n d i c a t e d  t h a t  l o s s  o f  n i c k e l  s u r f a c e  a r e a  w a s  n o t  s i g 

n i f i c a n t  u n t i l  t h e  t e m p e r a t u r e  w a s  i n c r e a s e d  a b o v e  4 5 0 ° .  

I n  t h e  c a s e  o f  t h e  v a l u e s  d e r i v e d  f r o m  m a g n e t i c  d a t a ,  

t h e  p o i n t s  f o r  t h e  l o w e r  s i n t e r i n g  t e m p e r a t u r e s  a r e  o n l y  

a p p r o x i m a t e ,  s i n c e  t h e  s m a l l e r  c r y s t a l l i t e s  i n  t h e  m i l d l y  

s i n t e r e d  s a m p l e s  a r e  n o t  m a g n e t i z e d  a n d  h e n c e  e s c a p e  

d e t e c t i o n .  T h i s  m e a n s  t h a t  t h e  v a l u e s  o f  t h e  f r a c t i o n  

o f  n i c k e l  a t o m s  i n  t h e  s u r f a c e ,  a s  d e t e r m i n e d  f r o m  t h e  

m a g n e t i c  d a t a ,  a r e  p r o b a b l y  u n d e r e s t i m a t e d  f o r  t h e  

m i l d l y  s i n t e r e d  s a m p l e s .

(9) P . W . S elw ood , “ A d sorp tion  and  C o lle ct iv e  P aram agn etism ,”  
A cad em ic  Press In c ., N ew  Y o rk , N . Y . ,  1962, p  37.
(10) See ref 9 , p  44.
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Sintering temperature, °C.

Figure 3. Per cent nickel atoms in the surface of the 
nickel crystallites as a function of sintering temperature:
#, from decrease in magnetization as a result of adsorbing 
hydrogen; O, from hydrogen adsorption isotherms at —78°;
0 ,  from hydrogen adsorption isotherm at room temperature.

F r o m  t h e  c u r v e  i n  F i g u r e  3 ,  v a l u e s  f o r  t h e  s u r f a c e  

a r e a  o f  t h e  n i c k e l  c a n  b e  d e t e r m i n e d ,  a s s u m i n g  t h a t  

a n  a r e a  o f  6 . 5  A 2 i s  a s s o c i a t e d  w i t h  e a c h  s u r f a c e  n i c k e l  

a t o m . 11 N i c k e l  s u r f a c e  a r e a s  a r e  s h o w n  a s  a  f u n c t i o n  

o f  s i n t e r i n g  t e m p e r a t u r e  i n  T a b l e  I I .  R e l a t i v e  

c r y s t a l l i t e  s i z e s ,  w h i c h  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  

t h e  s u r f a c e  a r e a s ,  a r e  a l s o  g i v e n .  A b s o l u t e  v a l u e s  

o f  t h e  c r y s t a l l i t e  s i z e  c a n  a l s o  b e  e s t i m a t e d  f r o m  t h e

Table II: Effect of Sintering Temperature on 
Nickel Surface Area and Crystallite Size

Relative Absolute
Sintering Ni surface crystallite crystallite

temp, area, m2/g of size, size,
°C catalyst® i/kb A'

370 7.5 1.0 <40
450 4.4 1.7
500 3.4 2.2 57
580 2.6 2.9 71
700 1.9 4.0 88

“ Calculated assuming 6.5 A2 per surface nickel atom.11
Crystallite size: 1 relative to the crystallite size lo of the sample

reduced at 370°. e Determined by X-ray diffraction line broad
ening.

s u r f a c e  a r e a s .  I f  i t  i s  a s s u m e d  t h a t  t h e  c r y s t a l l i t e s  

a r e  c u b e s  a n d  t h a t  o n e  o f  t h e  s i x  f a c e s  i s  i n  c o n t a c t  

w i t h  t h e  s u p p o r t ,  t h e  o t h e r  f i v e  f a c e s  w i l l  b e  e x p o s e d  

s u r f a c e .  I f  l is a  s i d e  o f  t h e  c u b e  a n d  S  r e p r e s e n t s  t h e

s u r f a c e - t o - v o l u m e  r a t i o  d e t e r m i n e d  f r o m  t h e  d e n s i t y  

a n d  t h e  s p e c i f i c  s u r f a c e  a r e a  o f  t h e  n i c k e l ,  t h e  r e l a 

t i o n ,  l =  5/S,  c a n  b e  e m p l o y e d  t o  c a l c u l a t e  t h e  a v e r a g e  

c r y s t a l l i t e  s i z e .  W h e n  t h i s  i s  d o n e ,  o n e  o b t a i n s  v a l u e s  

r a n g i n g  f r o m  7 7  t o  3 0 5  A  f o r  t h e  c r y s t a l l i t e  s i z e s  

c o r r e s p o n d i n g  t o  t h e  d i f f e r e n t  s i n t e r i n g  t e m p e r a t u r e s  

i n  T a b l e  I I .  H o w e v e r ,  X - r a y  d i f f r a c t i o n  l i n e - b r o a d e n 

i n g  d a t a  g i v e  c r y s t a l l i t e  s i z e s  s e v e r a l - f o l d  l o w e r ,  r a n g i n g  

f r o m  l e s s  t h a n  4 0  t o  8 8  A .  T h e s e  d a t a  a r e  i n c l u d e d  

i n  T a b l e  I I .  T h e  c r y s t a l l i t e  s i z e s  s h o w n  i n  T a b l e  I I  

a r e  m e a n  d i m e n s i o n s  p e r p e n d i c u l a r  t o  t h e  1 1 1  p l a n e  

o f  t h e  n i c k e l .  T h e  p r o c e d u r e  e m p l o y e d  i n  c a l c u l a t i n g  

t h e  c r y s t a l l i t e  s i z e s  f r o m  t h e  l i n e - b r o a d e n i n g  d a t a  w a s  

s i m i l a r  t o  t h a t  d e s c r i b e d  p r e v i o u s l y  b y  S e l w o o d  a n d  c o 

w o r k e r s . 3 I n  a g r e e m e n t  w i t h  t h e  p r e v i o u s  f i n d i n g s  o f  

t h e s e  i n v e s t i g a t o r s  o n  s u p p o r t e d  n i c k e l  c a t a l y s t s ,  

c r y s t a l l i t e  s i z e s  d e t e r m i n e d  f r o m  g a s  a d s o r p t i o n  d a t a  

a r e  c o n s i d e r a b l y  l a r g e r  t h a n  t h o s e  d e t e r m i n e d  f r o m  X -  

r a y  l i n e - b r o a d e n i n g  m e a s u r e m e n t s .  I n  t h e  c o u r s e  o f  

t h e  r e d u c t i o n  o f  t h e  n i c k e l  i n  t h e  c a t a l y s t s ,  i t  m a y  b e  

t h a t  a  s u b s t a n t i a l  p a r t  o f  t h e  'n i c k e l  b e c o m e s  i n a c 

c e s s i b l e  t o  a d s o r b i n g  g a s e s .  F o r  w h a t e v e r  r e a s o n ,  

a b s o l u t e  c r y s t a l l i t e  s i z e s  d e t e r m i n e d  f r o m  g a s  a d s o r p 

t i o n  d a t a  a p p e a r  t o o  h i g h  f o r  t h e  n i c k e l  c a t a l y s t s .  

H o w e v e r ,  t h e  a d s o r p t i o n  d a t a  c a n  b e  e x p e c t e d  t o  g i v e  

a  g o o d  a p p r o x i m a t i o n  o f  r e l a t i v e  c r y s t a l l i t e  s i z e s .

T h e  c a l c u l a t i o n  o f  c r y s t a l l i t e  s i z e  d i r e c t l y  f r o m  m a g 

n e t i z a t i o n  v a l u e s  h a s  b e e n  c o n s i d e r e d  b y  s e v e r a l  i n 

v e s t i g a t o r s ,  a s  d i s c u s s e d  b y  S e l w o o d . 10 T h e  p r e f e r r e d  

m e t h o d  i n v o l v e s  a n  a d a p t a t i o n  o f  a  l o w - f i e l d  a p p r o x i 

m a t i o n  o f  t h e  L a n g e v i n  t h e o r y  f o r  t h e  m a g n e t i z a t i o n  

o f  a n  a s s e m b l y  o f  p a r t i c l e s .  T h i s  r e q u i r e s  d a t a  a t  

v e r y  l o w  f i e l d s  w h e r e  t h e  m a g n e t i z a t i o n  i s  s m a l l  c o m 

p a r e d  t o  t h e  s a t u r a t i o n  m a g n e t i z a t i o n .  I n  g e n e r a l ,  

t h e  m a g n e t i z a t i o n  m e a s u r e m e n t s  i n  t h e  p r e s e n t  w o r k  

w e r e  n o t  m a d e  a t  f i e l d s  l o w  e n o u g h  t o  a p p l y  t h e  m e t h o d  

s a t i s f a c t o r i l y .  H o w e v e r ,  a  v e r y  r o u g h  e s t i m a t e  f o r  

t h e  s a m p l e  r e d u c e d  a t  3 7 0 °  i n d i c a t e s  a  c r y s t a l l i t e  s i z e  

o f  t h e  o r d e r  o f  3 0  A ,  w h e n  t h e  l o w - f i e l d  a p p r o x i m a t i o n  

m e t h o d  d e s c r i b e d  b y  S e l w o o d 10 i s  a p p l i e d .  T h e  o n l y  

p o i n t  t o  b e  m a d e  h e r e  i s  t h a t  t h e  v a l u e  i s  c o n s i s t e n t  

w i t h  t h a t  d e t e r m i n e d  b y  X - r a y  l i n e  b r o a d e n i n g ,  

i n  w h i c h  c a s e  t h e  c r y s t a l l i t e  s i z e  i s  i n d i c a t e d  t o  b e  l e s s  

t h a n  4 0  A  b e c a u s e  t h e  c r y s t a l l i t e s  a r e  t o o  s m a l l  t o  b e  

d e t e c t e d  b y  t h e  X - r a y  m e t h o d .

T u r n i n g  t o  r e s u l t s  o n  t h e  c a t a l y t i c  a c t i v i t y  o f  t h e  

s i n t e r e d  c a t a l y s t  s a m p l e s ,  F i g u r e  4  s h o w s  A r r h e n i u s  

p l o t s  f o r  t h e  h y d r o g e n o l y s i s  o f  e t h a n e  t o  m e t h a n e  a s  a  

f u n c t i o n  o f  s i n t e r i n g  t e m p e r a t u r e .  T h e  r a t e s  o f  e t h a n e  

h y d r o g e n o l y s i s  w e r e  d e t e r m i n e d  a t  c o n s t a n t  e t h a n e  a n d

(11) D . F . K lem perer and F . S. S tone, P roc. R oy . Soc. (L o n d o n ), 
A 243 , 375 (1958).
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Figure 4. Catalytic activity of nickel on silica-alumina 
catalyst sintered in hydrogen at various temperatures. The 
data are for ethane hydrogenolysis at ethane and hydrogen 
partial pressures of 0.030 and 0.20 atm, respectively:
■0, sintered at 370°; O, sintered at 450°; □, sintered at 500°;
A, sintered at 580°; V, sintered at 700°.

h y d r o g e n  p a r t i a l  p r e s s u r e s  o f  0 . 0 3 0  a n d  0 . 2 0  a t m ,  r e 

s p e c t i v e l y ,  i n  t h e  p r e s e n c e  o f  h e l i u m  d i l u e n t .  T h e  a p 

p a r e n t  a c t i v a t i o n  e n e r g i e s  d e t e r m i n e d  f r o m  t h e  A r 

r h e n i u s  p l o t s  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  

v a r i o u s  s i n t e r e d  c a t a l y s t  s a m p l e s ,  e x c e p t  p o s s i b l y  

f o r  t h e  s a m p l e  s i n t e r e d  a t  7 0 0 ° .  T h e  a p p a r e n t  a c t i 

v a t i o n  e n e r g y  i s  4 0  k c a l / m o l e .  T h e  d a t a  c l e a r l y  s h o w  

t h a t  s i n t e r i n g  t h e  n i c k e l  d e c r e a s e s  t h e  c a t a l y t i c  a c t i v i t y  

m a r k e d l y .  F r o m  t h e  r a t e  d a t a  i n  F i g u r e  4  a n d  t h e  

n i c k e l  s u r f a c e  a r e a s  i n  T a b l e  I I ,  t h e  s p e c i f i c  c a t a l y t i c  

a c t i v i t y  o f  t h e  n i c k e l  c a n  b e  c a l c u l a t e d .  I n  F i g u r e  5  

t h e  s p e c i f i c  a c t i v i t y  i s  s h o w n  a s  a  f u n c t i o n  o f  t h e  n i c k e l  

c r y s t a l l i t e  s i z e .  T h e  s p e c i f i c  a c t i v i t y  c l e a r l y  d e c r e a s e s  

w i t h  i n c r e a s i n g  c r y s t a l l i t e  s i z e ,  t h u s  d e m o n s t r a t i n g  a n  

i n f l u e n c e  o f  c r y s t a l l i t e  s i z e  o v e r  a n d  a b o v e  t h a t  r e s u l t i n g  

f r o m  t h e  e f f e c t  o n  t h e  m e t a l  s u r f a c e  a r e a .

Discussion

T h e  r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  i n d i c a t e  t h a t  

t h e  e f f e c t  o f  n i c k e l  c r y s t a l l i t e  s i z e  o n  t h e  r a t e  o f  e t h a n e  

h y d r o g e n o l y s i s  o v e r  s u p p o r t e d  n i c k e l  i s  n o t  s o l e l y  

a  m a t t e r  o f  n i c k e l  s u r f a c e  a r e a .  T h e  c a t a l y t i c  a c t i v i t y

Relative crystallite size, l/lo.

Figure 5. Effect of nickel crystallite size on specific catalytic 
activity for ethane hydrogenolysis at 267°. The 
crystallite size, l, is plotted as the ratio, l/lo, where lt> is 
the crystallite size of the sample reduced at 370°.

p e r  u n i t  s u r f a c e  a r e a  o f  t h e  n i c k e l  d e c r e a s e s  w i t h  i n 

c r e a s i n g  s i z e  o f  t h e  n i c k e l  c r y s t a l l i t e s .  W h i l e  t h e  i d e a  

i s  n o t  n e w  t h a t  a n  i n t e n s i v e  p r o p e r t y  o f  a  s u p p o r t e d  

m e t a l ,  s u c h  a s  t h e  s p e c i f i c  c a t a l y t i c  a c t i v i t y ,  m a y  v a r y  

w i t h  c r y s t a l l i t e  s i z e ,  t h e r e  s e e m s  t o  h a v e  b e e n  l i t t l e  

a t t e m p t  t o  o b t a i n  t h e  n e c e s s a r y  d a t a  o n  m e t a l  s u r f a c e  

a r e a ,  c r y s t a l l i t e  s i z e ,  a n d  c a t a l y t i c  a c t i v i t y  f o r  a  g i v e n  

s y s t e m  t o  r e a l l y  e s t a b l i s h  s u c h  a n  e f f e c t .  O n e  o f  t h e  

f e w  i n v e s t i g a t i o n s  o f  t h i s  t y p e  i s  t h a t  r e p o r t e d  b y  

S e l w o o d ,  A d l e r ,  a n d  P h i l l i p s 3 f o r  b e n z e n e  h y d r o g e n a 

t i o n  o v e r  N i - S i 0 2 c a t a l y s t s .  T h e s e  i n v e s t i g a t o r s  r e 

p o r t e d  t h a t  t h e  b e n z e n e  h y d r o g e n a t i o n  a c t i v i t y  o f  

N i - S i 0 2 c a t a l y s t s  d e c r e a s e d  m o r e  r a p i d l y  w i t h  s i n t e r i n g  

t e m p e r a t u r e  t h a n  d i d  t h e  n i c k e l  s u r f a c e  a r e a  c a l c u 

l a t e d  f r o m  c r y s t a l l i t e  s i z e  d i s t r i b u t i o n s  d e t e r m i n e d  

f r o m  t h e r m o m a g n e t i c  c u r v e s .  T h e  f i n d i n g s  o f  t h e  

p r e s e n t  i n v e s t i g a t i o n  s u p p o r t  t h e s e  e a r l i e r  r e s u l t s  

a n d  a r e  a l s o  d i r e c t i o n a l l y  i n  a g r e e m e n t  w i t h  r e s u l t s  o n  

u n s u p p o r t e d  p l a t i n u m  b l a c k s  r e c e n t l y  r e p o r t e d  b y  

M c K e e . 2 T h i s  l a t t e r  w o r k  i n d i c a t e d  t h a t  t h e  s p e c i f i c  

a c t i v i t y  o f  t h e  p l a t i n u m  b l a c k  f o r  p r o p a n e  c r a c k i n g  

d e c r e a s e d  s h a r p l y  a s  t h e  p l a t i n u m  w a s  s i n t e r e d  a t  

p r o g r e s s i v e l y  h i g h e r  t e m p e r a t u r e s .

W h i l e  t h e  r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  s h o w  

t h a t  t h e  s p e c i f i c  a c t i v i t y  o f  n i c k e l  o n  s i l i c a - a l u m i n a  

f o r  e t h a n e  h y d r o g e n o l y s i s  d e c r e a s e s  w i t h  i n c r e a s i n g
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c r y s t a l l i t e  s i z e ,  t h e  r e s u l t s  o f  a  p r e v i o u s  i n v e s t i g a t i o n  

o n  n i c k e l  s u p p o r t e d  o n  s i l i c a 4 d i d  n o t  s h o w  a n  e f f e c t  

c o m p a r a b l e  i n  m a g n i t u d e  t o  t h a t  o b s e r v e d  i n  t h e  p r e s e n t  

s t u d y .  I n  t h e  p r e v i o u s  w o r k ,  t h e  c r y s t a l l i t e  s i z e  o f  

t h e  n i c k e l  w a s  v a r i e d  b y  h e a t i n g  s a m p l e s  o f  s i l i c a  i m 

p r e g n a t e d  w i t h  n i c k e l  n i t r a t e  i n  a i r  a t  v a r i o u s  t e m p e r a 

t u r e s  p r i o r  t o  r e d u c i n g  t h e  n i c k e l .  I t  w a s  f o u n d  t h a t  

t h e  s p e c i f i c  a c t i v i t y  d e c r e a s e d  o n l y  s l i g h t l y  f o r  a  t h r e e 

f o l d  d e c r e a s e  i n  n i c k e l  s u r f a c e  a r e a ,  i.e., f o r  a  t h r e e f o l d  

i n c r e a s e  i n  c r y s t a l l i t e  s i z e .  T h e  n i c k e l  s u r f a c e  a r e a s  

w e r e  g e n e r a l l y  h i g h e r  a n d  t h e  c o r r e s p o n d i n g  c r y s t a l l i t e  

s i z e s  l o w e r  i n  t h e  p r e v i o u s  w o r k  t h a n  i n  t h e  p r e s e n t  

i n v e s t i g a t i o n ,  a l t h o u g h  t h e r e  w a s  s o m e  o v e r l a p p i n g  

a t  t h e  l i m i t s  o f  t h e  s i z e  r a n g e s  i n v e s t i g a t e d .  I t  i s  

c o n c e i v a b l e  t h a t  a  d e c r e a s e  i n  s p e c i f i c  c a t a l y t i c  a c t i v i t y  

w i t h  i n c r e a s i n g  c r y s t a l l i t e  s i z e  i s  n o t  s u b s t a n t i a l  

b e l o w  a  c e r t a i n  l e v e l  o f  c r y s t a l l i t e  s i z e ,  b u t  b e c o m e s  

i m p o r t a n t  a t  s u f f i c i e n t l y  l a r g e  c r y s t a l l i t e  s i z e s  c o m 

p a r a b l e  t o  t h o s e  i n v e s t i g a t e d  i n  t h e  c u r r e n t  w o r k .  

I t  i s  a l s o  p o s s i b l e  t h a t  t h e  e f f e c t  o f  c r y s t a l l i t e  s i z e  m a y  

v a r y  w i t h  t h e  p a r t i c u l a r  s u p p o r t .

T h e  r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  o n  t h e  e f f e c t  

o f  c r y s t a l l i t e  s i z e  o n  t h e  c a t a l y t i c  a c t i v i t y  o f  n i c k e l  f o r  

e t h a n e  h y d r o g e n o l y s i s  m a y  h a v e  a  b e a r i n g  o n  t h e  i n 

t e r p r e t a t i o n  o f  p r e v i o u s  o b s e r v a t i o n s  o f  t h e  e f f e c t  o f  

v a r y i n g  t h e  s u p p o r t . 12 I n  t h e  w o r k  c i t e d ,  i t  w a s  o b 

s e r v e d  t h a t  t h e  s p e c i f i c  c a t a l y t i c  a c t i v i t y  o f  n i c k e l  

v a r i e d  m a r k e d l y  w h e n  t h e  n i c k e l  w a s  s u p p o r t e d  o n  d i f 

f e r e n t  o x i d e  c a r r i e r s .  S i n c e  t h e  a v e r a g e  n i c k e l  c r y s t a l 

l i t e  s i z e  v a r i e d  b y  a  f a c t o r  o f  2  f o r  t h e  d i f f e r e n t  c a r r i e r s ,  

i t  i s  p o s s i b l e  t h a t  t h e  e f f e c t  o f  t h e  c a r r i e r  i s  i n  p a r t  

a s s o c i a t e d  w i t h  a n  i n f l u e n c e  o n  t h e  c r y s t a l l i t e  s i z e  o r  

s i z e  d i s t r i b u t i o n  o f  t h e  n i c k e l .

I n  c o n s i d e r i n g  a n  e x p l a n a t i o n  f o r  t h e  e f f e c t  o f  c r y s t a l 

l i t e  s i z e  o n  s p e c i f i c  c a t a l y t i c  a c t i v i t y ,  w e  n o t e  t h a t  t h e  

e l e c t r o n i c  p r o p e r t i e s  o f  v e r y  s m a l l  c r y s t a l l i t e s  s h o u l d  

b e  d i f f e r e n t  f r o m  t h o s e  o f  l a r g e  c r y s t a l l i t e s  o w i n g  t o  

t h e  d i f f e r e n c e s  i n  t h e  f r a c t i o n  o f  t h e  t o t a l  a t o m s  w h i c h  

a r e  p r e s e n t  i n  t h e  s u r f a c e .  T h e  e l e c t r o n i c  p r o p e r t i e s  

o f  s u r f a c e  a t o m s  a r e  d i f f e r e n t  f r o m  t h o s e  o f  a t o m s  i n  

t h e  b u l k  b e c a u s e  o f  t h e  i n c o m p l e t e  c o o r d i n a t i o n  a t  t h e  

s u r f a c e .  B a s e d  o n  t h e  a s s u m p t i o n  t h a t  t h e  c a t a l y t i c  

a c t i v i t y  o f  a  m e t a l  i s  ( r e l a t e d  t o  i t s  e l e c t r o n i c  p r o p e r t i e s ,  

w e  m i g h t  t h e n  e x p e c t  t h e  a c t i v i t y  t o  v a r y  w i t h  c r y s t a l 

l i t e  s i z e .  F i n a l l y ,  i t  s e e m s  r e a s o n a b l e  t h a t  t h e  s i n t e r i n g  

o f  a  f r e s h  c a t a l y s t ,  w h e r e  t h e  m e t a l  i s  i n i t i a l l y  i n  a  h i g h l y  

d i s p e r s e d  s t a t e ,  m a y  e l i m i n a t e  d e f e c t s  i n  t h e  m e t a l  

c r y s t a l l i t e s  w h i c h  a r e  r e s p o n s i b l e  f o r  c a t a l y t i c  a c t i v i t y .  

T h e  c o n c e n t r a t i o n  o f  s u c h  d e f e c t s  m a y  w e l l  d e c r e a s e  

m o r e  r a p i d l y  t h a n  t h e  s u r f a c e  a r e a  d u r i n g  s i n t e r i n g ,  

t h u s  c a u s i n g  a  d e c r e a s e  i n  t h e  s p e c i f i c  c a t a l y t i c  a c t i v i t y .  

H o w e v e r ,  a  c l e a r e r  u n d e r s t a n d i n g  o f  t h e  f a c t o r s  r e 

s p o n s i b l e  f o r  c r y s t a l l i t e  s i z e  e f f e c t s  w i l l  r e q u i r e  m o r e  

i n f o r m a t i o n  o n  t h e  p r o p e r t i e s  o f  v e r y  s m a l l  m e t a l  

c r y s t a l l i t e s .  * 68

(12) W . F. T a y lo r , D . J. C. Yates, and J. H . Sinfelt, J . P h ys . Chem .,
68, 2962 (1964).
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A c i d  d i s s o c i a t i o n  c o n s t a n t s  i n  w a t e r - m e t h a n o l  s o l v e n t s  r a n g i n g  i n  m e t h a n o l  c o n c e n t r a t i o n  

u p  t o  8 0  v o l .  %  h a v e  b e e n  m e a s u r e d  p o t e n t i o m e t r i c a l l y  f o r  t h e  f o l l o w i n g  d i c a r b o x y l i c  a c i d s :  

m a l e i c  a c i d ,  c i t r a c o n i c  a c i d ,  d i - n - b u t y l m a l o n i c  a c i d ,  a n d  e t h y l i s o p r o p y l m a l o n i c  a c i d .  

T e m p e r a t u r e - j u m p  r e l a x a t i o n  m e t h o d  m e a s u r e m e n t s  o f  t h e  r a t e  c o n s t a n t ,  k, f o r  t h e  r e a c 

t i o n  H A -  +  L O ~  - *  A 2~  +  L O H ,  w h e r e  H A -  d e n o t e s  t h e  s a m p l e  a c i d  m o n o a n i o n  a n d  

L  d e n o t e s  e i t h e r  H  o r  C H 3, h a v e  a l s o  b e e n  c a r r i e d  o u t  w i t h  t h e s e  a c i d s  i n  t h e  s a m e  s o l v e n t s .  

P l o t s  o f  l o g  k vs. t h e  r e c i p r o c a l  d i e l e c t r i c  c o n s t a n t  a r e  l i n e a r  u p  t o  5 0  v o l .  %  m e t h a n o l .  

O v e r  t h i s  l i n e a r  p o r t i o n  w e  h a v e  a p p l i e d  H i r o m i ’ s  e l e c t r o s t a t i c  e q u a t i o n .  T h i s  i s  a  m o d i f i c a 

t i o n  o f  e a r l i e r  t h e o r e t i c a l  w o r k  b y  L a i d l e r  a n d  L a n d s k r o e n e r  b a s e d  o n  K i r k w o o d ’ s  c a l c u l a t i o n  

o f  t h e  d e p e n d e n c e  o f  t h e  a c t i v i t y  c o e f f i c i e n t  o n  d i e l e c t r i c  c o n s t a n t .  T h i s  i n t e r p r e t a t i o n  

o f  o u r  d a t a  p o i n t s  t o  a  n o n l i n e a r  s y m m e t r i c a l  t r a n s i t i o n - s t a t e  s t r u c t u r e  f o r  t h e  a b s t r a c t i o n  

o f  a  p r o t o n  f r o m  t h e  i n t r a m o l e c u l a r l y  h y d r o g e n - b o n d e d  m o n o a n i o n .

S e v e r a l  k i n e t i c  s t u d i e s  o f  t h e  r a p i d  r e a c t i o n

klZ*
L A -  +  L O -  7 ^ .  A 2 -  +  L 20  ( 1 )

i n  w a t e r  a n d  i n  d e u t e r i u m  o x i d e ,  w h e r e  L  r e p r e s e n t s  a  

h y d r o g e n  a t o m  w h e n  w a t e r  i s  t h e  s o l v e n t  o r  a  d e u t e r i u m  

a t o m  w h e n  D 20  i s  t h e  s o l v e n t  a n d  L A -  i s  t h e  m o n o 

a n i o n  o f  a  d i c a r b o x y l i c  a c i d  h a v i n g  a  r a t i o  o f  d i s s o c i a 

t i o n  c o n s t a n t s  A a, / A a2 >  104, h a v e  b e e n  c a r r i e d  o u t  i n  

t h i s  l a b o r a t o r y .4 6- 7 T h e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  

p o s t u l a t e 8 t h a t  a n  i n t r a m o l e c u l a r  h y d r o g e n  b o n d  e x i s t s  

i n  t h e  m o n o a n i o n  o f  s u c h  a c i d s .  T h e  m e a s u r e d  d e u 

t e r i u m  o x i d e  s o l v e n t  k i n e t i c  i s o t o p e  e f f e c t  i W H / f c 23' D  ~  2 
f o r  t h e  f o r w a r d  r e a c t i o n  a n d  B r p n s t e d  a c i d  c a t a l y s i s  

p l o t s  i n d i c a t e  a  r a t e - d e t e r m i n i n g  p r o t o n  t r a n s f e r  w i t h  

L +  b o n d e d  e q u a l l y  s t r o n g l y  t o  A 2 -  a n d  L O ~  i n  t h e  a c 

t i v a t e d  c o m p l e x .  I n  t h e  e x p e r i m e n t s  d e s c r i b e d  b e l o w ,  

w e  h a v e  m a d e  t e m p e r a t u r e - j u m p  m e a s u r e m e n t s  o f  t h e  

r a t e  c o n s t a n t s  o f  e q u i l i b r i u m  1 f o r  s e v e r a l  s i m p l e  a c i d s  

i n  m e t h a n o l - w a t e r  s o l v e n t s  a t  2 5 °  r a n g i n g  i n  c o m p o s i 

t i o n  f r o m  0  t o  0 . 6 5  m o l e  f r a c t i o n  o f  m e t h a n o l .  W e  

h a v e  a l s o  d e t e r m i n e d  a c i d  d i s s o c i a t i o n  c o n s t a n t s  i n  t h e  

m i x e d  s o l v e n t s  f o r  m a l e i c ,  c i t r a c o n i c  (i.e., m e t h y l -  

m a l e i c ) ,  e t h y l i s o p r o p y l m a l o n i c ,  a n d  d i - n - b u t y l m a l o n i c  

a c i d s  a n d  f o r  o - c r e s o l  s u l f o n e p h t h a l e i n  (i.e., c r e s o l  r e d ) .  

T h e s e  d a t a  p e r m i t  u s  t o  i d e n t i f y  t h e  t r a n s i t i o n  s t a t e  o f  

r e a c t i o n  1 a s  b e i n g  a  n o n l i n e a r  s y m m e t r i c  c o n f i g u r a t i o n ,  

t h u s  d e m o n s t r a t i n g  t h e  u t i l i t y  o f  e x t e n d i n g  t e m p e r a 

t u r e - j u m p  k i n e t i c  s t u d i e s  i n t o  m i x e d  s o l v e n t  m e d i a .

Experimental Section
D i - n - b u t y l m a l o n i c  a n d  e t h y l i s o p r o p y l m a l o n i c  a c i d s  

w e r e  o b t a i n e d  f r o m  b a s i c  h y d r o l y s i s  o f  r e a d i l y  a v a i l a b l e  

s u b s t i t u t e d  m a l o n i c  e s t e r s .  B o t h  a c i d s  w e r e  r e c r y s t a l 

l i z e d  f r o m  w a t e r - a c e t o n e  a n d  m e l t e d  s h a r p l y  a t  l i t e r a 

t u r e  v a l u e s .  M a l e i c  a c i d  w a s  o b t a i n e d  f r o m  t h e  a n 

h y d r i d e  b y  h y d r o l y s i s  i n  n e u t r a l  a q u e o u s  s o l u t i o n  a n d  

r e c r y s t a l l i z e d  f r o m  e t h e r .  B o t h  t h e  c i t r a c o n i c  a c i d  

( J .  T .  B a k e r )  a n d  t h e  c r e s o l  r e d  ( E a s t m a n )  w e r e  u s e d  a s  

o b t a i n e d .  A  c h e c k  o n  p u r i t y  w a s  p r o v i d e d  b y  t h e  e n d  

p o i n t s  o f  t h e  t i t r a t i o n s ,  a n d  i n  a l l  c a s e s  e r r o r s  w e r e  l e s s  

t h a n  1% .

S o l v e n t s  w e r e  p r e p a r e d  v o l u m e t r i c a l l y  f r o m  f r e s h l y  

b o i l e d  a b s o l u t e  m e t h a n o l  ( M a l i n c k r o d t )  a n d  d o u b l y  d i s 

(1 ) A b stra cted  from  a P h .D . T hesis su bm itted  b y  R . P . Jen
sen t o  th e  G raduate  S chool, U n iversity  o f  U tah , F e b  1966. A c 
k now ledgm ent is m ad e to  th e  don ors o f  th e  P etroleum  R esearch  
F un d, adm in istered  b y  th e  A m erican  C hem ica l S oc ie ty , fo r  su p p ort 
o f  th is research and  t o  the  U n iversity  o f  U tah  R esearch  F u n d  fo r  
an  equ ipm en t grant.
(2 ) A m erican  C hem ica l S oc ie ty  P etroleum  R esearch  F u n d  F ellow , 
1963-1966.
(3 ) T o  w h om  com m u n ica tion s should  b e  addressed.
(4 ) J. L . H aslam , et al., J. Am. Chem. Soc., 87 , 1 (1965).
(5 ) J. L . H aslam , et al., ibid., 87, 4247 (1965).
(6 ) M . H . M iles, et al., J. Phys. Chem., 69, 467 (1965).
(7 ) M . H . M iles , E . M . E yrin g , W . W . E pstein , and  M . T . A nderson , 
in  preparation .
(8 ) F o r  a b ib liograp h y , see L . E berson  and  X. W a d so , Acta Chem. 
Scand., 17, 1552 (1963).
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t i l l e d ,  f r e s h l y  b o i l e d  w a t e r .  S o l v e n t s  w e r e  s t o r e d  i n  

p o l y e t h y l e n e  b o t t l e s  p r o t e c t e d  f r o m  a t m o s p h e r i c  C 0 2 

a n d  m o i s t u r e ,  a n d  d e l i v e r e d  f r o m  t h e s e  c o n t a i n e r s  b y  

s i p h o n .  E x p e r i m e n t s  c o n d u c t e d  u s i n g  f r e s h l y  p r e 

p a r e d  s o l v e n t  a s  w e l l  a s  s o l v e n t  t h a t  h a d  b e e n  

s t o r e d  u p  t o  6 0  d a y s  s h o w e d  n o  s i g n i f i c a n t  d i f f e r e n c e s .  

S o l v e n t  c o m p o s i t i o n s  a r e  d e s i g n a t e d  h e r e i n  a s  v o l u m e  

p e r  c e n t  d e f i n e d  b y  t h e  r e l a t i o n 9 v o l .  %  C H 3O H  =  

[ E c i i s O i i / ( E c h i o h  +  E h 2o ) ]  X  1 0 0 .  C a r b o n a t e - f r e e  

K O H  w a s  p r e p a r e d  b y  a  m e t h o d  b a s e d  o n  t h a t  o f  A r m 

s t r o n g 10 a n d  w a s  s t a n d a r d i z e d  a g a i n s t  p o t a s s i u m  h y 

d r o g e n  p h t h a l a t e  w i t h  p o t e n t i o m e t r i c  d e t e r m i n a t i o n  

o f  t h e  e n d  p o i n t .

O u r  t e m p e r a t u r e - j u m p  a n d  p o t e n t i o m e t r i c  t i t r a t i o n  

t e c h n i q u e s  w e r e  e s s e n t i a l l y  t h e  s a m e  a s  p r e v i o u s l y  d e 

s c r i b e d . 4 ’6 T h e  v a l i d i t y  o f  g l a s s  e l e c t r o d e  d e t e r m i n a 

t i o n s  o f  h y d r o g e n  i o n  a c t i v i t y  i n  m e t h a n o l - w a t e r

T h e s e  c o n s t a n t s  a r e  r e l a t e d  t o  t h e  t h e r m o d y n a m i c  a c i d  

d i s s o c i a t i o n  c o n s t a n t s  K j  b y  t h e  r e l a t i o n 15

P A aiM  =  p K j  +  l o g  y ±  =  p H  +  l o g  ( 2 )

w i t h  a n  a n a l o g o u s  r e l a t i o n  f o r  t h e  s e c o n d  d i s s o c i a 

t i o n  c o n s t a n t .  L a r g e  v a l u e s  ( > > 1 0 4)  f o r  t h e  r a t i o  

K a,M/ K a2M h a v e  b e e n  a t t r i b u t e d  t o  i n t r a m o l e c u l a r  h y 

d r o g e n  b o n d i n g  i n  t h e  m o n o a n i o n  o f  a n  a c i d . 16 I t  i s  

i n t e r e s t i n g  t o  n o t e  t h a t  t h e  i n c r e a s e  i n  t h e  r a t i o  A aiM /  

K mm a s  t h e  p e r  c e n t  m e t h a n o l  i n  t h e  s o l v e n t  i n c r e a s e s  i s  

m u c h  m o r e  p r o n o u n c e d  f o r  t h o s e  a c i d s  f o r  w h i c h  i n t r a 

m o l e c u l a r  h y d r o g e n  b o n d s  i n  t h e  m o n o a n i o n  L a v e  b e e n  

p o s t u l a t e d .  ( S e e  T a b l e  I I . )

Kinetic Data. T h e  c o m p l e t e  r e a c t i o n  s c h e m e  f o r  

o u r  s a m p l e  s y s t e m  i n  b a s i c  m e t h a n o l - w a t e r  m e d i a  i s  

g i v e n  b y  r e l a t i o n s h i p  3  w h i c h  i s  s h o w n  b e l o w

/ /
H A -  +  H I n - +  H 20  +  CHsO -

H A -  +  In2“  +  H 20  +  CHsOH ~
w  »
A 2“ +  H In - +  H 20  +  CHsOH

/ /
(3)

H A -  +  H In - +  O H - +  CH3OH

m e d i a  h a s  b e e n  e s t a b l i s h e d . 11 O u r  e l e c t r o d e s  w e r e  r e 

q u i r e d  t o  p e r f o r m  s t a b l y  i n  a q u e o u s  m e d i a  o v e r  t h e  p H  

r a n g e  o f  3 - 1 1  b e f o r e  b e i n g  a c c e p t e d  f o r  w o r k  i n  

m i x e d  m e d i a .  A  g l a s s  e l e c t r o d e  w a s  e q u i l i b r a t e d  f o r  

a t  l e a s t  2 4  h r  i n  a  g i v e n  m i x e d  s o l v e n t  p r i o r  t o  a c t u a l  

u s e .  W h e n  n o t  i n  u s e ,  e l e c t r o d e s  w e r e  s t o r e d  i n  s o l 

v e n t  h a v i n g  t h e  s a m e  c o m p o s i t i o n  a s  t h a t  i n  w h i c h  t h e y  

w e r e  e q u i l i b r a t e d .  E a c h  g l a s s  e l e c t r o d e  w a s  s t a n d 

a r d i z e d  i n  b u f f e r e d  s o l v e n t s  o f  t h e  s a m e  m e t h a n o l -  

w a t e r  c o m p o s i t i o n  a s  t h o s e  i n  w h i c h  i t  w a s  u s e d .  W e  

e m p l o y e d  t h e  b u f f e r s  p r o p o s e d  b y  B a t e s ,  et al.,12 a n d  

D e l i g n y  a n d  R e h b a c h . 13 I n  c o n d u c t i n g  t e m p e r a t u r e -  

j u m p  e x p e r i m e n t s  o n  m e t h a n o l - w a t e r  s o l u t i o n s ,  t h e  d e 

c r e a s i n g  h e a t  c a p a c i t y  w i t h  i n c r e a s i n g  m e t h a n o l  c o n 

t e n t 14 r e q u i r e d  l o w e r  v o l t a g e s  f o r  t h e  h i g h e r  m e t h a n o l  

c o n t e n t  s o l v e n t s  t o  i n d u c e  e q u i v a l e n t  t e m p e r a t u r e  

j u m p s .  T h e  h i g h  m e t h a n o l - w a t e r  c o n t e n t  s o l u t i o n s  a r e  

e s p e c i a l l y  s u s c e p t i b l e  t o  c a v i t a t i o n ;  h e n c e  t e m p e r a t u r e  

j u m p s  a s  s m a l l  a s  5 °  w e r e  f r e q u e n t l y  e m p l o y e d .  I n  a l l  

c a s e s  t h e  i n i t i a l  t e m p e r a t u r e  w a s  a d j u s t e d  t o  y i e l d  a  

f i n a l  t e m p e r a t u r e  o f  2 5 ° .

Results and Discussion
Equilibrium Data. I n  T a b l e  I  w e  h a v e  a s s e m b l e d  

m i x e d  a c i d  d i s s o c i a t i o n  c o n s t a n t s  K au  f o r  t h e  a c i d s  u s e d .

w h e r e  H A ~  i s  t h e  m o n o a n i o n  o f  a  d i c a r b o x y l i c  a c i d  a n d  

H I n -  i s  t h e  m o n o a n i o n  o f  c r e s o l  r e d .  S u c h  a  s c h e m e  

w o u l d  l e a d  t o  a  s p e c t r u m  o f  r e l a x a t i o n  t i m e s ;  h o w e v e r ,  

o v e r  t h e  t i m e  r a n g e  b e i n g  e x a m i n e d  ( 1 0 - 5  t o  1 0 - 2  s e c )  

o n l y  o n e  r e l a x a t i o n  w a s ,  i n  f a c t ,  o b s e r v e d .  E q u i l i b r i a  

®  4 -4  © ,  ®  ® ,  a n d  ©  <->  ©  i n v o l v e  p r o t o n

e x c h a n g e  b e t w e e n  n o n i n t r a m o l e c u l a r l y  h y d r o g e n  

b o n d e d  s p e c i e s  a n d  h e n c e  s h o u l d  h a v e  r a t e  c o n s t a n t s  

c h a r a c t e r i s t i c  o f  d i f f u s i o n - c o n t r o l l e d  p r o c e s s e s . 17 S u c h  

r e a c t i o n s  w o u l d  h a v e  r e l a x a t i o n  t i m e s  o f  t h e  o r d e r  o f  1 

n s e c  o r  l e s s  a n d  h e n c e  w o u l d  n o t  b e  o b s e r v e d .  W e  a r e

(9 ) C . C arr and J. A . R id d ick , Ind . E ng. Chem., 43 , 692 (1951).
(10) D . M . G . A rm strong, Chem. Ind . (L o n d o n ), 1405 (1955).
(11) A . L . B acarella , et a l., J . P h ys. Chem ., 62 , 856 (1958).
(12 ) R . G . B ates, M . P aab o , and  R . A . R ob in son , ibid., 67 , 1833 
(1963).
(13 ) C . L . D elign y  and  M . R eh b a ch , Rec. Trav. Chim ., 79 , 727 
(1960).
(14 ) “ Internationa l C ritica l T a b le s ,”  V o l. 5 , 1st ed, 1929, p  116.
(15) A . A lbert and  E . P . Serjeant, “ Ion iza tion  C onstan ts o f  A c id s  
and B ases,”  M eth u en  an d  C o ., L td ., L on d on , 1962.
(16) D . H . M cD a n ie l and  H . C . B row n , Science, 118, 370 (1953).
(17 ) M . E igen  and L . D e M a ey er , “ T ech n iqu e  o f  O rganic C h em istry ,”  
V o l. V I I I ,  P art I I ,  S. L . Friess, E . S. L ew is, and  A . W eissberger, 
E d ., In terscience P ublishers, In c ., N ew  Y o rk , N . Y . f 1963, C hapter 
18.
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Table I : M ixed  A cid D issociation C onstants“ in M eth an ol-W ater So lven ts a t  25°

Vol. %
Acid CHaOH A alM

Di-ra-butylmalonie 0 Insol. 4.36 X 10-8 3
25 Insol. (5.35 ± 0.71) X 10- 9
40 (1.79 ± 0.11) X 10-3 (1.00 ± 0.08) X 10-9
70 (4.27 ± 0.13) X 10-4 (1.52 ± 0.03) X 10-10
80 (2.06 ± 0.04) X 10-4 (6.90 ± 0.26) X 10-11

Ethylisopropyl- 0 9.34 X IO-36 7.94 X IO-93
malonic 25 (3.10 ± 0.18) X 10-3 (1.38 ± 0.10) X 10-9

40 (4.37 ± 0.40) X 10-3 (2.19 ± 0.24) X 10-10
70 (6.44 ± 0.11) X 10-4 (3.21 ± 0.17) X 10-'1
80 (4.21 ± 0.49) X 10-4 (1.52 ± 0.07) X 10“11

Maleic 0 1.20 X 10-2' 5.95 X 10-7 '
25 (4.73 ± 0.76) X 10-3 (1.65 ± 0.05) X 10-7
40 (4.64 dfc 0.22) X 10-3 (4.66 ± 0.12) X 10- 8
70 (2.95 ± 0.26) X 10-3 (6.34 ± 0.08) X 10-9
80 ( 2 .8 8 ± 0.19) X 10 “3 (3.00 ± 0.08) X 10-9

Citraconic 0 5.14 X 10—3 d 7.15 X 10—3 d
25 (1.19 ± 0.05) X 10-3 (2.49 ± 0.19) X 10-7
40 (2.36 ± 0.48) X 10-3 (5.99 ± 0.56) X 10-8
70 (5.56 ± 0.11) X 10-4 (1.13 ± 0.04) X 10- s
80 (3.06 ± 0.12) X 10-4 (6.31 ± 0.53) X 10-9

Cresol red 0 (6.16 ± 0.40) X 10-9
25 (3.07 ± 0.11) X 10-9
40 (7.00 zfc 0.33) X 10-10
70 (2.91 ± 0.12) X 10-10
80 (1.46 ± 0.02) X 10-10

“ A verages of 10 -2 0  values tabulated w ith  m ean deviations. 6 See ref 6. '  W . H . G erm an, e t a l ,  P h il . M a g .,  2 2 ,7 9 0  (19 36 ). d H . W . 
A shton  an d  J. R. Partington , T ra n s . F a ra d a y  S o c ., 30, 598 (19 34 ).

then concerned only with reactions involving abstrac
tion of a proton from the hydrogen-bonded monoanion. 
Since investigations in water and D20 4~7 indicated that 
in such a reaction the rate-determining step is cleavage 
of the intramolecular hydrogen bond, we propose the 
following as the most probable representation of the 
observed relaxation

©
H A "  +  In 2“  +  L O H

\\

Jciz

kzi
A 2"  +  H I n -  +  L O H

(4)kiif/kiz

H A -  +  H I n "  +  L O -
©

where L is taken hereafter to represent H or CH3. In 
equating the two bases OH -  and CH30 _, we are assum
ing the difference in their basicities is not important; 
for OH-  in water pAb =  —1.74 and for CH30~  in 
water pKh =  —0.86.18 Application of known mathe-

Table I I : R a tio s  of M ixed  Acid D issociation C onstants 
for W ater and 80 Vol. %  M ethanol

Acid
(EaiM/Aa2M)

H2O
(AalM/ItMM)

80
Fu m aric  32
M ale ic  204 ,000
Succinic 23
D iethylm alonic 850 ,000

4 1
1 ,8 2 0 ,0 0 0

30
3 ,16 0 ,0 0 0

matical techniques19 leads to the following expression 
for the rate of proton abstraction by lyate ion

(18) J .  Koskikallio, Suom en K em istileh ti, 30B , 1 1 1  (1957).
(19) G . W . Castellan, B er. B usenges. P h ysik . Chem., 67 , 898 (1963).
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where

A =  M [H A -]  +  [In2"]) +  M [ A 2~] +
[HIn-]) +  ku +  ¿2 i([LO -] +  [HIn-]) (6)

B =  /c21 [HIn- ] { fci3( [HA_ ] +  [In2-] )  +
M [ A 2~] +  [H In-])} +

(¿12 +  ¿ »  [LO “  ]) (fci3 [In2 -  ] +  ¿«[H In -]) (7)

C =  [HA-] +  [L 0 -] +  i  (8)
xv.a2

-D = - C { M [ H A “ ] +  [In2-] )  +  ¿« ([A 2- ]  +
[HIn-]) +  fa  +  M L O -] }  +

(C -  [HA-])(fc13[In2- ]  +  fc3i[HIn~] -  ¿«[H In -])

( 9 )

In applying eq 5 to our rate data, we utilized values 
for Ka = ctLOHs + 'CtLo- reported by Koskikallio.18 The 
value of ¿21 for the diffusion-controlled loss of a proton 
by the indicator monoanion has already been re
ported.20 Values for the rate of removal of the proton 
by the indicator anion, ¿13, were taken to be approxi
mately one order of magnitude smaller than k2z- Such 
a choice is based on measured values of ¿13 in systems 
where it can be observed (near pH 7.0) and also on a 
parametric analysis of the rate equations discussed 
elsewhere.4 In Table III we have assembled rate 
data taken in water-methanol solvents for the di-n- 
butylmalonic acid. Similar data for the other acids 
led to the average values listed in Table IV. A plot of 
the results shown in Table IV against the reciprocal of 
the dielectric constant21 yields the curves shown in 
Figure 1. The initial linear portion of these curves fit 
the predictions of electrostatic theory22’23 and the 
negative slope would be expected for the reaction of two 
ions of like charge.24 The dependence of the rate con
stant on the dielectric constant of the medium was 
treated recently by Laidler and Landskroener.25 
Starting with Kirkwood’s26 expression for the activity 
coefficient of an ion as a function of dielectric constant 
and applying absolute rate theory, they obtained an 
expression for the rate constant as a function of di
electric constant. Kirkwood’s model of an ion in 
solution is shown in Figure 2. This model pictures an 
ion as a sphere of radius b contained in a continuous 
medium of dielectric constant D. Within the sphere 
are embedded an arbitrary number of point charges 
<?!, ..., ew. The distances from the center of the sphere 
to these point charges are designated n, ..., ?*r . The 
separation of two charges is characterized by i?ki and 
0ki. In evaluating Kirkwood’s expression, Laidler 
and Landskroener assumed the condition rt < <  b.

Table III : Relaxation Spectra“ of Di-n-butylmalonic Acid in 
0.05 M Ionic Strength6 Methanol-Water Solvents for the
Reaction HA- +  L O --— >  A2“ +  LOH

C oo

10- *  M
Vol. % 
CHaOH pH* <*

T,e
msec

ko 3,7 
10» M  "i 
sec-1

1.0 25 8.41 0.393 7.81
5.0 25 8.48 0.098 7.91
2.5 25 8.48 0.235 6.05
7.5 25 8.46 0.083 6.19
5.0 25 8.48 0.115 6.62
1.0 25 8.48 0.441 6.91
1.0 25 8.41 0.430 7.10
1.0 40 8.90 0.550 2.77
5.0 40 S.81 0.147 2.66
0.75 40 3.69 0.685 2.64
0.75 40 3.69 0.675 2.68
2.5 40 3.81 0.248 2.93
2.5 40 8.81 0.303 2.38
5.0 40 8.81 0.188 2.05
7.5 40 8.69 0.615 2.95
2.5 40 8.50 0.225 2.96
2.5 40 8.50 0.235 2.82
7.5 40 8.74 0.093 2.80
2.5 40 8.76 0.270 2.63
5.0 70 9.33 0.195 1.15
2.5 70 9.36 0.380 0.977
2.5 70 9.31 0.325 1.14
2.5 70 9.31 0.368 1.01
2.5 70 9.31 0.362 1.02
5.0 70 9.33 0.203 1.11
2.5 70 9.36 0.392 0.947
1.0 70 9.46 0.611 0.976
1.0 70 9.46 0.595 1.00
5.0 80 9.19 0.190 0.967
5.0 80 9.20 0.212 0.866
5.0 80 9.50 0.221 0.844
5.0 80 9.50 0.190 0.983

10.0 80 9.62 0.131 0.817
5.0 80 9.55 0.213 0.843
2.5 80 9.65 0.320 0.858
2.5 80 9.65 0.292 0.941
1.0 80 9.54 0.477 0.853

“  All for 25° with 1.0

ToX M cresol red indicator. b
justed with KC1. c Total sample acid concentration. d pH in 
methanol-water solvents with standard state the infinitely dilute 
solvent of the composition indicated. ‘ Experimental relaxa
tion time determined by temperature jump. ' Rate constant 
calculated with eq 5.

(20) M. Eigen, et al., Progr. Reaction K inetics, 2, 315 (1964).
(21) Values for the dielectric constants of methanol-water mixtures 
were obtained from P. S. Albright and L. J. Costing, J. A m . Chem. 
Soc., 68, 1061 (1946).
(22) H. Eyring and K. Laidler, A n n . N . Y. A cad . Sei., 39, 303 
(1940).
(23) E. S. Amis, J. Chem. E duc., 28, 635 (1951); 25, 237 (1952); 
30, 351 (1953).
(24) A. A. Frost and R. G Pearson, “ Kinetics and Mechanism,”
2nd ed, John Wiley and Sons, Inc., New York, N. Y ., 1961, p 147.
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Table IV: Rate Constants“ for the Reaction HA-  +  LO-  —> A2- +  LOH in Methanol-Water 
Mixtures at 25° and Ionic Strength n = 0.05 M

Acid 0
Rate constants, M~l sec-1

--------------- -------------------------- Vol. % CHsOH--------------------------
2 5  40 70 80

Di-n-butyl-
malonic

Ethylisopropyl-
malonic

Citraconic
Maleic

1.4 X 1086 (6.25 ±  0.65) X 107 

5.50 X 10’ 6 (2.65 ±  0.24) X 107

(2.49 ±  0.34) X 107 

(1.04 ±  0.05) X 107

(1.00 ±  0.08) X 107 

(4.49 ±  0.12) X 10s

(8.95 ±  0.75) X 106 

(3.11 ±  0.26) X 106

3.5 X 109C (1.18 ±  0.13) X 109 (3.42 ±  0.33) X 108
1.0 X 10 9<i (3.13 ±  0.48) X 108 (1.06 ±  0.11) X 108

(1.50 ±  0.20) X 108 (1.15 ±  0.17) X 108
(4.11 ±  0.27) X 107 (3.27 ±  0.33) X 107

“ Averages of at least ten values tabulated with mean deviations. 1 M. H. Miles, Ph.D. Dissertation, University of Utah, 1966. 
'  Obtained by extrapolation of CH30H-H20 data. d See ref 20, p 312.

HA +  L O ----->-A2- +  LOH in methanol-water solvents.

However, as pointed out by Hiromi,27 such a condi
tion very often does not exist; i.e., very often the 
charges in an ion are located close to the surface. 
Hiromi has therefore carried out the evaluation of 
Kirkwood’s expression with no restrictions and we have 
employed his equation

In k = In ko + e2 (1  ± \ ( L a
2 k'T\D D0)\bA

(10)

Figure 2. Kirkwood’s model of an ion in a 
solution of dielectric constant D.

where
m  m

Li  ̂] Zk fkk “h y ^
A -1 kfil

flek —

Q\i

k:=l
2 _  J_

1 xkk xkk
2

ln (1 -  xkk)

(1 -  2aklxkl +  xkf ) h +

In 1 — Olkl

(11)

(12)

Xu L(1 -  2aklxki +  xkl2)'h +  xkl - akl-

Xkl
rkrt

' i %* -  ( r ) '
; aki — cos dki

(13)

(14)

In eq 10 the subscripts A, B, and =k refer to participants 
in the reaction A +  B ->  activated complex ( ± )  -*■ 
products. The symbols k0 and D0 are the rate constant 
and dielectric constant of the same reaction carried out 
in some reference state. Taking the derivative of eq 10 
with respect to 1 /D, Hiromi obtained the following 
expression for the slope of the log k vs. l/D plots

(25) K . Laidler and P. A. Landskroener, Trans. Faraday Soc., 52, 
200 (1956).
(26) J. G. Kirkwood, J. Chem. Phys., 2, 351 (1934).
(27) K . Hiromi, Bull. Chem. Soc. Japan, 33, 1251 (1960).
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slope = e 2____ ( L a

é .m k 'T \b A
(15)

Evaluation of the right-hand side of eq 15 requires a 
knowledge of the structure of both reactants and the 
transition state. While the dimensions of the reac
tants can be obtained, those of the activated state 
are not known. Hence, we shall take the empirical 
slope and generate from eq 15 values for the parameter 
b^, the effective radius of the activated complex taken 
as a spherical ion. The lyate ion is assigned a radius 
of 1.4 X 10~8 cm which is the radius of the hydroxyl 
ion.28 The structure of the acid monoanion for the 
substituted malonic acids is shown in Figure 3. The 
planar configuration shown is chosen as most probable 
since it provides for a minimum of interaction with the 
alkyl substituents. The charge in the monoanion is 
shown displaced toward the proton because of the in
fluence of the intramolecular hydrogen bond. A simi
lar configuration is suggested for maleic and citraconic 
acid but rotation of the carboxyl group out of a coplanar 
configuration makes a drawing impractical. The di
mensions used for maleic and citraconic acids are given 
in Table Y. Figure 4 shows the symmetrical transi
tion state formed from the reactants when the mono
anion is assumed to contain an intramolecular hydrogen 
bond. Again this is the specific case of a disubstituted 
malonic acid. The location of the charges within the 
activated complex is assigned to represent conditions 
approximately halfway to the formation of the dianion. 
Results from the application of eq 15 are shown in 
Table VI.

The alternative configuration for the activated state 
would not involve the intramolecular hydrogen bond.

Figure 3. Diagram of monoanion for a 
disubstituted malonic acid.

Figure 4. Diagram of symmetrical configuration 
of transition state involving the monoanion of a 
disubstituted malonic acid and hydroxide ion.

Table V : Transition State Radii, b jz, Computed from Eq 15
Using a Symmetrical Configuration for the Activated Complex“

Acid Slope 6 +  , A

Di-n-butyl- -231 11.9 3.00
malonic

Ethylisopropyl- -130 9.98 3.19
malonic

Maleic6 -290 17.2 2.95
Citraconic6 -304 17.5 2.94

“ See Figure 4. 6 For the monoanion of both maleic and
citraconic acids the center of the molecule was taken as the 
midpoint of the carbon-carbon double bond. The distance to 
the charge was taken as 2.1 X 10-s cm in both the monoanion 
and the transition state; 9n in the activated complex was taken 
as 45°. These values were found by using Dreiding models.

Table VI: Transition State Radii, b Computed from Eq 15 
Using a Linear Configuration for the Activated Complex“

Acid Slope L T
¡>4=.

A Ab

Di-ra-butyl- -231 12.3 2.27 2.40
malonic

Ethylisopropyl- -130 10.8 2.34 2.40
malonic

Maleic“ -290 14.9 2.55 2.80
Citraconic' -304 15.4 2.54 2.80

“ See Figure 5 for diagram of the substituted malonic acid 
linear transition state. 6 This is the distance from the center of 
the molecule to the charge, being transferred from the lyate to 
the carboxyl group. ° Dimensions used in maleic and citraconic 
cases were obtained by allowing maximum separation between 
oxygen atoms in the carboxyl and carboxylate groups. Taking 
the molecule center at the midpoint of the C-C double bond this 
configuration led to the values On = 85°, n = 2.0 A, r2 = 2.80 A.

(28) J. Buchanan and S. D . Hamann, Trans. Faraday Soc., 49, 1425 
(1953).
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Figure 5. Diagram of linear configuration for 
the transition state involving a disubstituted malonic 
acid monoanion reacting with lyate ion.

Such a configuration is shown in Figure 5 for the sub
stituted malonic acids. We have shown the proton of 
the carboxyl group rotated 90° out of the plane so as to 
represent minimum interaction with the carboxylate 
group. Further rotation does not result in any dif
ference in the computed values of b+. The result of 
application of Hiromi’s equation to this configuration is

shown in Table VI. The fifth column of this table also 
lists the values for the separation of the charge at the 
reacting site from the center of the molecule. Inas
much as the radius of the activated complex is com
puted to be less than the distance to the charge, such a 
linear arrangement in the activated state is improbable.

The deviations from linearity (Figure 1) found at 
high methanol content (70-80 vol. % ) can be as- 
scribed in large measure to the effects of selective solva
tion. As noted by Woodhead, et al.,M the primary hy
dration of ionic species in systems of relatively high 
methanol content involves only water molecules. This 
hydration sphere then creates an effective dielectric 
constant of higher value than the bulk dielectric con
stant in the immediate vicinity of the ion. Thus, as 
we have found experimentally, the rate constant should 
take on a higher value than that predicted by a linear 
extrapolation of the initial slope. The same break in 
plots of experimental log k vs. 1 /Z> have been observed 
previously with reactions whose rates can be measured 
by classical techniques.29 30

(29) M . Woodhead, et al., J. Res. Natl. Bur. Std., 69A, 263 (1965).
(30) V. K. La Mer and M. E. Kamner, J. Am. Chem. Soc., 57, 2669 
(1935).
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Normal Stress Effect in Dilute Polymer Solutions. II. Polystyrene 

in Chlorinated Diphenyl

by Kunihiro Osaki, Katsuhisa Tanaka, Michio Eurata, and Mikio Tamura

Department of Industrial Chemistry and Institute for Chemical Research,
Kyoto University, Kyoto, Japan (.Received January 25, 1966)

Normal stresses of a series of 0.3-2.0 wt %  polystyrene solutions in chlorinated diphenyl 
(good solvent) were measured with a parallel plate rheogoniometer. The shear stresses 
and the complex moduli were also measured with a coaxial cylinder rheometer. The 
normal stress ( — bP/d In r) and shear stress (<n2 — nr)B) were linear in k1 and k, respec
tively, in the lowest range of shear rate k observed. The ratios i — dP/d In r ) /«2 and 
((7i2 — ki?s) / k decreased with increasing rate of shear more rapidly than did those of poly
styrene solutions in dioctyl phthalate (poor solvent). It was also found that both the 
normal stress and shear stress were proportional to the number of polymer molecules per 
unit volume, n. For a wide variety of molecular weights and concentrations, the reduced 
(or intrinsic) normal and shear stresses, ( —dP /d  In r)/n and (c7i2 — /ojs)/n , were found to 
be universal functions of the reduced rate of shear (jj0 — Ve)K/n- The effect of hetero
geneity in molecular weight was also investigated through a comparison of the data ob
tained for ordinary fractionated samples and an anionically polymerized sample.

Introduction

Measurement of normal stress effect of dilute solu
tions of fractionated polystyrenes in dioctyl phthalate 
(a poor solvent) was reported in part I of this series.1 
The incremental normal stress attributable to the 
polymer was found to be exerted primarily in the 
flow direction and to be proportional to the square of 
the rate of shear k over a wide range of k. As for the 
effect of molecular weight and concentration, the data 
obtained with various combinations of the variables 
were superimposed to give a composite curve in the plot 
of ( —dP /d  In r)M/c vs. k(t]0 — t)s)M/c. Here ( —d P / 
d In r) is the normal stress as measured with a paral
lel plate rheogoniometer, rj0 is the zero shear viscosity of 
the solution, tja is the viscosity of the solvent, M  is the 
molecular weight, and c is the concentration in grams 
per cubic centimeter. All of the findings mentioned 
above were compatible with the predictions of the 
spring-beads model theory for the normal stress effect,2’3 
which corresponds to the Rouse4 5 or Zimm6 theory for 
the dynamic mechanical properties. Not only qualita
tive but also quantitative agreement was found between 
the observed and the theoretical values of the steady-

state compliance after an appropriate correction was 
made for the effect of molecular weight distribution 
(Mw/Mn =  1-8). However, we could not assess the 
degree of the hydrodynamic draining effect, because the 
steady-state compliance was rather insensitive to the 
hydrodynamic interaction for the material used.

In this paper, we report the results of normal stress 
measurements carried out in a polymer-good solvent 
system, polystyrene solutions in chlorinated diphenyl. 
The effect of molecular weight distribution is also stud
ied.

Experimental Section
Materials. The fractionated polystyrene used in 

this study was prepared by thermal polymerization at 
95° without solvent or catalyst. Fractionation was 
performed at 30° from a 0.5% benzene solution using

(1) M . Tamura, M . Kurata, K. Osaki, and K. Tanaka, J. Phys. 
Chem., 70, 516 (1966).
(2) Y . Ikeda, Kobunshi, 5, 635 (1957).
(3) M . C. Williams, J. Chem. Phys., 42, 2988 (1965).
(4) P. E. Rouse, Jr., ibid., 21, 1272 (1953).
(5) B. H. Zimm, ibid., 24, 266 (1956).
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methanol as precipitant. The viscosity-average mo
lecular weight of each fraction was evaluated by

[n] = 1.13 X 106M V°-73 (benzene, 25°)6 (1)

and tabulated in Table I. Among these samples, FI, 
F3, and F4 are the same samples as used in the previous 
study.1

Table I

Nomen
clature Mv

F I 5 .0  X  106
F3 1 .2  X  106
F 4 0 .6 6  X  10«
F 5 0 .5 4  X  106
F 6 0 .2 7  X  106

S ill 2 .3 9  X  105 '

a Mw evaluated by Dr. H. W. McCormick, Dow Chemical 
Co.

Another polystyrene, S ill* , prepared by anionic 
polymerization was also used in this study. (This sam
ple was kindly given us by Dr. J. E. Frederick, Univer
sity of Wisconsin.) The weight-average molecular 
weight Mw of this sample was 2.39 X 105 and Mw/Mn 
was 1.08 as reported by Dr. H. W. McCormick, Dow 
Chemical Co.

Aroclor 1248 (mixture of chlorinated diphenyl and 
polyphenyl, Monsanto Chemicals Ltd.) was used as the 
solvent. This was a good solvent for polystyrene, and 
the viscosity was as high as 2.70 poises at 25°.

Polymer solutions were prepared by storing weighed 
amounts of polymer and solvent at 50° with occasional 
stirring with a spatula. Several weeks was necessary 
for obtaining homogeneous solutions. Evaporation of 
the solvent was negligible.

Apparatus and Method. Measurement of the nor
mal stress was performed with a parallel plate rheo- 
goniometer. A precise description of the apparatus has 
been published previously.7 In this apparatus, the 
pressure exerted on the upper (stationary) plate by the 
test fluid is related to the components of the normal 
stress by8

— dP /d  In r =  an — a33 +  d(a22 — a33)/d  In k (2)

k =  rft/Z

where an, a22, and 0-33 are the normal stress components 
in the flow direction, in the shear plane, and in the 
plane perpendicular to both the flow direction and the 
shear plane, respectively, r is the distance from the cen

ter, l is the gap between the two plates, and ft is the 
angular velocity of the lower (rotating) disk.

The shear stress o-12 was measured with a coaxial cyl
inder rheometer. The single-bob method of Krieger 
and Maron9 was applied to determine the shear stress 
as a function of the rate of shear. The complex modu
lus was measured with the same coaxial cylinder rhe
ometer. A detailed description of the apparatus was 
also published earlier.10

Separate determination of the components of the 
normal stress was based on the phenomenological 
theory of Coleman and Noll.11 As was shown by Cole
man and Markovitz,12 this theory leads to the following 
relationships for the so-called second-order fluid

lim G '/w 2 = y 2 lim (an — a22)/x 2 (3)
O)—►() K—►O

y , lim ( — — / k2 ] — lim Cr'/co2 =
K- o  \d In r/ /  ^ 0

s/ 2 lim (a22 — 0-33)/ k2 (4)

The two components, (an — a22) and (a22 — a33), of the 
normal stress can be determined separately from each 
other by using these relationships. A detailed account 
of the method may be found in our previous publica
tion.13

Results and Discussion
Figure 1 shows comparison of the results of steady- 

shear measurement with those of dynamic measure
ment. The small and large black circles represent the 
incremental shear stress (ai2 — ktjs) and the normal 
stress — y 2(dP/d In r) plotted against the rate of shear 
k, respectively. The factor y 2 is introduced in front of 
— (dP/d In r) for the sake of convenience (see eq 4). 
Small and large white circles represent the incremental 
loss modulus (G"  — co»?s) and the storage modulus G' 
plotted against the angular frequency o>, respectively. 
The incremental shear stress (ai2 — ktjs) and loss modu
lus (G"  — coi]s) are proportional to k and «, respectively, 
only in the lowest region of the variables ( i o r u  <  10).

(6) W . R. Krigboum and P. J. Flory, J. Polymer Sci., 11, 37'(1953).
(7) M . Tamura, M . Kurata, and T. Kotaka, Bull. Chem. Soc. Japan, 
32. 471 (1959); T. Kotaka, M. Kurata, and M. Tamura, J. Appl. 
Phys., 30, 1705 (1959).
(8) H. Markovitz, Trans. Soc. Rheology, 1, 37 (1957).
(9) I. M . Krieger and S. H. Maron, J. Appl. Phys., 23, 147 (1952).
(10) T. Kotaka and K. Osaki, Bull. Inst. Chem. Res. Kyoto Univ., 39, 
331 (1961); K . Osaki, M . Tamura, M. Kurata, and T. Kotaka, to 
be published.
(11) B. D. Coleman and W . Noll, Arch. Rational Mech. Anal., 6, 
355 (1960); Ann. N. Y. Acad. Sci., 89, 672 (1961).
(12) B. D. Coleman and H. Markovitz, J. Appl. Phys., 35, 1 (1964).
(13) K . Osaki, M . Tamura, T. Kotaka, and M. Kurata, J. Phys. 
Chem., 69, 3642 (1965).
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Figure 1. Comparison between stresses in steady shear and 
dynamic moduli of a 1 wt % solution of polystyrene (F3) 
in Aroclor 1248 at 25°: small black circles, incremental 
shear stress (0-12 — m)8) plotted against the rate of shear k; 
large black circles, normal stress measured as — 1/2(dP/d In r) 
and plotted against k; small open circles, loss modulus 
(G" — w7))e plotted against the angular frequency &>; 
large white circles, storage modulus G' plotted against a.

The normal stress ( — dP /d  In r) and storage modulus O' 
are not proportional to k2 and co2, respectively, over al
most the whole range of variables, except at the lowest 
values, say k, u <  5 sec-1. In other words, the system 
behaves as a second-order fluid only in a very narrow 
range of long time scale (small * o ro ) . This is in sharp 
contrast to the previous observation for polystyrene in 
dioctyl phthalate (poor solvent), to which the second- 
order fluid approximation was applicable over a fairly 
wide range of k or u>.

Now, in the range of k or co lower than 5 sec-1, it may 
be natural to expect from the figure that — y 2(c)P/d In r) 
and G' come to coincidence with each other. This, in 
turn, implies that the (022 — 033) component of normal 
stress, if it exists, should be quite small compared with 
the (on — 0-22) component at least in this range of small 
k. Accordingly, we may assume ( — dP/d In r) to be 
equal to the (on — 022) component of the normal stress. 
Although this conclusion seems inescapable so far as our 
data are concerned, this is not based on the direct evalua
tion of the normal stress components. Therefore, we do 
not insist that 0-22 is equal to 033- Final solution of this 
problem is still open to future study.

For a higher rate of shear, at which the solution does 
not behave as a second-order fluid, we cannot determine 
two components of the normal stress separately from 
each other by the parallel-plate data alone.

Figure 2. Effect of concentration on normal and shear 
stresses in solutions of polystyrene (F3) in Aroclor 1248 
at 25°. Concentrations are 1, 0.5, and 0.3% in weight 
from left to right, respectively. Small circles represent 
(cr12 — KrtB) and large circles ( — dP/i) In r).

Figure 2 shows the log-log plots of the incremental 
shear stress (0-12 — (o;s) and the normal stress ( — dP / 
5 In r) against rate of shear k, which were obtained 
for a series of solutions of polystyrene (F3) in Aroclor 
1248 with various concentrations. The large circles 
represent ( —dP /d  In r) and the small circles, (<r« — 
kt]s). Figures 3 and 4 show the effect of molecular 
weight on the normal stress ( —dP /d  In r) and the incre
mental shear stress (<t12 — kj?8). Figure 3 gives the 
results obtained for 0.5% solutions of fractionated poly
styrenes (FI, F3, and F4) and Figure 4 gives the results 
for 2% solutions of fractionated polystyrenes (F5 and 
F6) and the living polystyrene (S ill) .

Viscosities of relatively high molecular weight poly
styrenes depend markedly on the rate of shear in the 
measured range of the rate of shear (Figure 3). This 
effect is observed even in the lowest concentration 
tested, 0.3% (Figure 2). On the other hand, viscosi
ties of relatively low molecular weight polystyrenes 
are practically independent of the rate of shear (Figure
4 ) -

The log-log plot of ( —dP /d  In r) against k has a 
slope lower than the second-order fluid slope, 2, at any 
value of k. This deviation of the observed slope from 
2 exists to some extent even in the case of low molecular 
weight samples whose viscosities are practically inde
pendent of K.
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Figure 3. Effect of molecular weight on normal and shear 
stresses in 0.5 wt % solutions of polystyrene FI, F3, and F4 
(from left to right) in Aroclor 1248 at 25°. Molecular 
weight of polystyrene is 5.0 X 106 for FI, 1.2 X 106 
for F3, and 0.66 X 10£ for F4. Small circles represent 
(<ri2 — KTja) and large circles represent ( — dP/d In r).

Finally, it is to be noted that in Figure 4, the normal 
stress of the solution of the living polystyrene (S ill)  is 
considerably lower in magnitude than that of the frac
tionated polystyrene (F6) which has an approximately 
equal molecular weight. This difference may be due 
to the difference in molecular weight distribution and 
will be discussed later.

Now, it has been found by Harrison and collabora
tors14 that dynamic mechanical data obtained for dilute 
polystyrene solutions with various molecular weight 
polystyrenes and concentrations can be superimposed 
on a composite curve by using reduced variables. 
These are: G'M/c for the storage modulus, (G" — 
w7ia)M / c  for the loss modulus, and ¿0(170 — Vb)M / c for the 
angular frequency, where c is the polymer concentra
tion in grams per cubic centimeter and hence c/M is 
the number of moles in a unit volume. We may expect 
in analogy that the reduced plots of — (5P /5  In r)M/c 
and (cTi2 — K-qs)M/c against k(i/0 — r)B)M/c also give 
composite curves in the case of steady-shear data (see eq 
3 and 4 and Figure 1). This expectation was tested 
in Figure 5, where the data given in Figures 2 to 4 all 
were replotted using the reduced scales. The data of 
((7i2 — uve) and ( —dP /d  In r) obtained for various 
combinations of molecular weights and concentrations 
except for S i l l  were superimposable on two composite

Figure 4. Effect of molecular weight on normal and shear 
stresses in 2.0 wt % solutions of polystyrene F5, F6, and Sill 
(from left to right) in Aroclor 1248 at 25°. Molecular 
weight of polystyrene is 5.4 X 105 for F5, 2.7 X 105 
for F6, and 2.39 X 10s for Sill. Small circles represent 
(<7i2 — «7s) and large circles represent ( — 5P/d In r).

curves, one for the shear stress and the other for the 
normal stress. Excellent superposition was obtained 
when the procedure was applied to the data obtained for 
different concentrations of the single sample F3. They 
are represented in Figure 5 by various types of circles. 
A closer inspection of the figure reveals that the re
duced normal stress for F3 is slightly larger than those 
for other fractions. The same tendency was also ob
served in dioctyl phthalate.1 (The parameter 7 de
fined in eq 5 was about 25% higher for the solution of 
F3 than for the solution of FI or F4 in dioctyl phthalate. 
See ref 1.) Therefore, the difference may be attribut
able to possible difference in molecular weight distribu
tion among these samples.

In conclusion, we may say that the stresses in steady- 
shear flow of dilute polymer solutions are essentially 
proportional to the number of polymer molecules in a 
unit volume. In Figure 5, we show by the dashed lines 
the reduced curves obtained in dioctyl phthalate for the 
sake of comparison.1 At high reduced rates of shear, 
( — dP/b In r)M/c and (012 — Ki?s)A f/c in Aroclor 
(good solvent) are both smaller than those in dioctyl 
phthalate (poor solvent). At lower reduced rates of 
shear, no solvent effect is observed on the reduced * 68

(14) G. Harrison, J. Lamb, and A. J. Matheson, J. Phys. Chem.,
68, 1072 (1964).
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Figure 5. Reduced plot of the normal and shear stresses 
obtained for polystyrene in Aroclor 1248 with various 
combinations of M and c: A, F I with c = 7.25 X 10~3 g/cc 
(or 0.5 wt %); © , O- ©i F3 with c =  1.45 X 10-2 (or 
1.0 wt %); c = 7.25 X 10-3 (or 0.5 wt %) and c =
4.35 X 10_s (or 0.3 wt %) respectively; V, F4 with c =
7.25 X 10-E (or 0.5 wt %); □ ,  F5 with c = 2.90 X 10—2;
S , F6 with c = 2.90 X 10~2; 0 ,  S ill with c = 2.90 X 10~2.

normal stress as well as on the reduced shear stress. 
This leads to the parameter y which is independent of 
the nature of the solvent.

7 =
cRT . (-Ò P /Ò  In r) 

2 M  (<U2 — KJ?a)2
(5)

According to Frederick and co-workers, the dynamic 
mechanical properties of dilute polymer solutions 
change from Zimm-like to Rouse-like behavior with in
creasing solvent power.15 16 If this is the case, the param
eter y which is affected by the degree of hydrodynamic 
interaction should be a function of the solvent power. 
Our results apparently conflict with this conjecture. 
However, as was mentioned in the previous paper, the 
parameter y  is also affected by the molecular weight 
distribution, and it becomes rather insensitive to the 
degree of hydrodynamic interaction if the heterogeneity 
is such that Mv/Mn =  1.8-2.0. Since the heterogene

1.06 2.39 3.72
M X 10-».

Figure 6. Triangular distribution of molecular weight;.

ity of our samples is possibly in this region, we cannot 
derive any definite conclusion on the solvent effect on 
7 from the above observation.

The normal and shear stresses of S i l l  solution give 
0.35 for y. A theoretical value of y for the hetero
geneous polymer with Mw/Mn =  1.08 is also calculated 
according to the theory of Lovell, et al.,u for the cases 
of zero and infinite hydrodynamic interaction. Two 
types of molecular weight distribution are assumed. 
One is the Schulz distribution and the other is the tri
angular distribution illustrated in Figure 6, where the 
weight distribution function of molecular weight g(M) 
is shown. The calculated values of y are given in 
Table II. The triangular distribution gives a little 
larger value of y than does the Schulz distribution.

Table II

-̂------------------Caled value of y
Hydrodynamic Triangular Schulz

interaction distn distn

0 0.526 0.500
CO 0.308 0.270

The observed value 0.35 does not agree with the value 
for the limit of zero nor infinite hydrodynamic interac
tion when the Schulz distribution is used. On the 
other hand, if the triangular distribution is adopted, 
the theoretical value of y for the limit of infinite hydro- 
dynamic interaction comes quite close to the ob

(15) J. E. Frederick, N. W . Tschoegl, and J. D . Ferry, J. Phys. Chem., 
68, 1974 (1964).
(16) S. E. Lovell and J. D. Ferry, ibid.., 65, 2274 (1961).
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served value. Remembering that the triangular dis
tribution, rather than the Schulz distribution is more 
appropriate for this type of polymer, we may conclude 
that the polymer S i l l  displays Zimm-like, instead 
of Rouse-like, behavior in Aroclor.
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Electrolysis with Constant Potential. Diffusion Currents of Metal Species 

Dissolved in Spherical Mercury Electrodes

by William G. Stevens1 and Irving Shain

Department of Chemistry, University of Wisconsin, Madison, Wisconsin (Received January 25, 1966)

The hanging mercury drop electrode was used in a potentiostatic method for the deter
mination of the diffusion coefficient of metal species in mercury. The amalgam was pre
pared in a constant-potential preelectrolysis step, during which the quantity of electricity 
involved in the electrodeposition was measured to determine the amalgam concentration. 
Then, current-time curves were obtained for the diffusion-controlled dissolution of the 
amalgam. Diffusion coefficients calculated from the time-dependent current decay were 
compared with those calculated from the “ spherical correction” term in a critical evalua
tion of the method. As a demonstration system, the diffusion coefficient of cadmium in 
mercury was measured. The value was 1.61 X 10~5 cm2 3/see, relative standard deviation 
3.0%.

The use of stationary spherical mercury electrodes in 
potentiostatic experiments has been suggested pre
viously2,3 for the unambiguous determination of the dif
fusion coefficients of electroactive species. By evaluat
ing the diffusion coefficients from both the slope and the 
intercept of potentiostatic current-time curves, it was 
shown that the uncertainties involving other experi
mental parameters, particularly the electrode area, 
could be minimized.

This method has been applied previously only for the 
determination of reducible ions in the solution. It is 
obvious, however, that the same approach could be used 
to determine diffusion coefficients of metal atoms in a 
hanging mercury drop electrode, by analyzing the cur
rent-time curves obtained from potentiostatic experi
ments involving the oxidation (dissolution) of the amal

gams. Developing the method appeared to be of con
siderable importance as a result of the possibility of 
studying intermetallic compound reactions in the mer
cury.4 For any such studies, accurate values of the dif
fusion coefficients are required.

The use of the hanging mercury drop electrode in 
stripping analysis had indicated that it would be pos
sible to prepare amalgams of known concentration by 
electrodeposition in a carefully controlled preelectrolysis 
step.6 This work was carried out to determine exactly

(1) National Science Foundation Predoctoral Fellow, 1961-1965.
(2) I. Shain and K. J. Martin, J. Phys. Chem., 65, 254 (1961).
(3) I. Shain and D. S. Polcyn, ibid., 65, 1649 (1961).
(4) W. Kemula, Z. Galus, and Z. Kublik, Bull. Acad. Polon. Sci.
Ser. Sci. Chim., Geol. Geograph., 6, 661 (1958); W . Kemula and Z.
Galus, ibid., 7, 553, 607, 729 (1959).
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how precisely such hanging amalgam drops could be 
prepared, to present the detailed theory for the dif
fusion-controlled dissolution of the amalgam, and to 
make a careful comparison between the theory and ex
perimental results for the potentiostatic dissolution of a 
cadmium amalgam.

Theory

For the oxidation of a metal dissolved in a stationary 
spherical mercury electrode

R — > O - f  ne (I)

under diffusion-controlled conditions at a potential far 
anodic of the formal E° for the system, the boundary 
value problem is

àCR/àt =  Dr [à^Cn/àr2 +  (2/r) (dCR/ôr) ] (1)

t =  0, 0 <  r <  r0; CR =  CR* (2)

t >  0, r — > 0; Cr remains bounded (3) 

t >  0 ,r  =  r0; CR = 0  (4)

Here, Cr is the concentration of the metal in the amal
gam, C r *  is its initial uniform concentration in the 
spherical mercury electrode, Dr is its diffusion coeffi
cient, t is the time, r is the distance from the center of 
the electrode, and r0 is the electrode radius.

The solution to this boundary value problem can be 
obtained by a straightforward application of the 
Laplace transform, or from the solution of the analogous 
problem in heat transfer.5 6

i = nF ADrCr *  ̂— 1 /V  TrI)Rt +  l /r 0 —

(2/V^Chtf) e~ ^ / D Rt)
n  =  1

( 5 )

In the usual method of analyzing such current-time 
curves, plots are made of i vs. 1 /y/t. The third term 
on the right side of eq 5 is small for times less than about 
30 sec, and the plot is a straight line over this time inter
val. One value of the diffusion coefficient can be ob
tained from the slope of this i vs. 1 /y/t plot and a 
second can be obtained from the intercept of the 
plot extrapolated to long times. Since the spherical 
diffusion process is divergent, the “ spherical correction” 
term acts to reduce the current below the values ex
pected for a plane electrode. As a result, the i vs. 
1 / y/t plot (which is based on the first two terms of eq 
5, valid only for short times) extrapolates to a positive 
value.

The exact role of the third term in eq 5 can be defined 
by evaluating it for long times. Since n always appears 
as n2 (which is shown in relationship 6 given above)

^ e-(7i>ro VDr*: = ^ e_ ('lV“2/Or0 (0)
n  = 1 n  =  — 1

and since when n — 0, the exponential is unity, eq 5 
can be written

i =  uFAD-rCu* 1 Ao -  (1/'V/ tvDsJ)L  e ~ (mVoV-DrO

( 7 )

as t -*■ “ , (r0yZ)Rf) -> 0, and the summation can be re
placed by an integral to obtain

lim i = uFADrCr*
t—

1/ro -

(1/V î) J - (tiVoVDrì)d n (8)

or, since the integral is symmetrical around zero

lim i = tiFADrCr*
¡— CO

1/Vo -

(2/V-wDnt) £  e (»*r»,/DR,)dn] ( 9 )

The definite integral in eq 9 can be evaluated from 
standard tables of integrals7

fJo
- a * x  2dx =  \ /  -w/2a

Thus, eq 9 reduces to

lim i =  nFADRCn*[l/r0 — l/r0]

(10)

(11)

and the current goes to zero as the electroactive mate
rial in the finite volume of the electrode is depleted.

Preelectrolysis Procedure
Three methods of preparing a known amalgam con

centration in a hanging mercury drop electrode were in
vestigated. In each case the procedure involved elec
trolysis at a constant potential cathodic of the formal 
E° for the system.

The first method was the normal preelectrolysis step 
of a stripping analysis, based on the consideration that 
if the cathodic current can be maintained constant 
and reproducible by controlled stirring, accurately 
known amalgams can be made by controlling the elec
trolysis time and the electrode volume. For analytical 
applications, sufficiently reproducible stirring can be

(5) I. Shain and J. Lewinson, Anal. Chem.f 33, 187 (1961).
(6) H. S. Carslaw and J. C. Jaeger, “ Conduction of Heat in Solids,” 
2nd ed, Oxford University Press, London, 1959, p 310; see also 
N. G. Chovnyk and V. V. Vashchenko, Zh. Fiz. Khim., 37, 538
(1963).
(7) B. O. Pierce and R. M . Foster, “A  Short Table of Integrals,” 
4th ed, Ginn and Co., Boston, Mass., 1957, p 68.
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obtained by a small Teflon-covered stirring bar placed 
in the solution and driven from below the cell by 
another magnet mounted on a synchronous motor. 
This procedure works well for trace analysis, where the 
concentration of the reducible ion is very low and rela
tively long preelectrolysis times can be used. However, 
in this work, it was necessary to use relatively high 
concentrations of reducible species ('~10~3 M) so that 
the solution concentration would be known and pre
cisely reproducible. Under these conditions, the in
stantaneous currents ranged ±10%  from the average 
value, corresponding to erratic fluctuations in the stir
ring. These could not be averaged out reproducibly 
in the short preelectrolysis times used and this method 
could not be applied here.

In an attempt ~o minimize the erratic fluctuations 
in the stirring, experiments were carried out in which 
the hanging mercury drop was rotated, as first suggested 
by Barendrecht.8 The electrodes were constructed 
from carefully selected straight sections of 6-mm soft 
glass tubing and mounted in an eight-jaw chuck which 
was belt driven by a synchronous motor. The eight- 
jaw chuck permitted precise centering of the electrode. 
Drops of mercury from a dropping-mercury electrode 
capillary were hung on these electrodes and could be 
rotated up to about 30 rpm. The instantaneous cur
rent fluctuations were markedly reduced and the aver
age preelectrolysis current could be reproduced to at 
least ± 3 % . The major difficulty was that with the 
size of mercury drop used here, the electrode could not 
be rotated fast enough to eliminate entirely diffusion 
from the bulk of the solution as a means of mass trans
port. Nevertheless, by monitoring the current during 
the preelectrolysis step, the effect of the deviations in 
the constant current could be evaluated, and this 
method of producing known amalgams was used in some 
of the experiments.

The third method of preparing known hanging 
amalgam drops did not require controlling either the 
current or the time of preelectrolysis, but rather in
volved direct control of the quantity of electricity flow
ing during the preelectrolysis. In this procedure, a 
step-functional controlled potential was applied to the 
cell. First, the preelectrolysis potential was applied. 
During this interval, an electrodeposition of the amal
gam was carried out, and simultaneously a signal pro
portional to the current flowing was fed to an analog 
integrator. When the output of the integrator reached 
a preset value (normally in about 15 sec) signifying 
the accumulation of the desired amount of metal in the 
mercury, the electrolysis cell was automatically re
moved from the circuit for a 1-min quiescent period, 
during which the potential assumed its equilibrium

(zero-current) value. This interval is required to per
mit diffusion of the metal atoms in the mercury so that 
concentration gradients within the mercury drop are 
minimized.6 After this quiescent period, the potential 
was manually switched to the stripping potential and 
the anodic current-time curve was recorded. Using 
this procedure, the composition of the amalgam drops 
could be reproduced to at least 1%. The main ad
vantage of this procedure, of course, is that since the 
preelectrolysis step is controlled directly by the quantity 
of amalgam accumulated, the mechanism of mass trans
port in the solution is no longer an important variable 
and does not have to be controlled.

Experimental Section
All experiments were carried out on an instrument 

based on the operational amplifiers manufactured by
G. A. Philbrick Researches, Inc. (Boston). The circuit 
was essentially the same as that presented previously,9 
except that the controller amplifier did not include a 
booster amplifier because fairly low electrolysis cur
rents were used. Using the previous notation, PS-1 
and PS-2 were battery-operated, low-voltage power 
supplies. M -l was a Leeds and Northrup Speedomax 
G Series 6000 recorder with a chart speed of 27.9 ± 0 .2  
in./min, a full-scale sensitivity of 10 mv, and a nominal 
full-scale response time of 0.4 sec. M-2 was a single 
operational amplifier (Philbrick K2-XA) connected as 
a “ contactor with hysteresis” 10 used to switch the elec
trolysis cell out of or into the circuit by operating mer
cury-wetted relays. The circuit was normally set to 
operate when the output of the integrator reached a 
preset level of the order of 40 v. The relay coil cir
cuits included diodes (with manual polarity reversal) 
so that the contactor could be used with either positive- 
or negative-going outputs from the integrator, and thus 
could be used for either anodic or cathodic experiments.

The cell was similar to that described previously,11 
except that the Teflon lid was provided with neoprene
O-rings fitted into each hole for the electrodes, scoop, 
nitrogen inlet, etc., to ensure that no air could enter. 
To reduce the number of holes required in the lid, the 
counterelectrode (2 in. of 18-gauge platinum wire) was 
mounted on the mercury drop transfer scoop. The 
working electrodes were made from 6-mm glass tubing 
and to minimize shielding effects,2’11 the tips of the elec

(8) E. Barendrecht, Nature, 181, 764 (1958).
(9) See Figure 9 in W . L. Underkofler and X. Shain, Anal. Chem., 35, 
1778 (1963).
(10) See Figure 3.3 in “ Applications Manual for Philbrick Octal- 
Plug-in Computing Amplifiers,” G. A. Philbrick Researches, Inc., 
Boston, 1956, p 19.
(11) G. S. Alberts and I. Shain, Anal. Chem., 35, 1859 (1963).
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trodes were ground to a point so that very little glass 
remained around the platinum-glass seal. Convection 
shields were used on the working electrode as described 
previously.11 The reference electrode was Ag-AgCl, 
placed directly in the cell. Thus, a salt bridge was not 
used, and convection in the solution resulting from flow 
of the electrolyte through the Luggin capillary was 
eliminated.

All experiments were carried out at 25.0 ±  0.1°. 
The cell and thermostat were mounted on a 60-lb slab 
of concrete, supported by four semiinflated plastic 
balls (8-in. diameter) to minimize vibration. High- 
purity nitrogen was passed through each solution for at 
least 15 min to remove oxygen. All chemicals were 
reagent grade, and were used without further purifica
tion. The electrode area was determined after each 
experiment by collecting the individual hanging mer
cury drop and weighing it on a microbalance.

Results
To demonstrate and evaluate the application of this 

method of determining the diffusion coefficients of 
metal species dissolved in mercury, the reduction- 
oxidation sequence for the Cd(II)-Cd(amal) system 
was studied. The preelectrolysis potential was —0.725 
v and the stripping potential was —0.525 v, both with 
respect to the Ag-AgCl electrode. Anodic current
time curves were analyzed by plotting the parameter 
iy/t as a function of y/t as suggested by Lingane,12 to 
provide a more sensitive evaluation of the spherical 
correction term, and to give a more realistic weighting 
of the data on the time scale, as compared with the pre
viously used i vs. 1 /y/t plots. In addition, the effects 
of the depletion of the mercury drop (the third term in 
brackets in eq 5) could be more easily noted. A typical 
plot of iy/t vs. y/l is shown in Figure 1, where the ex
perimental results for the oxidation of a cadmium amal
gam are compared with theory, i.e., eq 5 multiplied by 
y/t. Shielding effects at the top of the mercury drop 
were found to be very small, and the electrode area 
could be taken as 4irr02, contrary to the case in which the 
electroactive material is in the solution and diffuses 
toward the drop.11

In utilizing plots as shown in Figure 1 for the cal
culation of the diffusion coefficient, the intercept at t =  
0 provides a value of y/DH associated with the time- 
dependent decay of the current, while the slope of the 
straight line portion (up to 30 sec) provides a value of 
Dr associated with the “ spherical correction”  term. 
Generally, deviations between the two values of D r 
obtained can be used to evaluate other sources of error, 
particularly in determining the electrode area. The re
sults obtained in one series of experiments are sum-

Figure 1. Comparison of experimental results with theory 
for the dissolution of a cadmium amalgam; solution:
8.4 X IO-5 M Cd(II); 0.1 M potassium chloride; amalgam 
concentration after 180-sec preelectrolysis at a rotating 
electrode, 1.20 X 10~3 M; electrode radius, r0 = 0.0536 
cm; solid line, theoretical (eq 5 multiplied by y/t); 
dashed line, theoretical (first two terms only); points, 
experimental. Ordinate in units of cm/\/sec, X10~3.

marized in Table I. These data were obtained over a 
period of several days; the different values of r0 corre
spond to collecting 1, 2, or 3 drops of mercury from the 
capillary to form the hanging drop electrode. The 
close agreement between the mean values obtained 
from the slope and intercept indicate that the extra
neous determinate errors have been minimized. How-

Table I : Diffusion Coefficient of Cadmium in Mercury, 
Calculated from Experimental Plots of iy f  ! vs. y/t

n,
cm Intercept

■Ocd/Hg (X106), cmvseca 
Slope Ratio

0.0520 1.61 1.57 1.52
0.0656 1.61 1.57 1.52
0.0751 1.60 1.59 1.61
0.0524 1.55 1.62 1.71
0.0660 1.54 1.68 1.84
0.0525 1.55 1.59 1.64
0.0661 1.59 1.71 1.84
0.0756 1.63 1.69 1.76
0.0526 1.69 1.63 1.57
0.0658 1.61 1.62 1.63
0.0755 1.63 1.69 1.76

Mean 1.60 1.63 1.67
Std dev 0. C4 0.05 0.12

a Dca/Hg = 1.61 X 10~6 cm2/sec, relative standard deviation 
3.0%, calculated from “intercept” and “slope” data only.

(12) P. J. Lingane, Anal. Chem., 36, 1732 (1964).

Volum e  7 0 , N um ber  7  J u ly  1966



2 2 8 0 W i l l i a m  G . S t e v e n s  a n d  I r v i n g  S h a i n

ever, relatively poor precision of the individual measure
ments over the series indicates that other factors such 
as convection (possibly induced by drop movement 
when the potential is changed2) are still important.

It is also possible to calculate the diffusion coeffi
cient from the ratio of the slope to the intercept

D =  f  (slope) (r0) _
L (intercept) (y/ w)

This method was thought to be of interest since it is not 
necessary to know explicitly the bulk concentration, 
number of electrons, or electrode area (although the 
radius must be known, which is equivalent). These re
sults are also included in Table I, but this method of 
treating the data does not appear to be as precise as 
the others, possibly because it is more sensitive to small 
errors in determining the electrode radius.

The results summarized in Table I are a realistic 
evaluation of the method, using relatively conventional 
instrumentation. Although literature values6'13-15 of

Dca/Hg ranging from 1.45 to 2.45 X 10-5 cm2/sec have 
been reported, this method would seem to yield a less 
ambiguous result than the other methods. Any 
significant improvement in the precision probably would 
require extensive changes in the experimental approach, 
including better elimination of vibration and probably 
a digital read-out system. However, the technique is 
rapid and convenient, and the precision is adequate for 
most studies on amalgam systems, where it should find 
wide application.

Acknowledgment. This work was supported in part 
by the U. S. Atomic Energy Commission under Con
tract No. AT(11-1)-1083. Some of the preliminary 
experiments were carried out by John Lewinson.

(13) N. H. Furman and W . C. Cooper, J . Am. Chem. Soc., 72, 5667 
;i950).
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The Photochemistry of Phosphorus Compounds. IV. Photolysis of Sodium 

Hydrogen Phosphate in Aqueous Solution

by M . Halmann and I. Platzner

Isotope Department, The Weizmann Institute of Science, Rehovoth, Israel (Received January 28, 1966)

Aqueous solutions of Na2H P04 and methanol on irradiation at 1849 A decompose, releas
ing hydrogen gas. In the presence of nitrous oxide, nitrogen is also formed. Added 
acetone or H2PO4- ions decrease the nitrogen yield. The relative rates of the above 
reactions indicate that photolysis of aqueous H P042~ produces the hydrated electron 
(eaq_). These results confirm previous conclusions from the absorption spectrum of phos
phate anions, that the strong band below 2000 A is due to a charge-transfer-to-solvent 
type of transition. The second-order rate constant (in M -1 sec-1) for the following reac
tion was determined at 25° and ionic strength y =  1.5 [based on eaq_ +  N20  -*■ N2 +  
OH +  H O - (k =  (5.6 ±  2) X 109) ], eaq~ +  H^Ch-  -► H +  H P042- [k =  (4.9 ±
2) X 107].

I. Introduction

The photochemistry of aqueous solutions of various 
anions, such as halides, hydroxide, and sulfate, has 
recently been studied.1 II. 1 Irradiation at 1849 A of such 
solutions also containing methanol and nitrous oxide 
yielded molecular hydrogen and nitrogen. The mech
anism proposed involved the formation of a hydrated 
electron, ejected from an excited state of the ion. 
The absorption spectrum of the phosphate ion2 is 
similar to that of the above anions3 in having a steep 
absorption edge below 2000 A. Environmental effects 
on the spectrum indicated that absorption of light in 
this region for these anions is due to a charge-transfer- 
to-solvent type transition, presumably involving forma
tion of the hydrated electron.1 The purpose of the 
present work is also to obtain photochemical evidence 
about the nature of the excited phosphate anion. 
Evidence will be sought for other intermediate species, 
such as hydrated electrons, eaq~, and hydrogen atoms, 
as well as on the reactivity of these species with phos
phate anions.

II. Results

(a) Photolysis in the Presence of Methanol. The 
quantum yields of the formation of molecular hydrogen 
in the photolysis of evacuated aqueous sodium hydrogen 
phosphate, containing only added methanol as an

efficient scavenger for hydrogen atoms,4 * are shown in 
Table I and Figure 1. The hydrogen yield increases 
with methanol concentration. Concentrations above
1.2 M  methanol could not be used because of insuf
ficient solubility of sodium hydrogen phosphate at 
higher proportions of methanol in the solvent. Table 
I also includes the corrections for direct photolysis 
of methanol and water.

(b) Photolysis in the Presence of Methanol and Ni
trous Oxide. Quantum yields of molecular nitrogen and 
hydrogen upon irradiation at 1849 A of solutions of

(1) (a) J. Jortner, M . Ottolenghi, and G. Stein, J. Phys. Chem., 66, 
2037 (1962); 68, 247 (1964); (b) F. S. Dainton and S. R. Logan, 
Proc. Roy. Soc. (London), A287, 281 (1965); (c) F. S. Dainton and 
P. Fowles, ibid. , A287, 312 (1965); (d) J. Barrett, M . F. Fox, and 
A. L. Mansell, Nature, 200, 257 (1963); J. Phys. Chem., 69, 2996 
(1965); (e) M. Shirom and G. Stein, Nature, 204, 778 (1964).
(2) (a) M . Halmann and I. Platzner, Proc. Chem. Soc., 261 (1964); 
(b) M . Halmann and I. Platzner, J. Chem. Soc., 1440 (1965); (c) 
M . Halmann and I. Platzner, ibid., 5380 (1965).
(3) (a) H. Ley and B. Arends, Z. Physik. Chem., B6, 240 (1929); 
B15, 311 (1932); (b) M . Smith and M . C. R. Symons, Trans. Faraday 
Soc., 54, 338, 346 (1958); (e) T. R. Griffiths and M . C. R. Symons, 
ibid., 56,1125 (1960); (d) M . J. Blandamer, T . R. Griffiths, L. Shields, 
and M . C. R. Symons, ibid., 60, 1524 (1964); (e) G. Stein and A. 
Treinin, ibid., 55, 1086, 1091 (1959); (f) J. Jortner, B. Raz, and G. 
Stein, ibid., 56, 1273 (1960); (g) J. Jortner, B. Raz, and G. Stein, 
J. Chem. Phys., 34, 1455 (1961); (h) S. J. Strickler and M . Kasha, 
ibid., 34, 1077 (1961); (i) J. L. Weeks, G. M . A. C. Meaburn, and 
S. Gordon, Radiation Res., 19, 559 (1963).
(4) J. Barrett and J. H. Baxendale, Trans. Faraday Soc., 56, 37
(1960).
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Figure 1. Yield of hydrogen as a function of time and of 
methanol concentration in the photolysis of aqueous sodium 
hydrogen phosphate (0.100 M): (a) yield vs. time at various 
methanol concentrations; (b) quantum yield (1 , 
total; 2, corrected for photolysis of water and methanol) 
as a function of methanol concentration.

Table I : Quantum Yield of Hydrogen, <t>Sl, as a Function of 
Methanol Concentration in the Photolysis of Aqueous 
Sodium Hydrogen Phosphate (0.100 M)
CH3 OH, M 0.01 0.10 0.50 1.20
<t>h2 (obsd) 0.060 0 .10 7 0 . 1 5 5 0.205
«(HPOd-), M-' 485 ±  5 440 ±  10 420 ±  10 400 ±  10

cm * 1
Fraction of light 0.969 0.955 0.902 0 .8 2 1

absorbed by 
HP042-

<t>h2 (cor)“ 0 .0 51 0.092 0 . 1 1 7 0 . 1 3 4

° <(>h2 (cor) represents the net quantum yield of hydrogen from 
the photolysis of HPOi2-.

sodium hydrogen phosphate are presented in Table II. 
These solutions also contain sodium dihydrogen phos
phate, as well as added methanol for scavenging of 
hydrogen atoms, and nitrous oxide, for efficient scaveng
ing of hydrated electrons.6 As shown in Figure 2, the 
yield of molecular nitrogen at first increases with the 
nitrous oxide concentration, reaching a limiting value, 
presumably by almost complete scavenging of hydrated 
electrons, at [N20 ] = (7-11) X 10-3 M, with a quan
tum yield of 0.506 ±  0.006. On the other hand, the 
molecular hydrogen yield drops with increasing nitrous 
oxide concentration to a limiting value of about 0.02. 
An identical minimum concentration of nitrous oxide 
was reportedla-c for the photolysis of aqueous solu
tions of chloride, bromide, sulfate, or hydroxide ions.

(c) Photolysis in the Presence of Methanol, Nitrous 
Oxide, and Acetone. Acetone is known to be an ef
ficient scavenger for hydrated electrons.6® In the 
photolysis of aqueous sodium hydrogen phosphate, 
containing constant concentrations of methanol, H2- 
P 0 4~, and nitrous oxide, acetone indeed was found to 
decrease the quantum yield for formation of molecular 
nitrogen (see Table III).

Table II : Relative Quantum Yields of Nitrogen, 0n2, and 
Hydrogen, <f>h2, as a Function of Nitrous Oxide Concen
tration in the Photolysis of Aqueous Sodium Hydrogen 
Phosphate Containing Methanol (0.25 M) and H2PO4-

HPOP-, 
10> M

H2PO.-, 
10> M

N2O, 
HP m ¿H2 0N2

<t> n2/
0H2

444 56 11 0.040 0.465 11.6 0.505
444 56 8 0.045 0.360 8.00 0.405
444 56 5 0.056 0.262 4.70 0 .3 1 8
444 56 2 0.120 0 . 1 2 5 1 .0 4 0.245
444 56 0.85 0 .16 2 0.050 0 .3 1 0.212
490 10 11 0.024 0.481 20.1 0 .505
490 10 8 0 .0 3 1 0 .385 1 2 .4 0 .4 16
490 10 5 0.040 0 .275 6.87 0 .3 1 5
490 10 2 0.074 0 .16 5 2 .2 4 0.239

500 4 19 .4 0 .0 17 0.490 28.8 0.507
500 4 1 6 .2 0.025 0.487 19 .5 0 .5 12
500 4 11 0.020 0.487 24.4 0.507
500 4 8 0.024 0.487 2 0 .5 0 . 5 1 1
500 4 6.8 0.025 0.438 1 7 . 5 0.463
500 4 5 0.030 0.325 10.8 0 .355
500 4 4 .5 0.035 0 .3 10 8.86 0 .345
500 4 3 0.049 0.230 4.70 0.279
500 4 2 0 .0 51 0 .14 8 2.88 0 .19 9
500 4 1 . 4 0.070 0 . 1 1 7 1.68 0 .18 7
500 4 0.85 0.066 0.066 1.00 0 . 1 3 2

“ 4> = <£h, +  <t>n2.

Figure 2. Quantum yields of hydrogen <£h2 (upper curves) 
and of nitrogen <t>n2 (lower curves) as a function of 
nitrous oxide concentration in the photolysis of aqueous sodium 
hydrogen phosphate (0.44-0.50 M) containing methanol 
(0.25 M) and H2P04-  (A, 0.004; B, 0.010; C, 0.056 M).

(5) (a) F. S. Dainton and S. A. Sills, Nature, 186, 879 (1960); (b) 
G. Czapski and J. Jortner, ibid., 188, 50 (1961); (c) J. H. Baxendale, 
et al., Nature, 201, 468 (1964); (d) J. P. Keene, Radiation Res., 22,
1 (1964); (e) M . Anbar and P. Neta, Intern. J. Appl. Radiation
Isotopes, 16, 227 (1965).

T he  Journal  o f  P hysica l  Chem istry



P h o t o c h e m i s t r y  o f  P h o s p h o r u s  C o m p o u n d s 2283

Table III: Quantum Yield of Nitrogen, <£N!, as a Function of
Acetone Concentration in the Photolysis of Aqueous Sodium 
Hydrogen Phosphate (0.500 M) Containing H2P04~ (0.004 
M), Methanol (0.25 M), and Nitrous Oxide (0.002 M)

Acetone, 0 0 0 0.002 0.002 0.004 0.004
M

<t> n ,  0.150 0.145 0.148 0.087 0.080 0.065 0.063

III. Discussion
In order to account for the observed quantum yields 

of nitrogen and hydrogen from the photolysis of aque
ous solutions of disodium hydrogen phosphate con
taining nitrous oxide and methanol, several mecha
nisms may be examined. Since all irradiations were 
carried out under conditions such that 96-99% of the 
light was absorbed by the phosphate dianion, the initial 
process must be a transition of this ion to some elec
tronically excited state, which we shall denote by
(h p o 42-)*

H P042-  +  hv — > (H P042-)*  (1)

The excited state may revert to the ground state, 
without photochemical consequences, or it may 
react with some component of the solution, or it may 
dissociate to release some reactive fragment, such as 
a hydrogen atom or an electron.

A. Direct interaction of the excited state with the 
components of the solution may involve both charge 
and energy transfer, as shown below for reactions 2 
to 5, or it may involve merely energy transfer (shown 
below in brackets for several of these reactions). 
Both variants of this mechanism are indistinguishable 
with respect to stable products. Possible reactions are

(HPCh2-)*  +  N20  — ► N2 +  O - +  H P04- “  (2) 

(or N2 +  O +  HPCh2-)  

(HPCh2-)*  +  H2P 0 4~ — >
H +  H P04- -  +  H P042-  (3) 

(HPO42-)*  +  H20  — > H +  O H - +  H P04- -  (4) 

(or H +  OH +  HPO42-) 

(HPO42-)*  +  CH3OH +  H20  — >
H +  CH2OH +  H P04- -  +  (H20 ) -  (5) 

(or H +  CH2OH +  HPO42-)

followed by scavenging of hydrogen atoms with meth
anol to form molecular hydrogen. The radical and 
ion fragments H P 04- ~, O- , O, and OH are scavenged 
by the methanol in the solution, without giving gaseous 
products. The radical CH2OH disproportionates to

formaldehyde and methanol, or combines to yield ethyl
ene glycol.ld The relative quantum yield of nitrogen 
and hydrogen required on the basis of the above scheme 
is (assuming homogeneous kinetics)

<£n*/$h2 =  fa [N20 ]/(fa [H2P 04_ ] +
fc4[H20 ] +  fa [CH3OH ])

Therefore, the relative yield </>N2/<fe2 should be pro
portional to the nitrous oxide concentration. As shown 
in Figure 3, such a proportionality was not obtained.

B. Direct dissociation of the excited state to re
lease hydrogen atoms, which subsequently react with 
nitrous oxide or with methanol, would require the fol
lowing expression for the relative quantum yields of 
nitrogen and hydrogen

=  f c ( H + N 20 )  [N20]/fc(H+CHjOH) [CH3OH]

The reactivity of hydrogen atoms with methanol and 
with nitrous oxide has been measured before by dif
ferent groups.6 7 Taking6b fc(H+cH,0H) = 1.6 X 106 
A f-1 sec-1 and fc(H + n 2o i  = 1.2 X 104 M~x sec-1, 
we can predict for a solution containing nitrous oxide 
(0.02 M) and methanol (0.25 M) a ratio of quantum 
yields

W < te 2 = 1.2 X 104 X 0.02/
1.6 X 106 X 0.25 = 6 X 10-4

The observed relative quantum yield under such con
ditions was about 30 (see Table II), and this mecha
nism can therefore be excluded.

C. After release of an electron from the excited 
state to the solvent, this electron may presumably react 
as the hydrated electron, eaq- , the reactivity of which 
toward many compounds has been studied by flash 
radiolysis or photolysis.57 The following reactions of 
hydrated electrons are expected to occur in the system 
under study

HPCh2-  +  hv — ► (HPCh2-)*  — >
H P04- “  +  ea„ -  (1) 

esq-  +  N20  +  H20  — >  N2 +  OH +  O H - (6) 

eaq~ +  H2P 0 4-  — ► H +  H P042-  (7)

eaq-  +  CH3OH +  H20  — ►
H2 +  CH2OH +  O H - (8) 

eaq-  +  H20  —*■ H +  O H - (9)

(6) (a) F. S. Dainton and S. A. Sills, Proc. Chem. Soc., 223 (1962); 
(b) F. S. Dainton and P. Fowles, Proc. Roy. Soc. (London), A287, 
295 (1965).
(7) (a) E. J. Hart, J. K . Thomas, and S. Gordon, Radiation Res. 
Suppl., 4, 74 (1964); (b) E. J. Hart, Science, 146, 19 (1964).
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H +  CH3OH — > H2 +  CH2OH (10)

The reaction with water, k$, can be neglected be
cause of its very small rate constant, (4.5 ±  0.4) X 
102 M ~l sec-1.5e For discussion of the competitive 
scavenging of the hydrated electron, it is useful to 
investigate separately three regions: (a) at high nitrous 
oxide concentrations, [N20 ] >  10-2 M, (b) at moderate 
concentrations where 0 <  [N20 ] <  10-2 M, and (c) 
in the absence of nitrous oxide.

(a) Above about 0.01 M Nitrous Oxide. The limiting 
total quantum yield (<£Nj +  $h2) equals 0.506 ±  0.006. 
According to Dainton and Fowles,10 under such con
ditions the scavenging of electrons and hydrogen 
atoms proceeds by homogeneous kinetics. Therefore, 
at high nitrous oxide concentrations

( 0 h , -  Q)/<h, =  W O  +  fa [H2P 04- ])/(fa [N20 ])

where Q represents the yield of hydrogen by direct 
photolysis of methanol and water, and SkC represents 
the sum of hydrogen-producing reactions of the hy
drated electron, except for reaction 7.

Thus, a plot of ($h2 — Q)[N2O ]/0n2 vs. [H2P04- ] 
should be linear, with a slope fa/ fa. From a least-square 
plot of the results in Table IV, we get for the rela-

Table IV : Quantum Yields of Hydrogen, h2, and Quantum 
Yields of Nitrogen in the Photolysis of Aqueous Sodium 
Hydrogen Phosphate (0.44 to 0.50 M) Containing Nitrous 
Oxide and Methanol (0.25 M) as a Function of 
Dihydrogen Phosphate Concentration

[HüPOî -], [NiO], 10‘ (« h2-Q) X
M M [N20 ) /^ n2

0 .0 0 4 0 .0 1 9 0 .0 37 6 3 .5 0
0 .0 0 4 0.011 0 .0 41 9 2 .7 0
0 .0 0 4 0 .0 0 8 0 .0 48 2 2 .6 4
0 .0 1 0 0.011 0 .0 49 5 3 .6 6
0 .0 3 7 0.011 0 .0 69 0 5 .8 4
0 .0 5 6 0 O il 0 .0 86 2 7 .5 5

tive rate constants at ionic strength u — 1.45 ±  0.05.

fa/fa =  (8.8 ±  0.7) X 10-3

Choosing for reaction of the hydrated electron with 
nitrous oxide the value5c'd fa =  (5.6 ±  2) X 109 
M -1 sec-1, we get

fa =  (4.9 ±  2) X 107 M -1 sec-1

The present result for fa, the rate constant for reaction 
of the hydrated electron with the phosphate mono
anion at ionic strength 1.45, can be extrapolated to 
ionic strength zero by using the extended Debye-

Figure 3. Relative quantum yields of nitrogen and 
hydrogen n2/<Ah2 as a function of nitrous oxide concentration 
in the photolysis of aqueous sodium hydrogen phosphate 
(0.44 to 0.50 M) containing methanol (0.25 M) and 
H2P04-  (A, 0.004; B, 0.010; C, 0.056 M ) .

Hiickel theory of ionic solutions and the Br0nsted- 
Bjerrum relationship between rate constants and ionic 
strengths8

log ( W )  =  1.02(Zeoq~)(Zh.poi- ) {M*/2/ [1 +  a(M‘A)]}

where fa0 is the rate constant at zero ionic strength; 
a is taken as unity. Thus, we get fa/fa0 =  3.5; 
therefore fa0 = 1.4 X 107 M -1 sec-1. Previously, 
reported values for fa0 by different methods are (5.5 ±  
0.9) X 10«, 1.2 X 107, and 1.7 X 107 M -1 sec-1.9

(6) At Nitrous Oxide Concentrations below 0.01 M. 
As shown in Figure 2, the quantum yield of nitrogen 
rises, while the quantum yield of hydrogen drops, with 
increasing nitrous oxide concentration. The total 
yield of gaseous products, $  =  <f>x2 +  4>ru, also depends 
on the nitrous oxide concentration. Analogous non
linear changes in quantum yields as a function of 
scavenger concentration had been obtained also in 
the photolysis of other anions in aqueous solution.10

(c) In the Absence of Nitrous Oxide. As seen in 
Figure 1, the quantum yield of hydrogen from the 
direct photolysis of HPO42- depends on the methanol 
concentration. At the highest methanol concentra
tions used (1.2 M), the quantum yield of hydrogen 
reaches values of 0.14. Figure lb shows that low con
centrations of methanol considerably affect the hy
drogen yield. Possibly, the methanol in this region, 
in addition to reacting with the hydrated electron 
according to reaction 8, also scavenges the HPO4 ■-  
radical ion, according to the following reaction

(8) G. Czapski and H. A. Schwartz, J. Phys. Chem., 66, 471 (1962).
(9) J. Rabani in “Solvated Electron,” Advances in Chemistry 
Series, No. 50, American Chemical Society, Washington, D . C.,
1965, p 245.
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H P O r- +  CH3OH — > H2P 0 4-  +  CH2OH

thus preventing the back-reaction of the radical ion 
with the hydrated electron.

The much lower quantum yield for scavenging of 
the hydrated electron by dihydrogen phosphate ion 
than by nitrous oxide seems to suggest a different 
mechanism for scavenging by the two reagents. A 
similar observation had been made in a study of the 
photolysis of aqueous sulfate, where the quantum 
yields of scavenging hydrated electrons by nitrous 
oxide10 and methanolld are 0.71 and 0.37, respectively. 
In the photochemistry of aqueous ferrocyanide it was 
shown that the dihydrogen phosphate ion is also a 
much less effective scavenger for the hydrated elec
trons than nitrous oxide.le The increase in the 
quantum yield of hydrogen with the dihydrogen phos
phate ion concentration (Figure 2) is in agreement with 
reaction 7.

IV. Conclusions

The relative quantum yields of hydrogen and nitro
gen at high scavenger concentrations after photolysis 
of aqueous sodium hydrogen phosphate are in agree
ment with those expected for reactions of the hydrated 
electron with the various scavengers in solution. It 
therefore seems proven that hydrated electrons are the 
initial reactive species following the absorption of light 
in the hydrogen phosphate dianion. This result sup
ports the spectroscopic evidence that the absorption 
band of phosphate anions in the 1850-A region is due 
to a charge-transfer-to-solvent type of transition.

Dissociative capture of the electron by a dihydrogen 
phosphate ion

eaq-  +  H2P 04-  — > H +  H P042-  

followed by hydrogen abstraction

H +  r c h 2o p o 3h -  — >  h 2 +  r c h o p o 3h -

seems to be of interest as a model of the effects of hy
drated electrons on various organic or inorganic phos
phorus derivatives.10’20 Some of the photolytic or 
radiolytic "damage”  on organic phosphates of bio
logical importance may be by reactions of this type.

V. Experimental Section

Light Source. A spiral-shaped, flat-headed, low-pres
sure mercury lamp (Thermal Syndicate) was operated 
at 3000 v and 30 ma from a transformer connected to 
a stabilized 220-v supply. No filters were used. 
About 12% of the ultraviolet emission of this lamp 
appears at the 1849-A line.

Irradiation. Solutions were irradiated in a cylin
drical flat-bottomed quartz cell (12-cm length, 23-mm 
i.d.), the lower part of which could be immersed in a 
removable thermostat (25.0 d= 0.5°). The cell con
tained a glass-covered magnetic stirring bar (15-mm 
length, 2-mm o.d.); it was connected to the vacuum 
line through a glass stopcock. Irradiation was carried 
out by placing the lamp below the cell.

Actinometry. The output of the lamp at 1849 A 
was obtained by measuring the amount of hydrogen 
evolved by the irradiation of 5 M  aqueous methanol. 
Accepting the reported615 quantum yield of about 0.5, 
a light flux of 4 X 10-6 einstein min-1 was found to be 
incident upon the reaction cell at this wavelength.

It should be pointed out that the quantitative in
terpretation in this work is based only on the ratio 
of quantum yields, which is independent of the value 
chosen for the quantum yield of the actinometer.

Procedure. Freshly prepared phosphate solution 
(10 ml) was pipetted into the cell and connected to the 
vacuum line for degassing by repeated freezing ( —80°) 
and pumping out (three times). Finally, the solution 
was stirred while the cell was closed and then con
nected for a few seconds to the vacuum line. The 
final pressure, measured with a Philips gauge above 
a liquid air trap, was less than 10-4 mm. For equi
libration of solutions with nitrous oxide, the cell was 
connected to a flask (about 250 ml) containing a known 
pressure of nitrous oxide and was stirred for 2 hr.la 
The cell was then disconnected from the line and ir
radiated for periods from 2 to 5 min.

Gas Analysis. The gaseous products were analyzed 
by gas chromatography, using a molecular sieve (Linde 
Air Products Co. 5A 35-50 mesh) column (2.0-m length,
3-mm i.d.) which was activated by maintaining for 
24 hr at 350° in a slow stream of argon. The column 
was operated with argon carrier gas (16 ml min-1 flow 
rate) and a thermal conductivity cell (Gow-Mac 
Instrument Co., Model TRIIB) at 100°. The gas 
samples were transferred with a Toepler pump through 
one trap at —80° (to retain water and methanol) 
and one trap cooled by liquid air (to retain nitrous 
oxide) into the inlet tube of the gas chroma
tograph. Hydrogen, oxygen, and nitrogen were com
pletely separated by the column used, with peak 
maxima appearing after 1.6, 2.4, and 5.6 min, respec
tively. No measurable amounts of oxygen could be 
detected in the gas after irradiation; its quantum yield 
must be less than 0.002.

Materials and Solutions. Sodium hydrogen phos
phate (Na2H P04-12H20 ), potassium dihydrogen phos
phate (KH2P 04) (both Analar), methanol (spectro
scopic grade) (all by British Drug Houses), and acetone
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(Fluka AG, Puriss) were used without further puri
fication. Water was redistilled from alkaline perman
ganate and then from phosphoric acid, atmospheric 
carbon dioxide being excluded. Nitrous oxide (Mathe- 
son Co., Inc.) was purified by repeated freezing with 
liquid air and evacuation. Only fresh solutions were 
used, contained in glass-stoppered flasks, covered with 
plastic foil (to protect from carbon dioxide).

In solutions of the concentrations used, 96-99% of 
the absorption of light at 1849 A was due to the 
H P042~ ion. The methanol, water, acetone, H r 
P 0 4~ ion, and nitrous oxide absorbed about 0.8, 0.8, 
0.6, 0.1-1.5, and 0.1-0.2% of the light, respectively. 
Formation of nitrogen by the direct photochemical 
decomposition of nitrous oxide (by absorption of the 
2537-A line of the lamp) could be shown to contribute

only 0.4% of the total quantum yield of nitrogen. The 
values of molar absorptivity at 1849 A of phosphate 
mono- and dianion,2b methanol,311 acetone,10 and nitrous 
oxide60 taken were 60, 420, 6.2, about 300, and 60 
M~l cm-1, respectively. Water has an absorption 
coefficient of 1.45 cm-1 at this wavelength.11 1 The cor
rection Q for hydrogen yield resulting from the direct 
photolysis of methanol and water is estimated to be 
0.008.6b
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The Apparent Molal Volumes of the Alkali Metal Chlorides in Aqueous 

Solution and Evidence for Salt-Induced Structure Transitions

by Fred Vaslow

Chemistry Division, Oak Ridge National Laboratory,1 Oak Ridge, Tennessee 37831 (Received January 31, 1966)

High-precision, closely spaced measurements have been made of the apparent molal volumes 
(densities) of aqueous solutions of the alkali metal chlorides at 25° from 0.02 to 3.5 m. 
Above 0.1 m it is found that the results for LiCl are represented within experimental error 
as a linear function of c‘/z in two sections of different slope with a narrow transition region 
at about 1 N. For heavier salts the transition region becomes wider and the center moves 
to lower concentrations, the linear portions essentially disappearing for the RbCl curve. 
Comparing the volume curves with the behavior of the heat contents and viscosities of the 
solutions, it is concluded that the curve transitions actually do indicate some kind of 
physical transition of the solutions. It is tentatively suggested that the effect is due to a 
cooperative action of several ions on the solvent structure in the neighborhood of the ions.

Introduction
In connection with studies on thermal effects in ion- 

exchange resins, a number of graphs of literature values 
of the relative apparent molal heat contents of alkali 
metal halides and other salts were prepared. In many 
of the curves, where for convenience the independent 
variable had been taken as the log of the ratio moles of

water to moles of salt, it appeared as if in the neighbor
hood of 1 m there were substantial, possibly abrupt 
changes in the slope or form of the curves. At lower 
concentrations the curves more or less paralleled the con

(1) Research sponsored by the U. S. Atomic Energy Commission 
under contract with the Union Carbide Corp.
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centration axis but in the neighborhood of 1 to they 
turned upward' or downward depending on the salt. 
The interionic interaction energy is presumably slowly 
varying in this concentration region, and the concentra
tion is well below the region where one might expect 
hydration shell effects, and the concentration de
pendence was wrong for an ion-pairing effect. Conse
quently, there did not seem to be any reasonable or sim
ple explanation for a change in character of the curves, 
and since no quantitative or objective description of 
the “ effect”  could be given, it seemed sensible to con
sider these “ effects”  as artifacts.

About the time of these observations several new con
cepts of liquid structure were introduced: the “ signifi
cant structure theory”  of Eyring,2 the “ statistical 
geometry”  of Bernal,3 and the pentagonal tetrahedron 
suggested by Pauling4 as a basis for the structure of 
water. While different in purpose, a concept common 
to each of these theories was the idea of a “ crystallite” 
or “ pseudo nucleus”  which contained a number of 
liquid molecules in some type of cluster large compared 
to what might be expected in the first hydration shell of 
an ion.

In particular, the type of cluster suggested by Paul
ing was a regular dodecahedron containing 20 water 
molecules. In the liquid there would probably be a 
small number of nonordered molecules associated with 
each of the dodecahedra so that perhaps a total of 25 
molecules could be associated with each group which 
was about the ratio of water molecules to ions where 
the changes in the heat curve occurred. It has been 
pointed out5 that under certain conditions such groups 
need not be disrupted by the fields of neighboring ions 
and conceivably the effect might represent an interac
tion of the ions with an individual cluster of the Pauling 
or other type.

With this rather speculative possibility in mind, the 
apparent molal heat content data as well as literature 
data on other properties such as volumes and viscosities 
were closely examined to see whether serious considera
tion of an effect was in fact warranted. Of particular 
interest were the apparent molal volume curves for 
NaCl6 and NaBr6'7 which showed that both above and 
below a short region around 1 N the curves were very 
accurately linear functions of c‘/! (c is the molar con
centration).8 In a short region around 1 N, the pro
portionality constant for the square-root law changed 
from one definite value to another slightly different 
value.9

If there were an ideal physical situation where the 
true functional relationship between some property of 
the solution and the concentration were known and this 
relationship changed over a limited region to another

and different relationship, then some sort of complex, 
nonlinear process would have to occur. For example, a 
component or a particular type of site could be ex
hausted or a cooperative change of structure could oc
cur, not involving a first-order phase change, however. 
The essential point is not that there is a sharp angle or 
even an abrupt change in the curves but that the curves 
go asymptotically from one accurately defined func
tional form to another different form in a limited re
gion.

In a real experimental situation these considerations 
are still valid but the problem is to decide with any de
gree of assurance whether a given experimentally 
found relationship is physically significant and not 
simply a matter of inaccurate data or a fortuitous tan- 
gency over a limited range of the curve. In the case of 
the c h relationship for the apparent molal volume, 
this function has been found applicable to a great many 
solutions10'11 over wide concentration ranges. For 
some of the most accurately measured systems,6'7'12 
on either side of the transition region and on a highly 
expanded scale, the data show no obvious nonrandom 
deviation from the square-root relationship over ex
tended concentration ranges. The concentration re
gions where the slope changes occur appear to be the 
same regions originally observed for the changes of the 
heat content curves, and the centers of these transition 
regions can be accurately and unambiguously defined. 
It is tempting, therefore, to consider that this behavior 
might be of physical significance and should be tested 
using whatever criteria that may be applicable or avail
able.

(2) H. Eyring, T. Ree, and N. Herai, Proc. Natl. Acad. Sci. U. S., 44, 
683 (1958).
(3) J. D. Bernal, Nature, 185, 68 (1960).
(4) L. Pauling, “ The Nature of the Chemical Bond,” 3rd ed, Cor
nell University Press, Ithaca, N. Y ., 1960, p 472.
(5) F. Vaslow, J. Phys. Chem., 67, 2773 (1963).
(6) W . Geffken and D. Price, Z. Physik. Chem., B26, 81 (1934), 
Figure 1.
(7) W . Geffken, A. Kruis, and L. Solana, ibid., B35, 317 (1937), 
Figure 3.
(8) D. 0 . Masson, Phil. Mag., [7] 8, 218 (1929).
(9) It must be emphasized that only relatively high concentra
tions are being considered in this paper. At low concentrations the 
Debye-Htlckel universal limiting laws for each property are ap
proached and neither the high concentration square-root relation
ship nor a linear and a c1/ 3 relationship used later in the paper are 
valid. While at low concentrations, the data presented here are 
completely consistent with the theoretical limiting law, the agree
ment has been considered in the sense of a sensitive test for the data 
rather than a new confirmation of the theory.
(10) H. S. Harned and B. B. Owen, “ The Physical Chemistry of 
Electrolyte Solutions,” 2nd ed, Reinhold Publishing Corp., New 
York, N. Y „  1950, p 253.
(11) W . Y . Wen and S. Saito, J. Phys. Chem., 68, 2639 (1964).
(12) A. Kruis, Z. Physik. Chem., 134, 1 (1936).

Volum e  7 0 , N um ber  7 J u ly  1966



2 2 8 8 F r e d  V a s l o w

In the work presented here very accurate and closely 
spaced measurements of the apparent molal volumes 
(densities) of the alkali metal chlorides have been made 
in order to define the functional relationships as clearly 
as possible. Statistical criteria are applied in order to 
test the validity of a mathematical description of the 
curves in terms of two segments and a transition region, 
and finally comparisons are made of the volume curves 
with those of other properties.

It is at least tentatively concluded on the basis of the 
evidence presented that an effect or “ transition”  does 
occur. The transition occurs at different concentra
tions for different salts and hence is not indicative of 
any single type of solvent group. The degree of sharp
ness is found to be strongly dependent on the nature 
of the salt. A brief discussion is given of some possible 
interpretations of the effect although it is recognized 
that much more work in this area is necessary.

Experimental Section
The apparatus used was a differential hydrostatic 

balance very similar to that described by Redlich and 
Bigeleisen.13 Fused quartz bobs of 450-ml volume and 
mean density 1.2 were used with 0.002-in. tungsten wire 
suspensions. The small size of the support wires made 
corrections for changes in displacement or surface ten
sion unnecessary ; however, as with Pt wires a clean 
surface on the solution was essential. For rapid mix
ing of stock solution additions, identical motor-driven 
stirrers running in U tubes at the sides of the main con
tainers were used. The system sensitivity was about 
two parts in 107 in relative density. The salts used 
were specially purified LiCl and KC1 showing less than 
0.03 and 0.01% by weight, respectively, of other alkalies 
and alkali earths by flame photometer analyses. All of 
the NaCl and the KC1 used in run III were Harshaw 
single-crystal optical grade materials containing less 
than 10 ppm of other alkali metals and Ca. The RbCl 
and CsCl were from Penn Rare Chemical Co. and as
sayed about 99.9% by weight with the CsCl containing 
about 0.1% carbonate. The equivalent weights used 
were 42.40, 58.45, 74.55, 120.94, and 168.37 for LiCl, 
NaCl, KC1, RbCl, and CsCl, respectively. Water 
triply distilled from quartz was taken to have a density 
of 0.997071 g/ml at 25.000°. The temperature was 
controlled with a commercial regulator having drifts of 
a few thousandths of a degree per day which had no ap
parent effect on the runs.

At the start of a run the weights of the individual sus
pensions and bobs were obtained as well as the system 
zero with both bobs in pure water. After determining 
the zero point of the balance, accurately weighed por
tions of stock solution were added to one of the cham

bers which contained about 850 ml of water known 
to about 0.1%. After each three or four additions of 
stock solution and the subsequent density measure
ments, a weight buret was used to withdraw and ac
curately weigh a sample of the solution for analysis. 
From the analyzed number of equivalents of salt added 
and removed and the measured concentrations, the 
exact amount of water in the system (to 0.01%) was 
calculated and used to interpolate concentrations be
tween the analytical values.

All of the analyses for LiCl, RbCl, and CsCl were by 
differential potentiometric titration of Cl-  with AgN 03 
solution with a procedure similar to that used by 
Kunze and Fuoss.14 Standardization of the AgN 03 
was against stock solutions of NaCl or KC1. The 
stock solutions as well as some of the more concentrated 
experimental solutions of KC1 and NaCl were analyzed 
by direct weighing of dried (at 400° for KC1 and 500° 
for NaCl) residues of the solutions with a minimum salt 
weight of 2 g. All weights were reduced to in vacuo 
values. Depending somewhat on the size of the sam
ple, standard deviations of the sets of titration analyses 
ranged from 0.005 to 0.015% with the gravimetric 
analyses generally differing by less than 0.01%. The 
deviations in absolute standardization of the AgN 03 
solutions from run to run were slightly larger than the 
average deviations within a run. Consequently, in a 
few runs small adjustments were made of the apparent 
AgNOs concentration in order to bring the data from 
different runs into better over-all coincidence. In the 
first run of this work NaCl-I the technique had not 
been fully developed and a slightly larger adjustment 
has been made. The adjustments to the AgN 03 
solutions normally about 0.13 mequiv/g of solution 
were multiplicative factors equal to 1.0005 for NaCl-I 
and a maximum of 1.0002 for any others. The effect 
of the adjustment is to change the concentration by a 
constant factor for each point of the particular run, 
lowering or raising the entire curve by a corresponding 
approximately constant amount. At least two inde
pendent runs were made for each salt with four runs 
for NaCl and three for KC1.

Errors were considered on the basis of the equation 
given by Redlich and Bigeleisen13

10005d 1000(d -  d°)8c
s* = ~  +  «—  (1>

84>, 8d, and 8c are the uncertainties in volume, density, 
and concentration, respectively, d° is the density of 
pure water, and d is the solution density.

(13) O. Redlich and J. Bigeleisen, J. Am. Chem. Soc., 64, 758 (1942).
(14) R. W . Kunze and R. M . Fuoss, J. Phys. Chem., 66, 30 (1962).
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Taking the chloride analyses as being accurate to 
±0.01%, i.e., 8c/c = 0.0001, there is an uncertainty 
in volume of about 0.002, 0.003, 0.005, 0.010, and 
0.015 for LiCl, NaCl, KC1, RbCl, and CsCl, respec
tively, with only a small dependence on concentration. 
The estimated errcr in the density measurements is 
based on an uncertainty of 0.1 mg on the balance 
which corresponds to about 0.002 ml at 0.1 to. Since 
this error decreases as 1 / to, above 0.1 to for all salts 
and for RbCl and CsCl at any concentration the errors 
are mainly due to concentration uncertainties. As 
shown in Table II of the Discussion, the error estimates 
shown here are consistent with statistical analyses of 
the data for LiCl, NaCl, and KC1 solutions but ap
parently too large for RbCl and CsCl. Since the 
numbers of points for RbCl and CsCl are lower, the 
statistical significance is less; however, the results 
might also indicate that the estimated error of analysis 
is conservative.

Results

The experimental results are shown graphically in 
Figure 1 where the theoretical limiting law, <j> =  F2° +  
1.86-\/cj15 has been subtracted from the data. This 
subtraction allows a somewhat larger scale to be used 
than would be otherwise possible.

The values of F° were obtained by fitting the equa
tion, 4> = F2° +  l.S 6V c +  Ac,16 to the data up to 0.1 
N using a computer least-squares program to determine 
the parameters F2° and B. Points below 0.1 N were 
weighted according to the formula W — 10 N. The 
values of F2° obtained are 16.991 ±  0.01, 16.628 ±  
0.006, 26.886 ±  0.01, 31.94 ±  0.03, and 39.15 ±  0.05 
ml for LiCl, NaCl, KC1, RbCl, and CsCl, respectively. 
The errors given are based primarily on an estimated 
uncertainty in the absolute concentration which de
termines a larger error than that corresponding to 
statistical variations. No corrections have been made 
for impurities in the salts.

Also shown in Figure 1 are points from previous work 
for KC1 and NaCl. With the exception of the points 
for KC1 at low concentration, the agreement seems 
generally very good. The differences for KC1 are larger 
than the expected errors, however, and run KC1-III 
was done as a check on the first two runs using an in
dependent sample of high-purity KC1 and a slightly 
different procedure. The new results were within 
experimental error of the first two runs.

The approach of the curves to the limiting law should 
be a sensitive test of the quality of the data at low 
concentrations and the present data are completely 
consistent with this law. At the same time, the agree
ment at higher concentrations suggests that the ana-

Figure 1. Apparent molal volumes of alkali metal chlorides 
with limiting law subtracted from experimental points:
O, Kruis,12 magnetic float; O, Wirth;16 X , Geffken and Price,8 
magnetic float; + , Kruis,12 dilatometer.

lytical procedures are accurate and consequently it 
is difficult to account for the discrepancy.

An accurate summary17 of the data is contained in 
Table I, where the points have been read from very 
large-scale plots of all of the original data using spline- 
drawn smooth curves. For a more detailed examina
tion of the original data, Table II gives one complete 
run for LiCl showing molality, apparent volume, and 
the change in density from that of pure water.

Discussion
The principal purpose of these experiments has been 

to examine as critically as possible the validity of the 
description of the volume curves in terms of two dif-

(15) H. E. Wirth, J. Am. Chem. Soc., 62, 1129 (1940), Figure 1.
(16) O. Redlich and D. M . Meyer, Chem. Rev., 64, 221 (1964).
(17) The complete original data are available in Oak Ridge National 
Laboratory Report TM-1438.
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Table I :  The Apparent Molal Volumes of the Alkali Metal Chlorides in Aqueous Solution at 25.00° (ml/mole)

m LiCl NaCl KC1 RbCl CsCl

0 16.991 16.628 26.886 31.94 39.15
0.05 17.386 17.032 27.310 32.355 39.578
0 .1 17.525 17.210 27.480 32.549 39.760
0.2 17.715 17.437 27.723 32.810 40.018
0.3 17.856 17.579 27.912 33.000 40.220
0.4 17.972 17.775 28.075 33.175 40.385
0.5 18.074 17.909 28.221 33.323 40.525
0.6 18.167 18.038 28.357 33.465 40.655
0.7 18.252 18.158 28.482 33.595 40.778
0.8 18.331 18.271 28.601 33.713 40.887
0.9 18.406 18.380 28.711 33.826 40.996
1 .0 18.476 18.433 28.820 33.935 41.105
1.2 18.606 18.670 29.015 34.135 41.306
1.4 18.731 18.854 29.195 34.321 41.475
1.6 18.846 19.024 29.374 34.492 41.642
1.8 18.953 19.186 29.532 34.646
2.0 19.055 19.336 29.688 34.000
2.5 19.288 19.674 30.038
3.0 19.495 19.990
3.5 19.677 20.267

(3.8375 m) (3.6602 m) (2.9343 m) (2.4487 m) (1.6977
19.788 20.353 30.322 35.115 41.722

Table I I : Apparent Molal Volumes and Change in
Densities of LiCl Solutions

m 1000AD
0V,

ml/mole

0.028513 0.7146 17.297
0.056754 1.4156 17.403
0.084772 2.1064 17.488
0.16984 4.1843 17.665
0.26432 6.4643 17.806
0.35556 8.6415 17.920
0.44371 10.7247 18.016
0.52891 12.7204 18.099
0.62177 14.8758 18.185
0.71126 16.9359 18.260
0.79758 18.9074 18.329
0.88090 20.7956 18.392
0.96825 22.7623 18.453
1.0524 24.6428 18.511
1.1335 26.4432 18.564
1.2118 28.1671 18.614
1.2938 29.9608 18.667
1.3727 31.6772 18.714
1.4488 33.3213 18.760
1.5222 34.8964 18.803
1.6908 38.4863 18.895
1.9129 43.1389 19.014
2.0467 45.9043 19.082
2.1974 49.0027 19.150
2.5119 55.3356 19.292
2.9179 63.3078 19.462
3.2687 70.0109 19.601

ferent function segments and a transition region con
necting the segments. If this description is valid 
and is consistent with other physical properties, 
then it is presumed that the transition represents a 
physically significant and interesting property of the 
solution.

Examining the curves of Figure I it is seen that above 
about 0.1 N (cl/l — 0.4) the description for LiCl solu
tions is a very good one. For the heavier salts the 
width of the transition region increases until for RbCl 
most of the curve is transition and the description is 
not applicable. Comparing these curves with those 
for some other salt solutions where reasonable data are 
available and the above behavior seems clear, the NaBr 
curve6 appears to have a slightly sharper transition at 
a slightly higher concentration than NaCl. In the 
tetraalkylammonium bromides measured by Wen 
and Saito,11 a sequence similar to that of the alkali 
chlorides is present in that the sharpness of the slope 
change (not the minimum in the curve) increases on 
going from the tetramethyl to the tetrapropyl salt. 
The tetrabutyl salt shows a slight dip just before the 
minimum and may indicate that the transition has 
been hidden by the minimum. It is of interest that 
the sequence of increasing sharpness of the transition 
parallels the sequence of increasing solvent ordering 
for both the alkali metal salts and the tetraalkylam
monium salts.18-21
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Returning to the alkali chlorides, it is desirable, inso
far as pòssible, to test mathematically the validity of 
the segmental concept of the curves. For this purpose 
an explicit description of the curves in terms of two 
slopes and a transition is derived and fitted to the data 
and this is compared with polynomials in c‘/! (i.e., 
<j) = A +  B c/2 +  Cc +  D c /2. . .  ) of from three to six 
parameters fitted to the data by a computer least- 
squares procedure. The Gauss criterion22 is used 
to establish a statistically justifiable number of param
eters and accuracy of fit (i.e., standard deviation) 
of the equations.

The explicit description of the curves requires two 
slopes, a zero intercept, an intersection point, and a 
parameter describing the relative sharpness of the 
transition. The transition itself can be described 
through the use of a function which rises from 0 to 1 in 
the appropriate region. The simplest function having 
this property and being a type common in chemical equi
librium expressions is of the form

f(c’A) = (c‘A:n
K n +  (c'/!)n (2)

K  is very nearly the intersection point of the two 
slopes and n a parameter governing the width of the 
region. The parameter n has arbitrarily been limited 
to even integers. The slopes cf the volume curves 
are then given by the expression

d±_ _  „  , &(cvy
dc,/s 1 +  Kn +  (cvy ( 3 )

where Si is the initial slope and St is the slope incre
ment. The volume is given by

(ch)ndch 
K n +  {¿h y ( 4 )

where 4>° is a constant of integration not equal to V2°.
Although the integral can be explicitly written, the 

expression is complicated for n > 2 and it is simpler 
to evaluate the integral at each concentration by a 
computer calculation. For values of c‘A sufficiently 
far from the transition, the function is either 0 or 1 and <j> 
can be directly calculated using 4>°, Si, St, and K  in a 
simple linear form. Above the lowest concentrations, 
the maximum deviation of two straight lines from the 
experimental points is about 0.04 ml for NaCl and 
0.004 ml for LiCl.

Initial parameters for eq 4 were obtained directly 
from the curves and these parameters refined by com
paring the computed and experimental values of <f>. 
Since no explicit minimizing of the mean-square devia
tion was done, some increase in this quantity over that

obtained from the power series expressions can be ex
pected. The values of the standard deviations and 
Gauss criteria for the polynomials and eq 4 are shown 
in Table III. Only points above 0.1 N were used and 
eq 4 was not applied to the RbCl and CsCl data.

Table III : Gauss Criterion and Standard Deviations

Salt 3

LiCl 12 X 10s 14.4
<7 X 103 3.7

NaCl 12 44.2
a 6.5

KC1 12 23.8
<r 4.7

RbCl 12 4.7
CsCl G 9.6

---- No. of parameters-------
4 5 6 Eq 4

13.4 4.2 4.3 4.4
3.5 1.9 1.9 2 .0

15.5 1 0 .2 7.7 8.4
3.8 3.1 2.7 2 .8

24.1 21.5 2 1 .0 2 2 .8
4.7 4.4 4.2 4.5
4.5 4.2 4.1
7.1 6.9 6.6

The differences of points computed with eq 4 from 
the experimental values are shown in Figure 2 on a 
scale expanded on the original drawing approximately 
fifteen times that of Figure 1, along with the parameters 
used. The computed curves are almost indistinguish
able from the points of Figure 1 on the scale of this 
figure.

Returning to Table III, it is seen that five parameters 
are justified for the LiCl curve and five or six for NaCl. 
The differences of the standard deviations of eq 4 from 
those of the five- or six-parameter power series are 
statistically insignificant and it can be concluded that 
eq 4 also represents the data within experimental 
error. While eq 4 cannot be justified for KC1, con
sistency with the LiCl and NaCl curves might justify 
its use.

It has not been possible to show that eq 4 has any 
more than a marginal statistical preference over five- 
parameter polynomials and the question is: does the 
comparison support the segment concept? In this 18 19 20 21 22

(18) R. W . Gurney, “ Ionic Processes in Solution,” Dover Publica
tions Inc., New York, N. Y ., 1962, p 258.
(19) H. Yamatera, B. Fitzpatrick, and G. Gordon, J. Mol. Spectry., 
14, 268 (1964).
(20) S. Lindenbaum and G. E. Boyd, J. Phys. Chem., 68, 911 (1964).
(21) S. Lindenbaum, ibid., 70, 814 (1966).
(22) A. G. Worthing and J. Geffner, “Treatment of Experimental 
Data,” John Wiley and Sons, Inc., New York, N. Y ., 1943, p 260. 
The Gauss criterion 12 is defined as

n =  z(2/° ~ y)-  
n — m

where yo — y  is the difference of calculated and experimental values, 
n is the number of points, and n  is the number of variable parameters. 
The function is minimized for the statistically justifiable number of 
parameters.
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Figure 2. Deviations of apparent molai volumes from eq 4.

respect the justification of five or six parameters in 
itself requires data of a very high accuracy and poly
nomials of this complexity can accurately represent 
very involved curves. The conclusion that can be 
made under the circumstances is that eq 4 does represent 
the data within experimental accuracy and no simpler 
polynomial has been found which can equal this 
accuracy.

If the transition observed in the volume curves does 
correspond to a real physical transition of the solution, 
then it should be observable in properties other than 
the volume. The presumed transition is small and 
diffuse, however, and detection is difficult unless it is 
possible to establish with some confidence that the 
property does obey a simple physical law. The criteria 
for the law are, for lack of a definitive theory, exactness 
and extent of fit, requiring again accurate, closely spaced 
data for the test.

For two properties of LiCl and NaCl solutions, the 
relative apparent molal heat content23-26 and the rela
tive viscosity,26 -  30 reasonable data are available at 
moderate-to-high concentrations. Also, in some con
centration regions it is empirically found that the

relative viscosity is linear in c and the heat content 
linear in c‘/a. Although these rules do not have a rigor
ous theoretical foundation, the linear relationship may 
be related to the Einstein viscosity law and the c /s 
relationship corresponds to the energy behavior of a 
regular ionic lattice and hence they are not wholly 
arbitrary functions. In order to show clearly the 
nature of the agreement of these functions with ex
periment, relative to the deviations, differences of ex
perimental and calculated points are determined and 
plotted on a substantially enlarged scale. Parameters 
of the appropriate equation are obtained by a visual 
fit to the data and then used to calculate values of the 
property for each point.

Figure 3 shows the LiCl heat curve, Figure 4 shows 
the NaCl heat curve, and Figure 5 shows both viscosity 
curves. The parameters are given in the figures and 
the arrows show the values of K  obtained from the 
volume measurements. It is seen that in each of these 
curves as well as in the curve showing the slope of the 
apparent molal heat capacity given by Young and 
Machin31 there is a strong deviation of the data from 
the simple function as the transition region is ap
proached. Anticipating the Conclusions section, the 
reason that NaCl heat contents do not follow the c‘/j 
law below 1 N as does LiCl may be in a relative insta
bility of the solvent structure in the neighborhood of 
theNa+ion.

The volume and other properties can be plotted 
as functions of other variables, i.e., m or t o , rather 
than those used and in each case the graphs are curved 
with no apparent straight portion. The transition 
region can still be observed and hence is not an artifact 
of the equation or method of plotting. However, the 
appearance of the transition is that of a small change 
in curvature in the total curve. It is much less ob
vious and the observation is much more critically depend
ent on having accurate and closely spaced data.

The existence of elementary relationships which do 
not show the transition property cannot be excluded 23 24 25 26 27 28 29 30 31

(23) E. Lange and F. Dürr, Z. Physik. Chem., 121, 361 (1926).
(24) S. G. Lipsett, F. M . G. Johnson, and O. Maass, J. Am. Chem. 
Soc., 50, 2701 (1928).
(25) J. Wust and E. Lange, Z. Physik. Chem.. 116, 161 (1925).
(26) V. D . Laurence and J. H. Wolfenden, J. Chem. Soc., 1144 
(1934).
(27) L. Nickels and A. J. Allmand, J. Phys. Chem., 41, 861 (1937).
(28) G. Jones and S. M . Christian, J. Am. Chem. Soc., 59, 484 
(1937).
(29) C. E. Ruby and F. Kawai, ibid., 48, 1119 (1926).
(30) A. Chambers, Thesis data in R. H. Stokes and R. Mills, “ Vis
cosity of Electrolytes and Related Properties,” Pergamon Press, 
Ltd., Oxford, 1965, p 118.
(31) T. F. Young and J. S. Machin, J. Am. Chem. Soc., 58, 224 
(1936).
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Figure 3. Deviations of the relative apparent 
molal heat content of LiCl from m113 law; 
data from Lange and Dürr.23

Figure 4. Deviations of the relative apparent molal 
heat content of NaCl from mI/s law: + , Lipsett, 
Johnson, and Maass;24 0, Wust and Lange.25

nor can it be proven that the relationships used are 
physically significant. The significance would appear 
to be in that, for each of these properties where it has 
been possible to find an elementary functional relation
ship, the data deviate sharply on approaching the tran
sition region. In no case has it been possible to find 
such a relationship valid across the transition region.

Conclusions
Accepting at least tentatively that a transition does 

take place over a limited concentration range, some 
consideration can be given to possible causes of the

Figure 5. Deviations of the specific viscosities of 
LiCl and NaCl from a linear function of c: O, Laurence and 
Wolfenden;26 □, Nickels and Allmand;27 + , Jones and 
Christian;28 X, Ruby and Kawai;29 *, Chambers.30

effect. The evidence is limited and the discussion 
highly speculative; however, a few remarks can be 
made.

The original incentive for this work was provided by 
the idea that the transitions in the curves might indi
cate the existence of a specific type of structure group 
in water. If the concentration at the intersection of 
the lines is taken as determining the size of the group, 
then apparently there is no obvious fixed group since 
the intersection point varies from 0.81 (K2) in KC1 to
1.14 in LiCl and about 0.5 in tetrapropylammonium 
bromide. The results are not inconsistent with theories 
proposing varying cluster sizes such as those of N^methy 
and Scheraga32 or Luck.33

An explanation of the results involving a filling up of 
one type of site for the ions and the initiation of a dif
ferent type at the trans;tion would also appear to be 
ruled out. In order to cbtain a sharp segregation into 
the different sites such as evidenced by the sharp

(32) G. Némethy and H. A. Scheraga, J. Chem. Phys., 36, 3382 
(1962).
(33) W . Luck, Ber. Bunsenges , Physik. Chem., 69, 626 (1965).
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change of slope in the LiCl solutions, a large difference 
in the partial molal free energy per site would be 
necessary and this is not seen in the activity coefficient 
curve of LiCl. A similar argument would apply against 
any simple hydration shell picture based on the idea 
that the transition occurred when all of the water 
molecules were already in hydration shells and new 
ions had to penetrate these shells.

In order to obtain a narrow transition region without 
a large partial molal free energy change, a cooperative 
effect among the ions appears necessary and this would 
seem borne out by the relatively high powers of the 
concentration found for eq 4. Whatever the nature 
of the solvent structure around an individual ion, as 
groups of ions approach one another, this structure is 
cooperatively changed. Those ions which initially 
had the most stable or ordered solvent structures in 
their neighborhood would require the largest number of 
cooperating ions to transform the structure. Ions 
with unstable neighboring solvent structures would

show the most diffuse effect starting at the lowest con
centrations.

It has been previously suggested by Samoilov34 
and by the author6 that in a dilute solution the organi
zation of solvent molecules in the neighborhood of an 
ion is largely determined by the normal water structure. 
Samoilov continues that in concentrated solutions the 
organization is determined by the combined ionic 
fields. The effects studied here might therefore be 
interpreted as a transition between the dilute and con
centrated solution types of solvent organization.
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(34) 0 . Ya. Samoilov, “The Structure of Aqueous Solutions and the 
Hydration of Ions,” English Translation, Consultants Bureau, New 
York, N. Y ., 1965, p 134.
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Thermodynamic Properties in the Exchange of Silver with Sodium 

Ions in Cross-Linked Polystyrene Sulfonate Cation Exchangers1 2

by F. Vaslow and G . E. Boyd

Oak Ridge National Laboratory, Oak Ridge, Tennessee 378S1 (Received February 9, 1966)

Standard free energy and enthalpy changes, AG° and AH0, respectively, for the exchange 
reaction of silver ion in dilute aqueous solutions with sodium ion in a series of cross-linked 
polystyrenesulfonic acid type cation exchangers were estimated from equilibrium selec
tivity coefficient and heat of exchange measurements at 25°. The standard entropy 
changes, AS°, derived from AG° and AH0, showed that the selective uptake of Ag+ ion 
was accompanied by an entropy increase. The AH° values were either small or zero 
except with the most highly cross-linked exchanger; the magnitude of the decrease in 
AG° therefore was governed by the magnitude of TAS°. The unusual behavior of silver 
ion, in contrast with other singly charged cations where AG° is governed by the enthalpy 
decrease, was explained in terms of “ site-binding”  of Ag+ by the sulfonate groups of the 
exchanger. The strongly selective uptake of trace quantities of silver was attributed to 
a charge-transfer interaction of Ag+ ion with the benzene groups in the exchanger.

Silver ions in dilute aqueous solution are known to 
differ significantly from the alkali metal cations in 
their ion-exchange reactions with strong-acid type cat
ion exchangers. Thus, the selective uptake of Ag+ in 
its exchange reactions with Na+ ion is appreciably 
larger than expected either on the basis of the ionic 
(crystal) radii or on the basis of the effective radii of the 
two hydrated ions which are nearly the same.2a The 
similarity of these two cations in aqueous solution is 
reflected also by their hydration entropies, which have 
been estimated as —15.8 and —14.5 eu for gaseous 
Ag+ and Na+, respectively.2b The free energies of 
hydration for the same ions are —106 and —91.5 kcal 
mole-1, respectively, so that if ion-exchange selectivity 
is obtained because of more complete cation hydration3 
in the dilute external solution than in the resin phase, 
sodium should have been the preferred ion. However, 
several types of measurements suggest that ion-water 
interactions by themselves do not determine the ion- 
exchange behavior of Ag+ ion. (a) The small osmotic 
coefficients of very lightly cross-linked silver polystyrene 
sulfonate4 5 relative to the coefficients for salts with other 
cations show that Ag+ ion interacts strongly with the 
sulfonate group, (b) The relatively large penetration 
(Donnan invasion) of the silver forms of cross-linked

cation exchangers by anions from an external aqueous 
solution6 requires that Ag+ ion be extensively associated, 
(c) The electric conductivities6 and self-diffusion coeffi
cients7 for singly charged ions in cross-linked sulfonic 
acid exchangers have shown that the mobility of silver 
is much less than that of sodium ion, whereas in aqueous 
solutions the situation is reversed, thus indicating strong 
binding of argentous ion in the exchanger.

A distinctive feature in the behavior of silver ion com
pared with other singly charged cations is its strongly 
preferred uptake, especially by highly cross-linked sul
fonic acid exchangers, when it is present in trace concen
trations in aqueous solutions. The results of several ob

(1) Research sponsored by the U. S. Atomic Energy Commission 
under contract with the Union Carbide Corp.
(2) (a) E. R. Nightingale, Jr., J. Phys. Chern., 63, 1381 (1959); 
(b) W . M . Latimer, J. Chem. Phys., 23, 90 (1955).
(3) D . C. Whitney and R. M . Diamond, Inorg. Chem., 2, 1284 
(1963).
(4) B. A. Soldano and Q. V . LarSon, J. Am. Chem. Soc., 77, 1331 
(1955).
(5) J. F. Duncan, Proc. Roy, Soc. (London), A214, 344 (1952).
(6) E. Heymann and 1. J. O’Donnell, J. Colloid Sci., 4, 405 (1949) t
(7) G. E. Boyd and B. A . Soldano, J. Am. Chem. Soc., 75, 6091 
(1953).
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servers8-11 are in agreement on this effect, for which as 
yet no explanation has been given.

The calorimetric and equilibrium selectivity coefficient 
measurements reported in this paper were undertaken to 
determine if information on the heat and entropy of the 
exchange of silver ion would aid in the elucidation of the 
nature of its binding by cation exchangers. The pref
erential uptake of the alkali metal cations has been 
found to be accompanied by the evolution of heat and by 
a decrease in entropy.12’13 This result has been inter
preted13 as indicating that the binding of these cations 
was nonspecific (i.e., ion atmosphere binding) and that 
ion-pair formation (i.e., site binding) in the sense that the 
cation and the anionic exchanger group possessed a defi
nite structure involving one or more water molecules 
probably did not occur. During the course of our work, 
Redinha and Kitchener14 published a calorimetric study 
on the silver-sodium and silver-hydrogen ion-exchange 
reaction in several cross-linked polystyrenesulfonic acid 
exchangers. However, their work on the former system 
was much less extensive than ours, and the interpreta
tion given below differs in several respects.

Experimental Section

The calorimeter was the same as in our measurements15 
of the heats of exchange of the halide ions in variously 
cross-linked strong-base anion exchangers, except for the 
temperature-sensing element which was changed from a 
36-junction copper-constantan thermocouple to a pair of 
2006-ohm thermistors connected to the opposite sides of 
a bridge circuit. A highly stable sensitivity of about 
15 /tdegwas realized with the thermistors, which compares 
favorably with that observed with the multi junction 
thermocouple. The over-all reliability of the calorimeter 
system was checked by measurements of the heat of solu
tion of NaCl(c) and of the heats of dilution of HC1 solu
tions of accurately known concentrations. Excellent 
agreement with literature values was obtained.

Strong-acid cation exchangers of the Dowex-50 type 
(polystyrenesulfonic acid) nominally cross linked with 1, 
4, 8, 16, and 24% divinylbenzene (DVB) and with ex
change capacities of 5.18, 5.24, 5.06, 4.73, and 4.64 
mequiv/g of dry HR, respectively, were employed. 
Selectivity coefficients, D Na+Ag+, for the uptake of Ag+ 
by the sodium form of the exchangers were measured at 
25° with aqueous NaN0a-AgN03 mixtures at a con
stant ionic strength of 0.1 M. The distribution of 
silver ion between the exchanger and the equilibrium 
aqueous electrolyte mixture was measured with 270-day 
110Ag and 15-hr 24Na tracers. The variation of DNa+Ag +,
with the equivalent fraction of the preferred Ag+ ion in 
the exchanger, xAs +, is shown in Figure 1.

Figure 1. Selectivity coefficients for the silver-sodium 
ion exchange at 25° with variously cross-linked Dowex-50. 
(Data for filled symbols taken from ref 9.)

Results and Discussion
Certain general features of the dependence of the 

selectivity coefficients (Figure 1) and of the differential 
heats of exchange (Figure 2) on the cross linking and 
ionic composition of the cation exchangers may be noted. 
The selectivity coefficients showed a regular increase with 
cross linking and were nearly independent of the equiva
lent fraction of silver, xAg+, in the exchanger except for a 
marked increase in the uptake of Ag+ by the most 
highly cross-linked exchangers below xAg + =  0.1 to 0.2. 
There were no selectivity coefficient cross-overs or inver
sions in contrast, for example, with the K+-Na+ and 
Cs+-N a+ ion-exchange systems16 and many others. 
The measurements on the 8%  DVB exchanger were in 8 9 10 11 12 13 14 15 16

(8) (a) E. Hôgfeldt, E. Ekedahl, and L. G. Sillén, Acta Chem. 
Scctnd., 4, 1471 (1950); (b) E. Hôgfeldt, ibid,., 6, 610 (1952) ; (c) E. 
Hôgfeldt, ibid., 7, 561 (1954).
(9) G. E. Boyd, B. A. Soldano, and O. D. Bonner, J. Phys. Chem., 
58, 456 (1954).
(10) G. E. Wilson, A. W . Davidson, and W . J. Argersinger, Jr., J. 
Am. Chem. Soc., 76,3824 (1954).
(11) (a) O. D . Bonner and V. Rhett, J. Phys. Chem., 57, 254 (1953) ; 
(b) O. D. Bonner and W . H. Payne, ibid., 58, 183 (1954); (c) O. D . 
Bonner, ibid., 58, 318 (1954).
(12) E. H. Cruickshank and P. Meares, Trans. Faraday Soc., 53, 
1289 (1957).
(13) G. E. Boyd, F. Vaslow, and S. Lindenbaum, ./. Phys. Chem., 
68, 590 (1964).
(14) J. S. Redinha and J. A . Kitchener, Trans. Faraday Soc., 59, 
575 (1963).
(15) F. Vaslow and G. E. Boyd, J. Phys. Chem., in press.
(16) G. E. Myers and G. E. Boyd, ibid., 60, 521 (1956).
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Figure 2. Differential heats of exchange at 25° of silver 
with sodium ions in variously cross-linked Dowex-50.

excellent agreement with previous determinations9 in the 
composition range 0.06 <  xAg + <  0.95. The more ex
tensive measurements made in this research for xAg+ <  
0.06, however, revealed a nearly twofold increase in the 
selectivity coefficient as the amount of silver in the ex
changer approached zero. The DNa+Ag+ values for the 
nominal 16% DVB also are in good agreement with other 
measurements110 on the same preparation. The rela
tively large selectivity coefficients exhibited by the 
nominal 1% DVB cross-linked preparation are consistent 
with the view that Ag+ ion is one of the most strongly 
bound of all the singly charged cations formed by the 
group I elements.

The dependence of the heats of exchange (Figure 2) on 
cross linking and exchanger composition contrasts with 
the behavior of the equilibrium selectivity coefficients al
ready noted. For high cross linking and small silver ion 
loadings, the reaction was strongly exothermic. How
ever, over most of the composition range except for the 
nominal 24% DVB preparation it was weakly endo
thermic. In the nominal 1% DVB cross-linked prep
aration the exchange reaction was athermal within the 
experimental error.

Integral heats of exchange, defined by

AH =  I (d AH/dxAe+)dxAg*
Jo

were estimated by graphical integrations (Figure 2). 
Standard heats of cation exchange, AH°, for the hypo
thetical reaction

NaR (a =  1, eq 0.1 N NaN03) +
AgN 03 (aq, a =  1) ~

AgR (a = 1, eq 0.1 N AgN 03) +
NaN03 (aq, a =  1) +  n ll20  (aw =  1)

were derived by correcting the integral heats by the dif
ference in the relative apparent molal heat contents, <f>l, 
of the two 0.1 N aqueous solutions

AH° — AH — A<t>L

A value of A^l =  <f>L(NaN03) — 0i/AgNO3) =  56 cal 
mole-1 at 25° was estimated with data taken from a re
cent compilation.17

Standard free energies, AG°, were computed from the 
data in Figure 1 with the formula

- A G° =  2.303RT f  log DndxAg +
Jo

where D0 is the experimentally measured equilibrium 
selectivity coefficient corrected for aqueous electrolyte 
solution activity coefficients. The required values for 
this correction, y±2(NaN03) /7 ±2(AgN03), which did not 
exceed 3%, were derived for an ionic strength of ju =0 .1  
following Robinson and Stokes.18

Standard-state thermodynamic quantities for the ex
change of Ag+ with Na+ ion in variously cross-linked 
polystyrene sulfonates are given in Table I. The data 
in the table show that the selective uptake of silver ion 
was governed by the entropy increase in its ion-exchange 
reaction. The standard heat was small and was either 
positive (i.e., heat absorbed) or negative or zero, whereas 
AS0 became progressively more positive with increasing 
exchanger cross linking. The heat and free energy 
measurements of Redinha and Kitchener14 on nominal
4.5 and 8% DVB cross-linked polystyrene sulfonates 
gave standard entropy increases of 1.8 and 2.6 eu, re
spectively. A value of 3.5 eu may be derived from their 
results with a 16% DVB exchanger. All of these values 
agree reasonably well with corresponding entries in Table 
I. Interestingly, the measurements by these authors 
also show that AS° for the silver-hydrogen ion exchange 
is much less positive than for the exchange with sodium 
ion and that the selective uptake of silver ion was de
termined by the enthalpy decrease.

(17) V . B. Parker, “ Thermal Properties of Aqueous Uni-univalent 
Electrolytes,” National Standard Reference Data Series, National 
Bureau of Standards, NSRDS-NBS 2, Washington, D. C., 1965.
(18) R. A. Robinson and R. H. Stokes, “ Electrolyte Solutions,” 
Butterworth and Co. Ltd., London, 1955, p 440.
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Table I : Standard Free Energies, Heats, and Entropies of 
Exchange at 298.2° of Silver with Sodium Ion in Variously 
Cross-Linked Polystyrene Sulfonates

Nominal
cross — AG0, - A  H °, A S°,

linking, kcal kcal cal deg -1
% DVB mole-1 mole-1 mole _1

1 0.30 0.00 1 . 0
4 0.56 -0 .0 4 2.0
8 0.83 -0 .1 1 3.1

16 1.23 0.12 3.7
24 1.47 0.34 3.8

O u r  r e s u l t s  w i t h  t h e  n o m i n a l  8 %  D V B  e x c h a n g e r  

( T a b l e  I )  h a v e  b e e n  c o m b i n e d  w i t h  t h e  A G°, A H °,  a n d  

A S °  v a l u e s  r e p o r t e d  e a r l i e r 13 o n  t h e  s a m e  e x c h a n g e r  t o  

g i v e  a d d i t i o n a l  t h e r m o d y n a m i c  q u a n t i t i e s  f o r  t h e  e x 

c h a n g e  o f  A g +  w i t h  H + ,  L i + ,  K + ,  a n d  C s +  i o n s  ( T a b l e

I I ) .  T h e s e  r e s u l t s  s h o w  t h a t  t h e  s e l e c t i v e  u p t a k e  o f  

s i l v e r  i o n  i n  e x c h a n g e  r e a c t i o n s  w i t h  s t r o n g l y  h y d r a t e d  

c a t i o n s  (i.e., L i + ,  H + )  i s  g o v e r n e d  b y  t h e  e n t h a l p y  d e 

c r e a s e ,  w h i l e  w i t h  w e a k l y  h y d r a t e d  c a t i o n s  (i.e., C s + )  

t h e  e n t r o p y  i n c r e a s e  i s  t h e  d e t e r m i n a n t .  T h e  s m a l l ,  

s l i g h t l y  n e g a t i v e  A < S ° i n  t h e  e x c h a n g e  o f  A g +  f o r  L i +  i o n  

s u g g e s t s  t h a t  t h e  p a r t i a l  d e h y d r a t i o n  o f  s i l v e r  i o n  o n  

e n t e r i n g  t h e  e x c h a n g e r  w a s  c o m p e n s a t e d  b y  t h e  m o r e  

c o m p l e t e  h y d r a t i o n  o f  l i t h i u m  i o n  w h e n  t h e  l a t t e r  i s  d i s 

p l a c e d  i n t o  t h e  d i l u t e  a q u e o u s  e l e c t r o l y t e  p h a s e .  I n  t h e  

e x c h a n g e  o f  A g +  w i t h  C s +  i o n  p r o b a b l y  o n l y  a  s m a l l ,  

n e g a t i v e  e n t r o p y  c h a n g e  i s  a s s o c i a t e d  w i t h  t h e  d i s p l a c e 

m e n t  o f  t h e  l a t t e r  i o n  i n t o  t h e  a q u e o u s  p h a s e ,  s o  t h a t  

m o s t  o f  t h e  e n t r o p y  i n c r e a s e  ( T a b l e  I I )  c a n  b e  a s s i g n e d  

t o  t h e  d e h y d r a t i o n  o f  A g +  a s  i t  e n t e r s  t h e  e x c h a n g e r  a n d  

i n t e r a c t s  w i t h  t h e  s u l f o n a t e  e x c h a n g e  g r o u p s .  T h e  n e t  

a b s o r p t i o n  o f  h e a t  a c c o m p a n y i n g  t h e  s i l v e r - c e s i u m  i o n  

e x c h a n g e  p o s s i b l y  m i r r o r s  t h e  e n e r g y  t o  d e h y d r a t e  A g +  

i o n ,  w h i l e  t h e  n e t  h e a t  e v o l u t i o n  i n  t h e  e x c h a n g e  w i t h  L i +  

i s  a  c o n s e q u e n c e  o f  t h e  r e l a t i v e l y  l a r g e  e n e r g y  r e l e a s e  

w h e n  t h e  l a t t e r  i o n  b e c o m e s  f u l l y  h y d r a t e d .

Table II: Thermodynamic Quantities in the Exchange of 
Silver Ion with Other Singly Charged Cations in a Nominal 
8% DVB Cross-Linked Polystyrene Sulfonate

— AG°, - A  H°,
Exchange kcal kcal AS0,
system mole“1 mole -1 eu

Ag+-Li + 1.19 1.35 -0 .5
Ag+-H + 1.06 1.07 0.1
Ag+-Na+ 0.83 -0 .1 1 3.1
Ag+-K + 0.58 -0 .6 6 4.1
Ag+-C s+ 0.51 -0 .8 8 4.6

T h e  f o r e g o i n g  d i s c u s s i o n  e m p h a s i z e s  t h e  r o l e  o f  i o n -  

s o l v e n t  i n t e r a c t i o n  i n  i o n - e x c h a n g e  s e l e c t i v i t y ,  a n d  t h i s  

m u s t  b e  r e g a r d e d  a s  a n  o v e r s i m p l i f i c a t i o n ;  o t h e r  e n 

t r o p y  a n d  e n t h a l p y  c h a n g e s  s u c h  a s  t h o s e  i n  t h e  c o p o l y 

m e r  n e t w o r k  o f  t h e  e x c h a n g e r ,  e t c . ,  u n d o u b t e d l y  c o n 

t r i b u t e  t o  t h e  n e t  o b s e r v e d  AS°  a n d  A H °.  T h e s e  

o t h e r  c h a n g e s ,  h o w e v e r ,  a r e  b e l i e v e d  t o  b e  s m a l l  c o m 

p a r e d  w i t h  t h e  i o n - s o l v e n t  c o n t r i b u t i o n s ,  a n d  t h i s  m a y  

j u s t i f y  o u r  i n t e r p r e t a t i o n .

T h e  i n t e r a c t i o n  o f  s i l v e r  i o n  w i t h  t h e  s u l f o n a t e  g r o u p s  

o f  t h e  e x c h a n g e r  h a s  a p p e a r e d  t o  b e  s t a b i l i z e d  b y  t h e  

e n t r o p y  i n c r e a s e  c a u s e d  b y  t h e  r e l e a s e  o f  w a t e r  o f  

h y d r a t i o n .  I t  i s  p o s s i b l e ,  a l t h o u g h  n o t  l i k e l y ,  t h a t  t h e  

s u l f o n a t e  g r o u p  m a y  s u b s t i t u t e  f o r  w a t e r  i n  t h e  p r i m a r y  

c o o r d i n a t i o n  s p h e r e  o f  t h e  h i g h l y  s t a b l e  A g ( H 20 ) 2 +  i o n . 19 

H o w e v e r ,  i n  i t s  i n t e r a c t i o n  w i t h  s i l v e r  i o n ,  t h e  s u l f o n a t e  

i o n  m a y  v e r y  w e l l  l o s e  i t s  w a t e r  o f  h y d r a t i o n .  R e c e n t  

i n f o r m a t i o n  o n  t h e r m o d y n a m i c  q u a n t i t i e s  f o r  i o n - p a i r  

f o r m a t i o n  b y  s i l v e r  w i t h  s u l f a t e  i o n  i n  a q u e o u s  s o l u t i o n s  

i s  r e l e v a n t .  H o p k i n s  a n d  W u l f f , 20 i n  a  c a l o r i m e t r i c  

s t u d y  o f  t h e  e q u i l i b r i u m

A g + ( a q )  +  S 0 42 - ( a q )  =  A g S 0 4- ( a q )

h a v e  f o u n d  A H °  =  1 . 5  ±  0 . 3  k c a l  m o l e - 1 . T h i s  r e s u l t ,  

w h e n  c o m b i n e d  w i t h  t h e  v a l u e  f o r  t h e  a s s o c i a t i o n  c o n 

s t a n t ,  p K  =  1 . 3  d e t e r m i n e d  b y  R i g h e l l a t o  a n d  D a v i e s , 21 

g i v e s  AS°  =  1 1  e u .  A d d i t i o n a l  i o n  p a i r s  f o r m e d  b y  

s i l v e r  f o r  w h i c h  t h e r m o d y n a m i c  i n f o r m a t i o n  i s  a v a i l a b l e  

a r e  A g I O a( a q ) 22 a n d  A g C l ; 23 t h e i r  s t a n d a r d  e n t h a l p y  a n d  

e n t r o p i e s  o f  a s s o c i a t i o n  a r e  5 . 1 4  ±  4 . 5 4  k c a l  m o l e - 1  a n d  

2 0 . 3  ±  1 4 . 7  e u  a n d  — 2 . 7  k c a l  m o l e - 1  a n d  6  e u ,  r e s p e c 

t i v e l y .  T h e  a s s o c i a t i o n  o f  s i l v e r  i o n  i n  a q u e o u s  s o l u t i o n s  

t h e r e f o r e  a p p e a r s  t o  b e  a c c o m p a n i e d  b y  a n  e n t r o p y  i n 

c r e a s e  a n d  u s u a l l y  b y  t h e  a b s o r p t i o n  o f  h e a t .

T h e  l a r g e  s e l e c t i v i t y  f o r  s i l v e r  i o n  p r e s e n t  i n  t r a c e r  

c o n c e n t r a t i o n s  o b s e r v e d  i n  t h i s  a n d  i n  o t h e r  w o r k  w i t h  

h i g h l y  c r o s s - l i n k e d  e x c h a n g e r s  d o e s  n o t  a p p e a r  t o  h a v e  

b e e n  c a u s e d  b y  a n  e n t r o p y  i n c r e a s e  b u t ,  r a t h e r ,  b y  a  

m a r k e d  l o w e r i n g  o f  t h e  e n t h a l p y .  T h i s  b e h a v i o r  c a n  

b e  e x p l a i n e d  i f  s i l v e r  i o n  f o r m s  a  c h a r g e - t r a n s f e r  c o m p l e x  

w i t h  t h e  b e n z e n e  r i n g s  o f  t h e  i o n  e x c h a n g e r .  T h e r e  i s  

s p e c t r o s c o p i c  e v i d e n c e  f o r  s i l v e r  i o n  c o m p l e x  f o r m a t i o n

(19) T h e  p ossib ility  th at the  silver species in th e  exchan ger was 
A g 22+ rather than  A g + ion  is considered  un likely  in  v iew  o f  the  
report b y  D . N . W aters and L . A . W oodw a rd , J. Chem. Soc., 3250 
(1954), th at n o  R am an  effect assignable t o  the  dou b le  argentous ion  
w as observed  even  in  con cen trated  (8 .4  M ) aqueous so lu tions o f  
AgN O s.
(20) H . P. H op k in s , Jr., and C . A . W u lff, J . P h ys. Chem ., 69, 9 
(1965).

(21) E . C . R igh ella to  and C . W . D av ies , Trans. Faraday S oc., 26 , 
592 (1930).

(22) J. J. R ein ier and D . S. M artin , Jr., J . A m . Chem. Soc., 78, 1833 
(1956).

(23) J. H . Jonte and D . S . M artin , Jr., ib id ., 74 , 2052 (1952).
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w i t h  p o l y s t y r e n e  i n  a l c o h o l i c  s o l u t i o n s . 24 T h e  c h a r g e -  

t r a n s f e r  e n e r g y  f o r  e a c h  o f  t w o  b e n z e n e - s i l v e r  b o n d s  

f o r m e d  i n  t h e  s i l v e r  p e r c h l o r a t e - b e n z e n e  c o m p l e x  h a s  

b e e n  e s t i m a t e d  a s  ca. 1 6  k c a l  m o l e - 1  o f  s i l v e r  i o n . 25 W h i l e  

t h i s  c o m p l e x  o r d i n a r i l y  d o e s  n o t  f o r m  i n  t h e  p r e s e n c e  o f  

w a t e r ,  w h e n  t h e  b e n z e n e  r i n g s  a n d  A g +  i o n s  a r e  c o n 

s t r a i n e d  t o  f a v o r a b l e  c o n f i g u r a t i o n s  a s  m i g h t  o c c u r  i n  

h i g h l y  c r o s s - l i n k e d  e x c h a n g e r s ,  t h e  f o r m a t i o n  o f  s u c h  

c h a r g e  t r a n s f e r  c o m p l e x e s  i s  c o n c e i v a b l e .

(24) D . F . E vans , J . Chem. P h ys ., 24, 1244 (1956).
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I n t r a d i f f u s i o n  c o e f f i c i e n t s  h a v e  b e e n  m e a s u r e d  a t  2 5 °  f o r  t h e  s y s t e m s  ( l a b e l e d  L - a - a l a n i n e ) -  

( D L - a - a l a n i n e ) - w a t e r  a n d  ( l a b e l e d  / 3 - a l a n i n e ) - ( / 3 - a l a n i n e ) - w a t e r  o v e r  c o n c e n t r a t i o n  r a n g e s  o f  

0 . 0 - 1 . 5  a n d  0 . 0 - 5 . 0  m o l e s / 1 . ,  r e s p e c t i v e l y .  T h e  f o u r  d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e s e  t e r n a r y  

s y s t e m s  a r e  c a l c u l a t e d  a t  a  s e r i e s  o f  c o n c e n t r a t i o n s  f r o m  t h e  i n t r a d i f f u s i o n  c o e f f i c i e n t s  

o b t a i n e d  i n  t h i s  s t u d y  a n d  s o m e  p r e v i o u s l y  r e p o r t e d  d a t a  f o r  t h e  m u t u a l - d i f f u s i o n  c o e f 

f i c i e n t s .  T h e  r e s u l t s  s h o w  t h a t  a t  h i g h e r  c o n c e n t r a t i o n s  i n  t h e  s y s t e m  w i t h  / 3 - a l a n i n e  t h e  

c r o s s - t e r m  d i f f u s i o n  c o e f f i c i e n t s  m a y  b e  a n  a p p r e c i a b l e  f r a c t i o n  o f  t h e  m a i n - t e r m  d i f f u s i o n  

c o e f f i c i e n t s .  T h e r m o d y n a m i c  t r a n s p o r t  c o e f f i c i e n t s  r e l a t e d  t o  s o l u t e - s o l u t e  i n t e r a c t i o n  

a n d  t o  s o l v e n t - s o l u t e  i n t e r a c t i o n  h a v e  b e e n  c a l c u l a t e d  a n d  d i s c u s s e d .

Introduction

I n  r e c e n t  y e a r s  i n t e r e s t  h a s  d e v e l o p e d  i n  t h e  s t u d y  o f  

i s o t h e r m a l  d i f f u s i o n  i n  t h r e e - c o m p o n e n t  s y s t e m s .  I t  

i s  h o p e d  t h a t  s u c h  s t u d i e s  w i l l  h e l p  y i e l d  a  b e t t e r  u n d e r 

s t a n d i n g  o f  t h e  c o m p l e x  t r a n s p o r t  p h e n o m e n a  w h i c h  

o c c u r  i n  b i o l o g i c a l  s y s t e m s  a s  w e l l  a s  i m p r o v e  t h e  u n 

d e r s t a n d i n g  o f  d i f f u s i o n  i n  i n d u s t r i a l  p r o c e s s e s .

A  s y s t e m  c o m p o s e d  o f  a  s o l v e n t  c o n t a i n i n g  t w o  

s o l u t e s  w h i c h  a r e  c h e m i c a l l y  e q u i v a l e n t  b u t  i s o t o p i c a l l y  

d i f f e r e n t  c o n s t i t u t e s  a  t h r e e - c o m p o n e n t  s y s t e m  o f  

p a r t i c u l a r  i n t e r e s t .  I n  t h i s  c a s e  t h e  f o u r  d i f f u s i o n  c o 

e f f i c i e n t s ,  w h i c h  a r e  n e c e s s a r y  t o  d e s c r i b e  a  t h r e e - c o m 

p o n e n t  s y s t e m ,  m a y  b e  c a l c u l a t e d  i n  a  s i m p l e  m a n n e r  

f r o m  t h e  v a l u e s  o f  t h e  i n t r a d i f f u s i o n  c o e f f i c i e n t s  a n d  

m u t u a l - d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  s y s t e m . 3 D a t a

(1 ) T h e  term  intrad ifiusion  w as in trodu ced  and  exp lic itly  defined  in 
r e f 3. Intrad iffusion  coefficients are equ al t o  tracer-d iffu sion  co e f
ficients fo r  the  system s described  here w here the  un labeled  solute 
is chem ica lly  equ iva len t to  the  lab e led  solu te.
(2 ) T h e  experim ental w ork  reported  in  this article  was p erform ed  b y  
th e  au th or w hile v isitin g  th e  la b ora tory  o f  D r . R . M ills  at th e  A N Ù
during  th e  tenure o f  th e  N IH  P ostd octora l F ellow sh ip  N o . 4 -F 2 - 
G M -1 9 ,747-02. Subsequent trea tm en t o f  th e  d ata  w as perform ed  
at th e  au th or ’ s present address, In stitu te  fo r  E n zym e R esearch , and 
su pported  in  p art b y  P u b lic  H ea lth  Service R esearch  G ran t A M - 
05177 from  the Institu te  o f  A rth ritis  and  M e ta b o lic  D iseases.
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o b t a i n e d  f o r  t h i s  t y p e  o f  s y s t e m  s h o u l d  b e  a n  i n t e r e s t i n g  

s u p p l e m e n t  t o  t h e  d a t a  o b t a i n e d  f o r  t h e  m o r e  c o m p l i 

c a t e d  c a s e  o f  t h r e e  c h e m i c a l l y  d i f f e r e n t  c o m p o n e n t s .  

T h e r e  a r e ,  h o w e v e r ,  f e w  d a t a  o n  i n t r a d i f f u s i o n  c o e f 

f i c i e n t s  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  e s p e c i a l l y  f o r  a q u e o u s  

s o l u t i o n s  o f  o r g a n i c  s o l u t e s .  T h u s  t h e  s y s t e m s  

( l a b e l e d  L - a - a l a n i n e ) - ( D L - a - a l a n i n e ) - w a t e r  a n d  ( l a b e l e d  

/ 3 - a l a n i n e ) - ( / 3 - a l a n i n e ) - w a t e r ,  w h e r e  t h e  l a b e l e d  c o m 

p o n e n t s  c o n t a i n e d  C 14, w e r e  i n v e s t i g a t e d  i n  t h i s  s t u d y . 3 4

Experim ental Section

Materials. F l u k a  “ p u r i s s ”  r e a g e n t  g r a d e  d l - « -  

a l a n i n e ,  L - a - a l a n i n e ,  a n d  / 3 - a l a n i n e  w e r e  u s e d  i n  p r e 

p a r i n g  t h e  n o n r a d i o a c t i v e  s o l u t e s .  T h e s e  m a t e r i a l s  

w e r e  p u r i f i e d  b y  r e c r y s t a l l i z a t i o n  i n  w h i c h  e t h a n o l  w a s  

a d d e d  t o  w a r m  ( 6 0 ° )  c o n c e n t r a t e d  a q u e o u s  s o l u t i o n s  

o f  e a c h  o f  t h e  m a t e r i a l s  t o  f o r m  t h e  c r y s t a l s .  T h e  

m o t h e r  l i q u o r  w a s  r e m o v e d  f r o m  t h e s e  s o l u t i o n s ,  w h e n  

t h e y  h a d  b e e n  c o o l e d  t o  r o o m  t e m p e r a t u r e ,  b y  c e n 

t r i f u g a l  d r a i n a g e .  C o n d u c t a n c e  m e a s u r e m e n t s  m a d e  

o v e r  e x t e n d e d  p e r i o d s  o f  t i m e  o n  c o n c e n t r a t e d  s o l u 

t i o n s  o f  e a c h  o f  t h e s e  m a t e r i a l s  s h o w e d  t h a t  i o n i c  i m 

p u r i t i e s  w e r e  n e g l i g i b l e .  T h e r e  w a s  o n l y  a  s m a l l  

i n c r e a s e  o f  c o n d u c t a n c e  w i t h  t i m e  w h i c h  i n d i c a t e d  

t h a t  g r o w t h  o f  b i o l o g i c a l  o r g a n i s m s  w o u l d  n o t  b e  a n  

i m p o r t a n t  f a c t o r  i n  t h e  d i f f u s i o n  e x p e r i m e n t s .  T h e  

m a t e r i a l s  w e r e  d r i e d  u n d e r  v a c u u m  a t  r o o m  t e m p e r a 

t u r e  f o r  2  d a y s  a n d  t h e n  s t o r e d  o p e n  t o  a n  a t m o s p h e r e  

d r i e d  b y  P 20 5 i n  a  d e s i c c a t o r .

S m a l l  q u a n t i t i e s  o f  L - a - a l a n i n e  a n d  / 3 - a l a n i n e  l a b e l e d  

w i t h  c a r b o n - 1 4  w e r e  o b t a i n e d  f r o m  t h e  N e w  E n g l a n d  

N u c l e a r  C o r p .  E a c h  s a m p l e  h a d  a n  a c t i v i t y  o f  0 . 5  

m c u r i e .  B y  a d d i n g  t h e s e  s a m p l e s  t o  1 . 0 - g  n o n r a d i o 

a c t i v e  p o r t i o n s  o f  t h e  s a m e  c h e m i c a l  m a t e r i a l s  a n d  

p u r i f y i n g  b y  t h e  p r o c e d u r e s  d e s c r i b e d  a b o v e ,  b u t  o n  a  

s m a l l e r  s c a l e ,  0 . 5 - g  s a m p l e s  o f  t h e  t w o  m a t e r i a l s  w e r e  

o b t a i n e d .  F o r  t h e  f i r s t  s i x  e x p e r i m e n t s  o n  t h e  s y s t e m  

( l a b e l e d  L - a - a l a n i n e ) - ( D L - a - a l a n i n e ) - w a t e r ,  t h e  r a d i o 

a c t i v e  s a m p l e  h a d  b e e n  r e c r y s t a l l i z e d  o n c e .  I t  w a s  

t h e n  d i s c o v e r e d  t h a t  w h e n  t h e  s a m p l e  w a s  r e c r y s t a l 

l i z e d  a  s e c o n d  t i m e ,  t h e  m e a s u r e d  v a l u e s  o f  i n t r a 

d i f f u s i o n  c o e f f i c i e n t s  a p p e a r e d  t o  b e  s l i g h t l y  h i g h e r .  

T h u s ,  f o r  t h e  r e m a i n i n g  f o u r  e x p e r i m e n t s ,  d o u b l y  

r e c r y s t a l l i z e d  r a d i o a c t i v e  s a m p l e s  w e r e  u s e d .  F o r  a l l  

o f  t h e  e x p e r i m e n t s  o n  t h e  s y s t e m  ( l a b e l e d  / 3 - a l a n i n e ) -  

( / 3 - a l a n i n e ) - w a t e r ,  t h e  r a d i o a c t i v e  m a t e r i a l  w a s  r e 

c r y s t a l l i z e d  t w i c e .

T h e  K C 1  u s e d  f o r  t h e  c a l i b r a t i o n  o f  t h e  d i a p h r a g m  

c e l l  w a s  r e c r y s t a l l i z e d  o n c e  f r o m  w a t e r  f o l l o w e d  b y  

c e n t r i f u g a l  d r a i n a g e .  N a p h t h a l e n e  f o r  t h e  s c i n t i l l a 

t i o n  s o l u t i o n  w a s  r e c r y s t a l l i z e d  o n c e  f r o m  m e t h a n o l .  

T h e  r e s t  o f  t h e  m a t e r i a l s  u s e d  i n  p r e p a r i n g  t h e  s o l u t i o n s  

f o r  c o u n t i n g  w e r e  o f  r e a g e n t  g r a d e  q u a l i t y .  T h e  w a t e r

w h i c h  w a s  u s e d  t o  p r e p a r e  t h e  s o l u t i o n s  h a d  b e e n  d i s 

t i l l e d  a n d  t h e n  d e i o n i z e d .

Apparatus. T w o  d i a p h r a g m  c e l l s  w i t h  m a g n e t i c  

s t i r r i n g  o f  t h e  t y p e  d e v e l o p e d  b y  S t o k e s 5 w e r e  u s e d .  

T h e  c e l l s  h a d  P y r e x  g l a s s  s i n t e r s  o f  p o r o s i t y  N o .  4  

( 5 - 1 0  ¡x). T h e  t o t a l  v o l u m e  o f  e i t h e r  c e l l  w a s  a b o u t  1 0 0  

c c  a n d  t h e  r a t i o  o f  t h e  v o l u m e s  o f  t h e  t w o  c h a m b e r s  

i n  e a c h  c e l l  w a s  w i t h i n  3 %  o f  u n i t y .  A  s p e c i a l  b o t t o m  

p l u g  a s  d e s c r i b e d  i n  r e f  3  w a s  u s e d  i n  a l l  e x p e r i m e n t s .  

T h e  s t i r r i n g  r o d s  w e r e  r o t a t e d  a t  6 0  r p m .  T h e  c e l l s  

w e r e  m o u n t e d  i n  a  t h e r m o s t a t  w h i c h  w a s  m a i n t a i n e d  

a t  2 5 °  t o  w i t h i n  ± 0 . 0 1 °  w i t h  t h e  d i a p h r a g m s  a l w a y s  

w i t h i n  a  1 0 a n g l e  o f  b e i n g  h o r i z o n t a l .  A s  a  p r e c a u t i o n  

a g a i n s t  t h e  g r o w t h  o f  m i c r o o r g a n i s m s ,  t h e  d i a p h r a g m s  

w e r e  c l e a n e d  w i t h  n i t r i c  a c i d  a f t e r  e a c h  d i f f u s i o n  e x 

p e r i m e n t .

C o n c e n t r a t i o n s  o f  t h e  s o l u t i o n s  o f  K C 1  f r o m  c a l i b r a 

t i o n  e x p e r i m e n t s  w e r e  d e t e r m i n e d  b y  p r e c i s e  c o n d u c t 

a n c e  m e a s u r e m e n t s  w i t h  a  J o n e s  b r i d g e .  T h e  o i l  

t h e r m o s t a t  f o r  t h e  c o n d u c t i v i t y  c e l l s  w a s  m a i n t a i n e d  

a t  2 5  ±  0 . 0 1 ° .

A  n e w  u n i t  f o r  l i q u i d  s c i n t i l l a t i o n  c o u n t i n g  w a s  

d e s i g n e d  a n d  b u i l t  f o r  t h e s e  e x p e r i m e n t s .  T h i s  u n i t ,  

w h i c h  i s  i m m e r s e d  i n  a  t h e r m o s t a t  a n d  h e l d  a t  a  s e t  

t e m p e r a t u r e  t o  w i t h i n  ± 0 . 0 2 ° ,  c o n t a i n s  t w o  p h o t o 

m u l t i p l i e r  t u b e s  ( E M I  T y p e  9 5 3 6 S )  a n d  c a n  c o u n t  

r a d i o a c t i v e  e v e n t s  i n  t w o  c o u n t i n g  b o t t l e s  a t  o n e  t i m e .  

F o u r  s p e c i a l l y  d e s i g n e d  c o u n t i n g  b o t t l e s  a r e  k i n e m a t i 

c a l l y  m o u n t e d  i n  a  b o t t l e - h o l d i n g  a s s e m b l y  w h i c h  i n  

t u r n  h a s  f o u r  k i n e m a t i c  m o u n t i n g  p o s i t i o n s  r e l a t i v e  

t o  t h e  p h o t o m u l t i p l i e r  t u b e s .  E a c h  c o u n t i n g  b o t t l e  

m a y  b e  s e t  b e f o r e  e i t h e r  p h o t o m u l t i p l i e r  t u b e .

I n  t h e  c o u n t i n g  o p e r a t i o n  a  p a i r  o f  c o u n t i n g  b o t t l e s ,  

o n e  b o t t l e  f o r  e a c h  o f  t h e  t w o  s o l u t i o n s  f r o m  a  d i f 

f u s i o n  e x p e r i m e n t ,  i s  u s e d  i n  c o n j u n c t i o n  w i t h  e a c h  

p h o t o m u l t i p l i e r  t u b e .  R a d i o a c t i v e  e v e n t s  i n  e a c h  

m e m b e r  o f  t h e  p a i r  a r e  c o u n t e d  f o r  a l t e r n a t e  e q u a l  

i n t e r v a l s  ( u s u a l l y  1 0 0  s e c )  o f  t i m e  b y  s h i f t i n g  t h e  

b o t t l e - h o l d e r  a s s e m b l y  b e t w e e n  t w o  m o u n t i n g  p o s i t i o n s .  

T h i s  p r o c e d u r e  r e d u c e s  e r r o r  i n  t h e  m e a s u r e m e n t  o f  

t h e  r e l a t i v e  c o u n t i n g  r a t e s  o f  t h e  t w o  s o l u t i o n s  a r i s i n g  

f r o m  d r i f t  i n  t h e  e l e c t r o n i c  a p p a r a t u s .

E r r o r  a r i s i n g  f r o m  t h e  d i f f e r e n c e  i n  o p t i c a l  e f f i c i e n c y  

o f  t h e  m e m b e r s  o f  e a c h  b o t t l e  p a i r  i s  c a n c e l e d  b y  

r e v e r s i n g  t h e  s o l u t i o n s  i n  t h e  p a i r  o f  b o t t l e s  a f t e r  a  

f i r s t  s e t  o f  c o u n t i n g  i n t e r v a l s  a n d  o b t a i n i n g  a  s e c o n d  

s e t  o f  c o u n t s  o v e r  a  p e r i o d  o f  t i m e  e q u a l  t o  t h a t  f o r  t h e  

f i r s t  s e t  o f  c o u n t s .  A f t e r  t h e  b a c k g r o u n d  c o u n t i n g

(3 ) J. G . A lbrigh t and R . M ills, J . P h ys. Chem., 69 , 3120 (1965).
(4) H ere dl- a-alanine designates an equal m ixture  o f th e  D an d  l  
form s o f  a-alanine.
(5 ) R . H . Stokes, J. A m . Chem. Soc., 72 , 763 (1950).
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r a t e ,  w h i c h  i s  s e p a r a t e l y  m e a s u r e d ,  i s  s u b t r a c t e d ,  a  

r a t i o  o f  c o u n t i n g  r a t e s  f o r  t h e  t w o  s o l u t i o n s  i s  c a l c u 

l a t e d  f r o m  t h e  r a t i o  o f  t h e  n u m b e r  o f  c o u n t s  a c c u m u 

l a t e d  f r o m  e a c h  s o l u t i o n .

I d e n t i c a l  s e t s  o f  e l e c t r o n i c  a p p a r a t u s  w e r e  u s e d  i n  

c o n j u n c t i o n  w i t h  t h e  t w o  p h o t o m u l t i p l i e r  t u b e s .  

T h e s e  c o n s i s t e d  o f  a  F l u k e  h i g h - v o l t a g e  p o w e r  s u p p l y ,  

M o d e l  4 1 2  A ,  a  F r a n k l i n  l i n e a r  a m p l i f i e r  a n d  p r e 

a m p l i f i e r ,  M o d e l  3 5 8 ,  a n  R I D L  s c a l e r ,  M o d e l  4 9 - 4 4 ,  

a n d  a n  R I D L  t i m e r ,  M o d e l  5 4 - 8 .

Counting Methods. S c i n t i l l a t i o n  s o l u t i o n s  w e r e  p r e 

p a r e d  b y  d i s s o l v i n g  2 0 - 5 0  g  o f  n a p h t h a l e n e ,  4  g  o f  

P P O  ( 2 , 5 - d i p h e n y l o x a z o l e ) ,  a n d  0 . 4  g  o f  P O P O P  

[ 2 , 2 ' - p - p h e n y l e n e b i s ( 5 - p h e n y l o x a z o l e )  ] i n  1 1. o f  d i -  

o x a n e .  T h e s e  s o l u t i o n s  w e r e  a d d e d  t o  t h e  a q u e o u s  

s o l u t i o n s  f r o m  t h e  e x p e r i m e n t s  i n  a n  a c c u r a t e l y  m e a s 

u r e d  r a t i o  o f  a b o u t  2 : 1 .  D i f f i c u l t y  w i t h  s o l u b i l i t y  

w a s  e x p e r i e n c e d  w i t h  t h e  m o r e  c o n c e n t r a t e d  s o l u t i o n s  

f o r  b o t h  o f  t h e  e x p e r i m e n t a l  s y s t e m s .  I t  w a s  n e c e s 

s a r y  t o  d i l u t e  t h e  a q u e o u s  s o l u t i o n s  w i t h  w a t e r  a n d  t o  

l o w e r  t h e  c o n c e n t r a t i o n  o f  n a p h t h a l e n e  i n  t h e  s c i n t i l 

l a t o r  s o l u t i o n s  i n  o r d e r  t o  a c h i e v e  s o l u b i l i t y .  A f t e r  

p r e p a r a t i o n  o f  t h e  s o l u t i o n s  i t  w a s  i m p o r t a n t  t o  

s c r u t i n i z e  t h e m  c a r e f u l l y  t o  b e  s u r e  t h a t  t h e r e  w a s  n o  

s e p a r a t i o n  o f  p h a s e s .  G r e a t e r  s o l u b i l i t y  w a s  o b 

t a i n e d  f o r  t h e  m o r e  c o n c e n t r a t e d  s o l u t i o n s  o f  / 3 - a l a n i n e  

b y  t h e  a d d i t i o n  o f  d i l u t e  s u l f u r i c  a c i d . 6 I n  t h i s  c a s e ,  

a  c h e m i c a l  r e a c t i o n  s e e m e d  t o  o c c u r  i n  t h e  s o l u t i o n s  

a s  e v i d e n c e d  b y  a  h i g h  a n d  d e c r e a s i n g  b a c k g r o u n d  

c o u n t i n g  r a t e  a n d  b y  s o m e  c o l o r  c h a n g e ,  b u t  a f t e r  a  

s u f f i c i e n t  t i m e  t h e  c o l o r  a n d  b a c k g r o u n d  r a t e  r e t u r n e d  

t o  n o r m a l  a n d  s t a b l e  c o u n t i n g  r a t e s  w e r e  o b t a i n a b l e .  

I n  t h e s e  c a s e s  t h e  s o l u t i o n s  w e r e  a l l o w e d  t o  s t a n d  f o r  

s e v e r a l  d a y s  b e f o r e  c o u n t i n g .

T o  r e d u c e  e r r o r  a r i s i n g  f r o m  c o i n c i d e n c e  e f f e c t s ,  

t h e  m o r e  r a d i o a c t i v e  o f  t h e  t w o  s o l u t i o n s  f r o m  a  d i f 

f u s i o n  e x p e r i m e n t  w a s  f i r s t  d i l u t e d  w i t h  n o n r a d i o a c t i v e  

b u t  c h e m i c a l l y  i d e n t i c a l  s t o c k  s o l u t i o n  s o  t h a t  t h e  r e 

s u l t i n g  t w o  s o l u t i o n s  h a d  a p p r o x i m a t e l y  t h e  s a m e  l e v e l  

o f  r a d i o a c t i v i t y .  T h e  d i l u t i o n  r a t i o ,  b a s e d  o n  a n  e x 

p e c t e d  v a l u e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t ,  w a s  a c c u r a t e l y  

d e t e r m i n e d  b y  g r a v i m e t r i c  m e a s u r e m e n t s .  G r a v i 

m e t r i c  p r o c e d u r e s  w e r e  u s e d  i n  a l l  s t a g e s  o f  t h e  p r e p a r a 

t i o n  o f  t h e s e  t w o  s o l u t i o n s ,  a s  w e l l  a s  a  p o r t i o n  o f  s t o c k  

s o l u t i o n  f o r  c o u n t i n g  b a c k g r o u n d  e v e n t s ,  s o  t h a t  t h e  

r e s u l t i n g  c o m p l e x  s o l u t i o n s  s t i l l  h a d  i d e n t i c a l  c h e m i c a l  

c o m p o s i t i o n .

B e f o r e  u s e ,  t h e  e x t e r i o r s  o f  t h e  c o u n t i n g  b o t t l e s  w e r e  

a l w a y s  c a r e f u l l y  c l e a n e d  w i t h  a  c l o t h  o f  a  t y p e  t h a t  i s  

c o m m e r c i a l l y  s o l d  f o r  c l e a n i n g  e y e  g l a s s e s .  T h e  

i n t e r i o r s  w e r e  c l e a n e d  b y  r i n s i n g  i n  t u r n  w i t h  d i o x a n e ,  

w a t e r ,  a n d  a c e t o n e  a n d  t h e n  d r i e d  in  vacuo.
F o r  m o s t  e x p e r i m e n t s  t h e  p u l s e  h e i g h t  d i s c r i m i n a t o r

o n  t h e  F r a n k l i n  a m p l i f i e r  w a s  s e t  s o  t h a t  a p p r o x i m a t e l y  

1 0 0 0 - 1 5 0 0  c o u n t s / s e c  w e r e  o b t a i n e d .  L o w e r  c o u n t i n g  

r a t e s  w e r e  u s e d  i n  s e v e r a l  i n s t a n c e s  t o  m a k e  t h e  

b a c k g r o u n d  c o u n t i n g  r a t e  a  s m a l l e r  f r a c t i o n  o f  t h e  t o t a l  

c o u n t i n g  r a t e s  f o r  t h e  s o l u t i o n s .

T w o  s e t s  o f  b o t t l e  p a i r s  w e r e  u s e d  i n  t h e  m e a s u r e m e n t  

o f  t h e  r a t i o  o f  t h e  c o n c e n t r a t i o n s  o f  t h e  t r a c e r  c o m 

p o n e n t  i n  t h e  t w o  s o l u t i o n s  f r o m  a  d i f f u s i o n  e x p e r i m e n t .  

I n  t h e s e  m e a s u r e m e n t s  o v e r  a  m i l l i o n  c o u n t s  w e r e  o b 

t a i n e d  f o r  e a c h  s o l u t i o n  i n  e a c h  b o t t l e .  T h e  r a t i o  

m e a s u r e d  w i t h  e a c h  o f  t h e  t w o  p a i r s  o f  b o t t l e s  w a s  u s e d  

t o  c a l c u l a t e  a  d i f f u s i o n  c o e f f i c i e n t .  A n  a v e r a g e  o f  t h e s e  

t w o  r e s u l t s  g a v e  t h e  m e a s u r e d  d i f f u s i o n  c o e f f i c i e n t  f o r  

t h e  e x p e r i m e n t .  T h e  d i f f e r e n c e  o f  t h e  t w o  r e s u l t s  i n d i 

c a t e d  t h e  e x p e r i m e n t a l  e r r o r  o f  t h e  c o u n t i n g  m e a s u r e 

m e n t s .  F o r  m o s t  e x p e r i m e n t s  t h i s  e r r o r  w a s  ± 0 . 1 %  o r  

l e s s .

Calibration. B y  f o l l o w i n g  t h e  m e t h o d  d e s c r i b e d  b y  

S t o k e s , 7 t h e  d i a p h r a g m - c e l l  c o n s t a n t s  w e r e  d e t e r m i n e d  

b y  c a l i b r a t i o n  e x p e r i m e n t s  w h e r e  K C 1  i n  a  0 . 5  M  
a q u e o u s  s o l u t i o n  w a s  a l l o w e d  t o  d i f f u s e  i n t o  p u r e  w a t e r .  

T h e s e  c o n s t a n t s  w e r e  a b o u t  0 . 1 7  a n d  0 . 1 8  c m - 2  f o r  t h e  

t w o  c e l l s  t h a t  w e r e  u s e d  i n  t h i s  e x p e r i m e n t a l  w o r k .  

C a l i b r a t i o n  e x p e r i m e n t s  w e r e  p e r f o r m e d  a t  r e g u l a r  i n t e r 

v a l s  i n  o r d e r  t o  o b t a i n  t h e  c e l l  c o n s t a n t s  a s  a  f u n c t i o n  o f  

t h e  a c c u m u l a t e d  s t i r r i n g  t i m e  o f  t h e  c e l l s .  T h e r e  w a s  

o n l y  a  m i n o r  v a r i a t i o n  o f  t h e  c e l l  c o n s t a n t s  w i t h  t i m e ,  

a n d  t h e  m e a s u r e d  c o n s t a n t s  w e r e  f i t t e d  t o  a  s t r a i g h t  

l i n e  w i t h  a  r m s  ( r o o t - m e a n - s q u a r e )  d e v i a t i o n  o f  l e s s  

t h a n  ± 0 . 1 % .

S u p p l e m e n t a r y  D a t a

Mutual-Diffusion Coefficients. G u t t e r  a n d  K e g e l e s 8 

h a v e  m e a s u r e d  t h e  m u t u a l - d i f f u s i o n  c o e f f i c i e n t s  f o r  t h e  

s y s t e m  ( D L - a - a l a n i n e ) - w a t e r  b y  t h e  G o u y  i n t e r f e r o m e t 

r i c  m e t h o d .  T h e y  e x p r e s s e d  t h e i r  e x p e r i m e n t a l  r e s u l t s  

b y  t h e  f o l l o w i n g  p o l y n o m i a l  i n  m o l a r i t y .

D v X  1 0 5 =  0 . 9 1 4 6  -  0 . 1 4 2 7 7 c  +  0 . 0 1 9 4 3 c 2 ( 1 )

H e r e  t h e  s u b s c r i p t  v  d e s i g n a t e s  t h e  v o l u m e - f i x e d  f r a m e  

o f  r e f e r e n c e .

D o n o i a n  a n d  K e g e l e s 9 h a v e  m e a s u r e d  t h e  m u t u a l -  

d i f f u s i o n  c o e f f i c i e n t  f o r  t h e  s y s t e m  ( / 3 - a l a n i n e ) - w a t e r  

b y  t h e  G o u y  i n t e r f e r o m e t r i c  m e t h o d .  F o r  u s e  i n  t h e  

a n a l y s i s  o f  t h e  d a t a  t o  b e  p r e s e n t e d  h e r e ,  t h e i r  d a t a

(6 ) T h is  acid  w as originally  used because it  was a safe strong acid  
th at d id  n ot excessively  qu ench  the scintillation  process or form  
insoluble com plexes w ith  com p on en ts o f the  solu tion . H ow ever, 
because o f the  slow  chem ica l reaction  a m ore su itable choice  cou ld  
u n d ou bted ly  be fou n d  for  fu ture experim ents on  sim ilar system s.
(7 ) R . H . Stokes, J. A m . Chem. Soc., 73 , 3527 (1951).
(8 ) F . J. G u tter  and G . K egeles, ibid., 75 , 3893 (1953).
(9 ) H . C . D on oia n  and G . K egeles, ibid., 83 , 255 (1961).
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w e r e  e x p r e s s e d  b y  t h e  f o l l o w i n g  p o l y n o m i a l  i n  m o l a r i t y .  

D v X  10® =  0 . 9 3 9  -  0 . 1 5 4 9 c  +  0 . 0 5 5 3 5 c 2 -

0 . 0 1 1 8 c 3 +  0 . 0 0 0 8 2 7 c 4 0  ^  c  ^  5 . 4  ( 2 )

T h i s  e x p r e s s i o n  f i t t e d  t h e i r  e x p e r i m e n t a l  r e s u l t s  w i t h  a n  

m i s  d e v i a t i o n  o f  ± 0 . 2 % .

Osmotic Coefficients. O s m o t i c  c o e f f i c i e n t s ,  <j>, f o r  t h e  

a q u e o u s  s o l u t i o n s  o f  D L - c t - a l a n i n e  a n d  / 3 - a l a n i n e  a t  2 5 °  

a r e  u s e d  i n  t h e  c a l c u l a t i o n s  o f  t h e  c o e f f i c i e n t s ,  R i n  t h e  

t r e a t m e n t  o f  e x p e r i m e n t a l  d a t a  w h i c h  i s  t o  f o l l o w .  

S m i t h  a n d  S m i t h 10' 11 h a v e  m e a s u r e d  t h e  o s m o t i c  c o 

e f f i c i e n t s  f o r  t h e s e  s y s t e m s  b y  t h e  i s o p i e s t i c  m e t h o d  

w h e r e  t h e  s o l u t i o n s  w e r e  e q u i l i b r a t e d  w i t h  a q u e o u s  

s o l u t i o n s  o f  s u c r o s e .  T h e  e x p r e s s i o n s  f o r  t h e  o s m o t i c  

c o e f f i c i e n t s  o f  s u c r o s e  w h i c h  t h e y  u s e d  i n  t h e i r  c a l c u l a 

t i o n s  a r e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  t h e  m o r e  r e c e n t  

a n d  m o r e  a c c u r a t e  e x p r e s s i o n s ,  f o r  t h e  a p p r o p r i a t e  c o n 

c e n t r a t i o n  r a n g e s ,  w h i c h  a r e  g i v e n  b y  R o b i n s o n  a n d  

S t o k e s . 12 T h e r e f o r e ,  w i t h  t h e  a i d  o f  a  c o m p u t e r , 13 t h e  

r e s u l t s  g i v e n  i n  r e f  1 0  a n d  1 1  h a v e  b e e n  r e c a l c u l a t e d  i n  

t e r m s  o f  t h e  n e w e r  v a l u e s  f o r  s u c r o s e .  A c c o r d i n g l y ,  

f o r  e a c h  s y s t e m ,  t h e  o s m o t i c  c o e f f i c i e n t s  4>si, <f>Ai, <t>S2, 

a n d  0 A2 g i v e n  b e l o w  a r e ,  r e s p e c t i v e l y ,  t h e  o r i g i n a l  v a l u e  

f o r  t h e  s u c r o s e  s o l u t i o n ,  t h e  o r i g i n a l  v a l u e  f o r  t h e  a l a 

n i n e  s o l u t i o n ,  t h e  n e w e r  v a l u e  f o r  t h e  s u c r o s e  s o l u t i o n ,  

a n d  t h e  r e c a l c u l a t e d  v a l u e  f o r  t h e  a l a n i n e  s o l u t i o n .  

P o l y n o m i a l  e x p r e s s i o n s  i n  m o l a l i t y  f o r  t h e s e  o s m o t i c  

c o e f f i c i e n t s  f o r  t h e  s y s t e m  ( D L - a - a l a n i n e ) - w a t e r  a r e

<t> s i  =  1 +  0 . 0 9 5 m  +  0 . 0 0 1 3 m 2 

0 a i  =  1 +  0 . 0 1 0 m  -  0 . 0 0 1 m 2 ( 0  ^  m  ^  1 . 5 )

4>S2 =  1 +  0 . 0 7 4 0 m  +  0 . 0 1 0 0 m 2 ( 0  ^  m  ^  2 . 0 )

0 A 2  =  1 -  0 . 0 0 8 7 0 8 m  +  0 . 0 0 6 4 2 8 m 2

( 0  iC m  iC 1 . 5 )  ( 3 )  

a n d  f o r  t h e  s y s t e m  ( / 3 - a l a n i n e ) - w a t e r  a r e  

<t> s i  =  1 +  0 . 0 8 4 m  +  0 . 0 1 0 4 m 2 —

0 . 0 0 2 3 7 m 3 +  0 . 0 0 0 1 1 5 m 4 

4>m =  1 -  0 . 0 1 8 9 8 5 m  +  0 . 0 1 9 3 0 7 m 2 -

0 . 0 0 2 4 3 1 m 3 +  0 . 0 0 0 1 0 9 m 4 ( 0  ^  m  ^  5 . 0 )

4>sa =  1 +  0 . 0 7 0 2 8 m  +  0 . 0 1 8 4 7 m 2 -

0 . 0 0 4 0 4 5 m 3 +  0 . 0 0 0 2 2 8 m 4 ( 0  ^  m  ^  5 . 7 )

4>a 2 =  1 -  0 . 0 3 0 1 5 6 m  +  0 . 0 2 5 1 2 m 2 -

0 . 0 0 3 4 9 1 1 m 3 +  0 . 0 0 0 1 7 2 m 4 ( 0  ^  m  ^  5 . 0 )  ( 4 )

I n  o b t a i n i n g  t h e  r e c a l c u l a t e d  e x p r e s s i o n s ,  t h e  e q u a 

t i o n  ms<t>si =  m A 0 A i ,  w h e r e  m s  a n d  m A  d e n o t e  t h e  

m o l a l i t i e s  o f  t h e  s u c r o s e  a n d  a l a n i n e  s o l u t i o n s ,  r e s p e c 

t i v e l y ,  w a s  u s e d  t o  c a l c u l a t e  v a l u e s  o f  m A  a t  5 0  e v e n l y

s p a c e d  v a l u e s  o f  m s  o v e r  a n  a p p r o p r i a t e  c o n c e n t r a t i o n  

r a n g e .  T h i s  g a v e  t h e  m o l a l i t i e s  a t  w h i c h  t h e  s u c r o s e  

s o l u t i o n s  a n d  a l a n i n e  s o l u t i o n s  w e r e  f o u n d  t o  h a v e  

e q u a l  v a p o r  p r e s s u r e .  T h e  r e v i s e d  e x p r e s s i o n ,  <$>S2, f o r  

s u c r o s e  w a s  t h e n  s u b s t i t u t e d  i n  t h e  a b o v e  e q u a t i o n ,  a n d  

v a l u e s  f o r  <£A2 w e r e  c a l c u l a t e d  f o r  e a c h  v a l u e  o f  m s  a n d  

t h e  c o r r e s p o n d i n g  v a l u e  o f  m A . T h e s e  v a l u e s  o f  4>a2 
w e r e  u s e d  t o  d e t e r m i n e  t h e  c o e f f i c i e n t s  i n  p o l y n o m i a l s  3  

a n d  4  b y  t h e  m e t h o d  o f  l e a s t  s q u a r e s  w i t h  t h e  c o n s t a n t  

t e r m  s e t  t o  u n i t y .

B e c a u s e  t h e  o s m o t i c  c o e f f i c i e n t s  a r e  e x p r e s s e d  i n  

t e r m s  o f  m o l a l i t y  a n d  t h e  d i f f u s i o n  c o e f f i c i e n t s  a r e  

e x p r e s s e d  i n  t e r m s  o f  m o l a r i t y ,  i t  w a s  n e c e s s a r y  i n  t h e  

t r e a t m e n t  o f  t h e  e x p e r i m e n t a l  d a t a  t o  c a l c u l a t e  t h e  

m o l a l i t i e s  a t  a  s e r i e s  o f  m o l a r i t i e s .  T h e  v a l u e s  o f  

d e n s i t y  u s e d  i n  t h e s e  c a l c u l a t i o n s  w e r e  t h o s e  o b t a i n e d  b y  

G u c k e r  a n d  A l l e n . 14 B y  l e t t i n g  (da)25 a n d  (dp)K d e s 

i g n a t e  t h e  d e n s i t y  i n  g / m l  a t  2 5 °  f o r  t h e  s y s t e m s  ( d l -  

a - a l a n i n e ) - w a t e r  a n d  ( / 3 - a l a n i n e ) - w a t e r ,  r e s p e c t i v e l y ,  

t h e i r  r e s u l t s  a r e

( d a )25 =  0 . 9 9 7 0 7 4  +  0 . 0 2 8 6 6 3 c  -  5 . 7 3  X  1 0 “ 4c 2

(d0)25 =  0 . 9 9 7 0 7 4  +  0 . 0 3 0 5 4 3 c  -  7 . 1 4 7  X  1 0 ~ 4c 2

A  m o l e c u l a r  w e i g h t  o f  8 9 . 0 9  g / m o l e  w a s  a s s u m e d  f o r  

b o t h  s o l u t e s .

R esults

T h e  i n t r a d i f f u s i o n  c o e f f i c i e n t s , 15 m e a s u r e d  i n

t h i s  w o r k  f o r  t h e  s y s t e m  ( l a b e l e d  L - a - a l a n i n e ) - ( D L - a -  

a l a n i n e ) - w a t e r  a r e  s h o w n  o n  t h e  l e f t  s i d e o f  T a b l e I .  T h e  

v a l u e s  o b t a i n e d  w i t h  d o u b l y  r e c r y s t a l l i z e d  l a b e l e d  l -a- 
a l a n i n e  w e r e  f o u n d  t o  b e  c o n s i s t e n t l y  h i g h e r  t h a n  t h e  

r e s t  o f  t h e  d a t a  b y  0 . 4 % .  I n  t r e a t i n g  t h e  d a t a ,  i t  

s e e m e d  r e a s o n a b l e  t o  o b t a i n  a n  a n a l y t i c a l  e x p r e s s i o n  

f o r  C D f ) v  vs. c o n c e n t r a t i o n  b y  f i r s t  u s i n g  t h e  d a t a  f o r  

o n c e - r e c r y s t a l l i z e d  l a b e l e d  L - a - a l a n i n e  t o  d e t e r m i n e  t h e  

c o e f f i c i e n t s  i n  a  c u b i c  e q u a t i o n  b y  t h e  m e t h o d  o f  l e a s t  

s q u a r e s  a n d  t h e n  i n c r e a s i n g  t h e  c o n s t a n t  t e r m  b y  0 . 4 % .  

T h i s  p r o c e d u r e  y i e l d e d  a  v a l u e  f o r  ( D t ) v  a t  i n f i n i t e  d i l u 

t i o n  o f  0 . 9 2 8  X  1 0 - 5  w h e r e  t h e  r m s  d e v i a t i o n  o f  t h e  f i t

(10) P . K . Sm ith  and E . R . B . Sm ith, J. B iol. Chem., 121, 607 
(1937).

(11) E . R . B . Sm ith  and P . K . Sm ith, ibid., 132, 47 (1940).
(12) R . A . R ob in son  and R . H . Stokes, J. P h ys. Chem.., 65 , 1954 
(1961).

(13) T hese  com p u tation s were perform ed  a t  the U n iversity  o f  W is 
consin  C om p u tin g  C enter.

(14) F . T . G u cker, Jr., and T . W . A llen , J . A m . Chem. Soc., 64 , 191 
(1942).

(15) A s in the case o f  the  m utual-diffusion  coefficients, the  su bscrip t 
v  denotes the  volum e-fixed  fram e o f reference. O f course, for  in tra
diffusion  this fram e o f  reference coincides w ith  other com m on ly  used 
fram es o f  reference such as the  so lvent-fixed  fram e and th e  n u m ber- 
fixed fram e because o f the chem ica l id en tity  o f  th e  solutes an d  the 
specia l in itial cond ition s for  intradiffusion.
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Table I : Intradiffusion Coefficients of Aqueous Solutions 
of Alanine Solutes Measured at 25°

(Labeled L-a-alanine)- (Labeled ,3-alanine)-
(DL-a-alanine)-water (/3-alanine)-water

(Dt)v x 1 0®, (£>t)v X 1 0s,
Cs, M cm2/sec c„  M cm2/sec

0.05“ 9.17 0.1 0.928
0.10 9.02 1.0 0.783
0.25 8.69 2.0 0.623
0.50 8.19 2.99 0.475
0.75 7.68 4.0 0.350
0.75“ 7.71 5.0 0.262
0.75“ ’6 7.76
1.00 7.20
1.50 6.39
1.50“ 6.42

°  E x p e r im e n ts  w ith  d o u b ly  re cry s ta llize d  la b e le d  L -a -a la n in e . 
b E x p e r im e n t  w ith  L -a -a la n in e  as u n la b e le d  so lu te .

i n  t h e  f i r s t  s t e p  w a s  ± 0 . 1 % .  H o w e v e r ,  t h e  i n t r a d i f 

f u s i o n  c o e f f i c i e n t  a n d  t h e  m u t u a l - d i f f u s i o n  c o e f f i c i e n t  

s h o u l d  b e  e q u a l  a t  i n f i n i t e  d i l u t i o n  f o r  t h e  s y s t e m ;  i n  

t h e  s u b s e q u e n t  c a l c u l a t i o n  o f  t h e  c o e f f i c i e n t s ,  R ilc, e x 

p r e s s i o n s  f o r  ( / T ) v  a n d  D v w h i c h  a p p r o a c h  t h e  s a m e  

v a l u e  a s  c g o e s  t o  0  w i l l  b e  n e c e s s a r y  f o r  m e a n i n g f u l  r e 

s u l t s  a t  t h i s  l i m i t .  S i n c e  t h e  G o u y  m e t h o d ,  w h i c h  w a s  

u s e d  i n  r e f  8 ,  i s  p r o b a b l y  t h e  m o r e  a c c u r a t e  m e t h o d  o f  

m e a s u r i n g  a b s o l u t e  v a l u e s  o f  d i f f u s i o n  c o e f f i c i e n t s ,  t h e  

c o n s t a n t  v a l u e  i n  t h e  e x p r e s s i o n  f o r  ( / T ) v  w a s  s e t  e q u a l  

t o  t h e  c o n s t a n t  t e r m  i n  e q  1 ,  a n d  t h e  r e s u l t i n g  a n a 

l y t i c a l  e x p r e s s i o n  f o r  (D^)v b e c a m e

( H ^ v  X  1 0 6 =  0 . 9 1 4 6  -  0 . 2 2 7 c  +  0 . 0 2 3 9 c 2

0  ^  c  ^  1 . 5  ( 5 )

I n  t h e  t r e a t m e n t  o f  t h e s e  d a t a ,  t h e  d  a n d  l  f o r m s  o f  

a - a l a n i n e  a r e  a s s u m e d  t o  b e  c h e m i c a l l y  e q u i v a l e n t .  

T h i s  a s s u m p t i o n  i s  j u s t i f i e d  b y  t h e  r e s u l t s  o f  t h e  e x 

p e r i m e n t s  r e p o r t e d  i n  r e f  8 .  T h e r e  i t  w a s  f o u n d  t h a t  

t h e  m u t u a l - d i f f u s i o n  c o e f f i c i e n t s  a t  e q u a l  c o n c e n t r a 

t i o n s  o f  a q u e o u s  s o l u t i o n s  o f  L - a - a l a n i n e ,  D - a - a l a n i n e ,  

a n d  D L - a - a l a n i n e  w e r e  e q u a l  w i t h i n  e x p e r i m e n t a l  

e r r o r .  T h e  i n t r a d i f f u s i o n  c o e f f i c i e n t  w h i c h  w a s  o b 

t a i n e d  i n  t h i s  w o r k  w h e n  L - a - a l a n i n e  w a s  u s e d  a s  t h e  

u n l a b e l e d  s o l u t e  i n  a  0 . 7 5  M  s o l u t i o n  i s  s l i g h t l y  h i g h e r  

t h a n  t h a t  o b t a i n e d  w i t h  D L - a - a l a n i n e .  H o w e v e r ,  t h e  

d i f f e r e n c e  i s  s m a l l  a n d  m a y  b e  o n l y  e x p e r i m e n t a l  e r r o r .

T h e  i n t r a d i f f u s i o n  c o e f f i c i e n t s  m e a s u r e d  i n  t h i s  w o r k  

f o r  t h e  s y s t e m  ( l a b e l e d  j 3 - a l a n i n e ) - ( / 3 - a I a n i n e ) - w a t e r  a r e  

p r e s e n t e d  o n  t h e  r i g h t  s i d e  o f  T a b l e  I .  A n  a n a l y t i c a l  

e x p r e s s i o n  w a s  o b t a i n e d  f o r  t h e s e  i n t r a d i f f u s i o n  c o e f 

f i c i e n t s  b y  u s i n g  t h e  d a t a  i n  T a b l e  I  t o  d e t e r m i n e  t h e  

c o e f f i c i e n t s  i n  a  t h i r d - d e g r e e  p o l y n o m i a l . 16 T h e  c o n -

Molarity

Figure 1. Concentration dependence of the normalized 
diffusion coefficients and the relative viscosity for aqueous 
solutions with a-alanine solutes and with (3-alanine solutes.

s t a n t  t e r m ,  t h e  v a l u e  o f  (D^)v a t  c  =  0 ,  o f  t h e  p o l y 

n o m i a l  w a s  0 . 9 4 4  X  1 0 - 6 . H o w e v e r ,  i t  w a s  a g a i n  a p 

p r o p r i a t e  t o  s e t  t h e  c o n s t a n t  t e r m  o f  t h e  p o l y n o m i a l  f o r  

t h e  i n t r a d i f f u s i o n  c o e f f i c i e n t  e q u a l  t o  t h e  v a l u e  o f  t h e  

m u t u a l - d i f f u s i o n  c o e f f i c i e n t  a t  c  =  0 .  B y  u s i n g  t h e  

c o n s t a n t  t e r m  i n  e q  2 ,  t h e  e x p r e s s i o n  f o r  t h e  i n t r a d i f 

f u s i o n  c o e f f i c i e n t ,  ( / 4 t ) v , b e c a m e

( D f ) v  X  1 0 5 =  0 . 9 3 9  -  0 .1 5 6 3 C  -  0 . 0 0 6 1 7 c 2 +

0 . 0 0 2 0 3 c 3 0  ^  c  ^  5 . 0  ( 6 )

D iscussion

F i g u r e  1 s h o w s  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  t h e  

i n t r a d i f f u s i o n  c o e f f i c i e n t s ,  t h e  m u t u a l - d i f f u s i o n  c o e f -

(16) T h is  order o f  p o lyn om ia l is rather h igh  re lative  t o  th e  num ber 
o f data  points. T h is  order was used, how ever, because a  m arked 
im provem en t o f  fit from  th at o f  the  n ext low er degree w as obtain ed . 
T h e  second -degree p o lyn om ia l fitted  th e  d ata  w ith  an rm s d evia tion  o f 
± 0 .6 % ,  whereas the  th ird -degree p o lyn om ia l fitted  th e  data  w ith  an 
rm s d ev ia tion  o f ± 0 .0 3 % .
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(D„ ,D12)X105

(Labeled a-alanine)- 
(a-alanine)-H2 0

(Dl1

(Labeled ,9-alanine)- 
(/S-alanine)-H20

F ig u re  2. D e p e n d e n c e  o f  th e  m a in -te rm  d iffu s io n  coe ffic ie n t , 
D 11, a n d  th e  c ro s s -te rm  d iffu s io n  coe ffic ie n t , D K, 
o n  th e  c o n ce n tra tio n s , Ci a n d  c2, o f  th e  tw o  ch e m ica lly  
id e n t ica l so lu te s  in  th e  in d ica te d  a q u e o u s  so lu tio n s .

f i c i e n t s ,  a n d  t h e  r e c i p r o c a l  o f  t h e  r e l a t i v e  v i s c o s i t y 17 f o r  

t h e  s y s t e m s  r e p o r t e d  h e r e .  T h e  d i f f u s i o n  c o e f f i c i e n t s  

w e r e  n o r m a l i z e d  b y  d i v i d i n g  b y  t h e  l i m i t i n g  v a l u e  o f  t h e  

d i f f u s i o n  c o e f f i c i e n t s  a t  z e r o  c o n c e n t r a t i o n ,  D 0. T h e  

q u a n t i t y  D V/[D 0 d ( m < f > ) / d m ]  f o r  e a c h  s y s t e m ,  w h e r e  m 
i s  t h e  m o l a l i t y  a n d  4> i s  t h e  o s m o t i c  c o e f f i c i e n t ,  i s  i n 

c l u d e d  t o  g i v e  a  c o m p a r i s o n  o f  t e r m s  i n v o l v e d  i n  t h e  

c a l c u l a t i o n  o f  t h e  c o e f f i c i e n t s ,  R 12, d i s c u s s e d  b e l o w .  

F i g u r e  1 s h o w s  t h a t  t h e  i n t r a d i f f u s i o n  c o e f f i c i e n t s  a r e  

m o r e  c l o s e l y  r e l a t e d  t o  v i s c o s i t y  t h a n  a r e  t h e  m u t u a l -  

d i f f u s i o n  c o e f f i c i e n t s .  S u c h  a  r e s u l t  h a s  b e e n  f o u n d  f o r  

o t h e r  n o n e l e c t r o l y t e  s y s t e m s . 18

T h e  e x p e r i m e n t a l  s y s t e m s  c o n s i d e r e d  h e r e  m a y  b e  

d e s c r i b e d  a s  t h r e e - c o m p o n e n t  s y s t e m s  w i t h  t h e  l a b e l e d  

a n d  u n l a b e l e d  f o r m s  o f  t h e  s o l u t e  r e p r e s e n t i n g  t h e  t w o  

s o l u t e  c o m p o n e n t s  a n d  t h e  s o l v e n t  a s  t h e  t h i r d  c o m 

p o n e n t . 3 T h e  f l o w  e q u a t i o n s  f o r  d i f f u s i o n  i n  o n e  d i 

m e n s i o n  f o r  t h e s e  s y s t e m s  m a y  b e  w r i t t e n

2
- W v =  S ( i * ) v ^  ( ¿ = 1 , 2 )  ( 7 )

H e r e  t h e  s u b s c r i p t s  1 a n d  2  a r b i t r a r i l y  a r e  c h o s e n  t o  

d e n o t e  f o r  t h e  f l o w s ,  J a n d  t h e  m o l a r i t i e s ,  ck, t h e  

l a b e l e d  a n d  u n l a b e l e d  f o r m s  o f  t h e  s o l u t e ,  r e s p e c t i v e l y ; 

h o w e v e r ,  t h e  e q u a t i o n s  t o  f o l l o w  w o u l d  b e  e q u a l l y  v a l i d  

i f  t h e  s o l u t e  c o m p o n e n t s  w e r e  n u m b e r e d  i n  t h e  r e v e r s e  

o r d e r .  T h e  s u b s c r i p t  v  a g a i n  d e n o t e s  t h e  v o l u m e - f i x e d  

f r a m e  o f  r e f e r e n c e .  I n  r e f  3  t h e  f o u r  d i f f u s i o n  c o e f f i 

c i e n t s  a r e  r e l a t e d  t o  t h e  m u t u a l  a n d  i n t r a d i f f u s i o n  

c o e f f i c i e n t s  b y  t h e  e q u a t i o n s

(Dik)v =  ~\D V -  (D%) +  Sik(D %

( i =  1, 2; k  =  1, 2) (8)

w h e r e  Sik i s  u n i t y  w h e n  i  =  k a n d  z e r o  w h e n  i  ^  k a n d  

w h e r e  cs =  Ci +

I n  F i g u r e  2  t h e  v a l u e s  o f  D n a n d  D 12 a r e  p l o t t e d  a s  

f u n c t i o n s  o f  Ci a n d  c 2 f o r  t h e  s y s t e m s  r e p o r t e d  h e r e .  

T h e  g r a p h s  w i l l  a l s o  s h o w  D 22 a n d  Dn  i n  p l a c e  o f  D n  a n d  

Du, r e s p e c t i v e l y ,  i f  t h e  l a b e l i n g  o f  t h e  a x e s  f o r  c i  a n d  c 2 

a r e  r e v e r s e d .  W h e n  c i  i s  p r e s e n t  o n l y  i n  t r a c e  a m o u n t s  

a n d  i s  e s s e n t i a l l y  z e r o ,  D n  i s  e q u a l  t o  t h e  i n t r a d i f f u s i o n  

c o e f f i c i e n t ,  ( Z ) t ) v , a n d  D n i s  z e r o .  W h e n  c 2 i s  e s s e n 

t i a l l y  z e r o ,  D n w i l l  b e  e q u a l  t o  t h e  m u t u a l - d i f f u s i o n  

c o e f f i c i e n t  a n d  D n w i l l  b e  e q u a l  t o  D v —  (D^)v. F o r  a  

c o n s t a n t  v a l u e  o f  t h e  s u m  o f  t h e  c o n c e n t r a t i o n s ,  cs, t h e  

v a l u e s  o f  H u  a n d  Dn  w i l l  l i e  o n  t w o  p a r a l l e l  s t r a i g h t  l i n e s  

t h a t  c o n n e c t  t h e  l i m i t i n g  v a l u e s  f o r  D n a n d  D 12 a t  Ci =  

0  a n d  a t  c 2 =  0 .  T h e  v a l u e  o f  D 12 i s  s e e n  t o  i n c r e a s e  

r a p i d l y  f o r  b o t h  s y s t e m s  w i t h  a n  i n c r e a s e  i n  c i  w h e n  c 2 

r e m a i n s  s m a l l ,  a n d  i n  t h e  c a s e  o f  / 3 - a l a n i n e  D u  b e c o m e s  

6 0 %  o f  t h e  v a l u e  o f  D n a t  t h e  h i g h e r  c o n c e n t r a t i o n s  o f  

C i. A l t h o u g h  t h e s e  r e s u l t s  a r e  f o r  t h e  s p e c i a l  c a s e  o f  

c h e m i c a l l y  e q u i v a l e n t  s o l u t e s ,  t h e y  g i v e  a n  i n d i c a t i o n  o f  

t h e  r e s u l t  t h a t  w o u l d  b e  o b t a i n e d  i f  o n e  s o l u t e  w e r e  r e 

p l a c e d  b y  a  s i m i l a r  b u t  c h e m i c a l l y  d i f f e r e n t  s o l u t e .  

T h e  r e l a t i v e l y  l a r g e  v a l u e s  o f  D 12 o b t a i n e d  f o r  t h e  s y s 

t e m  w i t h  / 3 - a l a n i n e  s h o w  t h e  i m p o r t a n c e  o f  i n c l u d i n g  

t h e  c r o s s - t e r m  d i f f u s i o n  c o e f f i c i e n t s  i n  d e v e l o p i n g  

t h e o r i e s  f o r  t r a n s p o r t  p r o c e s s e s .

I n  r e c e n t  y e a r s  i n t e r e s t  h a s  d e v e l o p e d  i n  d e s c r i b i n g  

d i f f u s i o n  p r o c e s s e s  i n  t e r m s  o f  t h e  t h e r m o d y n a m i c s  o f  

i r r e v e r s i b l e  p r o c e s s e s .  B y  a p p l y i n g  t h e  e q u a t i o n s  p r e 

s e n t e d  b y  O n s a g e r , 19 t h e  p r o c e s s  o f  i s o t h e r m a l  d i f f u s i o n

(17) T h e  values o f  relative v iscos ity  w ere obta in ed  from  L . S. M ason , 
P . M . K am p m eyer, and  A . L . R ob in son , J. A m . Chem. Soc., 74 , 1287 
(1952).
(18) T h is  m ay  be seen, fo r  exam ple, in  the  experim ental results fo r  
the system  ben zen e -cyc loh exa n e : R . M ills, J . P h ys. Chem ., 69 , 3116 
(1965).
(19) L . O nsager, A n n . N . Y . Acad. Sci., 46 , 241 (1945).

The Journal of Physical Chemistry



T ernary Labeled Alanine-A lanine-W ater Systems 2305

Figure 3. Values of the coefficients,
Rio and R12, which are related, respectively, to the 
interaction of the solvent and either solute and to 
the interaction of the chemically identical solutes.

i n  o n e  d i m e n s i o n  f o r  a  t h r e e - c o m p o n e n t  s y s t e m  m a y  b e  

d e s c r i b e d  b y  t h e  e q u a t i o n s

-à fit/à x  =  J2 R u Jk  d  =  0 ,  1 ,  2 )  ( 9 )
4 =  0

H e r e  nt i s  t h e  c h e m i c a l  p o t e n t i a l  o f  c o m p o n e n t  i, t h e  

c o e f f i c i e n t s ,  R ih, a r e  t h e r m o d y n a m i c  t r a n s p o r t  c o e f f i 

c i e n t s ,  a n d  t h e  r e s t  o f  t h e  q u a n t i t i e s  h a v e  t h e  s a m e  

s i g n i f i c a n c e  a s  i n  e q  7 .  T h e  s u b s c r i p t s  0 ,  1 ,  a n d  2  a r e  

u s e d  t o  d e n o t e ,  r e s p e c t i v e l y ,  t h e  s o l v e n t ,  t h e  l a b e l e d  

s o l u t e ,  a n d  t h e  u n l a b e l e d  s o l u t e  i n  t h e  s y s t e m .  O n -  

s a g e r  g i v e s  t h e  c o n d i t i o n  t h a t

=  0  ( i  =  0 ,  1 , 2 )  ( 1 0 )
4 =  0

a n d  i n  t h i s  r e p r e s e n t a t i o n  t h e  O n s a g e r  r e c i p r o c a l  r e l a 

t i o n s

Rik — Rkl (11)

a p p l y .  T h e s e  c o e f f i c i e n t s ,  R ik, a r e  i n d e p e n d e n t  o f  t h e  

f r a m e  o f  r e f e r e n c e  f o r  t h e  f l o w s .

F o r  s y s t e m s  i n  w h i c h  t h e  t w o  s o l u t e s  a r e  c h e m i c a l l y  

t h e  s a m e  a n d  o n l y  i s o t o p i c a l l y  d i f f e r e n t ,  t h e  c o e f f i c i e n t s ,  

R ik, m a y  b e  c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  e q u a t i o n s . 3

j ?  _  p  J ~ G o C p (d  I n  a j d c s)  _  1 &ik
ik L lO O O H v  ( D V ,  +  ct(D % _

( i  =  1 , 2 ;  k  =  1 , 2 )  ( 1 2 )

H e r e  V0 i s  t h e  p a r t i a l  m o l a l  v o l u m e  o f  t h e  s o l v e n t  i n  

m i l l i l i t e r s  p e r  m o l e  a n d  as i s  t h e  a c t i v i t y  f o r  t h e  b i n a r y  

s y s t e m  o f  c o n c e n t r a t i o n ,  c s, w h e r e  t h e  t w o  f o r m s  o f  t h e  

s o l u t e  a r e  n o t  s e p a r a t e l y  i d e n t i f i e d .  S i n c e  m o s t  o f  t h e

d a t a  f o r  t h e  a c t i v i t y  c o e f f i c i e n t s  o f  n o n e l e c t r o l y t e s  i n  

a q u e o u s  s y s t e m s  h a v e  b e e n  o b t a i n e d  b y  t h e  i s o p i e s t i c  

m e t h o d ,  i t  i s  o f  i n t e r e s t  t o  e x p r e s s  e q  1 2  i n  t e r m s  o f  o s 

m o t i c  c o e f f i c i e n t s  w h i c h  a r e  d i r e c t l y  o b t a i n e d  b y  t h i s  

m e t h o d .  I n  c o n v e r t i n g  e q  1 2 ,  t h e  e x p r e s s i o n

V qCq .

1 0 0 0  cs dTO S

i s  u s e d  w h i c h  m a y  b e  o b t a i n e d ,  f o r  e x a m p l e ,  f r o m  e q u a 

t i o n  A - 7  i n  r e f  2 0 .  H e r e  ms i s  t h e  m o l a l i t y  a t  m o l a r i t y  

cs. W i t h  t h e  d e f i n i t i o n  o f  t h e  o s m o t i c  c o e f f i c i e n t s ,  <f>

I n  a0
mscj}Mo

1 0 0 0
( 1 4 )

w h e r e  M 0 a n d  a 0 a r e ,  r e s p e c t i v e l y ,  t h e  m o l e c u l a r  w e i g h t  

a n d  t h e  a c t i v i t y  o f  t h e  s o l v e n t ,  a n d  w i t h  t h e  c o n d i t i o n  

f r o m  t h e  G i b b s - D u h e m  e q u a t i o n  t h a t

—  d  I n  Co =  —ms d  I n  as ( 1 5 )
M  o

w h e r e  ms i s  t h e  t o t a l  m o l a l i t y  o f  t h e  s o l u t e ,  e q  1 2  m a y  b e  

w r i t t e n

Rik —
1 0 0 0 R T 'd(ms<j>)/dms 

. IK

1
+

c.sA í-,
( D f ) v  C iC D f ) J

( t  =  1 ,  2 ;  k =  1 ,  2 )  ( 1 6 )

I n  e q  1 6  t h e  c o n s t a n t  1 0 0 0  ( a n  a p p r o x i m a t i o n  o f  t h e  

m o r e  e x a c t  c o n s t a n t  1 0 0 0 . 0 2 7 )  i s  i n c l u d e d  t o  c o n v e r t  

l i t e r s  t o  c u b i c  c e n t i m e t e r s  a n d  t h u s  t o  s i m p l i f y  t h e  

u n i t s  o f  R ik. B y  n o t i n g  t h a t  Co =  ( 1 0 0 0 c , , ) / ( M 0m s)  a n d  

b y  a p p l y i n g  e q  1 0 ,  t h e  r e s t  o f  t h e  c o e f f i c i e n t s ,  R ik, b e 

c o m e 20 21 22

Rio — Rio — Roí — Roí —

1 0 0 0  R T  msM 0 d  (jns<j>)/dms
-----------7 T ^ 00 ~  “  n  G ' )msM o cs D  v

I n  T a b l e  I I  v a l u e s  o f  Rio a n d  R n  a r e  p r e s e n t e d 2 2 -2 3  

w h i c h  h a v e  b e e n  c a l c u l a t e d  f r o m  e q  1 6  a n d  1 8 .

B e c a u s e  Rn  i n v o l v e s  r e l a t i v e l y  s m a l l  d i f f e r e n c e s  b e 

t w e e n  l a r g e  q u a n t i t i e s ,  i t s  e x p e r i m e n t a l  a c c u r a c y  s h o u l d  

n o t  b e  c o n s i d e r e d  b e t t e r  t h a n  ± 5 % ;  t h e  q u a n t i t i e s  

i n v o l v e d  i n  t h e  c a l c u l a t i o n s  o f  Rn  a r e  s h o w n  a s  n o r 

m a l i z e d  r e c i p r o c a l s  i n  F i g u r e  1 .  I n  p r i n c i p l e ,  t h e  e x -

(20) P . J. D u n lop  and  L . J. G osting , J. P hys. Chem ., 63 , 86 (1 959).
(21 ) H ere it should  be noted  th at a m inus sign is m issing from  the 
last term  o f eq  28 in  ref 3. H ow ever, all the  tabu la ted  values o f  
Rio fo r  urea in th at reference have the  correct sign.
(22) E llerton , et a l,,23 had  p rev iou sly  ca lcu lated  values fo r  the  case 
o f  Rio b y  using the  original th erm od yn am ic a c t iv ity  data  ob ta in ed  b y  
Sm ith  and  Sm ith.
(23) H . D . E llerton , G . R ein felds, D . E . M u lca h y , and P . J. D u n lop , 
J. P hys. Chem., 68 , 403 (1964).
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Table II : Thermodynamic Transport Coefficients 

✓-------------a-Alanine-------------- --------------/3-Alanine-
— Rio/RT. -Ru/RT, — Ru/RT, -Ru/R T,

c. cm sec cm sec c. cm sec cm sec
M mole _1 mole M mole“ 1 mole

0 .0 3 1 .9 87 1 2 .0 0 .1 1 .9 57 6 .6
0 .3 2 .1 0 0 1 2 .5 0 .5 2 .1 0 3 6 .8
0 .6 2 .2 3 6 1 3 .0 1 .0 2 .3 3 2 7 .1
0 .9 2 .3 8 7 1 3 .6 2 .0 2 .9 6 9 8 .6
1 .2 2 .5 5 4 1 4 .0 3 .0 3 .8 6 7 1 2 .7
1 .5 2 .7 3 9 1 4 .4 4 .0 5 .0 7 4 1 9 .5

5 .0 7 .0 5 8 2 4 .0

p e r i m e n t a l  e r r o r  w o u l d  b e  i n f i n i t e  a t  z e r o  c o n c e n t r a t i o n  

i f  o n e  a t t e m p t e d  t o  m e a s u r e  d i r e c t l y  e a c h  q u a n t i t y  i n  

e q  1 6  a t  t h i s  c o n c e n t r a t i o n .  H o w e v e r ,  b e c a u s e  o f  t h e  

p r o c e d u r e  o f  a n a l y s i s  i n  w h i c h  a l l  t h e  q u a n t i t i e s  w e r e  

c a l c u l a t e d  f r o m  l o w - d e g r e e  p o l y n o m i a l s  w h i c h  i n  t u r n  

w e r e  o b t a i n e d  b y  a  l e a s t - s q u a r e s  f i t  o f  t h e  e x p e r i m e n t a l  

d a t a  o v e r  t h e  e n t i r e  c o n c e n t r a t i o n  r a n g e  f o r  t h e  s y s 

t e m s ,  t h e  v a l u e s  o f  Rn  s h o u l d  r e t a i n  g o o d  s i g n i f i c a n c e  a t  

z e r o  c o n c e n t r a t i o n .

T h e  v a l u e s  f o r  R l0 a n d  R n  p r e s e n t e d  i n  T a b l e  I I  a r e  

p l o t t e d  i n  F i g u r e  3  a l o n g  w i t h  t h e  r e s u l t s  t h a t  h a v e  p r e 

v i o u s l y  b e e n  r e p o r t e d  f o r  t h e  s y s t e m  ( l a b e l e d  u r e a ) -  

u r e a - w a t e r .

T h e  c o e f f i c i e n t s  ( —R a), w i t h  i  k, h a v e  b e e n  i n t e r 

p r e t e d 2 4 -3 2  t o  b e  a  m e a s u r e  o f  t h e  f r i c t i o n  b e t w e e n  

m o l e c u l e s  o f  t y p e  i  a n d  k. W i t h  t h i s  i n t e r p r e t a t i o n  

t h e  l a r g e r  v a l u e s  o f  R m r e l a t i v e  t o  Rm f o r  t h e  s y s t e m s  

s h o w n  i n  F i g u r e  3  a r e  e x p e c t e d  b e c a u s e  o f  t h e  r e l a t i v e l y  

s m a l l e r  s i z e  o f  t h e  s o l v e n t  m o l e c u l e s .

F o r  t h e  s y s t e m  w i t h  ^ - a l a n i n e ,  t h e  v a l u e s  o f  R m a n d  

R m i n c r e a s e  b y  a p p r o x i m a t e l y  t h e  s a m e  p e r c e n t a g e  o f  

t h e i r  v a l u e s  a t  z e r o  c o n c e n t r a t i o n  a s  t h e  c o n c e n t r a t i o n  

i n c r e a s e s  f r o m  0  t o  5 M. H o w e v e r ,  R n s h o w s  a  g r e a t e r  

d e v i a t i o n  f r o m  l i n e a r i t y  t h a n  d o e s  Rio o v e r  t h i s  c o n 

c e n t r a t i o n  r a n g e .

I t  i s  c u r i o u s  t h a t  t h e  m a g n i t u d e  o f  R m s h o u l d  b e

g r e a t e r  f o r  t h e  s o l u t i o n s  w i t h  a - a l a n i n e  t h a n  f o r  t h e  

s o l u t i o n s  w i t h  / 3 - a l a n i n e  s i n c e  t h e  l a t t e r  m a t e r i a l  h a s  t h e  

l a r g e r  d i p o l e  m o m e n t .
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(24) T h e  sign o f  Rik fo r  the  equ ations presented  in  this article  is 
d eterm ined  b y  th e  original form ulations o f  O nsager (re f 19) and  is 
consistent w ith  th e  equ ations presented in ref 3. H ow ever, th e  rate 
o f  e n trop y  p rod u ction  fo r  isotherm al d iffusion  o f  n solu tes m a y  be 
given  accord in g  t o  the  equ ation

n n

23V = E Y,(-Rik)cMvi -  Vky
i =  0 k = 0

w here T  is absolute tem perature, a is the rate o f  en trop y  p rod u ction , 
and (»> — iik) is the  d ifference in  the  velocities o f  com p on en ts  i and 
k. T h is form  o f the  en trop y  p rod u ction  equ ation  indicates th at the 
qu an tity  (— Rik) w ith  the i yt k should  be used w ith  the  con cep t  o f  
fr iction . I t  should  be n oted  here th at D u n lo p 23.26 has ad op ted  the 
op posite  sign for  the  coefficients, Rik, and thus has ob ta in ed  equ a
tions w h ich  have the  appropriate signs o f  the  coefficients, Rik, fo r  
the  con cep t  o f  fr iction . A lso  th e  coefficients ¡pik and rn, in trodu ced  
b y  L a m m 2*.27 and  K le m m ,28 29 resp ectively , w here yw  =  — RikfrCk and 
r ,-k =  —RihC, w herein C designates the  to ta l nu m ber o f m oles o f  all 
com p on en ts p er cu b ic  centim eter o f  so lu tion , w ere originally  chosen  b y  
these authors to  h a ve  the  p rop er  sign fo r  the  fr iction  con cep t.
(25) P . J. D u n lop , J. Phys. Chem., 68, 26 (1964).
(26 ) O . L a m m , Arkiv Kemi Mineral. Geol., 18B, N o . 2 (1944).
(27) O . L am m , J. Phys. Chem., 61, 948 (1957).
(28) A . K lem m , Z. Naturforsch., 8 a , 397 (1953).
(29) L a m m 24 25 was the first to  em phasize th e  use o f  the  co n ce p t  o f 
fr iction  fo r  describ ing  d iffusion  in  m u lticom p on en t system s. L a ity 30 
presented equ ations show ing how  the Rik coefficients o f  O nsager 
cou ld  be described  as fr iction  coefficients. A n  in tercom p arison  o f  
the L am m  and O nsager approaches is presented b y  L ju n g g ren .31 A  
verifica tion  o f the  con cep t  o f  fr iction  has been p rov id ed  b y  D u llien 32 
w h o has app lied  th is con cep t w ith  reasonable success in  relating  v is
cos ity  t o  intradiffusion  coefficients.
(30 ) R . W . L a ity , J. Phys. Chem., 63 , 80 (1959).
(31 ) S. L ju nggren , Trans. Roy. Inst. Technol., Stockholm, N o . 172 
(1961).
(32) F . A . L . D u llien , Trans. Faraday Soc., 59, 856 (1963).
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T h e  p h o t o c h e m i s t r y  o f  t h e  t i t l e  k e t o n e  w a s  i n v e s t i g a t e d  a t  3 1 3 0  A  a n d  i t s  b e h a v i o r  i s  c o m 

p a r e d  t o  t h a t  o f  o t h e r  f l u o r o a l k y l  k e t o n e s .  Q u a n t u m  y i e l d  d a t a  a s  f u n c t i o n s  o f  t e m 

p e r a t u r e  a n d  p r e s s u r e  a r e  d e t e r m i n e d ,  a n d  i t  i s  c o n c l u d e d  t h a t  t h e  p r i m a r y  d e c o m p o s i 

t i o n  m o d e  i s  C 2F 5C O C 2H 6 +  hv - * -  C 2F 5 +  C O C 2H s . T h e  d i s p r o p o r t i o n a t i o n / c o m b i n a -  

t i o n  r a t i o  f o r  C 2F 5 a n d  C 2H 5 r a d i c a l s  i s  0 . 5 6 ,  a n d  t h e  c r o s s - c o m b i n a t i o n  r a t i o  i s  a b o u t  2 ,  b o t h  

a l m o s t  i n d e p e n d e n t  o f  t h e  t e m p e r a t u r e .  T h e  a c t i v a t i o n  e n e r g i e s  f o r  H - a t o m  a b s t r a c t i o n  

f r o m  t h e  k e t o n e  a r e  5 . 6  a n d  6.8  k c a l  m o l e -1  f o r  C 2F 5 a n d  C 2H 6 r a d i c a l s ,  r e s p e c t i v e l y .

Introduction

I n  o u r  p r e v i o u s  i n v e s t i g a t i o n 2 o n  t h e  p h o t o l y s i s  o f  

C 3F 7C O C 2H 5, w e  o b t a i n e d  s o m e  s u r p r i s i n g l y  s t r o n g  

t e m p e r a t u r e  d e p e n d e n c i e s  f o r  t h e  d i s p r o p o r t i o n a t i o n /  

c o m b i n a t i o n  a n d  c r o s s - c o m b i n a t i o n  r a t i o s  f o r  C 3F 7 
a n d  C 2H 5 r a d i c a l s .  T h i s  i n v e s t i g a t i o n  r e p r e s e n t s  a  

d e t e r m i n a t i o n  o f  t h e s e  r a t i o s  f o r  C 2F 6 a n d  C 2H 5 r a d i c a l s ;  

a l s o  q u a n t u m  y i e l d  d a t a  a s  f u n c t i o n s  o f  t h e  t e m p e r a 

t u r e  a n d  p r e s s u r e  f o r  t h e  p h o t o d e c o m p o s i t i o n  o f  t h e  

k e t o n e  a r e  p r e s e n t e d .

Experim ental Section

T h e  a p p a r a t u s  w a s  i d e n t i c a l  w i t h  t h a t  u s e d  i n  t h e  

C 3F 7C O C 2H 5 e x p e r i m e n t s .2 T h e  C 2F 5C O C 2H 5 w a s  

o b t a i n e d  f r o m  C o l u m b i a  O r g a n i c ;  i t  a p p e a r e d  t o  b e  

p u r e  f r o m  v p c  a n d  m a s s  s p e c t r o m e t r i c  a n a l y s i s .  T h e  

e x t i n c t i o n  c o e f f i c i e n t  a t  3 1 3 0  A  i s  7 . 3 1 .  m o l e -1  c m - 1 .

P h o t o l y s i s  t e m p e r a t u r e s  v a r i e d  f r o m  r o o m  t e m p e r a 

t u r e  t o  o v e r  3 0 0 ° ,  a n d  t i m e s  v a r i e d  f r o m  2  m i n  t o  4  h r .  

R u n s  o f  s h o r t  d u r a t i o n  a n d  h i g h e r  i n t e n s i t i e s  w e r e  e m 

p l o y e d  w h e n  r a d i c a l - r a d i c a l  i n t e r a c t i o n s  w e r e  b e i n g  

i n v e s t i g a t e d .  L o n g e r  t i m e s  w e r e  e m p l o y e d  w h e n  

q u a n t u m  y i e l d  d e t e r m i n a t i o n s  w e r e  b e i n g  m a d e  a n d  

s o l u t i o n  f i l t e r s  w e r e  u s e d .2 U n d e r  t h e s e  c o n d i t i o n s  

t h e  i n c i d e n t  i n t e n s i t y  w a s  e i t h e r  2 . 2  o r  2 . 8  X  1 0 13 
q u a n t a / c c  s e c ,  d e p e n d i n g  o n  t h e  f i l t e r  c o m b i n a t i o n .  

T h e  a b s o r b i n g  i n t e n s i t y  w i t h o u t  t h e  f i l t e r s  w a s  ~ 2 0 -  

3 0  t i m e s  g r e a t e r .  T h e  p r e s s u r e  o f  t h e  k e t o n e  u s e d  w a s  

m a i n t a i n e d  a t  4 . 5  ±  0 . 3  c m ,  e x c e p t  w h e n  t h e  p r e s s u r e  

d e p e n d e n c e  o f  <l>Co  w a s  b e i n g  d e t e r m i n e d .

P r o d u c t  a n a l y s i s  w a s  e f f e c t e d  b y  l o w - t e m p e r a t u r e  

f r a c t i o n a t i o n  a n d  v p c .  C O  w a s  s e p a r a t e d  a t  — 2 1 0 °

a n d  o c c a s i o n a l l y  c h e c k e d  o n  t h e  m a s s  s p e c t r o m e t e r .  

C 2H 6 a n d  C 2H 4 w e r e  c o l l e c t e d  a t  — 1 7 5 °  a n d  a n a l y z e d  

o n  a  1 - m  3 %  s q u a l a n e - o n - s i l i c a  g e l  c o l u m n .  C 2F 5H ,  

C 4H 10, C 4F 10, a n d  C 2F 5C 2H 5, t o g e t h e r  w i t h  s o m e  

C 2F 6C O C 2H 6, w e r e  c o l l e c t e d  a t  — 1 1 0 °  a n d  a n a l y z e d  

o n  a  0 . 5 - m  3 %  s q u a l a n e - o n - a l u m i n a  c o l u m n  f o l l o w e d  

b y  a  2 - m  1 5 %  s i l i c o n e  o i l - o n - C h r o m o s o r b  W  c o l u m n .  

T h e  k e t o n e  w a s  r e t a i n e d  b y  t h e  a l u m i n a  c o l u m n ,  a n d  

t h e  o t h e r  c o m p o n e n t s  w e r e  i d e n t i f i e d  b y  m a s s  s p e c t r o 

m e t r i c  a n a l y s i s  a n d  v p c  r e t e n t i o n  t i m e s .  C 2F 6C 2H 6 
w a s  p r e p a r e d  f r o m  t h e  r e d u c t i o n  o f  p e n t a f l u o r o - 1-  

b u t e n e ,  o b t a i n e d  f r o m  P e n i n s u l a r  C h e m R e s e a r c h .

R esults and D iscussion

Radical-Radical Interactions. T h e  f o l l o w i n g  r e a c 

t i o n s  a r e  o f  i n t e r e s t .

C 2F 6 +  C 2H 6 — >  C 2F 5H  +  C 2H 4 ( 1 )

C 2F 5 +  C 2H 5 — >  C 2F 6C 2H 6 ( 2 )

C 2F s +  C 2F 6 — >  C 4F 10 ( 3 )

C 2H 5 +  C 2H 5 — >  C 2H 6 +  C 2H 4 ( 4 )

C 2H b +  C 2H 5 — >  C 4H 10 ( 5 )

C 2F 6H  a n d  C 2H 6 a r e  a l s o  f o r m e d  i n  t h e  a b s t r a c t i o n  

r e a c t i o n s

C 2F 6 +  C 2H 5C O C 2 F 6 — >■ C 2F bH  +  C 2H 4 C O C 2F 6 ( 6 )  

C 2H 6 +  C 2H 5C O C 2F 5 — >  C 2H 6 +  C 2H 4C O C 2F 6 ( 7 )

(1) T h is  w ork  w as su pported  b y  a grant from  the N ation a l Science 
F oun dation .
(2) G . O. P ritchard  and  R . L . T hom m a rson , J . P h ys. Chem., 6 9 , 
1001 (1965).
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A t  h i g h e r  t e m p e r a t u r e s ,  t h e  r a d i c a l  f o r m e d  i n  r e a c t i o n s  

6  a n d  7  m a y  d e c o m p o s e  i n t o  C 2H 4*  ( f r o m  r e a r r a n g e m e n t  

o f  C H 3C H ) ,  C O ,  a n d  C 2F 5, o r ,  a s  a  r e f e r e e  h a s  s u g g e s t e d ,  

i n t o  C H 3C H C O  a n d  C 2F 5. W e  d i d  n o t  d i s t i n g u i s h  

b e t w e e n  t h e s e  t w o  p o s s i b i l i t i e s .  A s  w e  p r e v i o u s l y  

a s s u m e d ,2 t h e  C 2H 4 f o r m e d  i n  r e a c t i o n  1 w a s  f o u n d  

b y  s u b t r a c t i n g  0 . 1 4  o f  t h e  C 4H 10 y i e l d  f r o m  t h e  t o t a l  

e t h y l e n e  f o r m e d .  T h e  A r r h e n i u s  p l o t  o f  h /k 2 f o r  a  

n u m b e r  o f  r e p r e s e n t a t i v e  r u n s  i s  s h o w n  i n  F i g u r e  1 . 

T h e  r e s u l t s  a r e  v e r y  s c a t t e r e d ,  d u e  t o  d i f f i c u l t i e s  t h a t  

w e  e n c o u n t e r e d  i n  o b t a i n i n g  a c c u r a t e  e t h y l e n e  a n a l y s e s .  

T h e  t o t a l  e t h y l e n e  f o r m e d  v a r i e d  b e t w e e n  ~ 3 5  a n d  

5 %  ( a t  h i g h  t e m p e r a t u r e s )  o f  t h e  — 1 7 5 °  f r a c t i o n ,  

a n d  a n y  e r r o r  i n  t h e  b u t a n e  a n a l y s i s  i s  r e f l e c t e d  i n  t h e  

ki/k2 v a l u e s .  T h e  l i n e  d r a w n  r e p r e s e n t s  t h e  a v e r a g e  

v a l u e  o f  fa/ki =  0 . 5 6 ,  i n d e p e n d e n t  o f  t e m p e r a t u r e ,  

f o r  t h e  1 4  r u n s  r e c o r d e d .  A  l i n e  o f  p o s i t i v e  s l o p e  c o u l d  

a l s o  v e r y  w e l l  r e p r e s e n t  m o s t  o f  t h e  p o i n t s ,  y i e l d i n g  a  

v a l u e  o f  F i  —  F 2 —  — 1 - 5  k c a l  m o l e - 1 , i n  g o o d  a g r e e m e n t  

w i t h  t h e  c o m p a r a b l e  v a l u e  t h a t  w e  o b t a i n e d  f o r  

C 3 F 7  a n d  C 2 H 5  r a d i c a l s .2 I n  v i e w  o f  t h e  u n c e r t a i n t i e s  

i n v o l v e d ,  i t  w o u l d  a p p e a r  s i m p l e r  t o  c o n c l u d e  t h a t  t h e s e  

r e l a t i v e l y  l a r g e  a c t i v a t i o n  e n e r g y  d i f f e r e n c e s  a r e  n o t  

e s t a b l i s h e d ,  a l t h o u g h  i t  i s  r e a s o n a b l y  c e r t a i n  t h a t  

-^d isp rop ortion ation  4  -^ com bin ation  f o r  a l k y l  r a d i c a l  i n t e r 

a c t i o n s ,3 t h e  d i f f e r e n c e  b e i n g  o f  t h e  o r d e r  o f  3 0 0  c a l  

m o l e - 1 .

T h e  c r o s s - c o m b i n a t i o n  r a t i o  k2/k2hk^'¡ =  Rcûhc^wJ 
^ c 1F,o1/ 2f 2 c iHio /2 , w h e r e  R  r e p r e s e n t s  m e a n  r a t e  o f  

f o r m a t i o n ,  i s  a l s o  p l o t t e d  i n  t h e  A r r h e n i u s  f o r m  i n  

F i g u r e  1 ( a l l  t h e  v a l u e s  a r e  c l o s e  t o  t h e  t h e o r e t i c a l  

v a l u e  o f  2 ) .  A  l e a s t - s q u a r e s  l i n e  t h r o u g h  t h e  p o i n t s  

g i v e n  y i e l d s  k2/kzhk ih =  4 . 7 e ( ' " 7 5 0 ± 4 0 0 ) / 'B7’ . T h i s  i s  

a  s i m i l a r  b u t  l e s s e r  t e m p e r a t u r e  e f f e c t  t h a n  w e  o b t a i n e d  

i n  t h e  C 3F 7 +  C 2H 5 s y s t e m .2 I f  w e  i n c l u d e  t h e  d i s 

p r o p o r t i o n a t i o n  r e a c t i o n s  i n  t h e  c r o s s - c o m b i n a t i o n  

r a t i o ,  a  c o r r e c t i o n  f a c t o r  o f  1 . 5 6 / ( 1 . 1 4 ) V i  i s  n e e d e d ,  

a s s u m i n g  t h a t  t h e  d i s p r o p o r t i o n a t i o n / c o m b i n a t i o n  

r a t i o s  f o r  C 2F 6 +  C 2H 6 a n d  2 C 2H 6 r a d i c a l s  a r e  i n d e 

p e n d e n t  o f  t e m p e r a t u r e ;  t h e  t e m p e r a t u r e  d e p e n d e n c e  

o f  t h e  c r o s s  c o m b i n a t i o n  w i l l  r e m a i n  u n a f f e c t e d .

T h e  p r e s e n t  d a t a  s u g g e s t  v e r y  s m a l l ,  < 1  k c a l  m o l e - 1 , 

i f  a n y ,  t e m p e r a t u r e  d e p e n d e n c i e s  f o r  C 2F 6 a n d  C 2H 6 

i n t e r a c t i o n s  a s  o p p o s e d  t o  t h e  l a r g e r  e n e r g y  b a r r i e r  

d i f f e r e n c e s ,  ~ 2  k c a l  m o l e - 1 , f o u n d  f o r  C 3 F 7  a n d  C 2H 5 
i n t e r a c t i o n s .2 T h e  r e a s o n  f o r  t h i s  i s  n o t  c l e a r ,  a s  i n t e r 

a c t i o n s  b e t w e e n  p e r f l u o r o a l k y l  r a d i c a l s  s h o w  n o  t e m 

p e r a t u r e  d e p e n d e n c e .4 5 T h e  C 3F 7 +  C 2H 5 d a t a  m a y  

n o t ,  a s  y e t ,  b e  d i s c o u n t e d  f o r  i t  s h o u l d  b e  n o t e d  t h a t  

a  s t r o n g  t e m p e r a t u r e  d e p e n d e n c e  h a s  a l s o  b e e n  r e 

p o r t e d  f o r  t h e  C 3 F 7  +  C H 3  c r o s s - c o m b i n a t i o n  r a t i o .6
A  f e w  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  a t  l o w e r  p r e s 

s u r e s ,  ~ 4  m m ,  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  o f  H F

Figure 1. Arrhenius plots of C2F5 and C2H5 radical 
interactions: •, fe/foi'/'fo1/2; O, fe/fa.

Figure 2. Arrhenius plots for H-atom abstractions:
•, mole-1/* ccI/2 sec-1/*; O, ki/ks^ mole-1/ 2 cc1/ 2
sec-1/2; d, high-intensity, low-temperature runs.

e l i m i n a t i o n  f r o m  t h e  v i b r a t i o n a l l y  e x c i t e d  C 2F 6C 2H 5*  

s p e c i e s  f o r m e d  i n  r e a c t i o n  2 .  N o  e v i d e n c e  w a s  f o u n d  

f o r  s u c h  a  r e a c t i o n  o w i n g  t o  t h e  l a r g e  n u m b e r  o f  

a v a i l a b l e  d e g r e e s  o f  f r e e d o m  i n  t h e  e x c i t e d  m o l e c u l e .2
H-Atorn Abstraction Data. T h e  c o n v e n t i o n a l  A r 

r h e n i u s  p l o t s  f o r  fc6/ f c 3I/2 a n d  k-j/k^1, b o t h  i n  u n i t s  o f  

m o l e “ 1/2 c c 1/! s e e “ ' 72, a r e  s h o w n  i n  F i g u r e  2 .  A  l e a s t -  

s q u a r e s  t r e a t m e n t  o f  t h e  d a t a  l e a d s  t o  t h e  e x p r e s s i o n s

h / h 1/2 =  2 . 2  X  l O 4e “ 50O O /i2r m o l e “ 1/2 c c ‘/2 s e c “ I/2

(3) P . S. D ixon , A . P . Stefani, and M . Szw arc, J . A m . Chem. S oc ., 
85 , 2551, 3344 (1 963); R . K lein , M . D . Scheer, and R . K elley , J, 
P h y s . Chem., 68 , 598 (1964).
(4) G . O. P ritchard , J . R . D a cey , W . C . K en t, and  C . R . S im onds, 
Can. J . Chem., 44 , 171 (1966).
(5) G . O. P ritchard , Y . P . H sia, and G . H . M iller, J . A m . Chem.
Soc., 85 , 1568 (1963).
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a n d

fc7/ f c 51 /! =  1 . 4  X  1 0 4e - 6 8 0 0 / B r  m o l e - 1/2 c c ‘ /s  s e c - 1/2

w i t h  l i m i t s  o f  ± 2 0 0  c a l  o n  t h e  a c t i v a t i o n  e n e r g y  d i f 

f e r e n c e s  i n  e a c h  c a s e .  T h e  p r e e x p o n e n t i a l  r a t i o s  a r e  

n o r m a l ,  a n d  t h e  a c t i v a t i o n  e n e r g y  d i f f e r e n c e s  a r e  t h o s e  

t h a t  w o u l d  b e  e x p e c t e d  f o r  a b s t r a c t i o n  o f  a  s e c o n d a r y  

H  a t o m  b y  t h e  r e s p e c t i v e  r a d i c a l s .2-4 
Quantum Yields. S o m e  q u a n t u m  y i e l d  d a t a  a r e  

g i v e n  i n  F i g u r e  3 .  C 4F i 0 a n d  C 2F 6C 2H 5 h a v e  n o t  b e e n  

i n c l u d e d  b e c a u s e  o f  t h e  v e r y  l o w  v a l u e s  t h a t  w e  o b 

t a i n e d  f o r  t h e m ;  d>ClF,„ w a s  a b o u t  0 . 0 0 2  a n d  4>c2f1c2h1 
a b o u t  0 . 0 1  o v e r  t h e  t e m p e r a t u r e  r a n g e .  T h e  $ c 2H6 >  

1 a t  5 7 0 °  K  m a y  b e  a  v a l i d  o b s e r v a t i o n ,  a s  i n  t h e  p h o 

t o l y s i s  o f  C F 3C O C H 3 S i e g e r  a n d  C a l v e r t 6 f o u n d  t h a t  C H 4 
w a s  f o r m e d  b y  a  c h a i n  p r o c e s s  a t  t h i s  t e m p e r a t u r e ,  

o w i n g  t o  a  r e a c t i o n  s u c h  a s

C F 3 +  C F 3C O C H 3

( C F 3) 2C O C H 3 — >  C H 3 +  C F 3C O C F 3

A n  a n a l o g o u s  p r o c e s s  c o u l d  o c c u r  w i t h  C 2F 5 a n d  C 2-  

F 5C O C 2H 6. T h e  q u a n t u m  y i e l d  d a t a  f o r  t h e  r a d i c a l  

c o n t a i n i n g  p r o d u c t s  i n  t h e  t w o  s y s t e m s  a r e  v e r y  s i m i 

l a r ,  e x c e p t  f o r  t h e  c o m p a r i s o n  b e t w e e n  $ c 2h 6 a n d  <f>C(Hio. 

T h e  h i g h  v a l u e s  f o r  F c y h e ( 0 . 7  a t  5 7 0 ° K  i n  C F 3C O C H 3 
p h o t o l y s i s )  w e r e  t h o u g h t  t o  b e  d u e  t o  t h e  r e a c t i o n 6

C H 3 +  C H 3C O C F 3 ^

( C H 3) 2C O C F 3 C 2H 6 +  C F 3C O

A  c o m p a r a b l e  m o d e  o f  f o r m a t i o n  o f  b u t a n e  i s  n o t  

e v i d e n t  i n  o u r  s y s t e m .  T h e  d e c o m p o s i t i o n  o f  t h e  

C F 3C O  r a d i c a l  t h u s  f o r m e d  l e a d s  t o  $ C o  >  1 a t  t e m 

p e r a t u r e s  g r e a t e r  t h a n  4 7 0 ° K .  I n  t h e  C 2F 5C O C 2H 5 
s y s t e m ,  <f>co o n l y  a p p r o a c h e s  u n i t y ,  w i t h i n  e x p e r i m e n t a l  

e r r o r ,  a t  5 7 0 ° K .

T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  <f>co i s  t y p i c a l  

o f  t h a t  f o r  s i m p l e  a l i p h a t i c  k e t o n e s ,  o t h e r  t h a n  ( C F 2-  

H ) 2C O ,7 w h e r e  a f t e r  t h e  i n i t i a l  e l e c t r o n i c  e x c i t a t i o n  

$ c o  w i l l  d e p e n d  u p o n  t h e  e x t e n t  t o  w h i c h  r a d i a t i v e  

a n d  r a d i a t i o n l e s s  t r a n s i t i o n s  o c c u r ,  a n d  t h e  l i f e t i m e s  

a n d  p o s s i b l e  r e a c t i o n s  o f  C 2H 6C O  a n d / o r  C 2F 6C O  

r a d i c a l s .

Primary Process. W e  m a y  c o n s i d e r  t h e  t w o  p o s s i b l e  

p r i m a r y  p r o c e s s e s

C 2F 6C O C 2H 6 +  hv — >  C 2F 5C O  +  C 2H 5 ( A )  

— ►  C 2H 6C O  +  C 2F 6 ( B )

C a l v e r t  a n d  S i e g e r 6 f a v o r e d  a  t y p e - A  d e c o m p o s i t i o n ,  

b u t  i n  a  r e c e n t  r e i n v e s t i g a t i o n  o f  C F 3C O C H 3 p h o 

t o l y s i s 8 t h e  i d e n t i f i c a t i o n  o f  b i a c e t y l  i n  t h e  r e a c t i o n  

p r o d u c t s  c e r t a i n l y  i n d i c a t e s  t h e  i m p o r t a n c e  o f  a  t y p e -  

B  p r o c e s s

C F 3C O C H 3 +  hv — >  C H 3C O  +  C F 3 ( 8 )

A s s u m i n g  t h a t  d e c o m p o s i t i o n  o c c u r s  m a i n l y  t h r o u g h  

t h e  c o n v e r s i o n  o f  t h e  o r i g i n a l  e l e c t r o n i c  e x c i t a t i o n  i n t o  

v i b r a t i o n a l  e n e r g y ,  w h i c h  b e c o m e s  d i s t r i b u t e d  t h r o u g h 

o u t  t h e  m o l e c u l e ,9 t h e  d i s s o c i a t i v e  f a t e  o f  t h e  m o l e c u l e  

w i l l  d e p e n d  u p o n  t h e  n a t u r e  o f  t h e  e n e r g y  d i s t r i b u t i o n  

a n d  t h e  r e l a t i v e  C - C  b o n d  s t r e n g t h s .  T h e  g e n e r a 

t i o n  o f  C F 3 r a d i c a l s  i n  t h e  s y s t e m s  C H 3 +  C F 3C O C F 310 11

Figure 3. Quantum yields for C2F5COC2H5 photolysis 
(p = 4.5 ±  0.3 cm) vs. temperature: O, CO;
•, C2H6; ©, C2F5H; d, C4H10; ©, C2II4; 9, C4H10 or C2H4.

a n d  C H 3 +  C F 3N 2C F 3U  h a s  b e e n  k n o w n  f o r  s o m e  

t i m e 10a-l l a  a n d  h a s  r e c e n t l y  b e e n  s u b j e c t e d  t o  c a r e f u l  

r e i n v e s t i g a t i o n . 10b’c ’ l l b  F r o m  t h e s e  o b s e r v a t i o n s  i t  

m a y  b e  r a t i o n a l i z e d 1111 t h a t  t h e  C F 3- N  a n d  C F 3- C  

b o n d s  a r e  a t  m o s t  e q u a l  t o  o r  m o r e  l i k e l y  w e a k e r  

t h a n  t h e  c o r r e s p o n d i n g  C H 3- N  a n d  C H 3- C  b o n d s .12

(6) R . A . Sieger and J. G . C alvert, J . A m . Chem. Soc., 76, 5197 (1954).
(7) G . O. P ritchard  and J. T . B rya n t, J. P h ys. Chem., 70 , 1441 
(1966).
(8) E . A . D aw id ow icz  and C . R . P atrick , J . Chem. Soc., 4250 (1964).
(9) P . S eybold  and M . G outerm an, Chem. Rev., 65 , 413 (1965).
(10) (a) G . O. P ritchard  and E . W . R . Steacie, Can. J . Chem., 35 , 
1216 (1 957 ); (b ) W . G . A lcock  and E . W h ittle , Trans. Faraday Soc. 
61 , 244 (1965) ; (c) R . D . G iles and E . W hittle , ibid., 61 , 1425 (1 965 )’
(11) (a) G . O. P ritchard  and J. R . D a cey , un published  data, 1961; 
(b ) L . B a tt  and  J. M . Pearson, Chem. Com m un., 575 (1965).
(12) T h e  effect o f  flu orin atior  u p on  C -C  b on d  strengths is uncer
ta in . A  recent tabu la tion  (E . T sch u ik ow -R ou x , J . P h ys . Chem., 
69, 1075 (1965)) p u ts  Z)(C F3-C F3) in  the  range 65 t o  95 k ca l m o le “ 1, 
com p ared  to  LH CH 3- C H 3) —  84 k ca l m o le -1 . R e ce n t  eviden ce  
(I . P . F isher, J. B . H om er, and F . P . Lossing, J. A m . Chem. Soc., 87 , 
957 (1 965); J. P . Sim ons, Nature, 205, 1308 (1965)) p u ts  D (C F 2=  
C F 2) a t 7 0 -8 0  kcal m o le -1 , and one w ou ld  ex p ect  the  single b on d  in 
C 2F 6 to  b e  w eaker than  the dou b le  b o n d  in  C 2F 4, w h ich  ind icates a 
low  value fo r  D (C F 3-C F 3). C ottre ll (T . L . C ottre ll, “ T h e  Strengths 
o f  C hem ical B o n d s ,”  B u tterw orth  and C o . L td ., L on d on , 1958) qu otes 
the  average C -C  internuclear separation  in  the ground  state  as 1.31 
and 1.52 A  for  C 2F 4 and C 2F 6, respectively . C h lorin a tion  o f  ethane 
leads t o  a  w eakening o f  the  C -C  b o n d ; D fC C h -C C b )  has recen tly  
been qu oted  as 68.4 k ca l m o le -1 (G . J. M arten s and  G . H . H u y - 
brechts, J. Chem. P hys., 43 , 1845 (1965)).
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T h e  r u p t u r e  o f  a  p a r t i c u l a r  C - C  b o n d  r e q u i r e s  t h e  

i n s t a n t a n e o u s  l o c a l i z a t i o n  o f  s u f f i c i e n t  e n e r g y  i n  t h e  

b o n d .  T h e  i n c r e a s e d  v i b r a t i o n a l  e n e r g y  c a p a c i t y  o f  

p e r f l u o r o a l k y l  g r o u p s  o v e r  a l k y l  g r o u p s  c a n  b e  i m a g i n e d  

t o  c a u s e  a n  e x c e s s  o f  v i b r a t i o n a l  e n e r g y  a d j a c e n t  t o  

t h e  p e r f l u o r o a l k y l  g r o u p - c a r b o n  b o n d ,  f a c i l i t a t i n g  t h e  

l o c a l i z a t i o n  o f  s u f f i c i e n t  e n e r g y  f o r  d e c o m p o s i t i o n  i n  

t h a t  b o n d .  T h i s  w o u l d  a d d  t o  t h e  p r o b a b i l i t y  o f  t h e  

t y p e - B  k e t o n e  p h o t o d e c o m p o s i t i o n  a n d  t h e  C F 3 

g e n e r a t i o n  r e a c t i o n s 10’ 11 t h a t  h a v e  b e e n  o b s e r v e d .

I t  s h o u l d  b e  n o t e d  t h a t  o u r  e t h a n e  y i e l d s  e x c e e d e d  

t h e  e t h y l e n e  y i e l d s  ( s e e  F i g u r e  3 )  e v e n  a t  r o o m  t e m 

p e r a t u r e ,  w h e n  r e a c t i o n  7  i s  v e r y  s l o w .  M o r e o v e r ,  

t h e  A r r h e n i u s  p l o t  f o r  /c7/ f c 5' / !  s h o w e d  d i s t i n c t  u p w a r d  

c u r v a t u r e  ( d o t t e d  l i n e ,  F i g u r e  2 )  b e l o w  a b o u t  1 0 0 °  

a t  h i g h  i n t e n s i t i e s .  T h i s  p r e s e n t s  s t r o n g  e v i d e n c e  f o r  

t h e  f i n i t e  e x i s t e n c e  o f  t h e  C 2H 6C O  r a d i c a l  a n d  t h e  o c 

c u r e n c e  o f  t h e  r e a c t i o n 13

C 2H 6 +  C 2H 6C O  — >  C 2H 6 +  C 2H 4C O  ( 9 )

E x p e r i m e n t s  c o n d u c t e d  a t  l o w  r e l a t i v e  i n t e n s i t i e s  

( w h e n  q u a n t u m  y i e l d  d e t e r m i n a t i o n s  w e r e  b e i n g  m a d e )  

d i d  n o t  e x h i b i t  s u c h  c u r v a t u r e .  T h e  r a d i c a l - r a d i c a l  

d i s p r o p o r t i o n a t i o n  ( r e a c t i o n  9 )  w o u l d  b e  e x p e c t e d  

t o  b e  m o r e  i m p o r t a n t  a t  h i g h  i n t e n s i t i e s . 14

$ > co  vs. Pressure. T h i s  i s  s h o w n  i n  F i g u r e  4  f o r  t h e  

t e m p e r a t u r e s  2 7 ,  4 5 ,  a n d  9 0 ° .  T h e  d e c r e a s e  i n  4 > co  

w i t h  i n c r e a s i n g  p r e s s u r e  a t  a  g i v e n  t e m p e r a t u r e  m a y  

b e  c o r r e l a t e d  w i t h  i n c r e a s e d  c o l l i s i o n a l  q u e n c h i n g  

r a t e s  o f  e x c i t e d  k e t o n e  m o l e c u l e s  C 2F 6C O C 2H 5*  a n d  

a l s o ,  a t  l o w  t e m p e r a t u r e s ,  C 2H 5C O * ,  w h i c h  i s  f o r m e d  

c o n t a i n i n g  e x c e s s  v i b r a t i o n a l  e n e r g y .  T h e  r e a c t i o n  

p r o b a b i l i t y  o f  t h i s  r a d i c a l  i s  a l s o  i n c r e a s e d  a t  h i g h e r  

p r e s s u r e s . 15

B e f o r e  a  m o r e  c o m p l e t e  i n t e r p r e t a t i o n  c a n  b e  m a d e ,  

t h e  r a d i a t i v e  p r o c e s s e s  n e e d  t o  b e  e x a m i n e d .  A u s l o o s  

a n d  M u r a d 16 h a v e  o b s e r v e d  b o t h  f l u o r e s c e n c e  a n d  

p h o s p h o r e s c e n c e  i n  C F 3C O C H 3 v a p o r  f o l l o w i n g  p h o t o 

c h e m i c a l  e x c i t a t i o n  a t  3 1 3 0  A .  T h e  p a r t i c i p a t i o n  o f  

b o t h  s i n g l e t  a n d  t r i p l e t  m o l e c u l e s  i s  a l s o  e v i d e n t  i n  t h e  

p h o t o c h e m i c a l  e x c i t a t i o n  o f  C 2H 6C O C 2H 6 a t  3 1 3 0  

A . 17 T h e  p h o t o c h e m i s t r y  o f  t h e  t h r e e  p e r f l u o r o  

k e t o n e s ,  C F 3C O C F 3, C 2F 6C O C 2F 6, a n d  C 3F 7C O C 3F 7, 

h a v e  b e e n  i n v e s t i g a t e d  i n  s o m e  d e t a i l  b y  S t e a c i e  a n d  

h i s  c o - w o r k e r s ;  t h e i r  p h o t o c h e m i c a l  b e h a v i o r  a t  

3 1 3 0  A  i s  v e r y  s i m i l a r . 18 F l u o r e s c e n c e  y i e l d s  w e r e  

o r i g i n a l l y  o b t a i n e d  f o r  C F 3C O C F 3, a n d ,  a l t h o u g h  p h o s 

p h o r e s c e n c e  w a s  n o t  o b s e r v e d , 19 t h e  f o r m a t i o n  o f  t r i p l e t  

s t a t e  m o l e c u l e s  w a s  s u g g e s t e d . 20 M o r e  r e c e n t l y ,  

p h o s p h o r e s c e n c e  y i e l d s  h a v e  b e e n  o b t a i n e d  a t  3 1 3 0  A  

f o r  C F 3C O C F 3.21 I t  w o u l d  s e e m  t h a t  b o t h  s i n g l e t  a n d  

t r i p l e t  p r o c e s s e s  w i l l  b e  i n v o l v e d  i n  t h e  p h o t o c h e m i s t r y

Figure 4. 4>co vs. ketone pressure (mm):
•, 90°; 9, 45°; O, 27°.

o f  C 2F 6C O C 2H 5 a t  3 1 3 0  A .  W e  m a y  w r i t e  a  s e q u e n c e  

o f  p r i m a r y  e v e n t s 21

A  +  hv — *■ 1A * ( a )

' A *  — > d i s s o c i a t i o n ( b )

A  +  ! A *  — ► hA0 +  A ( c )

1A °  — >  3A ° ( d )

> A °  — >  A  +  hvt ( e )

*A° — ► A * ( f )

3A °  — A  +  hvp ( g )

3A °  ■— ► d i s s o c i a t i o n 00
3A °  — >- A * ( i )

w h e r e  ' A *  i s  a  k e t o n e  m o l e c u l e  i n  a  h i g h  v i b r a t i o n a l  

l e v e l  o f  t h e  u p p e r  s i n g l e t  s t a t e  ( A  i s  a  g r o u n d - s t a t e  

m o l e c u l e  a n d  A *  a  v i b r a t i o n a l l y  e x c i t e d  g r o u n d - s t a t e  

m o l e c u l e ) ,  ’ A 0 i s  a  m o l e c u l e  i n  a  l o w - l y i n g ,  n o n d i s 

s o c i a t i n g  l e v e l  o f  t h a t  s i n g l e t - s t a t e ,  a n d  3A °  i s  a  m o l e 

c u l e  i n  a  l o w - l y i n g  v i b r a t i o n a l  l e v e l  o f  a n  u p p e r  t r i p l e t  

s t a t e  f r o m  w h i c h  d i s s o c i a t i o n  c a n  o c c u r  w i t h  a  s m a l l  

a c t i v a t i o n  e n e r g y . 22

(13) C 2F 5 +  C 2H 5C O  —  C 2F 5H  +  C 2H 4C O  will also occu r, b u t  cu rva 
ture w ou ld  be  less ev iden t in the  kt/ks ' / 2 p lo t  as Et <  E i. T h e  possi
b ility  o f curvature is ev iden t in  the  ke/h'/i p lo t ; see ref 10c fo r  an  
observation  o f  this nature in the  CFs +  C H 3C O  reaction .
(14) P . A u sloos and  E . W . R . Steacie, Can. J . Chem., 33 , 47  (1955).
(15) T h e  p artic ipa tion  o f  the C2H5CO rad ica l in  C2H5COC2H5 
p h oto lys is  appears t o  b e  sign ificantly  less than  in  C 2H 6C O C 2F 5 

p h oto lys is : see K . O . K u tschk e, M . H . J. W ijn en , and  E . W . R . 
Steacie, J. A m . Chem. Soc., 74 , 7 i4  (1952).
(16) P . A u sloos  and  E . M urad , J. P h ys . Chem., 65 , 1519 (1961).
(17) D . S. W eir, J . A m . Chem. Soc., 83 , 2629 (1961).
(18) G . G iacom etti, H . O kabe, S. J. Price, and  E . W . R . Steacie, 
Can. J . Chem., 38 , 104 (1960).
(19) H . O kabe and E . W . R . Steacie, ibid., 36 , 137 (1958).
(20) G . G iacom etti, H . O kabe, and  E . W . R . Steacie, P roc. R oy. 
Soc. (L o n d o n ), A 250 , 287 (1959).

(21) P . G . B ow ers and  G . B . P orter, J . P h ys. Chem., 68 , 2982 (1 964),
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Figure 5. $ co /(l — ■i’co) vs. reciprocal of ketone 
concentration: O, 90°; ©, 45°; •, 27°.

A s s u m i n g  t h a t  fcc [ A ]  > >  kb, t h e  f o l l o w i n g  e q u a t i o n  

i s  o b t a i n e d  f r o m  t h e  a b o v e  m e c h a n i s m :22 23 $ c o / ( l  —  

$ c o )  =  kb/kc [ A ] ( l  —  a) +  a/(  1 —  a), w h e r e  a =  

kdkh/(kd +  h  +  kt) (ke +  kh +  f c , ) ,  t h e  q u a n t u m  

y i e l d  a t  i n f i n i t e  c o n c e n t r a t i o n .18'20 P l o t s  o f  4 > c o /  

(1 —  $ c o )  vs. t h e  r e c i p r o c a l  o f  k e t o n e  c o n c e n t r a t i o n  

a r e  g i v e n  i n  F i g u r e  5 .  G o o d  s t r a i g h t  l i n e s  a r e  o b t a i n e d  

s i m i l a r  t o  t h o s e  o b t a i n e d  f o r  C 2F 5C O C 2F 5 a t  3 1 3 0  A .18 
T h e  v a l u e s  o f  a w h i c h  m a y  b e  o b t a i n e d  f r o m  t h e  i n t e r 

c e p t s  ( 0 . 1 1  a t  2 7 ° ,  0 . 2 6  a t  4 5 ° ,  a n d  0 . 5 4  a t  9 0 ° )  c a n  

b e  p l o t t e d  i n  t h e  f o r m 18'20 o f  l o g  [ ( 1 / a )  —  1 ]  v s .  1/T

( ° K )  l e a d i n g  t o  a n  a p p a r e n t  n e g a t i v e  a c t i v a t i o n  e n e r g y  

o f  7 . 5  ±  1 . 5  k c a l  m o l e - 1 , w h i c h  i s  t h e  e n e r g y  b a r r i e r  

m a i n l y  a s s o c i a t e d  w i t h  d e c o m p o s i t i o n  f r o m  t h e  t r i p l e t  

s t a t e , 18 r e a c t i o n  h .  T h e  v a l u e s  o f  a a r e  v e r y  s i m i l a r  

t o  t h o s e  g i v e n  f o r  t h e  : b r e e  p e r f l u o r o k e t o n e s ,  C F a-  

C O C F 3, C 2F 5C O C 2F 5, a n d  C 3F 7C O C 3F 7, o v e r  t h e  s a m e  

t e m p e r a t u r e  r a n g e  a t  3 1 3 0  A ,  l e a d i n g  t o  a p p a r e n t  

n e g a t i v e  a c t i v a t i o n  e n e r g i e s  o f  9 . 2 ,  8 . 9 ,  a n d  7 . 8  k c a l  

m o l e - 1 , r e s p e c t i v e l y .18

Acknowledgment. W e  a r e  i n d e b t e d  t o  D r .  B e r n a r d  

K i r t m a n  f o r  h e l p f u l  d i s c u s s i o n s .

(22) This is not necessarily the correct mechanism, but it has been 
chosen so that we may compare directly our data with the per- 
fluoro ketones. CF3COCH3 is presumably a better comparative 
model, but $co vs. pressure data at different temperatures are not 
available in the literature. (The data6 on 4>co vs. pressure at 117° 
show the expected quenching effect.) It is not clear that the inter
system crossover should be represented solely by reaction d, or 
necessarily by ’A* —► 3A* as Ausloos and Murad suggest for CF3- 
COCH3.19 Presumably the singlet-triplet “ leak” may occur more 
readily at some other level in the vibrational cascade. Ausloos and 
Murad observed16 an increase in the phosphorescence wirh increas
ing pressure, compatible with the step 3A* +  A — 3A° +  A, but at 
still higher pressures (at 3130 A) the phosphorescence decreased. 
They further, observed no pressure effect on the fluorescence yield, 
which was difficult to visualize.13
(23) The assumption that primary quantum yield = 4>co neglects 
the fraction of C2HsCO radicals that do not dissociate; this will be 
more important at lower temperatures. This will not, however, 
affect the nature of the pressure dependencies as depicted in Figure 
4, which are identical with those observed for C2F5COC2F6, where 
there is no evidence of a nondissociative fate for the C2FSCO radical.1

Volume 70, Number 7 July 1966



2312 James N. Butler

The Zero-Charge Potential of Indium Amalgams in Perchloric Acid

by Jam es N . Butler

T yco Laboratories, In c ., W altham , M assachusetts 02154. (.Received F ebruary 2, 1966)

T h e  p o t e n t i a l  o f  z e r o  c h a r g e  f o r  a m a l g a m  e l e c t r o d e s  c o n t a i n i n g  u p  t o  6 4  m o l e  %  i n d i u m  

h a s  b e e n  m e a s u r e d  i n  p e r c h l o r i c  a c i d  s o l u t i o n s  o f  c o n c e n t r a t i o n  f r o m  0 . 0 1  t o  1 . 0  M  a t  2 5 ° .  

T h e  r e s u l t s  i n d i c a t e  t h a t  t h e  s p e c i f i c  a d s o r p t i o n  o f  p e r c h l o r a t e  i o n  i s  s m a l l e r  o n  t h e  a m a l 

g a m s  t h a n  o n  m e r c u r y  a n d  g o e s  t h r o u g h  a  m i n i m u m  a t  a p p r o x i m a t e l y  5  m o l e  %  i n d i u m .  

T h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  z e r o - c h a r g e  p o t e n t i a l  f o r  m e r c u r y  a n d  i n d i u m  a m a l g a m s  

i n  0 . 1  M  H C 1 0 4 w a s  m e a s u r e d  i n  a  c e l l  w i t h o u t  l i q u i d  j u n c t i o n s .  U s i n g  t h e r m o d y n a m i c  

d a t a  t o g e t h e r  w i t h  s o m e  n o n t h e r m o d y n a m i c  v a l u e s ,  t e m p e r a t u r e  c o e f f i c i e n t s  o f  t h e  G a l 

v a n !  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  m e t a l  a n d  e l e c t r o d e  w e r e  c a l c u l a t e d .  T h e s e  v a l u e s  

w e r e  c o m p a r e d  w i t h  t h o s e  c a l c u l a t e d  f r o m  d a t a  i n  t h e  l i t e r a t u r e ;  t h e  c o m p a r i s o n  c o n f i r m s  

t h e  o b s e r v a t i o n  t h a t  s p e c i f i c  a d s o r p t i o n  o f  p e r c h l o r a t e  i o n  o n  t h e  a m a l g a m s  i s  p r o b a b l y  

s m a l l e r  t h a n  o n  m e r c u r y .  T h e  i n c r e a s e  o f  d o u b l e - l a y e r  c a p a c i t y  w i t h  i n d i u m  c o n c e n t r a t i o n  

i s  t h u s  p r o b a b l y  d u e  t o  c h a n g e s  i n  t h e  s t r u c t u r e  o f  t h e  d i p o l a r  l a y e r s  a t  t h e  i n t e r f a c e ,  a n d  

n o t  t o  s p e c i f i c  a d s o r p t i o n  o f  i o n s .

Introduction

A c c u r a t e  m e a s u r e m e n t s  o f  t h e  p o t e n t i a l  o f  z e r o  

c h a r g e  a r e  a  v i t a l  p r e r e q u i s i t e  f o r  t h e o r e t i c a l  a n a l y s i s  

o f  e l e c t r i c a l  d o u b l e - l a y e r  c a p a c i t i e s .  T h e  z e r o - c h a r g e  

p o t e n t i a l  o f  a  l i q u i d  m e t a l  e l e c t r o d e  c a n  b e  m e a s u r e d  

m o s t  p r e c i s e l y  b y  o b s e r v i n g  t h e  p o t e n t i a l  a t  w h i c h  n o  

c h a r g i n g  c u r r e n t  f l o w s  w h e n  t h e  a r e a  o f  t h e  e l e c t r o d e  

i s  c h a n g e d .  H o w e v e r ,  t h i s  m e t h o d  i s  r e s t r i c t e d ,  n o t  

o n l y  b y  t h e  c o n d i t i o n  t h a t  t h e  e l e c t r o d e  b e  a  l i q u i d  

m e t a l ,  b u t  a l s o  b y  t h e  r e q u i r e m e n t  t h a t  t h e  e l e c t r o d e  

b e  i d e a l l y  p o l a r i z e d .  N o  c h a r g e - t r a n s f e r  r e a c t i o n s  

c a n  h a v e  a n  a p p r e c i a b l e  r a t e  i n  t h e  p o t e n t i a l  r a n g e  

u n d e r  c o n s i d e r a t i o n ,  o r  e l s e  t h e  z e r o  p o t e n t i a l  o b t a i n e d  

i s  n o t  a  t h e r m o d y n a m i c  p r o p e r t y  o f  t h e  i n t e r f a c e ,  b u t  

i n s t e a d  d e p e n d s  o n  t h e  n a t u r e  o f  t h e  c h a r g e - t r a n s f e r  

r e a c t i o n .

T h e s e  r e q u i r e m e n t s  g r e a t l y  r e s t r i c t  t h e  n u m b e r  o f  

s y s t e m s  o n  w h i c h  a c c u r a t e  m e a s u r e m e n t s  o f  z e r o -  

c h a r g e  p o t e n t i a l  c a n  b e  m a d e .  F o r  m e r c u r y  i n  a q u e o u s  

s o l u t i o n s ,  a  w i d e  r a n g e  o f  d a t a  h a s  b e e n  o b t a i n e d , 1 - 8  

b u t  l i t t l e  w o r k  h a s  b e e n  d o n e  u s i n g  o t h e r  e l e c t r o d e  m a 

t e r i a l s .  T h e r e  i s  g o o d  r e a s o n  f o r  t h i s :  v i r t u a l l y  a l l  

l i q u i d  a l l o y s  o f  m e r c u r y  a n d  g a l l i u m  w i t h  o t h e r  m e t a l s  

u n d e r g o  d i s s o l u t i o n  r e a c t i o n s ,  m a k i n g  t h e  m e a s u r e m e n t  

o f  z e r o - c h a r g e  p o t e n t i a l s  m u c h  l e s s  a c c u r a t e  t h a n  o n  

m e r c u r y . 9 ' 10

I n d i u m  a m a l g a m s ,  h o w e v e r ,  p r o v i d e  a  g o o d  a p p r o x i 

m a t i o n  t o  t h e  i d e a l  p o l a r i z e d  e l e c t r o d e  o v e r  a  w i d e  

r a n g e  o f  p o t e n t i a l s ,  i n c l u d i n g  t h e  z e r o - c h a r g e  p o t e n t i a l .  

T h i s  s y s t e m  h a s  t h e  f u r t h e r  a d v a n t a g e  o f  w i d e  c o m 

p o s i t i o n  r a n g e ;  l i q u i d  a l l o y s  c o n t a i n i n g  u p  t o  7 0 %  

i n d i u m  i n  m e r c u r y  c a n  b e  p r e p a r e d  a t  r o o m  t e m p e r a 

t u r e .  I n  a  p r e v i o u s  p u b l i c a t i o n 11 w e  p r e s e n t e d  s o m e  

p r e l i m i n a r y  m e a s u r e m e n t s  o f  t h e  z e r o - c h a r g e  p o t e n t i a l  

o f  i n d i u m  a m a l g a m s  i n  0 . 1  i l f  H C I O 4 a t  2 5 ° ,  b u t  n o  

m e a s u r e m e n t s  g i v i n g  t h e  v a r i a t i o n  o f  z e r o - c h a r g e  1 2 3 4 5 6 7 8 9 10 11

(1) D . C . G raham e, R . P . Larsen, and  M . A . P o th , J . A m . Chem . S oc., 
71 , 2978 (1949).
(2 ) D . C . G raham e, E . M . C offin , J. I . C um m in gs, and  M . A . P o th , 
ibid., 74 , 1207 (1952).
(3) R . P arsons, P roc. In tern . Congr. Surface A ctiv ity , 2nd, 3 , 38 
(1957).
(4) D . C . G raham e and R . P arsons, J . A m . Chem . S oc., 83 , 1291 
(1961).
(5 ) R . P arsons and  F . G . R . Z ob e l, J . E lectroanal. Chem ., 9 , 333 
(1965).
(6 ) R . P ayn e , T hesis, Im peria l C ollege , L on d on , 1962; G . J . H ills 
and R . P ayn e , Trans. Faraday Soc., 61 , 316, 326 (1965).
(7 ) R . P ayn e , J . Electroanal. Chem ., 7 , 343 (1 9 6 4 ); J . Chem . P h y s ., 
42 , 3371 (1 9 6 5 ); J . P h ys . Chem ., 69 , 4113 (1965).
(8 ) R . P a yn e , ib id ., 70 , 204 (1966).
(9) A . N . F ru m kin  and  F . J. C irves, ib id ., 34 , 74 (1930).
(10) J . N . B utler, J . Electroanal. Chem., 9 , 149 (1 965).
(11) J . N . B utler and  A . C . M ak rides, Trans. F araday S oc., 60 , 1664 
(1964).
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p o t e n t i a l  w i t h  e l e c t r o l y t e  c o m p o s i t i o n  o r  t e m p e r a t u r e  

w e r e  r e p o r t e d .

F r o m  t h e  v a r i a t i o n  o f  t h e  z e r o - c h a r g e  p o t e n t i a l  w i t h  

t h e  c o m p o s i t i o n  o f  t h e  s o l u t i o n ,  q u a l i t a t i v e  i n f o r m a t i o n  

a b o u t  t h e  s p e c i f i c  a d s o r p t i o n  o f  a n i o n s  c a n  b e  o b 

t a i n e d , 3’8-12'13 a n d  s u c h  m e a s u r e m e n t s  a r e  t h e  l o g i c a l  

a n t e c e d e n t  t o  m e a s u r e m e n t s  o f  c a p a c i t y 14 a n d  i n t e r 

f a c i a l  t e n s i o n 15 f r o m  w h i c h  q u a n t i t a t i v e  i n f o r m a t i o n  

a b o u t  a d s o r p t i o n  c a n  b e  o b t a i n e d .  T h e  v a r i a t i o n  o f  

t h e  z e r o - c h a r g e  p o t e n t i a l  w i t h  t e m p e r a t u r e ,  a l t h o u g h  

i t  i s  o f t e n  d i f f i c u l t  t o  i n t e r p r e t  t h e o r e t i c a l l y ,  i s  a g a i n  a n  

e s s e n t i a l  p r e r e q u i s i t e  t o  a n y  s t u d i e s  o f  t h e  t e m p e r a 

t u r e  d e p e n d e n c e  o f  a d s o r p t i o n  p h e n o m e n a  b y  m e a n s  

o f  c a p a c i t y  m e a s u r e m e n t s .

O n e  o f  t h e  q u e s t i o n s  w h i c h  a r o s e  i n  o u r  p r e v i o u s  

s t u d i e s  o f  t h e  e l e c t r i c a l  d o u b l e  l a y e r  o n  i n d i u m  a m a l 

g a m s 14 w a s  w h e t h e r  t h e  i n c r e a s e  i n  c a p a c i t y  w i t h  i n 

c r e a s i n g  i n d i u m  c o n c e n t r a t i o n  w a s  d u e  t o  s p e c i f i c  

a d s o r p t i o n  o r  t o  c h a n g e s  i n  t h e  d i p o l a r  s t r u c t u r e  o f  t h e  

i n t e r f a c e .  T h e  s t u d y  p r e s e n t e d  h e r e  w a s  u n d e r t a k e n  

p r i m a r i l y  t o  a n s w e r  t h i s  q u e s t i o n .

B y  a n a l o g y  w i t h  m e r c u r y ,16,17 i n d i u m  a m a l g a m s  

m i g h t  b e  e x p e c t e d  t o  s h o w  r e l a t i v e l y  l i t t l e  s p e c i f i c  

a d s o r p t i o n  o f  f l u o r i d e  i o n s .  H o w e v e r ,  p r e l i m i n a r y  

e x p e r i m e n t s  w i t h  s o d i u m  f l u o r i d e  s o l u t i o n s  s h o w e d  t h a t  

t h e  i n d i u m  a m a l g a m s  u n d e r w e n t  r e v e r s i b l e  d i s s o l u t i o n  

a t  p o t e n t i a l s  w h e r e  t h e  s u r f a c e  c h a r g e  w a s  s t i l l  n e g a t i v e .  

T h i s  h a p p e n e d  b e c a u s e  t h e  h i g h  s t a b i l i t y  o f  f l u o r i d e  

i o n  c o m p l e x e s 18 w i t h  I n + S  i n  a q u e o u s  s o l u t i o n s  c a n  

s h i f t  t h e  r e v e r s i b l e  p o t e n t i a l  o f  t h e  I n / I n + 3 e l e c t r o d e  

a s  m u c h  a s  200  m v  m o r e  n e g a t i v e  t h a n  p e r c h l o r a t e  

s o l u t i o n s .  T h e  s t r e a m i n g  e l e c t r o d e  m e t h o d  i s  t h u s  

u n s a t i s f a c t o r y  f o r  d e t e r m i n i n g  t h e  z e r o - c h a r g e  p o 

t e n t i a l s  o f  i n d i u m  a m a l g a m s  i n  f l u o r i d e  s o l u t i o n s .  

P e r c h l o r a t e  i o n  f o r m s  o n l y  v e r y  w e a k  c o m p l e x e s  w i t h  

i n d i u m 18 a n d  s h o w s  o n l y  m o d e r a t e  s p e c i f i c  a d s o r p t i o n  

o n  m e r c u r y ,8’17 s o  p e r c h l o r a t e  s o l u t i o n s  w e r e  t h e  n e x t  

c h o i c e  a f t e r  f l u o r i d e  s o l u t i o n s .

I n  t h i s  p a p e r  w e  r e p o r t  m e a s u r e m e n t s  o f  t h e  z e r o -  

c h a r g e  p o t e n t i a l s  o f  i n d i u m  a m a l g a m s  i n  s o l u t i o n s  o f  

H C I O 4 a s  a  f u n c t i o n  o f  t e m p e r a t u r e  a n d  c o m p o s i t i o n ,  

a n d  i n t e r p r e t  t h e s e  i n  t e r m s  o f  t h e  s p e c i f i c  a d s o r p t i o n  

o f  p e r c h l o r a t e  i o n s  i n  t h e  e l e c t r i c a l  d o u b l e  l a y e r .

Experim ental Section

T h e  e l e c t r o l y t e  w a s  p r e p a r e d  f r o m  t r i p l e - d i s t i l l e d  

w a t e r ,  u s i n g  r e a g e n t  g r a d e  p e r c h l o r i c  a c i d  ( J .  T .  

B a k e r ) ,  a n d  w a s  p u r i f i e d  b y  p r e e l e c t r o l y s i s  w i t h  p l a t i 

n u m  e l e c t r o d e s  f o r  1 6  h r .  T h e  s o l u t i o n  w a s  s a t u r a t e d  

w i t h  p u r i f i e d  h y d r o g e n  t h r o u g h o u t  p r e e l e c t r o l y s i s  a n d  

m e a s u r e m e n t .  T h e  c e l l  w a s  c o n s t r u c t e d  e n t i r e l y  o f  

g l a s s  a n d  T e f l o n ,  c l e a n e d  w i t h  c h r o m i c - s u l f u r i c  a c i d ,  

a n d  r i n s e d  i n  t r i p l e - d i s t i l l e d  w a t e r .  A  p l a t i n i z e d -

p l a t i n u m  h y d r o g e n  r e f e r e n c e  e l e c t r o d e  i n  t h e  s a m e  s o l u 

t i o n ,  s e p a r a t e d  f r o m  t h e  m a i n  c o m p a r t m e n t  b y  a  g l a s s  

f r i t ,  w a s  u s e d  f o r  a l l  o f  t h e  m e a s u r e m e n t s .

I n d i u m  a m a l g a m s  w e r e  p r e p a r e d  f r o m  t r i p l e - d i s t i l l e d  

m e r c u r y  ( D o e  a n d  I n g a l l s )  a n d  9 9 . 9 9 9 %  p u r e  i n d i u m  

( A m e r i c a n  S m e l t i n g  a n d  R e f i n i n g  C o . )  b y  m i x i n g  

w e i g h e d  q u a n t i t i e s  o f  t h e  t w o  m a t e r i a l s  u n d e r  a n  

a r g o n  a t m o s p h e r e .  T h e  i n d i u m  d i s s o l v e d  i n  t h e  

m e r c u r y  t o  g i v e  a  h o m o g e n e o u s  l i q u i d  w i t h i n  a  f e w  

m i n u t e s .

M o s t  o f  t h e  v a l u e s  f o r  z e r o - c h a r g e  p o t e n t i a l s  r e 

p o r t e d  h e r e  w e r e  m e a s u r e d  b y  t h e  s t r e a m i n g  e l e c t r o d e  

m e t h o d :  m e t h o d  Y  d e s c r i b e d  b y  G r a h a m e .1 T h e  

a m a l g a m  f l o w e d  f r o m  a  r e s e r v o i r  t h r o u g h  a  c a p i l l a r y  

i n t o  t h e  s o l u t i o n ,  a n d  i t s  p o t e n t i a l  w a s  m e a s u r e d  w i t h  

r e s p e c t  t o  a  r e v e r s i b l e  h y d r o g e n  e l e c t r o d e  i n  t h e  s a m e  

s o l u t i o n .  S i n c e  m e a s u r e m e n t s  o f  e l e c t r o d e  i m p e d 

a n c e 14 s h o w  t h a t  n o  r e v e r s i b l e  e l e c t r o n - t r a n s f e r  r e 

a c t i o n s  t a k e  p l a c e  u n d e r  t h e s e  c o n d i t i o n s ,  t h e  s t r e a m i n g  

e l e c t r o d e  p o t e n t i a l  s h o u l d  b e  t h e  p o t e n t i a l  o f  z e r o  

c h a r g e .  H o w e v e r ,  a n  i r r e v e r s i b l e  e l e c t r o d e  r e a c t i o n  

c o u l d  s h i f t  t h e  s t r e a m i n g  e l e c t r o d e  p o t e n t i a l  a n d  y e t  

h a v e  n o  e f f e c t  o n  t h e  a c  i m p e d a n c e  o f  a  d r o p p i n g  e l e c 

t r o d e ,  b u t  s u c h  a  r e a c t i o n  s h o u l d  b e  d e t e c t a b l e  a s  a  

d e p e n d e n c e  o f  s t r e a m i n g  e l e c t r o d e  p o t e n t i a l  o n  t h e  

r a t e  o f  f l o w  o f  a m a l g a m . .  W e  o b s e r v e d  n o  s u c h  d e 

p e n d e n c e .

A s  a n  a d d i t i o n a l  t e s t ,  d i r e c t  m e a s u r e m e n t s  o f  s u r f a c e  

c h a r g e  w e r e  m a d e  u s i n g  a  d r o p p i n g  e l e c t r o d e .  A s  w e  

h a v e  s h o w n  p r e v i o u s l y ,19 a  p l o t  o f  It '/3, w h e r e  I  i s  t h e  

i n s t a n t a n e o u s  c u r r e n t  f l o w i n g  a t  t i m e  t f r o m  t h e  b i r t h  

o f  t h e  d r o p ,  u n d e r  p o t e n t i o s t a t i c  c o n d i t i o n s ,  c a n  b e  

e x t r a p o l a t e d  t o  z e r o  t i m e  t o  g i v e  a  q u a n t i t y  A  p r o p o r 

t i o n a l  t o  t h e  s u r f a c e  c h a r g e  d e n s i t y  q

A  =  V . ( 3 6 T ) , / , ? ( m / p ) v *

w h e r e  m i s  t h e  m a s s  f l o w  r a t e  o f  a m a l g a m  t h r o u g h  t h e  

c a p i l l a r y  a n d  p i s  t h e  d e n s i t y  o f  t h e  a m a l g a m .

P o t e n t i o s t a t i c  c u r r e n t - t i m e  c u r v e s  w e r e  m e a s u r e d  

f o r  d r o p p i n g  e l e c t r o d e s  a t  s e v e r a l  p o t e n t i a l s  e i t h e r  s i d e  

o f  t h e  s t r e a m i n g  e l e c t r o d e  p o t e n t i a l ,  e x t r a p o l a t e d  t o

(12) O . A . E sin and  B . F . M a rk o v , A cta  P h ysicoch im . U R S S , 10, 
353 (1939).
(13) P . D elah ay , “ D o u b le  L ayer  and  E le ctro d e  K in e tics ,”  In ter
science P ublishers, In c ., Nfew Y o rk , N . Y .,  1965, C ha pter  4.
(14) J. N . B u tler , M . L . M eehan , and A . C . M ak rides, J . Electroanal. 
Chem ., 9 , 237 (1965).
(15) J . N . B utler, J. P h y s . Chem ., 69 , 3817 (1965).
(16) D . C . G raham e, J . A m . Chem. Soc., 76 , 4819 (1954).
(17) D . C . G raham e, M . A . P oth , and  J. I . C um m in gs, ib id ., 74 , 
4422 (1952).
(18) N . Sunden, Svensk K em . T idskr., 66 , 50 (1954).
(19) J . N . B u tler  and M . L . M eehan , J. P h y s . Chem ., 69 , 4051 
(1965).
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z e r o  t i m e  a s  d e s c r i b e d , 19 a n d  t h e  i n t e r c e p t s  p l o t t e d  a s  

a  f u n c t i o n  o f  p o t e n t i a l .  T h e  p o i n t  a t  w h i c h  t h e  i n t e r 

p o l a t i o n  c u r v e  c r o s s e d  t h e  a x i s  w a s  t a k e n  t o  b e  t h e  

p o t e n t i a l  o f  z e r o  c h a r g e .  A l t h o u g h  t h i s  m e t h o d  g i v e s  

s o m e w h a t  l e s s  p r e c i s e  ( ± 2  m v )  v a l u e s  o f  z e r o - c h a r g e  

p o t e n t i a l  t h a n  d o e s  t h e  s t r e a m i n g  e l e c t r o d e ,  a n y  i n 

t e r f e r e n c e  f r o m  r e v e r s i b l e  o r  i r r e v e r s i b l e  c h a r g e -  

t r a n s f e r  r e a c t i o n s  i s  i m m e d i a t e l y  a p p a r e n t  a s  a  n o n 

z e r o  s l o p e  f o r  t h e  c u r v e  I t 1/s vs. t o r  t'/2; t h i s  m e t h o d  

t h u s  s e r v e s  a s  a n  a d d i t i o n a l  c h e c k  o n  t h e  a c c u r a c y  

o f  t h e  s t r e a m i n g  e l e c t r o d e  p o t e n t i a l s .

Results
Z e r o - c h a r g e  p o t e n t i a l s  o f  m e r c u r y  a n d  i n d i u m  

a m a l g a m s  i n  p e r c h l o r i c  a c i d  s o l u t i o n s  a t  2 5 °  a r e  g i v e n  

i n  T a b l e  I .  W e  h a v e  a l s o  l i s t e d  v a l u e s  f o r  t h e  a c t i v i t y  

o f  i n d i u m  i n  t h e  a m a l g a m 20 a n d  o f  H C 1 0 4 i n  t h e  e l e c 

t r o l y t e . 21

I n  T a b l e  I ,  w e  h a v e  g i v e n  a  v a l u e  o f  —  0 . 1 6 0  v  vs. a  

r e v e r s i b l e  h y d r o g e n  e l e c t r o d e  f o r  t h e  z e r o - c h a r g e  p o 

t e n t i a l  o f  m e r c u r y  i n  0 . 1  M  H C 1 0 4. T h i s  a g r e e s  w i t h  

P a y n e ’ s  p r e c i s e  v a l u e 22 o f  — 0 . 1 6 2 ,  a n d  w i t h  G r a h a m e ’ s  

v a l u e s 2 f o r  0 . 1  M  K C 1 0 4 a n d  N a C 1 0 4, b o t h  o f  w h i c h  

c o r r e s p o n d  t o  — 0 . 1 6 2 .  T h i s  v a l u e  i s  m o r e  p o s i t i v e  

t h a n  o u r  p r e v i o u s l y  p u b l i s h e d 11' 14 v a l u e s  o f  — 0 . 1 6 5  

a n d  — 0 . 1 7 0 ,  a n d  t h e  v a l u e  o f  — 0 . 1 8 3  ( 0 . 4 9 3  vs. s e e )  

o b t a i n e d  b y  H a n s e n ,  et al. , 23 f r o m  t h e  m a x i m u m  o f  t h e  

e l e c t r o c a p i l l a r y  c u r v e  f o r  m e r c u r y  i n  0 . 1  M  H C 1 0 4.

F i g u r e  1 s h o w s  t h e  d e p e n d e n c e  o f  t h e  z e r o - c h a r g e  

p o t e n t i a l  (vs. a  f i x e d  r e f e r e n c e  e l e c t r o d e )  o n  t h e  c o n 

c e n t r a t i o n  o f  i n d i u m  i n  t h e  a m a l g a m  a n d  p e r c h l o r i c  

a c i d  i n  t h e  e l e c t r o l y t e .  T h e  d i f f e r e n c e s  f o r  t e n f o l d  

c h a n g e  i n  p e r c h l o r i c  a c i d  c o n c e n t r a t i o n  a r e  s m a l l e r  

( 2 0  t o  3 0  m v )  t h a n  t h e  d i f f e r e n c e s  o b s e r v e d  f o r  m e r c u r y  

( 3 0  t o  5 0  m v ) .  T h e  v a l u e s  o b t a i n e d  p r e v i o u s l y 11’ 14 

f o r  i n d i u m  a m a l g a m s  i n  0 . 1  M  H C 1 0 4 a g r e e  w i t h i n  

e x p e r i m e n t a l  e r r o r  w i t h  t h e  p r e s e n t  m e a s u r e m e n t s .  

T h e  p r o b a b l e  e r r o r  o f  t h e  p r e s e n t  d a t a  i s  a p p r o x i 

m a t e l y  2  m v ,  a  c o n s i d e r a b l e  i m p r o v e m e n t  o v e r  e r r o r s  

o f  u p  t o  1 0  m v  i n  t h e  o l d e r  d a t a .

Z e r o - c h a r g e  p o t e n t i a l s  i n  0 . 1  M  H C 1 0 4 a t  v a r i o u s  

t e m p e r a t u r e s  a r e  l i s t e d  i n  T a b l e  I I .  V e r y  f e w  d a t a  

e x i s t  w i t h  w h i c h  o u r  r e s u l t s  o n  t h e  t e m p e r a t u r e  c o 

e f f i c i e n t  ( T a b l e  I I I )  c a n  b e  c o m p a r e d .  R a n d l e s  a n d  

W h i t e l e y 24 m e a s u r e d  t h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  

t h e  z e r o - c h a r g e  p o t e n t i a l  f o r  m e r c u r y  i n  t h r e e  c e l l s  

w i t h o u t  l i q u i d  j u n c t i o n s .  T h e  t e m p e r a t u r e  c o e f 

f i c i e n t s  g i v e n  b y  G r a h a m e 25 f o r  m e r c u r y  i n  K C 1  a n d  

N a F  w e r e  m e a s u r e d  i n  c e l l s  w i t h  t h e  r e f e r e n c e  e l e c 

t r o d e  h e l d  a t  c o n s t a n t  t e m p e r a t u r e .  O n l y  f o r  K C 1  a r e  

s u f f i c i e n t  d a t a  a v a i l a b l e  s o  t h a t  t h e s e  r e s u l t s  m a y  b e  

c o m p a r e d  w i t h  o u r s .

T h e  v a l u e s  g i v e n  b y  L e e  a n d  T a i 26 f o r  t h e  t e m p e r a -

Table I : Zero-Charge Potentials of Indium 
Amalgams in HC104 at 25°

Mole
% In Oln E f

1.00 MHClOl (a± = 0.823)
0 0 -0 .273
5.00 0.0707 -0 .375

10.00 0.196 -0 .407
20.00 0.717 -0 .462
39.83 3.83 -0 .561
63.02 13.46 -0 .637

0.100 Af HCIO4 (a± = 0.0803)
0 0 -0 .1 6 0
0 0 -0 .160*
0.015 0.00015 -0 .167*
0.138 0.0014 -0 .202*
1.23 0.0134 -0 .255*
5.00 0.0707 -0 .297*
5.97 0.0900 -0 .301

10.00 0.196 -0 .334*
10.02 0.197 -0 .3 2 7
20.34 0.743 -0 .388
39.89 3.84 -0 .483
63.02 13.46 -0 .553

0.0100 M  HCIO4 (a± = 0.00903)
0 0 -0 .086
5.97 0.0900 -0 .241

10.02 0.197 -0 .267
20.34 0.743 -0 .321
39.89 3.84 -0 .400
63.02 13.46 -0 .468

“ The zero-charge potential E ,  is given in volts v s . a reversible 
hydrogen electrode in the same solution. To convert to the 
saturated calomel electrode scale (Figure 1), add —0.250 to the 
1.0 M  values, —0.310 to the 0.1 M  values, and —0.365 to the 
0.01 M  values. Measurements were by the streaming electrode 
method except those marked with an asterisk (*), which were 
measured by the direct surface charge method.

t u r e  c o e f f i c i e n t  o f  t h e  z e r o - c h a r g e  p o t e n t i a l  o f  m e r c u r y  

i n  K C 1 ,  w h i c h  w e r e  q u o t e d  i n  a  r e c e n t  r e v i e w , 27 a p p e a r  

t o  b e  i n c o r r e c t . 24 T h e s e  v a l u e s  w e r e  n o t  i n  f a c t  m e a s 

u r e d  b y  L e e  a n d  T a i  b u t  w e r e  c a l c u l a t e d  f r o m  s o m e

(20) J . N . B utler, J. P h ys . Chem., 68 , 1828 (1964).

(21) E . A . R ob in son  and  R . H . S tok es, “ E lectro ly te  S o lu tion s ,”  
2nd  ed , B utterw orth  and C o . L td ., L on d on , 1959, p p  4 9 1 -5 0 1 .
(22) R . P ayn e , p riva te  com m un ica tion .
(23) R . S. H ansen , D . J. K elsh , and  D . H . G ran th am , J . P h ys . Chem ., 
67 , 2316 (1963).

(24) J . E . B . R an d les  and  K . S. W h ite ley , Trans. F araday S oc., 52 , 
1509 (1956).
(25) D . C . G raham e, J . A m . Chem. S oc., 79 , 2093 (1 957).
(26) F . H . L ee and  Y .  K . T a i, J . C hinese Chem. Soc., 8 , 60 (1941).
(27) B . E . C on w a y , “ M od ern  A sp ects  o f  E lectroch em is try ,”  V o l. 1, 
B utterw orth  and C o . L td ., L on d on , 1954, p p  5 4 -6 1 .
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w h e r e  E z i s  t h e  p o t e n t i a l  w i t h  r e s p e c t  t o  a n  e x t e r n a l ,  

f i x e d  r e f e r e n c e  e l e c t r o d e ,  a± i s  t h e  m e a n  a c t i v i t y  o f  

t h e  1 : 1  e l e c t r o l y t e ,  q i s  t h e  s u r f a c e  c h a r g e  o n  t h e  e l e c 

t r o d e ,  q-  i s  t h e  c h a r g e  i n  s o l u t i o n  c o n t r i b u t e d  b y  a n i o n s ,  

R  i s  t h e  g a s  c o n s t a n t ,  T  i s  t h e  a b s o l u t e  t e m p e r a t u r e ,  

a n d  F  i s  t h e  F a r a d a y  c o n s t a n t .

I f  t h e r e  i s  n o  s p e c i f i c  a d s o r p t i o n  o f  i o n s  a t  t h e  e l e c 

t r o d e ,  t h e  c h a r g e  i n  s o l u t i o n  i s  e n t i r e l y  i n  t h e  d i f f u s e  

d o u b l e  l a y e r ,  a n d  t h e  G o u y - C h a p m a n  t h e o r y  m a y  b e  

u s e d  t o  c a l c u l a t e  t h e  d e p e n d e n c e  o f  o n  q. A t  t h e  

p o t e n t i a l  o f  z e r o  c h a r g e ,  t h i s  t h e o r y  g i v e s  s i m p l y

o±  = const 
8 =  0

1 /  2 ( 2 )

Figure 1. Zero-charge potentials of indium amalgams 
in HCIO4 solutions of various concentrations, with 
respect to the saturated calomel electrode (see Table I)

Table II: Zero-Charge Potentials in 0.1 M  HCIO4 
at Various Temperatures

Electrode Temp,
material °C Ex"

Hg 9.8 -0.1596
19.4 -0.1600
25.0 -0.1598
26.5 -0.1586
36.7 -0.1590
50.0 -0.1597
55.0 -0.1605
59.0 -0.1614
65.0 -0.1620

20% In 25.0 -0 .388
59.0 -0 .394

40% In 25.0 -0 .483
44.5 -0 .485
56.5 -0 .488
59.0 -0 .488

0 Ex is in volts vs. a reversible hydrogen electrode in the same 
solution. All values were measured by the streaming electrode 
method.

v a l u e s  q u o t e d  i n  a  t e x t b o o k 28 f o r  t h e  “ a b s o l u t e  e m f  

o f  t h e  c a l o m e l  e l e c t r o d e . ”  U n f o r t u n a t e l y ,  n o  r e f e r e n c e  

i s  g i v e n  t o  t h e  o r i g i n a l  m e a s u r e m e n t s .

Com position D ependence

F o r  a n  i d e a l l y  p o l a r i z e d  e l e c t r o d e ,  t h e  s h i f t  o f  z e r o -  

c h a r g e  p o t e n t i a l  w i t h  e l e c t r o l y t e  c o m p o s i t i o n  i s  g i v e n  

b y  t h e  e q u a t i o n 3' 13

w h i c h  s a y s  t h a t  E z i s  i n d e p e n d e n t  o f  a ± .

I n  t h e  p r e s e n c e  o f  s p e c i f i c  a d s o r p t i o n ,  t h e  c o e f f i c i e n t  

(dq_/dq) i s  d i f f e r e n t  f r o m  — 1/ 2, a  m o r e  n e g a t i v e  v a l u e  

i n d i c a t i n g  s t r o n g e r  s p e c i f i c  a d s o r p t i o n ,  a n d  m a y  o f t e n  b e  

i n d e p e n d e n t  o f  e l e c t r o l y t e  c o n c e n t r a t i o n  a n d  s u r f a c e  

c h a r g e .  S t u d i e s  o f  t h e  v a r i a t i o n  o f  z e r o - c h a r g e  p o 

t e n t i a l  a n d  s u r f a c e  c h a r g e  o f  m e r c u r y  i n  K I ,  K B r ,  

K C 1 ,  a n d  H C 1  h a v e  s h o w n 3 ’ 1 2 1 3  t h a t  t h e  p o t e n t i a l  a t  

c o n s t a n t  c h a r g e  i s  c l o s e l y  a p p r o x i m a t e d  b y  a  l i n e a r  

f u n c t i o n  o f  e l e c t r o l y t e  a c t i v i t y ,  a n d  t h a t  t h e  s l o p e  o f  

t h e s e  l i n e s  i s  e s s e n t i a l l y  i n d e p e n d e n t  o f  t h e  s u r f a c e  

c h a r g e .  I n  t h e  c a s e  o f  n i t r a t e  a n d  p e r c h l o r a t e , 7,8 

w h i c h  a r e  m o r e  w e a k l y  a d s o r b e d ,  t h i s  d e p e n d e n c e  i s  

m o r e  c o m p l i c a t e d ,  b u t  q u a l i t a t i v e l y  s i m i l a r .  T h i s  

m e a n s  t h a t  a  m e a s u r e m e n t  o f  t h e  d e p e n d e n c e  o f  z e r o -  

c h a r g e  p o t e n t i a l  o n  e l e c t r o l y t e  c o m p o s i t i o n  c a n  g i v e  

c o n s i d e r a b l e  q u a l i t a t i v e  i n f o r m a t i o n  a b o u t  t h e  e x t e n t  

o f  s p e c i f i c  a d s o r p t i o n  o f  i o n s ,  w i t h o u t  t h e  e x t e n s i v e  

m e a s u r e m e n t s  r e q u i r e d  f o r  a  d e t a i l e d  s t u d y  o f  c a p a c i t y  

a n d  i n t e r f a c i a l  t e n s i o n .  I t  c a n n o t ,  o f  c o u r s e ,  g i v e  t h e  

d e t a i l e d  f o r m  o f  t h e  a d s o r p t i o n  i s o t h e r m s .

W e  c a l c u l a t e d  t h e  c o e f f i c i e n t s  (dq^/dq) f r o m  o u r  

d a t a  i n  t h e  f o l l o w i n g  m a n n e r .  F r o m  t h e  g r a p h s  o f  

F i g u r e  1 ,  v a l u e s  o f  t h e  z e r o - c h a r g e  p o t e n t i a l  w e r e  i n 

t e r p o l a t e d  a t  r o u n d  v a l u e s  o f  i n d i u m  c o n c e n t r a t i o n ,  

a n d  a  p l o t  o f  t h e s e  i n t e r p o l a t e d  v a l u e s  w a s  m a d e  a s  a  

f u n c t i o n  o f  l o g  a ± . T h i s  p l o t  w a s  l i n e a r  w i t h i n  e x p e r i 

m e n t a l  e r r o r  o v e r  a  1 0 0 - f o l d  v a r i a t i o n  i n  c o n c e n t r a t i o n .

I n  F i g u r e  2  a r e  p l o t t e d  t h e  v a l u e s  o f  (dq-/dq) c a l 

c u l a t e d  u s i n g  e q  1 .  T h e  v e r t i c a l  b a r s  i n d i c a t e  t h e  a p 

p r o x i m a t e  e r r o r  i n  t h e  v a l u e s  o f  t h e  c o e f f i c i e n t  c a l c u 

l a t e d  f r o m  t h e  m e a s u r e d  s l o p e s ,  a n d  t h e  l i n e  i s  a  s m o o t h  

f u n c t i o n  w h i c h  a p p r o x i m a t e s  t h e  c a l c u l a t e d  v a l u e s .

(28) J. R e illy  and W . N . R a e , “ P h ysico -C h em ica l M e th o d s ,”  2nd 
ed , D . V an  N ostra nd  C o ., In c ., N ew  Y o rk , N . Y .,  1933, p  731.
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Figure 2. The coefficient — (à q ~ / à q )  calculated 
from the data in Figure 1, using eq 1. A larger 
value of this coefficient is a qualitative indication of 
increased specific adsorption of perchlorate ions.

A  v a l u e  f o r  t h e  c o e f f i c i e n t  — (dq/dq) g r e a t e r  t h a n  

y 2 i n d i c a t e s  t h a t  s p e c i f i c  a d s o r p t i o n  o f  t h e  a n i o n  o c c u r s ,  

a n d  f r o m  F i g u r e  2  i t  i s  a p p a r e n t  t h a t  s o m e  s p e c i f i c  

a d s o r p t i o n  o f  p e r c h l o r a t e  i o n s  o c c u r s  o n  i n d i u m  a m a l 

g a m s ,  b u t  l e s s  t h a n  o n  m e r c u r y .  T h e  a d s o r p t i o n  

a p p e a r s  t o  p a s s  t h r o u g h  a  m i n i m u m  a t  a p p r o x i m a t e l y  

5  m o l e  %  i n d i u m  ( a i n =  0 . 0 7 ) ,  a n d  o n  t h e  m o s t  c o n 

c e n t r a t e d  a m a l g a m s  i s  n e a r l y  a s  l a r g e  a s  o n  m e r c u r y .

I n  o u r  p r e v i o u s  s t u d i e s 14 o f  t h e  d o u b l e - l a y e r  c a p a c i t y  

o f  i n d i u m  a m a l g a m s  i n  0 . 1  M  H C I O 4, w e  o b s e r v e d  t h a t  

a t  c o n s t a n t  s u r f a c e  c h a r g e  t h e  c a p a c i t y  i n c r e a s e s  w i t h  

i n c r e a s i n g  a m a l g a m  c o n c e n t r a t i o n .  T h e  r e s u l t s  o f  t h e  

p r e s e n t  s t u d y  h a v e  s h o w n  t h a t  t h e  a d s o r p t i o n  o f  p e r 

c h l o r a t e  i o n s  i s  s m a l l e r  o n  i n d i u m  a m a l g a m s  o f  a l l  

c o n c e n t r a t i o n s  t h a n  o n  m e r c u r y .  S p e c i f i c  a d s o r p t i o n  

o f  C 1 C > 4~  i o n s  i s  t h e r e f o r e  u n l i k e l y  t o  b e  r e s p o n s i b l e  

f o r  t h e  l a r g e  i n c r e a s e  i n  d o u b l e - l a y e r  c a p a c i t y  w i t h  

i n d i u m  c o n c e n t r a t i o n .  T h e  o t h e r  p o s s i b l e  e f f e c t ,  

a  c h a n g e  i n  t h e  d i p o l a r  s t r u c t u r e  o f  t h e  a m a l g a m -  

a q u e o u s  i n t e r f a c e  w i t h  c o m p o s i t i o n ,  i s  m o r e  l i k e l y  t o  

b e  r e s p o n s i b l e  f o r  t h e  i n c r e a s e d  c a p c i t y .

T h e  l o w e r  s p e c i f i c  a d s o r p t i o n  o f  p e r c h l o r a t e  i o n  a n d  

h i g h e r  d o u b l e - l a y e r  c a p a c i t y  o n  i n d i u m  a m a l g a m s  

p a r a l l e l s  t h e  r e s u l t s  f o r  g a l l i u m .  F r u m k i n ,  et al. , 29 

o b s e r v e d  t h a t  t h e  a d s o r p t i o n  o f  p e r c h l o r a t e ,  a s  w e l l  

a s  o t h e r  a n i o n s ,  i s  l e s s  o n  g a l l i u m  t h a n  o n  m e r c u r y .  

T h i s ,  t o g e t h e r  w i t h  t h e  h i g h e r  d o u b l e - l a y e r  c a p a c i t y ,  

w a s  a t t r i b u t e d  t o  a  s t r o n g e r  b o n d  b e t w e e n  w a t e r  a n d  

g a l l i u m  t h a n  b e t w e e n  w a t e r  a n d  m e r c u r y .  A  s i m i l a r  

e x p l a n a t i o n  c o u l d  b e  i n v o k e d  f o r  t h e  i n d i u m  a m a l g a m s ,

a l t h o u g h  d a t a  o n  a d s o r p t i o n  o f  w a t e r  v a p o r  a r e  n o t  

a v a i l a b l e  t o  s u p p o r t  t h i s  h y p o t h e s i s .

I n  a d d i t i o n  t o  c h a n g e s  i n  t h e  e l e c t r o n i c  d i p o l a r  l a y e r  

i n  t h e  m e t a l  a n d  t h e  w a t e r  d i p o l e  o r i e n t a t i o n  i n  t h e  

e l e c t r o l y t e ,  t h e  i n c r e a s e d  c a p a c i t y  o f  i n d i u m  a m a l g a m s  

w i t h  r e s p e c t  t o  m e r c u r y  c o u l d  a l s o  b e  a t t r i b u t e d  t o  

t h e  i n d i u m - m e r c u r y  d i p o l e s  i n  t h e  i n t e r f a c e .  O u r  

s t u d i e s  o f  i n t e r f a c i a l  t e n s i o n 15 s h o w e d  t h a t  t h e  s u r f a c e  

d e f i c i e n c y  o f  i n d i u m  w e n t  t h r o u g h  a  m a x i m u m  a t  

a p p r o x i m a t e l y  2 0  m o l e  %  i n d i u m  ( a i n =  0 . 7 ) ,  a n d  t h a t  

t h e  s u r f a c e  d e f i c i e n c y  i t s e l f  w a s  p o t e n t i a l  d e p e n d e n t .  

T h i s  i m p l i e s  t h a t  s h i f t s  i n  c o m p o s i t i o n  o f  t h e  m e t a l l i c  

s i d e  o f  t h e  i n t e r f a c e  c o u l d  c o n t r i b u t e  s i g n i f i c a n t l y  t o  

t h e  c a p a c i t y  m e a s u r e d  b y  a n  a c  i m p e d a n c e  b r i d g e ,  

a n d  t h a t  t h i s  c o n t r i b u t i o n  w o u l d  b e  m o s t  i m p o r t a n t  

i n  t h e  r e g i o n  f r o m  5  t o  2 0 %  i n d i u m .  T h i s  e f f e c t  m a y  

b e  r e s p o n s i b l e ,  a t  l e a s t  i n  p a r t ,  f o r  t h e  m a x i m u m  i n  

c a p a c i t y  a t  t h e  z e r o - c h a r g e  p o t e n t i a l  o b s e r v e d  b e 

t w e e n  1 a n d  2 0 %  i n d i u m . 14

T h e  m i n i m u m  i n  t h e  s p e c i f i c  a d s o r p t i o n  o f  p e r c h l o 

r a t e  i o n s  a t  a p p r o x i m a t e l y  5  t o  1 0 %  i n d i u m  ( F i g u r e  2 )  

c o u l d  r e s u l t  f r o m  t h e  o p p o s i t i o n  o f  t w o  t e n d e n c i e s .  

T h e  d e c r e a s e  i n  s p e c i f i c  a d s o r p t i o n  a t  l o w  i n d i u m  c o n 

c e n t r a t i o n s  m a y  r e s u l t  f r o m  c h a n g e s  i n  t h e  o r i e n t a t i o n  

o f  w a t e r  d i p o l e s  i n  t h e  s a m e  w a y  t h a t  s p e c i f i c  a d s o r p 

t i o n  i s  l o w e r  o n  g a l l i u m  t h a n  o n  m e r c u r y . 29 A t  h i g h e r  

i n d i u m  c o n c e n t r a t i o n s ,  h o w e v e r ,  a  l a r g e r  f r a c t i o n  o f  

t h e  m e t a l  s u r f a c e  c o n s i s t s  o f  i n d i u m  a t o m s ,  a n d  c h e m 

i c a l  b o n d i n g  o f  t h e  p e r c h l o r a t e  i o n s  t o  i n d i u m  a t o m s  

m a y  b e c o m e  i m p o r t a n t .  T o  t e s t  t h i s  h y p o t h e s i s  e f 

f e c t i v e l y ,  m e a s u r e m e n t s  s h o u l d  b e  m a d e  o f  t h e  c o m 

p l e t e  a d s o r p t i o n  i s o t h e r m s  f o r  a  n u m b e r  o f  a n i o n s  

h a v i n g  d i f f e r e n t  e f f e c t s  o n  t h e  s t r u c t u r e  o f  w a t e r  a n d  

d i f f e r e n t  a f f i n i t i e s  f o r  i n d i u m  a n d  m e r c u r y .

Tem perature D ependence

T h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  z e r o - c h a r g e  p o 

t e n t i a l  i n  a  c e l l  w i t h o u t  l i q u i d  j u n c t i o n s  c a n  b e  e x 

p r e s s e d  a s  a  c o m b i n a t i o n  o f  e n t r o p y  t e r m s ,  m o s t  o f  

w h i c h  a r e  i n d e p e n d e n t l y  m e a s u r a b l e .  T h r e e  t e r m s ,  

h o w e v e r ,  o c c u r  i n  i n s e p a r a b l e  c o m b i n a t i o n :  t h e  a b 

s o l u t e  e n t r o p y  o f  t h e  h y d r o g e n  i o n  ( o r  a n y  o t h e r  s i n g l e  

i o n ) ,  t h e  e n t r o p y  o f  e l e c t r o n s  i n  t h e  m e t a l ,  a n d  t h e  

e n t r o p y  a s s o c i a t e d  w i t h  t h e  s p e c i f i c a l l y  a d s o r b e d  i o n s  

a n d  t h e  d i p o l a r  l a y e r s  a t  t h e  m e t a l - e l e c t r o l y t e  b o u n 

d a r y .  S i n c e  t h e  e n t r o p y  o f  t h e  h y d r o g e n  i o n  i s  a p 

p r o x i m a t e l y  k n o w n ,  a n d  i s  i n  a n y  c a s e  i n d e p e n d e n t  

o f  t h e  n a t u r e  o f  t h e  m e t a l  o r  e l e c t r o l y t e  b e i n g  s t u d i e d ,  

a n d  t h e  e n t r o p y  o f  e l e c t r o n s  i n  t h e  m e t a l  i s  s m a l l ,  t h e  

w a y  i n  w h i c h  t h e  t e m p e r a t u r e  c o e f f i c i e n t  o f  t h e  z e r o -

(29) A . N . F rum kin , N . P o lian ovsk a ya , N . G rigorev , and  I . B a g o t - 
sk aya , Electrochim . A cta , 10, 793 (1965).
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Table III : Temperature Coefficient of Zero-Charge Potential Measured in Cells without Liquid Junctions

Ideal Exptl Calcd“
polarized Ref d E t / d T , d ( &rf>z) /d  T,
electrode Electrolyte electrode mv/deg mv/deg Ref

Hg 0.1 i f f  HCIO4 Pt|H2|H + -0 .0 5  ±  0.01 0.68 This work
20.0% In 0 . 1  iff HCIO4 -0 .1 8  ±  0.05 0.55 This work
40.0% In 0.1 i f f  HCIO4 -,0.15 ± 0 .0 3 0.58 This .work
Hg l.O iff KC1 Hg|Hg2Cl2|Cl- +0.07 0.72 2, recalcd
Hg 0.1 iff KC1 -0 .184 0.63 2, recalcd
Hg 0.1 iff  KC1 -0 .153

-0 .153
0.67 24

Hg 0.1 iff KC1 0.66 24, recalcd
Hg 0.1 i f f  KOH Hg|HgO|OH- +  0.548 0.57 24
Hg 0.1 i f f  KOH +  0.548 0.55 24, recalcd
Hg 0.1 i f f  k 2so4 Hg|Hg2S04|S042- +0.292 0.56 24
Hg 0.1 iff k 2so4 +0.292 0.51 24, recalcd

“ See Discussion.

c h a r g e  p o t e n t i a l  v a r i e s  c a n  g i v e  s o m e  i n f o r m a t i o n  a b o u t  

t h e  s t r u c t u r e  o f  t h e  d o u b l e  l a y e r  a t  t h e  m e t a l - e l e c t r o 

l y t e  i n t e r f a c e .

U n f o r t u n a t e l y ,  m e a s u r e m e n t s  o f  t h e  t e m p e r a t u r e  

c o e f f i c i e n t  o f  z e r o - c h a r g e  p o t e n t i a l  s u f f i c i e n t l y  a c c u r a t e  

t o  m a k e  e v e n  q u a l i t a t i v e  o b s e r v a t i o n s  a r e  e x t r e m e l y  

d i f f i c u l t  t o  o b t a i n .  W e  h a v e  a l r e d y  m e n t i o n e d  t h e  

s t u d i e s  o n  m e r c u r y  b y  R a n d l e s  a n d  W h i t e l e y , 24 a n d  

t h i s  d i s c u s s i o n  o f  o u r  m e a s u r e m e n t s  o n  i n d i u m  a m a l 

g a m s  f o l l o w s  t h e i r s  r a t h e r  c l o s e l y .

F o r  o u r  c e l l

P t|  H ,|  H + ,  C 1 0 4- j  I n ,  H g |  P t  ( 3 )

w h e r e  t h e  a m a l g a m - e l e c t r o l y t e  i n t e r f a c e  i s  a s s u m e d  t o  

b e  a t  t h e  z e r o - c h a r g e  p o t e n t i a l  a n d  i d e a l l y  p o l a r i z e d ,  

w e  m a y  m a k e  t h e  u s u a l  a n a l y s i s  o f  e l e c t r o c h e m i c a l  

e q u i l i b r i u m 13’ 24 t o  o b t a i n  t h e  c e l l  p o t e n t i a l  E z i n  t e r m s  

o f  t h e  c h e m i c a l  p o t e n t i a l s  o f  t h e  c o m p o n e n t s

w h e r e  A<f>z i s  t h e  G a l v a n i  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  

t h e  a m a l g a m  a n d  e l e c t r o l y t e ,  fj.n° a r i d  + ° a r e  t h e  

s t a n d a r d  c h e m i c a l  p o t e n t i a l s  o f  H 2( g )  a n d  H + ( a q ) ,  

r e s p e c t i v e l y ,  a n d  / i eam  i s  t h e  c h e m i c a l  p o t e n t i a l  o f  

e l e c t r o n s  i n  t h e  a m a l g a m .

T a k i n g  t h e  t e m p e r a t u r e  d e r i v a t i v e  o f  e q  4 ,  w e  o b t a i n

z t  “  ¿ ( a*z ) = +  ^ h+o +

S e am  -  R  I n  u H ♦ -  R T  d I y H + )  ( 5 )

T h e  a b s o l u t e  e n t r o p y  o f  h y d r o g e n  g a s 30 i s  S hz° =  

3 2 . 2 1 1  c a l / m o l e  d e g .  T h e  a c t i v i t y  c o e f f i c i e n t 21 o f  

0 . 1  M  H C l C h  i s  0 . 8 0 3 ,  w h i c h  g i v e s  R  I n  aH+ =  — 5 . 0 1

c a l / m o l e  d e g .  T h e  p a r t i a l  m o l a r  e n t h a l p y  o f  d i l u t i o n 31 

f o r  0 , 1  I  H C 1  i s  2 0 2  c a l / m o l e ,  w h i c h  g i v e s  a  r e a s o n 

a b l e  e s t i m a t e  o f  + 0 . 3 4  c a l / m o l e  d e g  f o r  t h e  l a s t  t e r m  

o f  e q  5. T h e  o t h e r  t e r m s  a r e  n o t  s o  w e l l  k n o w n ,  b u t  

c a n  b e  e s t i m a t e d .  T h e  e n t r o p y  o f  t h e  c o n d u c t i o n  

e l e c t r o n s  i n  m e t a l s  i s  s m a l l , 24 l e s s  t h a n  0 . 1  c a l / m o l e  

d e g ,  a n d  w a s  a s s u m e d  t o  b e  0  f o r  t h e s e  c a l c u l a t i o n s .  

T h e  a b s o l u t e  e n t r o p y  o f  t h e  h y d r o g e n  i o n ,  a s  e s t i m a t e d  

f r o m  m e a s u r e m e n t s  o f  t h e  e n t r o p y  o f  t r a n s f e r  i n  r e 

v e r s i b l e  c e l l s , 24’ 27 i s  a p p r o x i m a t e l y  *Sh+° =  —5.5 c a l /  

m o l e  d e g .  M a k i n g  t h e s e  a p p r o x i m a t i o n s ,  e q  5 y i e l d s  

t h e  r e s u l t

A « k )  =  “  +  0 . 7 3  m v / d e g  ( 6 )

O u r  e x p e r i m e n t a l  r e s u l t s  f o r  d E z/d T  g a v e  t h e  v a l u e s  

f o r  [ d ( A + ) / d T J  s h o w n  i n  T a b l e  I I I ,  a n d  a r e  c o m 

p a r e d  t h e r e  w i t h  t h o s e  o b t a i n e d  b y  o t h e r  w o r k e r s  f o r  

t h e  i n t e r f a c e  b e t w e e n  m e r c u r y  a n d  v a r i o u s  e l e c t r o l y t e s .  

S i n c e  R a n d l e s  a n d  W h i t e l e y 24 d i d  n o t  g i v e  t h e  d e t a i l s  

o f  t h e  v a l u e s  t h e y  u s e d  f o r  t h e  a c t i v i t y  c o e f f i c i e n t s  a n d  

p a r t i a l  m o l a r  e n t h a l p i e s ,  w e  r e p e a t e d  t h e i r  c a l c u l a t i o n s .  

W e  h a v e  a l s o  c a l c u l a t e d  [d (A < f> z) / d T ]  f r o m  G r a h a m e ’ s  

d a t a . 2

I n  o u r  c a l c u l a t i o n s  o f  t h e s e  d a t a ,  t h e  a b s o l u t e  e n 

t r o p i e s  o f  H g ,  H g 2C l 2, H g O ,  a n d  H g S 0 4 w e r e  t a k e n  

f r o m  L a t i m e r , 30 a c t i v i t y  c o e f f i c i e n t s  w e r e  t a k e n  f r o m  

R o b i n s o n  a n d  S t o k e s , 21 p a r t i a l  m o l a r  e n t h a l p i e s  o f  d i 

l u t i o n  w e r e  t a k e n  f r o m  H a r n e d  a n d  O w e n , 31 t h e  e n 

t r o p y  o f  e l e c t r o n s  i n  t h e  m e t a l l i c  p h a s e  w a s  a s s u m e d  t o  

b e  z e r o ,  a n d  t h e  a b s o l u t e  e n t r o p i e s  o f  t h e  v a r i o u s  i o n s

(30) W . M . L atim er, “ O xid ation  P oten tia ls ,”  2n d  ed , P ren tice- 
H a ll, In c ., E n g lew ood  C liffs , N . J ., 1952, p p  30, 176.
(31) H . S . H a rn ed  and  B . B . O w en, “ P h ysica l C hem istry  o f  E lec
t ro ly te  S o lu tion s,”  3rd ed , R e in h old  P ublishers, In c ., New Y o rk , 
N . Y „  1958, pp 709-710.
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w e r e  c a l c u l a t e d  f r o m  L a t i m e r ’ s  v a l u e s , 30 a s s u m i n g  t h a t  

t h e  a b s o l u t e  e n t r o p y  o f  H +  w a s  — 5 . 5  c a l / m o l e  d e g .  

A s  c a n  b e  s e e n  f r o m  T a b l e  I I I ,  i n  n o  c a s e  d i d  t h e  r e s u l t s  

a g r e e  e x a c t l y  w i t h  t h e  v a l u e s  o b t a i n e d  b y  R a n d l e s  a n d  

W h i t e l e y ,  b u t  t h e  d i f f e r e n c e  w a s  s i g n i f i c a n t  o n l y  i n  t h e  

c a s e  o f  H g  i n  K 2S 0 4.

A l t h o u g h  t h e  p r o b a b l e  e r r o r  i n  t h e s e  v a l u e s  i s  l a r g e ,  

c e r t a i n  t r e n d s  d o  e x i s t  w h i c h  m a y  b e  r e l a t e d  t o  t h e  

s p e c i f i c  a d s o r p t i o n  o f  a n i o n s ,  a n d  t o  t h e  s t r u c t u r e  o f  

t h e  d i p o l e  l a y e r  a t  t h e  i n t e r f a c e .  B e c a u s e  t h e  s p e c i f i c  

a d s o r p t i o n  o f  a n  a n i o n  a t  t h e  i n t e r f a c e  i s  n o t  o n l y  e x o 

t h e r m i c ,  b u t  a l s o  p r o b a b l y  i n v o l v e s  a  l o s s  i n  e n t r o p y ,  

t h e  e x t e n t  o f  s p e c i f i c  a d s o r p t i o n  i s  p r o b a b l y  s m a l l e r  

a t  h i g h e r  t e m p e r a t u r e s ,  a n d  h e n c e  t h e  t e m p e r a t u r e  c o 

e f f i c i e n t  o f  t h e  p o t e n t i a l  d r o p  a c r o s s  t h e  i n t e r f a c e  w i l l  

b e  l a r g e r  i n  t h e  p r e s e n c e  o f  s p e c i f i c  a d s o r p t i o n  t h a n  i f  

n o  s p e c i f i c  a d s o r p t i o n  o c c u r s .  L o o k i n g  a t  t h e  v a l u e s  

f o r  K C 1  m e a s u r e d  b y  G r a h a m e , 2 w e  s e e  t h a t  t h e  c o 

e f f i c i e n t  [ d ( A 0 z ) / d T ]  i s  l a r g e r  f o r  1 . 0  M  K C 1  t h a n  f o r  

0 . 1  I  K C 1 ,  w h i c h  c o n f i r m s  t h i s  n o t i o n  s i n c e  t h e  s p e 

c i f i c  a d s o r p t i o n  o f  c h l o r i d e  i o n  i s  m u c h  m o r e  e x t e n s i v e  

i n  t h e  c o n c e n t r a t e d  s o l u t i o n . 17’ 32 S i m i l a r l y ,  c o m p a r i n g  

t h e  v a l u e s  o b t a i n e d  b y  R a n d l e s  a n d  W h i t e l e y  f o r  K C 1 ,  

K O H ,  a n d  K 2S O 4, w e  s e e  t h a t  t h e  t e m p e r a t u r e  c o 

e f f i c i e n t  i n  K C 1 ,  w h e r e  s p e c i f i c  a d s o r p t i o n  i s  m o d e r a t e ,  

i s  l a r g e r  t h a n  i n  K O H  o r  K 2S O 4, w h e r e  s p e c i f i c  a d s o r p 

t i o n  i s  p r o b a b l y  s m a l l . 6 ’7 ' 17

T u r n i n g  n o w  t o  o u r  r e s u l t s  f o r  i n d i u m  a m a l g a m s  

i n  p e r c h l o r i c  a c i d  w e  f i n d  t h a t  t h e  t e m p e r a t u r e  c o 

e f f i c i e n t  [ d A < f e / d T ]  o n  m e r c u r y  i s  c o m p a r a b l e  t o  t h e  

v a l u e s  o b t a i n e d  f o r  K C 1 ,  i n d i c a t i n g  m o d e r a t e  s p e c i f i c  

a d s o r p t i o n .  T h e  i n d i u m  a m a l g a m s  s h o w  s m a l l e r  

v a l u e s  f o r  t h e  t e m p e r a t u r e  c o e f f i c i e n t ,  w h i c h  i s  c o n 

s i s t e n t  w i t h  o u r  o b s e r v a t i o n  t h a t  —  (bq^/bq) i s  s m a l l e r  

o n  t h e  a m a l g a m s  t h a n  o n  m e r c u r y .  U n f o r t u n a t e l y ,  

t h i s  r e s u l t  d o e s  n o t  a l l o w  u s  t o  s e p a r a t e  u n a m b i g u o u s l y  

s p e c i f i c  a d s o r p t i o n  f r o m  d i p o l a r  e f f e c t s .  B e c a u s e  

o f  t h e  l a r g e r  e n t r o p y  o f  t h e  a m a l g a m  i n t e r f a c e ,  d u e  t o  

i t s  m o r e  c o m p l e x  d i p o l a r  s t r u c t u r e ,  w e  e x p e c t  t h a t  t h e  

c o e f f i c i e n t  [dA&JdT)  w o u l d  p r o b a b l y  b e  s m a l l e r  

o n  t h e  a m a l g a m s ,  e v e n  i f  t h e r e  w a s  n o  c h a n g e  i n  t h e  

d e g r e e  o f  s p e c i f i c  a d s o r p t i o n .
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Chemical Relaxation Spectra: Calculation of Relaxation Times 

for Complex Mechanisms1
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A  t h e o r e t i c a l  t r e a t m e n t  o f  c h e m i c a l  r e l a x a t i o n  s p e c t r a  i s  g i v e n ;  t h e  o n l y  r e s t r i c t i v e  a s s u m p 

t i o n  e m p l o y e d  i s  t h a t  f o r  a  g i v e n  m e c h a n i s t i c  s c h e m e  n o  m o r e  t h a n  t w o  s t e p s  w h i c h  e q u i l 

i b r a t e  a t  c o m p a r a b l e  r a t e s  a r e  c o u p l e d  t o g e t h e r  via r a p i d  r e a c t i o n s .  A  d e t e r m i n a n t a l  

m e t h o d  f o r  e x p l i c i t l y  c o m p u t i n g  r e l a x a t i o n  t i m e s  i s  d e v e l o p e d .  F o r  t h e  g e n e r a l  m e c h a n i s m  

w h e r e  t h e  f t h  r e a c t i o n  i s  o n l y  c o u p l e d  t o  t h e  i  —  1 a n d  i  +  1 r e a c t i o n  a n d  w h e r e  t h e  p r o d 

u c t s  o f  t h e  f t h  r e a c t i o n  a r e  t h e  r e a c t a n t s  f o r  t h e  i  +  1 s t  r e a c t i o n ,  t h e  r e l a x a t i o n  t i m e s  

c h a r a c t e r i z i n g  t h e  m e c h a n i s m  m a y  b e  w r i t t e n  b y  e x a m i n a t i o n  ( w i t h o u t  p e r f o r m i n g  t h e  

u s u a l l y  c o m p l e x  m a t h e m a t i c a l  o p e r a t i o n s )  r e g a r d l e s s  o f  t h e  n u m b e r  o f  s t e p s  i n  t h e  m e c h 

a n i s m  o r  t h e  m o l e c u l a r i t y  ( o r  o r d e r )  o f  e a c h  r e a c t i o n .  U n d e r  c e r t a i n  c o n d i t i o n s ,  t h e  

r e l a x a t i o n  t i m e s  f o r  m o r e  c o m p l e x  m e c h a n i s m s  a l s o  m a y  b e  w r i t t e n  b y  e x a m i n a t i o n .

Introduction

C h e m i c a l  r e l a x a t i o n  t e c h n i q u e s  a r e  n o w  b e i n g  a p 

p l i e d  t o  a  w i d e  v a r i e t y  o f  r e a c t i o n s . 3 S e v e r a l  t h e o r e t 

i c a l  t r e a t m e n t s  o f  c h e m i c a l  r e l a x a t i o n  h a v e  b e e n  d e 

v e l o p e d . 3 E x c e p t  f o r  t h e  m o s t  s i m p l e  m e c h a n i s m s ,  t h e  

m a t h e m a t i c a l  a n a l y s i s  r e q u i r e d  f o r  c a l c u l a t i n g  t h e  

r e l a x a t i o n  s p e c t r u m  i s  s o m e w h a t  c o m p l e x  a n d  l a b o r i 

o u s .  A  s i m i l a r  d i f f i c u l t y  e x i s t s  i n  t h e  m a t h e m a t i c a l  

a n a l y s i s  o f  o t h e r  c o m p l e x  r e a c t i o n  k i n e t i c  p h e n o m e n a  

a n d  m e t h o d s  f o r  s i m p l i f y i n g  t h e  m a t h e m a t i c a l  l a b o r  a r e  

h i g h l y  d e s i r a b l e .  S p e c i a l  m e n t i o n  s h o u l d  b e  m a d e  o f  

t h e  s c h e m a t i c  m e t h o d  o f  K i n g  a n d  A l t m a n 4 5 w h i c h  h a s  

g r e a t l y  r e d u c e d  t h e  c o m p u t a t i o n a l  l a b o r  i n  t r e a t i n g  

s t e a d y - s t a t e  e n z y m a t i c  m e c h a n i s m s .

W e  p r e s e n t  h e r e  a n  a n a l y s i s  o f  t h e  r e l a x a t i o n  s p e c 

t r u m  o f  a  m e c h a n i s m  w h i c h  p e r m i t s  i n d i v i d u a l  r e l a x a 

t i o n  t i m e s  t o  b e  r e a d i l y  c a l c u l a t e d .  T h e  g e n e r a l  t h e o 

r e t i c a l  t r e a t m e n t  i s  b a s e d  o n  t h e  f o r m u l a t i o n  o f  K i r k 

w o o d  a n d  C r a w f o r d 6 a n d  m o r e  r e c e n t l y ,  C a s t e l l a n . 6 

U n d e r  c e r t a i n  c o n d i t i o n s  t h e  r e l a x a t i o n  s p e c t r u m  c a n  

b e  w r i t t e n  b y  i n s p e c t i o n  w i t h  t h e  u s e  o f  a  s c h e m a t i c  

m e t h o d .

T h e  m e c h a n i s m  w e  w i l l  c o n s i d e r  i n  d e t a i l  i s

ki &2 ki
A  +  B +  . . .  X x

k-i k- 2 k-i
ki+l kn

X ,  ^  Q  +  P  +  • • • ( 1 )
k - ( t + l )  k-n

w h e r e  t h e  n u m b e r  o f  i n t e r m e d i a t e s ,  r e a c t a n t s ,  a n d  

p r o d u c t s  i s  a r b i t r a r y .  A c t u a l l y ,  a s  w e  w i l l  d i s c u s s  l a t e r ,  

t h e  c r i t i c a l  f e a t u r e  o f  t h i s  m e c h a n i s m  i s  t h a t  t h e  i t h  

s t e p  i s  o n l y  c o u p l e d  t o  t h e  (i  —  1 )  a n d  (i  +  1 )  s t e p s  

(i  1 ,  n) a n d  t h e  p r o d u c t s  o f  t h e  z t h  r e a c t i o n  a r e  t h e  

r e a c t a n t s  o f  t h e  i  +  1 s t  r e a c t i o n ;  e a c h  s t e p  c a n  b e  o f  

a r b i t r a r y  m o l e c u l a r i t y  o r  o r d e r .  A n  e x a c t  c o m p u t a 

t i o n  o f  t h e  n r e l a x a t i o n  t i m e s  w h e n  n  i s  g r e a t e r  t h a n  2  

i s  v i r t u a l l y  i m p o s s i b l e ;  h o w e v e r ,  a p p r o x i m a t e  c a l c u l a 

t i o n s  c a n  b e  m a d e  w h i c h  w i l l  b e  a d e q u a t e  t o  d e s c r i b e  

m o s t  o f  t h e  s i t u a t i o n s  e n c o u n t e r e d  i n  a c t u a l  p r a c t i c e .  

T h e  s i m p l i f y i n g  a s s u m p t i o n  w h i c h  i s  m a d e  i s  t h a t  

n o  m o r e  t h a n  t w o  s t e p s  w h i c h  e q u i l i b r a t e  a t  c o m p a r a b l e  

r a t e s  a r e  c o u p l e d  t o g e t h e r  via r a p i d  r e a c t i o n s .  T h e  

m e t h o d  w h i c h  i s  d e v e l o p e d  e l i m i n a t e s  t h e  n e c e s s i t y  o f  

s o l v i n g  a  l a r g e  n u m b e r  o f  s i m u l t a n e o u s  l i n e a r  d i f f e r e n 

t i a l  e q u a t i o n s  a n d  u n d e r  c e r t a i n  c o n d i t i o n s  m a y  b e  e x -

(1) T h is  w ork  was supported  b y  a grant from  the N ational Institutes 
o f H ealth  (G M 13 292 ).
(2 ) N ation a l Institu tes o f  H ea lth  P red oetora l F ellow .
(3 ) See, fo r  exam ple, the review s b y  M . E igen  and L . de M a ey er  in 
“ T ech n iqu es o f O rganic C h em istry ,”  V o l. V I I I ,  P art I I , S. L . Friess, 
E . S. Lew is, and A . W eissberger, E d ., Interscien ce  P ublishers, In c ., 
N ew  Y o rk , N . Y ., 1963, p  895, and M . E igen  and  G . G . H am m es, 
Advan. E nzym ol., 25 , 1 (1963).
(4 ) E . L . K in g  and C . A ltm an , J. P hys. Chem., 60 , 1375 p 9 5 6 ).
(5 ) J. G . K irk w ood  and B . C raw ford , ibid., 56, 1048 (1952).
(6 ) G . W . Castellan , B er. Bunsenges. P h ysik . Chem ., 67 , 898 (1963).
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t e n d e d  t o  i n c l u d e  e v e n  m o r e  g e n e r a l  m e c h a n i s m s  t h a n  

d e s c r i b e d  b y  e q  1 .

m e c h a n i s m s  a r e  t h e  e i g e n v a l u e s  o f  t h e  m a t r i x  b  w h i c h  

i s  d e f i n e d  b y

G e n e r a l  T h e o r y

A  d i r e c t  a p p r o a c h  f o r  o b t a i n i n g  t h e  n  r e l a x a t i o n  t i m e s  

f o r  t h e  m e c h a n i s m  o f  e q  1 i s  t o  l i n e a r i z e  t h e  n d i f f e r e n 

t i a l  e q u a t i o n s  c h a r a c t e r i z i n g  t h e  m e c h a n i s m ; 3 t h e  r e 

s u l t a n t  n  d i f f e r e n t i a l  e q u a t i o n s  a r e  o f  t h e  f o r m

=  E  a » A %  ( i  =  1 . . .  n) ( 2 )  
d f  *  =  i

o r

d A c
--------—  =  a A c

d f
(3)

w h e r e  A c ,  i s  t h e  d e v i a t i o n  o f  t h e  i t h  s p e c i e s  f r o m  i t s  

e q u i l i b r i u m  v a l u e ,  c(, A c  i s  t h e  c o l u m n  m a t r i x  o f  t h e  

A c / s ,  a n d  a  i s  a  s q u a r e  m a t r i x  o f  t h e  aik’s  w h i c h  a r e  

k n o w n  f u n c t i o n s  o f  r a t e  c o n s t a n t s  a n d  e q u i l i b r i u m  c o n 

c e n t r a t i o n s .  T h e  r e c i p r o c a l  r e l a x a t i o n  t i m e s ,  1 / r ,  a r e  

t h e  n e i g e n v a l u e s  o f  t h e  s e c u l a r  e q u a t i o n

a
r

=  0 (4)

w h e r e  I  i s  t h e  u n i t  m a t r i x  a n d  |a —  l / r l |  i s  t h e  d e t e r 

m i n a n t  o f  t h e  m a t r i x  a  —  1 / r l .  T h e  s o l u t i o n s  t o  t h e  n 
d i f f e r e n t i a l  e q u a t i o n s  a r e  o f  t h e  f o r m

A c ,  =  i Z A if i - t/Ti ( 5 )
j' = i

I n  g e n e r a l ,  w h e n  n  i s  l a r g e  a n  e x a c t  a n a l y t i c a l  s o l u 

t i o n  t o  e q  4  i s  n o t  p o s s i b l e .  H o w e v e r ,  a p p r o x i m a t e  

s o l u t i o n s  a r e  e a s i l y  o b t a i n e d  f o r  m a n y  s p e c i a l  c a s e s .  

F o r  t h i s  p u r p o s e ,  t h e  f o r m  o f  t h e  m a t r i x  a  i s  i n c o n 

v e n i e n t .  A l t e r n a t i v e l y ,  w e  m a y  i n t r o d u c e  a  c h a n g e  

o f  v a r i a b l e s  w h i c h  w i l l  y i e l d  a  c o e f f i c i e n t  m a t r i x  o f  a  

m o r e  t r a c t a b l e  f o r m .  A d o p t i n g  t h e  t r a n s f o r m a t i o n  e m 

p l o y e d  b y  K i r k w o o d  a n d  C r a w f o r d 6 a n d  C a s t e l l a n , 6 

w e  w r i t e

n
n{ =  n f  +  (i =  1 . . .  n)

a  — 1

( 6 )
n

A  nt =  H v ia ^ L  ( i =  1 . . .  n)
< x = l

dA  ̂ U t
" " d T  =  b A ?

(7)

w h e r e  A ?  i s  t h e  c o l u m n  v e c t o r  o f  t h e  A £ a ’ s .  T h e  m a t r i x  

b  m a y  b e  w r i t t e n  a s  a  p r o d u c t  o f  t w o  m a t r i c e s ,  r  a n d  g ,  

w h i c h  m a y  b e  c o m p u t e d  b y  u s e  o f  r u l e s  g i v e n  b y  C a s 

t e l l a n . 6 T h e  m a t r i x  r  i s  a  d i a g o n a l  m a t r i x  w h o s e  

t y p i c a l  d i a g o n a l  e l e m e n t ,  r , ,  i s

rt =  k . U c ^ i  ( 8 )
a

w h e r e  t h e  p r o d u c t  i s  t a k e n  o v e r  o n l y  t h e  r e a c t a n t s  o f  t h e  

i t h  r e a c t i o n .  ( O b v i o u s l y ,  r ,  c a n  a l s o  b e  w r i t t e n  i n  

t e r m s  o f  t h e  r e v e r s e  r a t e  c o n s t a n t s  a n d  c o n c e n t r a t i o n s  

o f  p r o d u c t s  i f  d e s i r e d . )  T h e  t y p i c a l  e l e m e n t ,  gi}, 
o f  g  i s

= t  (9)
f? =  i  hs

T h e  e l e m e n t  gtj a r i s e s  f r o m  t h e  “ c o u p l i n g ”  b e t w e e n  

t h e  i t h  a n d  j t h  r e a c t i o n .  T h u s  t h e  i t h  r e a c t i o n  g i v e s  

r i s e  t o  t h e  i t h  r o w  a n d  c o l u m n  o f  g  a n d  p r e m u l t i p l i c a 

t i o n  o f  g  b y  a  d i a g o n a l  m a t r i x  r  y i e l d s  b  w h o s e  e l e m e n t s  

i n  t h e  i t h  r o w  a n d  c o l u m n  a r i s e  f r o m  t h e  i t h  r e a c t i o n  a n d  

i t s  c o u p l i n g  t o  o t h e r  e q u i l i b r i a .  D i r e c t  c o m p u t a t i o n  

y i e l d s  t h e  m a t r i x  b  w h i c h  i s  t r i p l e  d i a g o n a l  w i t h  a l l  e l e 

m e n t s  e q u a l  t o  z e r o  e x c e p t

ba =  f t ,  +  f c _ ,

bu =  f t , ,- j  — i  1 ,  i  1

btj =  — fc_,; j  =  i +  l ,  i ^ n

I f  t h e  f i r s t  s t e p  i n  t h e  m e c h a n i s m  i s  u n i m o l e c u l a r ,  bu =  
f t i  +  f t - 1;  f o r  t w o  r e a c t a n t s  bu =  f t i  ( A  +  B )  +  f c _ i ;  

f o r  t h r e e  r e a c t a n t s  bu =  h  ( A B  +  A C  +  B C )  +  f t _ i  

w h e r e  t h e  b a r s  d e s i g n a t e  e q u i l i b r i u m  c o n c e n t r a t i o n s .  

E x t e n s i o n  t o  h i g h e r  o r d e r  r e a c t i o n s  a n d  t o  bnn i s  o b v i 

o u s .

T h e  r e l a x a t i o n  t i m e s  a r e  g i v e n  a s  s o l u t i o n s  o f  t h e  

s e c u l a r  e q u a t i o n

( 1 0 )

w h e r e  via a n d  |a  a r e  t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t s  o f  t h e  

f t h  s p e c i e s  i n  t h e  a t h  r e a c t i o n  a n d  d e g r e e  o f  a d v a n c e 

m e n t  o f  t h e  a t h  r e a c t i o n ,  r e s p e c t i v e l y ;  n , °  i s  t h e  r e f 

e r e n c e  v a l u e  o f  t h e  m o l e  n u m b e r  o f  t h e  ¿ t h  s p e c i e s ,  a n d  

A £ a  i s  t h e  d e v i a t i o n  o f  t h e  d e g r e e  o f  a d v a n c e m e n t ,  

£ « ,  f r o m  i t s  e q u i l i b r i u m  v a l u e ,  1 « .  C a s t e l l a n 6 h a s  s h o w n  

t h a t  t h e  r e l a x a t i o n  t i m e s  f o r  a n y  c h e m i c a l  r e a c t i o n

T h e  a n a l y s i s  g i v e n  a b o v e  s h o w s  t h a t  t h e  j t h  e q u i l i b 

r i u m  i s  r e p r e s e n t e d  b y  t h e  j t h  r o w  a n d  c o l u m n  o f  b .  

T h i s  f a c t  w i l l  b e  o f  i m p o r t a n c e  w h e n  i t  i s  d e s i r a b l e  t o  

r e d u c e  t h e  o r d e r  o f  t h e  m a t r i x  f o r  v a r i o u s  s p e c i a l  c a s e s  

c o n s i d e r e d  b e l o w .

Case I :  Calculation of Relaxation Times for Equ i
libria Coupled to Only Relatively Fast Reactions. I f  t h e
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j t h  r e a c t i o n  i s  a s s u m e d  t o  b e  s l o w l y  e q u i l i b r a t e d  c o m -  t i o n s  t o  t h e  r e m a i n i n g  e q u i l i b r i a ,  t h e n  u s e  o f  t h e  a s -  

p a r e d  t o  t h e  r e m a i n i n g  e q u i l i b r i a  t h e n  s u m p t i o n

kj  ~ b  k—j kj, “ b  % 7̂  j  

1/ r  <5C kt +  k - i  i  X  j
( 1 1 )

w h e r e  r  i s  t h e  r e l a x a t i o n  t i m e  a s s o c i a t e d  w i t h  j t h  e q u i 

l i b r i a .  T h e  s e c u l a r  e q u a t i o n  c a n  t h e n  b e  w r i t t e n  a s

1 / a n d  1 / Tm kj -j— k— j {i  X  kj rn)

i n  e q  10 a n d  r e i t e r a t e d  u s e  o f  t h e  t h e o r e m  e m p l o y e d  

p r e v i o u s l y ,  d e t e r m i n e s  t h e  t w o  r e l a x a t i o n  t i m e s  a s  s o l u 

t i o n s  o f  t h e  q u a d r a t i c  ( e q  1 4 )

b - h
r

fc l +  1 - f c _ , 0

— ki fc2 +  2 —  2 0

0 — kj k j  +  k - j  - -  1/ r  —k^j 0

0 kn k n “ h  k-—n

( 1 2 )

=  0

A p p l i c a t i o n  o f  t h e  t h e o r e m  “ I f  e a c h  e l e m e n t  i n  o n e  

c o l u m n  i s  e x p r e s s e d  a s  t h e  s u m  o f  t w o  t e r m s ,  t h e n  t h e  

d e t e r m i n a n t  i s  e q u a l  t o  t h e  s u m  o f  t w o  d e t e r m i n a n t s ,  

i n  e a c h  o f  w h i c h  o n e  o f  t h e  t w o  t e r m s  i s  d e l e t e d  i n  e a c h  

e l e m e n t  o f  t h a t  c o l u m n , ” 7 t o  t h e  jth  c o l u m n  o f  b e n 

a b l e s  e q  10 t o  b e  w r i t t e n  a s

b -  h
T

l b -----[bj,-| =  0

o r

1

T
( 1 3 )

w h e r e  |b#| i s  t h e  c o f a c t o r  o f  b}j a n d  i s  f o r m a l l y  o b t a i n e d  

b y  d e l e t i n g  t h e ^ t h  r o w  a n d  c o l u m n  o f  |b|. T h e  m a t r i x  

b jj  i s  a  b l o c k  d i a g o n a l  f o r m ;  t h e  e i g e n v a l u e s  o f  a  b l o c k  

d i a g o n a l  f o r m  a r e  t h e  e i g e n v a l u e s  o f  t h e  i n d i v i d u a l  

b l o c k s .  T h u s ,  a f t e r  t h e  l o n g e s t  r e l a x a t i o n  t i m e  i s  c o m 

p u t e d ,  c o r r e s p o n d i n g  s a y  t o  t h e  / t h  e q u i l i b r i u m ,  t w o  

s u b - m a t r i c e s  a r e  c o n s t r u c t e d ,  o n e  c o n s i s t i n g  o f  a l l  o f  

t h e  m a t r i x  e l e m e n t s  a b o v e  a n d  t o  t h e  l e f t  o f  b}i, t h e  

o t h e r  c o n s i s t i n g  o f  a l l  e l e m e n t s  b e l o w  a n d  t o  t h e  r i g h t  

o f  bjj. T h e  l o n g e s t  r e l a x a t i o n  t i m e  o f  e a c h  s u b - m a t r i x  

i s  t h e n  c o m p u t e d  b y  t h e  s a m e  p r o c e d u r e  u s e d  f o r  t h e  

o r i g i n a l  m a t r i x ,  b. T h i s  m a t r i x  “ f a c t o r i z a t i o n ”  p r o 

c e d u r e  i s  c o n t i n u e d  u n t i l  t h e  s h o r t e s t  r e l a x a t i o n  t i m e  o f  

e a c h  s u b - m a t r i x  i s  o b t a i n e d ;  t h i s  i s  t h e  d i a g o n a l  e l e 

m e n t  a s s o c i a t e d  w i t h  t h e  f a s t e s t  r e a c t i o n  i n  e a c h  s u b 

m a t r i x .  ( F o r  a  1 X  1 m a t r i x ,  [bw| i s  d e f i n e d  a s  u n i t y . )  

T h i s  p r o c e d u r e  m a y  b e  u s e d  t o  o b t a i n  e x p l i c i t  e x p r e s 

s i o n s  f o r  e a c h  o f  t h e  n  r e l a x a t i o n  t i m e s  a s  l o n g  a s  s t e p s  

w h i c h  e q u i l i b r a t e  a t  c o m p a r a b l e  r a t e s  a r e  n o t  c o u p l e d  

t o g e t h e r  via r a p i d  r e a c t i o n s .

Case I I :  Calculation of Coupled, Relaxation Times. 
I f  t w o  o f  t h e  e q u i l i b r i a ,  t h e  M h  a n d  m t h ,  e q u i l i b r a t e  

a t  a  c o m p a r a b l e  r a t e  a n d  a r e  c o u p l e d  via r a p i d  r e a c -

| b t t ,mm| — ( | b t t | +  |bmm|) — f  |b| =  0  ( 1 4 )

w h e r e  | bM ,mm| i s  f o r m a l l y  o b t a i n e d  b y  d e l e t i n g  t h e  f c t h  

a n d  m t h  r o w  a n d  c o l u m n  o f  |b|. ( F o r  a  2  X  2  m a t r i x  

I tmm I i s  d e f i n e d  a s  b e i n g  e q u a l  t o  u n i t y . )  T h e r e 

f o r e ,  t h e  r e l a x a t i o n  s p e c t r u m  c a n  b e  e x p l i c i t l y  e v a l u 

a t e d  i f  n o  m o r e  t h a n  t w o  s t e p s ,  w h i c h  a r e  c o u p l e d  via 
r a p i d  r e a c t i o n s ,  e q u i l i b r a t e  a t  c o m p a r a b l e  r a t e s .  I n  

a  s i m i l a r  f a s h i o n ,  s o l u t i o n s  c a n  b e  c o n s t r u c t e d  f o r  

c a s e s  w h e r e  m o r e  t h a n  t w o  e q u i l i b r i a  e q u i l i b r a t e  a t  

c o m p a r a b l e  r a t e s  a n d  a r e  c o u p l e d  via r a p i d  r e a c t i o n s .  

H o w e v e r ,  c u b i c  o r  h i g h e r  o r d e r  e q u a t i o n s  m u s t  b e  

s o l v e d  s o  t h a t  s u c h  a  p r o c e d u r e  i s  o f  l i t t l e  p r a c t i c a l  

u t i l i t y .

Evaluation of the Determinants. T h e  d e t e r m i n a n t  

I b j i s  t r i p l e  d i a g o n a l  i n  f o r m  w i t h  e a c h  d i a g o n a l  e l e m e n t  

b e i n g  a  l i n e a r  c o m b i n a t i o n  o f  t h e  t w o  a d j a c e n t  o f f -  

d i a g o n a l  e l e m e n t s ,  t h a t  i s

bn =  - ( & « _ !  +  bjj+1)  ( j  X  1, n)

B e c a u s e  o f  t h i s  r e l a t i o n s h i p ,  t h e  d e t e r m i n a n t  c a n  b e  

e a s i l y  e v a l u a t e d .  W e  p e r f o r m  t h e  f o l l o w i n g  o p e r a t i o n s  : 

a d d  c o l u m n  t w o  t o  c o l u m n  o n e ;  m u l t i p l y  c o l u m n  o n e  b y  

f c _ i / f c i  a n d  a d d  t o  c o l u m n  t w o  ; m u l t i p l y  c o l u m n  o n e  b y  

f c i / f c _ i .  T h e s e  o p e r a t i o n s  d o  n o t  c h a n g e  t h e  v a l u e  o f  

t h e  d e t e r m i n a n t .7 W e  n o w  a d d  c o l u m n  t h r e e  t o  c o l u m n  

o n e ;  m u l t i p l y  c o l u m n  t h r e e  b y  (1 +  k-i/kf)  a n d  a d d  t o  

c o l u m n  t w o ;  m u l t i p l y  c o l u m n  t h r e e  b y  1 /(1  +  f c _  1/  

kf) ; m u l t i p l y  c o l u m n  t w o  b y  k-i/k i  a n d  a d d  t o  c o l u m n  

t h r e e ;  a n d  f i n a l l y  m u l t i p l y  c o l u m n  t w o  b y  fc2/ f c _ 2. 

R e p e t i t i o n  o f  t h i s  p r o c e d u r e  n  —  1 t i m e s  y i e l d s  e q  1 5

(7) F . B . H ild ebran d , “ M eth od s  o f A p p lied  M a th em a tics ,”  P ren tice- 
H a ll, In c ., E n g lew ood  C liffs , N . J ., 1952, C hapter 1.
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b

O O 0

0  k2 0 0

0  . . .
. kt .

k - n k - n( 1 +  l / f c i )  . . .
n — 1

k n +  f c - J X ” " 1
i = 0

(15)

w h e r e

K r 1 ="n k-T/kT; k ^ - 1 = 1
r = i -\-1

a n d ,  fc i a n d  k -n a r e  u n d e r s t o o d  t o  b e  f u n c t i o n s  o f  e q u i 

l i b r i u m  c o n c e n t r a t i o n s  a s  p r e v i o u s l y  d i s c u s s e d .  T h i s  

d e t e r m i n a n t  c a n  b e  e a s i l y  e v a l u a t e d  t o  g i v e

|b| = n kt + n kjc-O zK?-' =
i — 1 i — 1 j — 0

(16 )
p = 0\i = l I = p+1 /

I t  w i l l  b e  u s e f u l  t o  d e f i n e  t h e  s y m b o l

E  fife, fr/c-j (17)
p =  m —1 t = ra y = p + l

w h e r e  p r o d u c t s  r u n n i n g  f r o m  a  h i g h e r  t o  a  l o w e r  i n 

t e g e r  e q u a l  u n i t y  a n d  m i s  a n  i n t e g e r  g r e a t e r  t h a n  z e r o .  

E a c h  t e r m  c a n  e a s i l y  b e  w r i t t e n  b y  e x a m i n a t i o n .  F o r
S

e x a m p l e ,  f o r  m =  1 t h e  f i r s t  t e r m  i n  t h e  s u m  i s  Uk-j,'
3 -  18

t h e  s e c o n d  t e r m  i s  k\ n k - t, e t c .
i  =  2

T h e  m a t r i x  hj} i s  o b t a i n e d  b y  d e l e t i n g  t h e  j t h  r o w  a n d  

c o l u m n  o f  b. S i n c e  t h i s  m a t r i x  i s  i n  b l o c k  d i a g o n a l  

f o r m ,  t h e  d e t e r m i n a n t  i s  t h e  p r o d u c t  o f  t h e  d e t e r m i 

n a n t s  o f  t h e  t w o  b l o c k s  ( e q  1 8 )

h  +  1 - f c _ !  . 0  0

—  k% k% “ h  k—2 0

0

0 0 — k } - 1 k j- i  +  k.

\b]]M\ =  P / ' V - V  ( 2 0 )

I f  r e a c t i o n s  o f  h i g h e r  m o l e c u l a r i t y  t h a n  o n e  a r e  i n 

v o l v e d ,  t h e  r a t e  c o n s t a n t s  a r e  m o d i f i e d  a s  p r e v i o u s l y  

d i s c u s s e d .

Sum m ary o f R esults and Illustrations 
o f the M eth od

F o r  t h e  r e a c t i o n  m e c h a n i s m  b e i n g  c o n s i d e r e d ,  t h e  r e 

l a x a t i o n  t i m e  o f  t h e  f c t h  e q u i l i b r i u m  w h i c h  i s  c o u p l e d  

via r a p i d  r e a c t i o n s  t o  t h e  z 't h  t h r u  k — 1 a n d  k +  1 t h r u  

m t h  e q u i l i b r i a  i s

1 P  m
~ =  p f - L —m ( 2 DT b  i-k+l

w h e r e  P ms i s  d e f i n e d  b y  e q  1 7  a n d  i s  e a s i l y  e v a l u a t e d  

b y  e x a m i n a t i o n .

I f  t h e  j t h  a n d  m t h  r e a c t i o n s  e q u i l i b r a t e  a t  c o m p a r a b l e  

r a t e s  a n d  a r e  c o u p l e d  t o  e a c h  o t h e r  a n d  t h e  f t h  t h r u  

j  —  1 s t  a n d  m +  1 s t  t h r u  r t h  e q u i l i b r i a  via r a p i d  r e a c 

t i o n s ,  t h e  t w o  r e l a x a t i o n  t i m e s  a r e  s o l u t i o n s  o f  t h e  

e q u a t i o n

( p r l p i + r - 1p m+1r) ( i / r ) 2 -

( P t ' P m  +  P r - 1 P ra+ i O ( l / r )  +  P !  =  o  ( 2 2 )

A s  a  p a r t i c u l a r  i l l u s t r a t i o n  o f  t h e  m e t h o d s  d e s c r i b e d ,  

c o n s i d e r  t h e  m e c h a n i s m

very
slow fast slow slow fast

' fa ' ' fa ' ' ifa ' ' fa ' r  fa n
A  +  R  ^  X x X 2 X 3 X f  C  +  D

&-i k -  2 k -  3 k-4 k-6

T h e  “ v e r y  s l o w ”  s t e p  i s  c o u p l e d  t o  a l l  o f  t h e  o t h e r  r e a c 

t i o n s ;  h e n c e  t h e  r e l a x a t i o n  t i m e  i s

1  _  p i s 

T 4 “  P l 8P 58

X

kj+i +  1) —  f c - ( i+ 1 )

—kj+2

0

0  0  

0

k n —1 T - k —(n —l )  k —(n—i )

kn kn -f*  k~n

(18)

B y  u s e  o f  t h e  p r o c e d u r e  p r e v i o u s l y  d e s c r i b e d  f o r  e v a l 

u a t i n g  | b |, w e  f i n d  t h a t

|b„| =  PP-xPm n (19)

F r o m  a  s i m i l a r  a n a l y s i s  i t  m a y  b e  s h o w n  t h a t  t h e  d e t e r 

m i n a n t  \hjjM \ i s  t h e  p r o d u c t  o f  t h r e e  d e t e r m i n a n t s

Pi6 =  k—xk—zk—sk—4&_5 ' +  ki'k^k-ik-ik^' +  
kikik^k-ik-i' +  ki'kAk-Jc-s' +

ki'kìkzkik '̂ +  kxkikskikh

Pi3 =  f c _ i f c _ 2fc_3 +  / c i , f c _ 2fc_3 +  ki'kik- s +  ki'k2h
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P  b5 —  k  +  k—b '

h '  =  h (Â  +  B ) ;  M  =  M C  +  D )  

w h i c h  g i v e s

1 _ ____________________________________ h
r4

1 +
fc_ ifc _ 2 fc _ 3  +  ki(A  +  B )  [k-Jc-2 +  kjc-z] +

f c i ( A  +  B  )k2k3

k.

1 +
kb

M e  +  D )

T h e  s t e p  X 4 <p* C  +  D  i s  n o t  c o u p l e d  t o  a n y  o t h e r  r e a c 

t i o n s ,  s o

D  . =  h  +  * _ . ( C  +  B )
T 5 i |6

( n o t e  P 64 =  1 ) .  T h e  s e q u e n c e  ( b e l o w  e q  2 3 )

D iscussion

T h e  v a l i d i t y  o f  t h e  s c h e m a t i c  m e t h o d  r e s t s  o n  t h e  f a c t  

t h a t  t h e  f t h  r e a c t i o n  i n  e q  1 i s  c o u p l e d  t o  t h e  i  — 1 a n d  

i  +  1 r e a c t i o n s  o n l y  ( i 9^ 1 ,  n) a n d  t h e  p r o d u c t s  o f  t h e  

f t h  r e a c t i o n  a r e  t h e  r e a c t a n t s  o f  t h e  i  +  1s t  r e a c t i o n ;  

i f  t h i s  w e r e  n o t  t h e  c a s e ,  |b| w o u l d  n o  l o n g e r  b e  i n  t h e  

p r o p e r  t r i p l e  d i a g o n a l  f o r m  a n d  c o u l d  n o t  b e  e a s i l y  c o m 

p u t e d .  T h e  m e t h o d  i s  a p p l i c a b l e  t o  a n y  r e a c t i o n  m e c h 

a n i s m  w h e r e  t h e  i n d i v i d u a l  r e a c t i o n s  b e a r  t h i s  r e l a 

t i o n s h i p  t o  e a c h  o t h e r  r e g a r d l e s s  o f  t h e  m o l e c u l a r i t y  o r  

o r d e r  o f  t h e  i n d i v i d u a l  r e a c t i o n s .  F o r  h i g h e r  o r d e r  

r e a c t i o n s  t h e  a s s o c i a t e d  m a t r i x  e l e m e n t s  a r e  o b t a i n e d  

e x a c t l y  a s  p r e v i o u s l y  d i s c u s s e d  f o r  bn-
U n d e r  c e r t a i n  l i m i t i n g  c o n d i t i o n s  t h e  m e t h o d  m a y  

b e  e m p l o y e d  t o  c o m p u t e  r e l a x a t i o n  t i m e s  f o r  m o r e  c o m 

p l e x  f o r m s  o f  t h e  g e n e r a l  m e c h a n i s m  g i v e n  b y  e q  1 . 

F o r  e x a m p l e ,  i f  t h e  v e r t i c a l  p a t h w a y s  e q u i l i b r a t e  r a p i d l y  

c o m p a r e d  t o  t h e  h o r i z o n t a l  s t e p s  i n  m e c h a n i s m  2 3

h' kz'
A '  +  B '  +  . . ____ x x '  M  • . x , _ /  — i :  P '  +  Q '  +

1 I I

k-1' k~ i'
\ 1

k-n
1 1 ! I

I \
ki ki \

A  +  B  +  . . X j  M  . . X B_ i  —  P  +  Q  +  .
k-1 k-2 k-n

U  ' 1 u

/

\ H  ' 1
f

k," ki" y

A "  +  B "  +  .
------ ^ X i "  M  • x , _ , "  P "  +  Q "  +
k-l" k-2" k-n"

slow  fast slow

A  +  B  X i  X 2 ^  X 3

i s  n o t  c o u p l e d  t o  t h e  r e m a i n i n g  r e a c t i o n s .  T h e  r e l a x a 

t i o n  t i m e  o f  t h e  f a s t  s t e p  i s

jP 22 =  T  k—2
T2

w h i l e  t h e  r e l a x a t i o n  t i m e s  f o r  t h e  t w o  s l o w  s t e p s  a r e  

s o l u t i o n s  o f  t h e  q u a d r a t i c

( — V f v  -  ( P 23 +  P i2) ( ~ )  +  P i 3 =  0
\ n , « /  \ r i , 3/

w h e r e

P 22 =  k-2 T  k—2 

P 23 =  k—zk—3 - ) -  fc2fc_ 3 +  k̂ kb

t h e  r e l a x a t i o n  t i m e s  f o r  t h e  h o r i z o n t a l  s t e p s  a r e  e a s i l y  

e v a l u a t e d  b y  t h e  s c h e m a t i c  m e t h o d .  E q u a t i o n  2 3  

c o r r e s p o n d s  t o  e q  1 i f  w e  r e g a r d  A j  i n  e q  1 a s  t h e  t o t a l  

c o n c e n t r a t i o n  o f  t h e  j t h  s p e c i e s ,  i.e., X j  +  X ' ^  +  

X " }. T h e  r a t e  a t  w h i c h  t h e  j  —  1 s p e c i e s  i s  c o n v e r t e d  

t o  t h e  j t h  s p e c i e s  i s

M i - i  +  k / X j - i '  +  k / ' X j - i "  =
k * [ X ^  +  X M  +  X H " ]

w h e r e

*  =  [kj +  k / K j - i  +  f c , / M i ” ]

’ 1 +  M /  +  1/ M 1"

a n d

K /  =  X t '/ X û  K / '  =  X i/ X t "

Pi8 =  f c _ i f c _ 2/c_3 +  /c1' f c _ 2f c _  3 +  ki'hk-z +  ki'kzki

P i2 =  fcifc2 +  k i k - 2  +  /c_ifc_2

T h u s  w e  h a v e  e x p l i c i t l y  e v a l u a t e d  t h e  r e l a x a t i o n  s p e c 

t r u m  o f  o u r  i l l u s t r a t i v e  m e c h a n i s m .

I f  a  r e a c t i o n  i s  o f  h i g h e r  o r d e r  t h a n  o n e ,  t h e  s i t u a t i o n  i s  

s o m e w h a t  m o r e  c o m p l e x ,  b u t  t h e  s a m e  p r o c e d u r e  g i v e n  

a b o v e  m a y  b e  u s e d  t o  c a l c u l a t e  k* .  F o r  e x a m p l e ,  i n  t h e  

c a s e  o f  a  b i m o l e c u l a r  r e a c t i o n ,  t h e  r a t e  a t  w h i c h  A  a n d  

B  a r e  t r a n s f o r m e d  i n t o  X i  i s  g i v e n  b y  t h e  e q u a t i o n
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fci(A)(B) +  /c/(A')(B') +  /Cl"(A ")(B ")  =

h * (A  +  A' +  A ") (B +  B' +  B ")

w h e r e

=  +  k i K A'K B' +  k1" / ( K A" K B")
1 (1 +  K k' +  1/A a")(1 +  K Bf +  l/A Y O

P r o c e e d i n g  e x a c t l y  a s  b e f o r e  ( c / .  e q  8  a n d  9 ) ,  i t  c a n  

b e  s h o w n  t h a t  t h e  n  X  n  m a t r i x  b d e s c r i b i n g  t h e  r e l a x a 

t i o n  of the horizontal steps i s  i d e n t i c a l  w i t h  t h a t  f o r  e q  1 

e x c e p t  i s  r e p l a c e d  b y  k* .
A n y  n u m b e r  o f  rapidly equilibrating v e r t i c a l  s t e p s  

c a n  b e  a d d e d  t o  t h e  g e n e r a l  m e c h a n i s m .  S i n c e  e a c h  

s e r i e s  o f  v e r t i c a l  s t e p s  i s  s e p a r a t e d  b y  t h e  s l o w l y  e q u i l i 

b r a t i n g  h o r i z o n t a l  r e a c t i o n s ,  t h e  r e l a x a t i o n  s p e c t r u m  

o f  e a c h  v e r t i c a l  g r o u p  m a y  b e  o b t a i n e d  b y  t h e  m e t h o d s  

d e s c r i b e d  i n  t h i s  p a p e r .

A  p r o c e d u r e  s u c h  a s  t h a t  u s e d  a b o v e  i s  a p p l i c a b l e  

o n l y  i f  t h e  v e r t i c a l  s t e p s  e q u i l i b r a t e  r a p i d l y  r e l a t i v e  t o  

t h e  h o r i z o n t a l  s t e p s  ( o r  vice versa). F o r  t h e  c a s e  o f  a  

s i n g l e  r e a c t a n t  a n d  p r o d u c t ,  e q  2 3  i s  c h a r a c t e r i z e d  

b y  3n +  2  r e l a x a t i o n  t i m e s ,  a l t h o u g h  5n +  2  e q u i l i b 

r i a  e x i s t .  I f  t h e  v e r t i c a l  a n d  h o r i z o n t a l  s t e p s  e q u i l i 

b r a t e  a t  c o m p a r a b l e  r a t e s ,  t h e  f a c t  t h a t  s o m e  o f  t h e  

r e a c t i o n s  a r e  t h e r m o d y n a m i c a l l y  d e p e n d e n t  m u s t  b e  

t a k e n  i n t o  a c c o u n t .  F o r  t h i s  g e n e r a l  c a s e ,  t h e  o r d e r  o f  

t h e  s e c u l a r  e q u a t i o n ,  e q  1 0 ,  c a n  b e  r e d u c e d  i n  a  s t r a i g h t 

f o r w a r d  m a n n e r  b y  t h e  p r o c e d u r e  g i v e n  b y  C a s t e l l a n . 6 

T h e  d e t e r m i n a n t a l  m e t h o d  a n d  m a t r i x  f a c t o r i z a t i o n  

p r o c e d u r e  m a y  t h e n  b e  a p p l i e d  t o  t h e  r e d u c e d  e q u a 

t i o n .

T h e  r e s u l t s  o b t a i n e d  h e r e  a r e  u s e f u l  i n  t h a t  t h e  r e 

l a x a t i o n  s p e c t r u m  o f  t h e  g e n e r a l  m e c h a n i s m  i n  e q  1 a n d  

c e r t a i n  m o r e  c o m p l i c a t e d  m e c h a n i s m s  m a y  b e  o b t a i n e d  

w i t h o u t  e x p l i c i t l y  d o i n g  t h e  a s s o c i a t e d  c o m p l e x  m a t h e 

m a t i c s .  T h e  d e t e r m i n a n t a l  m e t h o d  a n d  m a t r i x  f a c t o r i 

z a t i o n  p r o c e d u r e  w h i c h  a r e  o u t l i n e d  h e r e  a r e  a  r e f o r 

m u l a t i o n  a n d  e x t e n s i o n  o f  p r e v i o u s l y  d e s c r i b e d  r e s u l t s  

a n d  m a y  b e  a p p l i e d  t o  a n  a r b i t r a r y  r e a c t i o n  m e c h a n i s m ;  

o n l y  t h e  a c t u a l  e v a l u a t i o n  o f  t h e  d e t e r m i n a n t s  w i l l  

d i f f e r .  I n  g e n e r a l ,  t h e  c o f a c t o r s  |b#| e t c . ,  w i l l  n o t  b e  

i n  b l o c k  d i a g o n a l  f o r m  s o  t h a t  f a c t o r i z a t i o n  i n t o  l o w e r  

o r d e r  d e t e r m i n a n t s  m a y  n o t  b e  p o s s i b l e .  T h u s ,  f o r  e x 

a m p l e ,  a f t e r  t h e  l o n g e s t  r e l a x a t i o n  t i m e  i s  f o u n d ,  t h e  

e n t i r e  d e t e r m i n a n t  |bw| m u s t  b e  c o n s i d e r e d  ( r a t h e r  

t h a n  t w o  s e p a r a t e  d e t e r m i n a n t s )  i n  f i n d i n g  t h e  n e x t  

l o n g e s t  r e l a x a t i o n  t i m e .
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C o n d u c t a n c e  m e a s u r e m e n t s  a r e  r e p o r t e d  f o r  M e 4N B r ,  E t 4N B r ,  P r 4N B r ,  B u 4N B r ,  M e 4N I ,  

P r 4N I ,  a n d  B u 4N I  i n  a q u e o u s  s o l u t i o n s  a t  4 5 ° .  S o l v e n t  s t r u c t u r a l  i n f l u e n c e s  o n  t h e  l i m i t 

i n g  c o n d u c t a n c e  o f  t h e s e  l a r g e  i o n s  a s  w e l l  a s  o n  t h e  a l k a l i  a n d  h a l i d e  i o n s  i n  a q u e o u s  s o l u 

t i o n  a r e  i n v e s t i g a t e d  b y  c o n s i d e r i n g  t h e  e f f e c t  o f  t e m p e r a t u r e  a n d  p r e s s u r e  o n  t h e  W a l d e n  

p r o d u c t  a n d  b y  c o m p a r i n g  t h e i r  b e h a v i o r  i n  a q u e o u s  s o l u t i o n  w i t h  t h a t  i n  n o n a q u e o u s  

s o l u t i o n .  T h e  m o b i l i t y  o f  t h e  l a r g e r  t e t r a a l k y l a m m o n i u m  i o n s  i s  s h o w n  t o  b e  i n f l u e n c e d  

t o  a  c o n s i d e r a b l e  e x t e n t  b y  t h e  e n f o r c e m e n t  o f  w a t e r  s t r u c t u r e  a b o u t  t h e i r  h y d r o c a r b o n  

c h a i n s .  T h e  s a m e  e x p l a n a t i o n  a p p l i e d  t o  d i f f u s i o n  d a t a  f o r  n o n e l e c t r o l y t e s  a n d  d i p o l a r  

i o n s  a c c o u n t s  f o r  t h e  d e p e n d e n c e  o f  t h e i r  W a l d e n  p r o d u c t s  o n  t e m p e r a t u r e  a n d  s o l v e n t .  

T h e  p o s s i b i l i t y  t h a t  s o l v e n t  s t r u c t u r a l  i n f l u e n c e s  a l s o  c a u s e  t h e  g r e a t e r - t h a n - n o r m a l  

d e c r e a s e  o f  t h e  e q u i v a l e n t  c o n d u c t a n c e  w i t h  c o n c e n t r a t i o n  f o r  t h e  t e t r a a l k y l a m m o n i u m  

i o d i d e s  i s  c o n s i d e r e d .

Introduction

A  r e c e n t  i n v e s t i g a t i o n  o f  t h e  c o n d u c t a n c e  o f  t h e  

t e t r a a l k y l a m m o n i u m  h a l i d e s  i n  a q u e o u s  s o l u t i o n  a t  1 0  

a n d  2 5 ° 1 i n d i c a t e d  t h a t  t h e  l i m i t i n g  c o n d u c t a n c e  o f  

t h e s e  l a r g e  c a t i o n s  i s  i n f l u e n c e d  t o  a  c o n s i d e r a b l e  e x 

t e n t  b y  t h e  f o r m a t i o n  o f  w h a t  h a v e  b e e n  c a l l e d  c l a t h -  

r a t e l i k e  s t r u c t u r e s  o f  w a t e r  a b o u t  t h e i r  h y d r o c a r b o n  

c h a i n s .  I t  h a s  b e e n  s h o w n 2 3 t h a t  s u c h  a n  a s s u m p t i o n  

w i l l  e x p l a i n  t h e  d i f f e r e n c e s  i n  t h e  l i m i t i n g  W a l d e n  

p r o d u c t  f o r  t h e s e  i o n s  i n  H 20  a n d  D 20 .  A l s o ,  t h e  c o n 

c e n t r a t i o n  d e p e n d e n c e  o b t a i n e d  c o u l d  b e s t  b e  e x p l a i n e d  

b y  t h e  a s s u m p t i o n  t h a t  t h e y  w e r e  s l i g h t l y  a s s o c i a t e d  

i n  a q u e o u s  s o l u t i o n  a n d  t h a t  t h e  a m o u n t  o f  a s s o c i a t i o n  

i n c r e a s e d  w i t h  i n c r e a s i n g  a n i o n  s i z e .  T h e  p u r p o s e  o f  

t h i s  e x t e n s i o n  o f  t h e  c o n d u c t a n c e  m e a s u r e m e n t s  t o  

4 5 °  w a s  t o  s t u d y  b o t h  t h e  l i m i t i n g  W a l d e n  p r o d u c t  a n d  

t h e  a p p a r e n t  a s s o c i a t i o n  o f  t h e s e  l a r g e  t e t r a a l k y l a m 

m o n i u m  i o n s  u n d e r  c o n d i t i o n s  i n  w h i c h  t h e  a m o u n t  o f  

s o l v e n t  s t r u c t u r e  h a s  b e e n  r e d u c e d  s u b s t a n t i a l l y .

I n  t h e  D i s c u s s i o n  s e c t i o n ,  t h e  h y d r o d y n a m i c  p r o p e r 

t i e s  o f  b o t h  l a r g e  a n d  s m a l l  s y m m e t r i c a l  i o n s  a r e  i n 

v e s t i g a t e d  b y  c o m p a r i n g  t h e i r  b e h a v i o r  i n  a q u e o u s  

a n d  n o n a q u e o u s  s o l u t i o n s  a n d  p a r t i c u l a r l y  b y  n o t i n g  

t h e i r  t e m p e r a t u r e  a n d  p r e s s u r e  d e p e n d e n c e .  T h e  

i n v e s t i g a t i o n  i s  a l s o  e x t e n d e d  t o  n o n e l e c t r o l y t e s  a n d

d i p o l a r  i o n s .  I t  w a s  f o u n d  t h a t  s o l v e n t  s t r u c t u r a l  

e f f e c t s  w e r e  e s s e n t i a l  t o  a n y  c o n s i s t e n t  e x p l a n a t i o n  o f  

t r a n s p o r t  p r o p e r t i e s  o f  i o n s  i n  a q u e o u s  s o l u t i o n  a t  

i n f i n i t e  d i l u t i o n .

Experim ental Section

T h e  c o n d u c t a n c e  b r i d g e ,  c o n d u c t a n c e  c e l l s ,  s a l t - c u p  

d i s p e n s i n g  d e v i c e ,  a n d  g e n e r a l  t e c h n i q u e s  w e r e  t h e  

s a m e  a s  p r e v i o u s l y  d e s c r i b e d 1 ’ 8 ' 4 w i t h  t h e  e x c e p t i o n  o f  

t h e  c o n s t a n t - t e m p e r a t u r e  b a t h .  T h i s  w a s  a n  i n s u 

l a t e d  s t a i n l e s s  s t e e l  t a n k  c o n t a i n i n g  1 2  g a l l o n s  o f  o i l  

a n d  f i t t e d  o n  t o p  w i t h  a  c h a m b e r  w h i c h  h a d  a  h i n g e d  

P l e x i g l a s  c o v e r .  T h i s  c h a m b e r  w a s  h e a t e d  t o  a  

t e m p e r a t u r e  o f  4 7 °  w i t h  t w o  1 0 0 - w  l i g h t  b u l b s  s o  a s  t o  

p r e v e n t  c o n d e n s a t i o n  o f  t h e  s o l v e n t  i n  t h e  s a l t - c u p  

d i s p e n s i n g  d e v i c e . 4

T h e  c h a n g e  i n  t h e  c e l l  c o n s t a n t  f r o m  2 5  t o  4 5 ° ,  a s  

c a l c u l a t e d  f r o m  t h e  c e l l  g e o m e t r y  a n d  c o e f f i c i e n t s  o f  

e x p a n s i o n  g i v e n  b y  R o b i n s o n  a n d  S t o k e s , 6 w a s  f o u n d  

t o  b e  l e s s  t h a n  0 . 0 1 % .

(1) D . F . E van s and  R . L . K a y , J, P h ys. Chem., 70 , 366 (1966).
(2) R . L . K a y  and D . F . E vans, ibid., 70 , 4216 (1965).
(3) D . F . E vans, C . Zaw oysk i, and R . L . K a y , ibid., 69 , 3878, 4208 
(1965).
(4) J. L . H aw es and R . L . K a y , ibid., 69 , 2420 (1965).
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T e m p e r a t u r e  w a s  c o n t r o l l e d  t o  4 5  ±  0 . 0 0 7 °  a s  d e 

t e r m i n e d  b y  a  c a l i b r a t e d  p l a t i n u m  r e s i s t a n c e  t h e r m o m 

e t e r .

T h e  p u r i f i c a t i o n  p r o c e d u r e s  f o r  t h e  c o n d u c t i v i t y  

w a t e r  a n d  t h e  s a l t s  h a v e  b e e n  a d e q u a t e l y  d e s c r i b e d  

e l s e w h e r e .1'3

R esu lts

T h e  d e n s i t y  i n c r e m e n t s  f o r  t h e  t e t r a a l k y l a m m o n i u m  

b r o m i d e  s o l u t i o n s ,  u s e d  t o  c a l c u l a t e  t h e  v o l u m e  c o n 

c e n t r a t i o n s ,  w e r e  o b t a i n e d  f r o m  d e n s i t y  m e a s u r e m e n t s  

o n  0 . 0 6  M  s o l u t i o n s  a n d  w e r e  a s s u m e d  t o  f o l l o w  t h e  

r e l a t i o n s h i p  d =  d0 +  dm, w h e r e  do =  0 . 9 9 0 2 4  a t  4 5 °  

a n d  w h e r e  m i s  t h e  c o n c e n t r a t i o n  i n  m o l e s  p e r  k i l o 

g r a m  o f  s o l u t i o n .  T h e  d v a l u e s  w e r e  f o u n d  t o  b e :  

M e 4N B r ,  0 . 0 3 9 ;  E t 4N B r ,  0 . 0 3 6 ;  P r 4N B r ,  0 . 0 2 7 ;  

B u 4N B r ,  0 . 0 2 2 .  T h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  

i o d i d e s  w e r e  e s t i m a t e d  b y  a d d i n g  t h e  i o d i d e - b r o m i d e  

d i f f e r e n c e  o f  0 . 0 3 0  o b t a i n e d  f r o m  d e n s i t y  m e a s u r e 

m e n t s  a t  b o t h  1 0  a n d  2 5 ° . 1 T h e  v i s c o s i t y  B  c o e f 

f i c i e n t s  w e r e  m e a s u r e d 5 6 a n d  f o u n d  t o  b e :  M e 4N B r ,  

0 . 1 1 ;  E t 4N B r ,  0 . 3 0 ;  P r 4N B r ,  0 . 6 4 ;  B u 4N B r ,  0 . 9 9 .  

T h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  i o d i d e s  w e r e  a s s u m e d  

t o  b e  0 . 0 3  l o w e r  i n  k e e p i n g  w i t h  t h e  r e s u l t s  f o u n d  a t  

1 0  a n d  2 5 ° .

T h e  m e a s u r e d  e q u i v a l e n t  c o n d u c t a n c e s ,  t h e  c o r 

r e s p o n d i n g  c o n c e n t r a t i o n  i n  m o l e s  p e r  l i t e r ,  a n d  t h e  

s o l v e n t  c o n d u c t a n c e s  a r e  g i v e n  i n  T a b l e  I .  T h e  d a t a  

w e r e  a n a l y z e d  b y  t h e  F u o s s - O n s a g e r  c o n d u c t a n c e  

t h e o r y 7 i n  t h e  f o r m

A  =  A 0 -  S C l/2 +  E C  l o g  C  +  (• / -  BAo)C' ( 1 )

a n d  a l s o ,  i n  t h e  c a s e  o f  P r 4N I  a n d  B u 4N I ,  w h e r e  a s s o c i a 

t i o n  w a s  d e t e c t e d ,  b y

A  =  A 0 -  S (C y ) l/’ +  E C y  l o g  C y  +
( J  -  BAo)Cy -  K ACyA P  ( 2 )

T h e  A A  v a l u e s  i n  T a b l e  I  a r e  t h e  d i f f e r e n c e  b e t w e e n  

t h e  m e a s u r e d  A  a n d  t h a t  c a l c u l a t e d  b y  e q  1 o r  b y  e q  2  

i n  t h e  c a s e  o f  P r 4N I  a n d  B u 4N I .  T h e  c o n d u c t a n c e  

p a r a m e t e r s  i n  T a b l e  I I  w e r e  d e t e r m i n e d  b y  a  l e a s t -  

s q u a r e s  c o m p u t a t i o n  u s i n g  c o m p u t e r  p r o g r a m s .3’8 9 
A  d i e l e c t r i c  c o n s t a n t  «  =  7 1 .5 1 ®  a n d  a  v i s c o s i t y  77 =  
0 . 5 9 6 3  c p 10 w e r e  u s e d  f o r  w a t e r  a t  4 5 ° .  I n  T a b l e  I I ,  

t h e  s t a n d a r d  d e v i a t i o n s  i n  e a c h  p a r a m e t e r ,  t h e  s t a n d 

a r d  d e v i a t i o n s  o f  t h e  i n d i v i d u a l  p o i n t s  aA, a n d  t h e  

v a l u e s  o f  J  a r e  g i v e n  f o r  c o n v e n i e n c e  o f  c o m p u t a t i o n .

T h e  l i m i t i n g  c o n d u c t a n c e s  f o r  t h e  t e t r a a l k y l a m m o 

n i u m  i o n s  a t  4 5 °  a r e  g i v e n  i n  T a b l e  I I I .  T h e y  w e r e  

c a l c u l a t e d  u s i n g  X 0( B r ~ )  =  1 1 0 . 6 9  a n d  X 0( I “ )  =  1 0 8 . 7 6 ,  

w h i c h  w e r e  o b t a i n e d  f r o m  t h e  c o r r e s p o n d i n g  v a l u e s  a t  

2 5 °  a s  q u o t e d  b y  E v a n s  a n d  K a y 1 a n d  t h e  t e m p e r a 

t u r e - d e p e n d e n t  e q u a t i o n  o f  H a m e d  a n d  O w e n .11

Table I

1 0  <c A AA 10<C A AA

Me4NBr, 10^ = 1.5 Me4NI, 107»fo = 1.5
9.021 171.64 0.05 5.946 170.50 0.03

18.025 169.90 -0 .0 1 13.269 168.81 -0 .0 1
27.756 168.53 -0 .0 2 22.087 167.35 -0 .0 2
38.001 167.33 -0 .0 2 29.232 166.40 0.00
46.982 166.44 -0 .0 1 37.168 165.46 0.00
59.365 165.34 0.00 43.543 164.78 0.00
68.416 164.62 0.00 53.256 163.84 0.00
78.396 163.89 0.02 61.667 163.10 0.01

EGNBr. lObcn = 1.3
7.677 155.06 0.08 Pr4NI, 107ko = 1.4

18.812 152.87 -0 .0 4 5.071 141.56 0.02
26.150 151.86 -0 .0 3 10.888 140.01 -0 .0 4
37.251 150.56 -0 .0 3 16.667 138.91 0.00
43.986 149.88 -0 .0 2 23.767 137.75 0.00
54.455 148.92 -0 .0 1 29.931 136.89 0.02
65.171 148.05 0.02 37.755 135.87 -0 .0 1
78.792 147.03 0.03 44.892 135.06 0.00

52.972 134.20 -0 .0 1
Pr4NBr, 10% = 1.6

7.070 143.02 0.03 Bu4NI, 10% = 1.6
12.828 141.74 -0 .0 2 4.181 136.31 0.01
21.612 140.32 -0 .0 2 10.183 134.60 -0 .0 2
29.771 139.25 -0 .0 1 16.331 133.32 -0 .0 1
36.440 138.50 0.02 23.413 132.10 0.01

BuaNBr. 10% = 1.7 31.353 130.88 -0 .0 2
9.997 137.09 0.00 39.379 129.85 0.01

15.456 136.04 -0 .0 1 46.903 128.94 0.01
21.553 135.09 -0 .0 1 57.472 127.77 -0 .0 1
27.473 134.33 0.03
33.865 133.52 0.00
41.102 132.72 0.00
47.565 132.06 0.01

T h e  a g r e e m e n t  i n  t h e  c a t i o n  c o n d u c t a n c e s  f r o m  t h e  

b r o m i d e  a n d  i o d i d e  s a l t s  i s  e n t i r e l y  s a t i s f a c t o r y  a n d  

i n d i c a t e s  t h a t  t h e  t e c h n i q u e s  e m p l o y e d  h e r e  p e r m i t  

c o n d u c t a n c e  m e a s u r e m e n t s  t o  b e  c a r r i e d  o u t  a t  e l e 

v a t e d  t e m p e r a t u r e s  w i t h  a l m o s t  t h e  s a m e  p r e c i s i o n  a s  

t h o s e  a t  2 5 ° .

(5) R . A . R ob in son  and R . H . Stokes, “ E lectro ly te  S o lu tion s,”  2nd 
ed , B u tterw orths and  C o . L td ., L on d on , 1959, p  97.
(6) R . L . K a y , T . V itu ccio , C . Zaw oysk i, and  D . F . E van s , J . Phya. 
Chew.., 70 , 2336 (1966).
(7) R . M . F uoss and  F . A ccascin a , “ E lectro ly tic  C on d u cta n ce ,”  
In terscience Publishers, In c ., N ew  Y o rk , N . Y .,  1959.
(8) R . L . K a y , J. A m . Chew. Soc., 82 , 2099 (1960).
(9 ) C . G . M alm berg  and A . A . M a ry o tt , J. Rea. N atl. B ur. Std., 56 , 
1 (1956).
(10) See ref 5, p  457.
(11) H . S . H arn ed  and B . B . O w en, “ T h e  P h ysica l C hem istry  o f  
E lectro ly tic  S o lu tions,”  3rd ed , R e in h old  P ublish ing  C orp ., N ew  
Y o rk , N . Y .,  1958, p  233.
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Table H : Conductance Parameters for Aqueous Solutions at 45°

Salt Ao a Kk trA J

Me4NBr 175.67 ±  0.02 2.04 ± 0 .0 4 0.03 167.4
Et4NBr 158.64 ± 0 .0 3 1.98 ± 0 .0 8 0.04 152.5
Pr4NBr 146.45 ± 0 .0 3 1 . 8  ± 0 . 1 0.03 128.0
Bu4NBr 141.19 ±  0.02 2.02 ±  0.07 0 . 0 2 144.9

Me4NI 173.79 ±  0.01 1.59 ±  0.03 0 . 0 2 124.7

Pr4NI 144.48 ± 0 .0 2 0.40 ± 0 .0 5 0.03 -7 2 .9
144.56 ± 0 .0 3 “ 5 ± 2 “ 3 ±  1“ 0 . 0 2 368.0

Bu4NI 138.94 ±  0.03 0 . 1 0  ± 0 . 0 2 0.05 -7 5 .4

Equation 2.

139.07 ± 0 .0 2 “ 6  ±  1 “ 5.0 ±  0.8“ 0 . 0 2 453.4

Table III: Limiting Cation Conductances in 
Aqueous Solution at 45°

Br- I- Av

Me4N + 64.98 65.03 65.01
Et4N + 47.95 47.95
Pr4N + 35.76 35.80 35.78
Bu4N + 30.50 30.31 30.40

D iscussion

(.1)  Walden Product. A lkali Halides. B e f o r e  d i s 

c u s s i n g  t h e  W a l d e n  p r o d u c t  f o r  t h e  t e t r a a l k y l a m m o -  

n i u m  i o n s ,  i t  i s  n e c e s s a r y  t o  r e v i e w  t h e  k n o w n  r e s u l t s  

f o r  s m a l l e r ,  u n i v a l e n t ,  s y m m e t r i c a l  i o n s .  T h e s e  h a v e  

b e e n  c o l l e c t e d  i n  T a b l e  I V  a l o n g  w i t h  d a t a  f o r  t h e  

q u a t e r n a r y  a m m o n i u m  i o n s  i n  a l l  s o l v e n t s  f o r  w h i c h  

p r e c i s e  t r a n s f e r e n c e  n u m b e r s  o r  f o r  w h i c h  d a t a  o n  a

Table IV : Limiting Ion Conductances“

H2O H2O H2O
Ion C450)6 (25°)6 (10°>6 DaO« CHaOB? C2H5OH*' CH3NO2”1 CH.CN"

Li + 58.02 38.66 26.37 39.55 17.07
Na+ 73.83 50.20 34.93 41.62 45.17 20.30
K + 103.61 73.55 53.08 61.40 52.44 23.55
Cs + 107.56 77.29 56.50 64.44 60.SS* 26.46''

Me4N + 65.01 44.42 30.93 36.6l' 68.73 30.01* 54.50 94.15
Et4N + 47.95 32.22 21.90 26.44' 60.5 29.53* 47.60 84.64
Pr4N + 35.78 23.22 15.33 18.84' 46.08 39.14 70.28
Bu4N + 30.4o 19.31 12.56 15.62/ 38.94 19.18! 34.07 61.36
n-Am4N + 17.38' 34.8
t-Am3BuN + 20.67“ 36.6 58.13

F - 55.32* 44.79
c i - 108.96 76.39 54.33 62.83 52.36 21.87 62.70 98.7
B r- 110.69 78.22 56.15 64.67 56.45 24.02* 62.94 100.74
I - 108.76 76.98 55.39 63.79' 62.78 26.13* 102.69

“ Solvent viscosities, in centipoises, used to obtain Walden products are: H2O (25°), 0.8903; H2O (10°), 1.306; D2O, 1.096; CH3OH, 
0.5445; C2H5OH, 1.084; CH3NO2, 0.627; CH3CN, 0.341. 1 This work and ref 1 and 8 . e H. M. Daggett, E. J. Bair, and C. A. Kraus, 
J. Am. Chem. Soc., 73, 799 (1951); d J. F. Skinner and R. M. Fuoss, J. Phys. Chern., 68,1882 (1964). * C. G. Swain and D. F. Evans, 
J. Am. Chem. Soc., 88, 383 (1966). ’  R. L. Kay and D. F. Evans, J. Phys. Chem., 69, 4216 (1965). 1 The split into ionic conductances 
is discussed in detail in ref 3. * R. L. Kay and J. L. Hawes, J. Phys. Chem., 69, 2787 (1965). *' The ionic conductances for the alkali
and halide ions are based on the transference data of J. R. Graham and A. R. Gordon, J. Am. Chem. Soc., 79, 2350 (1957), and the 
conductance data of J. R. Graham, G. S. Kell, and A. R. Gordon, ibid., 79,2352 (1957), as recalculated by R. L. Kay; see ref 8 . ’ See
ref 4. * T. H. Mead, O. L. Hughes, and H. Hartley, J. Chem. Soc., 1207 (1933), and M. Barak and H. Hartley, Z. Physik. Chem., 
A165, 273 (1933). 1 H. Sadek and R. M. Fuos3, J. Am. Chem. Soc., 76, 5902 (1954). ”  R. L. Kay, S. C. Blum, and H. I. Schiff,
J. Phys. Chem., 67, 1223 (1963). “ Ion conductances obtained from the salt conductances reported in ref 3 and the assumption that
both ions of triisoamylbutylammonium tetraphenylboride have equal conductances of 58.13 as reported by M. A. Coplan and R. M. 
Fuoss, J. Phys. Chem., 68, 1181 (1964).
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Figure 1. The limiting Walden product for the alkali halide and tetraalkylammonium ions as a function of crystallographic size, 
temperature, and solvent. Theoretical predictions are shown by the dotted curves.

r e f e r e n c e  e l e c t r o l y t e  a r e  a v a i l a b l e . 12 W h e r e  n e c e s s a r y ,  

a l l  c o n d u c t a n c e s  w e r e  r e c a l c u l a t e d  t o  b r i n g  t h e m  i n t o  

c o n f o r m i t y  w i t h  t h e  F u o s s - O n s a g e r  e q u a t i o n  ( 1 )  o r

( 2 ) .  T h e  d a t a  f o r  D 20  a n d  t h e  n o n a q u e o u s  s o l v e n t s  

r e f e r  t o  2 5 ° .  T h e  W a l d e n  p r o d u c t s  a r e  p l o t t e d  i n  

F i g u r e  1 a s  a  f u n c t i o n  o f  t h e  r e c i p r o c a l  e s t i m a t e d  

c r y s t a l l o g r a p h i c  i o n i c  r a d i i . 13

I t  i s  o b v i o u s  f r o m  t h e  d a t a  f o r  t h e  a l k a l i  a n d  h a l i d e  

i o n s  i n  F i g u r e  1  t h a t  S t o k e s ’  l a w 14 g i v e n  i n  t e r m s  o f  

t h e  W a l d e n  p r o d u c t  b y

Ao v/\z\ =  F 2/6irNr„ ( 3 )

d o e s  n o t  n e a r l y  d e s c r i b e  t h e  h y d r o d y n a m i c  b e h a v i o r  

o f  t h e  i o n s  i n  a n y  s o l v e n t ,  a  f a c t  t h a t  h a s  b e e n  r e c o g 

n i z e d  f o r  s o m e  t i m e .  O n e  l i k e l y  c o r r e c t i o n  t o  S t o k e s ’

(12) O w ing to  its un ique transport m echanism , d ata  fo r  the  H + ion  
are n o t  included . A lth ou gh  transference data  are ava ilab le  fo r  
liqu id  am m onia  solu tions at — 3 7 ° (J. L . D y e , R . Sankuer, and 
G . E . Sm ith, J. A m . Chem. Soc., 82 , 4797 (I9 6 0 )) , ion ic  con d u cta n ces  
are n o t  kn ow n  w ith  a  p recision  com p arab le  to  th e  data  in clu d ed  in  
T a b le  I V  and, consequently , h a ve  n o t  been included . R o u g h  ca lcu 
lations ind icate  th at th e  W alden  p ro d u ct  is a b ou t 0.50  fo r  th e  ha lide  
ions and  a b ou t 0.40  or  less fo r  the  alkali ions, values con sid era b ly  less 
than those  for  aqueous solu tion .
(13) See ref. 5, p p  125 ,461 .
(14) See ref 11, p  284.
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l a w  h a s  b e e n  p r o p o s e d  b y  F u o s s 15 a n d  q u a n t i t a t i v e l y  

e v a l u a t e d  b y  Z w a n z i g . 16 T h i s  c a l c u l a t i o n  t a k e s  i n t o  

a c c o u n t  t h e  r e t a r d a t i o n  d u e  t o  t h e  r e l a x a t i o n  o f  s o l 

v e n t  d i p o l e s  a r o u n d  t h e  m o v i n g  i o n .  I t  h a s  b e e n  

p o i n t e d  o u t  b y  F r a n k 17 t h a t  t h e  c o r r e c t i o n  s a t i s f a c t o r i l y  

p r e d i c t s  t h e  m a x i m u m  i n  t h e  \0y c u r v e  b u t  i s  t o o  l o w  

i n  m a g n i t u d e  b y  a  f a c t o r  o f  a l m o s t  3 ,  a s  c a n  b e  s e e n  i n  

F i g u r e  1 .  H e  h a s  a l s o  s h o w n  t h a t  a n y  r e a s o n a b l e  

m o d i f i c a t i o n  o f  t h e  e q u a t i o n s  i n v o l v e d  i s  n o t  n e a r l y  

s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  l a r g e  d i s c r e p a n c y .  A  

s i m i l a r  l o w  r e s u l t  i s  o b t a i n e d  f o r  m e t h a n o l  s o l u t i o n  

a s  i s  s h o w n  i n  F i g u r e  1 .

A t  t h i s  p o i n t ,  m o s t  d i s c u s s i o n s  o f  t h e  W a l d e n  p r o d 

u c t  h a v e  t a k e n  o n e  o f  t h e  f o l l o w i n g  t w o  a p p r o a c h e s .  

I f  t h e  \oV p r o d u c t  r e s u l t s  i n  a  S t o k e s  r a d i u s ,  a s  c a l 

c u l a t e d  f r o m  e q  1 ,  g r e a t e r  t h a n  o r  e q u a l  t o  t h e  c r y s t a l 

l o g r a p h i c  i o n i c  r a d i u s ,  t h e  i o n  i n  q u e s t i o n  i s  c o n s i d e r e d  

t o  b e  s o l v a t e d  o r  u n s o l v a t e d ,  r e s p e c t i v e l y .  O n  t h e  

o t h e r  h a n d ,  S t o k e s  r a d i i  l e s s  t h a n  t h e  c r y s t a l l o g r a p h i c  

r a d i i  (\oy a b o v e  t h e  S t o k e s ’  l a w  l i n e  i n  F i g u r e  1 )  c a n n o t  

b e  a t t r i b u t e d  t o  s o l v a t i o n  e f f e c t s ,  a n d  a n  a p p e a l  i s  

m a d e  t o  t h e  u n r e a l i s t i c  m o d e l  o n  w h i c k  S t o k e s ’  l a w  i s  

b a s e d .  A  s u i t a b l e  c a l i b r a t i o n  c u r v e  i s  t h e n  d e v i s e d  

t o  c o r r e c t  f o r  t h i s  d e f i c i e n c y . 13’ 18 O u r  r e s u l t s  f o r  t h e  

t e t r a a l k y l a m m o n i u m  i o n s ,  w h i c h  a r e  d i s c u s s e d  i n  

d e t a i l  b e l o w ,  s h o w  t h a t  t h e  a s s u m p t i o n s  o n  w h i c h  t h e s e  

c a l i b r a t i o n  c u r v e s  a r e  b a s e d  a r e  i n v a l i d .  F u r t h e r m o r e ,  

i t  i s  i m p o s s i b l e  t o  o b t a i n  a b s o l u t e  v a l u e s  f o r  t h e  h y d r o -  

d y n a m i c  i o n i c  r a d i i  b y  m e r e l y  a p p e a l i n g  t o  s o l v a t i o n  a s  

a  m e a n s  o f  o v e r c o m i n g  t h e  i n h e r e n t  l i m i t a t i o n  o f  t h e  

m o d e l  o n  w h i c h  S t o k e s ’  l a w  i s  b a s e d .  O u r  a p p r o a c h  

h e r e  i s  t o  c o n s i d e r  o n l y  r a t i o s  o f  W a l d e n  p r o d u c t s  i n  a n  

e f f o r t  t o  r e d u c e  e r r o r s  d u e  t o  i n a d e q u a c i e s  o f  t h e  m o d e l  

a n d  l i m i t a t i o n s  o f  t h e  c o n c e p t s  i n v o l v e d 19 a n d  t h e r e b y  

m a k e  o u r  c o n c l u s i o n s  m o r e  m e a n i n g f u l .

I n  F i g u r e  1 ,  o n e  a s p e c t  s t a n d s  o u t  v e r y  c l e a r l y :  

t h e  W a l d e n  p r o d u c t s  f o r  t h e  a l k a l i  a n d  h a l i d e  i o n s  i n  

a q u e o u s  s o l u t i o n  a r e  s u b s t a n t i a l l y  h i g h e r  a n d  s h o w  

c o n s i d e r a b l y  m o r e  v a r i a t i o n  w i t h  c r y s t a l l o g r a p h i c  

s i z e  t h a n  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  n o n a q u e o u s  

s o l u t i o n s ,  a l l  o f  w h i c h  g r o u p  c l o s e l y  t o g e t h e r . 20 T h i s  

a p p a r e n t  e x c e s s  o f  m o b i l i t y  i n  a q u e o u s  s o l u t i o n  c o u l d  

b e  a t t r i b u t e d  t o  f a r  g r e a t e r  s o l v a t i o n  i n  t h e  n o n a q u e o u s  

s o l v e n t s ,  a n d  s u c h  a n  e x p l a n a t i o n  w o u l d  b e  s u f f i c i e n t  

i f  i t  w e r e  n o t  f o r  t h e  t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  

W a l d e n  p r o d u c t .  U n f o r t u n a t e l y ,  a l t h o u g h  p r e c i s e  

c o n d u c t a n c e  d a t a  a r e  a v a i l a b l e  f o r  m e t h a n o l  s o l u t i o n  

a t  2 5  a n d  1 0 ° , 3 t r a n s f e r e n c e  m e a s u r e m e n t s  h a v e  b e e n  

r e p o r t e d  o n l y  f o r  2 5 °  ( s e e  T a b l e  I V ) ,  a n d  a  s p l i t  i n t o  

i o n i c  c o n d u c t a n c e s  i s  n o t  p o s s i b l e  a t  1 0 ° .  H o w e v e r ,  a s  

c a n  b e  s e e n  i n  T a b l e  V ,  t h e  c h a n g e  i n  t h e  Aoy p r o d u c t  

f r o m  1 0  t o  2 5 °  f o r  v a r i o u s  s a l t s  i s  f r o m  4  t o  3 0  t i m e s  

g r e a t e r  i n  w a t e r  t h a n  i t  i s  i n  m e t h a n o l ,  b u t ,  f o r  b o t h  s o l 

v e n t s ,  t h e  c h a n g e  i s  i n  s u c h  a  d i r e c t i o n  a s  t o  r e q u i r e  

g r e a t e r  s o l v a t i o n  a t  h i g h e r  t e m p e r a t u r e s ,  a  p r o s p e c t  t h a t  

i s  m o s t  u n l i k e l y .  T h e  Z w a n z i g  e q u a t i o n  p r e d i c t s  t h a t  

t h e  W a l d e n  p r o d u c t  s h o u l d  i n c r e a s e  0 . 5 %  f o r  a  c h a n g e  

i n  t e m p e r a t u r e  f r o m  1 0  t o  2 5 ° ,  w h e r e a s  t h e  o p p o s i t e  

b e h a v i o r  i s  o b s e r v e d  f o r  t h e  a l k a l i  h a l i d e s  i n  a q u e o u s  

s o l u t i o n .

Table V : Temperature Dependence of the 
Walden Product in H20  and CH3OH

,-------- ■(Ao7?)lO°/(Aoi7)25° *--- '
H20 CHaOH

Me4NBr 1.042 1.009
Et4NBr 1.037 1.007
Pr4NBr 1.034 1.006
Bu4NBr 1.034 1.001

Me4NI 1.044 1.011
Bu4NI 1.035 1.002

I t  i s  g e n e r a l l y  a c c e p t e d  n o w 21 t h a t  t h e  l a r g e r  a l k a l i  

a n d  h a l i d e  i o n s  p o s s e s s  a n  e x c e s s  m o b i l i t y  i n  a q u e o u s  

s o l u t i o n  o w i n g  t o  t h e i r  a b i l i t y  t o  b r e a k  h y d r o g e n  b o n d s  

i n  t h e i r  i m m e d i a t e  v i c i n i t y  a n d  t h e r e b y  r e d u c e  t h e  

l o c a l  v i s c o s i t y .  A n  i n c r e a s e  i n  t e m p e r a t u r e  r e d u c e s  

t h e  a m o u n t  o f  h y d r o g e n  b o n d i n g  i n  w a t e r  a n d  t h e r e b y  

r e d u c e s  t h e  e f f e c t i v e n e s s  o f  t h e s e  i o n s  a s  s t r u c t u r e  

b r e a k e r s .

T h e  s u b j e c t  o f  w a t e r  s t r u c t u r e  a n d  i t s  e f f e c t  o n  i o n i c  

p r o p e r t i e s  h a s  b e e n  d i s c u s s e d  m o s t  r e c e n t l y  b y  F r a n k 22 

a n d  r e v i e w e d  b y  K a v a n a u , 23 b u t  G u r n e y 24 w a s  t h e  

f i r s t  t o  c o l l e c t  m o s t  o f  t h e  e v i d e n c e  a n d  c l a r i f y  t h e  c o n -

(15) R . M . Fuoss, P roc. N atl. Acad. Sci. U. S ., 45 , 807 (1959).
(16) R . Zw anzig, J. Chem. P h y s ., 38 , 1603 (1963).
(17) H . S. F rank , “ C hem ica l P hysics o f  Io n ic  S o lu tion ,”  B . E . C on 
w ay  and R . G . Barradas, E d ., E lectroch em istry  S ociety , Joh n  W iley  
and  Sons, In c ., N ew  Y o rk , N . Y ., 1966.
(18) E . R . N ightingale, Jr., J. P h ys. Chem., 63 , 1381 (1959).

(19) D . G . M iller, ibid., 64 , 1598 (1960).
(20) I t  cou ld  be  argued th at the  excess m o b ility  o f  m any  ions in 
aqueous so lu tion  is due t o  th e  v e ry  h igh  d ie lectric  con stan t possessed 
b y  w ater. H ow ever, the sam e ions in  oth er  so lvents  o f  h igh  d ie lectric  
constan t d o  n o t  show  th is large excess m ob ility . F o r  exam ple, the 
W alden  p rod ucts  for  form am ide solu tions at 2 5 °, e =  109.5, range 
from  0.28 t o  0.45 fo r  th e  alkali ions and 0.57 to  0 .55  fo r  th e  halide 
ions. In  F igure 1, it can  b e  seen th at these values are still low er 
than  those  fo r  aqueous solu tions. T ransferen ce  d ata  are from  J. M . 
N o t le y  and M . Spiro, J. P h ys. Chem ., 7 0 , 1502 (1966).
(21) R . H . S tokes and R . M ills , “ V iscos ity  o f  E lectro ly tes  and 
R ela ted  P rop erties ,”  P ergam on Press In c ., N ew  Y o rk , N . Y ., 1965, 
p  54.
(22) H . S. F rank, Federation P roc ., 24 , S - l  (1965).
(23) J. L . K ava nau , “ W a ter  and  S o lven t-W a ter  In tera ction s ,’ ' 
H o ld e n -D a y , In c ., San F rancisco , C a lif., 1964.
(24) R . W . G u rn ey, “ Io n ic  P rocesses in  S o lu tion ,”  M cG ra w -H ill 
B o o k  C o ., In c ., N ew  Y o rk , N . Y .,  1953.
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cepts involved as far as transport properties are con
cerned. Here, we will use the Frank and Wen25 26 model 
for ions in aqueous solution since it is sufficient in de
tail to explain the abnormal transport properties of the 
alkali, the halide, and the quaternary ammonium ions, 
as well as their temperature and pressure dependence. 
It has been used already to explain the difference in the 
Walden product obtained for H20  and D20  solutions.2 
In this model, the competitive influences of neighboring 
solvent dipoles and ionic charge on any given water 
molecule result in three separate regions around an ion. 
If the ionic charge predominates by a considerable 
amount, électrostriction occurs in which water mole
cules are immobilized to a considerable extent around 
the ion to form a solvation sheath. At much larger 
distances, where the effects of the ionic charge are in
significant, a given water molecule will be oriented 
solely by its neighboring water molecules, and con
sequently this region will have the properties of pure 
water. In the intermediate region, the ionic charge 
will not be strong enough to orient the water molecules 
completely, but it will interfere with the formation of 
the normal three-dimensional structures present in 
water. This region will be one with less solvent struc
ture than bulk water, and this structure-breaking effect 
will become greater the smaller the charge-to-surface 
ratio of the ions. The region of immobilized water 
resulting from the structure-making effects of électro
striction will increase with increasing charge-to-surface 
ratio of the ions. Another effect has been postulated 
for the quaternary ammonium ions that possess large 
hydrophobic side chains. A water molecule at the 
surface of these large ions is influenced very little by 
either the ionic charge or the inert hydrocarbon chain 
on its one side. Consequently, the water molecules 
on this hydrophobic surface can be oriented to a greater 
extent by their nearest neighbors and can, in effect, be 
oriented into cages about the hydrocarbon side chains 
that are similar in structure, possibly, to the polyhedral 
clathrate hydrates of these ions.26 These clathrate like 
structures can be considered a type of hydration, since 
they increase the size of the moving entity as is also 
the case with electrostrictive hydration. Ions ex
periencing this effect should have lower mobilities in 
aqueous solution than in nonaqueous solution since 
only water appears able to form any appreciable 
amount of three-dimensional structure.

On the basis of this model, at least part of the excess 
conductance of the alkali and halide ions in aqueous 
solution as shown in Figure 1 can be readily explained. 
With the possible exception of Li+, Na+, and F - , 
these ions are structure breakers in that they break 
down the hydrogen bonding in the water in their vi

cinity and thereby decrease the local viscosity and in
crease the mobility of the ions. Perhaps the best 
experimental evidence comes from a comparison of 
the limiting diffusion coefficients of argon27 and K+ 
and Cl-  ions in aqueous solution. As has been pointed 
out by Muller and Stokes,28 although these are iso- 
electronic, the K+ and Cl-  ions are 34 and 39% faster, 
respectively, than the argon atom (see Figure 1). 
This difference can be attributed to the structure
breaking influence of the ions and possibility to the 
structure-making influence of the inert argon atom.29 
The diffusion coefficient of argon at 25° converts to a 
Walden product of approximately 0.49 and possibly 
indicates the maximum amount of the excess mobility 
in aqueous solution (34-39%) that can be attributed 
to the structure-breaking effect of the ions. As has 
been pointed out above, the decrease in Walden prod
uct with increased temperature for structure-breaking 
ions is due to the fact that there is less structure to 
break at higher temperatures. The fact, however, 
that the Walden products for these structure-breaking 
ions are still well above 0.49 at 100°5 indicates that 
this structural effect persists at even more elevated 
temperatures.30

The smaller ions with large charge to surface ratios, 
such as the Li+, F", and even Na+ ions, are less ef
fective as structure breakers, and their conductance is 
controlled almost entirely by electrostrictive hydra
tion that varies relatively little with increased tempera
ture. The Walden products for multivalent ions are 
not shown in Figure 1, but, for the monatomic cations, 
they are all less than 0.3 in aqueous solution and are 
almost independent of ionic size and temperature, 
indicating that, because of their high charge density, 
their conductance is controlled almost exclusively by 
the amount of electrostrictive hydration.

It is interesting to apply these ideas to the effect of

(25) H . S. F rank  and W . Y . W en , D iscussions Faraday Soc., 24 , 
133 (1957).
(26) P . T . Beurskens and  G . A . Jeffrey, Chem. P hys., 40 , 906 
(1964).

(27) R . E . Sm ith, E . T . Friess, and M . F . M ora lis, J. P h ys. Chem., 
59, 382 (1955).
(28) G . T . A . M üller and R . H . Stokes, Trans. Faraday Soc., 53 , 
642 (1957).

(29) H . S. F rank  an d  M . W . E vans , J. Chem. P hys., 13, 507 (1 9 4 5 ); 
A . B en -N aim , ib id ., 42 , 1512 (1965).
(30) F or  exam ple, B ruN B r in aqueous so lu tion  has been  show n to  
have an excess p artia l m olar heat ca p a c ity  at 2 5 °  o f  a lm ost 120 
c a l/d e g  m ole  due p resum ably  t o  clathratelike structures o f  w ater 
en forced  ab ou t its h yd roca rb on  side chains. T h is  excess heat 
ca p a c ity  is still detectab le  at tem peratures as h igh  as 130° (T . 
A ckerm ann, private  com m un ica tion , 1965). In  th is respect, it  is 
interesting t o  n o te  th at A qtj for  K2SO4 decreases w ith  increasing tem 
perature betw een  100 and  40 0 ° at pressures h igh  enou gh  to  keep  the 
density  o f  w ater equal to  1.0 (A . S. Quist, E . U . F ranck , H . R . Jolley , 
and W . L . M arshall, J. P hys. Chem., 67 , 2453 (1963)).
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Figure 2. The relative change of the Walden product with 
pressure in 0.01 N  aqueous and methanol solutions at 25°.

increased pressure on the Walden product in aqueous 
solution. One effect of increased pressure is to break 
down the bulky three-dimensional water structure 
and thereby produce a less structured solvent. This is 
verified by the fact that water is the only known liquid 
with a negative pressure coefficient of viscosity.31'32 
As the pressure increases, all ions should become less 
effective structure breakers owing to this decreased 
amount of structure, and, consequently, the ions should 
lose some of their excess mobility. A possible second 
effect dealing with electrostrictively hydrated ions can 
also be predicted. Electrostriction results in a de
crease in volume, as is shown by the increase in the dis
sociation constant of weak electrolytes as the pressure 
increases.33'34 Thus, small ions should become more 
hydrated as the pressure increases and therefore should 
have a lower conductance.

Both of these effects are evident in Figure 2 where the 
ratio of the Walden product at 30° and pressure P  to 
that at atmospheric pressure and the same tempera
ture are plotted as a function of pressure.36 The 
Walden product for a 0.012 N solution of NaN03 
in methanol increases very rapidly with increased 
pressure, whereas for all the salts in aqueous solution36 
the relative change in the Walden product as the 
pressure increases is considerably lower. Furthermore, 
the change with pressure is the lowest for the salts 
containing the best structure-breaking ions, such as 
the iodide and cesium ions. It can be seen that the 
Walden product actually decreases with increased 
pressure for KI and Nal. These observations are con
sistent with the idea that pressure breaks down the 
clusters of water structure and reduces the excess

conductance of structure-breaking ions. The main 
inconsistency with this argument is the fact that the 
sodium salts are all lower than the corresponding 
potassium salts, although potassium ion is a known 
better structure breaker. This could be a manifesta
tion of the second effect; namely, increased hydration 
due to the high pressure could affect the sodium ion 
more than the potassium ion.37 If it were not for the 
extensive hydration of the F~ and Li+ ions, NaF and 
LiCl would show a much greater increase in Arj with 
pressure.

Further evidence that the interpretation of the pres
sure data given here is basically correct can be found 
in the effect of temperature on the pressure dependence 
of the Walden product. No effect, within the experi
mental error, is found in the pressure dependence of 
the Walden product for methanol solutions35 on chang
ing the temperature from 30 to 75°. In Figure 3, 
the results for aqueous solutions35 are plotted where 
Rn°/R3o° is given by

>
 

__
_I / ft«<1___

.(At 75°/ _(At?)p_i_

At 75° and P  =  1 atm, there is less structure in water 
than at 30° and P = 1 atm. Consequently, there

(31) P. W . B ridgm an, “ T h e  P hysics o f  H igh  P ressure,”  G . B ell and 
Son, L td ., L on d on , 1949, C hapter X I I .
(32) K . E . B e tt  and J. B . C appi, N ature, 207, 620 (1 965 ); J. B . 
C ap pi, P h .D . Thesis, U niversity  o f  L on d on , 1964. W e  are ind ebted  
to  D r. B e tt  fo r  a c o p y  o f these data  prior to  their  p ublication .
(33) S. D . H am ann, P . J. P earce, and  W . Strauss, J. P h ys . Chem., 
68 , 375 (1964).
(34) F . H . F isher and D . F . D av is , ib id ., 69 , 2595 (1965).
(35) T h e  con d u cta n ce  d ata  for  m eth anol solu tions are those  o f  S. B . 
B rum m er and G . J. H ills, Trans. Faraday Soc., 57 , 1823 (1961). T he 
scatter in  the  poin ts is due m ain ly  to  the  lack  o f precision  in  the  
v iscosity  d a ta .31 T h e  con d u cta n ce  d ata  fo r  the  various salts in 
aqueous so lu tion  at 30 and  7 5 ° w ere taken  from  W . A . Zism an, 
P hys. Rev., 39 , 151 (1932), w h ich , in  the  case o f  KC1, w ere fou n d  to  
be in fair agreem ent w ith  the m ore recen t data  o f F . H ensel and 
E . U . F ranck , Z . N aturforsch., 19, 127 (1964). T h e  v iscos ity  data  
o f  B e tt  and C a p p i32 for  w ater at 30 and 7 5 ° w ere used. T hese  data  
are in  p o o r  agreem ent w ith those o f  B ridgm an  b u t  appear to  be  pref
erable since th ey  are m ore consistent w ith  the v iscos ity  data  at 
low er tem peratures and agree better w ith  those  o f  W . W eber, Z. 
A ngew . P h ys., 15, 342 (1963), a t low er pressures.
(36) T h e  con cen tra tion  here is 0.01 M .  T h e  re lative  W alden  
p rod u ct  has been fou n d  to  b e  insensitive to  con cen tra tion  changes in 
the range 0 -0 .0 2  M .u
(37) R . A . H orne, N ature, 200, 418 (1963), has taken  th e  op posite  
p o in t o f  v iew  th at pressure “ breaks u p  th e  stru ctu re  o f  ion ic  h yd ra 
t io n ”  so th at L iC l lies higher than  the oth er  salts in  F igure 2 since it 
undergoes the greatest decrease in  the  am oun t o f h y d ra tion  as the 
pressure increases. T h is  interpretation , h ow ever, is n o t  in  agree
m ent w ith  the  know n  fa ct that e lectrostrictive  h y d ra tion  results in 
a decrease in v o lu m e and therefore should  be th e  preferred state as 
the  pressure increases, as is n oted  a b o v e  from  th e  chan ge o f  dis
socia tion  constan ts  o f  salts w ith  pressure. A lso , his conclu sion  th at 
all so lven t structure has been d estroyed  at pressures a b o v e  2000 to 
3000 k g /c m 2 is n o t  w ell fou nd ed . I t  shou ld  b e  n oted  th at Z ism an ’s 
data  have a lready been corrected  fo r  th e  so lven t com pressib ility , 
and conseq uently  the  d o tted  line in  F igure 2 o f  H o rn e ’s paper should  
n o t  con ta in  this fa ctor.
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Figure 3. The Walden product at 75° relative to 30° as a 
function of pressure for aqueous solutions of the alkali halides.

should be less decrease of the Walden product at 75° 
upon increase in the pressure than at 30° for structure
breaking ions, and that is the result obtained from the 
data shown in Figure 3. The use of this double ratio 
is extending the data to the limit of their precision, 
but the results clearly illustrate that, in contrast to 
the other ions, the structure-making Li+ ion shows little 
change with temperature.

Tetraalkylammonium Ions. The limiting Walden 
products for these ions are plotted in Figure 1 for com
parison with the alkali and halide ions but are presented 
in more detail in Figure 4 as a function of the esti
mated crystallographic radii.13 It can be seen that, 
with the exception of Me4N+ and Et4N + in hydroxy lie 
solvents, the Walden products for these large ions in 
nonaqueous solvents are almost identical and fall on 
the solid line. In aqueous solution, however, the 
Me4N + ion lies well above this line, suggesting it to be 
a structure breaker in aqueous solution as was found to 
be the case from a comparison of mobility data for H20  
and D20  solutions.2 At the other end of the scale, 
the Walden products for the Am4N+, Bu4N +, and Pr4N + 
ions are well below this nonaqueous line, suggesting 
that in aqueous solution these ions are larger than in 
nonaqueous solvents. This is in keeping with the idea 
that clathrate-like structures form about the hydro
carbon portions of these ions as the length of the side 
chain increases. Such enforcement of water struc
ture about the hydrophobic side chains of these ions 
would tend to increase the local viscosity as well as 
increase the size of the moving entity and thereby de
crease the mobility.

The effect of temperature on the Walden product for 
these large cations is seen more readily in Figure 5, 
where the data of Lange38 at 0° are included with our 
own at 10, 25, and 45°. Only the Et4N + ion shows no 
temperature dependence, owing presumably to a can-

Figure 4. The limiting Walden product for various 
quaternary ammonium ions as a function of estimated 
crystallographic radii, temperature, and solvent.

cellation of the effects of structure breaking and struc
ture making as judged by this criterion. The tempera
ture dependence of viscosity B coefficients6 indicates 
this ion to be a slight structure maker whereas its mo
bility in D20  relative to H20 2 indicates a slight struc
ture-breaking tendency. These seemingly conflicting 
results illustrate that the Et4N + ion is a borderline 
case and that the different transport properties reflect 
slightly different aspects of ion-solvent interaction. 
The Me4N+ ion has a negative temperature coefficient, 
typical of structure-breaking ions, as was found with 
the larger alkali and halide ions. As the temperature 
increases, there is less structure available to be broken, 
and the Me4N + ion is less effective in reducing the 
local viscosity. The Pr4N+ and Bu4N+ ions both have 
positive temperature coefficients as would be expected 
of ions forming clathratelike structures around their 
hydrocarbon side chains. As the temperature in
creases, these cages of water melt and produce a smaller 
and therefore faster-moving entity. Thus, the tem
perature dependence, the H20 -D 20  comparison,2 
and the above comparison of Walden products in 
aqueous and nonaqueous solutions are consistent with 
the Frank-Wen28 model for aqueous ionic solutions. 
It is also consistent with viscosity B coefficients and 
their temperature dependence.6

Further evidence for the existence of water structure 
enforcement about the hydrocarbon chains of the 
large tetraalkylammonium ions can be seen in Figure
4. The unsymmetrical Me3(hexyl)N+ 39 and Me3-

(38) J. L ange, Z . P h ysik . Chem., A 168 , 147 (1934).
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for the tetraalkylammonium ions with temperature.

PrN+ 40 ions follow the same pattern outlined above 
for the symmetrical tetraalkylammonium ions, but if a 
hydroxyl group is substituted for a terminal methyl 
group, the mobility of the resulting ion is somewhat 
greater than its alkyl analog. Thus, the Mes(Et- 
O H )N +40,41 and the Me2(EtOH)2N + 39 40 41 ions have 
greater mobilities than the MesPrN+ and the Et4N + 
ions, respectively. Although the mobility difference is 
small, it is considerably greater than the possible 
error in the measurements. Contrary to the opinion 
of Spivey and Snell,40 we believe that the introduction 
of a dipole moment into the side chains of these ions 
interferes with the formation of cages of structured 
water about the side chains and therefore produces 
a smaller moving entity than is the case with the 
alkyl analog. This is in keeping with the concept that 
it is the inert nature of the hydrocarbon chain that 
permits neighboring water molecules to orient them
selves into a caged structure. Preliminary experi
ments42 with the (EtOH)4N+ ion indicate that it has a 
considerably higher mobility than its alkyl analog, 
the Pr4N+ ion. Similar conclusions were reached 
from partial molal volume and activity coefficient 
measurements on this ion at relatively high concentra
tions in aqueous solution.43

It should be noted that, although the X0i? product for 
the f-Am3BuN+ ion in methanol lies on the nonaque- 
ous line, the corresponding value for aqueous solution 
is not nearly so low as the symmetrical R 4N + ions. 
This would indicate that enforcement of water struc
ture about four isoamyl groups placed tetrahedrally 
about a charged nitrogen atom may be less favorable 
than around four n-amyl groups. Temperature data 
would be of considerable help in answering this question.

The temperature dependence of the Walden product 
for the R 4N+ ions casts considerable doubt on the sig
nificance of hydration numbers calculated from 
Stokes’ law as modified by Robinson and Stokes.13 
These hydration numbers are based on the assump
tions that all of the quaternary ammonium ions are un
hydrated, that only the w-Am4N+ ion fits Stokes’ 
law in that its Stokes’ radius and estimated crystallo
graphic radius are identical, and that the smaller 
quaternary ammonium ions deviate from Stokes’ law 
behavior because they are not of sufficient size so that 
the solvent can be considered a continuum.44 45 46 On 
this basis, they developed a correction factor for this 
size deficiency and applied it to the Stokes radii of the 
other ions to obtain the hydrated radii and thereby 
hydration numbers. However, the temperature de
pendence of the Walden product for the larger R 4N + 
ions indicates definitely that these ions are hydrated, 
a fact that completely invalidates the assumption on 
which these calibration curves and hydration numbers 
are based.

Nonelectrolytes and Dipolar Ions. Diffusion data 
for a number of nonelectrolytes and amino acids have 
been reported45,46 for aqueous solutions at 1 and 25° 
and for methanol solutions at 25°. We can use these 
data as a further test of the applicability of the con
cepts discussed above by again considering ratios of 
Walden products. Stokes’ law, as applied to diffusion 
coefficients, states in eq 5 that

(39) M . J. M cD o w e ll and  C . A . K rau s, J . A m . Chem. Soc., 73 , 2170 
(1951).
(40) H . O. S p ivey  and F . N . Snell, J . P h ys . Chem., 68 , 2126 (1964).
(41) J. Y arim bi an d  R . M . F uoss, ib id ., 64 , 1335 (1960). A  value o f 
X o(M e3 (E tO H )N +) =  38 .16 w as ob ta in ed  b y  w eighting  these data  
and  those  o f  S p ivey  and  Snell40 b y  th e  standard  d ev ia tion  o f  the 
m easurem ents.
(42) D . F . E vans , G . P . C unningham , and R . L . K a y , t o  be  p u b 
lished.
(43) W . Y . W en  and S. Saito, J. P h ys . Chem., 69 , 3569 (1965).
(44) E . R . N igh tin ga le18 m ade the ad d ed  assum ption  th at the M e iN  + 
ion  w as hyd rated , an d  th ereby  he w as ab le to  d eve lop  a  correction  
fa cto r  t o  b e  added  t o  th e  S tok es ’ radius th a t  con verged  t o  a  fin ite 
value as the  S tok es’ radius ap p roa ch ed  zero. O therw ise, h is h y d ra 
t io n  num bers are based on  th e  sam e assum ptions as S tok es and 
R o b in so n ’s.
(45) L . G . L on gsw orth , J. A m . Chem. Soc., 75 , 5705 (1953).
(46) L . G . L ongsw orth , J . P h ys. Chem ., 67 , 689 (1963).
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D07}/T = k/Qirrs (5)

that is, it is the quantity Doy/T that should be inde
pendent of solvent and of temperature. The ratios 
of the Walden product for a number of nonelectrolytes 
in water and methanol, as given in Table VI, indicate 
that they diffuse too fast in water or too slowly in 
methanol; that is, they are either good structure 
breakers in aqueous solution or they are affected to 
greater extent by solvation in methanol than in water. 
Without temperature dependence of diffusion, it is 
difficult to distinguish between these two effects, and 
no such data are available for the substances listed in 
Table VI. However, as can be seen in the series, 
formamide, acetamide, and propionamide, the diffusion 
coefficient decreases in aqueous solution relative to 
methanol solution as the hydrocarbon portion of the 
molecules increases in length, a direction to be expected 
if the hydrocarbon chains were enforcing water struc
ture. The absence of a charge in these polar nonelec
trolytes could permit even a methyl group to add con
siderably to water structure enforcement in contrast 
to what is found for the charged Me4N+ ion. Likewise, 
urea and its mono- and dimethyl derivatives behave 
in a manner similar to the amides as methyl groups 
are added. Urea, itself, has a Walden product 42% 
greater in water than in methanol. This could be 
a good indication of structure-breaking properties 
for urea in aqueous solution.47

Table VI: (A,>7)h2o/(.Do>?)chsoh at 25°

Formamide 1.27 Ethylene glycol 1.15
Acetamide 1.18 Glycerol 1.18
Propionamide 1.08 Erythritol 1.14

Dextrose 1.18
Urea 1.42 Sucrose 1.16
Methylurea 1.20
1,3-Dimethylurea 1.06 Water 1.71'

° The recent data of Wang (see ref 48) would increase this 
ratio to 1.93.

Wang48 has recently shown that the Walden product 
for the self-diffusion of water in water is independent of 
temperature. The almost 50% decrease in the Walden 
product for water in methanol indicates that the moving 
entity in methanol is definitely a solvated species.

The ratios given in Table VI for compounds with 
multiple hydroxyl groups are greater than unity indi
cating either structure breaking in water or greater 
solvation effects in methanol. The latter conclusion 
is preferable since it is in agreement with the tempera

ture dependence of the Walden products for aqueous 
solution45 given in Table VII. The ratio of the Walden 
product at 25° compared to that at 1° for the mono-, 
di-, and trisaccharides is greater than unity, typical 
of structure-making compounds. Since we have shown 
that exposed hydroxyl groups appear to inhibit the 
formation of clathrate structures in aqueous solution, 
we conclude that the sugars are solvated in both water 
and methanol but more so in methanol. Solvation is 
temperature dependent in the case of the sugars but 
not for the Li+ ion because in sugars the solvation 
involves dipole-dipole interaction in contrast to the 
stronger charge-dipole interaction of ions with solvent.

Table VII: Temperature Dependence of the 
Walden Product in Aqueous Solution

<,Dr,/T)a °

Glucose

(Dn/Th'

1.019
Sucrose 1.025
Raffinose 1.026

Glycine 0.974
Diglycine 0.992
Triglycine 0.995

a-Aminopropionic acid (alanine) 1.001
/S-Aminopropionic acid (0-alanine) 0.984
0-Hydroxy-a-aminopropionic acid (serine) 0.997

a-Aminobutyric acid 1.012
a-Aminoisovaleric acid (valine) 1.029
a-Aminoeaproic acid (norleucine) 1.035
a-Aminoisocaproic acid (leucine) 1.034

Glycylleucine 1.032
Leucylglycine 1.029

The negative temperature coefficient of the “ Walden 
product”  for glycine (Table VII) indicates it is a fair 
structure breaker in aqueous solution, but as the charge 
separation increases in di- and triglycine, this property 
diminishes. As the hydrocarbon portion increases in 
length in the higher homologs of glycine, the structure
making features become more pronounced as seen by 
the increasing ratio in the series glycine, alanine, a- 
aminobutyric acid, valine acid, and leucine. Dis

(47) T h is  conclusion  is in  agreem ent w ith  the  tem perature d epen d 
ence o f  v iscos ity  B  coefficients for  urea in aqueous so lu tion  ca lcu 
lated  from  the data  o f H . M . C hadw ell and  B . A snes, J. A m . Chem. 
Soc., 52 , 3507 (1930). T heir data  show  th at B  increases from  ap
p rox im ately  0.025 to  0.045 betw een  5 and 2 5 °. A  p os itive  d B / dT  
has been  show n6 to  be typ ica l o f  structure-break ing solu tes in aqueous 
so lu tion . See M . A b u -H a m d iyy a h , J . P hys. Chem., 69 , 2720 (1965), 
for  an  alternate p o in t o f  view .
(48) J. H . W ang, ib id ., 69 , 4412 (1965).
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placement of a charged amino group or a polar hydroxyl 
group into the hydrocarbon portion of the amino 
acid reduces the structure-making properties of the 
hydrocarbon portion as seen by the lower ratio for 
serine and /3-alanine compared to that for alanine. 
These observations are verified by the entropies of 
dilution of Robinson for some of these compounds.49 50 51 
The two dipeptides at the bottom of Table VII reflect 
the structure-making properties of leucine.

We feel that the analysis of ionic mobilities based 
on the model of structure-breaking and structure
making properties of ions in aqueous solution is pref
erable to that based solely on electrostrictive hydra
tion and arbitrary corrections to Stokes’ law. The 
material we have discussed here adds considerably 
to the validity of this approach. No system has been 
found whose transport properties in aqueous solution 
are in conflict with this model. Furthermore, similar 
conclusions have been reached from a wide variety of 
measurements including nmr,60 dielectric dispersion,61 
viscosity,6 heats of dilution,62 and solubility.53 54

It should be noted at this point that much of the 
success of this analysis of ionic mobilities has resulted 
from three rather unique properties of conductance 
data. First, they can be obtained rapidly with high 
precision. Second, owing to the existence of good 
theories for the measurable range, the data can be 
unambiguously extrapolated to infinite dilution where 
ion-solvent interactions are a maximum and ion-ion 
interactions disappear. Third, salt conductances can be 
split unambiguously at every temperature into ionic 
values. Also, the investigation of salts with common 
ions permits an internal check to be made on the ac
curacy of the measurements.

(2) Concentration Dependence. The ion-size param
eters given in Table II follow the same pattern that was

found for these salts in aqueous solutions1 at 10 and 
25°. They are much lower than the value 3.7 found for 
the same ions in nonaqueous solvents,3 are about the 
same for the bromides, but decrease with increasing 
cation size for the iodides. As was the case at the 
lower temperatures, a better fit of the data was ob
tained for Pr4NI and Bu4NI if they were assumed to 
be slightly associated salts and eq 2 was used for their 
analyses. The actual values of K a quoted here could 
be considerably in error owing to the problem of sepa
rating the last two terms of eq 2 when Ka is small, 
but they do agree with those obtained at 10 and 25° 
and for D20  solutions within experimental error. 
This result could be interpreted as indicating that the 
ionic association involved is insensitive to solvent 
structural changes. However, this could be another 
example of the “ compensation law” 64 in which changes 
in enthalpy and entropy compensate one another,52 
resulting in little change in the free energy and there
fore in the association constant. It is obvious that 
conductance data alone are not sufficient to answer 
this question.
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Viscosity B  Coefficients for the Tetraalkylam m onium  Halides

by Robert L . K a y , T . Vituccio, C . Zaw oysk i, and D . F . E va n s1

M ellon  Institute, P ittsburgh, P en nsylvan ia  15213 (Received February 2, 1966)

Viscosity measurements at concentrations up to 0.2 M  for the tetramethyl-, tetraethyl-, 
tetrapropyl-, and tetrabutylammonium bromides and iodides are reported in H20, D 20, 
CH3OH, and CH3CN at various temperatures between 0 and 65°. The viscosity B coef
ficients calculated from the Jones-Dole equation exhibit the same behavior as would be 
predicted from the dependence of the Walden product on solvent and on temperature. 
In aqueous solutions, the Pr4N+ and Bu4N+ ions appear to be excellent structure makers 
and the Me4N+ ion appears to be a structure breaker, while for the Et4N + ion the two 
effects appear to cancel.

Introduction

In the preceding paper,2 the Walden product for 
spherical ions in aqueous solution was shown to be in
fluenced by solvent structural effects. Gurney3 has 
shown that there is a relationship between the tempera
ture coefficients of the Walden product and viscosity 
B coefficients obtained from the Jones-Dole4 equa
tion for the alkali halides in aqueous solution. Here 
we report viscosity B coefficients for the tetraalkyl- 
ammonium bromides and iodides and show that a simi
lar relationship exists for these large symmetrical 
ions depending on the specific structure-making or 
structure-breaking ability of the ions involved. Tem
perature dependence of the B coefficients have been 
measured in H20, D20, methanol, and acetonitrile 
solutions to illustrate clearly the dependence of trans
port properties on the amount and type of structure in 
the solvent. These B coefficients have been used al
ready to correct the concentration dependence of 
conductance for the viscosity effect of these large 
cations.5

Experim ental Section

The purification of all materials used as well as 
procedures in preparing solutions have been discussed 
in detail already.6 All viscosity measurements were 
carried out in a constant-temperature bath controlled 
to within 0.02° of the stated temperature with the 
absolute temperature determined by a calibrated 
platinum resistance thermometer. All solutions were 
prepared on a weight basis and vacuum and density 
corrected. For this purpose, the density increments

for all of the solutions at 65° were assumed to be 
identical with those at 45°.

Two Ubbelohde-type suspended-level viscometers 
with flow times for water at 25° of 500 sec were em
ployed in all of the measurements. One of the vis
cometers6 was found to give the same calibration for a 
number of nonaqueous liquids of low surface tension, 
whereas the other was constructed here and gave 
accurate results for aqueous solvents. Neither vis
cometer was found to require a kinetic energy correc
tion based on the results of repeated runs on a number 
of concentrated sugar solutions. Runs were repeated 
until three determinations within 0.2 sec were ob
tained.

R esults

The relative change in viscosity, \p, due to the addi
tion of salt to the solvent, was obtained from the 
measured flow times, t and U, for solutions and solvent, 
respectively, by means of

, __n — 1)0 pit — Af) — poU

(1) C hem istry  D ep artm ent, W estern  R eserve  U n iversity , C leveland , 
O h io 44106.
(2 ) R . L . K a y  and  D . F . E vans, J . P h ys. Chern., 70 , 23 2 5  (1966).
(3) R . W . G urney, “ Io n ic  P rocesses in S o lu tion ,”  M cG ra w -H ill 
B o o k  C o ., In c ., N ew  Y ork , N . Y ., 1953, p 170.
(4) G . Jones and  M . D o le , J . A m . Chem. Soc., 51 , 2950 (1929).
(5) R . L . K a y  and D . F . E van s (a) J . P h ys . Chem., 6 9 , 3878, 4208 
(1 965 ); 7 0 ,3 6 6  (1 966 ); (b ) ibid., 69, 4216 (1965).
(6 ) C an non  Instrum ent C o ., S tate C ollege, P a .
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This can be written as
Table I : Viscosity Data for the Tetraalkylammonium
Halides between 0 and 65° \p =  — pAt/p0to (2)

RFC 10!C A  10H7 if'/C 'A  10*C if./C‘A

-H20, 0° - d 2o , 10°
Bu4NBr Bu4NI Bu4NBr Bu4NI

0.80 0.16 3.95 0.333 1.33 0.188 0.90 0.149
1.97 0.244 2.75 0.268 1.58 0.192
3.96 0.343 5.12 0.359 4.15 0.310
4.36 0.360 Pr4NBr Me4NBr

Pr4NBr
-H20, 10°-

BuiNBr

0.90 0.117 
3.97 0.204 

Pr4NI

0.89 0.013 
9.85 0.021 

Me4NI
0.99
4.91

0.100
0.213

0.42
1.09

0.108
0.160 4.00 0.191 9.98 0.005

9.73 0.307 1.81 0.202 .--------------D 20, 25°--------------.
14.44 0.384 2.98 0.258 BiuNBr Pr4NBr
19.01 0.463 3.98 0.300 1.33 0.155 0.89 0.091

Et4NBr 5.19 0.343 2.75 0.228 3.96 0.169
0.99 0.037 Me4NBr

11.94 0.139 15.89 0,,029
Pr4NI Bu4NI

1.08 0.095 0.50 0..109
5.07 0.201 0.99 0..144
9.70 0.285 1.39 0,.172

14.46 0.363 2.86 0..246
18.94 0.423 3.93 0..289

Pr4NBr
-H20, 25°

Pr4NI
0.99 0.085 0.50 0.064
4.90 0.182 1.08 0.081
9.70 0.256 5.06 0.170

14.39 0.315 9.67 0.242
18.95 0.373 14.42 0.297

Bu4NBr 18.88 0.351
1.81 0.178 Bu4n i
2.98 0.220 0.50 0.120
3.97 0.250 0.99 0.117
5.18 0.291 1.39 0.142

Me4NBr 2.85 0.206
15.84 0.040 3.92 0.244

F L O 4A°
Bu4NBr Pr4NBr

1.25 0.145 2.44 0.108
2.22 0.167 4.18 0.139
4.81 0.226 9.94 0.212
8.90 0.304 18.73 0.302

Et4NBr Me4NBr
8.07 0.092 17.73 0.051

15.78 0.131 28.75 0.063

Bu4NBr Me4NBr
3.76 0.173 16.63 0.052
7.24 0.229 32.00 0.070

10.21 0.268 34.92 0.074
14.97 0.333

Pr4NBr Et4NBr
5.85 0.138 4.02 0.059

14.62 0.214 10.57 0.096

5.12 0.294 
Pr4NI

3.99 0.160 
Bu4NI 

3.94 0.250

Me4NBr 
0.89 0.010 
9.84 0.029 

Me4NI 
9.97 0.290

-CHsOH, 10°
Bu4NBr Bu4NI

0.65 0.096 1.79 0.131
2.58 0.163 7.03 0.237
4.93 0.213 Me4NBr

15.56 0.371 6.68 0.105
HFLOFT ok©

Bu4NBr Me4NBr
0.31 0.079 3.12 0.078
0.64 0.094 6.57 0.105
2.54 0.158 19.32 0.169
4.84 0.205 Et4NBr

15.31 0.354 6.64 0.145
Bu4NI 11.62 0.181

1.76 0.127 12.42 0.185
6.91 0.226 PrJSTBr

6.05 0.181 
12.50 0.253

-CH3OH, 45°
Bu4NBr 

5.27 0.220 
10.46 0.299 

Pr4NBr 
5.93 0.180 

11.56 0.249

Et4NBr 
6.49 0.149 

11.35 0.189 
12.13 0.192

-CHsCN, 10°
Bu4NBr 

0.79 0.089 
2.84 0.153 
4.90 0.195

Bu4NI 
4.95 0.195

-CH3CN, 25°
Bu4NBr 

0.78 0.087 
2.78 0.143 
4.80 0.180

Bu4NI 
.85 0.183

where At is a flow time correction found necessary for 
some of the salts studied in aqueous solution and was 
detected by the fact that \j/u did not extrapolate to 
zero as C ->  0. The magnitude of At was determined 
by measuring the viscosity of solutions so dilute (C <  
10~6 M) that the flow time should have been that of the 
pure solvent. The maximum difference in time en
countered amounted to 2 sec. The At determined 
in this way were found to give \p that extrapolated to 
zero as C —► 0 in every case where the correction was 
required. This correction was required for only three 
sets of data, Bu4NI, Pr4NBr, and Pr4NI, in aqueous 
solutions. The fact that At was detectable in such 
extremely dilute solutions suggests that it is a surface 
tension effect resulting from a minute trace of surface- 
active impurity in the salts in question. We have de
tected this same behavior in the data for Bu4NBr 
reported by other workers.7 The values of ^/C^2 
in Table I for all systems studied have been corrected 
where necessary.

The solution densities used in eq 1 were obtained by 
direct measurement generally on the most concentrated 
solution studied. It was found that the relationship 
d = d0 +  dm, where m is the concentration in moles 
per kilogram of solution, held over a wide concentra
tion and temperature range. Consequently, many of 
the required values of 9 could be estimated from values 
obtained by direct measurement.

The viscosity B coefficients in Table II were obtained 
empirically from the Jones-Dole4 equation

iA/C1/2 =  A +  BC'h (3)

The validity of the relationship was established for 
each of the solvent systems investigated and for the 
temperature range studied by measuring at least one 
salt containing the larger ions at a number of points 
covering a wide concentration range. Once this was 
established, only one or two points were required to 
obtain B coefficients for other salts. Included in 
Table II are the data of Laurence and Wolfenden8 
for Et4NBr and the data of Hiickel and Schaaf9 for 
Et4NI and Me4NI in aqueous solutions.

The intercepts d o n a  plot of eq 3 were small in every 
case and contributed very little to the concentration

(7) R . M . F uoss and C . A . K raus, J . A m . Chem. Soc., 7 9 , 3304 
(1957).
(8 ) V . O. L auren ce  and  J. H . W olfend en , J . Chem. Soc., 1144 (1934).
(9 ) E . H ttckel and  H . Schaaf, Z . P h ysik . Chem., 21 , 326 (1959). 
T h e  values o f B  for  10 ° w ere extrapolated  from  d ata  a t  som ew hat 
higher tem peratures.

Volum e  70 , N um ber  7  J u ly  1966



2 3 3 8 R . K a y , T .  V i t u c c i o , C . Z a w o y s k i , a n d  D .  E v a n s

Table II: Viscosity B Values at Various Temperatures

t,
°c Me*NBr EtiNBr Pr*NBr BmNBr Me<NI Et<NI PrtNI Bm N I

h 2o
65 0.11 0.27 0.54 0.83
45 0.10 0.30 0.64 0.99
25 0.083 0.34“ 0.82 1.24 0.0496 0.316 0.77 1.19
10 0.058 0.38 0.98 1.46 0.0286 0.336 0.93 1.41
0 1.68 1 . 6 1

D20
25 0.076 0.79 1.26 0.034 0.74 1.21
10 0.049 0.94 1.56 0.00 0.88 1.48

CH,OH
45 0.50 0.67 0.86
25 0.35 0.48 0.66 0.85 0.80
10 0.35 0.89 0.82

CH3CN
25 0.74 0.75
10 0.80 0.80

“ See ref 8. 6 See ref 9.

dependence of viscosity with the possible exception of 
the aqueous tétraméthylammonium salts. At most 
A amounted to 0.01 in aqueous and 0.02 in nonaqueous 
solutions. This term in the viscosity equation is 
interpreted as the contribution from interionic forces 
that tend to interfere with the flow of one layer of solu
tion past another. Theoretical values calculated 
from the Falkenhagen equation10 agreed within 25% 
with the measured values.

Plots of eq 3 were found to be linear up to concen
trations of 0.1 M  in aqueous solution and to somewhat 
higher concentrations in methanol. In aqueous solu
tion, positive deviations were observed at higher con
centration of the larger salts and introduced some un
certainty in the determination of B. The internal 
consistency of our results is shown in Table III by the 
constant difference in B for bromides and iodides in 
H20  and D20  solution. Our value of 0.05 compares 
well with the generally accepted value of 0.03 for 
aqueous solutions.11 Furthermore, the difference be
tween our Me4NBr and Hückel and Schaaf’s values 
for Me4NI is 0.03 over the whole temperature range 
as can be seen in Figure 1, although the agreement 
between Et4NBr and Et4NI is not as good at tempera
tures above 25°. Our values for Et4NBr at higher and 
lower temperatures are consistent with that of Laurence 
and Wolfenden at 25°, as is also shown in Figure 1. 
Kaminsky12 has demonstrated the additivity of ionic 
B coefficients for aqueous solutions at various tempera
tures.

Table III: Values of (£nr- -  Bi-)

t,
°c Bu*N + Pr4N + M eiN +

H20 10 0.05 0.05
25 0.05 0.05

d 2o 10 0.08 0.06 0.05
25 0.05 0.05 0.04

A plot of our B values for the bromides in water and 
methanol solutions at the various temperatures studied 
is given in Figure 2. Although Wen’s13 values for 
Bu4NBr in water are somewhat lower, the temperature 
dependence is in good agreement with our own. The 
value of 1.34 quoted by Fuoss and Kraus7 reduces to
1.27 if the high points at the two lowest concentra
tions reported are corrected for At as mentioned above. 
This value is in good agreement with our value of
1.24 quoted in Table II. Nightingale’s14 B value for 
Me4NBr is in good agreement with our data only at

(10) H . H arned  and B . B . O wen, “ T h e  P hysica l C hem istry  o f  E lec
tro ly tic  S o lu tions,”  3rd ed, R ein h old  P ublish ing C orp ., N ew  Y o rk , 
N . Y „  1958, p 240.
(11) R . H . S tok es and  R . M ills, “ V iscosity  o f  E lectro ly tes  and  
R ela ted  P rop erties ,”  P ergam on Press In c ., N ew  Y ork , N . Y .,  1965, 
p  34.

(12) M . K am in sk y, D iscussions Faraday Soc., 24 , 171 (1957).
(13) W . Y . W en , P h .D . Thesis, U n iversity  o f  P ittsburgh , 1957.
(14) E . R . N ightingale, Jr., J. P h ys. Chern., 66 , 894 (1962).
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T°C

Figure 1. The temperature dependence of viscosity B 
coefficients for aqueous solution: Et4NBr:
O, our data; 0, see Laurence and Wolfenden, 
ref 8; Et4NI and Me4NI, see Hiickel and Schaaf, 
ref 9; Me4NBr, our data; I ” , see Kaminsky, ref 12.

Figure 2. Viscosity B coefficients for the 
tetraalkylammonium bromides in water and methanol 
solutions as a function of temperature: » , Fuoss and Kraus, 
ref 7; €, Wen, ref 13; <S>, Nightingale, ref 14.

20° since his temperature dependence differs sig
nificantly from ours and from that reported by Hiickel 
and Schaaf9 for Me4NI (see Figure 1).

A satisfactory discussion of the temperature de
pendence of B coefficients requires the ionic rather than 
salt values. Unfortunately, there is no exact method of 
performing this operation since the equivalents of 
transference numbers do not exist for viscosity data. 
Kaminsky12 assumed that Bk + = Bci- at all tempera
tures and calculated ionic B values for a number of

the smaller ions from 12.5 to 45°. He justified this 
split on the basis of the almost identical cation and 
anion transference numbers for KC1 at all tempera
tures and by the fact that he obtained ionic values in 
good agreement with those reported by Cox and 
Wolfenden15 that were based on the mobility dif
ference for the Li+ and I 0 3~ ions. We have followed 
Kaminsky’s procedure and have used his data for the 
iodide ion shown in Figure 1 and the difference (¿?Me4NBr 
— Bm<hni), also shown in Figure 1, to calculate BBr
and consequently all of the ionic B coefficients for the 
tetraalkylammonium ions given in Table IV. A 
similar split cannot be used to obtain ionic B values 
for methanol and acetonitrile solutions because of the 
lack of suitable data for KC1 and KBr in these solvents. 
Viscosities of dilute methanol solutions of KC1 and KBr 
as determined by Jones and Fornwalt16 produced two 
values of B, depending on the concentration range con
sidered, whereas our data for the quaternary salts gave 
very linear plots of eq 3 and a single value of B over the 
same concentration range. Ionic B values for methanol 
solutions will require a reinvestigation of at least KC1 
in methanol solutions.

Table IV : Ionic B Values at Various Temperatures in H20

t,
°c B u 4N  + P r 4N  + E t iN  + M e< N  + B r "

0 1.75 -0 .0 8
10 1.52 1.04 0.44 0.13 -0 .0 7
25 1.28 0.86 0.38 0.12 -0 .0 4
45 1.01 0.66 0.32 0.12 -0 .0 2
65 0.84 0.55 0.28 0.12 -0 .0 1

Our data for Me4NBr and Bu4NBr in CH3OH at 
25° are in acceptable agreement with the values 0.42 
and 0.84, respectively, quoted by Tuan and Fuoss,17 
but our values for Bu4NBr and Bu4NI in CH3CN are 
consistently lower than their values of 0.93 and 0.87, 
respectively.

D iscussion

Viscosity B coefficients from the Jones-Dole equa
tion can be interpreted, at least qualitatively, by the 
Einstein equation18

(15) W . M . C ox  and J. H . W olfen d en , P roc. R oy. Soc. (L on d on ), 
A 145 , 475 (1934).
(16) G . Jones and H . J. F ornw alt, J. A m . Chem. Soc., 57, 2041 
(1935).
(17) D . F .-T . T u an  and R . M . F uoss, J . P hys. Chem ., 67 , 1343 
(1963).
(18) A . E instein , A n n . P hysik , 19, 289 (1 9 0 6 ); 34 , 591 (1911).
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B =  2.5 v/c (4)

where v is the total volume occupied by the ions per 
milliliter of solution. This equation predicts that the 
presence of ions should increase the solution viscosity 
in proportion to their size, and the increase should be 
independent of temperature inasmuch as electrostrictive 
solvation is independent of temperature. B coeffi
cients for the relatively small alkali and halide ions in 
aqueous solution have been shown to deviate consider
ably from this behavior. The B values decrease with 
increasing ion size, often to negative values,3'11 and in 
such cases B increases with increased temperature.12,15'19 
This is in the opposite direction for hydration effects, 
and, consequently, this behavior has been attributed to 
the ability of these ions to disrupt water structure in 
their vicinity.3’20 These ions have become known 
as structure breakers, and the same explanation has 
been used to account for the Walden product and its 
temperature dependence.2 As a matter of fact, it has 
been shown3'20 that, owing to this dependence on 
water structure, B and the \oy product for structure
breaking ions are related reciprocally in that, if B is 
low, Xov is high, and, if B increases with temperature, 
X077 decreases with increasing temperature.

No previous systematic study as is reported here has 
been carried out for B coefficients of the tetraalkylam- 
monium ions. Frank and Evans have used Bingham’s21 
A values (the viscosity increase for a 1 to solution) to 
illustrate the relatively large increase in viscosity ob
tained in aqueous solutions of these ions and have 
attributed this excess viscosity to “ iceberg”  formation. 
However, in light of the Einstein equation, the meas
ured viscosity could be attributed to the increased size 
of the tetraalkylammonium ions. Better criteria for 
structure influences can be obtained from the tempera
ture dependence of the B coefficients. Hiickel and 
Schaaf9 have investigated the temperature dependence 
of only the smaller of these ions. Wen’s data13 for 
Bu4NBr at 20 and 30° in aqueous solution illustrates 
the large negative temperature dependence of B co
efficients for the larger quaternary ammonium ions. 
It is evidence such as this, when combined with data 
for nonaqueous solvents, that permits conclusions to 
be reached concerning the effects of ions on solvent 
structure.

The same type of relationship between B and \oy is 
found here for the large quaternary ammonium ions 
in aqueous solution as was found for the alkali halides. 
In Figure 2 it can be seen that, at low temperatures, B 
for Bu4NBr and Pr4NBr in aqueous solution are 
larger than the corresponding values in methanol 
solutions and B decreases with increased temperature

for aqueous solutions, whereas the values are about 
constant for methanol solutions. These effects must 
be due to the large R4N + ions since the contribution 
to the B values from the bromide ion is very small, 
as can be seen in the ionic values in Table IV. Cor
responding behavior has been observed in the Walden 
product for these ions.2 Thus, the viscosity data con
firm the conclusions reached from the conductance 
data that water enforcement about the hydrocarbon 
side chains of the Pr4N+ and Bu4N+ ions forms a larger 
moving entity and, at the same time, increases the bulk 
viscosity by increasing the degree of hydrogen bonding 
in their vicinity. This interpretation is in agreement 
with all known data for these ions as was pointed out 
in the preceding paper.

The B values for Me4NBr show a much different be
havior. They are much smaller in aqueous than in 
methanol solution at all temperatures, and they show 
a slight increase with increasing temperature. This 
temperature dependence, however, is most likely due 
entirely to the Br~ ion, as can be seen from the data in 
Table IV. These results indicate that, if the B co
efficient for the Me4N + ion has any temperature de
pendence, it is small. This result is in agreement with 
that found by Hiickel and Schaff9 from more precise 
data on Me4NI. The true temperature dependence 
here is difficult to determine because of the arbitrary 
nature of the split used to obtain ionic values. The 
Walden product for this ion was found2 to be higher in 
aqueous than in methanol solutions and to decrease 
with increasing temperature. At least in its behavior 
in aqueous as opposed to nonaqueous solvents, these 
viscosity data confirm the structure-breaking proper
ties of the Me4N+ ion.

The Et4N+ ion shows a mixed behavior since B for 
Et4NBr is slightly lower in aqueous than in methanol 
solution but still shows a small decrease with increased 
temperature in aqueous solution. Both effects are too 
large to be accounted for by the bromide ion alone. 
Hiickel and Schaaf9 have come to the same conclusion 
for the Et4N + ion from their studies of aqueous Et4NI. 
The Walden product2 for this ion is lower in water 
than in methanol and shows little temperature de
pendence. Both the viscosity and conductance data 
can best be interpreted by assuming this ion is of an 
intermediate size for which structure-making and struc
ture-breaking effects cancel.

Further evidence for the conclusions reached here is 
contained in the B values for D20  solutions. They are

(19) J. D . B ernal and R . H . F ow ler, J. Chem. P h ys., 1, 515 (1933).
(20) H . S. F rank and M . W . E vans, ibid., 13, 507 (1945).
(21) E . C . B ingham , J . P h ys. Chem., 45 , 885 (1941).
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almost identical with those for H20  solutions. We had 
hoped to verify the increase in structure-making 
properties of the large hydrophobic cations, Bu4N + 
and Pr4N+, in D 20  over that in H20  as was demon
strated from conductance measurements.511 Although 
the trends are in the expected direction, the effect is 
too small to be established by viscosity measurements 
with the precision reported here.

It is interesting to calculate B coefficients from eq 4 
using data reported by Robinson and Stokes22 for the 
ionic radii. The results are given in Table V and in
dicate a surprisingly good agreement with the observed 
data for these salts in methanol solutions. However, 
considering the assumptions involved in the model 
used and the general lack of data for nonaqueous

solvents, this agreement must be considered fortuitous 
at the present time.

Table V : Viscosity B Values Calculated from Eq 4

M e < N B r  E t iN B r  P n N B r  B m N B r  B r ~

0.31 0.45 0.63 0.81 0.05
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The Soret effect was studied in a metal-fused salt system by measuring the final thermo
electric potential (in the Soret steady state) of a B i-B il3 thermocell, containing inert 
electrodes, over the composition range 1-90 mole %  bismuth. The value at 500° was 
large at low metal concentrations ( —4600 ¿tv/deg at 1 mole %  metal) and diminished 
exponentially to that of the initial thermoelectric power at about 30% dissolved bismuth 
metal. From 30 to 90% bismuth, the initial and final thermoelectric powers were identical. 
No Soret effect is observed at compositions where electronic conduction predominates. 
At these compositions the results suggest that the transport properties of the cations 
(Bi+, Bi3+) are indistinguishable because the electron exchange between cations is much 
faster than ionic migration.

Introduction

The Soret effect occurs when a temperature gradient 
is imposed on a two-component liquid system. A 
partial demixing results which continues until a steady 
state is reached where the diffusion along the tempera

ture gradient is just balanced by ordinary diffusion in 
the opposite direction along the concentration gradient.

(1) T h is  w ork  w as su pp orted  b y  th e  R esearch  D iv is ion  o f  th e  U . S. 
A to m ic  E nergy  C om m ission .
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When the system is fitted with two electrodes reversible 
to some species in the melt, the emf of the resulting 
thermocell can be used to monitor the approach to the 
steady state.

The Soret effect has been studied in fused salts2 
and in liquid metals.3 The fact that Bi and B il3 at 
temperatures above 458° are miscible in all propor
tions4 5 affords an opportunity to study the transport 
properties of a binary liquid system whose composition 
may be continuously varied from that of a fused salt 
to that of a molten metal. Various studies on this 
system4,6 have indicated that the salt-rich mixture 
(below 30% metal) consists of Bi+, Bi+3, and I -  ions, 
while the metal-rich mixture (>67%  metal) consists 
of metallic bismuth, Bi+, and I -  ions. Recently, 
studies of the electrical conductivity6 and Seebeck 
coefficient7 in this system were interpreted on the 
basis of an electron “ hopping”  mechanism8 in which 
electron pairs were exchanged by Bi+ and Bi+3 cations 
in the melt. These exchanges are much more rapid 
than ionic migration;8 therefore, at those compositions 
where this mechanism predominates, the cations in 
the melt are indistinguishable as far as mass transport 
is concerned. The experiments reported herein were 
attempted to determine if a Soret effect could be de
tected at the compositions where electron exchange was 
the predominant mode of conduction.

Experimental Section

The Pyrex thermocell, shown in Figure 1, was simi
lar to that of Huse, et al.9 A Pyrex sintered glass disk 
of medium porosity and 10-mm diameter separated the 
two compartments, each fitted with a 20-mil tungsten 
electrode and a thermocouple well. After the tungsten 
electrodes were sealed in the cell, they were cleaned 
electrochemically in an aqueous solution of KOH. 
The thermocouple wells contained two chromel- 
alumel thermocouples wired to buck each other, and 
the resulting signal was fed to a differential thermo
couple controller which maintained the desired small 
temperature difference across the frit with an accuracy 
of ±0.025° over long periods of time. The cell was a 
closed system because of the appreciable vapor pressure 
of B il3 at 500° (about 340 mm). The compartments 
were connected above for pressure equilization. The 
cell was mounted in a Marshal furnace (2.5 in. i.d.) 
which, in turn, was mounted in a horizontal rocking 
frame to allow the cell to be agitated during the solu
tion process. A transite collar fit around the disk por
tion of the cell and served as a heat barrier. Two 
inconel tubes on either side of the collar held it in place 
and reduced the temperature gradients in each com
partment. The furnace was adjusted so that one com

partment was slightly cooler, and this section was 
fitted with a flexible tape heater energized by the mag
netic amplifier of the controller.

The B il3 used in this work was obtained commer
cially and distilled twice in vacuo. The Bi was 99.99% 
pure, and oxide-free samples from the interior of solid 
ingots were used without further purification. The 
powders were weighed, mechanically mixed, and then 
introduced into the cell via a long fill tube. The cell 
was then evacuated and sealed at a pressure of 10-6 
torr.

After the cell was agitated for 2 hr and equilibrated 
at AT = 0 for about 1 day, the AT signal from the 
thermocouples and the cell emf were plotted simul
taneously on a two-pen recorder that was calibrated 
frequently with a K-3 potentiometer. After a stable 
base emf was obtained, usually less than 100 /¿v, the 
AT was alternately raised to various values from 1 to 
7° and returned to zero. The emf values from four or 
five values of the thermal gradient were plotted and the 
thermoelectric powers were obtained from the slope 
of the linear plot. In general, all emf values were 
stable to within a few microvolts over periods of several 
hours after the steady state had been reached. Those 
data that indicated a systematic drift were discarded.

The steady-state thermoelectric powers were meas
ured at 500° for the compositions 0.01, 0.03, 0.05, 
0.15, 0.20, 0.25, 0.30, 0.35, 0.50, 0.80, and 0.90 mole 
fraction Bi and at temperatures between 450 and 550° 
for the compositions 0.03, 0.15, 0.25, 0.30, and 0.35.

(2) (a) B. R. Sundheim and J. D. Kellner, J. Phys. Chem., 69, 1204 
(1965); (b) S. Gustafsson and A. Lunden, Z. Naturforsch., 17a, 550 
(1962).
(3) F. R. Winter and H. G. Drickamer, J. Phys. Chem., 59, 1229 
(1955).
(4) S. J. Yosim, L. D. Ransom, R. A. Sallach, and L. E. Topol 
ibid., 66, 28 (1962).
(5) L. E. Topol and L. D. Ransom, J. Chem. Phys., 38, 1663 (1963).
(6) L. F. Grantham and S. J. Yosim, ibid., 38, 1671 (1963).
(7) D. O. Raleigh and L. E. Topol, ibid., 41, 3179 (1964).
(8) D. O. Raleigh, ibid., 38, 1677 (1963).
(9) E. S. Huse, D. J. Trevoy, and H. G. Drickamer, Rev. Sci. Instr., 
21, 60 (1950).
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R esults

In general, the steady-state thermoelectric potentials 
were reproducible to within 3% for the salt-rich com
positions (i.e., less than 25 mole %  bismuth) and to 
within 1% for the remaining compositions, where the 
emf values were much more stable. The thermo
electric potential of pure bismuth was run as a check 
and the value obtained, 15 /xv/deg at 500°, compares 
well with previous results (16 ¡xv/deg).10

The initial and steady-state thermoelectric potentials 
are shown in Table I, and are plotted against mole 
fraction bismuth in Figure 2 for 450, 500, and 550°. 
In this work, the sign of the hotter electrode is the sign 
of the thermoelectric potential. The differences found 
for the initial thermoelectric potential at the three 
temperatures were too small to be seen on this graph; 
therefore, only the data for 500° are shown. For 
those compositions undergoing a pronounced Soret 
effect in the thermocell (<20 mole %  Bi), it was 
difficult to obtain reliable data for the initial potential 
because the cell emf changed so rapidly with time. 
Therefore, the data of Raleigh and Topol7 were used 
for these compositions. Initial potential results at 
other compositions were similar to those of Raleigh 
and Topol.7

Table I
,  1 __ , j _ _

'  eini
Y bì 450° 500° 550° 450° 500° 550°

0.01 -4600
0.03 357 -3100 -2200
0.05 197 -2100
0.10 127 -580
0.15 407 -645 -460 -260
0.20 49 -230
0.25 99 -7 2 49 115
0.30 90 97 93 90 97 93
0.35 82 79 71 82 79 71
0.50 56 42 33 56 42 33
0.80 25 25 25 25
0.90 18 17 18 17
1.00 15 15

The value of the steady-state thermoelectric potential 
changed from —4600 /xv/deg at 1 mole %  to 97 /xv/deg 
at 30 mole % . From 30 to 90 mole %  the initial and 
steady-state values are identical, indicating no Soret 
effect at these compositions. Also, as the tempera
ture is increased, the two curves become coincident 
at smaller metal concentrations.

Discussion

The bismuth-bismuth triodide system is perhaps the 
best characterized electrically of any metal-metal

Figure 2. Initial and steady-state thermoelectric 
potential vs. mole fraction of bismuth.

halide melt at the present time. The experiments of 
Grantham and Yosim6 show an exponential increase 
in the specific conductivity with added bismuth over 
most of the composition range at 600° and above. 
At 500°, while the In K  vs. 1/T plot is not linear in the 
salt-rich region, the conductivity nevertheless increases 
faster than one would expect from a purely ionic 
mechanism. Raleigh8 has suggested an electron
hopping model, in which electrons are exchanged be
tween the oxidized and reduced forms of the cations in 
the melt. Since at salt-rich compositions, bismuth 
metal is believed to be present as Bi+, a two-electron 
transfer between Bi+ and Bi3+ was postulated. This 
mechanism is expected to be enhanced by decreasing 
cation-cation distance (i.e., greater metal concentra
tions) and increasing temperature. Raleigh’s treat
ment of the conductivity results is consistent with this 
model up to a concentration of about 50 mole %  bis
muth.

The electrode reactions are assumed to be 

Bi+ Bi3+ +  2e~

Thus a flow of current through the cell is accompanied

(10) C. C. Bradley, Phil. M ag., 7, 1337 (1962).
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by a flow of Bi+ cations toward the oxidizing electrode 
and Bi3+ toward the reducing electrode.

The equation for the initial thermopotential may be 
derived in a number of ways; however, we choose to 
start with the equation derived by Schneebaum and 
Sundheim.11 It was shown by these authors, using 
irreversible thermodynamics, that the initial thermo
electric potential (ein) of a thermocell containing 
two components can be expressed as

— Tein = WiQi* +  J W  +  Qz* (1)

where Wi, W2, and Qi* and Q2* are the Washburn 
transference numbers and the heats of transfer for com
ponents one and two, respectively, Q3* is the Peltier 
heat in the steady state, and T is absolute temperature. 
We will assume that in the salt-rich region all of the 
added bismuth reacts with the B il3 and accordingly 
call Bil component 1 and B il3 component 2. The 
Washburn numbers Wi and W2 represent the number of 
moles of neutral species crossing a reference plane in 
the direction of positive current in the cell for each 
Faraday of charge passed, i.e.

Wi =  J 1/ J 3', W2 =  J2/J 3 (2)

where J1 and ,/2 are the fluxes of components 1 and 2, 
respectively, in units of moles/cm2 sec, and J 3 is the 
electrical flux in faradays/cm2 sec. In order to apply 
eq 1 to the ionic species present in the melt, we de
termine the individual ionic fluxes in terms of the neu
tral fluxes Ji and ,/2. For the flux of Bi+ and Bi3+

J s i+ = Ji -  V2/3 (3)

Jbi+i =  Ji +  V2/3 (4)

where ,/b;+, and J bd+ are the fluxes of Bi+ and Bi3+, 
respectively, in units of moles/cm2 sec. The flux of 
Bi+ is decreased by the amount produced at the elec
trode, one ion for every two electrons, hence the term 
— V2J3. Similarly, the flux of Bi3+ is increased by this 
amount. The Washburn numbers may be converted 
to ionic transference numbers fe by the use of eq 2, 
3, and 4 and with the relationship

ti/Zt =  Ji/Jz (5)

where is the charge of the ith ion. Thus

Wi =  +  V» =  +  V* (6)
J 3

w 2 =  ^  -  v* =  y 8iBi»+ -  y 2
j i

Also the heats of transport of Bil and B il3 are

Qi* = Q*bi+ +  Q*i- (7)

Q2* —  <2*b o + +  3Q*i-

After eq 6 and 7 are substituted in eq 1, we have

— Tt ¡n =  (¿Bi+ +  y 2)(Q*Bi+ +  Q*i~) +
O/siBi.* — yi)(0*Bi.* +  3Q*I-) +  Qz*

Simplifying and noting that Q3* is the Peltier heat in 
the steady state, i.e.

Qz* =  -T e  ,t

where e8t is the steady-state thermoelectric potential, 
we obtain the expression

— T(e in — est) =  <Bi+Q*Bi+ +  1/3i!Bii+Q*Bi>+ +
(¿Bi+ +  ¿Bi>+ ~  1)Q*I- +  y 2(Q*Bi+ — Q*Bi3+) (8)

As stated earlier, the conductivity data indicate that 
the electronic conductivity mechanism is operable 
over the entire composition range and accounts for 
nearly all of the current carried by melts containing 
over 30% bismuth. Since the electronic mechanism 
of conduction is believed to be8 electron-pair exchange 
between Bi+ and Bi3+ cations, we can introduce a 
transport number for the electron pair, tie, and set 
the sum of the transport numbers equal to unity. 
Then

— T(ein ~  e8t) = ¿Bi+Q*Bi+ +  y3tBi»+Q*Bi!+ ~
(tl- +  t2e)Q*i- +  y 2(Q*Bi+ ~  Q*Bia+) (9)

For melts containing over 30% bismuth, it is assumed 
that there is no ionic conductivity. Therefore, we 
may set ¿B¡+ = ¿Bn+ =  h- = 0 and fee =  1 at these 
compositions, and eq 9 becomes

- T ( e in -  est) =  y 2(Q*Bi* -  Q*bo+) -  Q*i- (10)

Since at 30% metal and above, «¡n =  est

<2*i- =  y»(<2*Bi* -  Q*Bia+) ( l l )
Even though the transport numbers for the cations 

are zero, cations are still effectively transported across 
the cell as a result of electron exchanges. Clearly, 
the flux of Bi+ across the cell and Bi3+ in the opposite 
direction is equivalent to a net transport of two elec
trons, i.e.

<2*1- =  y  2<2*2e (12)

Therefore, at those compositions where ein =  e8t, the 
amount of heat transported by an iodide ion is the same 
as the heat transported by an electron. Because * 32

(11) R. Schneebaum and B. R. Sundheim, Discussions Faraday Soc.
32 , 197 (1961).
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of electroneutrality requirements, at the steady state 
the iodide and electron fluxes are of opposite direction; 
therefore, an exchange of an electron and an iodide 
ion results in no transport of heat. Now, it can be 
shown12 that the Soret coefficient, s, is given by

s Q i *  -  Q z *  

R T 2
(13)

where R is the gas constant. From (13) and (7) we 
have

s Q*si+ -  Q*Bi». -  2 Q*i-
RT2

Q * 2e -  2 Q V

RT2
(14)

Thus, the Soret effect is absent when ein = e9t, 
since in that case eq 11 holds, and the term on the 
right of eq 14 is zero. It has been shown by Wirtz13 
and Denbigh14 15 that the Soret coefficient is expressible 
in terms of the microscopic parameters q& and cjn

3a -  gB
RT2 (15)

where q& is the energy required to remove particle A 
from its site and q3 is the same quantity for B. Thus, 
by comparison of eq 14 with 15 we see that the same 
energy is required to remove the two iodide ions from 
their sites as the electron pair. This may be made 
clear by the following illustration in which adjacent 
cations are surrounded by iodide ions in a two-dimen
sional array.

I
I

I Bi+ I Bi3+I (I)
I 

I

therefore both processes, the transfer of iodide and the 
two-electron jump, require one and the same energy. 
If the concentration of Bi+ cations is low, then the num
ber of exchanging electrons is small and the ions can 
carry an appreciable part of the total current. In this 
case eq 12 no longer holds and thermal diffusion is ob
served. This effect occurred in the composition 
range up to about 30 mole %  bismuth.

It is of interest to calculate the entropy of transport 
from the thermoelectric data and for this purpose we 
turn to the steady-state thermoelectric potentials. 
As was pointed out by Temkin and Khoroshin,16 the 
steady-state potential of a thermocell depends only on 
the transported entropy of the ion that is reversible 
to the electrodes. In the present case, since the elec
trodes are inert, they are reversible to electrons or, 
in other words, the flow of current may be represented 
by the flow of Bi+ ions toward the anode minus the 
flow of Bi3+ ions toward the cathode. An equation 
may be derived relating the final thermoelectric poten
tial, est, to the entropy of transport of this oxidation- 
reduction couple by setting up a heat balance at one 
of the electrodes (see, e.g., Pitzer).16 We consider the 
entropy changes occurring at the hot electrode and 
equate the sum of these to the Peltier heat in the 
steady state, Q$*.

The entropy absorbed in the reaction at the hot 
electrode is 1/2(Sbi* — 5 b;»+) — 5ei<ex), where 5Bi+ 
and 5Bi*+ represent the partial molar entropies of the 
reduced and oxidized forms, respectively, and 5ei(ex) 
is the entropy of an electron in the external circuit.

The entropy transported away from the hot electrode 
region by diffusion is V2(*S*Bi+ — *S*Bn+) — *S*ei(*x), 
where S*’s are the entropies of transport. Summing 
these terms, we have

I  1
I

I Bi3+I Bi+ I (II)
I

I

In (I), the cation on the left is associated with the 
electron pair; i.e., it has a charge of + 1 , and the adja
cent cation has a charge of + 3 . The singly charged 
cation attracts its surrounding anions less strongly 
than the triply charged cation, and hence those anions 
are somewhat further away. Now in (II), the electron 
pair was transferred to the right, converting the singly 
charged cation to a triply charged one and vice versa. 
This exchange will take place only if the atmospheres 
are the same around each cation.8 On the other hand, 
iodide is also transferred when symmetrization occurs;

— Fvtst =  1/ 2(^111+ — 5 bu+) —

*5el(ex) +  V2($*Bi+ ~  (S*Bii+) — S*el(ex) (16)

where v is the number of equivalents of electricity (i.e., 
unity) and F is the Faraday constant. Since the trans
ported entropy S is the sum of the entropy of transport 
S* and the partial entropy, S, eq 16 becomes

■— F t  St =  V 2 ( < S B i+  —  S b ü +) —  /S e l(e x )

Now, if we recognize that in this system the tungsten

(12) H . J. V . T yrre ll, “ D iffusion  and  H ea t F low  in  L iq u id s ,”  B u tter- 
w orth  an d  C o . L td ., L on d on , 1961.
(13) K . W irtz , Z . P h ysik , 44, 221 (1943).
(14) K . G . D en b igh , Trans. Faraday Soc., 48, 1 (1952).
(15) M . I . T em k in  and  A . Z . K h orosh in , Z h. F iz . K h im ., 26 , 500 
(1952).
(16) K . S. P itzer, / .  P h ys. Chem ., 65 , 147 (1961).
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electrode is reversible only to electrons, since only they 
cross the electrode-solution interface, then the cell 
reaction may be written

electrons (solution) — > electrons (electrode)

Thus, the final thermoelectric power becomes

— Fiat = l/i  $2e — (SeKex) (17)

where is the transported entropy of the electron 
pair in the solution. The value of $ei(ex) has been 
shown12 to be small (about 0.05 eu) and is therefore 
neglected. The results for x / 2 & e  at 500° are shown in 
Table II.

Table II

1/2S2e, V  2*S2e, V*8*Se, V2Q*2e,
X B i eu eu eu kcal

0.01 106 4.2 102 79
0.03 72 3.0 69 53
0.05 50 2.5 48 37
0.10 14 1.7 12 9.3
0.15 11 1.2 10 7.7
0.20 5.3 0.8 4.5 3.5
0.25 - 1 .2 0.5 -1 .7 - 1 .3
0.30 - 2 .3 0.18 -2 .5 -1 .9
0.35 - 2 .8 0.0 - 2 .8 -2 .2
0.50 -1 .0 0.0 - 1 .0 -0 .7 7
0.80 -0 .5 8 0.0 -0 .5 8 -0 .4 5
0.90 -0 .4 2 0.0 -0 .4 2 -0 .3 2

The transported entropy is rather unique in that it is 
an experimentally accessible single-ion quantity. How
ever, the partial molar entropies are not, and some sort 
of estimate must be made in order that the entropy of 
transport may be calculated. Raleigh and Topol7 have 
used the expression

iBi3+l
S*. = R In +  A>SBi (18)

[ B i + ]

in which the first term is a configurational entropy 
term and the second involves the change in entropy 
due to the change of ionic atmosphere of the cation 
when it changes its oxidation state. As was pointed 
out by Raleigh and Topol,7 the iodide ion is so much 
larger than the cations that the geometry of the system 
fixes to some extent the number of nearest neighbors 
surrounding either cation. Therefore, the term ASBi 
is probably fairly composition independent, and since 
the magnitude of this term is small compared to the 
transported entropy, we will neglect it in the quali
tative discussion below. Then, substituting (18) into 
(17), we have

V»S*f = - F est -  VJt In —̂ 7  (19)
[Bi+J

The values of 1//2iS'*2e obtained from eq 19 at 500° are 
shown in Figure 3 and are tabulated in Table II along 
with the heats of transport X/ 2Q*2e.

Figure 3. One-half of the entropy of transport of the 
electron pair in solution vs. mole fraction of bismuth.

The quantity 1A('S*Bi+ — $*Bi3+) tends toward 
zero as metal is added between the compositions of 
nearly pure salt and 30% bismuth. This behavior 
is consistent with the electron-hopping theory, since 
as electron exchange becomes more common in the melt, 
more cations become indistinguishable as far as diffu
sion is concerned. Between 30 and 60% metal all 
the cations have an average charge between + 2  and 
+  1, and the system consists of a one-component melt 
with the formula Bilx where x is between 2 and 1. 
At low metal concentrations where there is a smaller 
amount of electron exchange occurring, there is a 
larger difference in the effect the flux of each of the 
two cation forms has on its surroundings. Since it is 
this effect which determines the entropy of transport, 
the difference x/ 2($ * Bi + — /S*Bi,+) is large.

Throughout the remainder of the compositions from 
60 to 90% metal, no Soret effect is observed. The 
average cation charge at x/ 3 mole fraction metal is 
+ 2 ; i.e., half the cations have a charge of + 1  at any 
one instant even though the valence state of a particu
lar cation is rapidly shifting. Above 50 mole % , the 
appearance of metallic bismuth is suggested by mag
netic susceptibility data6 and beyond 2/ 3 mole frac
tion metal, where the cations have an average charge 
between + 1  and 0, the melt probably consists mostly 
of Bi+ cations, I -  ions, and metallic bismuth. If the 
conductivity mechanism shifts to a one-electron ex
change between Bi and Bi+, the cations would still be
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indistinguishable, accounting for the lack of thermal 
diffusion. If the more easily ionized Bi is contributing 
electrons to some sort of conduction band, these ions 
would still be indistinguishable from the Bi+ cations in 
the melt. Therefore, the conductivity model would 
predict no thermal diffusion, and in fact none is ob
served. However, thermal diffusion experiments can
not distinguish between these mechanisms in the metal- 
rich region. In the region below 2/ 3 mole fraction of 
bismuth, on the other hand, the fact that no Soret 
effect is observed clearly demonstrates that electron 
exchange is the conductivity mechanism. This is be

cause it is the only mechanism by which Bi3+ and Bi+ 
can be rendered indistinguishable as far as mass trans
port is concerned.

The electron-jump mechanism would be facilitated 
by an increase in temperature.8 The data indicate 
less of a Soret effect at higher temperatures at compo
sitions between 1 and 30 mole %. Due to a greater 
amount of exchange, the quantity V2(»S*Bi+ — S*Bi>+) 
thus decreases with increasing temperature.
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Intrinsic viscosity measurements have been made on polyethylene fractions in various 9 
solvents, biphenyl, diphenylmethane, diphenyl ether, octanol-1, decanol-1, and dodecanol-1 
at 127.5, 142.2, 161.4, 180.1, 153.3, and 137.3°, respectively. The linear relationship 
between M e and M l/l for polyethylene in diphenyl ether previously observed appears to 
be valid in all the 9 solvents investigated, the proportionality constant K  (h ]e =  KM i/2 
with [i?]e in dl g-1) being equal to 3.23, 3.15, 2.95, 2.86, 3.02, and 3.07 X 10-3 at the respec
tive 9 temperatures. The temperature coefficient, d In (r1 2)0/d T  X 103 4 5 6of the unperturbed 
dimension calculated from the intrinsic viscosities in biphenyl and diphenylmethane is — 1. lg 
±  0.5, in agreement with the results obtained by Nakajima, et al.; the same quantity cal
culated from the intrinsic viscosities in the higher alcohols is — 1. lg ±  0.2 deg-1. One of the 
most striking features of the results reported here is the small difference between the alcohols 
on the one hand and the aromatic hydrocarbons on the other. The close similarity seems to 
indicate rather clearly that specific solvent effects for this nonpolar polymer must be quite 
small. The temperature coefficient values obtained here are essentially identical with 
those obtained by stress-temperature measurements ( —1.16 ±  0.10) and by intrinsic 
viscosity measurements in athermal solvents ( —1.2 ±  0.2). We are led to conclude 
that the results obtained with the three independent methods are consistent.

Introduction

The determination of the unperturbed dimension of 
polyethylene and its temperature coefficient has been 
a subject of interest in recent years.1-3 Comparison 
of experimental results with theoretical calculations 
yields valuable information on the conformation and 
internal rotation of the polymer chain.3-6

As is known, the temperature coefficient has been 
successfully determined by the stress-temperature co
efficient of a cross-linked network7 and by the tempera
ture coefficient of the intrinsic viscosity fij] of the poly
mer in athermal solvents.8

Recently, close agreement between the values of the 
unperturbed dimension obtained by intrinsic viscosity 
measurements in athermal solvents (with appropriate 
corrections for the excluded volume effect) and by direct 
measurements in a 9 solvent (diphenyl ether at 161.4°) 
has been achieved.9 One may be inclined to think 
that the temperature coefficient can be determined by

measuring the intrinsic viscosities directly in different 
9 solvents at the respective 9 temperatures by making 
use of eq 1

d In (r2)o d ln [i)]e
dT “  A  “ dT -  (1)

where (r2)0 is the unperturbed mean-square end-to-end 
distance. However, careful examination reveals that

(1 ) See, fo r  exam ple, M . V . V olkenstein , “ C on figu ration al S ta tistics 
o f  P o lym e r  C ha ins”  (E nglish  transi), In terscien ce  P ublishers, In c ., 
N ew  Y o rk , N . Y .,  1963.

(2 ) P . J. F lory , C . A . J. H oev e , and  A . C iferri, J . P olym er S ci., 34 , 
337 (1959).

(3 ) P . J. F lory , P roc. N atl. Acad. Sci. U. S ., 51, 1060 (1964).
(4 ) C . A . J. H o e v e , J . Chem. P h ys., 35 , 1266 (1961).
(5 ) K . H a ga i and  T . Ish ik aw a, ib id ., 37 , 496 (1962).
(6 ) P . J. F lo ry  an d  R . L . Jernigen, ibid., 42 , 3509 (1965).
(7 ) A . C iferri, C . A . J. H o e v e , and  P . J. F lory , J. A m . Chem . Soc , 
83 , 1015 (1961).

(8 ) P . J. F lo ry , A . C iferri, and  R . C h iang , ibid., 83 , 1023 (1961).
(9 ) R . C hiang, J. P h ys. Chem., 69 , 1645 (1965).
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this direct procedure is not as simple as it may seem to 
be. In the first place, the temperature coefficient of 
hie to be determined is very small, usually much smaller 
than that of [ij] itself near the 9 point; an error of 1-2° 
in the 6 point, which is not unlikely, will introduce an 
appreciable error in the final value of d In (r2)0/dT . 
Even more bothersome is the fact that the solvent used 
plays an important role in determining the unperturbed 
dimension of the polymer chain (the so-called specific 
solvent effect10-12). The specific solvent effect, though 
small, may easily be sufficient to invalidate the calcula
tion. Thus Schulz and Baumann13 obtained the tem
perature coefficient for polystyrene in various solvents 
with no definite correlation, and Abe and Fujita,14 
studying the effect of mixed solvents, reached the con
clusion that the temperature coefficient can be positive, 
negative, or zero, depending on the values of the energy 
parameter k x . Orofino and Ciferri15 were the first to 
obtain the temperature coefficient for polystyrene in 
agreement with the stress-temperature value by limit
ing their intrinsic viscosity measurements in 1-chloro 
derivatives of hydrocarbons with similar chemical 
structures.

In the case of polyethylene, Nakajima, Hamada, 
and Hayashi16 have determined the intrinsic viscosities 
in three different solvents, biphenyl, diphenylmethane, 
and diphenyl ether, and found that the temperature 
coefficient calculated from these three fo ]e values is in 
excellent agreement with the values obtained by stress- 
temperature measurements and by intrinsic viscosity 
measurements in athermal solvents. However, no 
reference was made to measurements in other solvents, 
nor to the possible influence of the specific solvent effect 
on the calculated value of the temperature coefficient of 
the unperturbed dimension. Thus any specific sol
vent effects would not have been revealed in their in
vestigation. In the present study, we are primarily 
concerned with this effect and therefore determined 
the intrinsic viscosities of polyethylene in different 
series of 9 solvents for the purpose of (1) obtaining more 
data to check our previous intrinsic viscosity h ]e 
obtained in diphenyl ether;9 (2) determining the 
specific solvent effect, if any; and (3) confirming, in a 
definitive manner, the value of the temperature co
efficient obtained by other methods.7’10 11 12 13 14 8 16

Polyethylene, the simplest member in the polymer 
family, is of particular interest because its unperturbed 
dimension has been treated most extensively. It is 
also the most nonpolar polymer whose dimension should 
be least affected by the solvent. The 9 solvents used 
here belonged to three different homologous series, 
each with great similarities in chemical structure, and 
hence in physical properties such as dipole moments,

cohesive energy densities, etc., which might affect the 
dimension of the polymer. The 9 solvents included (1) 
aromatic hydrocarbons (biphenyl and diphenylmeth
ane), (2) diphenyl ether, and (3) higher alcohols (oc- 
tanol-1, decanol-1, and dodecanol-1). The Flory 9 
points for the respective solvents are taken from the 
paper by Nakajima, et al.17 The values in biphenyl 
and dodecanol-1 reported by these authors are in agree
ment with the corresponding values obtained by 
Stacy and Arnett18 and the value in diphenyl ether 
is in agreement with that reported by Chiang.9 All 
of the above 9 points were obtained by the liquid- 
liquid phase separation technique first developed by 
Shultz and Flory.19 Scholte and Koningsveld,20 on 
the basis of the light scattering results, confirmed 
Nakajima’s result of 127° as a correct 9 temperature for 
polyethylene in biphenyl.

Experim ental Section

Polymer Samples. The samples used here were frac
tions separated from Marlex 50 and most of them were 
used in our previous studies.9 Characteristics of the 
f ractions are given in Table I.

Solvents. All of the solvents were obtained from the 
Eastman Kodak Co. and used without further puri
fication. Since polyethylene is sensitive to oxidation 
at elevated temperatures, it is imperative to protect 
the polymer during measurements by the addition of 
a stabilizer and rigorous exclusion of air. In the ex
periments reported here phenyl-/3-naphthylamine used 
as a stabilizer was introduced at room temperature at 
a concentration of 0.2% into the solvent. In order to 
decompose any peroxides originally present, the solvent 
was first saturated with nitrogen, then heated to a

(10) K . J. Iv in , H . A . E nde, and G . M ey erh o ff, P olym er, 3 , 129
(1 9 6 2 ) .
(11) V . C rescenzi and P . J. F lory , J. A m . Chem. Soc., 86 , 141 (1964).
(12) T . A . O rofino and J. W . M ick e y , Jr., J. Chem. P h ys ., 38 , 2512
(1 9 6 3 ) .
(13) G . V . Schulz and  H . B au m an n, M akrom ol. Chem ., 60 , 120 
(1963).
(14) M . A b e  and H . F u jita , J. P hys. Chem ., 69 , 3263 (1965).
(15) T . A . O rofino and  A . C iferri, ib id ., 68 , 3136 (1964).
(16) A . N ak a jim a , F . H am ada, and  S. H ayashi, paper presented  at 
the  jo in t  U . S .-J a p a n  S ym p osium  on  P olym er P hysics, K y o to , 
Japan , O ct 1965.
(17) A . N ak a jim a , H . F u jiw are, and  F . H am ada, “ Phase R ela tion 
ships and T h erm od yn a m ic In teraction s in  L inear P o lye th y le n e - 
D ilu en t S ystem s,”  J. P olym er Sci., in  press. T h e  au th or is in debted  
to  P ro f. N ak a jim a  and his co-w ork ers fo r  a llow ing h im  to  use their 
results.
(18) C . J. S ta cy  and R . L . A rn ett, J . P h ys. Chem., 69 , 3109 (1965).
(19) A . R . Shultz and  P . J. F lory , J. A m . Chem. Soc., 74, 4760 
(1 9 5 2 ); P . J. F lory , “ P rincip les o f  P o lym er  C h em istry ,”  C ornell 
U n iversity , Ith aca , N . Y .,  1953.
(20) R esu lts c ited  b y  A . O pschoor, M akrom ol. Chem., 85 , 249 
(1965).
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Table I : Polymer Fractions

Fraction
no.

hi in
decalin 
at 135°, 
dlg-> M, X 10-

VII-l 0.530 (15.4)'
VII-2 0.618 21.9
VIII-4 0.936 35.6
VIII-5 1.055 (41.2)
VIII-6 1.445 74.4
VIII-7 1.885 (94.7)
VIII-8 2.13 126
IX 3.80 299
X 9.85 1035

“ Numbers in the parentheses are calculated from the equa
tion, bP'Wano = 6.2 X 10“ 4 MJ-m.

temperature a few degrees above the temperature re
quired for the viscosity measurement. Bubbling of 
nitrogen was not interrupted until the solvent had 
cooled down to room temperature. Under no condi
tions was the polymer or the solvent allowed to come 
in contact with air at evelated temperatures. Specific 
volumes used to calculate the concentrations in grams 
per deciliter were measured pycnometrically.

Viscometry. Viscosities were measured at the re
spective 9 temperature with a modified Cannon- 
Ubbelohde dilution viscometer, the construction of 
which has been described previously.8 A coarse 
sintered glass filter was fitted in the viscometer to 
remove any extraneous insoluble material before the 
solution was allowed to come into the capillary. Vis
cometers with appropriate capillary sizes were used; 
flow times, measured to the nearest 0.1 sec, were 
169.10, 151.02, 131.72, 110.58, 181.48, and 161.30 sec 
for biphenyl, diphenylmethane, diphenyl ether, octanol-
1, decanol-1, and dodecanol-1 at the corresponding 9 
temperatures.

Solutions were prepared by introducing measured 
quantities of the polymer and the solvent into the 
viscometer. Concentrations of the solutions were so 
adjusted that the specific viscosities ranged from 0.08 
to 0.40. To exclude traces of air, the viscometer was 
operated under a slight positive pressure of nitrogen. 
The procedure of degassing, dilution, and measurement 
has been described previously.8 Special attention was 
given to the preparation of uniform solutions, rigorous 
exclusion of air, and proper alignment of the viscometer. 
In the absence of air, polyethylene is very stable. 
One sample, for example, heated in dodecanol at 200° 
for 1 hr, 190° for 2 hr, and maintained at 150° over
night, showed no sign of change in viscosity. Failure

to exclude oxygen often yielded abnormally high vis
cosity. Possibly, the polymer radical combines with 
another radical (or molecule), forming a polymer with 
molecular weight higher than the original polymer. 
Loss of solvent by evaporation presents a problem at 
elevated temperatures since octanol, bp 194°, has an 
appreciable vapor pressure at 180° and biphenyl tends 
to sublime somewhat. However, the specific viscosity 
obtained on each solution by successive dilution and by 
the use of a fresh solution at the corresponding concen
tration did not exceed 1% and the solution upon stand
ing overnight did not show change in flow time. Thus 
under the experimental conditions the amount of sol
vent lost was negligible.

R esu lts and D iscussion

Since the temperature coefficient of the intrinsic 
viscosity of polyethylene is very small, in the neigh
borhood of —1.8 X 10-3 deg-1, intrinsic viscosities 
must be determined with a high degree of accuracy. 
To optimize the conditions of measurements, the tem
perature range over which the measurements are carried 
out should be as wide as possible and the temperature 
coefficient of the intrinsic viscosity near the 9 point 
should be small. Using samples of high fo] helps 
somewhat, but the advantage is offset by the weighing 
error of the small size of the sample and by the difficul
ties of dissolving the high molecular weight material. 
Among all the solvents studied, higher alcohols seem 
to best meet the above requirements. It is important 
to note that the temperature coefficient of the intrinsic 
viscosity near the 9 point is relatively small; for ex
ample, the temperature coefficient, d In M /dT , is 
approximately 0.0021 deg-1 in dodecanol as compared 
to 0.0070 deg-1 in diphenyl ether. Thus, an error of 
2° in 9 point results in an error of 0.4% in [rj]e when 
measured in alcohols, as compared to 1.4% in diphenyl 
ether. Everything else being equal, this three- to 
fourfold reduction in d In fo]/dT of the polymer near 
the 9 point in alcohols will make the error in d In (r2)„/dT 
tolerable even if we have an experimental error of 2° 
in locating the true 9 point.

Intrinsic Viscosities in Dodecanol-1 at Its 9 Tempera-

Table II: Viscosity Data on Polyethylene Fractions 
in Dodecanol-1 at 137.3°

hie, k in
dl g-1 eq 2

0 .6 2 1 0.70
0.945 0.69
1 .060 0.78
3 . 1 3 0 .6 3 -0 .70
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Figure 1. Logarithmic plot of M e against M  for 
polyethylene in various 9 solvents. The lines are 
drawn with a theoretical slope of 1/i, illustrating the 
linear relationship between M e and M 1'2.

ture. To illustrate the consistency of the results, the 
intrinsic viscosities obtained on different polyethylene 
fractions in dodecanol-1 at 137.3° are shown in Table II. 
The concentration dependence can be described by the 
equation

—  = m  +  (2)c

The exponent 2.5 of h] in the second term of eq 2 was 
adjusted arbitrarily in order to retain the constancy of 
the value of k over a wide range of molecular weights.

The [77 ]0-M 1/! Relationship. Intrinsic viscosities of 
various samples determined in diphenyl ether, do
decanol-1, and biphenyl are plotted against the molecu
lar weight (calculated from the intrinsic viscosity meas
ured in decalin at 135°) on a logarithmic scale (Figure 
1). The lines are drawn with a theoretical slope of 
x/ 2. The linearity between [77 ]e and M'h reported 
previously9 appears to be valid for all the solvents in
vestigated, the proportionality constant K  ([t)]0 =  
KM '12 dl g_1) being equal to 3.23, 3.15, 2.95, 2.86,
3.02, and 3.07 X 10-3 in biphenyl, diphenylmethane, 
diphenyl ether, octanol-1, decanol-1, and dodecanol-1 
at their respective 9 temperatures.

The Temperature Coefficient d In [r)]e/dT. In the 
determination of the effect of temperature on fo]0) 
only one fraction, VIII-7, was used to avoid uncer
tainties due to sample variations. Results thus 
obtained are given in Table III.

When [77 ]e values are plotted against 0, two lines can

be drawn, one passing through the points for biphenyl 
and diphenylmethane (line 1) and the other for the 
higher alcohols (line 2). The two nearly parallel lines 
obtained are separated by a “ gap”  of 0.03 to 0.04 in 
intrinsic viscosity units which exceeds the limit of the 
experimental error. This seems to suggest that the 
specific solvent effects commonly observed on polar 
polymers can also be detected even in the case of poly
ethylene. It further indicates that the specific sol
vent effects are minimized by grouping the intrinsic 
viscosities according to the chemical structures of the 
solvents.

The temperature coefficients d In < r2)0/d T  obtained 
in the hydrocarbons and in the alcohols are — l.lg  
and — I-I9 X 10-3, respectively. However, the 
agreement cannot be considered anything more than 
coincidental in view of the fact that the former value 
is less certain because of the narrow temperature 
range used. On the other hand, the temperature 
coefficient obtained from the [77 ]e of the polymer in 
the higher alcohols, for the reasons discussed above, is 
more accurate. If the assumption that the specific 
solvent effects are minimized (or nullified) in the 
alcohols is true, then we are reasonably sure of the value 
of — l.lg  X 10-3 for d In (r2)0/dT, with a possible 
error of ±0 .2  X 10-3.

The temperature coefficient calculated by using the 
intrinsic viscosity in diphenyl ether is open to question. 
Nakajima, et al., concluded that the temperature co
efficient can be calculated from the [77 ]Q measured in 
biphenyl, diphenylmethane, and diphenyl ether as 
well (line 1). Our results, however, indicate that 
diphenyl ether, for no apparent theoretical reason, 
falls on line 2 along with the higher alcohols. The 
discrepancy appears to arise through the use of dif
ferent 9 temperatures, namely 163.9° by Nakajima 
and 161.4° by Chiang. The least-squares analysis of 
Nakajima’s data (Table II, ref 16) gives a value of 
161.9° for the 9 temperature of polyethylene in di
phenyl ether. Taking the value of 163.9° reported 
by Nakajima and applying the factor 0.0070 deg-1 for 
the change in In [ 77 ]  with respect to temperature, we 
observe that diphenyl ether will then fall on line 1 as 
reported by Nakajima (open square in Figure 2). 
Thus the results obtained by Nakajima and by us are 
internally consistent.

In any event, inasmuch as the temperature coefficient 
can be calculated from the intrinsic viscosities in aro
matic hydrocarbons or in higher alcohols, the result in 
diphenyl ether is of little importance for the present 
purpose of confirming the value of the temperature 
coefficient of the dimension of polyethylene.
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Table HI: [?/]e of Fraction VIII-7 in Various Solvents at the Respective 9 Temperatures“

,---------------- Hydrocarbons---- ✓------------------Higher alcohols----
e°c We 0°C hie e°C hie

Biphenyl 127.5 0.996 Dodecanol-l 137.3 0.943 Diphenyl 161.4 0.9106
Diphenyl- 142.2 0.971 Decanol-1 153.3 0.930 ether (163.9) (0.926)°

methane 0.968 0.925
Octanol-1 180.1 0.875

0.886
d In Iwlo

----- X 10s = 1.74 ±  0.7“ 1.78 ±  0.3

d In (r2)c
- ...X 103 =  1.16 ±  0.5d T 1.19 ±  0.2

“ It should be emphasized that the value of d In Me/dT given here is derived from a single sample. However, our data also justify 
the use of the more general form d In K/dT in place of d In Me/dF. 6 As compared to 0.907 calculated from the intrinsic viscosity 
in decalin at 135° (ref 9). ° See text. d The deviations are estimated on the basis that the experimental error in measuring M e is 
±0.01 intrinsic viscosity unit.

Figure 2. Variation of [ij]e with 9 for polyethylene 
in various 9 solvents. The lines are drawn empirically 
according to the chemical structure of the solvent.

Conclusions

One of the most striking features of the results re
ported here is the small difference in [î?]e (compared,

of course, at the same temperature) between alcohols 
on the one hand and the aromatic hydrocarbons on the 
other. The close similarity seems to indicate rather 
clearly that specific solvent effects for this nonpolar 
polymer must be quite small. They seem to be much 
smaller than those found by Schulz and Baumann for 
polystyrene and by Crescenzi and Flory for poly(di- 
methylsiloxane). The small solvent effect permits 
calculation of the temperature coefficient in this manner 
without introducing serious error.

In summary, the temperature coefficient d In (r2)0/d 7 7 
calculated from the intrinsic viscosities in biphenyl and 
diphenylmethane is —1.16 X 10~3 deg-1 with a high 
degree of uncertainty and that from the intrinsic 
viscosities in higher alcohols is — l.lg  X 10-3 deg-1 
with a possible error of only ±0 .2  X 10~3. These 
results, in addition to those reported by Nakajima, 
et al., furnish further experimental evidence in support 
of the values deduced from stress-temperature measure
ments as well as from intrinsic viscosity measurements 
in athermal solvents.
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Ion-M olecule Reactions in A cetonitrile and P ropionitrile1“

by J. L . Franklin, Y asu o W a d a , P . N a ta lis ,lb and P . M .  H ierl

Department of Chemistry, Rice University, Houston, Texas (Received February 7, 1966)

The mass spectra of acetonitrile and propionitrile have been determined as a function of 
pressure and time. The principal secondary ion formed with each compound is the M +  
1 ion. With CH3CN the ion C2H4CN+ is also formed with moderate abundance, and with 
C2H5CN, C2Hb+, C2H6+, CH3CN+, and CH4CN+ are formed in moderate abundance. 
Both compounds exhibit a large number of secondary ions formed in small amounts. The 
doubly solvated proton is observed with both compounds but in intensities too small for 
study. In order to establish the composition of the various ions, spectra were obtained 
of the perdeuterated compounds also. Rate studies were made by varying both pressure 
and time, and rate constants were obtained for most of the principal reactions.

Introduction

Ion-molecule reactions in acetonitrile and propioni
trile have been subjected to two previous investiga
tions.2 Each of these was undertaken for rather special 
purposes and did not consider all of the reactions oc
curring. Both studies were carried out at pressures be
low about 2 ¡j. and thus at conditions where many 
secondary ions could not be observed, and neither em
ployed variation of both time and pressure in the de
termination of reaction rates. In view of the limited 
conditions employed in the previous studies, this in
vestigation was undertaken to obtain more complete 
knowledge of the collision reactions of the ions in ace
tonitrile and propionitrile.

Experim ental Section

Mass spectra were obtained by means of a Bendix 
time-of-flight mass spectrometer Model 12-107 
equipped with a special ion source and auxiliary pumping 
system Model 1077, capable of operating at source 
pressures up to 100 ju. Pressures in the ionization re
gion were measured by an M. K. S. Type 77 Baratron 
pressure meter connected directly to the ionization 
chamber through a 0.25-in. i.d. opening in the flange 
upon which the source was mounted. The ionization 
region was separated from this opening only by a back
ing electrode made of a highly porous mesh of fine wire. 
Pressures were kept constant during an experiment by 
using a 12-1. sample gas reservoir and a suitable gold 
foil leak system. The variation of the residence time of 
ions in the ionization region was accomplished by de

laying the ion focus pulse over a continuously variable 
range from 0 to several /.sec after shutting off the elec
tron pulse.

The samples of acetonitrile and propionitrile were 
spectrograde products from Eastman Organic Chemi
cals. The samples of acetonitrile-d3 and propionitrile- 
d6 were obtained from Merck Sharp and Dohme of 
Canada Ltd. The mass spectra of CH3CN and C2H5- 
CN showed no significant impurities and were in good 
agreement with those reported in the literature. From 
mass spectral analyses the deuterium content of aceto
nitrile-da and propionitrile-d5 was found to be 99.4 and 
98.7%, respectively.

The ionization potentials of all compounds were de
termined using a Consolidated Electrodynamics Corp. 
mass spectrometer, Type 21-701,3 against X e as ref
erence gas. The appearance potentials of major pri
mary and secondary ions were determined, using the 
Bendix time-of-flight mass spectrometer mentioned 
above against the parent ions as voltage standards. 
The extrapolated difference method4 5 and the technique 
of Lossing, Tickner, and Bryce6 were used for deter

(1 ) (a ) T h is  w ork  was su pp orted  b y  a  grant from  the R o b e r t  A . 
W e lch  F ou n dation , (b ) C hercheur qualifie o f  th e  B elg ian  F ond s 
N ation a l de la  R ech erch e  Scientifique. O n  leave  o f  absence from  the 
U n iversity  o f  L iege, B elgium .
(2 ) (a ) T . W . M artin  and C . E . M elton , J. Chem. Phys., 32 , 700 
(I 9 6 0 ) ;  (b ) T . F . M ora n  and W . H . H am ill, ibid., 39 , 1413 (1963).
(3 ) P . N ata lis  and J. L . F ranklin , J. Phys. Chem., 69, 2935 (1965).
(4 ) J. W . W arren , Nature, 165 , 811 (1950).
(5 ) F . P . L ossing, A . W . T ick n er, and W . A . B ryce , J. Chem. Phys.,
19, 1254 (1951).
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mination of ionization and appearance potentials. The 
reproducibility of the data so obtained was 0.05 to 
0.3 v.

It has been observed that the resolution of adjacent 
peaks of unit mass difference becomes poorer with in
crease of either pressure or time delay. This makes it 
difficult to measure peak heights of ions of small inten
sity with good accuracy at the higher conditions of pres
sure or time delay.

Reaction rates were determined by two methods:
(1) varying the source pressure and (2) varying the re
action time. In the pressure studies the reaction time 
was taken as the rise time plus pulse duration, which 
was maintained at 0 . 2 5  m - This involves a slight error 
due to the fact that the ions spend a small additional 
interval in the source while being swept out by the ion- 
focus pulse. Since the potential employed to with
draw the ions from the source was about 3 0 0  v and the 
distance 1.14 mm, the additional time required for the 
ions to reach an energy too great for reaction to occur 
was small enough to be neglected.

In the time studies pressure was held constant at 
about 30 ¡x and the time varied, the total time being the 
sum of the rise time, electron-pulse duration, and ion- 
focus pulse delay, the latter being changed in incre
ments of 0.25 /isec. Although it is possible to delay the 
ion-focus pulse as much as 20 Msec, delays of more than
1-1.5 ¿usee give very doubtful results since most ions be
gin to reach the wall by diffusion and be destroyed 
there after 1-1.5 Msec. In all of the studies the source 
temperature was assumed to be 300°K.

As a check upon the reliability of our measurements 
the rates of the reactions

CH4+ +  CH4 — ► CH6+ +  CH3 (1)
CH3+ +  CH4 — >  C2H6+ +  H2 ( 2 )

were determined by measuring both the depletion of 
CH4+ and CH3+ and the formation of CH5+ and C2H6+ 
as a function of time at several pressures. The results 
are given in Table I. These results are in reasonable 
agreement with the values of 9.9 X 10-10 and 7.9 X 
10~10 for reactions 1 and 2, respectively, determined by 
Field, Franklin, and Munson.6 7 8 It is of especial in
terest that these results for reaction 1 agree reasonably 
well with values of 1.16 X 10~97 and 1.11 X 10-98 cc/ 
molecule sec obtained by a similar pulse technique in 
which reaction occurs in an essentially field-free source.

R esu lts and D iscussion

Typical spectra for both the nitriles and the corre
sponding perdeuterionitriles are given in Table II. The 
spectra are in generally satisfactory agreement with 
those obtained in other laboratories employing

Table I

P re ssu re , -----------------------------------109&, c c /m o le c u le  sec-
—c m + +  CHS + -C H j + +  C2H5 +

10 1.23 1.23 0.72
14 1.32 1.39 0.70 0.72
15 1.20 0.65
20 0.87
30 0.64
48 1.25 1.39 0.66 0.57

Average 1.25 1.34 0.70 0.67

magnetic instruments.9 The table includes low- 
pressure spectra as well as typical results at source 
pressures of about 30 m- The latter data are given to 
indicate especially the principal secondary ions that are 
formed. Unfortunately, we are not in a position from 
mass numbers alone to establish the composition of 
several ions that are present in the mass spectra of these 
compounds. For example, the ion at mass 26 may 
be either C2H2 or CN; that at mass 27 may be C2H 3 
or HCN, etc. Because of this ambiguity, the low- 
pressure spectra were obtained on a high-resolution in
strument, and these indicate the approximate com
position of some of the ions of nominal mass numbers 
between 24 and 30. This could not be done for second
ary ions because of pressure limitations of the instru
ment. Consequently, studies were also made of the 
perdeutero compounds. From the shifts in mass for 
ions of corresponding intensity, it was possible in most 
cases to make clear determinations of the composition 
of the probable secondary ions. Table III lists these 
secondary ions for both acetonitrile and propionitrile. 
Since the majority of these ions were present in very 
small intensity, it was not possible to obtain rate data 
or to identify the corresponding precursors for many of 
them.

Acetonitrile. As an aid in identifying the precursors 
of the principal secondary ions, the appearance poten
tials of these ions and of the principal primary ions in 
the mass spectrum of acetonitrial were determined. 
Only the ionization potentials of the two perdeuterio 
compounds were determined, since the appearance 
potentials of deuterated ions would differ little from

(6 ) F . H . F ield , J. L . F ranklin , and  M . S. B . M u n son , J. A m . Chem. 
Soc., 85 , 3575 (1963).

(7 ) V . L . T a lT o ze  and  E . L . F rankevich , Russ. J . P h ys. Chem ., 34 , 
1275 (1960).

(8 ) C . W . H a n d  and H . V o n  W eyssenhoff, Can. J . Chem., 42 , 195 
(1964).

(9 ) “ C ata log  o f  M ass Spectral D a ta ,”  A m erican  P etroleum  In stitu te , 
A gricu ltura l and  M ech an ica l C ollege  o f  T exas, C ollege  S ta tion , 
T exas.
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Table II : Mass Spectra

•CHaCN— -------------- -----------------C D Æ N -------------- . ,----- --- ------ C2H5CN------------- --------- ----------------C2D6CN-
m/e 10-3 y CO o ■p 10"' y 30 y 10-» y 30 y 10-« y 30 y
12 1.15 0.97 0.30 0.47 0.26 0.04 0.12
13 0.87 0.66 0.31 0.20
14 4.48 3.47 0.30 0.50 1.15 0.44 0.37
15 0.85 1.91 3.73 2.82
15.8 1.52 0.70
16 3.50 3.28 0.75 0.39
18 1.14 1.74 4.40 2.7
19.3 0.4 Trace
24 0.45 0.11
25 1.35 0.73
26 1.92“ 2.25 0.93 0.66 7.78e 5.39
27 1.19s 4.18 7.35" 6.21
28 2.07 2.24 1.16 1.97 38.22' 24.36 6.70 3.44
29 2.73
30 1.17 4.71 1.35 13.90 8.60
32 32.30 20.40
34 1.70
36 0.80
38 3.07 2.67 0.31 1.80 1.42 0.95 1.10 0.62
39 6.80 5.03 1.62 2.06
40 23.48 21.97 4.48 5.08 2.05 1.71 1.30 0.71
41 51.50 27.81 0.26 1.05
42 0.80 21.29 23.8 23.15 0.02 1.7: 1.90 1.90
44 58.1 32.9 0.03
46 19.6 1.40
51 2.51 1.17
52 3.63 2.87 0.50
53 0.57 1.56 1.42
54 2.22 0.29 21.10 17.55 1.50 0.96
55 5.62 4.31
56 0.24 0.43 21.61 1.20 1.00
58 1.62 19.50 13.50
60 6.50 6.30
62 19.30

Approximately 60% CN+, 40% C2H2+. b Approximately 85% HCN+, 15% C2H3+. c Approximately 98% C2H2+, 2% C
d Approximately 93% C2H3+, 7% HCN+. ' Approximately 80% C2H4+, 20% H2CN+.

that of the corresponding protium ions. It will be 
evident from Table IV that the parent ion is the prin
cipal precursor of CH4CN + and that CH2CN+ is the 
principal precursor of C2H4CN+ in acetonitrile. As 
will be shown subsequently, CH3CN+ is not the only 
precursor of CH4CN +, but, since CH3CN + has the low
est appearance potential of any primary ion in the 
spectrum it will be the one which determines the ap
pearance potential of its product ion (CH4CN+).

As a further means of establishing the principal ion- 
molecule reactions and also as a means of determining 
the reaction rates, spectra were obtained over a range 
of source pressures up to 100 y for both CH3CN and 
CD3CN. The effect of time was studied while holding 
the source pressure fixed at 30 y.  Figure 1 shows the 
changes of the primary and secondary ions from acetoni

trile against pressure and Figure 2 against time. Quali
tatively the results are what one would expect. The 
CH3CN+ decreases in a quite similar fashion with both 
pressure and time, and the corresponding CH4CN + ion 
increases in comparable amount with pressure but in 
considerably greater amount with time. The same ob
servations hold for the perdeuterio compound.

The results are less satisfactory for the reaction

CH2CN+ +  CHsCN — >  C2H4CN+ +  HCN (3)

At the lower pressures (below about 30 y )  the decay of 
CH2CN+ and the increase of C2H4CN+ are approxi
mately equal. At higher pressures or longer times (at 
30 y )  the decay of CH2CN + becomes considerably 
greater than the increase in C2H4CN +. It thus appears 
that CH2CN + is enhanced by some ion-molecule reac-
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Table III : Secondary Ions

—Acetonitrile (50 fi)-
% Of

—Propiomtnle (40 n)-
% of

total total
ion ion

m /e Composition current m /e Composition current
42 c h 4c n + 30 .8 29 c 2h 5+ 3 .9
51 h c 2c n + < 0 . 1 30 c 2h 6+ 3 .0
52 c 2h 2c n + 0 .5 41 CHaCN + 1 . 1
53 c 2h 3c n + 0.8 42 C H 4C N  + 2 .0
54 c 2h 4c n + 3 .4 56 c 2h 6c n + 2 5 .5
64 c 3n 2+ < 0 . 1 65 c 3h 3c n + < 0 . 1
65 H C (C N )2+ < 0 . 1 66 c 3h 4c n + < 0 . 1
66 H 2C (C N )2 + < 0 . 1 67 C H 3(CN)2 + < 0 . 1
67 C H 3(CN)2+ < 0 . 1 68 c 3h 6c n + < 0 . 1
79 C 2H 3(CN)2+ 0 .2 70 c 3h 8c n + 0 .2
81 C 2H 6(CN)2+ 0 . 1 78 c 4h 4c n + < 0 . 1
83 H (C H 3C N )2+ 0 .2 79 c 4h 5c n + < 0 . 1

80 c 4h 6c n + 0 .2
81 C J F C N + < 0 . 1
82 c 4h 8c n  + < 0 . 1
83 c 4h 9c n + < 0 . 1
94 c 6h 8c n + < 0 . 1

1 1 1 H (C 2H6C N )2+ 0 .2

tion during the early stages of reaction, but as the pre
cursor becomes depleted the depletion of CH2CN+ be
comes apparent in a greatly increased rate of disappear
ance. We think that a portion of the CH2CN+ must go 
to form CH4CN + which, as was mentioned above, is 
formed at a considerably greater rate than that at which 
CH3CN+ disappears. These considerations apply to 
both the protium and deuterium compounds.

For a pseudo-first-order reaction a semilogarithmic 
plot of ion intensity against either pressure or time will 
give a straight line, the slope of which will yield the rate 
constant. Rate constants determined in this way are 
given in Table V.

The decay of the principal primary ions (m/e 40 and 
41) with pressure and time agree reasonably well, the 
poorest agreement being k p (H2CCN +). This value was 
computed for pressures above 30 p where the evident 
enhancement of H2CCN+ by reaction of some other ion 
was no longer important. It presumably represents 
the reaction of H2CCN+ to form both CH4CN+ and 
C2H4CN+ according to reactions 3 and 4. The amount

CH2CN+ +  CH3CN — > CH4CN+ +  HCCN (4)

of C2H4CN + produced is about half of the CH2CN + dis
appearing so the rate constants for the two processes 
are approximately equal. Similar behavior is ob
served with CD3CN. Since CH4CN + is formed by two 
different processes, a rate constant for its formation 
would be meaningless.

Figure 1. Effect of pressure on intensities 
of the principal ions of CH3CN.

Figure 2. Effect of time on intensities 
of the principal ions of CH3CN.

One ion of interest is that at mass 83 in the CH3CN 
spectrum (see Table III) and the corresponding one at 
mass 90 in the spectrum of CD3CN. This ion is ob
viously the doubly solvated proton (or deuteron). 
Similar multiply solvated protons have been reported 
for a number of other systems.10’11 The appearance 
potential of this ion is 13.35 ev and thus seems to cor
respond most closely to that of CH2CN +. In spite of 
this we suspect that it comes from the CH4CN + ion 
which results from CH3CN+ as well as CH2CN +. In 
either case the reaction would appear to be third order. 
The fact that the appearance potential of H(CH3CN)2+ 
is between those of CH3CN+ and CH2CN+ is not sur
prising in view of its small intensity.

(10 ) P . F . K n ew stu b b  and  A . W . T ick n er, J. Chem. P h ys ., 36 , 674, 
684 (1962).

(1 1 ) M . S. B . M un son , / .  A m . Chem. Soc., 87 , 2332 (1965).
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Table IV : Appearance Potentials

AP,
m/e Ion AP, ev° Reaction Aflfion lit.

CHsCN
15.8 CHS+ 12.29 ±  0.05 See Discussion
40 c h 2c n + 13.54 ±  0.08 CH3CN — CU/CN+ +  H +  e 281 14.2,h
41 CH.CN + 12.23 db 0.05 CH3CN —■ CH3CN+ +  e 303 12.39'

12.52'
42 CH4CN + 12.27 ±  0.15 CH3CN+ +  CH3CN — CIPCN+ +  CH2CN
54 C Ä C N  + 13.59 ±  0.05 CH2CN + +  CHaCN — CJhCN + +  HCN ^ 271
83 H(CH3CN)2+ 13.25 ±  0.08 See Discussion
42 c d 3c n + 12.29 db 0.05 CD3CN -*  CD3CN+ +  e 304

C2H5CN
28 c 2h 4+ 12.40 ±  0.05 C2H6CN — C2H4+ +  HCN +  e 271
54 C Ä C N  + 12.55 ±  0.05 C Ä C N  — C Ä C N +  +  H +  e 254
55 C2H5CN + 11.70 ±  0.05 C2H6CN — C2H6CN+ +  e 286 11.85'
56 c 2h 6c n + 12.56 ± 0 .0 5 See Discussion <C 206
70 c 3h 8c n + 12.00 ±  0.05 See Discussion
80 c 6h 4c n + 15.26 ±  0.25 ?
60 c 2d 6c n + 11.75 ±  0.05 C2D6CN — C2D6CN+ +  e 287

“ Indicated uncertainties are mean deviations from the mean, not absolute errors. 6 C. A. McDowell and J. W. Warren, Trans' 
Faraday Soc., 48, 1084 (1952). e J. D. Morrison and A. J. C. Nicholson, ./. Chem. Phys., 20, 1021 (1952).

Table V : Rate Constant for the Disappearance of Various Ions in Acetonitrile (cc/molecule sec)

m / e

-ch.cn-
Ion 10»Ad 10»*t m / e

-CD.CN-
Ion 10»fcD 10»*t

14
25

26 

27

38
39
40
41

CH2+ 
C2H +

1.76 3.4
3.64

16
26

CD2 + 
c 2d + 
CN+

1.76
4.8 8.6?

ìc 2h 2+ì 1.34 1.20 28 iC2D2+\ 1.56 3.10
\CN+ J \DCN+J
jH CN +\ 1.43 30 [D 2CN+\ 1.05
\C2H3+ J (C2Ds+ /

c 2n 2.6
h c 2n + 3.0 40 DCCN+ 2.5 6.7?
h 2c c n + 1.78 1.07 42 D2CCN+ 1.15 1.08
h 3c c n + 2.01 2.38 44 d 3c c n + 2.45 1.98

It is of interest to consider some of the minor ions in 
the spectrum of the two acetonitriles. Some of these 
decrease in intensity with pressure or time and others 
increase somewhat. We have no means, however, of 
determining the products of these reactions, although 
in some instances we can determine the rates of dis
appearance of the ion. In Table V we give values for 
the rate of disappearance of several of these ions against 
both pressure and time. A difficulty that we neces
sarily encounter in dealing with the ions of masses 25- 
28 and 38-40 from CH3CN and for masses 26-30 and 
38-42 from CD3CN is that in all probability each ion of 
lower mass extracts a hydrogen (or deuterium) and

thus becomes an ion of the next higher mass. This 
causes the ion of next higher mass to increase slightly 
or to decrease in intensity more slowly than it would if it 
were not being so enhanced. In most instances the 
ion of lower mass is sufficiently depleted at pressures 
above about 30 n so the rate of decrease of the ion of 
higher mass can be observed and measured. In our 
studies the rate constants for variation with both pres
sure and time were determined at pressures above about 
30 ¡x. Because of this competition between growth 
and decay, the rate constants for these processes are 
only approximate.

For those ions which comprise a single compound
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(CHsCN, CD3CN, CH2CN+, CD2CN+, and C2H2+) 
and are of sufficient intensity to permit good measure
ment, the precision of the measurement of k can be 
taken as 0.15-0.25 X 10~9 cc/molecule sec. The re
sults for the less intense ions are in general considerably 
less precise.

One rather important ion remains to be discussed. 
This is the ion whose peak centers around mass 15.8. 
This peak is a broad, irregularly shaped one, charac
teristic of an ion formed either with a wide energy 
spread or formed in a portion of the instrument other 
than the electron beam. Such a peak is thus similar 
to those observed in magnetic instruments as a result 
of either metastable transitions or collision-induced 
decompositions occurring in the ion gun or in the ana
lyzer. In the present instance we are inclined to think 
that this ion occurs as a result of a collision-induced 
decomposition. The appearance potential as seen 
in Table IV is 12.29 ev, in close agreement with the 
ionization potential of CH3CN. The peak shows a 
third-order pressure dependence and so presumably re
sults not from the decomposition of a primary ion but 
of a secondary one. We suspect therefore, because of 
its large size (at 100 ju it is, after mass 42, the largest 
peak in the spectrum), that it results from the collision 
of CH4CN + with CH3CN. Such a reaction would 
show a third-order pressure dependence and an appear
ance potential equal to the ionization potential of 
CH3CN.

We assume that an ion of mass m0 separates into 
daughter ion of mass m and a neutral during with
drawal from the source. We further assume that this 
decomposition occurs after the parent ion has fallen 
through a voltage V\ of a total accelerating voltage V. 
This assumption is slightly erroneous since the total 
withdrawal voltage is applied in two stages, but this in
troduces little error in the calculations. The energy 
of the daughter ion at the time of its formation is 
(m/m0)eVi and after complete acceleration is

77X
KEd =  — eV1 +  e(V -  Vx) =  7 2mw2 (5)

mo

The flight time for the daughter ion is

v
- ( — Vi +  V — V1)  

_m \m0 /  _

1/2 (6)

where L is the length of the flight tube.
An ion of apparent mass m* would have an energy

eV =  1/2m*v2 (7)

and would require an apparent time

Equating times from (6) and (8) and simplifying

It will be evident from this equation that decomposition 
occurring before acceleration will give the daughter ion 
and that decomposition occurring after complete ac
celeration will appear as the parent ion. Decomposi
tions occurring during acceleration will yield an ap
parent ion mass between that of the daughter and the 
parent. One would expect such decompositions to oc
cur during acceleration in the ion source, where the 
pressure is highest. The width of the peak corresponds 
to about 300 v, thus supporting the view that decom
position occurs in the source. Further, since the greater 
part of the time during acceleration is in the early 
stages, one would expect V/V\ to be small (probably 
0.1) with the result that the apparent mass should be 
only slightly greater than that of the daughter ion. 
With these considerations it would appear that the ion 
at mass 15.8 is probably due to the ion at mass 15 
formed by collision during acceleration. We thus 
consider the probable reaction to be

CH4CN+ +  CH3CN — >

CH3+ +  HCN +  CH3CN (10)

The peak at about m/e 18.6-19.3 from CD,(CN ap
pears to be formed in the same way. No doubt similar 
considerations would apply to the small peak at mass
14.8, but the intensity of this peak was too small to 
permit satisfactory study. Similar peaks were ob
served in propionitrile but were too small to study quan
titatively.

Propionitrile. High resolution was used to identify 
all the ions in the primary mass spectrum of C2H5CN. 
The spectrum showed that over 90% of the ionic cur
rent at m/e 27 is due to C2H3+. There is very little 
HCN+ from C2H6CN, in contrast to CH3CN. Simi
larly, the ion at m/e 26 is almost entirely C2H2+. The 
major ion in propionitrile is at m/e 28 which is due 
to the doublet C2H4+-H2CN + in the ratio of intensities 
4/1. Ions observed in the mass range 38-41 are of 
minor intensity, and mass shifts of these peaks in the 
mass spectrum of C2D6CN indicate that the major part 
of these ions contains the CN group. The group 38-41 
is therefore principally CCN +, CHCN+, . . ., CH3CN + 
rather than C3H2+, . . . ,  C3H5+.
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The spectrum of C2H5CN at high pressure is much 
more complicated than that of CH3CN. A number of 
collision-induced secondary ions are observed between 
10 and 100 ¡i of pressure. The assignment of formulas 
of all secondary ions was made by measurement of the 
mass number shifts in C2D6CN and the comparison of 
the relative intensities of the corresponding ions in 
C2H5CN and C2D6CN. A s with CH3CN, it turns out 
that each secondary ion has a unique formula and that 
all but one retain nitrogen. The secondary ions are 
listed in Table III. Figures 3 and 4 show the behavior 
of the principal ions with changes in pressure and time.

The appearance potentials of the principal primary 
and secondary ions in propionitrile are listed in Table
IV. The two most intense ions in the primary spec
trum (C2H4+ and C2H4CN +), unfortunately, have al
most identical appearance potentials, and thus it is very 
difficult to identify the precursor of the principal 
secondary ions. By far the most intense secondary ion 
in the spectrum of propionitrile is C2H6CN + (or C2D6- 
CN+). The appearance potential of this ion is quite 
close to those of m/e 28 (C2H4+ +  H2CN+) and m/e 
54 (C2H4CN+), and its intensity is approximately equal 
at each pressure to the reduction in the intensities of 
m/e 28 plus C2H4CN+ (Table VI). Thus it is probable 
that C2H6CN+ is derived from both of these principal 
primaries by the reactions

C2H4+ +  C2H6CN C2H6CN+ +  C2H3 (11) 

C2H4CN+ +  C2H6CN — >
C2H6CN+ +  C2H3CN (12)

Since about 20% of the peak at m/e in the undeuter- 
ated compound is H2CN+, it is probable that this also 
transfers a proton (or deuteron) to the parent com
pound; thus

H2CN+ +  C2H6CN — ^  C2H6CN+ +  HCN (13) 

Comparisons, similar to that against pressure in Table

Table VI: Comparison of Intensity of C2H6CN+ with
Reduction of Intensities of Precursors

CzHtCN-----------------■ -CsDsCN--------------
P ressu re , — A l  (2 8 -  A I (3 2

1(56) +  54) 1(62) +  58)

10 10 10 6.5 4
20 17 16 14.5 12
30 21.6 17.5 19 18
40 23.8 20.5 21.7 20.5
50 23.7 21 24.2 24
60 28 26.5 27.6 26.5
80 38 (?) 33 31 31
90 28.6 32 32 31

Figure 3. Effect of pressure on intensities 
of the principal ions of C2D5CN.

Figure 4. Effect of time on intensities 
of the principal ions of C2D5CN.

VI, when made against time, show the C2H6CN+ and 
C2D6CN+ ions to increase somewhat faster than the 
assumed precursors decay. Presumably some other 
ions also react to produce C2H6CN + and C2D6CN+, but 
we have no way of knowing what they are.

The parent ion is a relatively minor component of the 
mass spectrum of propionitrile. Further, the intensity 
of the parent ion shows very little change with either 
pressure or time. While it is possible that this con
stancy in intensity results from a balance of the rates of 
formation and loss of the parent ion, the shapes of the 
curves are not consistent with such a mechanism. Thus 
it seems that the ion is simply not very reactive. Ap
parently it does not contribute to the formation of 
C2H6CN + since the ionization potential is about 0.7 v 
less than the appearance potential of C2H6CN+. This
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Table VII: Rate Constants for the Decay of Various Primary Ions from Propionitrile (cc/molecule sec)

CzHsCN--------------------------------- -—. ----------------------------------CzDsCN-
m /t Ion 10»ip I0=*t m /e Ion 10»itp 10’ fct

14 c h 2+ 3 . 1 2
15 c h 3+ 2 . 2 2 .9 18 c d 3+ 2 .4 2 .3
26 C 2H 2+“ 2 .7 2 . 2 28 C 2D 2+6 2 .5 2 .9
27 0 .7 1 . 6 30 C 2D 3+ (78%) 1 . 2 2 .3
28 H 2C N + ( 3 3 % ) 14 .4 30 D 2C N +  (22%) 8 . 2

28 C 2H 4+ (67%) 0 .5 1 .7 6 32 C 2D 4+ 1 . 5 2 . 0

38 c 2n + 2 . 1 2 . 0

40 h 2c c n + 0.9 1 . 0
51 h c 2c n + 3 . 7
52 h 2c 2c n + 1 .9
54 C 2H 4C N  + 1 . 2 0 . 6 58 C 2D 4C N 1 . 7 0 .5

“ Trace of CN. 6 Trace D C N . c Trace I IC N .

is surprising since HCN+ and CH3CN + undergo such 
reactions. The M +  15 ion (C3H8CN+) exhibits an 
appearance potential very close to that of the parent 
ion so C3H8CN+ is probably formed according to the 
reaction

c 2h 6c n +  +  c 2h 6c n  — ►

C3H8CN+ +  CH2CN (14)

However, this ion is observed in only very weak intensi
ties and would not reduce the intensity of the parent 
ion significantly at the conditions of these studies.

From the above it appears that there is no important 
collision reaction involving the parent ion. This dis
agrees with the conclusions of Martin and Melton2a that 
the H self-abstraction is important in all alkylcya- 
nides.

An ion of very small intensity is observed at m/e 111 
in C2H6CN. This is presumably H +(C2H6CN)2, the 
doubly solvated proton. Its intensity was much too 
low to study, however, except at high pressures and 
long time delay where it is very difficult to obtain 
definite identification of the precursor. From the shape 
of the curves at 30 ¡x and time delays up to 2.5 psec, 
it appears that C2H6CN+ is the precursor to H(C2- 
H5CN)2+ as would seem reasonable.

The determination of rate constants for collision 
reactions in propionitrile is complicated by the fact 
that the principal secondary ion arises from two or more 
primaries with the further difficulty that the most 
abundant primary (m/e 28) is about 75% C2H4+ and 
25% H2CN+, both of which are presumably reactive. 
A semilog plot of the intensity of the ion of m/e 28 
against pressure drops rapidly at the lower pressures, 
then about 30 y. becomes a straight line of considerably 
reduced slope. This behavior is characteristic of a 
system of two apparently identical compounds react

ing at different rates. It may be presumed that the 
most reactive component has disappeared at the higher 
pressures, in this case above about 30 n. The linear, 
high-pressure portion of the curve will yield the rate 
constant of the slow reaction, and extrapolation to zero 
pressure gives the (approximate) initial intensity of this 
slow component. A plot of the difference between the 
total m/e 28 curve and the extrapolated curve for the 
slow reaction yields the curve for the disappearance of 
the faster component from which the rate constant and 
initial intensity are readily obtained. This treatment 
is unfortunately not very precise but usually serves to 
give approximate values. In this way the rates of dis
appearance and relative abundances of C2H4+ and H2- 
CN+ and of C2D3+ and D2CN+ shown along with other 
data in Table VII were computed. The results, while 
not so satisfactory as one might wish, are at least in 
approximate agreement.

For those ions, such as CH3+ and C2H2+, which def
initely comprise only a single molecular species agree
ment among, the kp and kt for both the hydrogen and 
deuterium compounds are in reasonable agreement. 
They are also of a magnitude expected for reactions with 
highly polar molecules.2 For the m/e 28 ions from C2H5- 
CN (H2CN+ and C2H4+) and for the m/e 30 ions from C2- 
D5CN (C2D3+ and D2CN +) for which the rates of reac
tion of the individual components had to be determined 
by difference as discussed above, the results are less 
satisfactory. This treatment appears to give values 
that are somewhat too low for the slow reaction and too 
fast for the fast reaction. We can offer no explanation 
for this other than the usual one that values obtained 
by difference are often not very precise. One other 
discrepancy is not readily explained. This is the large 
difference between kp and kt for C2H4CN + and C2D 4CN + 
although the two kp and values agree reasonably well.
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Rate constants for the disappearance of several minor 
ions have been determined in the manner discussed for 
acetonitrile (Table VII). The secondary ions C2H6+ 
and C2H6+ are formed in moderate abundance. From 
the shapes of the curves of intensity against pressure 
and time, it appears that these ions probably are formed 
from C2H2+ and C2H8+. The nonendoergic limitation 
makes it probable that C2H2 is the precursor of C2H6+ 
and C2H3+ of C2H6.

The (M +  1) + Ion in Acetonitrile. Several inves
tigators12-16 have reported anomalously large intensi
ties of (M +  1)+ ions at quite low (10-6 mm) pressures. 
Further, with some compounds a plot of (M +  1)+/M +  
shows a definite maximum near the onset of ionization. 
We have observed similar behavior with plots of CH4- 
CN+/CH3CN+ and CD4CN +/CD 3CN+ against electron 
energy. Examination of the ionization efficiency curves 
for (M +  1)+ and M + shows that the former did not go 
to zero intensity but leveled out 1 or 2 above onset,

while the curve for M+ continued decreasing to zero in
tensity. We have tentatively concluded that this is an 
experimental artifact probably attributable to the Cer- 
mak17 effect.
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T h e  7 - r a d i a t i o n - i n d u c e d  i s o m e r i z a t i o n s  o f  cis- a n d  trans-s t i l b e n e  w e r e  s t u d i e d  i n  c y c l o 

h e x a n e ,  b e n z e n e ,  a n d  t h e  m i x e d  s o l v e n t s .  I n  c y c l o h e x a n e  a t  l o w  s t i l b e n e  c o n c e n t r a t i o n s  

( < 0 . 0 1  M), t h e  r a t i o  Gc-.t/ C a p p r o x i m a t e s  t h e  c o r r e s p o n d i n g  q u a n t u m  y i e l d  r a t i o  ( ~ 0 . 8 5 )  

o b t a i n e d  i n  p h o t o c h e m i c a l  s t u d i e s .  W i t h  a n  i n c r e a s e  i n  s t i l b e n e  c o n c e n t r a t i o n  b e y o n d  0 . 0 1  

M, Gĉ t c o n t i n u e s  t o  i n c r e a s e  a s  Gt̂ .c a p p r o a c h e s  a  l i m i t i n g  v a l u e  o f  ~ 1 . 4 .  I n  b e n z e n e  

s o l u t i o n s ,  t h e  r a t i o  Gĉ .t/Gt̂ c a p p r o x i m a t e s  t h e  q u a n t u m  y i e l d  r a t i o  u p  t o  0 . 1  M  s t i l b e n e ,  

b e y o n d  w h i c h  c o n c e n t r a t i o n  Gt- .c a p p r o a c h e s  a  l i m i t i n g  v a l u e  o f  ~ 2 . 9  a s  Gĉ t c o n t i n u e s  t o  

i n c r e a s e .  E f f e c t s  o f  v a r i o u s  a d d i t i v e s  w e r e  e x a m i n e d .  I n  t h e  m i x e d  s o l v e n t  s y s t e m s ,  t h e  

i s o m e r i z a t i o n  y i e l d  o f  1 0 ~ 2 M  f r o m s - s t i l b e n e  i n c r e a s e s  w i t h  b e n z e n e  c o n c e n t r a t i o n  i n  a  m a n n e r  

r e l a t e d  t o  s u p p r e s s i o n  o f  Gr(H2) b y  b e n z e n e  i n  c y c l o h e x a n e - b e n z e n e  m i x t u r e s .  A p r o p o s e d  

m e c h a n i s m  o f  i s o m e r i z a t i o n  s u g g e s t s  t h a t  t h e  i s o m e r i z a t i o n  o f  c z s - s t i l b e n e  a t  l o w  c o n c e n t r a 

t i o n s  a n d  o f  f r a n s - s t i l b e n e  a t  a l l  c o n c e n t r a t i o n s  o c c u r s  via t r i p l t e  s t a t e s  o f  s t i l b e n e .  A t  h i g h e r  

c f s - s t i l b e n e  c o n c e n t r a t i o n s ,  d i r e c t  i o n i c  c h a i n  i s o m e r i z a t i o n  o c c u r s  b y  c h a r g e  t r a n s f e r  b e t w e e n  

“ f r e e ”  s t i l b e n e  i o n s  a n d  s t i l b e n e  m o l e c u l e s .  A t  l o w  s t i l b e n e  c o n c e n t r a t i o n s  ( < 0 . 0 5  M) 
i n  b e n z e n e ,  i s o m e r i z a t i o n  p r o c e e d s  l a r g e l y  via t r a n s f e r  f r o m  b e n z e n e  t r i p l e t  s t a t e s .  A t  

h i g h e r  s t i l b e n e  c o n c e n t r a t i o n s  i n  b e n z e n e  ( a s  a l w a y s  i n  c y c l o h e x a n e ) ,  t h e  t r i p l e t  s t a t e  o f  

s t i l b e n e  i s  f o r m e d  d i r e c t l y  b y  n e u t r a l i z a t i o n  o f  s t i l b e n e  i o n s .  A c c o r d i n g  t o  t h e  p r o p o s e d  

m e c h a n i s m ,  i n  c y c l o h e x a n e ,  ( ? ( i o n  p a i r s )  «  2 . 6  a n d  t h e  i o n i c  c h a i n  l e n g t h  i s  1 4  a t  0 . 2  M  
c z s - s t i l b e n e .  I n  b e n z e n e ,  G ( t r i p l e t s )  =  5 . 4  a n d  t h e  i o n i c  c h a i n  l e n g t h  i s  3 1  a t  1 . 8  M  cis- 
s t i l b e n e .  T h e  r a t i o  f c ( e -  +  s t i l b e n e ) / / b ( e _  +  b e n z e n e )  =  7 0 .  T h e  d e c a y  t i m e  o f  t r i p l e t  

b e n z e n e  p r o d u c e d  b y  h i g h - e n e r g y  i r r a d i a t i o n  o f  t h e  p u r e  l i q u i d  i s  < 10~8 s e c .

Introduction
S t u d y  o f  p h o t o i n d u c e d  cis-trans i s o m e r i z a t i o n  h a s  

h e l p e d  t o  e l u c i d a t e  v a r i o u s  f e a t u r e s  o f  t h e  t r i p l e t  s t a t e  

a n d  o f  t h e  p r o c e s s e s  i n  w h i c h  i t  i s  i n v o l v e d  o r  f o r m e d .  

A l s o ,  i t  h a s  y i e l d e d  i d e a s  c o n c e r n i n g  t h e  c o n f i g u r a t i o n  

o f  t h e  p o t e n t i a l - e n e r g y  s u r f a c e  a l o n g  t h e  i s o m e r i z a t i o n  

c o o r d i n a t e .2 P h o t o s e n s i t i z a t i o n  e x p e r i m e n t s 2 a n d  

s t u d i e s  i n v o l v i n g  i n t e r s y s t e m  c r o s s i n g  f r o m  t h e  d i r e c t l y  

e x c i t e d  s i n g l e t  s t a t e  h a v e  p r o v i d e d  i n f o r m a t i o n  o n  

k i n e t i c s  a n d  e n e r g e t i c s  o f  f o r m a t i o n  o f  t r i p l e t  s t a t e s  

i n  a  n u m b e r  o f  c a s e s .3’4 A l t h o u g h  t h e  m o s t  t h o r o u g h l y  

s t u d i e d  cis-trans i s o m e r i z a t i o n  i s  t h a t  o f  s t i l b e n e ,  

t h e r e  a r e  s t i l l  a  n u m b e r  o f  u n r e s o l v e d  p r o b l e m s  i n  t h a t  

c a s e .2-4 N e v e r t h e l e s s ,  t h e  a m o u n t  o f  a l r e a d y  w e l l -  

e s t a b l i s h e d  i n f o r m a t i o n  a n d  c e r t a i n  o t h e r  a d v a n t a g e s  

m a k e  t h e  s t i l b e n e  i s o m e r i z a t i o n  p r o c e s s  i t s e l f ,  w h e n  

c o m b i n e d  w i t h  o t h e r  o b s e r v a t i o n s ,  a  p o t e n t i a l l y  u s e f u l

t o o l .  T h i s  p a p e r  d e s c r i b e s  h o w  i t  h a s  b e e n  e m p l o y e d  

f o r  e x p l o r a t i o n  o f  o t h e r  p r o c e s s e s  a n d  f o r  i d e n t i f i c a t i o n  

a n d  e s t i m a t i o n  o f  y i e l d s  o f  a  v a r i e t y  o f  t r a n s i e n t  i n 

t e r m e d i a t e s  ( i o n s ,  t r i p l e t  s t a t e s ,  a n d  s i n g l e t  s t a t e s )  

p r e s u m a b l y  i n v o l v e d  i n  t h e  r a d i o l y s i s  o f  o r g a n i c  l i q u i d s .5 * *

(1 ) T h e  R a d ia tion  L a b ora tory  o f  th e  U n iversity  o f  N otre  D a m e  is 
operated  un der con tra ct  w ith  th e  U . S. A to m ic  E n erg y  C om m ission . 
T h is  is A .E .C . D ocu m en t N o . C O O -38-445 .
(2 ) G . S . H a m m on d , J. Saltiel, A . A . L am ola , N . J. T u rro , J. S . B rad 
shaw , D . O . C ow an , R . C . C ounsell, V . V o g t, and C . D a lton , J. A m . 
Chem. Soc., 86 , 3197 (1964).
(3 ) S. M alk in  and  E . F ischer, J . P h ys. Chem., 68, 1153 (1964).
(4 ) R . H . D y c k  and D . S. M cC lu re , J, Chem . P h ys ., 36 , 2326 (1962).
(5 ) Cf. R . B . C un da ll and  P . A . G riffiths (a) D iscussions F araday  
Soc., 36 , 111 (1 9 6 3 ); (b ) J. P h ys . Chem ., 69 , 1866 (1 965), w h o  h a ve  
reported  th e  use o f  bu ten e-2  isom erization  fo r  such  a  p u rp ose ; (e)
J. N osw orth y , Trans. F araday Soc., 61 , 1138 (1 965), w h o  has ex
am ined  the rad iation -ind u ced  isom erization  o f  d im eth y l fu m a ra te ;
and  (d ) H . P . L ehm ann , G . Stein , and E . F ischer, Chem . C om m un.,
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Experimental Section

Materials. B a k e r  A n a l a r  g r a d e  a n d  F i s h e r  ( c r y s t a l -  

l i z a b l e )  b e n z e n e  w e r e  u s e d .  T h e  b e n z e n e  w a s  p u r i f i e d  

b y  d i s t i l l a t i o n  w i t h  a  N e s t e r - F a u s t  s p i n n i n g - b a n d  

c o l u m n  a n d  b y  t h r e e  s u c c e s s i v e  c r y s t a l l i z a t i o n s  w i t h  

r e j e c t i o n  o f  a b o u t  o n e - f o u r t h  o f  t h e  b e n z e n e  a t  e a c h  

f r e e z i n g .  N o  i m p u r i t i e s  w e r e  d e t e c t a b l e  b y  v a p o r  

p h a s e  c h r o m a t o g r a p h y  w i t h  a  f l a m e  i o n i z a t i o n  d e t e c t o r .  

F i s h e r  S p e c t r o g r a d e  c y c l o h e x a n e  w a s  p u r i f i e d  b y  s e v e r a l  

p a r t i a l  f r e e z i n g s  a n d  p a s s a g e  t h r o u g h  a  s i l i c a  g e l  c o l u m n .  

A f t e r  a  f i n a l  d i s t i l l a t i o n ,  n o  u n s a t u r a t e d  i m p u r i t i e s  

w e r e  d e t e c t a b l e  b y  e i t h e r  u l t r a v i o l e t  s p e c t r o p h o t o m 

e t r y  o r  v a p o r  p h a s e  c h r o m a t o g r a p h y .  F i s h e r  S p e c t r o 

g r a d e  c a r b o n  t e t r a c h l o r i d e  w a s  u s e d  w i t h o u t  f u r t h e r  

p u r i f i c a t i o n .  P y r i d i n e  a n d  p i p e r i d i n e  w e r e  p u r i f i e d  

b y  d i s t i l l a t i o n  o v e r  s o d i u m  h y d r o x i d e .  T h e  2 , 5 - d i -  

p h e n y l o x a z o l e  ( P P O )  w a s  u s e d  a s  r e c e i v e d  f r o m  t h e  

P i l o t  C h e m i c a l  C o .  V e r y  h i g h  g r a d e  a z u l e n e  ( o b 

t a i n e d  t h r o u g h  t h e  c o u r t e s y  o f  P r o f e s s o r  G .  0 .  S c h e n c k )  

a l s o  w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

I n  s o m e  e x p e r i m e n t s ,  s c i n t i l l a t i o n  g r a d e  trans-s t i l b e n e  

( m p  1 2 4 - 1 2 5 ° )  s u p p l i e d  b y  M a t h e s o n  C o l e m a n  a n d  

B e l l  ( M C B )  w a s  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n ;  

v a p o r  p h a s e  c h r o m a t o g r a p h y  i n d i c a t e d  0 . 2 5 %  cis 
i m p u r i t y .  c f s - S t i l b e n e  ( b p  1 4 4 - 1 4 5 °  ( 1 3  m m ) )  a s  

s u p p l i e d  b y  M C B  c o n t a i n e d  a b o u t  1 %  trans i m p u r i t y  

t h a t  w a s  r e d u c e d  t o  a b o u t  0 . 3 5 %  b y  p u r i f i c a t i o n  o n  a  

W i l k e n s  A u t o p r e p  7 0 0  u s i n g  a  3/ 8- i n .  X  1 0 - f t  A p i e z o n  

L  c o l u m n  a t  2 0 0 ° .  I n  l a t e r  e x p e r i m e n t s ,  K  a n d  K  

s t i l b e n e s  w e r e  u s e d .  S u c h  i r a n s - s t i l b e n e  w a s  r e c r y s t a l 

l i z e d  i n  c y c l o h e x a n e  t h r e e  t i m e s .  T h e  o n l y  i m p u r i t y  

d e t e c t a b l e  b y  v a p o r  p h a s e  c h r o m a t o g r a p h y  w a s  

< 0 . 0 1 %  c f s - s t i l b e n e .  T h e  c i s - s t i l b e n e  w a s  p u r i f i e d  b y  

s e v e r a l  v a c u u m  d i s t i l l a t i o n s  i n  w h i c h  t h e  m i d d l e  f r a c 

t i o n  w a s  c o l l e c t e d  e a c h  t i m e .  T h e  o n l y  d e t e c t a b l e  i m 

p u r i t y  w a s  < 0 . 1%  ¿ r a n s - s t i l b e n e .

Preparation and Irradiation of Samples. S o l u t i o n s  

w e r e  d e a e r a t e d  b y  c o n v e n t i o n a l  f r e e z e - p u m p - t h a w  

t e c h n i q u e s  a n d  s e a l e d  o f f  u n d e r  v a c u u m .  T h e y  w e r e  

i r r a d i a t e d  i n  t h e  N o t r e  D a m e  1 0 - k c u r i e  60C o  f a c i l i t y  a t  

d o s e  r a t e s  b e t w e e n  2  X  1 0 19 a n d  2  X  1 0 21 e v  l . -1  m i n - 1 . 

U n l e s s  o t h e r w i s e  s p e c i f i e d ,  s a m p l e s  w e r e  i r r a d i a t e d  a t  

a  d o s e  r a t e  o f  a b o u t  1 . 5  X  1 0 21 e v  l . -1  m i n - 1 . D o s e  

r a t e s  w e r e  d e t e r m i n e d  b y  F r i c k e  d o s i m e t r y  u s i n g  G 
( F e 3 + )  =  1 5 . 6 .

Product Analysis. T h e  s t i l b e n e s  w e r e  d e t e r m i n e d  b y  

v a p o r  p h a s e  c h r o m a t o g r a p h y  u s i n g  a n  F  a n d  M  M o d e l  

6 0 9  g a s  c h r o m a t o g r a p h  e q u i p p e d  w i t h  a  f l a m e  i o n i z a t i o n  

d e t e c t o r .  A ' / V i n .  X  1 0 - f t  c o l u m n  p a c k e d  w i t h  s i l i c o n e  

g r e a s e  o n  6 0 - 8 0  m e s h  C h r o m o s o r b  P  g a v e  e x c e l l e n t  

r e s o l u t i o n  o f  t h e  t w o  i s o m e r s  o f  s t i l b e n e  a t  200 ° .  

A  s t u d y  o f  t h e  e f f e c t  o f  i n j e c t i o n - p o r t  t e m p e r a t u r e  o n  

t h e  a n a l y s i s  o f  s t i l b e n e s  s h o w e d  t h a t ,  u p  t o  a b o u t  220 ° ,

t h e r m a l  i s o m e r i z a t i o n  d u r i n g  a n a l y s i s  i s  i n s i g n i f i c a n t .  

A t  h i g h e r  i n j e c t i o n - p o r t  t e m p e r a t u r e s  t h e r m a l  i s o m e r i 

z a t i o n  w a s  o b s e r v e d .  A l l  r e s u l t s  r e p o r t e d  w e r e  o b 

t a i n e d  a t  a n  i n j e c t i o n - p o r t  t e m p e r a t u r e  o f  200 ° .  

D i b e n z y l  a n d  c f s - s t i l b e n e  c o u l d  n o t  b e  r e s o l v e d  b y  t h e  

g a s  c h r o m a t o g r a p h i c  m e t h o d  a l o n e .  I n  t w o  e x p e r i 

m e n t s ,  t h e  s t i l b e n e  i s o m e r  p r o d u c e d  w a s  d e t e r m i n e d  

a n d  i s o l a t e d  b y  g a s  c h r o m a t o g r a p h y ;  t h e  c o l l e c t e d  

s t i l b e n e  t h e n  w a s  d i s s o l v e d  i n  c y c l o h e x a n e  a n d  d e 

t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  b y  i t s  a b s o r p t i o n  a t  

2 9 0 0  A .  E x c e l l e n t  a g r e e m e n t  w a s  o b t a i n e d  b e t w e e n  

t h e  s p e c t r o p h o t o m e t r i c  a n d  v a p o r  p h a s e  c h r o m a 

t o g r a p h i c  a n a l y s e s .  N o  s i g n i f i c a n t  a m o u n t  o f  d i b e n z y l  

c o u l d  b e  d e t e c t e d .

C y c l o h e x e n e  a n a l y s i s  w a s  p e r f o r m e d  o n  a  1/ 4- i n .  X  

10- f t  c o l u m n  p a c k e d  w i t h  / S j d ^ o x y d i p r o p i o n i t r i l e  o n  

6 0 - 8 0  m e s h  C h r o m o s o r b  P  o p e r a t e d  a t  5 0 ° .  B i 

c y c l o h e x y l  w a s  d e t e r m i n e d  o n  a  y 4- i n .  X  1 0 - f t  c o l u m n  

p a c k e d  w i t h  p o l y e s t e r  d i e t h y l e n e  g l y c o l  o n  6 0 - 8 0  

m e s h  C h r o m o s o r b  P  o p e r a t e d  a t  1 5 0 ° .

Luminescence Measurements. T h e  a p p a r a t u s  a n d  

p r o c e d u r e  u s e d  i n  s t u d i e s  o f  t h e  r a d i a t i o n - i n d u c e d  

l u m i n e s c e n c e  o f  P P O  h a v e  b e e n  d e s c r i b e d .* * 6 S o l u t i o n s  

w e r e  d e a e r a t e d  b y  n i t r o g e n  b u b b l i n g .7

Results
Cyclohexane Solutions. A m o n g  o t h e r  e f f e c t s ,  7  

i r r a d i a t i o n  o f  s o l u t i o n s  o f  s t i l b e n e  i n  c y c l o h e x a n e  c a u s e s  

i s o m e r i z a t i o n .  F i g u r e  1 s h o w s  y i e l d s  o f  i s o m e r i z a t i o n  

o f  b o t h  i s o m e r s  a s  a  f u n c t i o n  o f  s o l u t e  c o n c e n t r a t i o n ;  

a  n u m b e r  o f  p o i n t s  r e p r e s e n t  a v e r a g e s  o f  s e v e r a l  

m e a s u r e m e n t s .  O c c u r r e n c e  o f  o t h e r  p r o c e s s e s  i n 

v o l v i n g  t h e  s o l u t e  i s  e v i d e n t  i n  t h e  d a t a  o f  T a b l e  I  

( w h i c h  a l s o  i n c l u d e s  d a t a  f o r  s o l u t i o n s  i n  w h i c h  b e n 

z e n e  i s  s o l v e n t )  a n d ,  i n  F i g u r e  2 ,  i n  t h e  v a r i a t i o n ,  w i t h  

s t i l b e n e  c o n c e n t r a t i o n ,  o f  p r o d u c t  y i e l d s  c h a r a c t e r i s t i c  

o f  c y c l o h e x a n e  r a d i o l y s i s .  P r o d u c t i o n  o f  b i c y c l o h e x y l  

m i g h t  s e e m  t o  i m p l y  p r o d u c t i o n  o f  a t o m i c  H  a s  a n  

i n t e r m e d i a t e .  H o w e v e r ,  i t  i s  n o t e w o r t h y  t h a t  d i 

b e n z y l ,  w h i c h  m i g h t  b e  e x p e c t e d  t o  a p p e a r  a s  a n  u l t i 

m a t e  p r o d u c t  f r o m  t h e  a d d i t i o n  o f  t h e r m a l  h y d r o g e n  

a t o m s  t o  s t i l b e n e  (via d i s p r o p o r t i o n a t i o n  p e r h a p s ) ,  

i s  n o t  p r o d u c e d  i n  s i g n i f i c a n t  y i e l d .

I s o m e r i z a t i o n  y i e l d s  i n  c y c l o h e x a n e  s o l u t i o n s  ( e x c e p t  

i n  t h e  p r o l o n g e d  i r r a d i a t i o n s  r e p o r t e d  i n  T a b l e  I )  

w e r e  m e a s u r e d  a t  d o s e s  c o r r e s p o n d i n g  t o  l e s s  t h a n  10%  

t o t a l  c o n v e r s i o n  o f  t h e  i n i t i a l  i s o m e r  o f  s t i l b e n e ,  e x c e p t

583 (1965), w h o have studied th e  rad iation -ind u ced  isom erization
o f stilbene at < 1 0 -3 M  in benzene.
(6) M . B u rton , P . J. B erry , and S. L ip sk y , J . Chim. P h ys., 52 , 657 
(1955).
(7 ) M . B u rton , M . A . D illon , C . R . M ullin , and  R . R ein , J. Chem. 
P hys., 41 , 2236 (1964).
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Figure 1. Isomerization of stilbene in cyclohexane.

Figure 2. Yields in cyclohexane solutions of 
¿raras-stilbene: O, cyclohexene; •, bicyclohexyl.

Table I: Effects of Extensive j  Irradiation on Isomerization
and Other Changes of cis- and trans-Stilbenes in 
Cyclohexane and Benzene Solutions“

[Stilbene],
mole/1. Gi,ob Gcojx'

2.3 X 10~3 (cis, CeHia)** 0.05 0.41
0.65 X 10~3 (trans, CeH^) 0.07 0.37
2.1 X 10~3 (cis, C6H6) 0.41 0.25'
2.8 X 10-3 (trans, C6H6) 0.52 0.64

“ Dose = 1.2 X 1020 ev/g. b Isomerization yield. ° The 
yield of consumption of initial isomer (includes the isomerization 
yield). d Symbols in parentheses denote isomer and solvent, 
respectively. ‘  This number cannot be correct; it shows merely 
that within limits of measurement the four 0  values given for 
benzene solution are the same.

f o r  t h e  l o w e s t  i n i t i a l  c o n c e n t r a t i o n s  w h e r e  c o n v e r s i o n s  

m a y  h a v e  b e e n  a s  h i g h  a s  1 5 % .  M e a s u r e m e n t s  a t  

d i f f e r e n t  d o s e s  f o r  a  n u m b e r  o f  c o n c e n t r a t i o n s  i n d i 

c a t e d  n o  s i g n i f i c a n t  e f f e c t  o f  d o s e  o n  i s o m e r i z a t i o n  

y i e l d s  a t  t h e s e  c o n v e r s i o n s .  G ( i s o m e r i z a t i o n )  i s  i n 

d e p e n d e n t  o f  d o s e  r a t e  o v e r  t h e  r a n g e  2  X  1 0 19 * t o  2  X  

1021e v l . _ 1m i n _ 1 .

T a b l e  I I  s h o w s  t h e  p r o f o u n d  e f f e c t  o f  c a r b o n  t e t r a 

c h l o r i d e  o n  t h e  y - i n d u c e d  i s o m e r i z a t i o n  y i e l d  i n  c y c l o 

h e x a n e ;  b y  c o n t r a s t ,  e v e n  4  v o l .  %  C C 1 4 i n  c y c l o h e x 

a n e  s h o w e d  n o  e f f e c t  o n  t h e  i s o m e r i z a t i o n  y i e l d  i n

Table II : Effect of CCh on y-Induced Isomerization 
of ¿rans-Stilbene in Cyclohexane

[CCh],
mole/1.

0

0.002
-[¿rcms-CuHi2], mole/1.- 

0.02 0.1

0.15 0.75 1.28
2.1 X 10~3 0.08 0.56
2.1 X 10~2 0.01 0.23 0.77
1 . 0  x  i o - 1 0.0 0.13 0.59
2.1 X lO -1 0.0 0.12
3.1 X 10“ 1 0.0 0.07
4.2 X 10“ 1 0.0 0.04 0.35

10.4“ 0.0 0.04 0.28

“ Pure CCh.

d i r e c t  2 5 3 7 - A  e x c i t a t i o n  o f  1 0 “ 2 M  s t i l b e n e .  T h e  y -

i n d u c e d  i s o m e r i z a t i o n  y i e l d  i n  c y c l o h e x a n e  i s  a l s o

s u p p r e s s e d  b y  p i p e r i d i n e  a n d  p y r i d i n e ;  0 . 1  M  p i p e r i d i n e  

r e d u c e s  (7 t_ c o f  1 0 “ 2 M trans- s t i l b e n e  b y  7 5 %  a n d  0 . 1 2  M  
p y r i d i n e  b y  7 0 % .  B y  c o n t r a s t ,  T a b l e  I I I  s h o w s  t h a t  

a d d i t i o n  o f  d i p h e n y l o x a z o l e  ( P P O )  i n c r e a s e s  t h e  y -  

i n d u c e d  i s o m e r i z a t i o n  y i e l d  s i g n i f i c a n t l y .  O n  t h e  o t h e r  

h a n d ,  a c c o r d i n g  t o  T a b l e  I V ,  s t i l b e n e  h a s  b u t  a  s m a l l  

e f f e c t  i n  t h e  y - i n d u c e d  l u m i n e s c e n c e  o f  P P O .

Benzene Solutions. F i g u r e  3  s h o w s  i s o m e r i z a t i o n  

y i e l d s  i n  b e n z e n e  s o l u t i o n s  a s  a  f u n c t i o n  o f  s t i l b e n e  

c o n c e n t r a t i o n ;  a  n u m b e r  o f  p o i n t s  r e p r e s e n t  a v e r a g e s  

o f  s e v e r a l  m e a s u r e m e n t s .  E x c e p t  f o r  t h e  e x p e r i m e n t s  

r e p o r t e d  i n  T a b l e  I ,  m o s t  m e a s u r e m e n t s  w e r e  a t  d o s e s  

c o r r e s p o n d i n g  t o  l e s s  t h a n  1%  c o n v e r s i o n  o f  s t i l b e n e .  

H o w e v e r ,  f o r  t h e  l o w e s t  c o n c e n t r a t i o n s ,  c o n v e r s i o n s  

m a y  h a v e  r e a c h e d  5 - 1 0 % .  Y i e l d s  w e r e  i n d e p e n d e n t  

o f  d o s e  u p  t o  a t  l e a s t  2 . 5  X  1 0 22 e v  l ._1 a t  1 0 -3  M  
s t i l b e n e  a n d  u p  t o  a t  l e a s t  3 . 2  X  1 0 22 e v  l . -1  f o r  s t i l b e n e  

c o n c e n t r a t i o n s  g r e a t e r  t h a n  1 0 “ 2 M. D o s e  r a t e  h a d  

n o  m e a s u r a b l e  e f f e c t  o n  G ( i s o m e r i z a t i o n )  o v e r  t h e  

r a n g e  2  X  1 0 19 t o  2  X  1 0 21 e v  l ._1 m i n - 1. T a b l e  I  

s h o w s  t h a t ,  w i t h i n  e x p e r i m e n t a l  e r r o r ,  t h e  t o t a l  

c o n c e n t r a t i o n  o f  s t i l b e n e  i s o m e r s  i n  b e n z e n e  s o l u t i o n s  r e -
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Table III: Effect of Various Solutes on the y- 
Isomerization of 4 X 10 ~3 M  frans-Stilbene in 
Benzene or Cyclohexane

[Solute],

-Induced

Solution mole/1. Gt—*~c

Benzene 0 0.97
+  Azulene 2 X 10~3 0.65
+  Azulene 4 X 10-3 0.46
+  Azulene 8 X 10“ 3 0.27
+  PPO“ 4 X 10-3 0.96
+  PPO“ 2 X 10"2 1.39
+  PPO“ 1 X 10~> 1.76

Cyclohexane 0 0.28
+  PPO 4 X 10“ 3 0.54
+  PPO 2 X 10"2 0.68
+  PPO

“ Diphenyloxazole.

1 X IO"1 1.11

Table IV : Effect of trans-Stilbene on the Luminescence of
Diphenyloxazole Solutions in Benzene or Cyclohexane

[/rans-Ci4Hi2], [PPO],
m ole/1. m ole/1. Ia

Benzene
4  X  1 0 ~ 3 0 19

0 4  X  1 0 " 3 101

4  X  I O “ 3 4  X  I O ' 3 8 0

0 4  X  I O " 2 1 2 2

4  X  1 0 ~ 3 4  X  1 0 " 2 131

Cyclohexane
4  X  I O ' 3 0 13

0 4  X  1 0 ~ 3 4 0

4  X  1 0 “ 3 4  X  1 0 " 3 3 7

0 4  X  1 0 - 2 66
4  X  1 0 - 3 4  X  1 0 - 2 7 3

“ Relative luminescence intensity.

m a i n e d  s u b s t a n t i a l l y  u n c h a n g e d  d u r i n g  i r r a d i a t i o n ,  

i n  c o n t r a s t  t o  t h e  e f f e c t  i n  c y c l o h e x a n e  s o l u t i o n s .

T h e  e f f e c t  o f  v a r i o u s  a d d i t i v e s  o n  t h e  7 - i n d u c e d  

i s o m e r i z a t i o n  o f  s t i l b e n e  i n  b e n z e n e  s o l u t i o n  i s  s h o w n  

i n  F i g u r e  4  a n d  T a b l e  I I I .  T a b l e  I V  s h o w s  t h e  e f f e c t  

o f  s t i l b e n e  o n  7 - i n d u c e d  P P O  l u m i n e s c e n c e  i n  b e n z e n e  

s o l u t i o n .  I t  a p p e a r s ,  j u s t  a s  i n  t h e  c y c l o h e x a n e  s o l u 

t i o n s ,  t h a t  s t i l b e n e  h a s  o n l y  a  s m a l l  e f f e c t  o n  t h e  l u m i 

n e s c e n c e  o f  P P O  i t s e l f .

Solutions in  Mixtures of Benzene and Cyclohexane. 
T a b l e  V ,  t h e  m i d d l e  c o l u m n ,  s h o w s  h o w  7 - i n d u c e d  

i s o m e r i z a t i o n  o f  1 0 -2  M  i r a n s - s t i l b e n e  i n c r e a s e s  w i t h  b e n 

z e n e  c o n c e n t r a t i o n  i n  m i x t u r e s  o f  b e n z e n e  a n d  c y c l o 

h e x a n e .  T h e  t h i r d  c o l u m n  i s  d i s c u s s e d  i n  a n o t h e r  

s e c t i o n .

Figure 4. Effect of additives on the isomerization of 
irares-stilbene in benzene: O carbon tetrachloride (for « <  0.153, 
M  =  6.7e), [irans-stilbene] = 0.02 M; 3, pyridine (M  «  12«), 
[¿rans-stilbene] = 0.01 M ; ©, piperidine (M ~  10«), 
[frans-stilbene] = 0.01 M. (« represents the electron fraction.)

Discussion
Cyclohexane Solutions. T h e  o v e r - a l l  p a t t e r n  o f  t h e  

d a t a  f o r  t h e  r a d i a t i o n - i n d u c e d  i s o m e r i z a t i o n  o f  s t i l b e n e  

i n  c y c l o h e x a n e  i s  c o n s i s t e n t  w i t h  t h e  p o s t u l a t e  t h a t  i o n i c  

s p e c i e s  o f  t h e  s o l v e n t  p l a y  t h e  m a j o r  r o l e  i n  t h e  s e n s i 

t i z a t i o n  p r o c e s s .
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Table V : Isomerization of 10 “ 2 M  frans-Stilbene in 
Benzene-Cyclohexane Mixtures

Vol. % 
CtHs G t-*c

Gi—c 
(calcd)'

0 0.53 0.53
10 0.94 1.04
20 1.25 1.27
30 1.34 1.40
40 1.50 1.49
50 1.50 1.55

100 1.69 1.69

° Column 3 is explained in the Discussion in the section 
entitled, “Processes and Mechanistic Details; Mixed Solvents.” 
The reference is to a calculation from eq VI.

F o r  t h e  b e n z o p h e n o n e - s e n s i t i z e d  i s o m e r i z a t i o n  o f  

s t i l b e n e  ( p r e s u m a b l y  s e n s i t i z e d  b y  t h e  b e n z o p h e n o n e  

t r i p l e t  s t a t e ) ,  H a m m o n d  a n d  c o l l a b o r a t o r s 2 r e p o r t  f o r  

t h e  q u a n t u m  y i e l d  r a t i o  4>ĉ t/4>t-*c v a l u e s  o f  a b o u t  0.8 
a n d  0 . 9  a t  0 . 0 0 1  a n d  0 . 0 5  M  s t i l b e n e  i n  b e n z e n e ,  r e 

s p e c t i v e l y .  F o r  t h e  d i r e c t  p h o t o i s o m e r i z a t i o n  i n  

m e t h y l c y c l o h e x a n e - i s o h e x a n e  s o l u t i o n s ,  M a l k i n  a n d  

F i s c h e r 3 o b t a i n e d  a  v a l u e  f o r  t h e  s a m e  r a t i o  o f  ^ 0 . 7 .  

F r o m  a  c o m p a r i s o n  o f  t h e s e  v a l u e s  w i t h  t h e  v a l u e s  o f  

Gc-+t/Gt̂ .c i n  T a b l e  V I  f o r  c y c l o h e x a n e  s o l u t i o n s ,  

c e r t a i n  g e n e r a l  c o n c l u s i o n s  m a y  b e  s t a t e d  r e g a r d i n g  

t h e  r a d i a t i o n - i n d u c e d  i s o m e r i z a t i o n  i n  c y c l o h e x a n e .

( 1 )  S o m e  s e n s i t i z a t i o n  p r o c e s s  t h a t  p r o c e e d s  via a  

s t a t e  o f  s t i l b e n e  o t h e r  t h a n  i t s  l o w e s t  s i n g l e t  o r  t r i p l e t  

s t a t e  m u s t  b e  i n v o l v e d .  ( 2 )  T h i s  p r o c e s s  f a v o r s  f o r 

m a t i o n  o f  t h e  m o r e  s t a b l e  ( b y  6 k c a l / m o l e 8)  trans- 
s t i l b e n e  a n d  m a y  b e  g o v e r n e d  b y  e s s e n t i a l l y  t h e r m o 

d y n a m i c  c o n s i d e r a t i o n s .  ( 3 )  T h i s  p r o c e s s  i n c r e a s e s  

i n  i m p o r t a n c e  w i t h  i n c r e a s e  i n  s t i l b e n e  c o n c e n t r a t i o n

Table VI: Comparison of Isomerization Yield Ratios
in Benzene and in Cyclohexane

[Stilbene], ✓--------------- Gc-*-t/Gt—*-c-----
mole/1. CeHa C,Hi2

4 X 10~3 0.97 1.00
6 X 10-3 0.96 1.16
8 X IO- 3 0.85 1.04
1 X 10~2 0.78 1.02
1.23 X 10~2 0.93 1.23
2 X 10~2 0.67 1.31
3 X 10“ 2 1.39
6 X 10“ 2 0.78 1.82
8 X 10~2 0.75 1.52
1 X 10-1 0.87 1.76
2.9 X 10-1 1.11
4.8 X 10-1 1.27
6.6 X lO"* 1 1.38

a n d  b e c o m e s  p a r t i c u l a r l y  s i g n i f i c a n t  a t  c o n c e n t r a t i o n s  

~ 0 . 0 1  M.
B e c a u s e  t h e  f r e e - r a d i c a l  y i e l d  i n  r a d i o l y s i s  o f  c y c l o 

h e x a n e  a p p e a r s  t o  b e  r e l a t i v e l y  h i g h ,9'10 i t  i s  n e c e s s a r y  

t o  a s s e s s  t h e  p o s s i b l e  r o l e  o f  f r e e  r a d i c a l s  f o r m e d  t h e r e 

f r o m  i n  t h e  s e n s i t i z e d  i s o m e r i z a t i o n .  T h e  d a t a  o f  

T a b l e  I  s h o w  a n  a p p r e c i a b l e  d i s a p p e a r a n c e  o f  s t i l b e n e  

i n  c y c l o h e x a n e  t h a t  m a y  b e  a t t r i b u t a b l e  t o  r e a c t i o n  

w i t h  f r e e  r a d i c a l s  o r  a t o m s .  T h e  b e h a v i o r  o f  y i e l d s  

o f  b i c y c l o h e x y l  a n d  c y c l o h e x e n e  a s  a  f u n c t i o n  o f  

s t i l b e n e  c o n c e n t r a t i o n  ( cf. F i g u r e  2 )  p a r a l l e l s  t h a t  

a t t r i b u t e d  b y  o t h e r s  t o  s c a v e n g i n g  o f  c y c l o h e x y l  

r a d i c a l s .11'12
E v e n  t h o u g h  f r e e - r a d i c a l  s c a v e n g i n g  b y  s t i l b e n e  m a y  

o c c u r ,  t h i s  p r o c e s s  c a n n o t  b e  p r o p e r l y  c o n n e c t e d  w i t h  

t h e  i s o m e r i z a t i o n  p r o c e s s .  F i r s t ,  i t  i s  n o t  r e a s o n a b l e  

t o  i n v o k e  a  “ c a t a l y t i c ”  f u n c t i o n  o f  s t r o n g l y  b o n d e d  

c y c l o h e x y l  r a d i c a l s  a n d  h y d r o g e n  a t o m s  a n a l o g o u s  

t o  t h a t  o f  w e a k l y  b o n d e d  I , 13 B r ,14 o r  C e H s S .16 S e c o n d ,  

w i t h  t h e  6 k c a l / m o l e  g r e a t e r  s t a b i l i t y  o f  ¿ r a n , s - s t i l b e n e ,  

f r e e - r a d i c a l  s e n s i t i z a t i o n  s h o u l d  g i v e  a  v e r y  l a r g e  

Gĉ ,t/Gt-+c. O n  t h e  c o n t r a r y ,  t h i s  r a t i o  d o e s  n o t  r i s e  

a p p r e c i a b l y  a b o v e  u n i t y  u n t i l  a  c o n c e n t r a t i o n  o f  

s t i l b e n e  i s  r e a c h e d  a t  w h i c h  s u p p r e s s i o n  o f  c y c l o h e x e n e  

a n d  b i c y c l o h e x y l  y i e l d s  i s  e s s e n t i a l l y  c o m p l e t e .  T h i s  

s e c o n d  a r g u m e n t  l i k e w i s e  n e g a t e s  t h e  p o s s i b i l i t y  o f  a n  

i s o m e r i z a t i o n  p r o c e s s  s e n s i t i z e d  b y  h y d r o g e n  a t o m  

a d d i t i o n  t o  s t i l b e n e  a n d  s u b s e q u e n t  d i s p r o p o r t i o n a t i o n  

w i t h  a n o t h e r  f r e e  r a d i c a l .  A l s o ,  r e s u l t s  o f  s e v e r a l  

i n d e p e n d e n t  s t u d i e s 16-18 i n d i c a t e  a  y i e l d  o f  t h e r m a l  h y 

d r o g e n  a t o m s  (G <  0 . 5 )  i n  t h e  r a d i o l y s i s  o f  c y c l o h e x a n e  

i n s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  i s o m e r i z a t i o n  y i e l d s  i n  

t e r m s  o f  s u c h  a  d i s p r o p o r t i o n a t i o n  m e c h a n i s m .  T h e  

a b s e n c e  o f  d e t e c t a b l e  d i b e n z y l  l i k e w i s e  a r g u e s  a g a i n s t  

t h a t  m e c h a n i s m .  T h e  c o n c l u s i o n  i s  t h a t  f r e e  r a d i c a l s

(8 ) R . B . W illiam s, J . A m . Chem. Soc., 64, 1395 (1942).
(9 ) E . N . W eber, P . L . F orsyth , and R . H . Schuler, Radiation R es., 
3 , 68 (1955), have assessed the  m eaning o f  results in v o lv in g  add itives 
such as R  and D P P H .

(10) V . V . V oev od sk ii and Y u . N . M olin , ibid., 17, 366 (1962), 
consider th e  significance o f  esr results on  glasses.
(11 ) J. A . S ton e and P . J. D y n e , Can. J . Chem ., 42 , 669 (1964), 
em p loyed  CCI4 as an add itive .

(12 ) S. K . H o  and  G . R . F reem an , J . P h ys . Chem., 68 , 2189 (1 964), 
used O 2 and  p -qu in on e  as additives.
(13) R . M . N oyes, R . G . D ick in son , and  V . Schom aker, J. A m . 
Chem. Soc., 67 , 1319 (1945).

(14) H . S teinm etz and R . M . N oyes , ibid., 74, 4141 (1952).
(15 ) M . A . G olu b , ibid., 81 , 54 (1 959 ); J. P olym er S ci., 25 , 373 
(1957).
(16 ) P . J. D y n e  and  W . M . Jenkinson , Can. J . Chem ., 38 , 539 
(1 960 ); P . J. D y n e  and W . M . Jenkinson, ibid., 39 , 2163 (1 961 ); 
J. A . S tone and P . J. D y n e , Radiation R es., 17, 353 (1962).
(17) J. F . M erk lin  and S. L ipsk y , J. P h ys. Chem ., 68 , 3297 (1964).
(18) S. Z . T o m a  and W . H . H am ill, J . A m . Chem . Soc., 86 , 4761 
(1964).
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d o  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  i s o m e r i z a t i o n ,  

a l t h o u g h  a  s m a l l  c o n t r i b u t i o n  m a y  a c c o u n t  f o r  v a l u e s  

o f  ( W s l i g h t l y  l a r g e r  t h a n  0 . 8 - 0 . 9  i n  t h e  l o w  

c o n c e n t r a t i o n  r a n g e .

T h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  Gt̂ c i n  F i g u r e  1 

i s  r e m a r k a b l y  s i m i l a r  t o  t h a t  o f  G(N 2)  i n  r a d i o l y s i s  o f  

N 20 - c - C 6H i 2 s o l u t i o n s 19 a n d  t o  t h a t  o f  G ( H 2)  i n  t h e  

r a d i o l y s i s  o f  H I - c - C 6D i 2 s o l u t i o n s .20 I n d e e d ,  i f  a  

y i e l d ,  G i ,  o f  i s o m e r i z a t i o n  p r e c u r s o r s  b e  e s t i m a t e d  f r o m

G i  =  G t- . c ( l  +  <j>c_ (M —c) (I)

b y  u s e  o f  t h e  p h o t o s e n s i t i z a t i o n  v a l u e  o f  4>c-*t/<t>t-.c =  

0 . 8 - 0 . 9 ,  t h e n  a n  a l m o s t  q u a n t i t a t i v e  c o r r e s p o n d e n c e  

i s  o b t a i n e d  w i t h  G ( H 2)  i n  H I - c - C 6D i 2 ; h o w e v e r ,  G  

( N 2)  i n  N 20 - c- C 6H i 2 i s  c o n s i s t e n t l y  s o m e w h a t  l a r g e r  

( c / .  T a b l e  V I I ) .  G ( N 2)  a n d  ( 7 ( H 2)  i n  t h e  s y s t e m s  c i t e d  

w e r e  i d e n t i f i e d  w i t h  e l e c t r o n - s c a v e n g i n g  r e a c t i o n s  o f  

t h e  r e s p e c t i v e  s o l u t e s  N 20  a n d  H I .  T h e  c o r r e l a t i o n  

s u g g e s t s  t h a t  t h e  r a d i a t i o n - i n d u c e d  trans —► cis i s o m e r i 

z a t i o n  i n  c y c l o h e x a n e  m a y  b e  i n i t i a t e d  b y  c a p t u r e  o f  

a n  e l e c t r o n  b y  s t i l b e n e .  T h e  p o s s i b i l i t y  o f  s u c h  a n  

e l e c t r o n  c a p t u r e  r e c e i v e s  s o m e  s u p p o r t  f r o m  t w o  

r e c e n t  o b s e r v a t i o n s .  D a i n t o n  a n d  S a l m o n 21 r e p o r t  

t h a t  t h e  p r e s e n c e  o f  1 0  ~2 M  i r a n s - s t i l b e n e  i n  a  m e t h y l -  

t e t r a h y d r o f u r a n  ( M T H F )  g l a s s  i r r a d i a t e d  a t  7 7 ° K  

r e d u c e s  t h e  i n t e n s i t y  o f  t h e  s o l v a t e d  e l e c t r o n  a b s o r p t i o n  

b y  4 3 %  a n d  g i v e s  s e v e r a l  n e w  b a n d s ,  p o s s i b l y  o f  t h e  

s t i l b e n e  a n i o n .  S h i d a  a n d  H a m i l l 22 h a v e  i d e n t i f i e d  

t h e  s t i l b e n e  a n i o n  s p e c t r o p h o t o m e t r i c a l l y  i n  M T H F  

g l a s s e s  w h i c h  w e r e  i r r a d i a t e d  a t  7 7  ° K .

Table VII: Comparison of Yields Obtained with Various 
Indicator Solutes in Irradiated Cyclohexane

[Solute],0
mole/1. Gì G( N,) <?( HO

4 X 10-3 0.52 1.14
5 X 10-3 0.56 0.55
1 X i o - 2 0.98 0.83
2 X IO '2 1.41 2.20
3 X 10~2 1.54 1.73
5 X 10-2 1.94 3.00
7 X 10~2 2.13 2.18
1 X io - ' 2.29 3.75

Solutes were as follows: ¿raris-stilbene for G„ N20  for G(Ni),
[ HI in c-C6Di2 for G(H2).

T h e  e f f e c t  o f  C C 1 4 o n  G % c , s h o w n  i n  T a b l e  I I ,  l e n d s  

a d d i t i o n a l  s u p p o r t  t o  a n  e l e c t r o n - c a p t u r e  m e c h a n i s m .  

T h e  w o r k  o f  H a m i l l  a n d  c o l l a b o r a t o r s 23 h a s  e s t a b l i s h e d  

t h e  e f f e c t i v e n e s s  o f  C C 1 4 a s  a n  e l e c t r o n  s c a v e n g e r  i n  

h y d r o c a r b o n s  b o t h  g l a s s y  a t  7 7  ° K  a n d  l i q u i d  a t  r o o m  

t e m p e r a t u r e .  A l t h o u g h  t h e  d a t a  o f  T a b l e  I I  a r e  n o t

s u f f i c i e n t l y  c o m p l e t e  o r  p r e c i s e  t o  p e r m i t  a  q u a n t i t a 

t i v e  t e s t  o f  c o n f o r m i t y  t o  c o m p e t i t i o n  k i n e t i c s ,  c o m p e 

t i t i o n  b e t w e e n  C C 1 4 a n d  s t i l b e n e  f o r  a n  i s o m e r i z a t i o n  

p r e c u r s o r  i s  a p p a r e n t .  A  c o m p a r a b l e  s u p p r e s s i o n  o f  

h y d r o g e n  y i e l d s  b y  C C 1 4 i n  c y c l o h e x a n e  r a d i o l y s i s  

h a s  b e e n  a t t r i b u t e d  t o  e l e c t r o n  s c a v e n g i n g  b y  C C l 4. n  

V e r y  s i g n i f i c a n t  i s  o u r  f i n d i n g  t h a t  4 %  b y  v o l u m e  o f  

C C 1 4 i n  c y c l o h e x a n e  h a s  n o  e f f e c t  o n  t h e  i s o m e r i z a t i o n  

y i e l d  o f  1 0 -2  M  s t i l b e n e  w h e n  t h e  l a t t e r  i s  e x c i t e d  b y  

2 5 3 7 - A  l i g h t ;  C C 1 4 a p p e a r s  w i t h o u t  e f f e c t  o n  t h e  

e x c i t e d  s t i l b e n e  s p e c i e s  b u t  h a s  a n  e f f e c t  u n d e r  c o n 

d i t i o n s  w h e n  c h a r g e d  s p e c i e s  a r e  i n v o l v e d .

N o t i o n s  o f  m e c h a n i s m  r e l a t e d  t o  t h e  f o r e g o i n g  p r e 

s e n t a t i o n  m a y  b e  b a s e d  o n  t h r e e  postulates: ( 1)  s t i l b e n e  

f o r m s  t h e  a n i o n  b y  c a p t u r e  o f  a n  e l e c t r o n  i n  c o m p e t i t i o n  

w i t h  p o s i t i v e - i o n  n e u t r a l i z a t i o n  i n  t h e  s p u r s  ( “ f r e e  e l e c 

t r o n s ”  i n e v i t a b l y  f o r m  s t i l b e n e  a n i o n s  o v e r  t h e  c o n c e n 

t r a t i o n  r a n g e  s t u d i e d ) ; ( 2 )  t h e  e n e r g y  o f  r e p u l s i o n  b e 

t w e e n  p h e n y l  g r o u p s  ( w h i c h  i s  r e s p o n s i b l e  f o r  t h e  6 
k c a l / m o l e  s t a b i l i t y  o f  trans- r e l a t i v e  t o  c f s - s t i l b e n e )  i s  

s u f f i c i e n t l y  l a r g e  s o  t h a t  t h e  s t i l b e n e  a n i o n  ( w h i c h  h a s  

t h e  l e s s  r i g i d ,  t h r e e - e l e c t r o n  c e n t r a l  b o n d )  s u r v i v e s  o n l y  

i n  t h e  trans f o r m  a t  r o o m  t e m p e r a t u r e ;24 26 ( 3 )  n e u 

t r a l i z a t i o n  o f  t h e  s t i l b e n e  a n i o n  b y  a  c a t i o n ,  w i t h  h i g h  

p r o b a b i l i t y  ( a p p r o x i m a t i n g  u n i t y ) ,  y i e l d s  a  t r i p l e t  s t a t e  

o f  s t i l b e n e ,  f r o m  w h i c h  i s o m e r i z a t i o n  o c c u r s ,  a n d  d e 

c o m p o s i t i o n  o f  t h e  s o l v e n t  m o l e c u l e  i s  t h u s  s u b s t a n t i a l l y  

a v e r t e d .26 T h e  p o s s i b i l i t y  o f  f o r m a t i o n  o f  s o l u t e  

t r i p l e t s  i n  r a d i o l y s i s  o f  c y c l o h e x a n e  h a s  b e e n  e s 

t a b l i s h e d .27
W i t h i n  t h e  f r a m e w o r k  p o s t u l a t e d ,  i t  i s  p o s s i b l e  t o  

i n t e r p r e t  a  r a t h e r  b r o a d  r a n g e  o f  o b s e r v a t i o n s  i n  a

(19) G . Scholes and  M . S im ic, N ature, 202, 895 (1964).
(20) J. R . N ash and W . H . H am ill, J . P h y s . Chem., 66 , 1097 (1962).
(21 ) F . S. D a in ton  and G . A . S alm on , P roc. R oy. Soc. (L o n d o n ), 
A285, 319 (1965).
(22) T . Shida and W . H . H am ill, p riva te  com m un ica tion .
(23) C f . M . R . R on a yn e , J. P . G u arin o, and  W . H . H am ill, J . A m . 
Chem. Soc., 84 , 4230 (1 962 ); J. P . G uarino, M . R . R on a yn e , an d  W . 
H . H am ill, Radiation R es., 17, 379 (1 9 6 2 ); J. R o b e rts  an d  W . H . 
H am ill, J. P hys. Chem ., 67 , 2446 (1 9 6 3 ); W . V an  D u sen , Jr., and 
W . H . H am ill, J. A m . Chem. Soc., 84 , 3648 (1962).
(24) T h e  redu ction  o f  ct's-stilbene w ith  alkali m etals at tem peratures 
as low  as — 6 0 ° apparently  gives th e  trans  an ion ; cf. R . C hang  and 
C . S. Johnson , Jr., J. Chem. P h ys., 41 , 3272 (1964), and  C . S. John
son , Jr., and R . C hang, ibid., 43 , 3183 (1965).
(25) G . J. H oijtin k  and  P . H . van  der M eij, Z . P h ysik . Chem. (F rank 
fu rt), 20 , 1 (1959), report th at the redu ction  o f stilbene w ith  alkali 
m etals causes isom erization  from  cis  to  trans.

(26 ) E v id en ce  fo r  a process i:i w h ich  an excited  arom atic  m olecu le  
is  th e  p rod u ct  o f  neutralization  o f its  an ion  has been reported  b y  
E . A . C handross and F . I . Sonntag, J. A m . Chem . Soc., 86 , 3179 
(1964).
(27) In  pulse radiolysis o f  cycloh exa n e  solu tions o f naphthalene, the 
trip let state o f  naphthalene has been ob served ; cf. F . S. D a in ton , 
T . J. K em p , G . A . Salm on, and  J. P . K een e , N ature, 203, 1050 
(1964), and  J. P . K eene, T . J. K e m p , and  G . A . Salm on , P roc. 
R oy. Soc. (L o n d o n ), A 287 , 494 (1965).
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F ig u re  5. S te r n -V o lm e r  p lo ts  o f  ¿ ra n s-stilb en e  is o m e riz a t io n  
y ie ld s  in  c y c lo h e x a n e  a n d  b e n ze n e .

p l a u s i b l e  f a s h i o n .  I n  t h i s  v i e w ,  Gt_ c i s  o n l y  i n d i r e c t l y  

r e l a t e d  ( via t r i p l e t  f o r m a t i o n )  t o  p r o d u c t i o n  o f  i o n i z e d  

s t a t e s .  A  r e a s o n a b l e  e s t i m a t e 23 o f  t h e  l o w e r  l i m i t  f o r  

( 7 ( i o n  p a i r s )  m a y  b e  o b t a i n e d  (via e q  I )  a s  e i t h e r  t h e  

v a l u e  o f  Gi =  2 . 3  o b t a i n e d  f r o m  Gt̂ c =  1 . 2 4  a t  0 . 1  M  
o r ,  p e r h a p s  w i t h  s o m e w h a t  g r e a t e r  a c c u r a c y ,  a s  Gi =
2 . 6  o b t a i n e d  f r o m  G % . c =  1 . 4 1  c o r r e s p o n d i n g  t o  t h e  

r e c i p r o c a l  o f  t h e  i n t e r c e p t  i n  F i g u r e  5 .  T o  e x p l a i n  t h e  

c u r v e  f o r  ( ? < ,_ ,  i n  F i g u r e  1 ,  s o m e  a d d i t i o n a l  s p e c u l a t i o n  i s  

n e c e s s a r y .  B e c a u s e  t h e  r a t i o  Gĉ t/Gt̂ c (cf. T a b l e  V I )  

g r o w s  a p p r e c i a b l y  l a r g e r  t h a n  u n i t y  a s  t h e  s t i l b e n e  

c o n c e n t r a t i o n  i n  c y c l o h e x a n e  i n c r e a s e s  b e y o n d  ~ 0 . 0 1  

M, s o m e  s p e c i f i c a l l y  i o n i c  p r o c e s s  i s  i n d i c a t e d  t h a t  ( 1 )  

d o e s  n o t  i n v o l v e  p a s s a g e  t h r o u g h  a n  e x c i t e d  s t a t e  o f  s t i l 

b e n e ,  ( 2 )  y i e l d s  t h e  trans i s o m e r  e x c l u s i v e l y ,  a n d  ( 3 )  h a s  

a  p r o b a b i l i t y  t h a t  i n c r e a s e s  w i t h  i n c r e a s e  i n  s t i l b e n e  

c o n c e n t r a t i o n .  A n  e l e c t r o n - t r a n s f e r  r e a c t i o n  b e t w e e n  

s t i l b e n e  m o l e c u l e s  s a t i s f i e s  s u c h  r e q u i s i t e s  a n d  i s  s u g 

g e s t e d  a s  o n e  p o s s i b l e  e x p l a n a t i o n .  I n  t h i s  w a y ,  a n  

i o n i c  c h a i n  i s o m e r i z a t i o n  o f  cis —*■ trans a d d s  t o  t h e  

y i e l d  via t h e  t r i p l e t - s t a t e  i s o m e r i z a t i o n  w h i c h  f o l l o w s  

n e u t r a l i z a t i o n .  S u c h  a n  e l e c t r o n - t r a n s f e r  c h a i n  w o u l d  

n e c e s s a r i l y  i n v o l v e  t h e  “ s e p a r a t e d ”  c h a r g e d  s p e c i e s  

( “ f r e e  e l e c t r o n s ” )  f o r m e d  w i t h  a n  e s t i m a t e d  G ~  0 . 1 . 28 

T h e  a b s e n c e  o f  a  d o s e - r a t e  e f f e c t  s u g g e s t s  t h a t  c h a i n  

t e r m i n a t i o n  r e s u l t s  f r o m  e l e c t r o n  t r a n s f e r  t o  a  t r a c e  

i m p u r i t y  p r e s e n t  a t  c o n s t a n t  c o n c e n t r a t i o n  o r  t h a t  t h e  

c h a i p  i t s e l f  i s  a l w a y s  c o n f i n e d  t o  a  l i m i t e d  r e g i o n  b e 

t w e e n  a  n e g a t i v e  s t i l b e n e  i o n  a n d  i t s  s i b l i n g  p o s i t i v e  

h o l e . 29

C o m p a r i s o n  o f  t h e  i s o m e r i z a t i o n  a n d  l u m i n e s c e n c e  

d a t a  i n  T a b l e s  I I I  a n d  I V  f o r  a d d i t i o n  o f  P P O  t o  c y c l o 

h e x a n e  s o l u t i o n s  o f  s t i l b e n e  s h o w s  c l e a r l y  t h a t  P P O  

l u m i n e s c e n c e  i s  n o t  a t  t h e  e x p e n s e  o f  Gt̂ c; t h u s ,  t h e

s t a t e  o f  t h e  s y s t e m  p r i m a r i l y  e x c i t e d  b y  r a d i a t i o n  a n d  

u l t i m a t e l y  r e s p o n s i b l e  f o r  l u m i n e s c e n c e  d o e s  n o t  c o n 

t r i b u t e  s i g n i f i c a n t l y  t o  i s o m e r i z a t i o n  o f  s t i l b e n e . 30 A  

v e r y  c l o s e  c o r r e s p o n d e n c e  b e t w e e n  Gt_ c a s  a  f u n c t i o n  o f  

t o t a l  a d d i t i v e  ( P P O  +  s t i l b e n e )  c o n c e n t r a t i o n  i n  T a b l e  

I I I  a n d  Gt̂ c a s  a  f u n c t i o n  o f  s t i l b e n e  c o n c e n t r a t i o n  i n  

F i g u r e  1  s u g g e s t s  t h a t  P P O  c a p t u r e s  e l e c t r o n s  w i t h  a  

s p e c i f i c  r a t e  a b o u t  e q u a l  t o  t h a t  o f  s t i l b e n e  a n d ,  o n  

n e u t r a l i z a t i o n ,  f o r m s  a  t r i p l e t  s t a t e  o f  s u f f i c i e n t l y  l o n g  

l i f e t i m e  t o  t r a n s f e r  e s s e n t i a l l y  q u a n t i t a t i v e l y  t o  4  X  1 0 - 3  

M  i r a n s - s t i l b e n e .

C u n d a l l  a n d  G r i f f i t h s 5 h a v e  r e p o r t e d  i n h i b i t i o n  o f  

t h e  i s o m e r i z a t i o n  o f  2 - b u t e n e  i n  d o d e c a n e  b y  p i p e r i d i n e .  

W e  a l s o  f i n d  t h a t  0 . 1  M  p i p e r i d i n e  o r  0 . 1 2  M  p y r i d i n e  

r e d u c e s  Gt̂ c o f  1 0 ~ 2 M  ¿ r a n s - s t i l b e n e  i n  c y c l o h e x a n e  b y  7 5  

o r  7 0 % ,  r e s p e c t i v e l y .  I n  t e r m s  o f  t h e  m e c h a n i s m  p r o 

p o s e d ,  i t  w o u l d  a p p e a r  t h a t  p r o t o n a t e d  n i t r o g e n  c o m 

p o u n d s  a r e  f o r m e d  b y  p r o t o n  t r a n s f e r  f r o m  t h e  s o l v e n t  

c a t i o n  a n d  t h a t  s u c h  p o s i t i v e  i o n s  n e u t r a l i z e  t h e  s t i l b e n e  

a n i o n  w i t h o u t  f o r m a t i o n  o f  t r i p l e t  s t i l b e n e  ( p e r h a p s  b y  

p r o t o n  t r a n s f e r ) .

Processes and Mechanistic Details; Mixed Solvents. 
A t  t h i s  s t a g e  o f  o u r  a r g u m e n t ,  t h e r e  i s  a d v a n t a g e  i n  

c o n s i d e r a t i o n  o f  t h e  o v e r - a l l  p r o c e s s e s  w h i c h  i n c l u d e  

t h e  m e c h a n i s t i c  d e t a i l s  i n v o l v e d  i n  t h e  i s o m e r i z a t i o n .

F i r s t ,  e n e r g y  is  d e p o s i t e d  i n  t h e  s y s t e m  in  toto t o  p r o 

d u c e  n o n l o c a l i z e d  c o n d i t i o n s  ( e.g. ,  e x c i t a t i o n  a n d  i o n i z a 

t i o n  i n  s p u r s  o r  b l o b s 31)  w h i c h  n e e d  n o t  b e  d e s c r i b e d  i n  

d e t a i l  t o  d e r i v e  m a n y  o f  t h e  v e r y  a d e q u a t e  k i n e t i c  

e q u a t i o n s  w h i c h  h a v e  b e e n  f r o m  t i m e  t o  t i m e  e m p l o y e d .  

I n  t h a t  s e n s e  t h e  s t e p  ( 0 )  ( w h e r e  S  i s  t h e  s y s t e m )  i s  h i d d e n

S  -►  S *  ( 0 )

i n  t h e  m e c h a n i s m s  u s u a l l y  s u g g e s t e d .

I f  w e  consider a two-solvent, one solute system (e.g., 
c y c l o h e x a n e ,  C ,  b e n z e n e ,  B ,  a n d  s t i l b e n e ,  S t — w i t h  

trans a n d  cis r e p r e s e n t e d  b y  f - S t  a n d  c - S t ,  r e s p e c t i v e l y )  

w e  c a n  w r i t e  o n  a  f i r s t  l e v e l  o f  s o p h i s t i c a t i o n  f o r  t h e  i m 

m e d i a t e l y  s u b s e q u e n t  p r o c e s s e s

(28) C f. A . O . A llen  an d  A . H um m el, D iscussions F araday Soc., 36 , 
95 (1963).

(29) In  effect, the  G  «  0.1 fo r  “ free”  ion  pairs m a y  corresp ond  to  a 
y ie ld  o f ion  pairs o f  su fficiently  great separation  (or  su fficiently  lon g  
recom bin ation  life tim e) t o  be separable b y  a  stron g  electric  field. 
In  th e  absence o f  a field such ion  pairs w ou ld  undergo gem inate re
com b in ation .

(30) A  va lu e  o f  the  lum inescence p aram eter Q ' — 2.2 X  10 " 3 M  
fo r  P P O  in  cycloh exa n e  is reported  b y  M . B u rton , M . A . D illon , 
C . R . M ullin , and R . R ein , J . Chem . P h ys., 41 , 2236 (1964). T h is  
nu m ber m eans th at excitation  transfer to  P P O  w ou ld  be  9 0 %  co m 
plete  at 2 X  10 ~2 M  P P O  in the  absence o f  anoth er exc ita tion  ac
ceptor. T hu s, if  the  sam e state o f  cycloh exa ne w ere in v o lv e d  in  the  
isom erization , the  isom erization  y ie ld  w ou ld  be  triv ia l if  lum inescen ce  
w ere t o  be  substantia lly  unaffected .

(31 ) J. L . M agee, K . Funabashi, and A . M ozu m d er, P roc. 6th 
Japan  Conf. R adioisotopes, T ok yo , 1964, 6 , 755 (1965).
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s* +  c - - >  S  +  C * ( 1)

S *  +  B  — - >  S  +  B * ( 2 )

S *  +  S t  - S  +  S t * (3)
w h e r e  t h e  p r o b a b i l i t y  o f  e a c h  o f  t h e s e  e n e r g y  l o c a l i z a 

t i o n  s t e p s  ( t o  p r o d u c e  u n s p e c i f i e d  e x c i t e d  o r  i o n i z e d  

s p e c i e s )  s e e m s  t o  b e  r e l a t e d  t o  t h e  e l e c t r o n  f r a c t i o n  o f  

e a c h  c o m p o n e n t  b u t  i s  n o t  p r e c i s e l y  t h e  s a m e  t h i n g .32 
E q u a t i o n s  1 a n d  2  a r e  u s e d ,  a s  a n  e x a m p l e ,  i n s t e a d  o f  

t h e  l i m i t e d  i d e a  t h a t  t h e  i n i t i a l  d e p o s i t i o n  o f  e n e r g y  i n  

c y c l o h e x a n e - b e n z e n e  m i x t u r e s  i s  i n  s p e c i f i c  m o l e c u l e s .  

H o w e v e r ,  k i n e t i c  e q u a t i o n s  d e r i v e d  t h e r e f r o m ,  a s  i n  t h e  

w o r k s  o f  M a n i o n  a n d  B u r t o n 33 a n d  o f  M e r k l i n  a n d  

L i p s k y 17 ( w h i c h  a s s u m e  d i r e c t  i n i t i a l  e x c i t a t i o n  o f  e a c h  

o f  t h e  s o l v e n t  s p e c i e s ) ,  w o u l d  n o t  b e  a f f e c t e d  a n d  t h e  

e q u a t i o n s  t h e m s e l v e s  c o u l d  n o t  r e f l e c t  a n y  o f  t h e  

s u b t l e t i e s  w h i c h  m i g h t  b e  i n v o k e d  i n  e x p l a n a t i o n  o f  t h e  

p r o b a b i l i t i e s  o f  t h e  p r o c e s s e s  b y  w h i c h  t h e  t w o  s o l 

v e n t s  a r e  e x c i t e d .

I f  w e  c o n t i n u e  w i t h  c o n s i d e r a t i o n  o f  t h e  trans-cis i s o m 

e r i z a t i o n  m e c h a n i s m ,  a c c o r d i n g  t o  t h e  g e n e r a l  d e 

v i c e s  o f  M e r k l i n  a n d  L i p s k y ,17 w e  i n c l u d e  a l s o  s u c h  

e q u a t i o n s  a s

C * ^ H 2 ( 4 )

c*- - >  n o  H 2 ( 5 )

C *  +  ¿ - S t — >  C  +  c - S t ( 6 )

C *  +  B — >  C  +  B * ( 7 )

B * — >  h 2 ( 8 )

B *  — >  n o  H 2 ( 9 )

B *  +  ¿ - S t — >■  B  -|- c - S t ( 1 0 )

A t  c o n c e n t r a t i o n s  a t  w h i c h  r e a c t i o n  3  c a n  b e  n e g l e c t e d ,  

t h e  1 0 0 - e v  y i e l d ,  G, o f  i s o m e r i z a t i o n  i n  t h e  t w o - s o l v e n t  

m i x t u r e  i s  r e l a t e d  t o  t h e  i s o m e r i z a t i o n  y i e l d s  Gc a n d  Gb 
i n  t h e  s i n g l e  s o l v e n t  m i x t u r e s  b y  t h e  r e l a t i o n s h i p

n n  « c t U  +  a ' [ B ] ( l  —  p ) }C r B  —  <?C ] / TT\ 

G =  Gb ---------------------------------- 1 +  < * ' [ B ]  ( H )

w h e r e  a' i s  g i v e n  b y

a! = hj/(kt 4~ fcs -(- fcf,[¿-St]) (HI)
a n d

P =  Kl/K2 (IV)
i n  w h i c h  l a s t  e q u a t i o n  kx a n d  k2 a r e  t h e  y i e l d s  o f  r e a c 

t i o n s  1 a n d  2 p e r  1 0 0  e v  l o c a l i z e d  i n  C  a n d  B ,  r e s p e c 

t i v e l y .

A  s i m i l a r  k i n e t i c  e q u a t i o n  r e p r e s e n t i n g  t ? ( H 2) ,  t h e  

100- e v  y i e l d  o f  H o  ( o t h e r  t h a n  t h a t  r e s u l t i n g  via t h e r m a l

H ) ,  i n  a  m i x t u r e  o f  c y c l o h e x a n e  a n d  b e n z e n e  w a s  o b 

t a i n e d  b y  M e r k l i n  a n d  L i p s k y .17 I f  w e  a s s u m e  t h a t  kx 
a n d  a r e  a p p r o x i m a t e l y  e q u a l ,  e q  I I  w o u l d  r e d u c e  t o

G  =  Gb -  ec (GB ~  Gc)/(1 +  « ' [ B ] )  ( V )

w h i c h  h a s  a  c l o s e  r e s e m b l a n c e  t o  o n e  o f  t h e  w a y s  o f  

r e p r e s e n t a t i o n  o f  t h e  M e r k l i n - L i p s k y  k i n e t i c s .  A c 

c o r d i n g  t o  t h e i r  t r e a t m e n t ,  k^ (k 4 +  h )  i s  0 . 8 4  M -1. 
I n  t h e  p r e s e n t  w o r k ,  t h e  S t e m - V o l m e r  p l o t  o f  F i g u r e  

5  f o r  i s o m e r i z a t i o n  i n  c y c l o h e x a n e  w o u l d  y i e l d  ( i n  s i m i 

l a r  i n t e r p r e t a t i o n )  k6/(k4 +  k5) =  5 9  M ~ \  S u b s t i t u 

t i o n  o f  t h e s e  v a l u e s 34 i n t o  e q  V ,  a l o n g  w i t h  t h o s e  o f  Gb , 
Gc, a n d  [ ¿ - S t ]  f r o m  T a b l e  V  g i v e s

G =  1 . 6 9  -  1 . 1 6 e c / ( l  +  0 . 5 3  [ B ] )  ( V I )

V a l u e s  o f  G (i.e., o f  Gt-+C) c a l c u l a t e d  f r o m  e q  V I  c o r r e 

s p o n d  w e l l  w i t h  t h e  m e a s u r e d  v a l u e s  s h o w n  i n  T a b l e  V ,  

b u t  o n e  m a y  w e l l  i n q u i r e  w h e t h e r  s u c h  g o o d  c o r r e 

s p o n d e n c e  i s  b a s e d  o n  a n y  r e a s o n a b l e  n o t i o n s  o f  m e c h 

a n i s m .

C o n s i d e r ,  f o r  e x a m p l e ,  t h e  i d e a  t h a t  t h e  e n e r g y  i s  

l o c a l i z e d ,  e i t h e r  i n  a n  i n i t i a l  s t a g e  (i.e., w i t h o u t  a n y  

r e a c t i o n  0 )  o r  i n  a n  i m m e d i a t e l y  s u b s e q u e n t  s t a g e ,  w i t h  

a p p r o x i m a t e l y  e q u a l  p r o b a b i l i t y  p e r  e l e c t r o n  i n  in 
dividual c y c l o h e x a n e  a n d  b e n z e n e  m o l e c u l e s .  S u c h  

t r e a t m e n t  n o  l o n g e r  i n v o k e s  t h e  n o t i o n  t h a t  e i t h e r  e x 

c i t e d  o r  i o n i z e d  s t a t e s  o r  b o t h  o v e r l a p  t h e  s u r r o u n d i n g  

m o l e c u l e s .  W i t h o u t  s u c h  e x c i t a t i o n  o v e r l a p  i n v o l v i n g  

more than one m o l e c u l e ,  i t  i s  d i f f i c u l t  t o  u n d e r s t a n d  h o w  

e x c i t e d  c y c l o h e x a n e  c a n  s u r v i v e  l o n g  e n o u g h  (i.e., 
^ 10~13 s e c  w i t h o u t  d e c o m p o s i t i o n )  t o  t r a n s f e r  e x c i t a 

t i o n  t o  s u r r o u n d i n g  m o l e c u l e s .  F u r t h e r ,  i f  b o t h  C  i o n  

p a i r s  a n d  C  e x c i t e d  s t a t e s  a r e  i n c l u d e d  u n d e r  t h e  g e n 

e r a l  d e s i g n a t i o n  C * ,  i t  i s  d i f f i c u l t  t o  u n d e r s t a n d  h o w  

t h e i r  s u m m e d  b e h a v i o r  c a n  b e  r e p r e s e n t e d  b y  a  s i n g l e  

s e t  o f  c o n s t a n t s .  C o n s e q u e n t l y ,  a l t h o u g h  i t  i s  p o s s i b l e  

t o  r e l a t e  t h e  o b s e r v e d  k i n e t i c s  t o  a  “ d e r i v a b l e  ” e q u a 

t i o n ,  s u c h  s i m u l a c r u m  o f  s u c c e s s  i s  n o  s u p p o r t  f o r  a  

p r e s u m e d  m e c h a n i s m .

H o w e v e r ,  t h e r e  a r e  s o m e  r e a c t i o n s  w h i c h  w e  i n v o k e  

i n  o u r  k i n e t i c  s c h e m e  w h i c h  c a n  b e  j u s t i f i e d  i n d e p e n d 

e n t l y  o f  t h e  e s t a b l i s h m e n t  o f  a  d e t a i l e d  l a w .  I r r e s p e c 

t i v e  o f  t h e  o r i g i n  o f  t h e  s p e c i e s  i n v o l v e d ,  w e  n o t e  t h e  

p r o b a b i l i t y  t h a t  t h e  f o l l o w i n g  d e t a i l e d  r e a c t i o n s  a r e  i n 

v o l v e d  i n  t h e  i s o m e r i z a t i o n  s c h e m e  i n  b e n z e n e ,  c y c l o 

h e x a n e ,  a n d  m i x e d  s o l v e n t  s y s t e m s .

(32) C f. K . K atsuura and  M . In ok u ti, J. Chem. P h ys ., 41 , 989 
(1964).
(33) J. P . M a n ion  and M . B u rton , J . P h ys . Chem ., 56 , 560 (1952).
(34) T h ese  values also y ie ld  ks/fa =  70, a nu m b er w h ich  w ou ld  
appear reasonable— dependent on  the  assum ed m echanism . A s  an 
exam ple, Scholes and S im ie19 have reported  fo r  the  ratio  o f  trapp ing 
processes in c-C sH n solutions, k(e~ +  N 2O )/k(e~ +  CeHe) ~  100.
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S *  — >  ( C +  o r  B + )  +  e -  ( O ' )

e ~  +  B  — > -  B _  ( 1 1 )

e ~  +  S t  — ■> trS t -  ( 1 2 )

¿ - S t  T  S t  — ¿ - S t  - f -  ¿ - S t ~  ( 1 3 )

( C +  o r  B + )  +  ¿ - S t -  — >  ( C  o r  B )  +  S t T  ( 1 4 )

( C +  o r  B + )  +  B -  — >  ( C  o r  B )  +  B T  ( 1 5 )

B t  +  S t  — >  B  +  S t T  ( 1 6 )

S t T  — >  S t i  ( 1 7 )

I n  t h i s  s c h e m e ,  S t T  a n d  B T  d e n o t e  e x c i t e d  t r i p l e t  s t a t e s  

a n d  S t i  i n d i c a t e s  t h e  m i x e d  i s o m e r  p r o d u c t .  T h e  

s c h e m e  d o e s  n o t  r u l e  o u t  c o n t r i b u t i o n s  f r o m  o t h e r  p r o c 

e s s e s  i n v o l v i n g  o t h e r  s p e c i e s  (e.g., S t + ) .  T h e  p o i n t  o f  

t h i s  s u g g e s t i o n  i s  t h a t  c e r t a i n  r e s u l t s  c a n  b e  e x p l a i n e d  

r e a d i l y  i n  t e r m s  o f  r e a c t i o n s  1 1 - 1 7 .

R e a c t i o n s  1 1  a n d  1 2  s u g g e s t  m e r e l y  t h a t  t h e  p r o b 

a b i l i t y  o f  f o r m a t i o n  o f  B  a n d  S t  n e g a t i v e  i o n s  d e p e n d s  

o n  t h e  c o n c e n t r a t i o n s  o f  b e n z e n e  a n d  o f  s t i l b e n e ;  n o  

c o n s i d e r a t i o n  n e e d  b e  g i v e n  t o  t h e  p o s s i b l e  f o r m a t i o n  

( i n  a  c o m p e t i n g  p r o c e s s )  o f  a  p e r s i s t e n t  n e g a t i v e  c y c l o 

h e x a n e  i o n .35 36 R e a c t i o n s  1 4  a n d  1 5  a r e  s t r i c t l y  ad hoc. 
W e  k n o w  o f  n o  theoretical s u p p o r t  f o r  t h e  s u g g e s t i o n  

t h a t  s u c h  a  n e u t r a l i z a t i o n  p r o c e s s  w i t h  h i g h  p r o b 

a b i l i t y  y i e l d s  a  t r i p l e t  s t a t e  o f  t h e  s p e c i e s  w h i c h  w a s  

n e g a t i v e l y  i o n i z e d .36 T h e  v a l u e s  o f  Gĉ .t/Gt̂ .c a t  l o w  

s t i l b e n e  c o n c e n t r a t i o n s ,  s h o w n  i n  T a b l e  V I  f o r  b o t h  b e n 

z e n e  a n d  c y c l o h e x a n e  s o l v e n t s ,  a p p r o x i m a t e  t h e  c o r r e 

s p o n d i n g  q u a n t u m  y i e l d  r a t i o  f o u n d  i n  t h e  p h o t o 

c h e m i c a l  p r o c e s s e s 2'3 a n d ,  t h u s ,  b y  i m p l i c a t i o n  s u g g e s t  

t h e  f o r m a t i o n  a n d  e s s e n t i a l  i n v o l v e m e n t  o f  t r i p l e t  s t i l 

b e n e  i n  t h e  h i g h - e n e r g y  i n d u c e d  i s o m e r i z a t i o n .

T h e  n o t e w o r t h y  f e a t u r e  o f  t h e  i s o m e r i z a t i o n  c h a i n

( 1 3 )  i s  t h e  p r e s u m p t i o n  t h a t  t h e  n e g a t i v e  s t i l b e n e  i o n ,  

n o  m a t t e r  h o w  p r o d u c e d ,  i s  trans a n d  r e m a i n s  trans 
a f t e r  n e u t r a l i z a t i o n .  A l s o  i n v o l v e d  i n  t h e  n o t i o n  o f  

s u c h  a  c h a i n  i s  t h a t  t h e  s t i l b e n e  n e g a t i v e  i o n  r e a d i l y  

t r a n s f e r s  c h a r g e  t o  c i s - s t i l b e n e .37 T h e  n u m b e r  o f  s t i l 

b e n e  m o l e c u l e s  i n v o l v e d  i n  t h e  c h a i n  r e p r e s e n t e d  b y  

r e a c t i o n  1 3  (i.e., t h e  c h a i n  l e n g t h )  m a y  b e  c a l c u l a t e d ,  

f o r  t h e  c o n d i t i o n  t h a t  a l l  i n i t i a l l y  “ s e p a r a t e d ”  e l e c t r o n s  

a r e  i n v o l v e d ,  o n  t h e  a s s u m p t i o n  t h a t  i n v o l v e s  o n l y  

t r i p l e t  e x c i t e d  s p e c i e s  a n d  t h a t  Gĉ t i n v o l v e s  b o t h  t r i p l e t  

e x c i t e d  s p e c i e s  a n d  i o n  c h a i n s .  T h e  p e r t i n e n t  e q u a t i o n  

i s

A  =  ( G U / G U c “  W U «  ( V I I )

w h e r e  A  i s  t h e  c h a i n  l e n g t h ,  Ge ~  0 . 1 28 i s  t h e  1 0 0 - e v  

y i e l d  o f  “ s e p a r a t e d ”  e l e c t r o n s ,  a n d  i s  t a k e n

a s  a p p r o x i m a t e l y  0 . 8 5 .  T h u s ,  w e  m a y  c o n c l u d e  f r o m  

t h e  d a t a  o f  T a b l e  V I  a n d  F i g u r e  1  t h a t ,  a t  0 . 1  M  r n - s t i l -

b e n e  i n  c y c l o h e x a n e ,  A  =  1 1 .  U s e  o f  =  1 . 4 1  ( c o r 

r e s p o n d i n g  t o  t h e  r e c i p r o c a l  o f  t h e  i n t e r c e p t  i n  F i g u r e  5 )  

a s  t h e  l i m i t i n g  v a l u e  a t  h i g h  ¿ r a n s - s t i l b e n e  c o n c e n t r a t i o n  

g i v e s ,  f o r  0 . 2  M  m - s t i l b e n e  i n  c y c l o h e x a n e ,  A  =  1 4 . 38

Benzene Solutions. T h e  i s o m e r i z a t i o n  r e s u l t s  f o r  

b e n z e n e  s o l u t i o n s  f i t  r a t h e r  w e l l  i n t o  t h e  p o s t u l a t e d  

f r a m e w o r k .  T h e  d a t a  o f  T a b l e  I  i n d i c a t e  l i t t l e  o r  n o  

c o n s u m p t i o n  o f  s t i l b e n e  i n  b e n z e n e ,  a  r e s u l t  t o  b e  e x 

p e c t e d  o n  t h e  b a s i s  o f  l o w  f r e e - r a d i c a l  y i e l d s  i n  b e n 

z e n e 9-10 a n d  t h e  s c a v e n g i n g  a b i l i t y  o f  b e n z e n e  i t s e l f .  

T h e  r a t i o  G rc_ t/ ( 7 i_ c i11 b e n z e n e  u p  t o  0 . 1  M  s t i l b e n e  ( c / .  

T a b l e  V I )  a g r e e s  c l o s e l y  w i t h  t h e  p h o t o s e n s i t i z a t i o n  

r a t i o ,  <t>ĉ .t/<i>t_̂ c.2 T h e  s p e c i f i c  r a t e  o f  e l e c t r o n  c a p 

t u r e  b y  b e n z e n e  a p p e a r s  t o  b e  o f  t h a t  b y  s t i l 

b e n e 34; c o n s e q u e n t l y ,  i s o m e r i z a t i o n  a p p e a r s  t o  p r o c e e d  

l a r g e l y  via t h e  t r i p l e t  s t a t e  o f  b e n z e n e  i n  t h e  l o w  c o n 

c e n t r a t i o n  r a n g e .  O n  t h e  b a s i s  fc6/ f c 7 =  7 0 ,  i t  f o l l o w s  

t h a t  a t  1 0 ~ 2 M  s t i l b e n e ,  o n l y  6%  o f  t h e  e l e c t r o n s  w o u l d  

b e  c a p t u r e d  b y  s t i l b e n e .39 ( S c h o l e s  a n d  S i m i c 19 r e p o r t  

t h a t  a t  0 . 0 5  M  N 2O ,  © ( N s )  i n  b e n z e n e  i s  o n l y  0 . 3  t i m e s  

t h a t  i n  c y c l o h e x a n e ;  a l s o  c o m p a r e  t h e  e l e c t r o n - s c a v e n g 

i n g  e f f e c t i v e n e s s  o f  v a r i o u s  s o l u t e s  i n  c y c l o h e x a n e  a n d  

i n  b e n z e n e  r e p o r t e d  b y  H a m i l l  a n d  c o l l a b o r a t o r s . 20' 23)  

E l e c t r o n  c a p t u r e  b y  s t i l b e n e  b e c o m e s  a p p r e c i a b l e  o n l y  

a t  s t i l b e n e  c o n c e n t r a t i o n s  e x c e e d i n g  t h a t  a t  w h i c h  

t r i p l e t - s t a t e  t r a n s f e r  f r o m  b e n z e n e  t o  s t i l b e n e  i s  e s s e n 

t i a l l y  c o m p l e t e .  T h u s ,  e q  I  a n d  t h e  r e c i p r o c a l  o f  t h e  

i n t e r c e p t  i n  t h e  S t e m - V o l m e r  p l o t  o f  ( ? ( _ „  i n  F i g u r e  5  

g i v e  a n  a p p r o x i m a t e  y i e l d  o f  b e n z e n e  t r i p l e t s ,  Gi =  2 . 9 -  

( 1  +  (/</>(— c)  =  5 . 4 .  T h e  r a t i o  o f  s l o p e  t o  i n t e r c e p t  i n

F i g u r e  5  g i v e s  kt/kd =  1 2 0  M ~ l, f o r  t h e  s p e c i f i c  r a t e  o f  

t r i p l e t - s t a t e  t r a n s f e r  f r o m  b e n z e n e  t o  s t i l b e n e  d i v i d e d  

b y  t h e  s p e c i f i c  r a t e  o f  d e c a y  o f  b e n z e n e  t r i p l e t  s t a t e s .  

I f  a  y i e l d  6 ( i o n  p a i r s )  o f  ~ 3  i s  a s s u m e d ,23 i t  f o l l o w s  

f r o m  Gi =  5 . 4  t h a t  t h e  y i e l d  f o r  p r o d u c t i o n  o f  b e n z e n e  

t r i p l e t s  via excitation alone m u s t  b e  ~ 2 . 4 .

T h e  v a l u e  Gi =  5 . 4  i s  s o m e w h a t  l a r g e r  t h a n  t h e  t r i p 

l e t - s t a t e  y i e l d  i n  b e n z e n e  o f  G =  4 . 2  r e p o r t e d  b y  C u n -  

d a l l  a n d  G r i f f i t h s ,  w h o  s t u d i e d  t h e  r a d i a t i o n - i n d u c e d

(35) C f. J. L . M agee  and  M . B u rton , J. P h ys. Chem., 56 , 842 (1952).
(36) Indeed , a ccord ing  to  th eory  presented b y  J. L . M agee, D iscu s
sions Faraday Soc., 12, 33 (1952), th e  p rob a b ility  is th at th e  species 
w h ich  w as p ositive ly  ion ized  y ie lds th e  excited  species. See, h ow 
ever, ref 26 and  27.

(37) A ccord in g  to  esr studies (foo tn ote  24 ) the  transfer o f  charge 
betw een  ¿rans-stilbene an ion and ¿rans-stilbene occu rs qu ite  read ily . O n 
the assum ption  th at the e lectron  affinities are substantia lly  the  sam e 
for  the trans and  cis  com poun ds, such transfer w ou ld  b e  lim ited  on ly  
b y  a  presum ably  sm all a ct iva tion  energy .
(38) B ecause chain  term ination  m a y  in v o lv e  tra ce  im pu rities (n ote  
the  absence o f  a dose-rate  e ffect), Gc—*-t and  th e  corresp on d in g  chain  
lengths m a y  b e  sensitive t o  reagent purification  proced u res and, 
therefore, m ay  n o t  b e  readily  reproducib le  b y  d ifferent experi
m enters.
(39 ) I t  m ust be  rem em bered  th at, in  a d d ition , an  ap p reciab le  y ie ld  
o f  benzene trip let states m ay  be form ed  b y  d irect excita tion .
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i s o m e r i z a t i o n  o f  2 - b u t e n e  i n  b e n z e n e  s o l u t i o n s .40 I f  a  

d i f f u s i o n - c o n t r o l l e d  kt ~  1010 M -1  s e c -1  i s  a s s u m e d ,41 a  

l i f e t i m e  o f  ~ 10-8  s e c  i s  o b t a i n e d  f o r  t h e  b e n z e n e  t r i p l e t  

s t a t e  i n  t h e  p u r e  ( a d d i t i v e - f r e e )  l i q u i d .  T h i s  v a l u e  i s  

c o n s i s t e n t  w i t h  t h o s e  o b t a i n e d  ( f o r  7 - r a y  a n d  e l e c t r o n  

i r r a d i a t i o n )  b y  C u n d a l l  a n d  G r i f f i t h s 40 a n d  b y  N o s -  

w o r t h y 5 a n d  w i t h  c o n c l u s i o n s  f r o m  c e r t a i n  u l t r a v i o l e t  

s t u d i e s .40'42 O n  t h e  o t h e r  h a n d ,  b o t h  L i p s k y 43 a n d  

K r o n g a u z ,44 a l s o  o n  t h e  b a s i s  o f  u l t r a v i o l e t  s t u d i e s ,  

a s s i g n  a  l o w e r  l i m i t  o f  10~6 s e c  t o  t h e  l i f e t i m e  o f  t r i p 

l e t - s t a t e  b e n z e n e .  I f  t h e  l o n g e r  l i f e t i m e  ( > 1 0 -6  s e c )  

p r o v e s  c o r r e c t  f o r  u l t r a v i o l e t - g e n e r a t e d  t r i p l e t s ,  t h e  

s h o r t e r  l i f e t i m e  v a l u e s  o b t a i n e d  i n  i r r a d i a t e d  s y s t e m s  

m a y  b e  a t t r i b u t a b l e  t o  a n  “ e f f e c t i v e  l i f e t i m e ”  d e t e r 

m i n e d  b y  t h e  r a t e  o f  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  i n  

s p u r s .45 C e r t a i n  f e a t u r e s  o f  l u m i n e s c e n c e - d e c a y  

c u r v e s  o b t a i n e d  i n  t h i s  l a b o r a t o r y  p r o v i d e  s o m e  e v i d e n c e  

f o r  s u c h  a  p r o c e s s .46
Azulene. T h e  a z u l e n e  d a t a  o f  T a b l e  I I I  s u p p o r t  t h e  

n o t i o n  t h a t  i s o m e r i z a t i o n  p r o c e e d s  l a r g e l y  via t h e  t r i p l e t  

s t a t e  o f  b e n z e n e  a t  l o w  s t i l b e n e  c o n c e n t r a t i o n s .  O n  

t h i s  b a s i s ,  w e  c a n  w r i t e

B T  +  ¿ - S t  — >  B  +  S t T ( 1 8 )

B T  - ) -  A  — >  B  +  A t ( 1 9 )

B t - - >  B ( 20 )

S t T  +  A  — >  ¿ - S t  +  A t ( 21)

S t T  — >  S t , ( 22 )

w h e r e  A  r e p r e s e n t s  a z u l e n e  a n d  o t h e r  s y m b o l s  h a v e  

t h e i r  a l r e a d y  i n d i c a t e d  m e a n i n g .  T h e  u s u a l  s t e a d y -  

s t a t e  a n a l y s i s  g i v e s

G o / G ( l  +  ¿21 [ A J / A ^ j )  =

1 +  ¿is [A]/(fcls [ i - S t ]  +  fc20)  (VIII)

i n  w h i c h  G i s  t h e  y i e l d  o f  c i s - s t i l b e n e  i n  t h e  p r e s e n c e  o f  

a z u l e n e  a n d  G o  i s  t h e  y i e l d  i n  i t s  a b s e n c e .  I f  b e n z e n e  

t r i p l e t s  w e r e  n o t  i n v o l v e d  ( r e a c t i o n s  1 8 - 2 0  w o u l d  b e  

a b s e n t ) ,  a  p l o t  o f  G o / G  a s  a  f u n c t i o n  o f  [ A ]  w o u l d  b e  

l i n e a r ,  a s  i s  n o t  t h e  c a s e .  H o w e v e r ,  a s  m a y  b e  s e e n  i n  

F i g u r e  6 , g o o d  l i n e a r i t y  i s  o b t a i n e d  i n  a  p l o t  o f  t h e  l e f t  

s i d e  o f  e q  V I I I  a g a i n s t  [ A ]  u s i n g  t h e  v a l u e  o f  H a m 

m o n d ,  et al.,2 f o r  ¿ 21/^22 =  7 8 .  A  s l o p e  o f  1 5 1  s o  

o b t a i n e d  g i v e s  ( f o r  [ ¿ - S t ]  =  4  X  1 0 ~ 3 M  a n d  kn/kw =  
kt/kd =  1 2 0  M ~ r) a  v a l u e  o f  ¿ i s / f e o  =  2 2 4  M ~1.

PPO .  C o m p a r i s o n  o f  t h e  d a t a  i n  T a b l e s  I I I  a n d  I V  

f o r  d i p h e n y l o x a z o l e  s o l u t i o n s  s u g g e s t s  t h a t  t h e  t r i p l e t  

s t a t e  o f  b e n z e n e  t r a n s f e r s  t o  P P O  a n d  t h e n c e  t o  ¿ r a n s - s t i l -  

b e n e .  T h e  l a t t e r  t r a n s f e r  ( P P O  t o  ¿ r a n s - s t i l b e n e )  a p p e a r s  

t o  b e  e s s e n t i a l l y  c o m p l e t e  a t  4  X  1 0  ~3 M  ¿ r a n s - s t i l b e n e  

i n  c y c l o h e x a n e ;  t h e r e f o r e ,  b e c a u s e  i n  b e n z e n e  =

Figure 6. Kinetic plot (c/. eq VIII) of the effect of azulene 
on isomerization of 4 X 10-3 M  irans-stilbene in benzene.

1 . 7 6 a t 0 . 1 M P P O a n d 4  X  1 0 ~ 3 M  ¿ r a n s - s t i l b e n e ,  a s  c o m 

p a r e d  t o  G i— c =  2 . 7 5  a t  0 . 1 4 7  ¿ r a n s - s t i l b e n e  i n  t h e  a b s e n c e  

o f  P P O ,  i t  i s  n e c e s s a r y  t o  c o n c l u d e  t h a t  t h e  s p e c i f i c  r a t e  

f o r  b e n z e n e  t r i p l e t - s t a t e  t r a n s f e r  t o  P P O  i s  l e s s  t h a n  

t h a t  f o r  t r a n s f e r  t o  ¿ r a n s - s t i l b e n e .  O n e  c o u l d  a r g u e  t h a t  

a  G ( — c o f  1 . 7 6  i n  0 . 1  M  P P O  i s  n e a r  a  l i m i t i n g  v a l u e  a n d  

r e p r e s e n t s ,  a p p r o x i m a t e l y ,  t h e  t o t a l  p o s s i b l e  b e n z e n e  

t r i p l e t - s t a t e  c o n t r i b u t i o n .  F r o m  s u c h  r e a s o n i n g  o n e  

m i g h t  t h e n  c o n c l u d e  t h a t  G (_ c ~  1 r e p r e s e n t s  t h e  c o n 

t r i b u t i o n  o f  4B 2u s t a t e s  o f  b e n z e n e ,47 w h i c h  ( i n  t h e  l i g h t  

o f  Q' =  0 . 8  X  1 0 _3 M 30)  t r a n s f e r  8 3 %  o f  t h e i r  e n e r g y  

i n t o  4  X  1 0 ~ 3 M  P P O  a n d  9 9 %  i n t o  0 . 1  M  P P O .  T h i s  

a r g u m e n t  i s  d i f f i c u l t  t o  r e c o n c i l e  ( 1)  w i t h  t h e  a b s e n c e  

o f  a n y  e n h a n c e m e n t  b y  4  X  1 0 ~ 3 M  P P O  o f  G (_ * c i n  

t h e  4  X  1 0  ~3 M  ¿ r a n s - s t i l b e n e  s o l u t i o n  ( cf. T a b l e  I I I ) ,

( 2 )  w i t h  t h e  g o o d  S t e r n - V o l m e r  p l o t  o f  F i g u r e  5 ,  f r o m

(40) R . B . C undall and  P . A . G riffiths, Trans. F araday Soc., 61, 
1968 (1965).
(41) C f. C . R . M uffin , M . A . D illon , and  M . B u rton , J. Chem . P hys., 
40 , 3053 (1964). T h e  va lu e  o f  1010 M -1 s e c -1 is reason ab ly  lo w  and 
the consequent va lu e  o f ~ 1 0 _s sec is an  u p p er lim it for  the  life  o f 
th e  trip let state.
(42 ) J . T . D u b o is  and  F . W ilk in son , ibid., 38 , 2541 (1963).
(43) S. L ipsk y , ibid., 38 , 2786 (1963).
(44) V . A . K ron gau z, D okl. A kad . N a uk S S S R , 155, 638 (1964).
(45) Such a  m odel has been p rop osed  b y  G . S. H a m m on d  to  explain 
certain  o f  his d ata  for  irradiated  b en zen e-stilben e  solu tion s (p riva te  
com m u n ica tion ).
(46) E . G rtlnhut, paper in  p reparation . N o te  also th at con form ity  
to  S tern -V o lm er  k inetics (c f . F igure 5) is n ot necessarily  ev iden ce  for  
a hom ogeneous, first-order d eca y  o f trip let benzene. Such k inetics 
also are o b se rv e d  in cy cloh exa n e  solu tions in  w h ich  th e  required 
d eca y  process (in com p etition  w ith  isom erization ) w ou ld  appear to  
be gem inate neutralization  o f  ion  pairs in  spurs, w ith  a  d istribu tion  
o f “ lifetim es.”  In  particu lar, on e  m ust be w a ry  a b ou t th e  in ter
preta tion  o f a straight line (in a S tern -V o lm er  equ ation ) w ith ou t 
adequ ate  consideration  o f the  fa ct  th at recip roca l p lo ts  tend  to  
straighten ou t lines.
(47) S. L ip sk y  and  M . B u rton , J. Chem . P h y s ., 31 , 1221 (1 959 ); 
S. L ipsk y , W . P . H elm an , and J. F . M erk lin , “ L um inescence  o f 
O rganic and Inorgan ic M ateria ls ,”  H . P . K a llm an  and G . M . Spruch , 
E d ., John W iley  and Sons, In c ., N ew  Y o rk , N . Y ., 1962, C h a pter I , 
p  83.

Volume 70, Number 7 July 1966



2372 Hentz, Peterson, Srivastava, Barztnski, and Burton

w h i c h  t h e  v a l u e  k t/ k d  =  1 2 0  M - 1  i s  o b t a i n e d  ( c o m p a r e  

w i t h  1 /Q' =  1 2 5 0  M - 1 ) ,  a n d  ( 3 )  w i t h  t h e  a z u l e n e  

d a t a .  C o n s e q u e n t l y ,  i t  i s  c o n c l u d e d  t h a t  t h e  ^  s t a t e  

o f  b e n z e n e  d o e s  n o t  c o n t r i b u t e  a p p r e c i a b l y  t o  t h e  i s o m 

e r i z a t i o n .  T r a n s f e r  f r o m  t h e  1B 2ll s t a t e  t o  s t i l b e n e  

o u g h t  t o  b e  a b o u t  a s  e f f i c i e n t  a s  t r a n s f e r  t o  P P O ;  b e 

c a u s e  a p p r o x i m a t e l y  9 0 %  o f  s t i l b e n e  s i n g l e t s  u n d e r g o  

i n t e r s y s t e m  c r o s s i n g  t o  t h e  t r i p l e t  a t  r o o m  t e m p e r a 

t u r e , 2 - 4  i t  i s  n e c e s s a r y  t o  c o n c l u d e  t h a t  C r (1B 2U)  i n  

b e n z e n e  i s  s m a l l  ( i.e. ,  < 0 . 5 48)  r e l a t i v e  t o  ^ ( t r i p l e t s )  =

5 . 4 .

Chains in  Benzene. F i g u r e  3  a n d  t h e  d a t a  f o r  b e n 

z e n e  s o l u t i o n s  i n  T a b l e  V I  p r o v i d e  i m p r e s s i v e  s u p p o r t  

f o r  t h e  p o s t u l a t e d  i o n i c  c h a i n  i s o m e r i z a t i o n  o f  c f s - s t i l -  

b e n e  a t  h i g h e r  c o n c e n t r a t i o n s  ( > 0 . 1  M  i n  t h i s  c a s e ) .  

F r o m  e q  V I I ,  w e  h a v e  f o r  c h a i n  l e n g t h  a s  a  f u n c t i o n  o f  

s t i l b e n e  c o n c e n t r a t i o n 88 t h e  v a l u e s  f o u n d  i n  T a b l e  V I I I .

Table VIII

[cis-Stilbene],
M A

0.29 7
0.48 12
0.66 15
1.8 31

I t  i s  e v i d e n t  t h a t  a t  c o r r e s p o n d i n g  s t i l b e n e  c o n c e n t r a 

t i o n s ,  c h a i n  l e n g t h s  a r e  s h o r t e r  i n  b e n z e n e  t h a n  i n  

c y c l o h e x a n e . 49

T h e  r e s u l t s  s h o w n  i n  F i g u r e  4  a r e  o f  i n t e r e s t  f o r  c o m 

p a r i s o n  w i t h  t h e  c o r r e s p o n d i n g  c y c l o h e x a n e  s o l u t i o n s ;  

h o w e v e r ,  b e c a u s e  m a n y  f a c t o r s  a r e  i n v o l v e d  i n  e a c h  

c a s e ,  a  d e t a i l e d  a n a l y s i s  i s  n o t  j u s t i f i e d .  P y r i d i n e  a p 

p a r e n t l y  t r a n s f e r s  t r i p l e t  e n e r g y  t o  s t i l b e n e  w i t h  l e s s  

e f f i c i e n c y  t h a n  d o e s  b e n z e n e .  T h e  l e s s e r  e f f e c t  o f  

p i p e r i d i n e  o n  i s o m e r i z a t i o n  y i e l d s  i n  b e n z e n e ,  a s  c o m 

p a r e d  t o  t h e  e f f e c t  i n  c y c l o h e x a n e ,  i s  i n  a g r e e m e n t  

w i t h  o b s e r v a t i o n s  o f  C u n d a l l  a n d  G r i f f i t h s 6 a n d  m a y  b e  

r e l a t e d  t o  a  l e s s e r  e f f i c i e n c y  o f  p r o t o n  t r a n s f e r  f r o m  

b e n z e n e  c a t i o n s  t o  p i p e r i d i n e .

Commentary
A  m e c h a n i s m  h a s  b e e n  p r e s e n t e d  f o r  i n t e r p r e t a t i o n  

o f  t h e  r a d i a t i o n - i n d u c e d  i s o m e r i z a t i o n s  o f  cis- a n d  

t r a n s - s t i l b e n e  i n  b o t h  b e n z e n e  a n d  c y c l o h e x a n e  s o l u 

t i o n s .  T h i s  m e c h a n i s m  h a s  e m p h a s i z e d  t h e  r o l e  o f  s t i l 

b e n e  a n i o n s  f o r m e d  i n  e l e c t r o n - c a p t u r e  p r o c e s s e s ;  c o m 

p l e t e l y  p a r a l l e l  a n d  e q u a l l y  s a t i s f a c t o r y  a r g u m e n t s  

m i g h t  b e  p r e s e n t e d  i n  t e r m s  o f  s t i l b e n e  c a t i o n s  f o r m e d  

b y  p o s i t i v e - c h a r g e - t r a n s f e r  p r o c e s s e s .  I n d e e d ,  b o t h  

i o n i c  t y p e s  m a y  c o n t r i b u t e  t o  t h e  c h a i n s .  S u c h  a l t e r 

n a t i v e  m e c h a n i s m s  a r e  n o t  r u l e d  o u t .  A  t e n t a t i v e  p r e f 

e r e n c e  f o r  t h e  a n i o n i c  m e c h a n i s m  i s  b a s e d  o n  t h e  f o l 

l o w i n g  p o i n t s :  ( 1 )  t h e  c o r r e l a t i o n  n o t e d  b e t w e e n  t h e  

b e h a v i o r  o f  t h e  i s o m e r i z a t i o n  r e a c t i o n  a n d  t h e  e f f e c t  o f  

s u c h  e l e c t r o n  s c a v e n g e r s  a s  N 20  a n d  H I  o n  G ( N 2)  a n d  

< 7 ( H i ) ,  r e s p e c t i v e l y ,  i n  c y c l o h e x a n e  s o l u t i o n s ;  ( 2 )  t h e  

a p p a r e n t  c o m p e t i t i v e  e f f e c t  o f  C C h  i n  s u p p r e s s i o n  o f  

i s o m e r i z a t i o n  i n  c y c l o h e x a n e  s o l u t i o n ;  ( 3 )  a n  a p p a r e n t  

r a t e  o f  c h a r g e  c a p t u r e  b y  s t i l b e n e  t h a t  i s  ~ 7 0  t i m e s  t h a t  

o f  b e n z e n e ,  a  n u m b e r  w h i c h  a p p e a r s  t o  b e  r e c o n c i l a b l e  

w i t h  a n  e l e c t r o n - c a p t u r e  p r o c e s s  b u t  n o t  p o s i t i v e -  

c h a r g e  t r a n s f e r .

T h e  e s s e n t i a l  f e a t u r e s  o f  t h e  m e c h a n i s m  c a n  b e  s u m 

m a r i z e d  a s  f o l l o w s  w i t h o u t  r e f e r e n c e  t o  t h e  d e t a i l s  o f  

t h e  i o n i c  p r o c e s s e s  i n v o l v e d .  I n  c y c l o h e x a n e ,  i s o m e r i 

z a t i o n  o f  c f s - s t i l b e n e  a t  l o w  c o n c e n t r a t i o n s  a n d  o f  trans- 
s t i l b e n e  a t  a l l  c o n c e n t r a t i o n s  o c c u r s  via t r i p l e t  s t a t e s  o f  

s t i l b e n e  f o r m e d  b y  n e u t r a l i z a t i o n  o f  s t i l b e n e  i o n s .  A t  

h i g h  M s - s t i l b e n e  c o n c e n t r a t i o n s  ( > 1 0 ~ 2 M ) i n  c y c l o 

h e x a n e ,  a  d i r e c t  i o n i c  c h a i n  i s o m e r i z a t i o n  o c c u r s  b y  

c h a r g e  t r a n s f e r  b e t w e e n  “ f r e e ”  s t i l b e n e  i o n s  a n d  s t i l 

b e n e  m o l e c u l e s .  A t  l o w  s t i l b e n e  c o n c e n t r a t i o n s  ( < 0 . 0 5  

M) i n  b e n z e n e ,  i s o m e r i z a t i o n  p r o c e e d s  l a r g e l y  via t r a n s 

f e r  f r o m  t r i p l e t  s t a t e s  o f  b e n z e n e  ( c / . ,  a l s o ,  r e f  5 ) .  

A t  h i g h e r  s t i l b e n e  c o n c e n t r a t i o n s ,  t h e  t r i p l e t  s t a t e  o f  

s t i l b e n e  i s  f o r m e d  d i r e c t l y  b y  n e u t r a l i z a t i o n  o f  s t i l 

b e n e  i o n s ,  a s  i n  c y c l o h e x a n e ; t h e  d i r e c t  i o n i c  c h a i n  i s o m 

e r i z a t i o n  o f  r a s - s t i l b e n e  b e c o m e s  s i g n i f i c a n t  i n  b e n z e n e  

a t  c o n c e n t r a t i o n s  g r e a t e r  t h a n  0 . 1  M.
F i n a l l y ,  t h e  f a c t  s h o u l d  b e  n o t e d  t h a t  1 0  n s e c  i s  d e 

r i v e d  a s  a n  u p p e r  l i m i t  f o r  t h e  d e c a y  t i m e  o f  t r i p l e t  

b e n z e n e  e x c i t e d  b y  h i g h - e n e r g y  r a d i a t i o n  i n  t h e  p u r e  

l i q u i d .  T h i s  f i g u r e  m a y  b e  c o m p a r e d  w i t h  t h e  l o n g e r  

d e c a y  t i m e  o f  1 6  n s e c  n o w  w e l l  e s t a b l i s h e d  f o r  t h e  xB 2u 

s t a t e 60 u n d e r  s i m i l a r  c o n d i t i o n s .

A n  i m m e d i a t e  e x p l a n a t i o n  o f  s u c h  a n  a n o m a l o u s  

r e l a t i o n s h i p  i s  t h a t  d e c a y  o f  t r i p l e t s  m a y  b e  t o  a  s i g 

n i f i c a n t  e x t e n t  b y  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  i n  t h e  

t r a c k . 46' 46

Acknowledgment. T h e  a u t h o r s  a r e  p l e a s e d  t o  a c 

k n o w l e d g e  t h e  h e l p f u l  s u g g e s t i o n s  a n d  c r i t i c i s m s  o f  

P r o f .  A .  A .  L a m o l a  a n d  t h e  e x p e r i m e n t a l  a s s i s t a n c e  o f  

D r .  E .  A .  R o j o  i n  t h e  f i n a l  s t a g e s  o f  t h e  w o r k .  48 49 50

(48) T h is  va lue is consid erably  less than  th at suggested  b y  the  
w ork  o f D . B . P eterson , T . A rakaw a, D . A . G . W alm sley , and  M . 
B u rton , J. P h ys . Chem., 69, 2880 (1965).

(49) W e  are inclined  t o  attr ibu te  th is d ifference in chain  len gth  t o  a 
fundam enta l m atter  o f  the  d istance t o  w h ich  sib ling  p os itiv e  hole  
and e lectron  m a y  separate as determ ined  b y  th e  e lectron ic  prop erties  
o f  th e  m ed iu m ; e.g ., cy cloh exa n e  can n ot cap tu re  an e lectron  b u t  
benzene can  and th e  separation  d istance  con seq u en tly  w o u ld  b e  less 
in  the  la tter case. R ecen t experim ents b y  K .  Sh im a in  th is la b ora 
to ry  in d ica te  th at the  chain  length  in  cy cloh exa n e  m a y  b e  increased  
b y  further purification . A n  effect o f  u ltrapurification  on  th e  benzene 
system  has n o t  y e t  been  observed .

(50) M . A . D illon  and  M . B u rton , “ P ulse R a d io ly s is ,”  P roceed in gs 
o f  the Internationa l Sym posium , M anch ester, 1965, M . E b e rt, J. P . 
K een e, A . J. Sw allow , and  J. H . B axend ale , E d ., A ca d e m ic  Press, 
N ew  Y o rk , N . Y . ,  1965, p  259 ff.
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A  priori s e p a r a t i o n  o f  f a r a d a i c  a n d  d o u b l e - l a y e r  c h a r g i n g  c u r r e n t s ,  a s  c o m m o n l y  a c c e p t e d ,  

i s  n o t  j u s t i f i e d  t h e o r e t i c a l l y  f o r  n o n s t e a d y - s t a t e  c o n d i t i o n s  ( t r a n s i e n t s  o r  p e r i o d i c  v a r i a 

t i o n s ) .  T h e  i d e a  o f  c h a r g e  s e p a r a t i o n  o r  r e c o m b i n a t i o n  a t  a n  i n t e r f a c e ,  w i t h o u t  e x t e r n a l  

c u r r e n t ,  i s  i n t r o d u c e d  a n d  a p p l i e d  t o  t h e  a n a l y s i s  o f  c h a r g i n g  p r o c e s s e s .  T h e r e  c a n  b e  

p r o g r e s s i v e  t r a n s i t i o n  i n  d o u b l e - l a y e r  c h a r g i n g  f r o m  t h e  i d e a l  p o l a r i z e d  e l e c t r o d e  ( n o  

c h a r g e  s e p a r a t i o n  o r  r e c o m b i n a t i o n )  t o  t h e  i d e a l  r e v e r s i b l e  e l e c t r o d e  ( o n l y  c h a r g e  s e p a r a 

t i o n  o r  r e c o m b i n a t i o n ) .  U n a w a r e n e s s  o f  t h i s  i d e a  v i t i a t e s  s o m e  r e s u l t s  o b t a i n e d  b y  

r e l a x a t i o n  o r  p e r t u r b a t i o n  m e t h o d s  i n  e l e c t r o d e  k i n e t i c s .  T h r e e  g e n e r a l  e q u a t i o n s  a r e  

d e r i v e d  w h i c h ,  a f t e r  s o l u t i o n  f o r  a n y  p a r t i c u l a r  c o n d i t i o n s ,  d e s c r i b e  n o n s t e a d y - s t a t e  e l e c 

t r o d e  b e h a v i o r  a n d  a l l o w  a posteriori d e t e r m i n a t i o n  o f  k i n e t i c  a n d  d o u b l e - l a y e r  p a r a m e t e r s .  

A p p l i c a t i o n  i s  m a d e  t o  a n  e l e c t r o d e  o f  v a r y i n g  a r e a  a t  c o n s t a n t  o v e r v o l t a g e .

I t  i s  c u s t o m a r y  t o  d e r i v e  f a r a d a i c  c u r r e n t s  f o r  n o n 

s t e a d y  c o n d i t i o n s  ( t r a n s i e n t s  o r  p e r i o d i c  v a r i a t i o n s )  

b y  i g n o r i n g  d o u b l e - l a y e r  c h a r g i n g .  E x p e r i m e n t a l  c u r 

r e n t s  a r e  s u b s e q u e n t l y  c o r r e c t e d  f o r  d o u b l e - l a y e r  

c h a r g i n g  b y  a s s u m i n g  b e h a v i o r  a s  a n  i d e a l  p o l a r i z e d  

e l e c t r o d e .  T h u s ,  f a r a d a i c  a n d  d o u b l e - l a y e r  c h a r g i n g  

p r o c e s s e s  a r e  s e p a r a t e d  a priori. T h i s  p r o c e d u r e  w a s  

r e f i n e d  r e c e n t l y ,  a n d  m e t h o d s  w e r e  d e v e l o p e d  t o  

s e p a r a t e  t h e  f a r a d a i c  a n d  c h a r g i n g  p r o c e s s e s  f r o m  t h e i r  

d i f f e r e n c e s  i n  t i m e  o r  f r e q u e n c y  d e p e n d e n c e ,  ( a )  

S l u y t e r s  a n d  c o - w o r k e r s 1 d e v i s e d  a  m e t h o d  f o r  t h e  

a n a l y s i s  o f  e l e c t r o d e  i m p e d a n c e  m e a s u r e m e n t s  b y  

a s s u m i n g  t h a t  t h e  c h a r g i n g  p r o c e s s  i s  f r e q u e n c y  i n d e 

p e n d e n t ,  w h e r e a s  t h e  f a r a d a i c  i m p e d a n c e  i s  g e n e r a l l y  

n o t .  ( b )  B u t l e r  a n d  M e e h a n 2 a n d  i n d e p e n d e n t l y  t h e  

w r i t e r  a n d  c o - w o r k e r s 3 a t t e m p t e d  s e p a r a t i o n  o f  f a r a d a i c  

a n d  c h a r g i n g  c u r r e n t s  a t  a  d r o p p i n g  l i q u i d  m e t a l  

( m e r c u r y ,  a m a l g a m ,  e t c . )  e l e c t r o d e  f r o m  t h e  d i f f e r 

e n c e  i n  t h e  t i m e  d e p e n d e n c e  o f  t h e s e  t w o  c u r r e n t s ,  

( c )  A  s i m i l a r  a n a l y s i s  b a s e d  o n  d e p e n d e n c e  o n  t h e  r a t e  

o f  f l o w  o f  m e r c u r y  ( a m a l g a m )  w a s  d e v i s e d 3 f o r  t h e  

s t r e a m i n g  m e r c u r y  e l e c t r o d e .  T h e s e  a n a l y s e s  s t i l l  

p r e s u p p o s e  t h e  a priori f e a s i b i l i t y  o f  s e p a r a t i n g  f a r a d a i c  

a n d  c h a r g i n g  c u r r e n t s .  I t  t u r n s  o u t ,  a s  w i l l  b e  s h o w n  

b e l o w ,  t h a t  s u c h  a  p o s t u l a t e  i s  n o t  j u s t i f i e d  t h e o r e t i 

c a l l y  a n d  t h a t  i t  c a n  l e a d  t o  s e r i o u s  e r r o r s  o f  i n t e r p r e t a 

t i o n  i n  c e r t a i n  c a s e s .

W e  s h a l l  b e g i n  w i t h  t h e  a n a l y s i s  o f  t w o  s i m p l e  

c a s e s  a n d  s h a l l  t h e n  d e r i v e  t h r e e  g e n e r a l  e q u a t i o n s

w h i c h ,  a f t e r  s o l u t i o n  f o r  a n y  p a r t i c u l a r  c o n d i t i o n s ,  

d e s c r i b e  e l e c t r o d e  b e h a v i o r  a n d  a l l o w  a posteriori 
s e p a r a t i o n  o f  k i n e t i c  a n d  d o u b l e - l a y e r  p a r a m e t e r s .  

T h e s e  t h r e e  g e n e r a l  e q u a t i o n s  s h o u l d  p r o v i d e  t h e  

k e y  t o  t h e  a n a l y s i s  o f  t r a n s i t o r y  a n d  p e r i o d i c  e l e c t r o d e  

p r o c e s s e s .  F i n a l l y ,  w e  s h a l l  e x a m i n e  t h e  a p p l i c a t i o n  

t o  a n  e l e c t r o d e  o f  v a r y i n g  a r e a  a t  c o n s t a n t  o v e r v o l t a g e .  

A n a l y s i s  o f  t h e  f a r a d a i c  i m p e d a n c e  h a s  a l s o  b e e n  

c o m p l e t e d , 4 a n d  o t h e r  m e t h o d s  ( p o t e n t i o s t a t i c ,  g a l -  

v a n o s t a t i c ,  e t c . )  a r e  b e i n g  a n a l y z e d .

Charging Processes at a Metal Ion-Pure 
Metal Electrode

Ionic Transfer vs. Charge Separation or Recombina
tion. W e  e x a m i n e  c h a r g i n g  p r o c e s s e s  a t  a n  e l e c t r o d e  

o f  p u r e  m e t a l  M  i n  a  s o l u t i o n  o f  s a l t  M X .  T h e  

e l e c t r o d e  r e a c t i o n  i s  M + z  +  z e  =  M  w i t h  z >  0 .  T h e  

e l e c t r o d e  a r e a  A  i s  v a r i e d ,  a n d  t h e  e l e c t r o d e  p o t e n t i a l  

i s  m a i n t a i n e d ,  e.g., b y  a  p o t e n t i o s t a t ,  a t  t h e  e q u i 

l i b r i u m  v a l u e  c o r r e s p o n d i n g  t o  t h e  b u l k  a c t i v i t y  o f  

M X .  S u c h  i d e a l i z e d  c o n d i t i o n s  c a n  a c t u a l l y  b e  c l o s e l y  

a p p r o x i m a t e d ,  e.g., f o r  a n  e x p a n d i n g  m e r c u r y  d r o p  i n

(1) M . S lu yters -R eh ba ch  and J. H . S luyters, R ec. Trav. Chim ., 82 , 
525 (1963). See the sam e jou rn a l for  p rev iou s and  m ore  recen t 
papers in  this series.
(2) J. N . B utler and  M . L . M eehan , J. P h ys. Chem ., 69 , 4051 (1965)
(3) G . Tessari, J. M u rp h y , R . de L ev ie , and P . D elah ay , Louisiana 
S tate U n iversity , unpublished  w ork .
(4) P . D elah ay  and G . G . Susbielles, J. P h ys. Chem ., in press.
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a  H g ( I )  s o l u t i o n . 2 ' 3 W e  s h a l l  a s s u m e  h e r e  a n d  i n  s u b 

s e q u e n t  d e v e l o p m e n t s  t h a t  s o l u t i o n s  ( a n d  a m a l g a m s )  

a r e  s u f f i c i e n t l y  d i l u t e  s o  t h a t  a b s o l u t e  a n d  r e l a t i v e  

s u r f a c e  e x c e s s e s  a r e  e q u a l  f o r  a l l  p r a c t i c a l  p u r p o s e s . 6 

T h i s  c o n d i t i o n  i s  g e n e r a l l y  s a t i s f i e d  i n  p r a c t i c e .

T h e r e  a r e  t w o  p r o c e s s e s  b y  w h i c h  i o n s  M + 2 n e e d e d  

t o  m a i n t a i n  t h e  e q u i l i b r i u m  s u r f a c e  e x c e s s  T +  o f  M + z  

i n  s o l u t i o n  a r e  s u p p l i e d  t o  o r  r e m o v e d  f r o m  t h e  d o u b l e  

l a y e r ,  a s  t h e  e l e c t r o d e  a r e a  v a r i e s :  ( a )  t r a n s f e r  o f  

M + 2 t o  o r  f r o m  t h e  b u l k  o f  t h e  s o l u t i o n ;  ( b )  c h a r g e  

r e c o m b i n a t i o n  o r  s e p a r a t i o n  a t  t h e  i n t e r f a c e  b y  t h e  

r e a c t i o n  M + z  +  ze =  M .  T h e  c h a r g e s  o n  t h e  e l e c t r o d e  

a n d  i n  t h e  d o u b l e  l a y e r  a l w a y s  r e m a i n  e q u a l  a n d  o f  

o p p o s i t e  s i g n .  H e n c e ,  t h e  t r a n s f e r  o f  a n  i o n i c  c h a r g e  

( z F T +)SA  f r o m  o r  t o  t h e  b u l k  o f  t h e  s o l u t i o n ,  w h i c h  

r e s u l t s  f r o m  a  v a r i a t i o n  8A, r e q u i r e s  a d d i t i o n  t o  o r  

r e m o v a l  f r o m  t h e  e l e c t r o d e  o f  a n  e l e c t r o n i c  c h a r g e  

—  ( z i T + ) 5 T .  C u r r e n t  f l o w s  i n  t h e  e x t e r n a l  p o t e n t i o -  

s t a t - c e l l  c i r c u i t  i n  t h i s  o p e r a t i o n .

I n  c o n t r a s t ,  c h a r g e  r e c o m b i n a t i o n  o r  s e p a r a t i o n  a t  

t h e  m e t a l - e l e c t r o l y t e  i n t e r f a c e  b y  t h e  p r o c e s s  M + z  +  

ze =  M  d o e s  not r e q u i r e  a n  e x t e r n a l  c u r r e n t . 6 F o r  

i n s t a n c e ,  d i s s o l u t i o n  o f  r + 5 , 4  m o l e s  o f  M + z  p r o d u c e s  

a n  i o n i c  c h a r g e  ( z F r + ) 5 A  i n  t h e  d o u b l e  l a y e r  a n d  

l e a v e s  a n  e q u a l  e l e c t r o n i c  c h a r g e  o f  o p p o s i t e  s i g n  o n  

t h e  e l e c t r o d e .  T h e  c h a r g i n g  c u r r e n t  b e i n g  m e a s u r e d  

t h u s  d e p e n d s  o n  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  t w o  

p r o c e s s e s ,  a n d  recognition of the possibility of charge 
separation or recombination without an external current is 
the key idea of this paper.

Charging Currents. W e  c a l c u l a t e  t h e  c h a r g i n g  c u r 

r e n t s  f o r  t h e  a b o v e  p r o c e s s e s  o n  t h e  a s s u m p t i o n  t h a t  

o n l y  o n e  c h a r g i n g  p r o c e s s  i s  t o  b e  c o n s i d e r e d .  W e  

a l s o  a s s u m e  t h a t  t h e  d o u b l e  l a y e r  i s  a t  e q u i l i b r i u m  w i t h  

r e s p e c t  t o  t h e  i o n i c  c o n c e n t r a t i o n s  j u s t  o u t s i d e  t h e  

d i f f u s e  d o u b l e  l a y e r .  I n  t h e  a b s e n c e  o f  s u p p o r t i n g  

e l e c t r o l y t e ,  t h e  c h a r g i n g  c u r r e n t  ( n o t  t h e  c u r r e n t  d e n 

s i t y )  f o r  supposedly p u r e  i o n i c  t r a n s f e r  i s

i  =  z F ( r _  -  r + ) ( d A / < t t )  ( l )

w h e r e  T _  i s  t h e  s u r f a c e  e x c e s s  o f  X -  a n d  z >  0 .  A  

p o s i t i v e  c u r r e n t  i n d i c a t e s  t r a n s f e r  o f  a  p o s i t i v e  c h a r g e  

f r o m  t h e  p o t e n t i o s t a t  t o  t h e  e l e c t r o d e  o f  v a r y i n g  a r e a  

t h r o u g h  t h e  w i r e  c o n n e c t e d  t o  t h e  e l e c t r o d e .  S i n c e

t h e  c h a r g e  d e n s i t y  o n  t h e  e l e c t r o d e  i s

q =  —zF(T+ -  r _ ) ( 2 )

o n e  h a s

I  =  qiflA/dt) ( 3 )

T h u s ,  t h e  c h a r g i n g  c u r r e n t  i s  p r o p o r t i o n a l  t o  t h e  c h a r g e  

d e n s i t y  o n  t h e  e l e c t r o d e ,  j u s t  a s  f o r  a n  i d e a l  p o l a r i z e d

e l e c t r o d e .  T h i s  c o n c l u s i o n  a l s o  h o l d s  f o r  a  s o l u t i o n  

w i t h  s u p p o r t i n g  e l e c t r o l y t e .

T h e  c h a r g i n g  c u r r e n t  f o r  supposedly p u r e  c h a r g e  

s e p a r a t i o n  o r  r e c o m b i n a t i o n  i s ,  i n  t h e  a b s e n c e  o f  s u p 

p o r t i n g  e l e c t r o l y t e

I  =  zFT_(dA/dt)  ( 4 )

w h e r e  z >  0 .  I n  v i e w  o f  e q  2  o n e  h a s

/  =  (q +  zFT+)(dA/df) (5)

T h e  c h a r g i n g  c u r r e n t  i s  p r o p o r t i o n a l  t o  q +  z F T +, 
a n d  t h i s  r e s u l t  a l s o  h o l d s  i n  p r e s e n c e  o f  a  s u p p o r t i n g  

e l e c t r o l y t e .

T h e  q u a n t i t y  q +  zFT+  i s  p r e c i s e l y  t h e  o n e  w h i c h  i s  

o b t a i n e d  b y  t h e r m o d y n a m i c  a n a l y s i s  o f  a n  i d e a l  

r e v e r s i b l e  e l e c t r o d e . 7,8 T h u s ,  c h a r g e  s e p a r a t i o n  o r  

r e c o m b i n a t i o n  i s  t h e  s o l e  p r o c e s s  s u p p l y i n g  o r  r e m o v i n g  

i o n s  M + z  f o r  a n  i d e a l  r e v e r s i b l e  e l e c t r o d e .  T h i s  i s  

u n d e r s t a n d a b l e  s i n c e  s u c h  a n  e l e c t r o d e  m u s t  h a v e ,  b y  

d e f i n i t i o n ,  a n  e x c h a n g e  c u r r e n t  d e n s i t y  i0 a p p r o a c h i n g  

i n f i n i t y  f o r  a n y  d y n a m i c  c o n d i t i o n s  o f  m e a s u r e m e n t .  

H e n c e ,  a n y  d r i v i n g  f o r c e ,  n o  m a t t e r  h o w  s m a l l ,  w i l l  

c a u s e  c h a r g e  s e p a r a t i o n  o r  r e c o m b i n a t i o n .  T h e  d r i v i n g  

f o r c e ,  i n  t h e  a b o v e  e x a m p l e ,  i s  t h e  v a n i s h i n g l y  s m a l l  

o v e r v o l t a g e  r e s u l t i n g  f r o m  t h e  v a n i s h i n g l y  s m a l l  

g r a d i e n t  i n  t h e  c o n c e n t r a t i o n  o f  i o n s  M + 2 a t  t h e  e l e c 

t r o d e .  T h i s  g r a d i e n t  i s  c a u s e d  b y  a  v a n i s h i n g l y  s m a l l  

c o n t r i b u t i o n  o f  i o n i c  t r a n s f e r  t o  t h e  c h a r g i n g  p r o c e s s .  

C o n v e r s e l y ,  o n l y  i o n i c  t r a n s f e r  o f  M + 2 i s  o p e r a t i v e  

w h e n  i 0 -*■  0 ,  a n d  b e h a v i o r  a s  a n  i d e a l  p o l a r i z e d  e l e c 

t r o d e  p r e v a i l s .

T h e s e  t w o  b e h a v i o r s  a r e  o n l y  l i m i t i n g  c a s e s  o f  t h e  

m o r e  g e n e r a l  s i t u a t i o n  i n  w h i c h  b o t h  i o n i c  t r a n s f e r  a n d  

c h a r g e  s e p a r a t i o n  o r  r e c o m b i n a t i o n  c o n t r i b u t e  t o  

d o u b l e - l a y e r  c h a r g i n g .  T h e  v a l i d i t y  o f  c o n s i d e r i n g  

o n l y  t h e  l i m i t i n g  c a s e s  d e p e n d s  e n t i r e l y  o n  t h e  r e l a t i v e  

c o n t r i b u t i o n s  o f  t h e  a b o v e  t w o  p r o c e s s e s ,  i.e., o n  e x 

p e r i m e n t a l  c o n d i t i o n s .  T h e  c u r r e n t  p r a c t i c e  o f  u s i n g  

t h e  c h a r g i n g  c u r r e n t  f o r  a n  i d e a l  p o l a r i z e d  e l e c t r o d e  

s h o u l d  b e  n e a r l y  c o r r e c t  f o r  s u f f i c i e n t l y  l o w  i0 v a l u e s .  

C o n v e r s e l y ,  t h e  c h a r g i n g  c u r r e n t  f o r  a n  i d e a l  r e v e r s i b l e  

e l e c t r o d e  s h o u l d  b e  u s e d  f o r  s u f f i c i e n t l y  h i g h  i0 v a l u e s ,  

b u t  t h i s  h a s  n o t  b e e n  d o n e .  A  g e n e r a l  t r e a t m e n t  i s  5 6 7 8

(5 ) T h is m atter was called  to  the  a u th or 's  a tten tion  b y  D r. R . de 
L ev ie  o f  G eorgetow n  U niversity , W ash in gton , D. C.
(6) W e  neglect the  d isplacem ent currents correspond ing t o  m ovem en t 
o f  charges from  the in terface to  the d ou b le  layers in  the  m eta l and  
solu tion . T h ese  d isplacem ent currents are neglig ib le in  com p arison  
w ith  the  current fo r  ion ic  transfer in  the  bu lk  o f  the  so lu tion . T h e  
necessity  o f  considering  d isp lacem ent currents was ca lled  t o  the  
au th or ’s a tten tion  b y  D r. J. R . M a cd o n a ld  o f  T exas Instrum ents, 
D allas, Texas.
(7) D . C . G rah am e and R . B . W h itn ey , J . A m . Chem. Soc., 64 , 1548 
(1942).

(8) D . M . M oh ilner, J . P hys. Chem., 66 , 724 (1962).
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n e e d e d  b e c a u s e  t h e r e  i s  n o  c r i t e r i o n  t o  d e t e r m i n e  w h i c h  

c h a r g i n g  c u r r e n t  m u s t  b e  u s e d  a n d ,  i n  m a n y  i n s t a n c e s ,  

n e i t h e r  o f  t h e s e  l i m i t i n g  v a l u e s  c a n  b e  u s e d  b e c a u s e  o f  

t h e  s i m u l t a n e o u s  c o n t r i b u t i o n  b y  i o n i c  t r a n s f e r  a n d  

c h a r g e  s e p a r a t i o n  o r  r e c o m b i n a t i o n .  F u r t h e r m o r e ,  

t h e  r e l a t i v e  e x t e n t  o f  t h e s e  t w o  c o n t r i b u t i o n s  i s  t i m e  

o r  f r e q u e n c y  d e p e n d e n t ,  a n d  t h e  t r e a t m e n t s  o f  n o n 

s t e a d y - s t a t e  p r o c e s s e s  h a v e  t o  b e  r e e x a m i n e d  b e c a u s e  

t h e y  p r e s u p p o s e  t h a t  t h e  d i f f e r e n t i a l  c a p a c i t y  o f  t h e  

d o u b l e  l a y e r  i s  c o n s t a n t .  T h e  r e s u l t i n g  e r r o r  c a n  b e  

q u i t e  s e r i o u s  i n  c e r t a i n  c a s e s .

Three General Equations for Nonsteady-State 
Electrode Processes

W e  n o w  s h o w  t h a t  f a r a d a i c  a n d  c h a r g i n g  p r o c e s s e s  

o b e y  a  s e t  o f  t h r e e  g e n e r a l  e q u a t i o n s  f o r  n o n s t e a d y -  

s t a t e  c o n d i t i o n s .  T h e s e  e q u a t i o n s  w i l l  b e  w r i t t e n  f i r s t  

f o r  m e t a l  i o n - a m a l g a m  e l e c t r o d e s  a n d  a f t e r w a r d s  f o r  

o t h e r  t y p e s  o f  e l e c t r o d e  p r o c e s s e s .  T h e  e l e c t r o d e  a r e a  

i n  t h i s  s e c t i o n  i s  s u p p o s e d  t o  b e  c o n s t a n t .  ( T h e  

e l e c t r o d e  o f  v a r y i n g  a r e a  i s  t r e a t e d  a s  a n  a p p l i c a t i o n  

a t  t h e  e n d  o f  t h e  p a p e r . )  I t  i s  a s s u m e d  t h a t  t h e  

d o u b l e  l a y e r  i s  a l w a y s  a t  e q u i l i b r i u m  w i t h  r e s p e c t  t o  

t h e  a c t i v i t i e s  j u s t  o u t s i d e  t h e  d i f f u s e  d o u b l e  l a y e r .

Metal Ion-Amalgam, Electrodes. W e  c o n s i d e r  t h e  

r e a c t i o n  M +z +  ze =  M ( H g )  a n d  n e g l e c t  t h e  t h i c k 

n e s s e s  o f  t h e  d o u b l e  l a y e r s  i n  t h e  s o l u t i o n  a n d  m e t a l  

( n o  d i s p l a c e m e n t  c u r r e n t  o f  t h e  t y p e  d i s c u s s e d  i n  

f o o t n o t e  6 ) .  T h e  a m a l g a m - e l e c t r o l y t e  i n t e r f a c e  t h u s  

i s  r e g a r d e d ,  a s  f a r  a s  m a s s  t r a n s f e r  i s  c o n c e r n e d ,  a s  a  

p l a n e  o n  w h i c h  a r e  a c c u m u l a t e d  t h e  i o n i c  s u r f a c e  

e x c e s s e s ,  r M o f  t h e  n e u t r a l  m e t a l 9 M ,  a n d  t h e  e l e c 

t r o n i c  c h a r g e  d e n s i t y  q. T h i s  s i m p l i f i c a t i o n  i s  j u s t i 

f i e d  s i n c e  t h e  t h i c k n e s s e s  o f  t h e  s o l u t i o n  a n d  m e t a l  

d o u b l e  l a y e r s  a r e  n e g l i g i b l e  i n  c o m p a r i s o n  w i t h  d i f 

f u s i o n  l a y e r  t h i c k n e s s e s  f o r  M + z  a n d  M  f o r  u s u a l  e l e c 

t r o d e  k i n e t i c  m e a s u r e m e n t s .  T h i s  r e m a r k  h o l d s  e v e n  

f o r  v e r y  s h o r t  m e a s u r i n g  t i m e s  ( 1 0 ~ 7 s e c  o r  e v e n  s h o r t e r  

t i m e s )  o r  h i g h  f r e q u e n c i e s .

W e  f i r s t  w r i t e  t h e  b a l a n c e  c o n d i t i o n  f o r  p r o d u c t i o n  o r  

c o n s u m p t i o n  o f  M + 2 a t  t h e  i n t e r f a c e .  T h u s

it =  zFv+ +  zF(dT+/dt) ( 6 )

H e r e  it r e p r e s e n t s  t h e  f a r a d a i c  c u r r e n t  d e n s i t y  a s  

e x p r e s s e d  i n  t e r m s  o f  t h e  e x c h a n g e  c u r r e n t  d e n s i t y ,  

o v e r v o l t a g e ,  e t c .  A  p o s i t i v e  it c o r r e s p o n d s  t o  n e t  

o x i d a t i o n ,  i n  a g r e e m e n t  w i t h  o u r  a b o v e  c o n v e n t i o n  o f  

t a k i n g  a  p o s i t i v e  c h a r g i n g  c u r r e n t  a s  o n e  s u p p l y i n g  a  

p o s i t i v e  c h a r g e  t o  t h e  e l e c t r o d e  t h r o u g h  t h e  w i r e  c o n 

n e c t e d  t o  i t .  T h e  f l u x  v+ o f  M + z  i n  s o l u t i o n  i s  p o s i t i v e  

i n  t h e  d i r e c t i o n  f r o m  t h e  e l e c t r o d e  t o w a r d  t h e  s o l u t i o n .

I t  m u s t  b e  s t r e s s e d  t h a t  n o t  a l l  t h e  c u r r e n t  it f l o w s  i n  

t h e  w i r e  c o n n e c t i n g  t h e  e l e c t r o d e  t o  t h e  e x t e r n a l  p o w e r

s u p p l y  b e c a u s e  p a r t  o f  it i s  u s e d  u p  i n  c h a r g e  s e p a r a t i o n  

o r  r e c o m b i n a t i o n .  T h u s  it, a s  g i v e n  b y  t h e  u s u a l  

e q u a t i o n s  o f  e l e c t r o d e  k i n e t i c s ,  is  not a measurable 
quantity in nonsteady-stcte conditions. B o t h  c o n t r i b u 

t i o n s  o f  i o n i c  t r a n s f e r  a n d  c h a r g e  s e p a r a t i o n  o r  r e 

c o m b i n a t i o n  a r e  i n c l u d e d  i n  e q  6  b u t  c a n n o t  b e  s e p a 

r a t e d .  I t  i s  o n l y  b y  s o l v i n g  t h e  m a s s - t r a n s f e r  p r o b l e m  

t h a t  o n e  c a n  c a l c u l a t e  it  i n  t e r m s  o f  t h e  a c t i v i t i e s  

o f  r e a c t a n t s  a n d  p r o d u c t s  a t  t h e  i n t e r f a c e .

T h e  s e c o n d  e q u a t i o n  r e l a t e s  t h e  c o n t i n u i t y  o f  f l u x e s  a t  

t h e  i n t e r f a c e  w i t h  t h e  v a r i a t i o n s  o f  T +  a n d  r M . T h u s

vm =  v+ +  d r + / d <  +  d r M / d i  ( 7 )

w h e r e  t h e  f l u x  vm o f  M  i s  t a k e n  a s  p o s i t i v e  f r o m  t h e  

b u l k  o f  t h e  a m a l g a m  t o w a r d  t h e  i n t e r f a c e . 10

T h e  t h i r d  e q u a t i o n  g i v e s  t h e  c u r r e n t  d e n s i t y  b e i n g  

m e a s u r e d ,  i, i n  t e r m s  o f  t h e  f l u x  v+ ( w h i c h  i s  d e r i v e d  

b y  s o l u t i o n  o f  t h e  m a s s - t r a n s f e r  p r o b l e m  f o r  t h e  b o u n d 

a r y  c o n d i t i o n s  o f  e q  6  a n d  7 ) .  T h u s

i  =  zFv+ —  X ^ i F ( d r j A B )  ( 8 a )
i^M+z

=  zFv+ +  d ( g  +  zFT+)/dt  ( 8  b )

w h e r e  t h e  i o n i c  v a l e n c e s  zt a r e  t a k e n  w i t h  t h e i r  s i g n  a n d  

q i s  t h e  c h a r g e  d e n s i t y  o n  t h e  e l e c t r o d e .  N o  m a s s -  

t r a n s f e r  c o m p l i c a t i o n s  a r e  s u p p o s e d  t o  p r e v a i l  f o r  a l l  

i o n s  e x c e p t  M + z  i n  t h e  w r i t i n g  o f  e q  8 .  T h e  s u m m a 

t i o n  i n c l u d e s  a l l  i o n s  e x c e p t  M + z  s i n c e  t h e  l a t t e r  h a s  

a l r e a d y  b e e n  c o u n t e d  i n  e q  6 .  T h e  s u m m a t i o n  m u s t  

b e  p r e c e d e d  b y  a  m i n u s  s i g n  w i t h  o u r  c o n v e n t i o n ,  a s  

o n e  c a n  r e a d i l y  a s c e r t a i n  b y  n o t i n g  t h a t  b r i n g i n g  a n  

a n i o n  i n  t h e  d o u b l e  l a y e r  r e q u i r e s  t h e  s u p p l y  o f  a  p o s i 

t i v e  c u r r e n t  b y  t h e  e x t e r n a l  s o u r c e .  E q u a t i o n  8 a  

i s  c o n v e r t e d  t o  8 b  b y  n o t i n g  t h a t  q i s  e q u a l  t o  —  S z j F r j  

f o r  a l l  i o n s  i n c l u d i n g  M + z . T h e  t e r m  zFv+ i n  e q  8 a  

a n d  8  b  c o r r e s p o n d s  t o  t h e  t o t a l  f l u x  o f  t h e  i o n s  M + z  

w h i c h  a r e  c o n s u m e d  o r  p r o d u c e d  a t  t h e  i n t e r f a c e  a n d  

a c c u m u l a t e d  i n  o r  r e m o v e d  f r o m  t h e  d o u b l e  l a y e r .

Solution of the General Equations. E q u a t i o n s  6  a n d  

7  a r e  t h e  b o u n d a r y  c o n d i t i o n s  f o r  w h i c h  t h e  m a s s -  

t r a n s f e r  p r o b l e m  m u s t  b e  s o l v e d .  T h e  r e s u l t i n g  e x 

p r e s s i o n  f o r  v+ i s  t h e n  i n t r o d u c e d  i n  e q  8  a n d  i  i s  o b 

t a i n e d .  T o  a p p l y  t h i s  p r o c e d u r e  o n e  m u s t  e l i m i n a t e  

r +  a n d  T m  a s  u n k n o w n  f u n c t i o n s  o f  t i m e  a n d  e x p r e s s  

t h e m  a s  f u n c t i o n s  o f  t h e  p o t e n t i a l  E  o f  t h e  e l e c t r o d e .  

T h e  s i m p l e s t  c a s e  c o r r e s p o n d s  t o  t h e  l o w  o v e r v o l t a g e  

a p p r o x i m a t i o n  b y  w h i c h  o n e  i n t r o d u c e s  t h e  ( d r / c L E y s

(9) I 'm is com p lete ly  equ iva lent in a form al w ay  to  the  sum  o f the 
surface excess o f  ions M  +* in the  m etal and  the sam e surface excess 
o f  electrons.
(10) One can, o f  course, w rite eq  6 as if =  zFvm — zF (d rit/ d f)  and 
use » m instead o f *+. T h is  p roced ure is com p le te ly  equ iva len t to  
the on e  fo llow ed  here.
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a t  t h e  e q u i l i b r i u m  p o t e n t i a l .  T h u s  a l l  t h e  ( d r / d £ ) ’ s  

i n  e q  6 t o  8  a r e  r e p l a c e d  b y

dT/dt =  [(àT/àE)a+iV=0 +  ( d r  fà E )  0M|,  _  0 ] (d Æ J /  d £ )

( 9 )

w h e r e  t h e  s u b s c r i p t  77 =  0  i n d i c a t e s  z e r o  o v e r v o l t a g e .  

T h e  [ ( ô r / ô £ l ) , _ o ]  t e r m s  i n  t h e  r e s u l t i n g  m o d i f i e d  e q  

6 t o  8 a r e  t h e n  c o n s t a n t  c o e f f i c i e n t s .  T h e  e x p r e s s i o n  

f o r  it i s  a l s o  s i m p l i f i e d  i n  t h a t  c a s e  s i n c e  t h e  u s u a l  

l i n e a r i z e d  l o w - o v e r v o l t a g e  i  vs. q c h a r a c t e r i s t i c  c a n  t h e n  

b e  u s e d  ( a l t h o u g h  t h i s  i s  n o t  n e c e s s a r y ) .  I t  s h o u l d  b e  

n o t e d  t h a t  w e  e x p r e s s  T  i n  e q  9  a s  a  f u n c t i o n  o f  t h e  

s i n g l e  v a r i a b l e  E  a l t h o u g h  t h e r e  a r e  t w o  v a r y i n g  c o n 

c e n t r a t i o n s  ( o f  M + z  a n d  M ) .  H o w e v e r ,  t h e s e  t w o  

c o n c e n t r a t i o n s  a r e  n o t  i n d e p e n d e n t  b e c a u s e  t h e  c o r 

r e s p o n d i n g  f l u x e s  a r e  r e l a t e d 11 b y  e q  7 .  T h i s  p r o 

c e d u r e  c a n n o t  b e  a p p l i e d  w h e n  q i s  c o n s t a n t  ( p o t e n t i o -  

s t a t i c  c o n d i t i o n s ) .  O n e  t h e n  u s e s  me o f  t h e  c o n c e n t r a 

t i o n s  ( o r  M + z  o r  M )  a s  v a r i a b l e .

T h e  b o u n d a r y  c o n d i t i o n s  ( 6)  a n d  ( 7 )  b e c o m e  m u c h  

m o r e  c u m b e r s o m e  w h e n  t h e  o v e r v o l t a g e  v a r i a t i o n s  

a r e  s o  l a r g e  t h a t  t h e  (àT/àE)’s a t  q =  0  c a n n o t  b e  

u s e d .  I t  i s  t h e n  n e c e s s a r y  t o  e x p r e s s  t h e  (àT/àE)’s 
a s  f u n c t i o n s  o f  E .  S u c h  f u n c t i o n s  a r e ,  i n  g e n e r a l ,  

n o t  k n o w n  a 'priori, a n d  o n e  i s  l e f t  w i t h  t h e  p o s s i b i l i t y  

o f  e x p a n d i n g  F  a s  a  s e r i e s  o f  E .  A  q u a d r a t i c  e x p a n s i o n  

m a y  s u f f i c e  i f  t h e  o v e r v o l t a g e  i n t e r v a l  i s  n o t  t o o  w i d e ,  

b u t ,  a n y h o w ,  b o u n d a r y  v a l u e  p r o b l e m s  b e c o m e  

r a p i d l y  m o r e  i n v o l v e d .  T h i s  i s  o n l y  a  p r a c t i c a l  d i f 

f i c u l t y  b u t  d e f i n i t e l y  n o t  a  f u n d a m e n t a l  o n e .  T h i s  

d i f f i c u l t y  m i l i t a t e s  a g a i n s t  t h e  u s e  o f  n o n s t e a d y - s t a t e  

m e t h o d s  i n v o l v i n g  l a r g e  o v e r v o l t a g e  ( a l t h o u g h  o t h e r  

f e a t u r e s  m a y  m o r e  t h a n  c o m p e n s a t e  t h e  c o m p l e x i t y  

o f  m a t h e m a t i c a l  a n a l y s i s ) .

A  Posteriori Determination of Kinetic and Double 
Layer Parameters. W e  c o n s i d e r  t h e  l o w - o v e r v o l t a g e  

a p p r o x i m a t i o n  f i r s t .  T h e  p a r a m e t e r s  t o  b e  d e t e r 

m i n e d  a t  t h e  e q u i l i b r i u m  p o t e n t i a l  a r e  i0, dq/dE, d r + / d i ? ,  

a n d  d F M / d A .  I t  i s  a s s u m e d  t h a t  t h e  d i f f u s i o n  c o e f 

f i c i e n t s  o r  a n y  o t h e r  p a r a m e t e r s  f o r  m a s s  t r a n s f e r  a r e  

d e t e r m i n e d  i n  s e p a r a t e  e x p e r i m e n t s  f o r  p u r e  c o n t r o l  

b y  m a s s  t r a n s f e r  o r  b y  s o m e  o t h e r  m e t h o d .

T h e  t w o  e x t r a p o l a t i o n s  o f  i  a g a i n s t  a  f u n c t i o n  o f  t i m e  

t o  t =  0  a n d  £ - ► < » ( o r  t o  i n f i n i t e  a n d  z e r o  f r e q u e n c y ,  

r e s p e c t i v e l y )  g i v e  f o u r  r e l a t i o n s ,  n a m e l y  t w o  s l o p e s  a n d  

t w o  i n t e r c e p t s .  A t  t =  0 ,  t h e  c o n t r i b u t i o n  o f  c h a r g e  

s e p a r a t i o n  o r  r e c o m b i n a t i o n  t o  c h a r g i n g  i s  n e g l i g i b l e  

f o r  a n y  f i n i t e  i0, i.e., v+ f o r  t =  0  s h o u l d  c o n t a i n  a  t e r m  

w h i c h  c a n c e l s  w i t h  t h e  t e r m  i n  d r + / d £  i n  e q  8 b .  I t  

s h o u l d  t h e n  b e  f e a s i b l e  t o  o b t a i n  i0 a n d  dq/dE  a t  t h e  

e q u i l i b r i u m  p o t e n t i a l .  ( N o t e  t h a t  w h e n  i0 - >  ° °  t h e  

i d e a l  r e v e r s i b l e  e l e c t r o d e  b e h a v i o r  p r e v a i l s  e v e n  f o r

t =  0 . )  C o n v e r s e l y ,  c h a r g e  s e p a r a t i o n  o r  r e c o m b i n a 

t i o n  s h o u l d  b e  t h e  o n l y  c o n t r i b u t i o n  t o  c h a r g i n g ,  a s  

f a r  a s  M + z i s  c o n c e r n e d ,  f o r  t -*■  ° ° , a n d  c h a r g i n g  a s  a n  

i d e a l  r e v e r s i b l e  e l e c t r o d e  s h o u l d  p r e v a i l .  T h e  c o r 

r e s p o n d i n g  d i f f e r e n t i a l  c a p a c i t y  o f  t h e  d o u b l e  l a y e r  f o r  

t -*■  co i s  n o t  d ( g  - f  zF T +)/d E  f o r  a n  a m a l g a m  e l e c t r o d e  

b u t  a  s o m e w h a t  m o r e  i n v o l v e d  e x p r e s s i o n  b e c a u s e  

b o t h  c o n c e n t r a t i o n s  o f  M + z  a n d  M  v a r y  s i m u l t a n e o u s l y .  

T h e  c a p a c i t y  d ( g  +  zFT+)/dE  c o r r e s p o n d s  t o  v a r i a 

t i o n  o f  a  s i n g l e  c o n c e n t r a t i o n ,  t h e  o t h e r  c o n c e n t r a t i o n  

r e m a i n i n g  c o n s t a n t  ( s e e  t h e r m o d y n a m i c s  o f  t h e  i d e a l  

r e v e r s i b l e  e l e c t r o d e 7,8) .  D e t a i l s  o f  t h e  s e p a r a t i o n  

o f  t h e  d o u b l e - l a y e r  p a r a m e t e r s  m u s t  b e  w o r k e d  o u t  i n  

e a c h  p a r t i c u l a r  c o n d i t i o n  o f  m a s s  t r a n s f e r  a n d  c a n n o t  

b e  p r e d i c t e d .  C o r o l l a r y  t h e r m o d y n a m i c  s t u d y  o f  

t h e  e l e c t r o d e  f r o m  e l e c t r o c a p i l l a r y  c u r v e s  a p p e a r s  

a d v i s a b l e  a n d  p o s s i b l y  e s s e n t i a l .  I n  a d d i t i o n  t o  t h e  

a b o v e  t w o  e x t r a p o l a t i o n s ,  c u r v e  f i t t i n g  o v e r  t h e  w h o l e  

t i m e  o r  f r e q u e n c y  r a n g e  s e e m s  a d v i s a b l e .  C o m p u t e r  

t r e a t m e n t  o f  d a t a  m a y  b e  n e c e s s a r y  a n d  a l m o s t  e s 

s e n t i a l  i f  t h e  l o w  o v e r v o l t a g e  a p p r o x i m a t i o n  i s  n o t  

j u s t i f i e d .

A n  o b j e c t i o n  m a y  b e  r a i s e d  t o  z e r o - t i m e  o r  i n f i n i t e -  

f r e q u e n c y  e x t r a p o l a t i o n .  T h u s ,  t h e  t h i c k n e s s e s  o f  t h e  

d i f f u s i o n  l a y e r s  f o r  M + z  a n d  M  a p p r o a c h  z e r o  f o r  t =  

0 , w h e r e a s  o u r  m o d e l  s u p p o s e s  t h a t  t h e s e  l a y e r s  a r e  

v e r y  t h i c k  i n  c o m p a r i s o n  w i t h  t h e  d o u b l e  l a y e r s  i n  t h e  

a m a l g a m  a n d  s o l u t i o n .  T h i s  c o n t r a d i c t i o n  i s  o n l y  

a p p a r e n t  b e c a u s e  t h e  e x p e r i m e n t a l  r e s u l t s ,  w h i c h  a r e  

e x t r a p o l a t e d  t o  t i m e  z e r o ,  c o r r e s p o n d  t o  c o n d i t i o n s  

f o r  w h i c h  t h e  m o d e l  i s  e n t i r e l y  j u s t i f i e d .

Comparison with the Usual Equations. W e  c o m p a r e  

e q  6 t o  8  w i t h  t h e  e q u a t i o n s  u s u a l l y  a p p l i e d ,  n a m e l y

it =  zFv+ ( 1 0 a )

vM =  v+ ( 10b )

i  =  zFv+ +  dq/dt ( 1 0 c )

T h e s e  e q u a t i o n s  a r e  e r r o n e o u s  f o r  t h e  f o l l o w i n g  r e a 

s o n s :  ( a )  t h e y  n e g l e c t  t h e  d o u b l e - l a y e r  c o n t r i b u t i o n  

i n  t h e  e x p r e s s i o n s  f o r  it a n d  vm; ( b )  t h e y  i m p l y  c h a r g i n g  

a s  a n  i d e a l  p o l a r i z e d  e l e c t r o d e .  E q u a t i o n s  6 t o  8 
r e d u c e  t o  e q  10 w h e n  b o t h  d r + / d £  a n d  d F M/ d £  a r e  

n e g l i g i b l e  i n  c o m p a r i s o n  w i t h  o t h e r  t e r m s  i n  e q  6 t o

8 . T h i s  c o n d i t i o n  i s  q u i t e  f r e q u e n t l y  not f u l f i l l e d ,  

e v e n  i n  t h e  a b s e n c e  o f  s p e c i f i c  a d s o r p t i o n  o f  M + z , a s  

o n e  c a n  r e a d i l y  a s c e r t a i n  b y  c a l c u l a t i n g  d r -1" / ^  f r o m  

d i f f u s e  d o u b l e - l a y e r  d a t a  a n d  t h e o r y .12 S p e c i f i c  a d 

(11) T h is  w as po in ted  o u t  b y  M r. G . G . Susbielles o f  th is la b ora 
tory .

(12) In  the  absence o f specific adsorption , on e  ca lcu lates from  d if
fuse double-layer th eory  zF (dT + /AE) «  190 4  c m ' 2 for  the  fo llow in g  
conditions'. 1 0 -3 M  so lu tion  o f M  +z, z =  2, 25 °, a p oten tia l o f  — 0.5
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s o r p t i o n  s h o u l d  g e n e r a l l y  r e n d e r  e q  1 0  e v e n  l e s s  s a t i s 

f a c t o r y .

Other Types of Electrode Processes. E q u a t i o n s  6  t o  

8  c a n  b e  t r a n s p o s e d  t o  o t h e r  p r o c e s s e s .  M e t a l  i o n -  

p u r e  m e t a l  e l e c t r o d e s  c a n  b e  d i s p o s e d  o f  i m m e d i a t e l y  

s i n c e  e q  6  a n d  8  r e m a i n ,  w h e r e a s  e q  7  i s  d e l e t e d .  T h e  

l i m i t i n g  c a s e s  f o r  t =  0  a n d  t  —► ° °  c o r r e s p o n d  t o  a  

d o u b l e - l a y e r  d i f f e r e n t i a l  c a p a c i t y  e q u a l  t o  dg/dE  a n d  

t o  d ( q  +  zF F +)/dE,  r e s p e c t i v e l y .

T r a n s p o s i t i o n  t o  t h e  r e a c t i o n  0 + z  +  ne =  R + ( 2 _ , l )  

i n v o l v i n g  t w o  s p e c i e s  s o l u b l e  i n  t h e  e l e c t r o l y t e  p h a s e  

i s  a l s o  i m m e d i a t e .  E q u a t i o n s  6  a n d  7  a r e  d i r e c t l y  

a p p l i c a b l e  w i t h  t h e  f o l l o w i n g  t r a n s f o r m a t i o n s :  z t o  

n; v+ t o  vo a n d  vM t o  vr, t h e  p o s i t i v e  f l u x e s  b e i n g  t o w a r d  

t h e  e l e c t r o d e  f o r  vo a n d  t o w a r d  t h e  b u l k  o f  t h e  s o l u t i o n  

f o r  vr. T h e  m e a s u r e d  c u r r e n t  d e n s i t y  i s  a l s o  g i v e n  b y  

e q  8  w i t h  t h e  a b o v e  c h a n g e  o f  n o t a t i o n s .

Application to a Metal Ion-Pure Metal Electrode 
of Varying Area at Constant Overvoltage

Forms of the General Equations. W e  c o n s i d e r  t h i s  

c a s e  b e c a u s e  i t  h a s  b e e n  s t u d i e d  e x p e r i m e n t a l l y 2 ' 3 

a n d  b e c a u s e  i t  s h o w s ,  i n  a  s i m p l e  m a n n e r  a n d  f o r  a  

c o n c r e t e  e x a m p l e ,  t h e  t h e o r e t i c a l  i m p o s s i b i l i t y  o f  

a priori s e p a r a t i o n  o f  f a r a d a i c  a n d  c h a r g i n g  c u r r e n t s .  

W e  a s s u m e  t h e  f o l l o w i n g  c o n d i t i o n s ,  ( a )  T h e  e l e c t r o d e  

a r e a  A  v a r i e s  a n d  t h e  o v e r v o l t a g e  i s  a p p l i e d  a t  t i m e  

t =  0  a t  w h i c h  A  b e g i n s  t o  v a r y .  T h u s ,  t h e  e l e c t r o d e  

i s  a t  t h e  e q u i l i b r i u m  p o t e n t i a l  b e f o r e  A  v a r i e s ,  ( b )  

T h e  p o t e n t i o s t a t - c e l l  c i r c u i t  i s  s u p p o s e d  t o  h a v e  a  z e r o  

t i m e  c o n s t a n t ,  ( c )  T h e  l o w  o v e r v o l t a g e  a p p r o x i m a 

t i o n  i s  v a l i d .

T h e  g e n e r a l  e q  6  t o  8 ,  w h i c h  w e r e  d e r i v e d  f o r  a  c o n 

s t a n t  e l e c t r o d e  a r e a  a n d  a n y  o v e r v o l t a g e ,  m u s t  n o w  b e  

w r i t t e n  f o r  t h e  c o n d i t i o n s  s t a t e d  a b o v e .  T h u s

it =  zFv+ +  zF (T+) ^ 0(l/A )(d A /d t)  ( 1 1 )

Vm. = v+ +  [ ( r + ) „ = 0  +  ( r M) „  =  o ] ( l / A ) ( d A / d i )  ( 1 2 )  

i  =  zFv+ +  (q +  z F r + ) ,  =  0 ( l / A ) ( d A / d < )  ( 1 3 )

w h e r e  e q  1 2  i s  n o t  n e e d e d  h e r e  ( n o  a m a l g a m ) .  N o t e  

t h a t  i  f o r  t h e  c o n d i t i o n s  a s s u m e d  h e r e  a l s o  i n c l u d e s  

a n  i n f i n i t e  c o m p o n e n t  a t  t =  0  w h i c h  r e s u l t s  f r o m  c h a r g 

i n g  o f  t h e  d o u b l e  l a y e r  f r o m  i; =  0  t o  a  f i n i t e  ij i n  a n  

i n f i n i t e l y  s h o r t  t i m e  b y  m e a n s  o f  a  s u p p o s e d l y  i d e a l  

p o t e n t i o s t a t .  W e  s h a l l  n e g l e c t  t h i s  c o m p o n e n t  o f  i.
The Problem. W e  s h a l l  u s e  t h e  u s u a l  l o w  o v e r 

v o l t a g e  a p p r o x i m a t i o n  f o r  it, t h a t  i s

it =  f 0 [ l  —  (c/cs) x = o  +  ( zF / R T ) tj] ( 1 4 )

w h e r e  i0 i s  t h e  e x c h a n g e  c u r r e n t  d e n s i t y ,  c  i s  t h e  c o n 

c e n t r a t i o n  o f  M + 2, c s i s  t h e  b u l k  v a l u e  o f  c ,  x  i s  t h e  d i s 

t a n c e  f r o m  t h e  e l e c t r o d e ,  a n d  R  a n d  T  a r e  a s  u s u a l .

A  b e t t e r  a p p r o x i m a t i o n  w i l l  n o t  b e  u s e d  s i n c e  o u r  m a i n  

p u r p o s e  i s  n o t  a  d e t a i l e d  d e s c r i p t i o n  o f  t h e  i-nj-t 
r e l a t i o n s h i p  b u t  r a t h e r  t h e  a n a l y s i s  o f  t h e  c h a r g i n g  

p r o c e s s .  W e  a l s o  a s s u m e  (l/A )(d A /d t)  t o  b e  c o n s t a n t  

b e c a u s e  t h e  m a t h e m a t i c s  a r e  c o n s i d e r a b l y  s i m p l i f i e d .  

[ O n e  h a s  (l/A )(dA /dt) =  t~l f o r  a n  i d e a l  e x p a n d i n g  

d r o p p i n g  m e r c u r y  e l e c t r o d e . ]  F i n a l l y ,  w e  n e g l e c t  

t h e  m o v e m e n t  o f  t h e  m e t a l - e l e c t r o l y t e  b o u n d a r y  r e s u l t 

i n g  f r o m  t h e  c o n d i t i o n  t h a t  {l/A ){dA /dt)  b e  c o n s t a n t .  

T h u s ,  w e  d o  n o t  c o r r e c t  F i c k ’ s  e q u a t i o n  i n  a  m a n n e r  

s i m i l a r  t o  t h a t  d e v e l o p e d  b y  I l k o v i c  f o r  t h e  d r o p p i n g  

m e r c u r y  e l e c t r o d e .  A  t r e a t m e n t  f o r  t h e  a c t u a l  c o n 

d i t i o n s  a t  a  d r o p p i n g  m e r c u r y  e l e c t r o d e  i s  b e i n g  

d e v e l o p e d  b u t  i s  n o t  e x p e c t e d  t o  r e v e a l  a n y  n e w  

f e a t u r e  a b o u t  t h e  p r i n c i p l e s  i n v o l v e d .

E q u a t i o n  1 1  i s  n o w

¿o [1  -  ( c / c s ) x  =  o +  (zF/RT)t)] =
—zFD(dc/dx)x=0 +  zF (T+) ^ 0a /A )(d A /d t)  ( 1 5 )

w h e r e  D  i s  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  M + z . T h e  m i n u s  

s i g n  i n  f r o n t  o f  t h e  f l u x  t e r m  r e s u l t s  f r o m  t h e  c o n v e n 

t i o n  o n  t h e  d i r e c t i o n  o f  v+ ( s e e  e q  6 ) .  F u r t h e r m o r e ,  

o n e  h a s  c =  cB f o r  x  ^  0  a t  t =  0  a n d  c  -*■  cs f o r  x -*■  
f o r  t ^  0 .

T h e  s o l u t i o n  o f  F i c k ’ s  e q u a t i o n  w a s  o b t a i n e d  b y  

L a p l a c e  t r a n s f o r m  a n d  t h e  f o l l o w i n g  c u r r e n t  d e n s i t y  

i  w a s  o b t a i n e d  a c c o r d i n g  t o  e q  1 3

i  =  [i0(zF /R T )v -  a F ( r + ) , _ „ ( l / 4 ) ( c L l / d 0 I  

e x p ( X 2)  e r f c ( X )  +  (q +  zFY+)n=0(l/A )(d A /d f)  ( 1 6 )  

w h e r e

X =  t o i V y  zF D l/lca ( 1 7 )

N o t e  t h a t  t h e  c u r r e n t  i  a l s o  i n c l u d e s  t h e  i n f i n i t e  c o m 

p o n e n t  a t  t =  0  d i s c u s s e d  i n  c o n n e c t i o n  w i t h  e q  1 3 .

I f  io —► co ( s o - c a l l e d  r e v e r s i b l e  p r o c e s s )  e q  1 6  b e c o m e s  

a f t e r  e x p a n s i o n  o f  e r f c ( X )  f o r  a  l a r g e  a r g u m e n t

i  =  zFcs (D  /  id) 1/2 {zF / RT)r] +

(q +  z F T + ) „ = 0 ( l / A ) ( d A / d O  ( 1 8 )

w h e r e  t h e  t e r m  i n  t~ l/* i s  t h e  u s u a l  e x p r e s s i o n  f o r  t h e  

d i f f u s i o n  c u r r e n t  d e n s i t y  i n  t h i s  p a r t i c u l a r  c a s e .

Discussion
E q u a t i o n  1 6  w i l l  b e  d i s c u s s e d  b y  c o m p a r i n g  i t  w i t h  

t h e  e x p r e s s i o n  o f  i  d e r i v e d  b y  a priori s e p a r a t i o n  o f

v  vs. th e  p o in t  o f  zero charge. T h e  values o f  th e  p oten tia l <£2 in  the  
p lane o f  th e  closest ap p roa ch  w ere taken  fo r  0.1 M  KC1 accord in g  to  
G raham e and P arsons.13 T h is  exam ple corresponds ap p rox im ate ly  
to  Z n +2 discharge on  Zn  am algam  in  a  0.1 M  u n iva len t su pportin g  
e lectro ly te  on  th e  assum ption  th at n o  com p lex  is form ed  (z  =  2 ).
(13) D . C . G rah am e and R . P arsons, J. A m . Chem. Soc., 83 , 1291 
(1961).
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f a r a d a i c  a n d  c h a r g i n g  p r o c e s s e s .  O n e  o b t a i n s  b y  

u s i n g  t h e  c h a r g i n g  c u r r e n t  d e n s i t y  f o r  a n  i d e a l  p o l a r i z e d  

e l e c t r o d e

ii =  ia(zF/RT)r] e x p ( X 2)  e r f c ( X )  +

g , .0(lM )(<W di) (19)

( S e e  a l s o  t h e  r e m a r k  a b o u t  e q  1 3  a n d  t h e  i n f i n i t e  c h a r g 

i n g  c u r r e n t  a t  t =  0 . )  T h e  f a r a d a i c  c o m p o n e n t  i n  

e q  1 9  c o r r e s p o n d s  t o  t h e  u s u a l  p o t e n t i o s t a t i c  c o n d i t i o n s  

a t  l o w  o v e r v o l t a g e . 14 C o n v e r s e l y ,  w e  o b t a i n  b y  a s 

s u m i n g  c h a r g i n g  a s  a n  i d e a l  r e v e r s i b l e  e l e c t r o d e  a n d  

n e g l e c t i n g  t h e  i n f i n i t e  c u r r e n t  a t  t =  0

ii =  io(zF/RT)t] e x p ( X 2)  e r f c ( X )  +

(q +  zFT+)„=0( l  /  A ) (dA/dt) ( 2 0 )

T h e  d i f f e r e n c e  b e t w e e n  e q  1 6 ,  1 9 ,  a n d  2 0  c a n  b e  q u i t e  

p r o n o u n c e d  a s  s h o w n  i n  F i g u r e  1 .  T h i s  d i a g r a m  w a s  

p r e p a r e d  f o r  F F + — 5  / i c o u l o m b s  c m - 2  a n d  cs =  1 0 ~ 6 

m o l e  c m - 3 . T h e s e  d a t a  c o r r e s p o n d  t o  s i g n i f i c a n t  b u t  

n o t  p a r t i c u l a r l y  s t r o n g  a d s o r p t i o n .  W e  n o t e  f r o m  

F i g u r e  1 t h a t

i — >  ii f o r  t — >  0  

i — >  ii f o r  t — >  oo

T h e r e  i s  a  p r o g r e s s i v e  t r a n s i t i o n  i n  c h a r g i n g  b e h a v i o r  

f r o m  t h e  i d e a l  p o l a r i z e d  e l e c t r o d e  ( e q  1 9 )  t o  t h e  r e 

v e r s i b l e  e l e c t r o d e  ( e q  2 0 ) .  T h i s  i s  r e a d i l y  s e e n  b y  

c o n s i d e r i n g  t h e  l i m i t i n g  f o r m s  o f  e q  1 6  f o r  X  -*■  0  

a n d  X — o ° . T h e  p h y s i c a l  i n t e r p r e t a t i o n  i s  a s  f o l l o w s : 

a t  t =  0  t h e r e  i s  n o  t i m e  f o r  c h a r g e  s e p a r a t i o n  o r  r e 

c o m b i n a t i o n  t o  o c c u r ;  a t  t —■► t h e  e x t e r n a l  f a r a d a i c

c u r r e n t  a p p r o a c h e s  z e r o  a n d  a l l  M + z  i o n s  a r e  p r o d u c e d  

o r  c o n s u m e d  b y  c h a r g e  s e p a r a t i o n  o r  r e c o m b i n a t i o n .  

W e  a l s o  n o t e  t h a t  r e v e r s i b l e  e l e c t r o d e  b e h a v i o r  i n  

c h a r g i n g  p r e v a i l s  a t  a n y  t w h e n  i0 —► 00 ( s e e  e q  1 8 ) .

A s  p r a c t i c a l  l i m i t s  o n e  c a n  s e t

e x p ( X 2)  e r f c ( X )  >  0 . 9 5  f o r  X  <  0 . 0 5

( c h a r g i n g  a s  i d e a l  p o l a r i z e d  e l e c t r o d e )  

e x p ( X 2)  e r f c ( X )  <  0 . 0 5  f o r  X  >  1 0

( c h a r g i n g  a s  i d e a l  r e v e r s i b l e  e l e c t r o d e )

I f  o n e  s e t s ,  f o r  i n s t a n c e ,  2 = 1 , 7 )  =  1 0 - 5  c m 2 s e c - 1 , 

a n d  c s =  1 0 ~ 6 m o l e  c m - 3 , o n e  f i n d s  X <  0 . 0 5  f o r  i0t'/2 <
1 . 5  X  1 0 - 5  a m p  c m - 2  s e c ’ / !  a n d  X >  1 0  f o r  i0t'/2 >  
3  X  1 0 ~ 3 a m p  c m - 2  s e c ‘ / ! . I f  m e a s u r e m e n t s  a r e  a t  

t h e  s c a l e  o f  1 s e c ,  a  m o d e r a t e l y  s l o w  p r o c e s s  b e h a v e s  

i n  d o u b l e - l a y e r  c h a r g i n g  a s  a n  i d e a l  p o l a r i z e d  e l e c t r o d e ,  

a n d  a  m o d e r a t e l y  f a s t  p r o c e s s  b e h a v e s  i n  d o u b l e - l a y e r  

c h a r g i n g  a s  a n  i d e a l  r e v e r s i b l e  e l e c t r o d e .  I f  t h e  t i m e  

s c a l e  d e c r e a s e s ,  t h e  c o r r e s p o n d i n g  l i m i t s  o f  i0 i n c r e a s e  

a c c o r d i n g l y .

X
Figure 1. Measured current as a function of the parameter X 
(proportional to t'^) for the following data: z =  1, D  = 10-6 
cm sec-1, c, =  10-6 mole cm-3, (l/A)(dA/dt) — 1 sec-1, 
in -  10-4 amp cm-2, y — 5 mv, T =  25°, Ft+ = 5 X 
10-6 jucoulomb cm-2. The IYs are arbitrarily set to 
zero for all ions except M +* (the corresponding term 
is independent of time).

Charging at the Equilibrium Potential. I f  o n e  s e t s  

rj =  0  i n  e q  1 6 ,  o n e  s e e s  t h a t  t h e  c h a r g i n g  c u r r e n t  s t i l l  

d e p e n d s  o n  e x p ( X 2)  e r f c ( X ) ,  i.e., o n  i 0. T h e  p r e v i o u s  

c o n c l u s i o n s  a b o u t  t h e  l i m i t i n g  c a s e s  f o r  t =  0  a n d  t  —► 

c °  a l s o  a p p l y  h e r e .  T h e  p h y s i c a l  i n t e r p r e t a t i o n  i s  a s  

f o l l o w s : w h e n  A  v a r i e s ,  t h e  c o n s u m p t i o n  o r  p r o d u c t i o n  

o f  M + z  c a u s e s  t h e  c o n c e n t r a t i o n  o f  M + 2 j u s t  o u t s i d e  

t h e  d i f f u s e  d o u b l e  l a y e r  t o  b e  d i f f e r e n t  f r o m  t h e  b u l k  

v a l u e  cs;  s i n c e  E  i s  m a i n t a i n e d  p o t e n t i o s t a t i c a l l y  a t  

t h e  e q u i l i b r i u m  v a l u e  c o r r e s p o n d i n g  t o  c s , t h e r e  i s  i n  

f a c t  a n  o v e r v o l t a g e  w h i c h  d r i v e s  t h e  s e p a r a t i o n  o r  r e 

c o m b i n a t i o n  p r o c e s s .

Determination of io, q, and T + .  T h e  p r o c e d u r e  f o r  t h e  

d e t e r m i n a t i o n  o f  t h e s e  q u a n t i t i e s  w i l l  b e  o u t l i n e d  t o  

s h o w  t h a t  a 'posteriori s e p a r a t i o n  o f  t h e  v a r i o u s  p a r a m 

e t e r s  i s  f e a s i b l e .  T h u s ,  a  p l o t  o f  i  a g a i n s t  i ' / !  f o r  X  < <  

1 h a s  t h e  s l o p e  ioizFD'^Cs)-1 a n d  y i e l d s  io p r o v i d e d  D  
i s  k n o w n .  T h e  s u r f a c e  e x c e s s  T +  c a n  t h e n  b e  c o m 

p u t e d  f r o m  t h e  i n t e r c e p t  o f  t h i s  p l o t  a t  t =  0  o n c e  

io i s  k n o w n  ( s e e  e q  1 6 ) .  C o n v e r s e l y  q +  2F r +  i s  o b 

t a i n e d  f r o m  t h e  i n t e r c e p t  a t  f - 1 / !  =  0  f o r  a  p l o t  o f  i  
a g a i n s t  t~'/l f o r  X  > >  1 ,  a n d  c o n s e q u e n t l y  q i s  o b t a i n e d  

s i n c e  r +  i s  k n o w n  f r o m  t h e  p r e v i o u s  p l o t .  T h u s ,  t h e  

t r a n s i t i o n  i n  c h a r g i n g  b e h a v i o r  f r o m  a n  i d e a l  p o l a r i z e d  

e l e c t r o d e  t o  a n  i d e a l  r e v e r s i b l e  e l e c t r o d e  a l l o w s  c o m 

p l e t e  a n a l y s i s  b y  e x t r a p o l a t i o n  a t  t =  0  a n d

(14) H . G erischer and  W . V ielstich , Z . P h ysik . Chem. (F ra n k fu rt),
3 , 16 (1955).
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Conclusion

F a r a d a i c  a n d  c h a r g i n g  p r o c e s s e s  c a n n o t  b e  s e p a r a t e d  

a priori i n  n o n s t e a d y - s t a t e  e l e c t r o d e  p r o c e s s e s  b e c a u s e  

o f  t h e  p h e n o m e n o n  o f  c h a r g e  s e p a r a t i o n  o r  r e c o m b i n a 

t i o n  a t  t h e  e l e c t r o d e - e l e c t r o l y t e  i n t e r f a c e  w i t h o u t  f l o w  

o f  e x t e r n a l  c u r r e n t .  C h a r g i n g  b e h a v i o r s  a s  i d e a l  p o l a r 

i z e d  o r  r e v e r s i b l e  e l e c t r o d e  r e p r e s e n t  o n l y  t w o  l i m i t i n g  

c a s e s  o f  a  m o r e  g e n e r a l  c a s e .  M u c h  o f  w h a t  h a s  b e e n  

d o n e  w i t h  r e l a x a t i o n  a n d  p e r t u r b a t i o n  m e t h o d s  f o r  

f a s t  e l e c t r o d e  p r o c e s s e s  w i l l  h a v e  t o  b e  r e e x a m i n e d  a n d  

p o s s i b l y  r e v i s e d  i n  t h e  l i g h t  o f  t h e  p r e s e n t  i d e a s .  T h i s  

t a s k  h a s  a l r e a d y  b e g u n  f o r  i m p e d a n c e  m e a s u r e m e n t s 4 
a n d  i s  b e i n g  p u r s u e d .  S o m e  a n d  p e r h a p s  m o s t  o f  t h e

g l a r i n g  d i s c r e p a n c i e s  o n  k i n e t i c  d a t a  o b t a i n e d  b y  d i f 

f e r e n t  m e t h o d s ,  a s  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  m a y  

p o s s i b l y  b e  r e m o v e d .  ( O t h e r  p o s s i b l e  s o u r c e s  o f  d i s 

c r e p a n c i e s  m u s t ,  o f  c o u r s e ,  b e  k e p t  i n  m i n d . )  I n 

t e r p r e t a t i o n  o f  d o u b l e - l a y e r  p h e n o m e n a  f o r  n o n i d e a l  

p o l a r i z e d  c o n d i t i o n s  s h o u l d  a l s o  r e c e i v e  a  n e w  i m p e t u s  

f r o m  t h i s  w o r k .
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T h e  c o b a l t - 6 0  7  r a d i o l y s i s  o f  2 - m e t h y l p e n t e n e - l  ( 2 - M P - l )  g l a s s  a t  7 7 ° K  h a s  b e e n  s t u d i e d  

b y  e l e c t r o n  s p i n  r e s o n a n c e  ( e s r )  m e t h o d s .  T h e  e s r  s p e c t r a  d u e  t o  t r a p p e d  e l e c t r o n s  a n d  

a n  a l l y l - t y p e  r a d i c a l  a r e  o b s e r v e d .  W h e n  b i p h e n y l  i s  p r e s e n - ,  t h e  e s r  s p e c t r u m  o f  t h e  b i 

p h e n y l  a n i o n  r e p l a c e s  t h a t  o f  t r a p p e d  e l e c t r o n s .  T h e  r e s u l t s  s u g g e s t  t h a t  t h e  a l l y l i c  

r a d i c a l  i s  f o r m e d  via i s o m e r i z a t i o n  o f  t h e  p a r e n t  i o n  ( 2 - M P - l ) +  —► ( 2 - M P - 2 )  + .  A n  i n t e r 

e s t i n g  u l t r a v i o l e t  p h o t o i n d u c e d  c o n v e r s i o n  o f  t h e  a l l y l i c  r a d i c a l  t o  a  d i f f e r e n t  a l l y l i c  r a d i c a l  

i s  o b s e r v e d  a t  7 7 ° K .  N o  f r e e  r a d i c a l s  r e s u l t i n g  f r o m  h y d r o g e n  a t o m  a d d i t i o n  t o  o l e f i n  

a r e  d e t e c t e d .

Introduction
T h i s  w o r k  i s  p a r t  o f  a  s e r i e s  o f  i n v e s t i g a t i o n s 1-3 

i n  w h i c h  e l e c t r o n s  a n d  f r e e  r a d i c a l s ,  t r a p p e d  i n  o r g a n i c  

g l a s s e s  d u r i n g  7  r a d i o l y s i s  a t  l o w  t e m p e r a t u r e ,  a r e  

s t u d i e d  b y  e l e c t r o n  s p i n  r e s o n a n c e  ( e s r )  s p e c t r o s c o p y .  

O u r  p r e v i o u s  m e a s u r e m e n t s ,  o n  t r a p p e d  e l e c t r o n s  a n d  

r a d i c a l s  o r  r a d i c a l  i o n s  i n  i r r a d i a t e d  2- m e t h y l t e t r a -  

h y d r o f u r a n  ( M T H F ) ,  d e m o n s t r a t e d  t h a t  e s r  d a t a  n o t  

o n l y  p r o v i d e  a  c h e c k  o n  d a t a  o b t a i n e d  b y  o p t i c a l  a b 

s o r p t i o n  s p e c t r o p h o t o m e t r y 4 b u t  a l s o  y i e l d  a d d i t i o n a l  

i n f o r m a t i o n .  H e n c e ,  i t  w a s  d e c i d e d  t o  s t u d y  t h e  r a d i o l 

y s i s  o f  a n  o l e f i n i c  c o m p o u n d  i n  w h i c h  t r a p p e d  e l e c t r o n s  

h a v e  b e e n  o b s e r v e d .  1 2 3 4

(1) D . R . Sm ith  and  J. J. P ieroni, Can. J . Chem., 42 , 2209 (1 964 ).
(2) D . R . Sm ith  and J. J. P ieron i, ib id ., 43 , 876 (1965).
(3 ) D . R . Sm ith  and J. J. P ieron i, ib id ., 43 , 2141 (1965).
(4) M . R . R on a yn e , J. P . G uarino, and  W . H . H am ill, J. A m . Chem . 
Soc., 84 , 4230 (1962).
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T h e  s y s t e m  d e s c r i b e d  i n  t h i s  p a p e r ,  i r r a d i a t e d  2 -  

m e t h y l p e n t e n e - 1  ( 2 - M P - l ) ,  h a s  b e e n  s t u d i e d  b y  

G u a r i n o  a n d  H a m i l l 5 6 b y  s p e c t r o p h o t o m e t r i c  m e t h o d s .  

A f t e r  7  i r r a d i a t i o n  o f  2 - M P - l  a t  7 7 ° K ,  t h e y  o b s e r v e d  

t h a t  t h e  a b s o r p t i o n  s p e c t r u m  h a s  a  m a x i m u m  a t  1 8 , 0 0 0  

A  a n d  a  s h o u l d e r  a t  6 8 0 0  A .  B o t h  f e a t u r e s  a r e  r e m o v e d  

b y  p o s t i r r a d i a t i o n  p h o t o l y s i s  w i t h  l i g h t  o f  w a v e l e n g t h  

l o n g e r  t h a n  a b o u t  7 5 0 0  A .  T h e  o s c i l l a t o r  s t r e n g t h  

o f  t h e  1 8 , 0 0 0 - A  a b s o r p t i o n  i s  a b o u t  0 . 8 .  A d d i t i o n  o f  a  

s o l u t e  s u c h  a s  n a p h t h a l e n e  o r  b i p h e n y l  p r i o r  t o  i r 

r a d i a t i o n  c a u s e s  t h e  o p t i c a l  s p e c t r u m  o f  t h e  s o l u t e  a n i o n  

t o  a p p e a r  w h i l e  t h e  i n t e n s i t y  o f  t h e  1 8  0 0 0 - A  a b s o r p t i o n  

i s  r e d u c e d  a n d  t h a t  o f  t h e  6 8 0 0 - A  a b s o r p t i o n  i s  e n 

h a n c e d .  T h e  p r e s e n c e  o f  0 . 1 3  m o l e  %  b i p h e n y l  i s  

s u f f i c i e n t  t o  e l i m i n a t e  c o m p l e t e l y  t h e  1 8 , 0 0 0 - A  b a n d .  

G u a r i n o  a n d  H a m i l l  a s s i g n  t h e  1 8 , 0 0 0 - A  a b s o r p t i o n  t o  

t r a p p e d  e l e c t r o n s  a n d  t h e  6 8 0 0 - A  a b s o r p t i o n  t o  t h e  2 -  

M P - 1  c a t i o n .  S i n c e  ( ? ( b i p h e n y l  a n i o n )  ~  0 . 7  i n  2 -  

M P - 1  c o n t a i n i n g  0 . 1 5  m o l e  %  b i p h e n y l ,  o n e  c a n  m a k e  

t h e  r e a s o n a b l e  a s s u m p t i o n  t h a t  C r ( e - traPPe d ) i s  a b o u t  

0 . 7  i n  p u r e  2 - M P - l .  (G i s  t h e  q u a n t i t y  o f  t h e  s p e c i e s  

i n d i c a t e d  f o r m e d  p e r  100 e v  a b s o r b e d  b y  t h e  s a m p l e . )  

T h i s  t y p e  o f  a s s u m p t i o n  w a s  s h o w n  b y  e s r  m e a s u r e 

m e n t s  t o  b e  v a l i d  f o r  t h e s e  s p e c i e s  i n  i r r a d i a t e d  M T H F .3
O t h e r  s t u d i e s  o f  2 - M P - l  w h i c h  a r e  r e l e v a n t  h a v e  

b e e n  b a s e d  o n  e s r  m e a s u r e m e n t s .  I n  7 - i r r a d i a t e d

2 - M P - l  a t  7 7  ° K  A y s c o u g h  a n d  E v a n s  o b s e r v e d  t h e  

e s r  s p e c t r u m  o f  a n  a l l y l - t y p e  r a d i c a l  b u t  d i d  n o t  d e 

t e c t  a n y  a b s o r p t i o n  d u e  t o  t r a p p e d  e l e c t r o n s .6 A d i t y a  

a n d  W i l l a r d  p e r f o r m e d  u l t r a v i o l e t  p h o t o l y s i s  o f  h y d r o 

g e n  i o d i d e  ( H I )  i n  2 - M P - l  a t  7 7 ° K  a n d  o b s e r v e d  t h e  

e s r  s p e c t r u m  o f  a n  a l l y l - t y p e  r a d i c a l .  T h e y  d i d  n o t  

d e t e c t  t h e  f o r m a t i o n  o f  a n y  r a d i c a l s  via h y d r o g e n  a d d i 

t i o n  t o  t h e  o l e f i n .7
T h e  p u r p o s e  o f  t h e  w o r k  r e p o r t e d  i n  t h i s  p a p e r  w a s  t o  

a t t e m p t  t o  d e t e c t  t r a p p e d  e l e c t r o n s ,  t o  s t u d y  a n d  i d e n 

t i f y  t h e  a l l y l - t y p e  r a d i c a l  w h i c h  i s  f o r m e d ,  a n d  t o  o b 

t a i n  a n y  a d d i t i o n a l  i n f o r m a t i o n  b y  e s r  m e a s u r e m e n t s  o n

2 - M P - l  a f t e r  y  r a d i o l y s i s  a t  7 7 ° K .

Experimental Section

T h e  v a r i o u s  t e c h n i q u e s  o f  s a m p l e  p r e p a r a t i o n ,  c o 

b a l t - 6 0  7  i r r a d i a t i o n ,  d o s i m e t r y ,  a n d  e s r  m e a s u r e m e n t s  

a r e  t h e  s a m e  a s  d e s c r i b e d  e a r l i e r . 1-3 T h e  a c c u r a c y  o f  

c o n c e n t r a t i o n  m e a s u r e m e n t s  i s  e s t i m a t e d  t o  b e  ±  1 5 % . 3 

P h i l l i p s  r e s e a r c h  g r a d e  2 - M P - l  w a s  u s e d  a f t e r  t r e a t 

m e n t  u n d e r  v a c u u m  w i t h  a  s o d i u m  m i r r o r  a n d  d i s t i l l a 

t i o n  u n d e r  v a c u u m .  T h e  e s r  a b s o r p t i o n  s i g n a l  f r o m  

t h e  i r r a d i a t e d  S p e c t r o s i l  s a m p l e  t u b e  w a s  e l i m i n a t e d  

f r o m  t h e  s p e c t r a  i n  F i g u r e s  I A ,  B ,  C ,  a n d  2  b y  t h e  e s r  

d i f f e r e n c e  t e c h n i q u e .1 T h e  s a m p l e  t u b e  s i g n a l  h a d  

b e e n  b l e a c h e d  o u t  b y  u l t r a v i o l e t  p h o t o l y s i s  i n  F i g u r e  

I D .  P o s t i r r a d i a t i o n  p h o t o l y s i s  w i t h  v i s i b l e  o r  n e a r -

Figure 1. First>derivative esr spectra of irradiated 
2-MP-l. The numbers are spectrometer gain settings: 
A and B, irradiated with a total dose of 6 X 1019 
ev g-1; C, after postirradiation illumination of the 
sample in A and B with visible light; D, after 
ultraviolet illumination of the sample in C.

Figure 2. First-derivative esr spectra of irradiated 
2-MP-l containing 0.13 mole % biphenyl: A, total 
spectrum; B, spectrum of the biphenyl anion portion 
of A, obtained by the esr difference spectrum 
technique. Total dose 6 X 1019 ev g-1.

i n f r a r e d  l i g h t  w a s  p e r f o r m e d  w i t h  l i g h t  f r o m  a  t u n g s t e n  

l a m p  t r a n s m i t t e d  b y  C o r n i n g  f i l t e r  2 - 5 8  o r  7 - 8 6 .  

T h e  f o r m e r  t r a n s m i t s  a b o v e  6 2 0 0  A  a n d  t h e  l a t t e r

(5) J. P . G uarino and W . H . H am ill, J. A m . Chem. Soc., 86 , 777 (1964).
(6) P . B . A y scou g h  and H . E . E vans, Trans. Faraday Soc., 60 , 801 
(1964).

(7 ) S. A d ity a  and  J. E . W illard , J. A m . Chem. Soc., 88 , 229 (1 9 6 6 ) .
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t r a n s m i t s  b e t w e e n  1 3 , 0 0 0  a n d  2 8 , 0 0 0  A .  P o s t  i r r a d i a 

t i o n  u l t r a v i o l e t  p h o t o l y s i s  w a s  p e r f o r m e d  b y  i l l u m i 

n a t i n g  a  s a m p l e  f o r  1 5  m i n  w i t h  l i g h t  f r o m  a  4 - w  

M i n e r a l i g h t  M o d e l  S L  2 5 3 7 .  T h e  o u t p u t  o f  t h i s  

l a m p  i s  p r e d o m i n a n t l y  t h e  m e r c u r y  r e s o n a n c e  l i n e  a t  

2 5 3 7  A .

A s  a n  a i d  f o r  i n t e r p r e t a t i o n  o f  f r e e - r a d i c a l  s p e c t r a ,  

f i r s t - d e r i v a t i v e  e s r  s p e c t r a  w e r e  c a l c u l a t e d  a n d  p r i n t e d  

b y  a  B e n d i x  G - 2 0  c o m p u t e r  u s i n g  a  m o d i f i c a t i o n  o f  a  

p r o g r a m  s u p p l i e d  b y  S n y d e r .8 O u r  a l l y l - t y p e  r a d i c a l  

p a r a m e t e r s  f o r  t h e s e  c a l c u l a t i o n s  w e r e  b a s e d  o n  t h e  

p r i n c i p l e s  o u t l i n e d  b y  P o o l e  a n d  A n d e r s o n ,9 A y s c o u g h  

a n d  E v a n s ,6 a n d  S y m o n s .10

Results

A t  7 7 ° K ,  2 - M P - l  f o r m s  a  c l e a r ,  c o l o r l e s s  g l a s s .  

A f t e r  7  r a d i o l y s i s  t h e  2 - M P - l  g l a s s  i s  c o l o r e d  b l u e .  

I t  e x h i b i t s  a n  e s r  s p e c t r u m  c o n s i s t i n g  o f  a t  l e a s t  n i n e  

a n d  p o s s i b l y  e l e v e n  p a r t i a l l y  r e s o l v e d  l i n e s  w i t h  a  

n a r r o w ,  i n t e n s e  s i n g l e t  s u p e r i m p o s e d  o n  t h e  c e n t r a l  

l i n e .  T h e  a v e r a g e  h y p e r f i n e  s p l i t t i n g  o f  t h e  n i n e -  o r  

e l e v e n - l i n e  s p e c t r u m  i s  1 4 . 7  g a u s s .  T h i s  i s  i l l u s t r a t e d  

a t  r e d u c e d  s e n s i t i v i t y  i n  F i g u r e  1 A  t o  s h o w  t h e  i n t e n s i t y  

o f  t h e  s i n g l e t  a n d  a t  h i g h e r  s e n s i t i v i t y  i n  F i g u r e  I B  

t o  s h o w  t h e  d e t a i l s  o f  t h e  m u l t i l i n e  s p e c t r u m  m o r e  

c l e a r l y .  T h e  i n t e n s i t i e s  o f  b o t h  t h e  s i n g l e t  ( c o r r e c t e d  

f o r  p o s t i r r a d i a t i o n  d e c a y )  a n d  t h e  m u l t i l i n e  s p e c t r u m  

a r e  p r o p o r t i o n a l  t o  d o s e  u p  t o  6  X  1 0 19 e v  g _1 a t  a  

d o s e  r a t e  o f  1 0 18 e v  g _1 m i n - 1 . A t  h i g h e r  d o s e s ,  d e c a y  

d u r i n g  t h e  i r r a d i a t i o n  p e r i o d  r e d u c e d  t h e  i n t e n s i t y  o f  

t h e  s i n g l e t  s i g n i f i c a n t l y .

P o s t i r r a d i a t i o n  p h o t o l y s i s  o f  t h e  s a m p l e  a t  7 7 ° K  

w i t h  v i s i b l e  o r  n e a r - i n f r a r e d  l i g h t  r a p i d l y  r e m o v e s  

t h e  b l u e  c o l o r  a n d  t h e  s i n g l e t  e s r  a b s o r p t i o n  a n d  l e a v e s  

a  p a l e  g r e e n  c o l o r .  T h e  e s r  s p e c t r u m  r e m a i n i n g  a f t e r  

p h o t o l y s i s  w i t h  v i s i b l e  l i g h t  i s  s h o w n  i n  F i g u r e  1 C .  

A b o u t  1 0 %  o f  t h e  m u l t i l i n e  a b s o r p t i o n  d i s a p p e a r s  

d u r i n g  p h o t o l y s i s .  T h e  s y m m e t r y  o f  t h e  p r e d o m i n a n t  

m u l t i l i n e  e s r  a b s o r p t i o n  s u g g e s t s  t h a t  t h e r e  i s  m a i n l y  

o n e  f r e e  r a d i c a l  p r e s e n t ,  a n d  w e  a s s u m e  t h a t  i t s  i d e n t i t y  

a n d  c o n c e n t r a t i o n  d o  n o t  a l t e r  w h e n  t h e  b l u e  c o l o r  

a n d  t h e  e s r  s i n g l e t  a r e  e l i m i n a t e d  b y  p h o t o l y s i s .

T h e  i n t e n s i t y  o f  t h e  s i n g l e t  e s r  l i n e  i n  2 - M P - l  w a s  

o b s e r v e d  t o  d e c r e a s e  w i t h  t i m e  a t  7 7  ° K .  T h e  d e c a y  

k i n e t i c s  a r e  c o m p l e x  a s  i n  M T H F ,2 b u t  t h e  r a t e  o f  

d e c a y  i s  m u c h  m o r e  r a p i d .  T h e  l i n e  d e c r e a s e s  i n  i n 

t e n s i t y  b y  a b o u t  5 0 %  i n  5  h r .  T h e  b l u e  c o l o r  d i m i n 

i s h e s ,  a n d  t h e  s a m p l e  t e n d s  t o w a r d  p a l e  g r e e n  a t  t h e  

s a m e  t i m e  a s  t h e  s i n g l e t  e s r  l i n e  i s  d e c a y i n g .  N o  s i g 

n i f i c a n t  c h a n g e  i n  t h e  n a t u r e  o r  i n t e n s i t y  o f  t h e  m u l t i -  

l i n e  s p e c t r u m  w a s  d e t e c t e d  d u r i n g  t h i s  t h e r m a l  d e c a y .

T h i s  f a i r l y  r a p i d  d e c a y  c o m b i n e d  w i t h  t h e  l o w e r  i n 

t e n s i t y  o f  t h e  s i n g l e t  e s r  a b s o r p t i o n  ( c o m p a r e d  t o

M T H F )  r e n d e r s  i t  d i f f i c u l t  t o  m e a s u r e  a  p r e c i s e  m i c r o -  

w a v e  s a t u r a t i o n  c u r v e .  H o w e v e r ,  t h e  m i c r o w a v e  

s a t u r a t i o n  c u r v e s  o f  t h e  s i n g l e t  a n d  m u l t i l i n e  e s r  

s p e c t r a  i n  2 - M P - l  a r e  q u a l i t a t i v e l y  s i m i l a r  t o  t h o s e  o f  

t h e  c o r r e s p o n d i n g  s p e c t r a  i n  M T H F .2 T h e  e s r  s i n g l e t  

w a s  r e s o l v e d  f r o m  t h e  m u l t i l i n e  s p e c t r u m  b y  u s i n g  t h e  

e s r  d i f f e r e n c e  t e c h n i q u e 1 a n d  w a s  f o u n d  t o  b e  a p p r o x i 

m a t e l y  g a u s s i a n  a s  i n  M T H F .2 T h e  l i n e  w a s  o b s e r v e d  

t o  b e  4 . 0  g a u s s  b e t w e e n  d e r i v a t i v e  m a x i m a ,  c o m p a r e d  

t o  4 . 5  g a u s s  i n  M T H F .2
A t  a  d o s e  o f  6 X  1 0 19 e v  g _1 i n  p u r e  2 - M P - l ,  w e  o b 

s e r v e  t h a t  t h e  y i e l d  o f  t h e  s p e c i e s  g i v i n g  r i s e  t o  t h e  e s r  

s i n g l e t  i s  G ~  0 . 7  a f t e r  c o r r e c t i o n  f o r  p o s t i r r a d i a t i o n  

d e c a y .  T h e  y i e l d  o f  t h e  f r e e  r a d i c a l  g i v i n g  r i s e  t o  t h e  

n i n e -  o r  e l e v e n - l i n e  e s r  s p e c t r u m  i s  G ~  0 . 8 .

O n e  p u r e  2 - M P - l  s a m p l e  w a s  7  i r r a d i a t e d ,  f o l l o w e d  

b y  p h o t o l y s i s  w i t h  v i s i b l e  l i g h t .  T h i s  l e f t  t h e  e s r  

s p e c t r u m  o f  a  r a d i c a l  a s  s h o w n  i n  F i g u r e  1 C .  T h e  

s a m p l e  w a s  t h e n  i l l u m i n a t e d  f o r  1 5  m i n  a t  7 7 ° K  w i t h  

u l t r a v i o l e t  l i g h t .  T h i s  c a u s e d  t h e  e s r  s p e c t r u m  t o  

a l t e r  t o  s e v e n  m a i n  l i n e s  h a v i n g  t h e  s a m e  h y p e r f i n e  

s p l i t t i n g  b u t  s o m e w h a t  b e t t e r  r e s o l v e d  a s  s h o w n  i n  

F i g u r e  I D .  T h e  i n t e g r a t e d  i n t e n s i t y  o f  t h e  e s r  s p e c 

t r u m  w a s  u n c h a n g e d ,  a n d  i n  a  “ b l a n k ”  e x p e r i m e n t  n o  

r a d i c a l s  w e r e  f o r m e d  b y  1 5 - m i n  u l t r a v i o l e t  p h o t o l y s i s  

( a t  7 7  ° K )  o f  2 - M P - l  w h i c h  h a d  n o t  b e e n  7  i r r a d i a t e d .

I n  a  0 . 1 3  m o l e  %  b i p h e n y l  s o l u t i o n  w e  o b s e r v e  t h a t  

t h e  e s r  s i n g l e t  i s  c o m p l e t e l y  r e p l a c e d  b y  t h e  w i d e r  e s r  

s p e c t r u m  o f  t h e  b i p h e n y l  a n i o n  a s  s h o w n  i n  F i g u r e  2 .  

F i g u r e  2 A  i s  t h e  o b s e r v e d  s p e c t r u m .  F i g u r e  2 B  i s  

t h e  e s r  s p e c t r u m  o b t a i n e d  a s  t h e  d i f f e r e n c e  b e t w e e n  t h e  

s p e c t r a  o f  t w o  s a m p l e s  s i m u l t a n e o u s l y  p r e s e n t  i n  t h e  

V a r i a n  T E 104 “ d u a l ”  c a v i t y . 1 O n e  s a m p l e  w a s  t h e  o n e  

c o n t a i n i n g  b i p h e n y l  w h o s e  s p e c t r u m  i s  s h o w n  i n  F i g u r e  

2 A .  T h e  o t h e r  w a s  a  s a m p l e  o f  p u r e  2 - M P - l  i r r a d i a t e d  

f o r  t h e  s a m e  l e n g t h  o f  t i m e  a n d  t h e n  b l e a c h e d  w i t h  

v i s i b l e  l i g h t .  T h e  d i f f e r e n c e  s p e c t r u m  i s  i d e n t i c a l  

w i t h  t h e  e s r  s p e c t r u m  o f  t h e  c h e m i c a l l y  p r e p a r e d  b i 

p h e n y l  a n i o n .3 T h e  y i e l d  o f  b i p h e n y l  a n i o n  w a s  

G ~  0 . 7 ,  t h e  s a m e  a s  G ( e _ t rapPed ) i n  p u r e  2 - M P - l .

Discussion and Conclusions
W e  h a v e  o b s e r v e d  t h a t  t h e  e s r  s i n g l e t  i s  r e p l a c e d  b y  

t h e  s p e c t r u m  o f  t h e  b i p h e n y l  a n i o n  i n  t h e  p r e s e n c e  o f  

b i p h e n y l .  B o t h  a r e  f o r m e d  i n  a  y i e l d  G ~  0 . 7  w h i c h  

a g r e e s  w i t h  t h e  y i e l d  o f  t r a p p e d  e l e c t r o n s  m e a s u r e d  

b y  G u a r i n o  a n d  H a m i l l .6 ( T h e  e x a c t  a g r e e m e n t  i s  

f o r t u i t o u s  s i n c e  t h e  i n a c c u r a c y  o f  t h e  e s r  m e t h o d  i s  a t  

l e a s t  ± 1 5 % . )  P h o t o l y s i s  w i t h  v i s i b l e  o r  n e a r - i n 

(8) S. H . G larum  and L . C . Snyder, J . Chem. P hys., 36 , 2989 (1962).
(9 ) C . P . P oole , Jr., and R . S. A nderson , ibid., 31 , 346 (1959).
(10) M . C . R . S ym ons, J . Chem. Soc., 277  (1959).
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f r a r e d  l i g h t  r e m o v e s  t h e  e s r  s i n g l e t  a n d  a l s o  t h e  o p t i c a l  

a b s o r p t i o n  a s s i g n e d  t o  t r a p p e d  e l e c t r o n s .  T h e s e  

r e s u l t s  s u g g e s t  t h a t  t h e  n a r r o w  i n t e n s e  e s r  s i n g l e t  i s  

d u e  t o  t r a p p e d  e l e c t r o n s .

A y s c o u g h  a n d  E v a n s 6 d i d  n o t  o b s e r v e  t h e  b l u e  c o l o r  

o r  t h e  e s r  s i n g l e t ,  p o s s i b l y  b e c a u s e  o f  e i t h e r  d e c a y  b e 

f o r e  o b s e r v a t i o n  o r  m i c r o w a v e  s a t u r a t i o n  o f  t h e  s i n g l e t .

T h e  o b s e r v a t i o n s  o n  t h e r m a l  d e c a y ,  m i c r o w a v e  

s a t u r a t i o n ,  a n d  e s r  l i n e  w i d t h  f o r  e l e c t r o n s  t r a p p e d  i n

2 - M P - l  s u g g e s t  s i m i l a r  c o n c l u s i o n s  t o  t h o s e  d e r i v e d  

f o r  i r r a d i a t e d  M T H F ,  i.e., t h a t  e l e c t r o n s  a n d  f r e e  

r a d i c a l s  a r e  t r a p p e d  i n  c l u s t e r s  o r  r e g i o n s  o f  r e l a t i v e l y  

h i g h  l o c a l  c o n c e n t r a t i o n . 2 T h e  p r o b l e m  o f  m e a s u r i n g  

l o c a l  i m p a i r e d  e l e c t r o n  c o n c e n t r a t i o n s  h a s  r e c e n t l y  

b e e n  d i s c u s s e d  b y  W y a r d , 11 B u l l o c k  a n d  S u t c l i f f e , 12 
a n d  u s .2

T h e  s p e c t r u m  o f  t h e  p r e d o m i n a n t  r a d i c a l  ( F i g u r e  

1 C )  c o n s i s t s  o f  a t  l e a s t  n i n e  a n d  p r o b a b l y  e l e v e n  l i n e s  

( t h e  o u t e r  l i n e s  b e i n g  t o o  w e a k  t o  o b s e r v e ) .  T h e  

a v e r a g e  h y p e r f i n e  s p l i t t i n g  o f  1 4 . 7  g a u s s  i s  t y p i c a l  o f  

a n  a l l y l - t y p e  r a d i c a l .6’13 I t  w a s  f o u n d  t h a t  t h e  o b 

s e r v e d  s p e c t r u m  a g r e e d  w e l l  w i t h  a  s p e c t r u m  c o m 

p u t e d  f o r  a  s p e c i e s  i n  w h i c h  t h e  u n p a i r e d  e l e c t r o n  

e x p e r i e n c e s  e q u a l  h y p e r f i n e  i n t e r a c t i o n  w i t h  t e n  p r o t o n s .  

O n  t h e  b a s i s  o f  b o n d  s t r e n g t h s ,  o n e  w o u l d  p r e d i c t  t h a t  

a l l y l  r a d i c a l  I  w o u l d  b e  f o r m e d  f r o m  2 - M P - l .9

c h 2 = c  (c h 3) c h c h 2c h 3 ^

• C H 2( C H 3) C = C H C H 2C H 3 ( I )

H o w e v e r ,  r a d i c a l  I  w o u l d  e x h i b i t  a  s e v e n - l i n e  s p e c t r u m  

d u e  t o  e q u a l  h y p e r f i n e  i n t e r a c t i o n  w i t h  t h r e e  a p r o t o n s  

a n d  o n e  /3 p r o t o n  a n d  a p p r o x i m a t e l y  d o u b l e  t h i s  h y 

p e r f i n e  i n t e r a c t i o n  w i t h  a n o t h e r  d  p r o t o n .6'9’10 A s i d e  

f r o m  t h e  f a c t  t h a t  w e  o b s e r v e  m o r e  t h a n  s e v e n  l i n e s ,  t h e  

r e l a t i v e  l i n e  i n t e n s i t i e s  i n  t h e  s p e c t r u m  c o m p u t e d  f o r  

r a d i c a l  I  d i s a g r e e  w i t h  t h o s e  o b s e r v e d .  W e  s u g g e s t  

t h a t  t h e  o n l y  a l l y l  r a d i c a l  w h i c h  c o u l d  b e  f o r m e d  f r o m

2 - M P - l  a n d  w h i c h  w o u l d  g i v e  a n  e s r  s p e c t r u m  i n v o l v i n g  

e q u a l  h y p e r f i n e  i n t e r a c t i o n  w i t h  t e n  p r o t o n s  i s  I I ,  

p o s s i b l y  f o r m e d  b y  i s o m e r i z a t i o n  o f  t h e  p o s i t i v e  i o n  

( 2 - M P - l )  +  t o  ( 2 - M P - 2 ) +  a n d  s u b s e q u e n t  l o s s  o f  H + .

( C H 3) 2C = C H C H C H 3

(CH b)2C C H = C H C H 3 ( I I )

A y s c o u g h  a n d  E v a n s 6 a l s o  o b s e r v e d  t h e  e s r  s p e c t r u m  

o f  a n  a l l y l  r a d i c a l  b u t  a s s i g n e d  i t  t o  r a d i c a l  I .  T h e y  

m e a s u r e d  a  y i e l d  w h i c h  a g r e e s  w i t h  o u r  ^ ( r a d i c a l )  

~  0 . 8 .

F r o m  t h e  c h a n g e  i n  t h e  e s r  s p e c t r u m ,  i t  i s  a p p a r e n t  

t h a t  u l t r a v i o l e t  p h o t o l y s i s  i n d u c e s  a  q u a n t i t a t i v e  c o n 

v e r s i o n  f r o m  w h a t  w e  c a l l  r a d i c a l  I I  t o  a  s e c o n d  a l l y l -  

t y p e  r a d i c a l .  T h e  s p e c t r u m  o f  t h i s  r a d i c a l  a g r e e s

r o u g h l y  w i t h  a  c o m p u t e d  s p e c t r u m  u s i n g  r a d i c a l  I  a s  

a  m o d e l  ( e x c e p t  f o r  p a r t i a l  r e s o l u t i o n  o f  l i n e s  i n  t h e  o b 

s e r v e d  s p e c t r u m ) .  W e  s u g g e s t  t h a t  e i t h e r  i s o m e r i z a 

t i o n  o f  I I  t o  I  o r  f o r m a t i o n  o f  I  via H  a b s t r a c t i o n  

f r o m  2 - M P - l  b y  I I  h a s  b e e n  o b s e r v e d .  H y d r o g e n  

a b s t r a c t i o n  b y  “ h o t ”  H  a t o m s  i n  2 - M P - l  r e s u l t s  i n  a n  

a l l y l  r a d i c a l  e s r  s p e c t r u m  s i m i l a r  t o  t h e  o n e  w e  h a v e  

o b s e r v e d  a f t e r  u l t r a v i o l e t  p h o t o i n d u c e d  c o n v e r s i o n  

o f  I I  t o  I .  H o w e v e r ,  I I  m a y  h a v e  b e e n  f o r m e d  i n i t i a l l y  

a n d  t h e n  c o n v e r t e d  t o  I  s i n c e  u l t r a v i o l e t  p h o t o l y s i s  o f  

H I  w a s  b e i n g  p e r f o r m e d .7 S i n c e  r a d i c a l  I  w a s  o b s e r v e d  

t o  b e  t h e r m a l l y  s t a b l e  a t  7 7  ° K ,  r a d i c a l  I I  m u s t  n o t  

h a v e  b e e n  f o r m e d  b y  t h e r m a l  i s o m e r i z a t i o n  o f  I .  

H e n c e ,  i t  m a y  h a v e  b e e n  f o r m e d  b y  i s o m e r i z a t i o n  

o f  t h e  p r i m a r y  c a t i o n  a s  m e n t i o n e d  a b o v e .  I n  s u p p o r t  

o f  t h i s  p o s t u l a t e ,  d i r e c t l y  a n a l o g o u s  o b s e r v a t i o n s  a n d  

c o n c l u s i o n s  w e r e  o b t a i n e d  i n  i r r a d i a t e d  2- m e t h y l b u t e n e -  

1 g l a s s 14 a t  7 7 ° K .

I t  i s  i n t e r e s t i n g  t h a t  t h e r e  i s  n o  e v i d e n c e  o f  h y d r o g e n  

a t o m  a d d i t i o n  t o  t h e  d o u b l e  b o n d  i n  2 - M P - l  i r r a d i a t e d  

a t  7 7 ° K ,  o r  w h e n  H I  i s  p h o t o l y z e d  i n  2 - M P - l  a t  7 7 ° K .7 
T h e r e  a r e  t w o  r a d i c a l s  w h i c h  m i g h t  b e  f o r m e d  b y  h y 

d r o g e n  a t o m  a d d i t i o n ,  b u t  t h e  e s r  s p e c t r u m  o f  t h e  

r a d i c a l  ’ C ( C H 3) 2C H 2R  w o u l d  h a v e  t e n  l i n e s  s e p a r a t e d  

b y  a b o u t  2 3  g a u s s  a n d  t h a t  o f  t h e  r a d i c a l  C H 2C H -  

( C H 3) R  w o u l d  h a v e  f i v e  l i n e s  s e p a r a t e d  b y  a b o u t  2 0  

g a u s s .15 16 17 18 19 T h e r e  i s  n o  i n d i c a t i o n  o f  e i t h e r  s p e c t r u m  s o  n o  

s i g n i f i c a n t  c o n c e n t r a t i o n  o f  t h e s e  s p e c i e s  i s  f o r m e d .  

I n  c o n t r a s t ,  i r r a d i a t i o n  o f  u n s a t u r a t e d  c a r b o x y l i c  

a c i d s  a t  r o o m  t e m p e r a t u r e 16-19 a n d  o f  v i n y l  m o n o m e r s  

a t  l o w  t e m p e r a t u r e 20 r e s u l t s  i n  r a d i c a l  f o r m a t i o n  b y  

h y d r o g e n  a t o m  a d d i t i o n  t o  t h e  d o u b l e  b o n d .

S i n c e  ( 7 ( 1 1 )  ~  f ? ( e —trapped) , i t  i s  p o s s i b l e  t h a t  t r a p p i n g  

h a s  e f f e c t e d  s e p a r a t i o n  o f  m o s t  o f  t h e  e l e c t r o n s  f r o m  

t h e i r  p a r e n t  i o n s  a n d  t h a t  n o  a p p r e c i a b l e  d i s s o c i a t i o n  

o f  e x c i t e d  m o l e c u l e s  h a s  o c c u r r e d .  D i s s o c i a t i o n  o f  a n  

e x c i t e d  m o l e c u l e  t o  a  r a d i c a l  a n d  a n  • H  a t o m  r e s u l t  i n  

( 7 ( r a d i e a l )  >  Gr(e- traPPid), e s p e c i a l l y  s i n c e  t h e  - H  a t o m

(11) S. J. W ya rd , P roc. P h ys. Soc. (L o n d o n ), 86 , 587 (1965).
(12) A . T . B u llock  and  L . H . S utcliffe , Trans. Faraday Soc., 60 , 
2112 (1964).
(13) B . Sm aller and  M . S. M ath eson , J . Chem. P h ys ., 28 , 1169 
(1958).
(14) D . R . Sm ith  and  J. J . P ieron i, t o  be  published.
(15) P . B . A y scou g h  and C . T h om son , Trans. Faraday Soc., 58 , 
1477 (1962).

(16) A . L . K w iram  and H . M . M cC on n e ll, P roc. N atl. A cad . S ci. 
U. S ., 48 , 499 (1962).
(17) O . H . G riffith  and  H . M . M cC on n e ll, ibid., 48 , 1877 (1962).
(18) R . J. C ook , J. R . R ow lan ds, and  D . H . W hiffen , M ol. P h y s ., 7 , 
57 (1963).
(19) M . F u jim o to , J. Chem. P h ys ., 39 , 846 (1963).
(20) R . M arx , Thesis, Paris, 1963, qu oted  b y  R . B ensasson , M . 
D u ru p , A . D w ork in , M . M agat, R . M arx , and  H . Szw arc, D iscussions  
Faraday Soc., 36 , 177 (1963).
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m i g h t  f o r m  e v e n  m o r e  r a d i c a l s  b y  a b s t r a c t i o n  f r o m  a  

m a t r i x  m o l e c u l e .  H o w e v e r ,  t h e  p o s s i b i l i t y  c a n n o t  

b e  r u l e d  o u t  t h a t  s o m e  e x c i t e d  m o l e c u l e s  h a v e  d i s 

s o c i a t e d  a n d  t h e  e n h a n c e d  r a d i c a l  y i e l d  c a n c e l e d  o u t  

via H  a t o m  c o m b i n a t i o n  w i t h  o t h e r  r a d i c a l s .  T h e r e  

i s  n o  r e a s o n  t o  b e l i e v e  t h a t  r a d i c a l  I I  i s  a  c a t i o n  s o  

t h e r e  m u s t  a l s o  b e  a  s i m i l a r  y i e l d  o f  n o n p a r a m a g n e t i c  

p o s i t i v e  i o n s  t r a p p e d  i n  t h e  m a t r i x .

A y s c o u g h  a n d  E v a n s  h a v e  d i s c u s s e d  t h e  p o s s i b l e  

f a t e  o f  t h e  p o s i t i v e  c h a r g e  i n  i r r a d i a t e d  s o l i d  o l e f i n s . 6 

T h e  p r i m a r y  i o n  m a y  t r a n s f e r  H +  t o  a  n e i g h b o r i n g  

o l e f i n  m o l e c u l e  t o  f o r m  t h e  a l l y l  r a d i c a l  a n d  a  n o n 

p a r a m a g n e t i c  c a t i o n .  H o w e v e r ,  i f  t h i s  c a t i o n  i s  n e u 

t r a l i z e d  w h e n  a  t r a p p e d  e l e c t r o n  d i s a p p e a r s  ( d u r i n g  

p h o t o l y s i s  o r  t h e r m a l  d e c a y )  e i t h e r  ( i )  a  s a t u r a t e d  f r e e  

r a d i c a l  o r  ( i i )  o l e f i n  +  H  w o u l d  b e  f o r m e d . 21 T h e r e  

i s  n o  e v i d e n c e  i n  f a v o r  o f  ( i ) ,  a n d ,  i f  ( i i )  o c c u r s ,  t h e  H  

m u s t  d i s a p p e a r  w i t h o u t  n e t  f o r m a t i o n  o r  d e s t r u c t i o n  

o f  a l l y l i c  f r e e  r a d i c a l s  t o  b e  c o n s i s t e n t  w i t h  o u r  o b s e r v a 

t i o n s .

O u r  o b s e r v a t i o n s  a n d  t e n t a t i v e  c o n c l u s i o n s  r e g a r d 

i n g  t h e  r a d i o l y s i s  o f  2 - M P - l  a t  7 7  ° K  a r e  c o n v e n i e n t l y  

s u m m a r i z e d  b y  t h e  r e a c t i o n  s c h e m e 22

2 - M P - l  — *■  ( 2 - M P - l )  +  +  e -

( 2 - M P - l ) +  — >  ( 2 - M P - 2 ) +

( 2 - M P - 2 ) +  +  2 - M P - l  — I I  - t -  ( 2 - M P - l ) H +

G ^  6 trapped

o r

e _  +  b i p h e n y l  — *• ( b i p h e n y l )  ~

visible light or 
e_trapped thermal decay*

6  untrapped +  ( 2 - M P - l ) H +  — >  2 - M P - l  +  H  

■ H  r e a c t s  w i t h  n o  n e t  f o r m a t i o n  o r  r e m o v a l  o f  I I

2537-A light
I I   — >  I

o r

2537-A light
I I  +  2 - M P - l ---------------- — ►  2 - M P - l  +  I

I I  a n d  I  a r e  t h e r m a l l y  s t a b l e  a t  7 7 ° K .
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I n  t h e  a l k a l i n e  e a r t h  m e t a l - m e t a l  h a l i d e  s y s t e m s  M X 2- M  ( M  =  C a  o r  S r ,  X  =  C l ,  B r ,  o r  

I ) ,  t h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f  t h e  s p e c i f i c  c o n d u c t i v i t y ,  k ,  i s  s i m i l a r  t o  t h a t  i n  t h e  

s o d i u m  s y s t e m s  w h e r e  t h e  v a l u e  o f  d / c / d X M  d e c r e a s e s  a s  t h e  m e t a l  c o n c e n t r a t i o n  i n c r e a s e s .  

F o r  e x p l a n a t i o n ,  a n  e q u i l i b r i u m  2 M 2 +  +  2 e  ( M 2) 2 +  i s  a s s u m e d  s i m i l a r  t o  2 N a +  +  2 e  

N a 2 f o r  t h e  s o d i u m  s y s t e m s .  T h e  d o u b l y  c h a r g e d  a l k a l i n e  e a r t h  m o l e c u l e  i o n s  ( M 2) 2 +  

c o n t a i n  M  i n  a  d i m e r  o f  o x i d a t i o n  s t a t e  I  r a t h e r  t h a n  z e r o  ( N a 2) .  T h e  s p e c i e s  ( M 2) 2 +  

a r e  a n a l o g o u s  i n  e l e c t r o n i c  s t r u c t u r e  t o  t h e  n e u t r a l  N a 2 m o l e c u l e s .  T h e i r  e q u i l i b r i u m  w i t h  

t h e  F - c e n t e r - l i k e  e l e c t r o n s  i s  c o n c e n t r a t i o n  d e p e n d e n t .  T h e  s y s t e m s  B a B r 2- B a  a n d  B a l 2- B a ,  

o n  t h e  o t h e r  h a n d ,  a r e  s i m i l a r  t o  t h e  p o t a s s i u m  s y s t e m s .  T h e y  g i v e  a n  i n c r e a s i n g  s l o p e  o f  

s p e c i f i c  c o n d u c t i v i t y  w i t h  i n c r e a s i n g  m e t a l  c o n c e n t r a t i o n .  T h i s  i s  a t t r i b u t e d  t o  t h e  m u c h  

l o w e r  s t a b i l i t y  o f  t h e  d i m e r  t r a p s  K 2 a n d  ( B a 2) 2 + . A s  a  r e s u l t ,  e l e c t r o n  o r b i t a l  o v e r l a p  

o c c u r s  a t  l o w e r  m e t a l  c o n c e n t r a t i o n .  O b s e r v e d  s a l t  f r e e z i n g  p o i n t  d e p r e s s i o n s  a g r e e  w i t h  t h i s  

i n t e r p r e t a t i o n  i f  s o l u b i l i t y  o f  t h e  m e t a l  i n  t h e  s o l i d  i s  c o n s i d e r e d .

Introduction
T h e  s p e c i f i c  e l e c t r i c a l  c o n d u c t i v i t y  k o f  s o l u t i o n s  o f  

c a l c i u m  i n  c a l c i u m  c h l o r i d e  w a s  f o u n d  t o  i n c r e a s e  a s  t h e  

m e t a l  c o n c e n t r a t i o n ,  A m , i s  i n c r e a s e d . 2 H o w e v e r ,  a s  

i n  t h e  s o d i u m - s o d i u m  h a l i d e  m e l t s ,  d / c / d A M  d e c r e a s e s  

a s  A m  i n c r e a s e s .  T h i s  w a s  a t t r i b u t e d  t o  t h e  g r a d u a l  

t r a p p i n g ,  i n  p a i r s ,  o f  t h e  s i n g l e  r e l a t i v e l y  m o b i l e ,  p r o b 

a b l y  F - c e n t e r -  o r  a n i o n - l i k e ,  e l e c t r o n s 3 b y  t h e  r e a c t i o n  

2 e ~  +  2 C a 2 +  ^  ( C a ^ 24-, i.e., t h r o u g h  f o r m a t i o n  o f  

m o l e c u l e  i o n s ,  ( C a 2) 2 +  ( cf. H g 22 +  a n d  C d 22 + ) .  T h e s e  

r e p r e s e n t  t h e  d i m e r i c  f o r m  o f  t h e  o t h e r w i s e  u n c o m m o n  

o x i d a t i o n  s t a t e  ( I )  o f  c a l c i u m .  T h e i r  e q u i l i b r i u m  w i t h  

t h e  m o b i l e  e l e c t r o n s  a n d  t h e  n o r m a l  c a t i o n s  C a 2 +  d e 

p e n d s  o n  m e t a l  c o n c e n t r a t i o n .  T h e  e x p l a n a t i o n  f o r  t h e  

o b s e r v e d  c o n d u c t a n c e  b e h a v i o r  w a s  t h u s  a n a l o g o u s  t o  

t h a t  p r o p o s e d  e a r l i e r 4 * f o r  s o l u t i o n s  o f  s o d i u m  m e t a l  i n  

m o l t e n  s o d i u m  h a l i d e s .  T h e r e  t h e  “ s i n g l e  b o n d ”  o f  t h e  

n e u t r a l  g r o u p  I  m e t a l  m o l e c u l e s ,  N a 2 ( o x i d a t i o n  s t a t e  

z e r o ,  M ° ) ,  p r e s u m a b l y  o f  s i m i l a r  e l e c t r o n i c  s t r u c t u r e  a s  

t h e  p r o p o s e d  g r o u p  I I  m e t a l  m o l e c u l e  i o n s ,  ( C a 2) 2 + , w a s  

p r o p o s e d  t o  r e p r e s e n t  t h e  s t a t e  i n  w h i c h  t h e  e l e c t r o n s  

a r e  t r a p p e d  i n  p a i r s .  P r e l i m i n a r y  m e a s u r e m e n t s  i n  

t h e  S r - S r C l 2 s o l u t i o n s 2 i n d i c a t e d  a  s i t u a t i o n  i n t e r 

m e d i a t e  b e t w e e n  t h a t  o f  t h e  N a - N a X  a n d  K - K X  s y s 

t e m s . 4 T h e  K - K X  s y s t e m s  e x h i b i t  a n  a c c e l e r a t i n g  r i s e  

i n  c o n d u c t i v i t y  w i t h  i n c r e a s i n g  m e t a l  c o n c e n t r a t i o n .  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  a s s u m p t i o n  t h a t  i n  t h e  s o l u 

t i o n  K 2 m o l e c u l e s  a r e  l e s s  s t a b l e  t h a n  X a 2 m o l e c u l e s  a s  

t h e y  a r e  k n o w n  t o  b e  i n  t h e  v a p o r  s t a t e .  T h e  c o n 

d u c t i v i t y  o f  t h e  B a - B a X 2 s y s t e m s ,  w h i c h  l i k e  t h e  

K - K X  s y s t e m s  e x h i b i t  f a r  g r e a t e r  m e t a l  s o l u b i l i t y  

t h a n  t h e  N a - N a X  a n d  C a - C a X 2 s y s t e m s ,  w a s  p r e 

d i c t e d 2 t o  b e h a v e  s i m i l a r l y  t o  t h a t  o f  t h e  K - K X  s y s 

t e m s .

I n  t h e  p r e s e n t  s t u d y ,  w e  h a v e  m e a s u r e d  t h e  s p e c i f i c  

c o n d u c t i v i t y  o f  s o l u t i o n s  o f  C a ,  S r ,  a n d  B a  i n  t h e i r  r e 

s p e c t i v e  b r o m i d e s  a n d  i o d i d e s  a n d  m a d e  a d d i t i o n a l  

c o n d u c t i v i t y  m e a s u r e m e n t s  i n  t h e  S r - S r C l 2 s y s t e m .  

T h e s e  m e a s u r e m e n t s  a l l o w  a  c o m p a r i s o n  w i t h  t h e  

a l k a l i  a n d  r a r e  e a r t h  m e t a l - h a l i d e  s y s t e m s . 2 '6 ’6 F r e e z 

(1 ) Research, sponsored  b y  the  U . S. A to m ic  E n erg y  C om m ission  
under con tra ct w ith  U nion  C arb ide  C orp .
(2 ) A . S. D w ork in , H . R . B ronstein , and  M . A . B redig , D iscu ssions  
F araday Soc., 32 , 188 (1 9 6 1 ); see also M . A . B redig , ib id ., 32 , 257 
(1961).

(3 ) (a ) M . A . B redig , J. W . Johnson , and W . T . Sm ith , Jr., J. A m . 
Chem. Soc., 77 , 307 (1 9 5 5 ); (b )  K . S. P itzer, ibid., 84 , 2025 (1 9 6 2 ).
(4 ) H . R . B ronstein  and  M . A , B redig , ibid., 80 , 2077 (1 9 5 8 ); J .
P h ys. Chem ., 65 , 1220 (1961).
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i n g - p o i n t  d e p r e s s i o n  m e a s u r e m e n t s  w e r e  a l s o  m a d e  i n  a n  

a t t e m p t  t o  d e r i v e  f r o m  t h e  a c t i v i t y  o f  t h e  s o l v e n t  s a l t  

t h u s  o b t a i n e d  f u r t h e r  i n f o r m a t i o n  o n  t h e  n a t u r e  o f  t h e  

s o l u t e  s p e c i e s .  P r e v i o u s  d a t a  w e r e  i n c o m p l e t e  a n d  

b a s e d  m a i n l y  o n  g r o s s  p h a s e  d i a g r a m s  o f  d o u b t f u l  r e 

l i a b i l i t y .

Experimental Section

T h e  m o l y b d e n u m  p a r a l l e l  e l e c t r o d e  a s s e m b l y  u s e d  t o  

m e a s u r e  t h e  c o n d u c t i v i t y  o f  t h e  m e t a l - m e t a l  h a l i d e  

s o l u t i o n s ,  t h e  s a p p h i r e  c a p i l l a r y  c e l l  u s e d  w i t h  t h e  p u r e  

s a l t s ,  a n d  t h e  e x p e r i m e n t a l  p r o c e d u r e  h a v e  b e e n  d e 

s c r i b e d  i n  d e t a i l  p r e v i o u s l y . 2 T h e  f r e e z i n g - p o i n t  d e 

p r e s s i o n  m e a s u r e m e n t s  w e r e  m a d e  i n  a  m a n n e r  a l s o  r e 

p o r t e d  e a r l i e r 5 6 7 8 e x c e p t  t h a t  t h e  s o l u t i o n s  w e r e  h e l d  i n  

t a n t a l u m  m e t a l  c a p s u l e s  a b o u t  3  i n .  i n  l e n g t h  a n d  0 . 6 3  i n .  

i n  d i a m e t e r  w i t h  a  t h e r m o c o u p l e  w e l l  p r o t r u d i n g  a b o u t  

0 . 7 5  i n .  i n t o  t h e  s o l u t i o n .  T h e  c a p s u l e s  w e r e  f i l l e d  a n d  

w e l d e d  i n  a  d r y b o x  u n d e r  h e l i u m .

T h e  s a l t s  w e r e  p r e p a r e d  f r o m  r e a g e n t  a l k a l i n e  e a r t h  

c a r b o n a t e s  o r  h y d r o x i d e s  w h i c h  w e r e  d i s s o l v e d  i n  t h e  

a p p r o p r i a t e  a q u e o u s  a c i d s .  T h e  h y d r a t e s  w e r e  c r y s t a l 

l i z e d ,  c r u s h e d ,  a n d  v a c u u m - d e s i c c a t e d  a t  r o o m  t e m 

p e r a t u r e  o v e r  P 20 6 f o r  2  d a y s  a f t e r  w h i c h  t h e y  w e r e  d e 

h y d r a t e d  b y  g r a d u a l  h e a t i n g  t o  a b o u t  4 0 0 °  o v e r  a  

p e r i o d  o f  3  d a y s .  T h e  c h l o r i d e s  a n d  b r o m i d e s  w e r e  

t h e n  m e l t e d  i n  q u a r t z  i n  a n  a t m o s p h e r e  o f  t h e i r  r e 

s p e c t i v e  d r y  h a l o g e n  g a s e s ,  p u r g e d  w i t h  A r ,  a n d  f i l t e r e d  

i n t o  a  q u a r t z  b u l b .  T h e  i o d i d e s  w e r e  m e l t e d  u n d e r  

v a c u u m  i n  a  m o l y b d e n u m  b o a t .  A l l  o f  t h e  s a l t s  a n d  

m e t a l s  w e r e  f r e e  o f  f o r e i g n  m e t a l s  a s  d e t e r m i n e d  s p e c -  

t r o g r a p h i c a l l y .  T h e  h a l i d e s  s h o w e d  n o  a l k a l i n i t y  f r o m  

p y r o h y d r o l y s i s .

Results and Discussion

T h e  s p e c i f i c  c o n d u c t i v i t y  o f  t h e  p u r e  s a l t s  a s  m e a s 

u r e d  w i t h  t h e  s a p p h i r e  c a p i l l a r y  c e l l  a g r e e d  w i t h  t h e  

m e a s u r e m e n t s  o f  B o c k r i s ,  et al.,s t o  w i t h i n  ± 1 % .

T h e  r e s u l t s  o f  t h e  s p e c i f i c  c o n d u c t i v i t y  m e a s u r e m e n t s  

f o r  t h e  s o l u t i o n s  o f  t h e  m e t a l  i n  t h e  s a l t  a r e  g i v e n  i n  

T a b l e  I  a n d  F i g u r e  1 .  M e a s u r e m e n t s  w e r e  d i s c o n 

t i n u e d  i n  t h e  b a r i u m  s y s t e m s  a t  m e t a l  c o n c e n t r a t i o n s  f a r  

b e l o w  s a t u r a t i o n  w h e n  t h e  e l e c t r i c a l  r e s i s t a n c e  o f  t h e  

s o l u t i o n  b e c a m e  s o  l o w  t h a t  a  l a r g e  e x p e r i m e n t a l  e r r o r  

w a s  i n t r o d u c e d  b y  t h e  g r e a t l y  i n c r e a s e d  r e l a t i v e  c o n t r i 

b u t i o n  o f  t h e  e l e c t r o d e  r e s i s t a n c e  t o  t h e  t o t a l  r e s i s t a n c e .  

( T h e  B a - B a C h  s y s t e m  c o u l d  n o t  b e  m e a s u r e d  i n  t h e  

p r e s e n t  a p p a r a t u s  b e c a u s e  o f  t h e  h i g h  m e l t i n g  t e m 

p e r a t u r e  o f  B a C l 2, 9 6 0 ° ) .  S a t u r a t i o n  o f  t h e  s a l t  

s o l u t i o n  w i t h  m e t a l  w a s  d e t e r m i n e d  i n  s a m p l e s  t a k e n  

f r o m  t h e  l i q u i d  s a l t  p h a s e  a f t e r  e x c e s s  m e t a l  h a d  b e e n  

a d d e d .  T h i s  c o n c e n t r a t i o n  a g r e e d  w e l l  i n  m o s t  c a s e s

Figure 1. Specific conductivity in molten alkaline 
earth halides as a function of metal solute concentration. 
(For the SrCh-Sr and the barium systems, measurements 
extended beyond data shown, c/. Table I.)

Table I : Specific Conductivity, k, in Alkaline Earth 
Metal-Halide Systems

Mole K, Mole K, Mole k,
% ohms -1 % ohms -1 % ohms-1

metal cm -1 metal cm -1 metal cm -1

Ca-CaBr2at 790° Sr-SrCh at 900° Ba-BaBri at 870°
0 1.53 0 2.05 0 1.24
0.65 1.86 1.05 2.63 1.0 2.16
0.95 1.94 3.1 3.36 2.8 4.13
1.45 2.02 3.6 3.6 5.2 6.9
1.70 2.05 7.2 (satd) 5.4 24.0 (satd)
1.85 2.10
2.1 2.14
2.3 (satd) 2.16

Sr-SrBr2 at 700° Ba-Bal2at 740°
Ca-Cal2 at 830°

0 0.99 0 0.75
0 1.24 0.6 1.50 0.62 0.91
0.70 1.35 1.05 1.71 1.5 1.32
0.90 1.38 2.25 2.22 3.1 2.14
1.15 1.44 2.5 (satd) 2.32 6.3 4.0
1.50 1.48 11.6 9.2
1.95 1.54 Sr-Srl2 at 600° 16.2 18.8 ±
2.25 1.57 19.8 33.0 ±
2.7 1.61 0 0.63 22.0 (satd)
3.0 1.64 0.7 0.82
3.8 (satd) 1.71 1.4 0.89

2.0 (satd) 0.93

(5 ) A . S. D w ork in , R . A . Sallash, H . R . B ronstein , M . A . B red ig , 
and J. D . C orb ett , J . P hys. Chem., 67 , 1145 (1963).
(6 ) A . S. D w ork in , H . R . B ronstein , and  M . A . B redig , ibid., 67 , 
2715 (1963).
(7 ) J. W . Johnson  and M . A . B redig , ibid., 62 , 604 (1958).
(8 ) J. O ’M . B ock ris, E . H . C rook , H . B lo o m , and  N . E . R ichards, 
P roc. R oy. Soc. (L o n d o n ), A 255 , 558 (1960).
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w i t h  t h a t  c o n c e n t r a t i o n  a t  w h i c h  t h e  c o n d u c t i v i t y  r e 

m a i n e d  c o n s t a n t  d e s p i t e  f u r t h e r  a d d i t i o n s  o f  m e t a l .

A s  c a n  b e  s e e n  i n  F i g u r e  1 ,  t h e  r a t e  o f  i n c r e a s e  o f  t h e  

s p e c i f i c  c o n d u c t i v i t y  w i t h  i n c r e a s i n g  m e t a l  c o n c e n t r a 

t i o n  d e c r e a s e s  i n  t h e  c a l c i u m  a n d  s t r o n t i u m  s y s t e m s .  

T h e  c o n d u c t i v i t y  i n  t h e  b a r i u m  s y s t e m s  s h o w s  a n  a c 

c e l e r a t i n g  r i s e  a s  p r e d i c t e d 2 w h i c h  i s  t h o u g h t  t o  b e  c a u s e d  

b y  a  r e l a t i v e l y  l o w e r  s t a b i l i t y  o f  ( B a 2) 2 +  i o n s ,  l e a d i n g  t o  

m u c h  h i g h e r  c o n c e n t r a t i o n s  o f  s i n g l e ,  l e s s  l o c a l i z e d  

m o b i l e  e l e c t r o n s  a n d  a l s o  s l i g h t l y  h i g h e r  c o n c e n t r a t i o n s  

o f  m e t a l  i o n s ,  f r o m  t h e  e q u i l i b r i u m  ( B a 2) 2 +  2 B a 2 +  +

2 e ~ .  T h e  r e s u l t s  f o r  t h e  S r - S r C l 2 s o l u t i o n s  a r e  s l i g h t l y  

d i f f e r e n t  f r o m  t h e  p r e l i m i n a r y  d a t a 2 i n  t h a t  a b o v e  2  

m o l e  %  m e t a l  a  r e v e r s a l  i n  c u r v a t u r e  i s  n o w  o b s e r v e d ,  

s i m i l a r  t o  t h a t  i n  t h e  N a - N a B r  a n d  N a - N a l  s y s t e m s  a t  

s i m i l a r l y  h i g h  m e t a l  c o n c e n t r a t i o n s  a n d  t e m p e r a t u r e s . 4 

T h i s  r e v e r s a l  w a s  a t t r i b u t e d  t o  t h e  i n c r e a s i n g  i m p o r 

t a n c e  o f  t h e  g e n e r a l  o r b i t a l  o v e r l a p  o f  t h e  m e t a l  e l e c t r o n s  

( b e g i n n i n g  f o r m a t i o n  o f  a  “ c o n d u c t i o n  b a n d ” )  a s  c o m 

p a r e d  w i t h  t h e  t r a p p i n g  o f  e l e c t r o n s  i n  l o c a l i z e d  t w o -  

e l e c t r o n  b o n d s .

I t  i s  q u i t e  r e a s o n a b l e  t o  a s s u m e  t h a t  e v e n  t h e  p r o 

p o s e d  a l k a l i n e  e a r t h  m o l e c u l e  i o n s  C a 22 +  a n d  S r 22 +  a r e  

n o t  v e r y  s t a b l e  b u t  i n  d i l u t e  s o l u t i o n  d i s s o c i a t e  i n t o  

M 2 +  a n d  t w o  m o b i l e ,  F - c e n t e r - l i k e  e l e c t r o n s  w h i c h  a r e  

r e s p o n s i b l e  f o r  t h e  c o n d u c t i v i t y  i n c r e a s e .  T h i s  t y p e  o f  

e l e c t r o n s  w o u l d  b e  e x p e c t e d  t o  b e h a v e  t h e r m o d y n a m i 

c a l l y  a s  m o r e  o r  l e s s  d i s t i n c t l y  s e p a r a t e  p a r t i c l e s . 2 ’ 3b. 

A s  a  r e s u l t ,  m e a s u r e m e n t s  o f  t h e  d e p r e s s i o n  o f  t h e  

f r e e z i n g  p o i n t s  o f  t h e  s a l t s  o n  t h e  f i r s t  a d d i t i o n s  o f  m e t a l  

s h o u l d  y i e l d  a  c r y o s c o p i c  n u m b e r  n o f  2 ,  f r o m  n =  

[ ( T m — T ) / i V metai] ( A S m/R  T m) .  W i t h  i n c r e a s i n g  A m etai, n 
s h o u l d  d e c r e a s e  f r o m  2  t o w a r d  1 w i t h  a  r a t e  d e p e n d i n g  

m a i n l y  o n  t h e  e q u i l i b r i u m  2 e ~  +  2 M 2 +  ^  ( M 2) 2 + , 

i.e., t h e  l i q u i d s  s h o u l d  b e  c o n v e x  t o  t h e  c o n c e n t r a t i o n  

a x i s .  U n f o r t u n a t e l y ,  m u c h  s u p e r c o o l i n g  c o u p l e d  w i t h  

t h e  s h o r t  c o n c e n t r a t i o n  r a n g e  a v a i l a b l e  f o r  m e a s u r e 

m e n t  w e a k e n e d  t h e  r e l i a b i l i t y  o f  t h e  o b s e r v e d  f r e e z i n g -  

p o i n t  l o w e r i n g .  T h i s  a n d  t h e  p o s s i b i l i t y  o f  h e a t - o f -  

m i x i n g  e f f e c t s  a s  w e l l  a s  o f  m e t a l  s o l u b i l i t y  i n  t h e  s o l i d  

s a l t  p r o h i b i t s  a  d e t a i l e d  q u a n t i t a t i v e  e v a l u a t i o n  o f  t h e  

l i q u i d u s  c u r v a t u r e  i n  t e r m s  o f  t h e  e q u i l i b r i u m  p r o p o s e d  

a b o v e .  H o w e v e r ,  a s  c a n  b e  s e e n  f r o m  t h e  e x a m p l e  

s h o w n  i n  F i g u r e  2 ,  w h i l e  t h e  e x i s t e n c e  o f  t h i s  e q u i l i b r i u m  

a s  s u g g e s t e d  b y  t h e  c o n d u c t i v i t y  r e s u l t s  i s  n o t  c l e a r l y  

s u p p o r t e d ,  i t  i s  n o t  c o n t r a d i c t e d  b y  t h e  c r y o s c o p i c  m e a s 

u r e m e n t s .  F o r  S r - S r C l 2 (A » S m =  3 . 3 9  e u / m o l e ) ,  n 
appeared, t o  b e  s l i g h t l y  l e s s  t h a n  u n i t y .  ( E a r l i e r , 2 w e  

h a d  o b t a i n e d  n =  2  o n  t h e  b a s i s  o f  A Sm =  7  e u / m o l e ,  

e s t i m a t e d  p r e v i o u s  t o  o u r  c a l o r i m e t r i c  m e a s u r e m e n t s 9 

a n d  d i s c o v e r y  o f  t h e  s o l i d - s t a t e  t r a n s i t i o n . 10 I n  t h i s  

c a s e ,  a s  i n  t h e  s y s t e m  C a - C a F 2, u  h i g h  s o l u b i l i t y  o f  t h e  

m e t a l  i n  t h e  s o l i d  s a l t  S r C l 212 w h i c h  a l s o  h a s  t h e  f l u o r i t e

t y p e  o f  c r y s t a l  s t r u c t u r e  m o s t  l i k e l y  i n t e r f e r e s  w i t h  t h e  

s i m p l e  i n t e r p r e t a t i o n  o f  t h e  m e l t i n g - p o i n t  d e p r e s s i o n .  

O n  t h e  b a s i s  o f  v a p o r  p r e s s u r e  m e a s u r e m e n t s  f o r  t h e  

s y s t e m s  M - M C 1 2 ( M  =  C a ,  S r ,  a n d  B a ) ,  v a n  W e s t e n -  

b u r g  a n d  P e t e r s o n 13 r e c e n t l y  p r o p o s e d  t h a t  t h e  d i s s o c i a 

t i o n  ( i o n i z a t i o n )  o f  t h e  d i s s o l v e d  a l k a l i n e  e a r t h  m e t a l  

a c c o r d i n g  t o  M  -*•  M 2 +  +  2 e ~  w a s  c o m p l e t e .  ( A l t e r 

n a t e l y  b u t  l e s s  l i k e l y , 2 ’ 13 t h e  o x i d a t i o n - r e d u c t i o n  r e a c 

t i o n  M  +  M 2 +  —► 2 M +  w o u l d  a l s o  p r o d u c e  t w o  “ n e w ”  

p a r t i c l e s ,  i.e., p a r t i c l e s  n o t  p r e s e n t  i n  t h e  p u r e  s o l v e n t  

s a l t . )  T h i s  m e t h o d  h a s  t h e  g r e a t  a d v a n t a g e  o f  g i v i n g  

d i r e c t l y  t h e  a c t i v i t y  o f  t h e  s o l u t e  a n d  i s  o f  c o u r s e  n o t  

a f f e c t e d  b y  t h e  p r o b l e m  o f  s o l i d  s o l u t i o n s .  N o  t e n d 

e n c y  t o  e l e c t r o n  i n t e r a c t i o n  s u c h  a s  f o r m a t i o n  o f  ( M 22 + )  

i s  s h o w n  i n  t h e s e  m e a s u r e m e n t s  b e l o w  3 ,  7 ,  a n d  5  m o l e  

%  m e t a l  i n  t h e  C a ,  S r ,  a n d  B a  s y s t e m s ,  r e s p e c t i v e l y .  

O u r  c o n d u c t i v i t y  a n d  c r y o s c o p i c  m e a s u r e m e n t s  o n  t h e  

C a  a n d  S r  c h l o r i d e  s o l u t i o n s  d o  n o t  s e e m  t o  s u g g e s t  

m u c h  m o r e  e l e c t r o n  i n t e r a c t i o n  t h a n  m i g h t  b e  c o m 

p a t i b l e  w i t h  a  r e a s o n a b l y  l i m i t e d  s e n s i t i v i t y  o f  t h e  

v a p o r  p r e s s u r e  m e a s u r e m e n t s  t o  s u c h  i n t e r a c t i o n .  A  

c o m p a r i s o n  o f  t h e  b r o m i d e  s y s t e m s  w h i c h  s h o w  i n t e n 

s i v e  c u r v a t u r e  o f  t h e  c o n d u c t i v i t y  vs. c o n c e n t r a t i o n  

c u r v e s  ( F i g u r e  1 ) ,  b u t  f o r  w h i c h  v a p o r  p r e s s u r e  m e a s u r e 

m e n t s  a r e  n o t  a v a i l a b l e  a s  y e t ,  w i l l  b e  m o r e  s i g n i f i c a n t .

T h e  e u t e c t i c  c o m p o s i t i o n s  o b t a i n e d  f r o m  t h e  f r e e z 

i n g - p o i n t  d a t a  a r e  i n  g o o d  a g r e e m e n t  w i t h  t h o s e  d e 

r i v e d  f r o m  o u r  c o n d u c t i v i t y  a n d  s o l u b i l i t y  m e a s u r e 

m e n t s  a t  s l i g h t l y  h i g h e r  t e m p e r a t u r e s .  A g r e e m e n t  i s  

a l s o  g o o d  w i t h  a v a i l a b l e  d a t a  r e p o r t e d  b y  S t a f f a n s o n 14 

a n d  b y  P e t e r s o n  a n d  H i n k e b e i n . 15 O n  t h e  o t h e r  h a n d ,  

v a r i o u s  d a t a  o f  t h e  o l d e r  l i t e r a t u r e ,  a n d  m o r e  r e c e n t  

p h a s e  d i a g r a m s  p r o p o s e d  b y  E m o n s ,  et al.,16 a n d  i n c l u d 

i n g  t h e  s u g g e s t i o n s  t h a t  i o n s  s u c h  a s  C a 32 +  a n d  e v e n  

S r 42 +  o c c u r ,  a r e  t o t a l l y  a t  v a r i a n c e  w i t h  o u r  r e s u l t s  a s  

w e l l  a s  w i t h  t h o s e  o f  t h e  o t h e r  i n v e s t i g a t o r s  m e n t i o n e d .  

T h e  p h a s e  d i a g r a m s  o f  t h e  a l k a l i n e  e a r t h  m e t a l - m e t a l  9 10 11 12 13 14 15 16

(9 ) A . S. D w ork in  and  M . A . B redig , J. P h ys. Chem., 67 , 697 (1 9 6 3 ).
(10 ) A . S. D w ork in  and M . A . B redig , J. Chem. E ng. D ata, 8 , 416 
(1963).

(11) B . D . L ich ter and  M . A . B redig , J. E ledrochem . Soc., 112, 506 
(1965).

(12) E . M o llw o , N achr. W issensch. Ges. Gottingen I I ,  1 (6 ), 79 
(1934).

(13) J. A . v a n  W esten burg , Iow a  S tate U n iversity  o f  S cience and  
T e ch n o log y , A bstracts  o f  D o cto ra l T heses, p p  11 29 -1 130 ; U n iversity  
M icrofilm s, In c ., A n n  A rbor , M ich ., O rder N o . 64-9291.
(14 ) L . Staffansson , P h .D . T hesis, L on d on , 1960.

(15 ) D . P eterson  and J. A . H inkebein , J. P hys. Chem ., 63 , 1360 
(1959) ; J. A . H in kebein , P h .D . T hesis, Io w a  S tate C ollege , D isserta tion  
A bstr., 19, 1932 (1958), U n iversity  M icrofilm s, In c ., A n n  A rbor , 
M ich ., C ard  N o . 58-7557.

(16) H . H . E m on s, et a l ,  Z . A norg. A llgem . Chem ., 323 , 114 (1 9 6 3 ); 
Z . Chem ., 2 , 313, 377 (1962).
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Figure 2. Salt melting point depression 
in the calcium-calcium bromide system.

h a l i d e  s y s t e m s  w i l l  s h o r t l y  b e  d i s c u s s e d  b y  u s  i n  g r e a t e r  

d e t a i l  e l s e w h e r e  o n  t h e  b a s i s  o f  o u r  o w n  m e a s u r e m e n t s .

I t  i s  o f  c o n s i d e r a b l e  i n t e r e s t  t o  c o n s i d e r  t h e  b e h a v i o r  

o f  t h e  m o b i l e  e l e c t r o n s  i n  t h e  m o s t  d i l u t e  s o l u t i o n s  

w h e r e  t h e i r  m u t u a l  i n t e r a c t i o n  i s  m i n i m a l .  F i g u r e  1 

s h o w s  a  s t e e p e r  i n c r e a s e  i n  c o n d u c t i v i t y  o n  t h e  a d d i t i o n  

o f  m e t a l  t o  t h e  s a l t  t o  o c c u r  i n  t h e  b r o m i d e  s y s t e m s  o f  

c a l c i u m  a n d  s t r o n t i u m  t h a n  i n  e i t h e r  t h e  c h l o r i d e  o r  

i o d i d e  s y s t e m s .  T a b l e  I I  s h o w s  t h i s  i n  a  s l i g h t l y  d i f 

f e r e n t  f a s h i o n ,  n a m e l y ,  t h r o u g h  t h e  v a l u e s  o f  t h e  e q u i v 

a l e n t  c o n d u c t a n c e  o f  t h e  s o l u t e  m e t a l  A m  ( o r ,  a t  i n 

f i n i t e  d i l u t i o n ,  Am"). A s f i r s t  d e f i n e d  e l s e w h e r e , 4 AM
— (^ s o ln F s o ln  ( 1  A 7M) Ksalt, I L a l t ) / A L l  ( O r  A m  ~

d x / d A rM ( l i m  A m  0 )  X  F eai t) ,  w h e r e  V  i s  t h e  e q u i v 

a l e n t  v o l u m e .  T h e  v a l u e s  o f  A m "  f o r  t h e  b r o m i d e  

s o l u t i o n s  f a r  e x c e e d  t h o s e  o f  b o t h  t h e  c o r r e s p o n d i n g  

c h l o r i d e  a n d  i o d i d e  s o l u t i o n s .  A  m u c h  w e a k e r  b u t  

q u a l i t a t i v e l y  s o m e w h a t  s i m i l a r  e f f e c t  h a d  b e e n  f o u n d  

i n  t h e  a l k a l i  m e t a l  s y s t e m s  a l s o  l i s t e d  i n  T a b l e  I I ,  t h e  

m a i n  d i f f e r e n c e  b e i n g  t h a t  f o r  t h e  a l k a l i  m e t a l s  AM" 
i n  t h e  i o d i d e  s y s t e m s  i s  s t i l l  l a r g e r  t h a n  AM"  i n  t h e  c o r r e 

s p o n d i n g  b r o m i d e  s y s t e m s . 4 H o w e v e r ,  t h e r e  t h e  i n 

c r e a s e  t o  t h e  i o d i d e s  i s  n o t  n e a r l y  a s  l a r g e  a s  t h e  t r e n d  

f o r  t h e  c h a n g e  f r o m  t h e  f l u o r i d e  t o  t h e  b r o m i d e  s y s t e m s  

w o u l d  l e a d  o n e  t o  e x p e c t  ( f o r  N a l - N a :  ~  1 6 , 0 0 0  i n 

s t e a d  o f  a n  e x t r a p o l a t e d  v a l u e  o f  a t  l e a s t  2 5 , 0 0 0  a n d  f o r  

I v B r - K :  8 1 0 0  i n s t e a d  o f  a t  l e a s t  1 5 , 0 0 0  o h m - 1  c m 2 

e q u i v - 1 ) .

Table II : Estimated Metal Solute Equivalent Conductance 
at Infinite Dilution, Am“  (mno cm2), in Molten 
Halide Solutions, M -M X 2 and M -M X

M F Cl Br 1

Ca 890 4,200 860
Sr 1600 5,100 1,570
Ba 2,830 1,300
Na 6000 13,000 16,000
K 800 2800 6,500 8,100

T h e  o c c u r r e n c e  o f  t h e  m a x i m u m  o f  e l e c t r o n  m o b i l i t y  

i n  t h e  b r o m i d e  s y s t e m s ,  o r  o f  t h e  l a g  i n  t h e  i o d i d e  s y s 

t e m s ,  i s  p r o b a b l y  o f  r a t h e r  c o m p l e x  o r i g i n .  C o n c e i v 

a b l y ,  i t  i s  m a i n l y  c o n n e c t e d  w i t h  t h e  d i v e r g e n t  i n 

f l u e n c e s ,  u p o n  t h e  e l e c t r o n  m o b i l i t y ,  o f  t h e  s i z e  a n d  o f  

t h e  p o l a r i z a b i l i t y  o f  t h e  h a l i d e  i o n .  W i t h  i n c r e a s i n g  

a t o m i c  n u m b e r  o f  t h e  h a l i d e  i o n ,  i t s  s i z e  i s  t h o u g h t  t o  

i n h i b i t  i n c r e a s i n g l y  t h e  m o t i o n  o f  e l e c t r o n s  b y  i n c r e a s i n g  

t h e i r  j u m p  d i s t a n c e ,  w h i l e  i t s  s i m u l t a n e o u s l y  i n c r e a s i n g  

p o l a r i z a b i l i t y  f a c i l i t a t e s  s u c h  m o t i o n .  T h a t  t h e  e f f e c t  

i s  s o  m u c h  s t r o n g e r  i n  t h e  a l k a l i n e  e a r t h  t h a n  i n  t h e  

a l k a l i  m e t a l  s y s t e m s  m a y  b e  d u e  t o  t h e  m u c h  h i g h e r  

r a t i o  o f  t h e  n u m b e r  o f  h a l i d e  i o n s  t o  t h a t  o f  t h e  m e t a l  

i o n s .

A n o t h e r  e f f e c t  i s  a p p a r e n t  f r o m  T a b l e  I I  a n d  F i g u r e

3 .  I n  t h e  a l k a l i n e  e a r t h  b r o m i d e  a n d  i o d i d e  s y s t e m s ,  

t h e r e  i s  a  d r o p  o f  A M “  i n  g o i n g  f r o m  t h e  s t r o n t i u m  t o  t h e  

b a r i u m  s o l u t i o n s  a f t e r  a  r i s e  i n  g o i n g  f r o m  t h e  c a l c i u m  

t o  t h e  s t r o n t i u m  s y s t e m s .  ( A  s i m i l a r  e f f e c t  w o u l d  p r o b 

a b l y  h a v e  b e e n  o b s e r v e d  f o r  t h e  b a r i u m  c h l o r i d e  s o l u 

t i o n s ,  h a d  t h e y  b e e n  a c c e s s i b l e  t o  m e a s u r e m e n t . )  T h i s  

b e h a v i o r  o f  t h e  a l k a l i n e  e a r t h  s o l u t i o n s  m a y  b e  c o n s i d 

e r e d  s i m i l a r  t o  t h a t  o f  t h e  a l k a l i  m e t a l  s y s t e m s .  H e r e  

A m "  w a s  a l s o  f o u n d  t o  d e c r e a s e  i n  g o i n g  f r o m  t h e  N a  

( c o r r e s p o n d i n g  t o  S r )  t o  t h e  K  ( c o r r e s p o n d i n g  t o  B a )  

s y s t e m s .  H o w e v e r ,  t h e  p o s s i b l e  c o r r e s p o n d e n c e  o f  t h e  

l i t h i u m  t o  t h e  c a l c i u m  s o l u t i o n s  w i t h  r e s p e c t  t o  a  l o w  

Am" h a s  n o t  b e e n  a c c e s s i b l e  t o  m e a s u r e m e n t  b e c a u s e  

o f  t h e  l o w  s o l u b i l i t y  o f  L i  i n  i t s  h a l i d e s .  A s  i n  t h e  c a s e  

o f  t h e  e f f e c t  o f  t h e  h a l i d e  i o n  a b o v e ,  a  t e n t a t i v e  e x p l a n a 

t i o n  m a y  b e  g i v e n .  T h e  s i z e  o f  t h e  c a t i o n  m a y  i n f l u e n c e  

t h e  e l e c t r o n  m o b i l i t y  i n  t w o  o p p o s i n g  w a y s  t h u s  l e a d i n g  

t o  t h e  c o n d u c t i v i t y  m a x i m u m  a t  N a  o r  S r .  F o r  l a r g e r  

c a t i o n s ,  t h e  a v e r a g e  d i s t a n c e  f o r  e l e c t r o n  j u m p s  f r o m  c a t 

i o n  t o  c a t i o n  i s  g r e a t e r .  G r e a t e r  d i s t a n c e  m e a n s  s m a l l e r  

j u m p  p r o b a b i l i t y . 1 7 -1 9  O n  t h e  o t h e r  h a n d ,  t h e  t i g h t e n -  17 18 19

(17 ) W . F . L ib b y , J. P hys. Chem.., 56 , 863 (1952).
(18) S. A . R ice , D iscussions F araday Soc., 32 , 188 (1961).
(19) D . O . R aleigh , J. Chem. P h ys ., 38 , 1677 (1963).
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Figure 3. Estimated metal solute equivalent 
conductance at infinite dilution, AM“ (mho cm2), in 
molten halide solutions, M -M X 2 and M -M X.

i n g  o f  t h e  e l e c t r o n  s h e l l  o f  t h e  a n i o n  i n  t h e  f i e l d  o f  t h e  

l a r g e r  c a t i o n s  i s  s m a l l e r ;  i.e., t h e  a n i o n  p o l a r i z a b i l i t y

w h i c h  c o n t r o l s  t h e  b r i d g i n g  a c t i o n  o f  t h e  a n i o n  i n  

e l e c t r o n  t r a n s f e r 17 i s  g r e a t e r .

F i n a l l y ,  a  c o m p a r i s o n  o f  o u r  r e s u l t s  w i t h  a  v e r y  r e c e n t  

a t t e m p t  t o  s t u d y  t h e  e l e c t r i c a l  c o n d u c t a n c e  o f  c a l c i u m  

s o l u t i o n s  i n  m o l t e n  c a l c i u m  c h l o r i d e  b y  E m o n s  a n d  

R i c h t e r 20 s h o w s  t h e i r  r e s u l t s  t o  b e  c o n s i d e r a b l y  d i f f e r e n t  

f r o m  o u r s ,  m o r e  s o ,  i n  f a c t ,  t h a n  t h e i r  F i g u r e  4  w h i c h  

i n c l u d e s  b u t  m i s r e p r e s e n t s  o u r  e a r l y  d a t a 2 w o u l d  s e e m  

t o  i n d i c a t e .  F o r  i n s t a n c e ,  f o r  A C a”  o n e  o b t a i n s  f r o m  

t h e i r  d a t a  a t  8 5 0 °  t h e  v a l u e  o f  o n l y  2 0 0  m h o  c m 2/ e q u i v  

o f  c a l c i u m  m e t a l ,  n o t  v e r y  m u c h  l a r g e r  t h a n  s o m e  ionic 
e q u i v a l e n t  c o n d u c t a n c e s  i n  m o l t e n  s a l t s ,  a n d  o n l y  o n e -  

f i f t h  o f  o u r  v a l u e  o f  n e a r l y  1 0 0 0  ( T a b l e  I I ) .  T h e i r  

a p p a r a t u s  d i d  n o t  p e r m i t  s a m p l i n g  t h e  s o l u t i o n  d u r i n g  

t h e  m e a s u r e m e n t s .  T h e  u s e  o f  a n  i n e r t  g a s  f l o w  f r o m  

a n  i n l e t  i m m e d i a t e l y  a b o v e  t h e  c r u c i b l e  s u g g e s t s  t h a t  

c o n s i d e r a b l e  l o s s e s  o f  s o m e w h a t  v o l a t i l e  c a l c i u m  m e t a l  

f r o m  t h e  m e l t  t o  c o l d e r  p a r t s  o f  t h e  a p p a r a t u s  m a y  h a v e  

o c c u r r e d .

Acknowledgynent. O u r  t h a n k s  a r e  d u e  t o  D .  E .  

L a v a l l e  f o r  t h e  p r e p a r a t i o n  o f  t h e  p u r e  a n h y d r o u s  s a l t s  

u s e d  i n  o u r  m e a s u r e m e n t s .

(20 ) H . H . E m on s and  D . R ich ter, Z . A norg. A llgem . Chem ., 339 ■
91 (1965).
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T h e  s a t u r a t i o n  e n t h a l p y  i n c r e m e n t s  a b o v e  r o o m  t e m p e r a t u r e  f o r  B i C l 3 i n  i t s  c o n d e n s e d  

p h a s e s  w e r e  d e t e r m i n e d  w i t h  a  d r o p  c a l o r i m e t e r  t o  w i t h i n  7 5 °  o f  t h e  c r i t i c a l  p o i n t .  T h e s e  

w e r e  c o m b i n e d  w i t h  p r e v i o u s l y  d e t e r m i n e d  e n t h a l p i e s  o f  v a p o r i z a t i o n  t o  o b t a i n  v a l u e s  f o r  

t h e  s a t u r a t e d  v a p o r ,  a n d  t h e  d a t a  w e r e  e x t r a p o l a t e d  t o  t h e  c r i t i c a l  p o i n t .  S a t u r a t i o n  

e n t r o p i e s  f o r  v a p o r  a n d  c o n d e n s e d  p h a s e s  w e r e  c a l c u l a t e d  f r o m  t h e  e n t h a l p i e s .  T h e  

i n t e r n a l  e n e r g y  d e p a r t u r e s  o f  t h e  g a s  f r o m  i d e a l  v a l u e s  w e r e  e v a l u a t e d  a n d  c o m p a r e d  w i t h  

s i m i l a r  d a t a  f o r  m o l e c u l a r  f l u i d s .

Introduction

E a r l i e r  r e p o r t s  f r o m  t h i s  l a b o r a t o r y  h a v e  p r e s e n t e d  

t h e  v a p o r  p r e s s u r e s 2 a n d  t h e  v o l u m e  c h a n g e s 3 o n  v a p o r i 

z a t i o n  f o r  B i C l 3 u p  t o  i t s  c r i t i c a l  p o i n t  a n d  t h e  e n 

t h a l p i e s 2 o f  v a p o r i z a t i o n  c a l c u l a t e d  f r o m  t h e m .  T o  

e x t e n d  t h i s  w o r k ,  w e  h a v e  m e a s u r e d  t h e  h e a t  e v o l v e d  

b y  s a m p l e s  o f  B i C l 3 w h e n  c o o l e d  f r o m  t h e  l i q u i d  a t  h i g h  

t e m p e r a t u r e  t o  r o o m  t e m p e r a t u r e .  F r o m  t h e  h e a t  

e v o l v e d ,  t h e  e n t h a l p y  a n d  e n t r o p y  i n c r e m e n t s  a b o v e  

r o o m  t e m p e r a t u r e  a r e  c a l c u l a t e d  f o r  t h e  c o n d e n s e d  

p h a s e s  u n d e r  s a t u r a t i o n  c o n d i t i o n s .  F r o m  t h e s e  a n d  

t h e  e n t h a l p i e s  o f  v a p o r i z a t i o n ,  t h e  f u n c t i o n s  f o r  t h e  

s a t u r a t e d  g a s  p h a s e  a r e  d e r i v e d .

Measured Heat Increments 
Experimental Details

S a m p l e s  o f  B i C l 3 s e a l e d  i n  q u a r t z  g l a s s  a m p o u l e s  

w e r e  h e a t e d  t o  v a r i o u s  t e m p e r a t u r e s ,  s o m e  a s  h i g h  a s  

1 1 1 0 ° K ,  t h e n  d r o p p e d  i n t o  a  P a r r  c a l o r i m e t e r  a t  r o o m  

t e m p e r a t u r e  t o  m e a s u r e  t h e  h e a t  e v o l v e d .  T h e  

d e t a i l s  o f  t h e  c a l o r i m e t e r  a r e  d e s c r i b e d  i n  a n  e a r l i e r  

p a p e r . 4

T h e  s a m p l e s  w e r e  s e a l e d  i n  h e a v y - w a l l e d  q u a r t z  

g l a s s  a m p o u l e s  t o  w i t h s t a n d  t h e  v a p o r  p r e s s u r e  o f  t h e  

B i C l 3, w h i c h  r e a c h e d  a s  m u c h  a s  7 0  a t m  i n  s o m e  o f  t h e  

m e a s u r e m e n t s .  B e c a u s e  o f  t h e  l a r g e  a m o u n t  o f  g l a s s  

r e q u i r e d  f o r  s t r e n g t h ,  o n l y  a  f r a c t i o n  o f  t h e  h e a t  l i b 

e r a t e d  f r o m  t h e  s a m p l e s  o r i g i n a t e d  f r o m  t h e  B i C l 3 ; 

t h e  r e s t  w a s  f r o m  t h e  q u a r t z  g l a s s .  T h e r e f o r e ,  t h e  

a c c u r a c y  o f  t h e  m e a s u r e m e n t s  w a s  l i m i t e d .  T h e

a m o u n t s  o f  q u a r t z  g l a s s  a n d  B i C l 3 i n  e a c h  o f  t h e  s i x  

s a m p l e s  a r e  g i v e n  i n  T a b l e  I .  A  s m a l l  p a r t  o f  t h e  h e a t  

l i b e r a t e d  b y  t h e  s a m p l e  w a s  d u e  t o  t h e  c o n d e n s a t i o n  o f  

B i C l 3 f r o m  t h e  v a p o r .  T h e  a m o u n t  o f  h e a t  f r o m  t h a t  

s o u r c e  w a s  c a l c u l a t e d  f o r  e a c h  d r o p  f r o m  t h e  k n o w n  

l i q u i d  a n d  v a p o r  d e n s i t i e s ,  t h e  v o l u m e s  o f  t h e  a m p o u l e s ,  

a n d  t h e  k n o w n  e n t h a l p y  o f  v a p o r i z a t i o n .  I t  w a s  a s 

s u m e d  t h a t  a l l  t h e  v a p o r  c o n d e n s e d  a t  t h e  d r o p  t e m 

p e r a t u r e .  S i n c e  t h e  m a x i m u m  c o r r e c t i o n  w a s  l e s s  

t h a n  0 . 5 %  o f  t h e  t o t a l  h e a t ,  t h e  e x a c t  c a l c u l a t i o n  u s i n g

Table I : Details of Samples Used

Internal
Wt of Wt of vol. of Symbol

Sample BiCla, quartz, ampoule, used in
no. g g cc Figure 1

1 3.8088 6.1521 1.7120 ©
2 4.6110 5.9856 1.7224 •
3 4.7463 5.9236 1.6638 ©
4 4.9224 6.1514 1.7688 ®
5 4.8405 6.1879 1.7082 e
6 9.4603 3.8254 3.1743 o

(1 ) T h is  w ork  w as m ade possib le  b y  financial su pp ort from  the 
R esearch D iv ision  o f the  U . S. A to m ic  E n ergy  C om m ission  under 
C on tra ct N o . A T (0 4 -3 )-1 0 6 .
(2 ) J. W . Johnson , W . S ilva , and  D . C u b icc io tt i, J. P h ys. Chem., 
69, 3916 (1965).
(3 ) J. W . Johnson  and D . C u b icc io tt i, ibid., 68 , 2235 (1964).
(4 ) D . C u b icc io tt i and  H . E d in g , ibid., 69 , 2743 (1965).
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t h e  i n t e g r a t e d  h e a t  o f  c o n d e n s a t i o n  w a s  c o n s i d e r e d  

s u p e r f l u o u s .  F o r  d r o p s  f r o m  t e m p e r a t u r e s  b e l o w  a b o u t  

8 0 0 °  K  t h i s  c o r r e c t i o n  w a s  n e g l i g i b l e .

T h e  h e a t  l i b e r a t e d  b y  t h e  q u a r t z  a m p o u l e s  w a s  o b 

t a i n e d  f r o m  m e a s u r e m e n t s  o n  s a m p l e s  o f  q u a r t z  g l a s s  

f r o m  t h e  s a m e  b a t c h  o f  g l a s s  u s e d  t o  m a k e  t h e  a m 

p o u l e s .  T h e  e n t h a l p y  i n c r e m e n t s  m e a s u r e d  f o r  t h a t  

q u a r t z  g l a s s  w e r e  v e r y  c l o s e  t o  t h o s e  o b t a i n e d  b y  

L u c k s ,  et al.6 A n  e q u a t i o n  w h i c h  f i t s  b o t h  s e t s  o f  d a t a  

w i t h i n  a b o u t  1 %  f r o m  2 9 0  t o  1 1 3 0 ° K  i s

(H r  -  H ms) ( c a l / g )  =  0 . 2 3 1 3 T  +  3 . 2 2 9  X

1 0 ~ 5T 2 +  7 . 6 1 9  +  W / T  -  9 7 . 3 9

T h e  m a t e r i a l  u s e d  w a s  r e a g e n t  g r a d e  B i C l 3 w h i c h  

w a s  d i s t i l l e d  i n t o  t h e  a m p o u l e s  i n  a  s t r e a m  o f  d r y  o x y 

g e n  a t  3 0 0 ° ;  t h e  o x y g e n  w a s  r e m o v e d  b y  e v a c u a t i o n  

a n d  t h e  a m p o u l e s  w e r e  s e a l e d  o f f  u n d e r  v a c u u m .

T h e  r e s u l t a n t  h e a t  i n c r e m e n t s  f o r  B i C l 3 i n  c o n d e n s e d  

p h a s e s  (i.e., h e a t  l i b e r a t e d  w h e n  c o o l e d  f r o m  T  t o  

2 9 8 ° K )  a r e  s h o w n  a s  c i r c l e s  i n  F i g u r e  1 .  T h e  d i f f e r e n t  

t y p e s  o f  c i r c l e s  r e f e r  t o  d i f f e r e n t  s a m p l e s  w h i c h  a r e  

i d e n t i f i e d  i n  T a b l e  I .  T h e  d a t a  o b t a i n e d  i n  t h e  

p r e s e n t  w o r k  a g r e e  q u i t e  w e l l  w i t h  t h o s e  r e p o r t e d  b y  

T o p o l ,  M a y e r ,  a n d  R a n s o m 6 a n d  t h o s e  o f  B r e d i g . 7 

T h e  r e s u l t s  o f  W a l d e n  a n d  S m i t h , 8 h o w e v e r ,  a r e  s u b 

s t a n t i a l l y  l o w e r .  W e  f e e l  t h a t  t h e  p u r i t y  o f  t h e  

m a t e r i a l  u s e d  b y  t h e s e  l a s t  w o r k e r s  i s  q u e s t i o n a b l e ,  

a s  t h e y  u s e d  r e a g e n t  g r a d e  B i C l 3 w i t h o u t  p u r i f i c a t i o n .  

S i n c e  B i C l 3 i s  v e r y  h y g r o s c o p i c ,  w e  s u s p e c t  t h e i r  

v a l u e s  w e r e  l o w  b e c a u s e  o f  a n  i m p u r i t y — p o s s i b l y  

B i O C l .

Enthalpy Increments
T h e  h e a t  e v o l v e d  b y  a  s a m p l e  i n  e q u i l i b r i u m  w i t h  

i t s  v a p o r  w h e n  c o o l e d  f r o m  T  t o  2 9 8  ° K  i s  e q u a l  t o  t h e  

i n t e g r a l 9

T h e  t e m p e r a t u r e  d e r i v a t i v e  o f  t h a t  q u a n t i t y  g i v e s  C„, 
t h e  s a t u r a t i o n  h e a t  c a p a c i t y .  T h e  q u a n t i t y  C„ i s  

r e l a t e d  t o  t h e  s a t u r a t i o n  e n t h a l p y  b y

Ctt +  V
/ÖP
w

cv +  V

).

[ ' - ( © I S

( 2 )

^  (3)
F o r  o r d i n a r y  l i q u i d s  b e l o w  t h e  b o i l i n g  p o i n t  t h e  l a s t  

t e r m  i s  n e g l i g i b l e  a n d  d r o p  c a l o r i m e t e r  m e a s u r e m e n t s  

g i v e  t h e  e n t h a l p y  i n c r e m e n t s  a t  c o n s t a n t  p r e s s u r e  

a s  w e l l  a s  t h e  s a t u r a t i o n  e n t h a l p y  i n c r e m e n t s .  A t  

t e m p e r a t u r e s  w e l l  a b o v e  t h e  b o i l i n g  p o i n t ,  t h e  d i i f e r -

TEMPERATURE---- 'K

Figure 1. Enthalpy of BiCfi above 298 °K. Data points 
are heats evolved in calorimeter. Different types of circles 
refer to different samples in present data (see Table I).
Dotted curve and full curve at lower temperatures are 
smoothed representation of heats evolved. Full and dashed 
curve represents derived saturation enthalpies. Dot-dash 
curve represents calculated standard enthalpy of 
ideal gas. Reference state is solid BiCl3 at 
298°K. Critical point is shown by cross.

e n c e s  b e c o m e  s i g n i f i c a n t ,  a l t h o u g h  s m a l l .  S i n c e  w e  

h a v e  n o  i n f o r m a t i o n  a b o u t  t h e  c o m p r e s s i b i l i t y  o f  

t h e  l i q u i d ,  w e  a r e  n o t  a b l e  t o  e v a l u a t e  t h e  c o n s t a n t  

p r e s s u r e  h e a t  c a p a c i t y  o r  e n t h a l p y  i n c r e m e n t s .  W e  c a n  

o n l y  e v a l u a t e  t h e  s a t u r a t i o n  q u a n t i t i e s .

T h e  h e a t s  e v o l v e d  f o r  d r o p s  f r o m  v a r i o u s  t e m p e r a 

t u r e s  a r e  s h o w n  a s  d a t a  p o i n t s  i n  F i g u r e  1 .  T h e  e n 

t h a l p y  i n c r e m e n t s  a b o v e  2 9 8  ° K ,  d e r i v e d  f r o m  t h e  d a t a ,  

a r e  g i v e n  i n  T a b l e  I I .  B e l o w  8 0 0 ° K  t h e  d a t a  w e r e  

w e l l  r e p r e s e n t e d  b y  t w o  s t r a i g h t  l i n e s  ( o n e  f o r  t h e  s o l i d  

a n d  a n o t h e r  f o r  t h e  l i q u i d ) . I n  t h a t  r a n g e  Cp a n d  Ca a r e  

t h e  s a m e  w i t h i n  a n  e x p e r i m e n t a l  e r r o r .  T h e  v a l u e s  

o b t a i n e d  f r o m  o u r  d a t a  f o r  Cv ( o r  Ca) w e r e  2 5 . 6  e u

(5 ) C . F . L uck s, J. M a to lo ch , and  J. A . V an V elzor, U . S. A ir F orce  
T ech n ica l R e p o rt  6145, P art I I I ,  M arch  1954 (A D  95406).
(6 ) L . E . T o p o l, S. W . M ayer, and  L . D . R an som , J . P h ys. Chem ., 
64, 862 (1960).

(7 ) M . A . B redig , ib id ., 63, 978 (1959).
(8 ) G . E . W ald en  and D . F . Sm ith , U . S. B ureau  o f M in es, R e p o rt  
o f Investigations N o . 5859, M in es B ureau , P ittsbu rgh , P a ., 1961.
(9 ) F o r  a discussion  o f therm od yn am ics under saturation  con d ition s  
see: E . A . G uggenheim , “ T h erm od y n a m ics ,”  3rd ed , N o rth -H o lla n d  
P ublish ing  C o ., A m sterd am , 1957, p  149; or J. S. R ow lin son , “ L iq u id  
and  L iq u id  M ixtu res ,”  A ca d em ic  Press, In c ., N ew  Y o rk , N . Y ., 
1959, p  16 ff.
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f o r  t h e  s o l i d  a n d  3 2 . 6  e u  f o r  t h e  l i q u i d .  T o p o l ,  M a y e r ,  

a n d  R a n s o m  f o u n d  2 6 . 1  a n d  3 4 . 3 ,  r e s p e c t i v e l y .  T h e  

e n t h a l p y  o f  f u s i o n  o b t a i n e d  f r o m  o u r  d a t a  w a s  5 . 7 1  ±  

0 . 1  k c a l / m o l e ,  i n  g o o d  a g r e e m e n t  w i t h  5 . 6 8  ±  0 . 0 8  

r e p o r t e d  b y  T o p o l ,  M a y e r ,  a n d  R a n s o m  a n d  5 . 5 0  ±  

0 . 1 5  r e p o r t e d  b y  B r e d i g .

Table II : Standard Thermodynamic Functions of 
BiCla in Condensed Phases below 800°K!l

T, H°T -  H°298,
kcal/mole6

S°T,
— (F°t -  
H°Ki!/T,

■K eu eu6

298 41.70 41.70
350 1.33 45.82 42.01
400 2.61 49.24 42.70
450 3.89 52.25 43.59
500 5.17 54.95 44.60
506.7 (s) 5.34 55.30 44.74
506.7(1) 11.05 66.57 44.74
550 12.47 69.25 46.56
600 14.10 72.08 48.57
650 15.73 74.68 50.48
700 17.36 77.10 52.26
750 18.99 79.35 54.03
800 20.62 81.45 55.67

Below 800 °K the saturation values (i.e., values for the sub-
stance under its own vapor pressure only) are the same, within 
experimental error, as the standard-state values (i.e., under 1 
atm pressure). The precision quoted in the table is greater 
than the accuracy of any one value but it is useful for differences 
between values. b The reference state for all values in the second 
and fourth columns is the solid at 298°K.

A b o v e  a b o u t  8 0 0 ° K ,  t h e  h e a t s  e v o l v e d  w e r e  b e t t e r  

r e p r e s e n t e d  b y  a  c u r v e d  l i n e ,  a l t h o u g h  t h e  s c a t t e r  o f  

t h e  d a t a  n e a r  1 1 0 0 ° K  m a k e s  t h e  c u r v e  d i f f i c u l t  t o  

d r a w .  T h e  c u r v e  i s  s h o w n  i n  F i g u r e  1 a s  a  f u l l  l i n e  

f r o m  8 0 0  t o  9 5 0 ° K  ( w h e r e  i t  i s  n o t  s e n s i b l y  d i f f e r e n t  

f r o m  t h e  e n t h a l p y  c u r v e )  a n d  a s  a  d o t t e d  l i n e  f r o m  9 5 0  

t o  1 1 0 0 ° K .  T h e  s l o p e  o f  t h a t  c u r v e  a t  a n y  t e m p e r a 

t u r e  w a s  t a k e n  a s  Ca, t h e  s a t u r a t i o n  h e a t  c a p a c i t y ,  

a c c o r d i n g  t o  t h e  d i s c u s s i o n  a b o v e .  T h e  s a t u r a t i o n  

e n t h a l p y  i n c r e m e n t  (H r  —  H°n$)a w a s  o b t a i n e d  b y  a  

s u m m a t i o n  o f  e q  2 .  T h a t  i s ,  f o r  1 0 °  i n t e r v a l s  f r o m  

8 0 0  t o  1 1 0 0 ° K ,  t h e  q u a n t i t y  V(dp/dT)a, e v a l u a t e d  f r o m  

o u r  e a r l i e r  m e a s u r e m e n t s  o f  d e n s i t y  a n d  v a p o r  p r e s s u r e ,  

w a s  a d d e d  t o  Ca, a n d  t h e  s u m  w a s  m u l t i p l i e d  b y  1 0  

a n d  a d d e d  t o  t h e  v a l u e  o f  (H T —  H°ns)  f o r  t h e  p r e 

c e d i n g  t e m p e r a t u r e .  T h e  r e s u l t i n g  v a l u e s  o f  ( H T —  

H °m )v a r e  s h o w n  a s  t h e  f u l l  l i n e  i n  F i g u r e  1 a n d  f o r  

s p e c i f i c  t e m p e r a t u r e s  i n  T a b l e  I I I .

F o r  t h e  g a s  p h a s e ,  t h e  e n t h a l p y  w a s  c a l c u l a t e d  r e l a 

t i v e  t o  t h e  s o l i d  a t  2 9 8 ° K .  A t  2 9 8 ° K  t h e  q u a n t i t y

(H °t (g )  —  H ° 2 9 8 (s ) )  i s  e q u a l  t o  t h e  e n t h a l p y  o f  e v a p o 

r a t i o n  a n d  w a s  t a k e n  f r o m  t h e  e v a l u a t i o n  o f  v a p o r i 

z a t i o n  d a t a 10 a s  2 7 . 3  k c a l / m o l e .  T h e  e n t h a l p y  i n c r e 

m e n t s  f o r  t h e  i d e a l  g a s ,  a s  c a l c u l a t e d  b y  K e l l e y 11 a n d  

b y  S u n d a r a m 12 f r o m  m o l e c u l a r  c o n s t a n t s ,  w e r e  u s e d  

t o  e s t a b l i s h  t h e  i d e a l  s t a n d a r d - s t a t e  c u r v e  f o r  t h e  g a s  

s h o w n  i n  F i g u r e  1 .  F r o m  9 5 0  t o  1 1 0 0 ° K  t h e  e n t h a l p i e s  

o f  e v a p o r a t i o n ,  g i v e n  b y  J o h n s o n ,  et al.,2 w e r e  a d d e d  

t o  t h e  e n t h a l p i e s  o f  t h e  l i q u i d  t o  g i v e  t h e  s a t u r a t i o n  

e n t h a l p i e s  o f  t h e  g a s  ( r e l a t i v e  t o  t h e  s o l i d  a t  2 9 8 ° K ) ,  

s h o w n  a s  a  f u l l  c u r v e  i n  F i g u r e  1 .  T h e  c u r v e  w a s  

e x t e n d e d  t o  j o i n  t h e  i d e a l  g a s  c u r v e  s m o o t h l y  i n  t h e  

n e i g h b o r h o o d  o f  t h e  b o i l i n g  p o i n t  b e c a u s e  t h e  v a p o r  

p r e s s u r e  d a t a  i n d i c a t e d  t h a t  t h e  g a s  w a s  b e h a v i n g  

i d e a l l y  t h e r e .  I n  t h a t  r e g i o n  t h e  c u r v e  i s  s h o w n  

d a s h e d  t o  i n d i c a t e  i t s  i n t e r p o l a t e d  n a t u r e .

A  v a l u e  o f  ( H T —  H ° 29g ( s ) ) „  a t  t h e  c r i t i c a l  p o i n t  w a s  

e s t i m a t e d  f r o m  d a t a  f o r  o t h e r  s u b s t a n c e s .  T o  d o  t h i s ,  

a  p l o t  o f  r e d u c e d  e n t h a l p y  i n c r e m e n t s  f o r  b o t h  l i q u i d  

a n d  v a p o r  vs. r e d u c e d  d e n s i t y  w a s  c o n s t r u c t e d  f o r  

s e v e r a l 13 s u b s t a n c e s :  A r ,  C 0 2, N H 3, a n d  H 20 .  T h e s e  

f o r m e d  a  f a m i l y  o f  c u r v e s  t h a t  w e r e  r e l a t i v e l y  c l o s e  

t o g e t h e r  f o r  t h e  l i q u i d .  C o m p a r i s o n  o f  t h e  v a l u e s  o f  

(H t — II°'m)a  a n d  r e d u c e d  d e n s i t y  f o r  B i C l 3 i n  t h e  r a n g e  

1 0 0 0  t o  1 1 0 0 ° K  w i t h  t h e  f a m i l y  o f  c u r v e s  l e d  t o  a  v a l u e  

o f  3 7 , 5 0 0  c a l / m o l e  f o r  (H T —  H °ns)a f o r  B i C l 3 a t  

t h e  c r i t i c a l  p o i n t .  T h e  e n t h a l p y  i n c r e m e n t s  f o r  t h e  

s a t u r a t e d  l i q u i d  a n d  v a p o r  f r o m  1 1 0 0 ° K  t o  t h e  c r i t i c a l  

p o i n t  ( 1 1 7 8 ° K )  w e r e  t h e n  d r a w n  s o  t h a t  t h e y  m e t  a t  

t h e  c r i t i c a l  v a l u e  a n d  s o  t h a t  t h e i r  s e p a r a t i o n  w a s  e q u a l  

t o  t h e  e n t h a l p y  o f  v a p o r i z a t i o n  g i v e n  b y  J o h n s o n ,  

et al.2 V a l u e s  f o r  t h e  s a t u r a t i o n  q u a n t i t i e s  a r e  g i v e n  

i n  T a b l e  I I I .

Entropies and Free Energy Functions

F o r  t h e  c o n d e n s e d  p h a s e s ,  t h e  a b s o l u t e  e n t r o p y  a t  

2 9 8 ° K  w a s  t a k e n  f r o m  t h e  e v a l u a t i o n  b y  C u b i c c i o t t i . 10 

T h e  h e a t  c a p a c i t i e s  f o r  t h e  s o l i d  a n d  t h e  l i q u i d  u p  t o  

8 0 0 ° K  w e r e  c o n s t a n t ,  a s  r e p o r t e d  a b o v e ,  a n d  t h e  e n t r o p y  

i n c r e m e n t s  a b o v e  2 9 8 ° K  w e r e  c a l c u l a t e d  f r o m  t h e  i n 

t e g r a l  o f  Cv/T .  T h e s e  w e r e  a d d e d  t o  t h e  a b s o l u t e  e n 

t r o p y  a t  2 9 8  ° K  a n d  t h e  r e s u l t i n g  v a l u e s  a r e  s h o w n  i n  

T a b l e  I I .  S t a n d a r d  f r e e  e n e r g y  f u n c t i o n s  w e r e  c a l 

c u l a t e d  f r o m  t h e m  a n d  t h e  e n t h a l p y  i n c r e m e n t s  b y  

t h e  r e l a t i o n

(10) D . C u b icc io tt i, t o  be published.
(11) K . K . K elley , U . S. B ureau o f M in es B ulletin  584, U . S. G ov ern 
m ent P rin tin g  O ffice, W ash in gton , D . C ., 1960.
(12 ) S. Sundaram , Z . P h ysik . Chem., 34 , 233 (1962).
(13) D a ta  fo r  these substances w ere taken  from  F . D in , “ T h erm o
d yn am ic F un ctions o f  G ases,”  V c l. 1 -3 , B utterw orth  and C o . L td ., 
L on d on , 1961-1962.
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Table III: Thermodynamic Functions for BiCl3 under Saturation Conditions to the Critical Point

-L iq u id ------------------------------------------------------- - ----------------------------------------- G as----------------
- ( F t ~ ~ (Ft ~

T,
° K

Ht — H° 298,
k ca l/m o le °

St,
eu

H°m)/T, 
eua

Ca,
eu

r,
c c /m o le &

(d p /d  T), 
a tm /d e g c

HT — 298,
k ca l/m o le “

St,
eu eu°

V,
c c /m o le &

8 0 0 2 0 . 6 2 8 1 . 4 5 5 5 . 6 7 3 2 . 5 9 7 . 8 0 . 0 5 0 9 . 6 5 1 0 1 .7 8 9 . 6

8 5 0 2 2 . 2 5 8 3 . 4 3 5 7 . 2 5 3 2 . 5 1 0 2 0 . 0 8 4 1 0 . 5 6 1 0 1 .6 8 9 . 2 1 0 , 3 0 0

9 0 0 2 3 . 8 6 8 5 . 2 6 5 8 . 7 5 31 1 0 7 0 . 1 3 2 1 1 . 6 8 1 0 1 .6 8 8 . 6 5 , 3 6 0

9 5 0 2 5 . 4 0 8 6 . 9 2 6 0 . 1 8 3 0 1 1 2 0 . 1 9 5 1 2 . 1 0 1 0 1 .6 8 8 . 9 3 , 2 2 0

1 0 0 0 2 6 . 9 3 8 8 . 4 7 6 1 . 5 4 3 2 1 1 9 0 . 2 7 7 1 2 .7 7 1 0 1 .6 8 8 . 8 2 , 0 8 0

1 0 5 0 2 8 . 6 2 8 9 . 9 3 6 2 . 6 7 3 5 1 2 8 0 . 3 7 8 1 3 . 4 0 1 0 1 .4 8 8 . 6 1 , 3 8 0

1 1 0 0 3 0 . 5 9 1 . 3 6 3 . 6 4 0 1 3 8 0 . 5 0 0 1 3 . 5 1 0 0 .7 8 8 . 4 9 1 5

1 1 5 0 3 3 . 3 9 3 . 7 6 4 . 7 7 8 1 6 5 0 . 6 4 8 1 2 . 9 9 9 . 7 8 8 . 5 5 5 8

1 1 7 0 3 5 . 4 9 5 . 4 6 5 . 1 1 4 0 1 9 0 0 . 7 0 4 1 2 . 0 9 9 . 1 8 8 . 8 4 0 7

1 1 7 8 3 7 . 5 9 7 . 3 6 5 . 5 2 6 1 1 0 . 2 9 7 . 3 8 8 . 6 £ 6 1

(crit. pt.)

° Reference state for second and fourth columns is the solid in its standard state at 2 9 8  ° K ,  and for eighth and tenth columns the gas in 
its standard state at 2 9 8 ° K .  b Data in the sixth and eleventh columns calculated from the equations given in ref 3 . 0 Data in this 
column calculated from the equations given in ref 2.

T h e s e  v a l u e s  a r e  a l s o  g i v e n  i n  T a b l e  I I .

I n  t h e  h i g h e r  t e m p e r a t u r e  r a n g e  o f  t h e s e  m e a s u r e 

m e n t s ,  Cp a n d  C a a r e  s e n s i b l y  d i f f e r e n t .  T o  e v a l u a t e  

t h e  d i f f e r e n c e ,  d a t a  o n  t h e  c o m p r e s s i b i l i t y  a r e  r e q u i r e d  

( s e e  e q  3 ) ,  a n d  t h e s e  a r e  n o t  a v a i l a b l e  a t  p r e s e n t .  

T h e r e f o r e ,  a b o v e  8 0 0 ° K ,  w e  r e p o r t  o n l y  t h e  s a t u r a t i o n  

v a l u e s  o f  t h e  t h e r m o d y n a m i c  f u n c t i o n s .  U p  t o  1 1 0 0 ° K ,  

t h e  s a t u r a t i o n  e n t r o p i e s  w e r e  o b t a i n e d  b y  i n t e g r a t i n g  

t h e  s a t u r a t i o n  h e a t  c a p a c i t y  (i.e., t h e  s l o p e  o f  t h e  c u r v e  

o f  m e a s u r e d  h e a t  e v o l v e d  i n  t h e  c a l o r i m e t e r )  d i v i d e d  

b y  t e m p e r a t u r e .  F r o m  1 1 0 0 ° K  t o  t h e  c r i t i c a l  p o i n t ,  

t h e  s l o p e  o f  t h e  e n t h a l p y  c u r v e  w a s  r e d u c e d  b y  t h e  

q u a n t i t y  F ( d p / d T )c t o  e v a l u a t e  Ca a n d  t h i s  w a s  i n t e 

g r a t e d  t o  g i v e  t h e  e n t r o p y  i n c r e m e n t s .  T h e  v a l u e s  

o b t a i n e d  a r e  r e p o r t e d  i n  T a b l e  I I I  a n d  F i g u r e  2 .

F o r  t h e  v a p o r ,  t h e  s t a n d a r d  e n t r o p y  f o r  t h e  i d e a l  

g a s  h a s  b e e n  c a l c u l a t e d  b y  K e l l e y  a n d  b y  S u n d a r a m  

f r o m  m o l e c u l a r  c o n s t a n t  d a t a .  T h i s  i s  s h o w n  a s  a  

b r o k e n  l i n e  i n  F i g u r e  2 .  T h e  s t a n d a r d  e n t r o p y  r e f e r s  

t o  t h e  g a s  i n  t h e  h y p o t h e t i c a l  s t a t e  o f  1 a t m  p r e s s u r e  

a n d  e q u a l s  t h e  s a t u r a t i o n  e n t r o p y  o n l y  a t  t h e  n o r m a l  

b o i l i n g  p o i n t  ( u n l i k e  t h e  e n t h a l p y  i n c r e m e n t s  w h i c h  

a r e  e s s e n t i a l l y  e q u a l  a t  a l l  t e m p e r a t u r e s  b e l o w  t h e  

b o i l i n g  p o i n t ) .  B e l o w  t h e  b o i l i n g  p o i n t  t h e  s a t u r a t i o n  

e n t r o p i e s  w e r e  c a l c u l a t e d  b y  s u b t r a c t i n g  R  I n  p ( v a p o r  

p r e s s u r e  i n  a t m o s p h e r e s )  f r o m  t h e  s t a n d a r d ,  i d e a l  g a s  

e n t r o p y .

T h e  s a t u r a t i o n  e n t r o p y  f o r  t h e  v a p o r  a b o v e  t h e  

b o i l i n g  p o i n t  w a s  c a l c u l a t e d  f r o m  t h e  v a l u e  f o r  t h e  

l i q u i d  p l u s  t h e  e n t r o p y  o f  e v a p o r a t i o n  ( e q u a l  t o  t h e

TEMPERATURE---- “K

Figure 2. Absolute entropy of BiCl3. Full and dashed 
curve represents saturation entropy of vapor (upper curve) 
and condensed (lower) phases. Dot and dash curve is standard 
entropy of ideal gas. Cross shows critical point.

e n t h a l p y  o f  e v a p o r a t i o n  d i v i d e d  b y  t e m p e r a t u r e ) .  

T h e  r e s u l t i n g  v a l u e s  a r e  s h o w n  i n  F i g u r e  2  a s  f u l l  l i n e s ,  

o r  d a s h e d  l i n e s  w h e r e  e x t r a p o l a t i o n s  o f  t h e  e n t h a l p y  

d a t a  w e r e  i n v o l v e d .

T h e  f a c t  t h a t  t h e  s a t u r a t i o n  e n t r o p y  c u r v e s  f o r  t h e  

v a p o r  a b o v e  a n d  b e l o w  t h e  b o i l i n g  p o i n t  j o i n  s m o o t h l y  

i n d i c a t e s  c o n s i s t e n c y  o f  t h e  d a t a  b e c a u s e  o f  t h e  t w o  

d i f f e r e n t  m e t h o d s  u s e d  f o r  e v a l u a t i n g  t h e  c u r v e .  F r o m
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Figure 3. Energy departure from ideal 
gas values for several substances.

a b o u t  8 0 0  t o  1 0 0 0 ° K  t h e  s a t u r a t i o n  e n t r o p y  o f  t h e  

v a p o r  i s  a l m o s t  i n d e p e n d e n t  o f  t e m p e r a t u r e .  I n  t h a t  

r e g i o n  t h e r e  a r e  t w o  c o m p e t i n g  f a c t o r s  t h a t  i n f l u e n c e  

t h e  e n t r o p y .  T h e  i n c r e a s i n g  v a p o r  p r e s s u r e  a c t s  t o  

d e c r e a s e  t h e  e n t r o p y ,  a n d  t h e  i n c r e a s i n g  i n t e r n a l  

t h e r m a l  m o t i o n s  o f  t h e  m o l e c u l e s  i n c r e a s e s  i t .  A p 

p a r e n t l y ,  t h e s e  f a c t o r s  t e n d  t o  b a l a n c e  o n e  a n o t h e r  w i t h  

t h e  r e s u l t  t h a t  t h e  s a t u r a t i o n  e n t r o p y  i s  e s s e n t i a l l y  i n d e 

p e n d e n t  o f  t e m p e r a t u r e .  A b o v e  a b o u t  1 1 0 0 ° K ,  a  

f a c t o r  t h a t  r e d u c e s  t h e  e n t r o p y  b e c o m e s  i m p o r t a n t  

a n d  l e a d s  t o  t h e  p r o n o u n c e d  d r o p  t o  t h e  c r i t i c a l  p o i n t .  

P r e s u m a b l y ,  t h i s  f a c t o r  i s  a  c o r r e l a t i o n  o f  m o l e c u l a r  

p o s i t i o n s  a n d  m o m e n t a  o v e r  r e g i o n s  i n c l u d i n g  s e v e r a l  

m o l e c u l e s  ( a n d  m i g h t  b e  c o n s i d e r e d  a s  “ c l u s t e r i n g ” ) .

T h e  s a t u r a t i o n  v a l u e s  f o r  t h e  f r e e  e n e r g y  f u n c t i o n s  

w e r e  c a l c u l a t e d  a s  f o r  t h e  c o n d e n s e d  p h a s e s .

Gas Imperfection Energy. T h e  d i f f e r e n c e  b e t w e e n  

t h e  i n t e r n a l  e n e r g y  o f  t h e  i d e a l  g a s  a n d  t h a t  o f  t h e  r e a l  

g a s  ( A V deal —  E TTeai) i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  

n e t  a v e r a g e  e n e r g y  ( o f  a t t r a c t i o n )  p e r  m o l e  b e t w e e n  

m o l e c u l e s .  ( T h e r e  i s  a  c o n t r i b u t i o n  t o  (E T'deiil —  

E TTeal) f r o m  i n t r a m o l e c u l a r  e n e r g y  d i f f e r e n c e s  b e t w e e n  

t h e  i d e a l  a n d  r e a l  g a s .  T h i s  i s  a s s u m e d  t o  b e  s m a l l  

a n d  i s  n e g l e c t e d  i n  t h e  p r e s e n t  d i s c u s s i o n . )  T h e  q u a n 

t i t y  U ideal —  P real i s ,  t h e n ,  t h e  g a s  i m p e r f e c t i o n  e n e r g y  

a n d  c a n  b e  c a l c u l a t e d  f r o m  t h e  e n t h a l p i e s  g i v e n  a b o v e  

b y  t h e  r e l a t i o n

(H %  -  P ° 298)id e a .  -  (H r -  H ° m )„ =
Tj ideal TT real jp ideal tp real i11 'f 11 rp ----- Jffjrp ----  Hj rp “ p

( p F )id e a l _  ( p F ) real ^

T h e  q u a n t i t y  ( P F ) ideal i s  e q u a l  t o  R T ,  a n d  ( P 7 ) real 

w a s  c a l c u l a t e d  f r o m  t h e  s a t u r a t i o n  v a p o r  p r e s s u r e s  

a n d  v o l u m e s .  T h e  q u a n t i t y  F r ldeal —  P 7,real c a n  b e  

c o n v e r t e d  t o  a  f u n c t i o n  o f  r e d u c e d  p r o p e r t i e s  b y  d i v i d 

i n g  b y  t h e  c r i t i c a l  t e m p e r a t u r e . 14

C o m p a r i s o n  o f  ( p ideal —  P reaI) / P c f o r  s e v e r a l  s u b 

s t a n c e s 13 i s  m a d e  i n  F i g u r e  3 .  T h e  g a s  i m p e r f e c t i o n  

e n e r g y  f o r  B i C l 3 i s  s e e n  t o  l i e  b e l o w  t h o s e  o f  H 20 ,  

N H 3, a n d  C 0 2 a n d  a b o v e  t h a t  o f  A r .  T h u s  t h i s  p r o p 

e r t y  o f  B i d s  a l s o  f a l l s  a m o n g  t h o s e  o f  m o l e c u l a r  f l u i d s .  

I t  w a s  s h o w n  e a r l i e r  t h a t  t h e  r e d u c e d  d e n s i t y  o f  t h e  

l i q u i d  f e l l  b e t w e e n  t h e  v a l u e s  f o r  H 20  a n d  A r .  E x a m i 

n a t i o n  o f  r e d u c e d  v a p o r  p r e s s u r e s  s h o w s  t h a t  i t  a l s o  

f a l l s  b e t w e e n  H 20  a n d  A r .  I t  a p p e a r s ,  t h e n ,  t h a t  i n  t h e  

t h e r m o d y n a m i c s  o f  i t s  v a p o r i z a t i o n  B i C l 3 a c t s  l i k e  

a  m o l e c u l a r  f l u i d .  T h i s  s u g g e s t s  e i t h e r  t h a t  t h e  s p e c i e s  

t h a t  g i v e  r i s e  t o  i t s  i o n i c  c o n d u c t i v i t y  a r e  o f  s m a l l  

c o n c e n t r a t i o n  o r  t h a t  t h e  t h e r m o d y n a m i c  q u a n t i t i e s  

a s s o c i a t e d  w i t h  t h e i r  r e c o m b i n a t i o n  t o  n e u t r a l ,  m o l e c u 

l a r  s p e c i e s  a r e  s m a l l  c o m p a r e d  t o  t h e  q u a n t i t i e s  a s 

s o c i a t e d  w i t h  v a p o r i z a t i o n .

(14) See O. A . Hougen, K . M . W atson, and R . A . Ragatz, “ Chemical 
Process Principles, Part II, Thermodynamics,”  2nd ed, John W iley  
and Sons, Inc., New York, N . Y ., 1959, p 611.
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Thermodynamic Properties of Gases in Propellants and Oxidizers. I. 

Solubilities of He, N2, 0 2, Ar, and N20 3 in Liquid N20 4

by E. T. Chang and N . A. Gokcen

Chemical Thermodynamics Section, Laboratories Division, Aerospace Corporation, E l Segando, California 
(Received February 18, 1966)

The solubilities of gaseous He, N2, 0 2, Ar, and N20 3 in liquid N20 4 have been measured 
over a wide range of pressure and temperature. The results show conclusively that Henry’s 
law is obeyed for He, N2, 0 2, and Ar at all pressures at each temperature and for N20 3 at low 
pressures. The standard free energy, enthalpy, and entropy of solution for each gas have 
been obtained. Thermodynamic arguments are presented to show the absence of reactions 
of N2 and 0 2 with N20 4. A qualitative argument is presented to explain the negative 
heats of solutions as resulting from the dissociation of N20 4 into N 02 in the liquid. The 
equilibrium between NO(g) and dissolved N20 3 has also been presented.

Introduction
Practical problems involved in storing, pumping, 

and pressurizing liquid propellants and oxidizers re
quire reliable data on the solubilities of gases in such 
liquids. A program, therefore, was initiated to measure 
the solubilities of a number of gases in liquid propel
lants and oxidizers. The first part of this investiga
tion consists of the solubilities of gases in liquid N20 4.

Available data1’2 3 4 5 6 on the solubilities of N2 and He in 
N20 4 are inaccurate, and there appear to be no data on 
the solubilities of 0 2 and Ar. Numerous investiga
tions on systems containing NO, N20 4, N 02, and N20 3 
have been reported,3-6 but the results are incomplete 
and there are no results on the solubility of N20 3(g) 
in N20 4(1) and the related thermodynamic properties. 
A systematic and reliable investigation was therefore 
warranted.

Experimental Section

The apparatus for solubility measurements was all 
Pyrex construction with two capillary stopcocks 
lubricated with silicone grease and two Teflon O-ring 
joints. Three volumes connected by short capillary 
necks were calibrated to ±  0.0003 ml. They were con
nected to a bulb containing liquid N20 4 and to a pre
cision bore manometer with 1-mm capillary tubings. 
The volumes of all connecting tubes were also cali
brated to the same precision. The pressure measure

ments were made with a barometer accurate to ±  0.02 
mm, and the manometer readings were read to ±0.01 
mm with a micrometer slide-type cathetometer. The 
apparatus was located in a room thermostated to 
±0.1°. The calibrated volumes were thermostated 
to ±0.03°.

The N20 4 bulb was attached to a connector with an
O-ring joint. The connector had a stopcock and a 
second O-ring joint for attaching it to the calibrated 
volumes. The bulb was only 25 mm high, and it was 
calibrated to ±0.0002 ml, having a capacity for 100 g 
of N20 4 with about 5 ml of space above fully exposed 
liquid surface.

The measurements were made as follows. The bulb 
was evacuated, the stopcock on the connector was 
closed, and the connector-bulb assembly was detached 
and weighed on an analytical balance. Research grade 
N20 4, 99.5% minimum purity, was oxidized to remove

(1) A F F T C , E dw ards A ir  Force Base, “ S torable P rope llan t D a ta  fo r 
the  T ita n  I I  P rog ram ,”  Q ua rte rly  Progress R epo rt N o. 1, A F F T C  
TR -60-62, B e ll Aerosystems Co., B u ffa lo , N . Y ., O ct 1960 
(unclassified).

(2) R . R . L ib e rto , “ T ita n  I I  S torable P rope llan t H and boo k ,”  R epo rt 
N o. 8111-933003, A F F T C  TR -61-32, B e ll Aerosystems Co., B u ffa lo , 
N . Y ., June 1961 (unclassified).
(3) A . G. W h itta ke r, R . W . Sprague, S. S ko ln ik , and G. B. L . S m ith , 
J. Am. Chem. Soc., 74, 4794 (1952).

(4) I .  R . B ea ttie  and S. W . Bell, J. Chem. Soc., 1681 (1957).
(5) I .  R . B eattie , S. W . B ell, and A . J. Vosper, ib id., 4796 (1960).
(6) I .  R . B ea ttie  and A . J. Vosper, ib id., 4799 (1960); 2106 (1961).
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Table I : Solubilities of He, N2, 0 2, and Ar in Liquid N20 4“

T ,
°K P

---- He------
1 0 * X 10‘A P

--- Ns-------
i o * x io*ir P

-----Os------
10<X lour P

— Ar------
1 0 * X 10‘ir

262.02 0.5261 0.289 0.55 0.5916 3.28 5.54 0.6041 5.34 8.84 0.7110 6.18 8.69
1.0149 0.599 0.59 0.6186 3.44 5.56 1.2017 10.58 8.80 1.2670 11.16 8.81
1.2393 0.694 0.56 1.2964 7.38 5.69 1.3091 11.47 8.76 1.5162 13.28 8.76
1.8346 1.12 0.61 1.3192 7.51 5.69 1.6119 14.23 8.83 1.8037 15.85 8.79
1.9125 1.05 0.55 1.9440 10.91 5.61 1.9876 17.40 8.75 1.9080 16.83 8.82

1.9500 11.08 5.68

273.15 0.4951 0.361 0.73 0.3504 2.09 5.96 0.2643 2.43 9.19 0.3582 3.24 9.05
0.6624* 0.453 0.68 0.3811 2.32 6.09 0.6275 5.78 9.21 0.5702* 5.15 9.03
0.9566 0.698 0.73 0.4716* 2.83 6.00 1.1241 10.30 9.16 0.6879 6.29 9.14
1,2315& 0.852 0.69 0.6830 4.06 5.94 1.7950 16.37 9.12 0.9366* 8.50 9.08
1.4186 0.950 0.67 0.8972 5.39 6.01 1.8425 16.76 9.10
1.8770 1.30 0.69 0.9389* 5.63 6.00

1.4283 8.60 6.02
1.5043 8.95 5.95
1.7951 10.77 6.00

288.10 0.9773* 0.870 0.89
1.3153* 1.13 0.86

298.15 0.3917 0.401 1.02 0.3801 2.47 6.50 0.3728 3.76 10.09 0.3801 3.77 9.92
0.3963 0.404 1.02 0.5909 3.85 6.52 0.4989 5.16 10.34 0.4158 4.08 9.81
0.7836 0.830 1.06 0.7222 4.82 6.67 0.5745 5.97 10.39 0.4897 4.80 9.80
1.0192 1.00 0.98 0.7393 4.88 6.60 0.9963 10.08 10.12 0.6340 6.22 9.81
1.1195 1.11 0.99 0.8457 5.54 6.55 1.0809 10.70 9.90 0.8037 7.94 9.88
1.1455 1.23 1.07 1.1125 7.41 6.66 0.9912 9.72 9.81

1.3032 8.59 6.59 1.1053 10.89 9.85
303.16 0.5759* 0.615 1.07 0.5604* 3.81 6.80 0.4441* 4.73 10.65 0.4470* 4.42 9.89

0.8867* 0.909 1.03 0.8380* 5.74 6.85 0.9189* 9.47 10.31 0.5912* 5.85 9.90

“ P ,  atm; X ,  mole fraction; K  — X / P .  * Data from a new apparatus having a greater degree of accuracy, but similar to that de
scribed in the Experimental Section. They are represented by the open points in Figure 1.

a trace of N20 3 by bubbling oxygen, degassed under 
vacuum, and then distilled into the bulb. The weight 
of N20 4 was obtained by reweighing, and the bulb was 
attached to the apparatus. The calibrated volumes 
and connections were then thoroughly flushed with the 
desired gas and evacuated after the bulb was attached. 
The bulb was immersed into a thermostat controlled 
to ±0.01°. A known amount of gas was obtained 
by reading pressure, P, and temperature, T, in a known 
volume, and the gas was forced over N20 4(1) with mer
cury from a leveling bulb after opening the stopcock 
in the connector. The stopcock was opened and closed 
intermittently to keep N20 4(g) in the bulb while the dis
solution process was carried out by stirring N20 4(1) 
vigorously with a glass-coated magnet bar inside 
N20 4(1). Less than 10 min was sufficient to reach 
equilibrium, but usually 40 min was allowed to assure 
that there were no further changes in pressure readings. 
The measurements of P, V, and T of the gas above 
N20 4(1) and the remaining gas in the connecting tubes

yielded the necessary data for obtaining the dissolved 
gasinN 20 4(l).

Accurate measurements of the volume over N20 4(1) 
in the bulb necessitated highly precise measurements of 
the density of the liquid. The results were represented 
by density (g/ml) =  1.4916 — 0.00226£(°C).

The experimental procedure was checked for the solu
bility of nitrogen in water, and the results agreed within 
2%  with the published data.7 The smallest solubility 
measurement in this investigation, i.e., He in N20 4, is 
10 times higher than the solubility of N2 in water; hence 
the procedure appeared to be highly reliable.

The temperature range at which N20 4 exists in the 
liquid state under 1 atm is unfortunately too narrow, 
i.e., —11.2 to 21.5°; hence the measurements were 
limited to — 11.1 to 30°.

(7) R . C . W east, S. M . Selby, and C . D . H odgm an, “ H andbook of 
C hem is try  and Physics,”  45 th  ed, C hem ical R ubber P ub lish ing  Co., 
Cleveland, Ohio, 1964, p B199.
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Figure 1. Solubilities of He, Ns, 0 2, and 
Ar in NsO«(l); log ( X / P )  v s . 1 / T ( ° K ) .

Results on He, N 2, 0 2, and Ar
The results for He, N2, 0 2, and Ar are listed in Table

1. In all cases Henry’s law is obeyed; i.e., the solubility 
is proportional to the partial pressure of gas dissolved 
by N20 4. This can be demonstrated either by plotting 
the concentration vs. the partial pressure, or by the con
stancy of K  for the reaction

gas — > dissolved gas K  = X/P (I)

where X  is the mole fraction and P is the partial pres
sure of the dissolved gas.

The average values for the solubilities of He, N2,
0 2, and Ar are represented in Figure 1. A small 
degree of scattering is well within the experimental 
errors. The equilibrium constant K  also represents 
the value of solubility at 1 atm pressure of each gas. 
The equations representing the linear plots, expressed 
byAG° =  —FT In A , are

AG°(He) =  2386 +  10.30T (2)
AG°(N2) = 699 +  12.19T (3)
A(?o(0 2) =  664 +  11.46T (4)
AG°(Ar) = 475 +  12.1871 (5)

Discussion on He, N2, 0 2, and Ar
The dissolution process for nitrogen is represented 

by eq 1 and not by any other possible reactions, such 
as N2(g) +  3N20 4(1) =  4N20 3(in liquid), N2(g) +  
N2O4Q) =  4NO(in liquid), and N2(g) +  T/NiCf/l) =

4/3N20(in liquid). The equilibrium constant for the 
first of these reactions is (4A)4/P X2, where X  is the mole 
fraction of nitrogen in a dilute solution which forms 
4X mole fraction of N2C>3. Therefore a plot of X  vs. 
PN2 would not yield a linear relationship if the dissolu
tion process had followed this reaction. It can also 
be shown, similarly, that, for the remaining two 
reactions, a plot of X  vs. PN2 cannot be linear; hence 
these reactions do not take place when nitrogen is dis
solved in liquid N20 4. Further evidence is the fact 
that AH° =  699 kcal/mole for nitrogen is not far from 
AH° =  475 kcal/mole for argon in N20 4. The endo- 
thermicity of any chemical reaction of N2 with N20 4 
is considerably greater than the preceding values for 
reaction 1. Similar arguments are also applicable 
to oxygen. In this case, however, there is only one 
possible reaction, i.e., y 20 2(g) +  N20 4(1) =  N20 6(in 
liquid).

The foregoing results cannot be interpreted in term- 
of any simple energetic or molecular models of solus 
tion8-11 because N20 4 is a polar solvent. A purely 
thermodynamic estimation of the order of magnitude 
of the solubilities can be made by using the equilibrium 
vapor pressures, PJ, of hypothetically existing liquid 
He, N2, 0 2, and Ar and by assuming that Raoult’s 
law is obeyed. The solubility of each gas is then the 
ratio of its actual pressure P, to P-J. Such computa
tions by Hildebrand and Scott8 are listed in Table II 
as ideal and are compared with the present results. The 
ideal value for He is not given by Hildebrand and 
Scott because of the very low boiling point for He which 
makes extrapolation to high temperatures unreliable, 
but the authors estimated a rough value of 1.6 X  10~4 
mole fraction by assuming that the ratio of boiling 
points (°K) for He and H2 is the same as the inverse 
of their vapor pressures at 298 °K. It is noteworthy 
that the decrease in solubilities from ideal to actual 
values follows the increase in the dipole inoment /x. 
However, this is not a strictly quantitative trend, 
having general applicability as evident from the listed 
values.

The ideal solubility calculations show that the solu
bility of a gas in a liquid should decrease with in
creasing temperature because the heat of condensa- 8 9 10 11

(8) J. H . H ildeb rand  and R . L . Scott, “ The S o lu b ility  of Nonelec
tro ly te s ,”  3rd  ed, R einhold  P ublish ing C orp., N ew  Y o rk , N . Y  
1950, p  243.
(9) J. H . H ildeb rand  and R . L . Scott, “ Regular Solu tions,”  P rentice- 
H a ll, Inc ., Englewood C liffs , N . J., 1962.
(10) I .  P rigogine, A . Bellemans, and V . M a th o t, “ T h e  M o lecu la r 
Th eo ry  o f Solutions,”  Interscience Publishers, In c ., N ew  Y o rk , 
N . Y ., 1957.
(11) J. S. Row linson, “ L iq u id s  and L iq u id  M ix tu re s ,”  B u tte rw o rth  &  
Co., L td .,  London, 1959.
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Table II : Comparison of Solubilities of He, N2, 0 2, and Ar 
in Liquid N20 4 and in Other Solvents at 25° and 1 Atm“

Solvent M> D. ' He Ns 02 Ar

Ideal 1.6 10 13.2 16
m-Xylene 0.5 6.14
n 2o 4 0.6 1.02 6.58 10.2 9.84
Water 1.9 0.07 0.12 0.23 0.25
Acetone 2.8 1.08 5.92 9.25 9.06
Nitroben- 4.1 2.63

zene

“ Numbers represent mole fraction X 10*.

tion is a negative quantity. This is true of many gases 
and solvents having relatively small endothermic 
interaction energies with the solvent in comparison 
with the heat of condensation of the gas. For example, 
the solubilities of Ar, N2, 0 2, N20, and C 02 in water 
follow this pattern; whereas, those of He, H2, and CO 
in water do not. It may be possible to explain the in
crease in the solubilities of He, N2, 0 2, and Ar in N20 4, 
hence the endothermic heat effect, by assuming that 
each molecule of dissolved gas tends to break the N 02-  
N 02 bond which has a bond energy of about 3460 
cal.12 Thus AH° would be the sum of a fraction of 
the positive quantity 3460 and the negative quantity 
for the heat of condensation of each gas. If it is 
assumed that three molecules of solute are successful 
in breaking one bond, then all the AH° values in eq
2-5 fit the proposed pattern. Consequently, the dif
ference between AH°(He) and AH° for N2, 0 2, or 
Ar, which is about 1.7 kcal, is very nearly due to the 
difference in their heats of condensation which is about
1.6 kcal. It was shown by Cundall13 that N20 4 dis
sociates into N 0 2 in the liquid state by various solutes; 
hence this assumption is justified. Calculations show 
that such a small change in N 0 2 in the liquid does not 
measurably affect the pressure of N 02(g) +  N20 4(g) 
over the liquid in the present investigation.

Comparison with Other Data on He and N 2
The results in this investigation are compared in 

Table III with those quoted by Liberto2 and the 
recent values of Bums14 obtained by using a gas- 
solid partition chromatograph. The agreement with 
Burns’ results for nitrogen is fair while the disagree
ment with the Titan II handbook2 for nitrogen and 
helium is very large. There are no previous data on 
the solubilities of oxygen and argon.

Solubility of N 20 3(g)
The reaction of NO(g) with N20 4 precludes the meas

urements of solubility of NO(g) in liquid N20 4. How

Table HI: Comparison with Other Data on N2 and He“

Temp,
°C This work Liberto2 Burns14

n 2 25 6 .5 8  ±  0 .0 4 23 ±  l 6 3 .6  ±  0 .5 ”
0 6 .0 0  ±  0 .0 4 11 ±  1 4 .6  ±  0 .7

He 25 1 .2 5  ± 0 . 0 4 41 ±  106
0 0 .7 1  ±  0 .0 4 1 3 .5  ± 7

“ Numbers represent solubilities in mole fraction X 104 at 
1 atm. b The actual values at 70°F for N2 and 73°F for He 
have been extrapolated a short distance to obtain the tabulated 
values at 77°F (25°C). 'Deviations in this column ( ± )  are 
approximate.

ever, on the basis of data on the preceding gases and 
the fact that the boiling point of NO(l) is comparable 
to the boiling points of N2, 0 2, and Ar, the solubility 
of NO should be less than 0.002 mole fraction. Further, 
thermodynamic calculations from the available data12'15 * * 
show that the reaction NO(l) +  V2N20 4(1) =  N20 3(1) 
goes to completion; therefore when NO is present over 
the liquid, N20 3 is the overwhelmingly predominant 
dissolved species. It is therefore possible to investi
gate this system by admitting NO(g) over N20 4(1) 
and calculating the gas composition from the available 
thermodynamic data in order to compute the remaining 
gas over the liquid. For this purpose it is necessary 
to consider the following reactions.

N 20 4(1) =  2 N 0 2(g) K ,  =  ¿ W / X n ,o . (6)

N 20 4(1) =  N 20 4(g) K 2 =  P nV ^ n.0. (7)

N O (g) +  N 0 2(g) =  N 20 3(g)

K'i =  P  N 2O3/P  N O-P NO2 (8)

In the liquid state, N20 4 dissociates18 less than 0.05% 
into the monomer, and therefore it may safely be con
sidered as entirely N20 4, although in the gas phase it 
dissociates markedly. The use of X N20i instead of the 
activity in Ki and K2 was found to be justifiable be
cause N20 3 and N20 4 form a eutectic system, and the 
present authors’ calculation of the activity coefficient 
7 from the data of Beattie, Bell, and Vosper5 on the 
depression of freezing points showed that 7n2o( is
1.02 and 1.04 ±  0.02 at 0.90 and 0.70, respectively,

(12) “ J A N A F  Therm ochem ical Tables,”  The D ow  Chem ical Co., 
M id la n d , M ich ., 1965.
(13) J. T . C undall, J. Chem. Soc., 59, 1076 (1895).
(14) E . A . Burns, “ D ire c t D e te rm in a tio n  o f the  S o lu b ility  o f N itrog en  
in  N itrog en  T e trox id e ,”  T R W  Space Techno logy Laboratories, 
Redondo Beach, C a lif, (a p re lim in a ry  re p o rt received by  the  authors).
(15) F . D . Rossini, et al., “ Selected Values o f C hem ica l Therm o
dynam ic P roperties,”  N a tio n a l Bureau of S tandards, C ircu la r 500,
U . S. G overnm ent P rin tin g  Office, W ashing ton, D . C ., 1952.
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Table IV : Equilibrium Compositions of Liquid and Gas Phases for Mixtures of N2O4, NO, and N20 3

T,
°K P total ■PN2O4 •PN02 Pso Pt! 2O3 -XN2O3 K\a Ktb v'*

262.12 0.204 0.147 0.030 0.024 0.003 0.053 2.23 19.56 1 . 9 7 4 1.925
0.260 0.127 0.028 0.095 0.010 0.186 2.18 18.26 1.907 1.735
0.328 0.105 0.025 0.180 0.018 0.324 2.19 18.41 1.838 1.585

Av 2.20 18.74

273.15 0.410 0.253 0.067 0.080 0.010 0.084 1.10 8.56 1.958 1 .8 ô J
0.549 0.208 0.061 0.252 0.028 0.248 1.13 8.79 1.876 16460.753 0.159 0.053 0.493 0.048 0.425 1.14 8.81 1.788 1.43®

Av 1.12 8.72

298.15 1.272 0.819 0.346 0.093 0.014 0.031 0.339 2.28 1.984 1.949
1.512 0.747 0.331 0.381 0.053 0.116 0.323 2.16 1.942 1.812
1.780 0.670 0.313 0.703 0.094 0.206 0.329 2.21 1.897 1.687
2.035 0.604 0.297 1.007 0.127 0.284 0.333 2.23 1.858 1.590

Av 0.331 2.22

“ Kt = Z n2Oî/P ko(An2o.)1/2. b Ks = XnîOî/P njOî- ‘  y is atomic ratio O/N in liquid. * y' is atomic ratio O/N in gas.

for I nso(; therefore in the region of our interest it 
was justified to assume 7Njo4 =  1 well within experi
mental errors. This assumption is also substantiated 
by our computation from the data of Beattie and 
Vosper.6 The total measured experimental pressure, 
P, is given by

P — P  NOa +  P  NaO* +  P  NO 4~ P N2O3 (9)

There are five unknowns in the four preceding equa
tions, but X Nl0, is obtained implicitly from the mass 
balance and the known volumes of liquid and gases 
by successive approximation. Equations 6-9 give

P -  K 2X NlQt -  (KrXNao4) ,/!
P no -  1 +  k 3(m N20<) i/2 (10)

and similar relations for the remaining three gases. 
The equilibrium constants have been calculated from 
“ JANAF Thermochemical Tables.” 12 In order to 
obtain the first approximation for the partial pressures, 
A njo, is set to unity, and PN0 and the remaining pres
sures were computed. These values and the known 
volume above the liquid and the mass of each constit
uent give X N2o»- Substitution of this value in eq 
10 and those for the other gases yield the second ap
proximation and a new value of X N,o,. The repetition 
of the procedure gives a third value of X N20l which 
differs from the second by less than 0.1%. In an 
experimentally succeeding run, the previous composi
tion is used as the first approximation. Various ex
periments with various ratios of gas volume to liquid 
weight differing by a factor of 5 showed no consistent 
change in the computation of X N20l. Further, the

agreement between the authors’ extrapolated values 
to lower X NaO( and the published data6 shows that this 
procedure is reliable.

The results are listed in Table IV, columns 1-9, 
where the equilibrium constants and the corresponding 
reactions are

NO(g) +  y 2N20 4(l) =  N20 3(dissolved)
K, =  X N iOz/P n  o (X  N 204) I/a (11) 

N20 3(g) = N20 3 (dissolved)
X5 = XN2O3/P N2O3 (12)

The second relationship represents the solubility of 
N20 3(g) in N*0«(1). The reference state for dissolved 
N20 3 is the infinitely dilute solution. If the standard 
state for dissolved N20 3 is taken to be the pure liquid 
N20 3, the activity coefficient 7N2o3 becomes 0.127, 
0.1124, and 0.117 at 262.12, 273.15, and 298.15°K, 
respectively. These values are obtained by combining 
AG° =  9400 — 34.2T for N20 3(1) =  N20 3(g) from the 
available data15 with eq 12. A plot of the logarithm 
of Ki and vs. l/T is shown in Figure 2, where the 
deviations from the straight lines are remarkably 
small. The resulting relationships in terms of AG° =  
—RTln K  for K t and K-, are

AG40 =  -8044  +  29.17T (13)

A G5° =  -9051 +  28.77T (14)

Discussion on the System N 0 -N 20 3-N 20 4

Previous investigators considered that the composi
tion of liquid is unknown, and therefore they correlated
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Figure 2. Variation of K t and K ;> with temperature.

the total pressure as a function of the atomic ratio of 
oxygen to nitrogen in liquid, y. They made no ther
modynamic calculation, and the range of X N2o8 in
vestigated was about 0.8 and smaller. The authors’ 
values for the atomic ratio O /N  in the gas, y', and 
that in the liquid, y, are listed in Table IV and repre
sented in Figure 3 for comparison with the results 
of Beattie and Vosper. The agreement in the over
lapping and extrapolated regions is excellent and sub
stantiates the claim by Beattie, et al., that y vs. y' is 
independent of temperature.

The measurements of total gas pressure by Beattie,

Figure 3. Variation of y  in liquid with y '  in gas in 
the system N2O4-N2O3-NO; y  and y '  are in atomic 
ratios of oxygen to nitrogen in each phase.

et aL,4~6 and Whittaker, et al.,3 vs. O /N  = y in liquid 
can be expressed accurately by

log P  total (atm) =  6.069 +  \  (1154 -  2652y +  593y2)

The agreement of the data in Table IV with this equa
tion is very good.
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Mean Activity Coefficient of Polyelectrolytes. III. Measurements of 

Hydrochlorides of Poly ethyl enimine and Its Low Molecular W eight Analogs1

by Norio Ise and Tsuneo Okubo

Department of Polymer Chemistry, Kyoto University, Kyoto, Japan (Received February 18, 1966)

The mean activity coefficients of hydrochlorides of polyethylenimine and its low molecular 
weight analogs such as tetraethylenepentamine, triethylenetetramine, diethylenetriamine, 
and ethylenediamine have been measured, using a concentration cell with transference and 
silver-silver chloride electrodes. The single-ion activity coefficient of the gegenions (chloride 
ions) and the transference numbers of the macroions and low molecular weight polyvalent 
cations have also been determined. The results show that the mean activity coefficient 
of the polyelectrolyte cannot be equal to the single-ion activity coefficient of its gegenions. 
This agrees with the previous conclusion obtained with sodium salts of anionic polyelectro
lytes. It is further demonstrated that the discrepancy between two coefficients can be 
small for the low molecular weight analogs. In the light of Maclnnes’ convention as
suming the equality of the mean activity coefficient of potassium chloride and the single
ion activity coefficient O f chloride (or potassium) ion, it is suggested that the discrepancy 
decreases continuously with decreasing charge numbers of electrolytes and therefore 
characterizes the transition from polyelectrolytes to simple electrolytes. The logarithm 
of the mean activity coefficient of the polyethylenimine salt decreases linearly with the 
cube root of concentration. The slope is —0.86 for this salt, not far from a value of —0.74 
previously found for sodium polyacrylate. This cube-root rule is also found to be valid 
for the low molecular weight imine salts. The slope ranges from —0.60 to — l.lo , the 
magnitude increasing with rising valency.

Introduction
In previous papers,2-3 mean activity coefficients were 

measured on sodium poly acrylate (NaPAA) and sodium 
salts of polyvinyl alcohols partially acetalized with 
glyoxylic acid (NaPVAG). In the present paper, ex
perimental data are reported on the hydrochlorides of 
polyethylenimine (PEI), tetraethylenepentamine (TP), 
triethylenetetramine (TT), diethylenetriamine (DT), 
and ethylenediamine (ED). These samples are of in
terest for three reasons. First, a concentration cell 
used for measurements of mean activity coefficients 
can be set up using silver-silver chloride electrodes, 
since the gegenion is Cl~ This electrode has been 
studied much more intensively than the Na-glass elec
trodes used for NaPAA and NaPVAG.4 Second, the 
single-ion activity coefficients of the gegenions of 
PEI(HC1)„ and of its low molecular weight analogs 
have been studied earlier.6 Comparison of their data

and the mean activity data is a source of useful informa
tion. Third, by studying these hydrochlorides, the 
transition from simple electrolytes to polyelectrolytes 
can be investigated, as Lapanje, et al., have asserted.5

Experimental Section

Principles. The method of the determination of 
mean activity coefficient adopted in this paper was 
described in the previous paper.2 The galvanic cell 
with transference was as is shown in (I).

(1) Presented in  p a rt a t the  14th P o lym er Sym posium , K y o to , 
Japan, O ct 1965.
(2) N . Ise and T . Okubo, J. Phys. Chem., 69, 4102 (1965).
(3) N . Ise and T . Okubo, ib id., 70, 1930 (1966).
(4) R . G . Bates, “ D e te rm ina tion  o f p H , Th eo ry  and P rac tice ,”  1st 
ed, John W ile y  and Sons, In c ., N ew  Y o rk , N . Y ., 1964, C hap te r 9.
(5) S. Lapanje , J. H aevig , H . T . D avis , and S. A . R ice, J . Am.
Chem. Soc., 83, 1590 (1961).
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Ag-AgCl solution of hydrochloride j 
electrode of the polyelectrolyte 2 i

Ag-AgCl 
electrode v '

solution of hydrochloride 
of the polyelectrolyte 1

The emf of this concentration cell (E) can be given as

E = (I +  “ )S Î7 \ d l „ a
J a2aF (1)

where ai and a2 are mean activities of the hydrochloride 
in the solutions 1 and 2, respectively, R is the gas con
stant, T the temperature, F the Faraday charge, i2p 
the transference number of macroions, and a the num
ber of free gegenions dissociated from one macroion.

The principle and detail of the transference experi
ments have been described in a previous paper.6 The 
polymer concentrations before and after the electrolysis 
were determined by conductometric titration. The 
chloride concentration was measured by a conducto
metric titration with AgNOs, using bright platinum 
electrodes.

The single-ion activity coefficient of gegenions y \  
of the polyethylenimine salt was determined using the 
following cell.

calomel electrode| polymer solution| Ag-AgCl electrode
(II)

The emf of this cell E2g was assumed to be expressed as

£ 2g =  I?2g0 — (RT/F) In aci-

From this equation, we determined aci~, and hence 
r V

Electrodes. Ag-AgCl electrodes were prepared by 
electrodeposition of silver. The base for the electrodes 
was a spiral (2-mm diameter) of 4 or 5 turns of a plat
inum wire. On the base, a layer of silver was electro- 
deposited and then chloridized by anodizing in a dilute 
solution of hydrochloric acid.7 The standard potential 
of the silver-silver chloride electrodes (E00) against the 
hydrogen electrode was estimated to be 222.6 mv when 
use was made of a standard potential value of the 
saturated calomel electrodes, 242.0 mv.8 On the other 
hand, Hamed and Paxton9 reported 222.39 mv for E0o, 
with which our result is in good agreement. In the 
emf measurements, a pair of the Ag-AgCl electrodes 
was used for 10-15 pairs of solutions; the electrodes 
were discarded when they failed to show the potential 
values given by the calibration curve. The electrodes 
were equilibrated with the cell solutions for an hour or 
so in order to obtain reliable emf data.

Materials. Polyethylenimine used was a gift from 
the Sumitomo Chemical Co., Osaka. The sample was

a 50% aqueous solution. The molecular weight of the 
polyimine was estimated to be 4500 using a viscosity- 
molecular weight relationship.10 Purification of the 
sample was carried out by passing the diluted aqueous 
solution through columns containing cation- and 
anion-exchange resins in the hydrogen and hydroxide 
forms, respectively. Thereafter, hydrochloric acid was 
added quantitatively. The nitrogen content of the 
sample was determined by the Kjeldahl method, which 
agreed with the value from the conductivity method 
within the limit of experimental error. ED, DT, TT, 
and TP were commercially available. They were 
purified by distillation under reduced pressure of 
nitrogen and by recrystallization. These samples were 
analyzed with the results shown in Table I.

Table I

C
—Observed—

H N C
-Calcu lated-

H N

ED 40.3 13.9 46.0 40.0 13.4 46.6
DT 46.4 13.1 40.4 46.1 13.5 40.4
TT 50.4 12.5 37.1 49.3 12.3 38.4
TP 51.2 12.2 36.7 50.8 12.2 37.0

The degree of neutralization of these samples 
used for measurements were 0.86, 0.96, 0.98, 0.98, and 
0.86 for PEI, TP, TT, DT, and ED, respectively.

The concentrations of all the solutions were de
termined by conductometry.

The emf and transference measurements were carried 
out at 25 ±  0.02 and 25 ±  0.1°, respectively.

Results and Discussion
Calibration oft he Ag-AgCl electrode was carried out 

using a cell shown by

calomel electrode] KC1 (m)\ Ag-AgCl electrode (III)

For this type of cell, if the liquid junction potential can 
be assumed to be negligible, the emf (E) is given by

RT
E = E0 — In aci- (2)r

where E0 is the standard value of the emf of the above

(6) T . Okubo, Y . N ish izak i, and N . Ise, J. Phys. Chem., 69, 3690 
(1965).
(7) D . J. G. Ives and G. J. Janz, “ Reference E lectrodes, Th eo ry  and  
P ractice ,”  Academ ic Press Inc ., London , 1961, C hap ter 4.
(8) See re f 7, C hap ter 3, p 159, Tab le  V .
(9) H . S. H arned and T . R . Paxton , J. Phys. Chem., 57, 531 (1953).
(10) G. D . Jones, A . Langsjoen, M . M . C. N eum ann, and J. Zom- 
le fer, J. Org. Chem., 9, 125 (1944).
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Figure 1. Calibration curve of silver-silver chloride electrode 
at 25°: X , observed value; —— —, the Nernstian slope.

Table II : Transference and Activity Coefficient 
Data of PEI(HCl), at 25°°

m,
equiv/
1000 g

E,b
mv ¿2p 1* 7*2g pH

0.001 43.0 0.41 0 .62 0.535 4.80
0.002 39.3 0.45 0.488
0.005 31 .4 0.35 0 .42 0.402 4 .96
0.01 28.2 0.35 (0.302) 0.302 5 .14
0.02 22.1 0 .30 0.233
0 .05 14.2 0 .34 0 .29 0.203 5.50
0.1 10.2 0 .34 0.23 0.200 5.67
0 .2 4 .8 0.22 0.198
0.504 0 0.33 0.15 0.195 6 .20

a The degree of neutralization is 0.86. 6 The emf measure
ments were carried out with a reference concentration of 0.504 m .

cell, and aci- is the single-ion activity of Cl- . Using 
the value of the single-ion activity coefficient of Cl-  
calculated by Maclnnes’ convention from the mean 
activity coefficient data of potassium chloride,11 eq 2 
was tested. As is shown in Figure 1, a linearity between 
E and log aci- was obtained over a wide range of 
aci-. The slope was 59.1 mv between aci- =  1 and 
aci- =  10-4, which was in good agreement with the 
theoretical value, 59.157 mv at 25°. The emf reading 
varied appreciably immediately after the electrodes 
were inserted into the solutions. It reached a limiting 
value which was constant within ±0.1 mv over a 
30-min period. The emf value given in this paper is 
this limiting value.

Important data of transference and activity co
efficient data of PEI(HCl)m are given in Table II. 
The first column gives the concentration of solution 2 
(equiv/1000 g of water), that of solution 1 being 0.504. 
The emf’s of the cells shown by (I) are given in the 
second column. The transference numbers, kP, are 
given in the third column. In the fourth column, the 
observed mean activity coefficients, 7*, are given. 
These 7* values were determined on the basis of a 
7*2g value at m = 0.01 by the same convention as 
adopted in the preceding papers.2'3 Column 5 gives 
the single-ion activity coefficients of gegenions (Cl- ) 
in the same solution measured by the Ag-AgCl electrode 
and calomel electrode (cell II). In the last column the 
pH value of each solution is given. The degree of 
neutralization of the polymer was chosen so as to reduce 
hydrolysis to a negligible amount, at most 1.58% 
(at m =  0.001). In the present experiments using 
Ag-AgCl electrodes, the accuracy of the emf measure
ment can be claimed to be ±0.1 mv, and the reproduci
bility was ±1.5% . The error associated with the 7*

value was smaller than ±10% . The accuracy of the 
transference number is estimated to be ± 3 % .

As is shown in Table II, the transference number, 
¿2P, decreased with increasing concentration. This 
observation is in agreement with the one on NaPVAG 
and in disagreement with the one on NaPAA. 7 %  
of PEI(HCl)n decreased with increasing concentration 
in the range covered. This is in contrast with 7*2g of 
NaPAA2 and NaPVAG3 which was found to be almost 
independent of concentration. Though the reason for 
this disagreement is not clear, our finding on PEI(HC1)„ 
agrees with the one previously reported by Lapanje, 
et al.6 Table II also shows that the mean activity 
coefficient, 7*, of PEI(HC1)„ decreased with increasing 
concentration, more sharply than 7*2g. In other words, 
7* cannot be always equal to 7*2g; he., we have

7* ^  7*2g (3)

This conclusion has also been obtained previously on 
NaPAA and NaPVAG2'3 and can now be asserted to 
be generally valid. The definition of 7*

7 * 1 + “ = 7*2g“7*2p (4)

indicates that the reason for this disagreement is the 
single-ion activity coefficient of macroions (7 % ) being 
extremely large or extremely small. Thus the im
portance of the contribution of macroions to the 
thermodynamic solution properties is again clearly 
demonstrated.

In the previous paper,3 it was shown that the 
logarithm of the mean activity coefficient decreases

(11) F o r M ac lnnea ’ convention, see C hap ter 3 in  re f 4. The mean 
a c t iv ity  coefficient da ta  of potassium chloride were taken  fro m : 
H . S. H arned, J. Am. Chem. Soc., S I, 416 (1929); H . S. H arned and 
M . A . Cook, ib id., 59, 1290 (1937).
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Table H I: Transference and Activity Coefficient Data of TP(HC1)6, TT(HC1)4, DT(HC1)3, and ED(HC1)2 at 25°

m,
equiv/ E,b

Sample® 1000 g mv fJp y* t V pH

T P (H C 1 )6 0 .0 01 6 4 .7 0 .3 9 1 .1 0 4 .4 4
z =  5 0 .0 0 2 5 6 .9 1 .0 2
a  =  3 .8 8 0 .0 0 5 4 6 .1 0 .3 8 0 .9 7 0 .8 8 3 4 .1 4

0 .0 1 3 9 .6 0 .3 8 (0 .8 2 3 ) 0 .8 2 3 4 .1 2
0 .0 2 3 1 .5 0 .7 3 0 .7 5 8
0 .0 5 2 2 .7 0 .3 8 0 .6 6 0 .6 5 5 4 .2 6
0 .1 1 6 .5 0 .3 7 0 .5 5 0 .5 8 9 4 .4 1
0 .2 9 .1 0 .5 1 0 .5 2 8
0 .5 0 3 0 0 .3 7 0 .4 3 0 .4 2 3 4 .7 7

T T (H C 1 )4 0 .0 0 1 6 5 .1 0 .3 8 1 .1 2 4 .3 0
z =  4 0 .0 0 2 5 7 .5 1 .0 4
a  =  3 .7 2 0 .0 0 5 4 7 .7 0 .3 7 0 .9 3 0 .9 01 3 .7 3

0 .0 1 4 0 .5 0 .3 7 (0 .8 4 4 ) 0 .8 4 4 3 .5 1
0 .0 2 3 3 .1 0 .7 8 0 .7 8 6
0 .0 5 2 3 .5 0 .3 6 0 .7 1 0 .6 8 5 3 .2 8
0 .1 1 7 .2 0 .3 6 0 .6 1 0 .6 0 7 3 .2 5
0 .2 1 0 .0 0 .5 6 0 .5 3 8
0 .5 0 2 0 0 .3 5 0 .5 3 0 .4 4 2 3 .3 9

D T (H C 1 )3 0 .0 0 1 6 4 .7 0 .3 5 1 .1 3 4 .2 1
z =  3 0 .0 0 2 5 7 .3 1 .0 6
a  =  2 .9 4 0 .0 0 5 4 7 .8 0 .3 4 0 .9 5 0 .9 0 8 3 .9 7

0 .0 1 4 0 .7 0 .3 4 (0 .8 6 6 ) 0 .8 6 6 3 .9 4
0 .0 2 3 3 .8 0 .7 9 0 .8 1 3
0 .0 5 2 3 .6 0 .3 3 0 .7 6 0 .7 2 7 4 .0 6
0 .1 1 7 .7 0 .3 2 0 .6 4 0 .6 4 9 4 .1 5
0 .2 10 .1 0 .6 2 0 .5 6 6
0 .5 0 2 0 0 .3 2 0 .6 1 0 .4 81 4 .4 1

E D (H C 1 )2 0 .0 009 5 1 0 4 .7 0 .5 0 1 .0 6 6 .1 8
z =  2 0 .0 0 1 9 9 2 .6 0 .9 6
a  =  1 .7 2 0 .0 047 5 7 3 .6 0 .5 0 0 .9 8 0 .9 0 4 6 .3 2

0 .0 0 9 5 6 2 .0 0 .5 0 (0 .8 7 3 ) 0 .8 7 3 6 .3 8
0 .0 1 9 5 0 .1 0 .7 9 0 .8 2 0
0 .0 4 7 5 3 4 .6 0 .4 9 0 .6 8 0 .7 5 4 6 .5 4
0 .0 9 5 2 4 .0 0 .4 8 0 .5 8 0 .6 8 3 6 .6 4
0 .1 91 1 4 .0 0 .4 8 0 .6 1 0
0 .4 7 6 0 0 .4 7 0 .4 0 0 .4 9 7 6 .8 7

°  The degrees of neutralization were 0.96, 0.98, 0.98, and 0.86 for TP, TT, DT, and ED, respectively. 6 In the emf measurements, 
the reference concentration was the highest one for each sample. c y*2i values were cited from the results of Lapanje, el al.6

linearly with the cube root of concentration in the 
concentration range studied. It is interesting to see 
whether the cube-root rule also holds for PEI(HC1)„. 
Thus log y * of this polyimine was plotted against the 
cube root of concentration, which is shown in Figure 2. 
Clearly the plot gives a linearity over a wide range of 
concentration with a slope of —0.86. The slope of 
NaPAA was —0.74 and that of NaPVAG was in the 
range of —3.2 and —1.6, varying with the degree of 
polymerization and the charge density.3 The data of 
NaPVAG’s of various degrees of polymerization show 
that the magnitude of the slope decreases with increas

ing degree of polymerization. This variation accounts 
for the difference in the slopes of NaPAA and PEI- 
(HCl)n of nearly equal charge densities, since the degree 
of the polymerization of the polyacid was 1640 and that 
of the polybase about 100.

In Table III, the essential data of activity coefficients 
and transference data of very low molecular weight 
analogs of the polyethylenimine salt, i.e., TP(HC1)6, 
TT(HC1)4, DT(HC1)3, and ED(HC1)2, are shown. 
The number of free gegenions (a) is given in the first 
column, with the stoichiometric number of charges, z. 
In the second column, the concentrations in equiv/1000
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Figure 2. Concentration dependence of the mean activity- 
coefficient of the hydrochloride of polyethylenimine (25°). 
Vertical bars represent an uncertainty of ±10% .

g are given. The emf values of the concentration cells 
are given in the third column. The transference num
bers of polyvalent cations (fourth column) at each 
concentration were obtained using the transference 
method described already.6 In column 5 the observed 
mean activity cofficients are given. Column 6 gives 
the single-ion activity coefficients of gegenions de
termined by Lapanje, et al,5 In the seventh column the 
pH values of each solution are given. The highest 
degree of hydrolysis of the imine salts was 4.2% in the 
case of TP atm  =  0.001. The accuracy of the trans
ference number data is estimated to be ± 3 % . The 
error associated with the y* value was about ±  10% for 
these imine salts. Table III shows that the trans
ference number of polyvalent cation (Up) generally 
decreases with increasing concentration as was the case 
for polyethylenimine. As is readily seen from Table 
III, kp values of TT(HC1)4 and DT(HC1)3 are slightly 
smaller than those of TP(HC1)6. This may be ac
counted for by the difference of the degree of neutraliza
tion : the degrees of neutralization of TT and DT were 
larger than that of TP, and the contribution of co
existing hydrogen ions to the conductivity was larger 
for TT and DT than for TP (compare the pH values of 
these three imines), though the experimental condition 
was always chosen such that the contribution of hy
drogen ions was within 10% of the total conductivity. 
Table III shows that, in the case of ED, DT, TT, and 
TP, which are low molecular weight polyvalent elec
trolytes, y * can be nearly equal to y*2g, i.e.

7* «  7*2g (5)

According to the Maclnnes convention,4 we have for 
potassium chloride

7 *  (=7*±kci) =  7*2g (= 7 * c -  = 7*k+) (6)

Inspection of eq 3, 5, and 6 reveals that the discrepancy 
between y* and y*2g becomes large as the valency of 
one ionic species (cationic one in the present case) in

creases. This continuous change in the discrepancy 
appears to characterize the transition from simple 
electrolytes to polyelectrolytes and must be taken into 
consideration when thermodynamic properties of elec
trolyte solutions, polymeric and simple, are to be dis
cussed from a unified standpoint.

In Figure 3, log y* of low molecular weight imine 
salts was plotted against the cube root of concentration. 
It is seen that the cube-root rule also holds for these 
salts. The upper limit of concentration, at which the 
cube-root rule begins to fail, and the slope are sum
marized in Table IV, together with the data for poly
ethylenimine salt. It would be plausible that the 
upper limit goes down at first with increasing charge

Table IV : The Constants of the Cube-Root Plot

Upper lim it, 
equiv/1000 g 

of water Slope

ED(HC1)2 0.12 -0 .6 0
DT(HC1)3 0.064 - 0.86
TT(HC1)4 0.030 -0 .9 4
TP(HC1)5 0.027 -1 .1 0
PEI(HC1)„ -0 .504 - 0.86

Figure 3. Concentration dependence of the mean activity 
coefficient of hydrochlorides of ED, DT, TT, and TP 
(25°). Vertical bars represent an uncertainty of ±10% .
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number and then, after passing through a minimum, 
increases. This tendency may be accounted for as 
follows. As the charge number of the cation increases, 
the repulsive force between the ionic species becomes 
large enough to break the local regular structure, which 
would have been present for electrolytes having a small 
number of charges and would be responsible for the 
linearity in the cube root. With a further increase in 
the charge number, however, the macromolecular prop
erties of the cation become important, resulting in the 
intermacroion linkage mentioned in the previous paper,3 
so that the upper limit goes up. The magnitude of the 
slope, as is seen from Table IV, appears to become large

at first, as the charge number increases, and then flat
tens out for the low molecular weight imines. The 
monotonic increase would be due to increasing electrical 
potential energy between ions. The comparatively 
small magnitude of the slope of polyethylenimine is 
due to the large volume effect of the cation, as was 
mentioned in the previous paper.3
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N O T E S

Infrared Spectra o f  Ethylene Chem isorbed on 

Nickel and Platinum  in Relation to the 

Activity o f  These Metals as 

Hydrogenation Catalysts

by B. A. Morrow

University Chemical Laboratory, Cambridge University,
Cambridge, England

and N. Sheppard

School o f Chemical Sciences, University of East Anglia,
Norwich, England (Received December 29, 1965)

Platinum is considered to be better than nickel as a 
hydrogenation catalyst for converting ethylene to 
ethane.1 2 3 The relatively poor performance of nickel 
is often attributed to the formation of surface complexes 
which are only slowly removed by hydrogen,2 3 and 
earlier infrared spectroscopic studies of the surface 
species by Eischens and Pliskin4’5 have thrown con
siderable light on the nature of these. We have now 
made a comparative study of the spectra obtained 
from the initial adsorption of ethylene and subsequent 
addition of hydrogen on both of these metals over a 
range of temperatures from —80 to 100°.

Many of our conclusions on Ni are similar to those 
derived from the earlier work,4'5 but one difference is 
that at all temperatures we consistently obtain very 
similar spectra under conditions ascribed previously 
to “ hydrogen-covered”  and “ hydrogen-free”  surfaces.6 
A possibly significant difference in experimental tech
nique is that our Cab-O-Sil (silica)-supported samples 
have been studied in the form of thin pressed disks, 
whereas in the previous work the metal was deposited 
on powdered Cab-O-Sil deposited on a CaF2 plate.6

When ethylene was brought into contact with a Pt 
sample, a well-defined spectrum was obtained from the 
initially adsorbed species (Figure 1A); similar spectra 
are obtained with the same principal absorption bands 
throughout the temperature range —80 to 150° 
(Figure IB). The absorption bands at 2795 and 2880 
cm-1 and part of that at 2920 cm-1 are attributed to 
surface MCH2-CH2M groups (M =  metal). Admis
sion of hydrogen to the reaction cell at 20° or below, 
after initial adsorption had been carried out at the 
same temperature, led to the removal of the original 
infrared absorption bands due to surface species and 
the production of much ethane either in the gas phase

or physically adsorbed at lower temperatures. Only at 
higher temperatures do moderate-strength spectra of 
chemisorbed surface species persist after the addition 
of hydrogen. Figure 1C shows such a spectrum ob
tained at 95°; it is of a shape similar to that expected 
for an n-butyl group.6 At this temperature the gas- 
phase infrared spectrum indicated a relative hydro
carbon content of approximately 95% ethane and 5% 
n-butane, with more of the latter molecules in the gas 
phase than n-butyl groups on the surface. On evacua
tion for 5 min, the spectrum of the surface species 
decreased greatly in intensity (Figure ID) but was 
nearly completely restored by readdition of hydrogen 
(Figure IE ); this behavior is very similar to that re
ported by Eischens and Pliskin for similar n-alkyl 
spectra obtained at 35° after hydrogenation of ethylene 
on nickel.

The spectrum of the initially adsorbed species from 
ethylene on Ni was found to vary considerably with

A 20° c

I I I I I r  I I I I—
3000 2900 2800 3000 2900 2800

Figure 1. (A) The spectrum obtained at 20° on initial 
adsorption of ethylene on silica^supported platinum;
(B) spectrum obtained on initial adsorption at 95°;
(C) spectrum after addition of gas-phase hydrogen (93°); 
dashed line denotes gas-phase spectrum; (D) spectrum 
obtained after cooling to 20° and evacuation of gas phase; 
(E) spectrum after readdition of hydrogen at 20°.

(1) G. C. B ond, “ Cata lysis b y  M e ta ls ,”  Academ ic Press In c ., London , 
1962, C hap ter 11.

(2) O. Beeck, Discussions Faraday Soc., 8 , 118 (1950).
(3) G . I .  Jenkins and E . K . R ideal, J. Chem. Soc., 2490 (1955).
(4) W . A . P lisk in  and R . P. Eischens, J. Chem. Phys., 24, 482 
(1956).

(5) R . P. Eischens and W . A . P lisk in , Advan. Catalysis, 10, 1 (1958).
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both the temperature and time of adsorption. Only 
the low-temperature spectrum ( —78°) obtained after 
a short period of time was indicative of MCH2 • CH2M 
species in that it had considerable resemblance to that 
shown in Figure 1A for ethylene on Pt. On nickel 
a spectrum due to surface species of the w-butyl type 
was obtained after hydrogenation at —78° and this 
increased in intensity at room temperature. The 
gaseous or physically adsorbed hydrocarbons present 
after hydrogenation (which were always notably 
smaller in amount with Ni than with Pt) consisted 
largely of ethane with some butane at —78°, but almost 
entirely of n-butane at 20°.

The occurrence of considerable numbers of C4 
species in both the gaseous and adsorbed phases after 
hydrogenation in this case suggests that the time- 
dependent spectra on initial adsorption are caused by 
a polymerization process.

Although at room temperature comparable amounts 
of surface species are formed by adsorption of ethylene 
on both metals, hydrogenation brings about their 
conversion to a considerable proportion of surface 
butyl groups in the Ni case, but mostly to gas-phase 
ethane in the case of Pt. Only at considerably higher 
temperatures are surface alkyl groups formed on 
platinum. For the latter metal the surface therefore 
remains more accessible for the catalysis of the ethylene- 
hydrogen reaction. The spectra obtained in this work, 
and in work on higher olefins,6 1 2 3 4 5 will be published later 
in greater detail.

(6) M . C la rk  (1960), J. W . W ard  (1962), and B . A . M o rro w  (1965), 
P h.D . Theses, C am bridge U n ive rs ity .

Concentration Dependence o f  Activity o f  a 

M acrom olecular Com ponent or Species

by Norio Ise and Tsuneo Okubo

Department of Polymer Chemistry, Kyoto University, Kyoto, Japan 
(Received January 3, 1966)

The vapor pressure of macromolecules is too small to 
measure directly. Therefore, the activity of the macro- 
molecular component or species in solution can be in
directly determined by measuring the activity of sol
vent using the Gibbs-Duhem equation. This method, 
however, can be replaced by a less indirect one if the 
macromolecule is a macroion. As reported pre
viously,1-3 the mean activity coefficients 7* of poly-

electrolytes have been measured by the concentration 
cell method. The 7 * is defined as

7 * 1 + “  =  7 V 7 * 2 p  ( 1 )

where 7 *2g and 7 *2p are the (single-ion) activity coeffi
cients of the gegenion and macroion, respectively, and 
a is the number of free gegenions dissociated from a 
polyelectrolyte molecule. Since a was determined 
using the transference method,4 the (single-ion) ac
tivity coefficient of the macroion, 7 *2p, and hence the 
(single-ion) activity, a2p, can be evaluated from 7 * and 
7*2g. We must assume, however, that the well-known, 
but not exactly provable, assumption pertaining to the 
liquid junction potential is made, viz., that the 7*2g 
value, which was determined electrochemically,4 may 
be regarded as correct.

In this note, we intend to comment on the depend
ence, thus determined, of the (single-ion) activity of a 
macromolecular species, or macroion, on concentration. 
In Figure 1, natural logarithms of a2p of several poly
electrolytes having about the same degree of polym
erization are shown against concentration (m) in a 
logarithmic scale. The a2p was obtained from previous 
work on sodium polyacrylate (NaPAA)1 and on sodium 
salts of polyvinyl alcohol partially acetalized with gly- 
oxylic acid (NaPVAG).2 It is readily seen from this 
figure that (1) a linear relation holds, (2) the slope is 
negative, and (3) the magnitude of the slope decreases 
with decreasing charge density. In Figure 2, In a2p of 
NaPVAG salts of various degrees of polymerization is 
presented, the ratio of charge z to degree of polymeriza
tion s being approximately constant (between 0.13 and 
0.18). It is seen that a linear relation also holds with 
a negative slope; besides, (4) the magnitude of slope de
creases with decreasing degree of polymerization. 
With respect to this finding, mention should be made of 
the fact that the slope is positive for very low molecular 
weight electrolytes, as is shown in Figure 3. In this 
figure the (single-ion) activity of polyvalent cations of 
the hydrochlorides of tetraethylenepentamine (TP) 
and diethylenetriamine (DT) and that of the potas
sium ion of potassium chloride are given.6 Thus, it is

(1) N . Ise and T . O kubo, J. Phys. Chem., 69, 4102 (1965).
(2) N . Ise and T . O kubo, ib id., 70, 1930 (1966).
(3) N . Ise and T . Okubo, ib id., 70, 2400 (1966).
(4) See, fo r  example, T . O kubo, Y . N isb izak i, and N . Ise, ib id., 69, 
3690 (1965). I t  should be noted th a t a was fou nd  to  be insensitive  
tow a rd  concentra tion in  the  range covered.
(5) The a c t iv ity  o f the  po lyca tions was calcula ted using the  7*  and 
7*2g values m entioned in  the  re f 3. The a c t iv ity  o f K + was calcu
la te d  using M a c ln nes ’ convention and mean a c t iv ity  coeffic ient 
da ta  reported ea rlie r: T . Shedlovsky, J. Am. Chem. Soc., 72, 3680 
(1950); H . S. H arned and B . B . Owen, ib id., 59, 1290 (1937). I t  
should be fu r th e r noted th a t the  ca tion  a c tiv itie s  o f the  hyd ro 
chlorides of tr ie thy lene te tram ine  and ethylened iam ine were also
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Figure 1. Concentration dependence of (single-ion) activity 
of macroions: (1 ) O, NaPAA (degree of polymerization 
s = 1640, degree of neutralization = 1.0); (2) A,
NaPVAG-N3 (s = 1700, stoichiometric number of charge 
z = 179); (3) □, NaPVAG-N2 (s =  1700, z = 86);
(4) X, NaPVAG-Nl (s = 1700, z = 51).

highly probable that the magnitude of the slope de
creases with decreasing degree of polymerization, then 
passes through zero, and again increases with reversed 
sign.

According to the Flory-Huggins theory* 6 of neutral 
polymer solutions, the activity of solute polymer a2 
can be expressed as

In a2 =  In v2 — (s — 1)(1 -  p2) +  xis(l -  v2)2 (2)

where % is the mole fraction of the solute, s is the degree 
of polymerization, and xi is the interaction parameter.7 
Equation 2 gives In a2, which rises steeply with increas
ing concentration, when xi can be assumed to be in
dependent of concentration, as is often found8 to be 
approximately true. If the activity of the macro- 
molecular component is taken to be comparable with 
the single-ion activity of macromolecular ionic species, 
we may say that this concentration dependence is in 
marked contrast to our second finding with macroions 
mentioned above.

Figure 2. Concentration dependence of (single-ion) 
activity of macroions: (1 )0 , NaPVAG-27 (s =
10,500, z = 1540); (2) A, NaPVAG-24 (s -  2490, 
z = 332); (3) □, NaPVAG-23 (s = 1050, z = 164);
(4) X, NaPVAG-21 (s = 86, z = 15).

By these comparisons with very low molecular weight 
electrolytes and neutral polymers in solution, the tend
ency for the activity to decrease with increasing con
centration may be concluded to be characteristic of 
macroions. A large fraction of gegenions clusters 
around the macroions because of interionic attractive 
forces. If this force is strong enough, then the gegen
ions exert simultaneous attractive action on more than 
one macroion. The situation can be paraphrased by 
the statement that the macroions “ attract”  each other 
through the intermediary of the gegenions to inactivate

found to  fa ll on the  same line  as shown in  F igure  3. These da ta , 
however, were o m itte d  fo r the  sake o f b re v ity .
(6) P. J. F lo ry , “ P rinc ip les o f P o lym er C hem is try ,”  C orne ll U n i
ve rs ity  Press, Ith aca , N . Y ., 1953, C hapter 12. T h is  the o ry , as is  
w ell know n, is n o t exactly  applicable to  the  d ilu te  solutions being dis
cussed in  th is  paper. Therefore, ou r argum ent in  the  te x t  is n o t 
in tended to  be q u a n tita tive .
(7) The reference state o f the  a c t iv ity  in  eq 2 is a t »2 =  1, whereas 
our reference state corresponds to  a hyp o th e tica l in f in ite  d ilu t io n  of 
ionized groups. T h is  difference does n o t m a tte r in  the  present 
paper, since the  concentra tion dependence of the  a c t iv ity  is under 
consideration.

(8) See, fo r example, H . Tom pa, “ P o lym er S olu tions,”  B u tte rw o rth  
and Co. L td ., London, 1956, p 96, 310. See also re f 6, C hap te r 12.

The Journal of Physical Chemistry



Notes 2409

m (equiv./IOOOg.)
Figure 3. Concentration dependence of (single-ion) 
activity of very low molecular weight cations:
-o, TP(HC1)6; o',  DT(HC1)3; A, KC1.

part of the macroions thermodynamically in spite of 
intermacroion repulsive force, so as to form an inter
macroion “ linkage.” 9 Thus, the (single-ion) activity 
of macroions decreases with increasing concentration, as 
was shown experimentally.

On the other hand, there exists no strong interaction 
such as the coulombic one in solutions of neutral poly
mers. Therefore, the intermacroion linkage would 
give rise to greater polymer association than would be 
expected between neutral polymer molecules.

Decreasing charge density or degree of polymeriza
tion clearly results in a decrease in the fraction of 
gegenions clustering around macroions and hence 
weakens the linkage. This would account for our 
third and fourth findings.

Acknowledgments. The authors gratefully acknowl
edge the criticisms and encouragements received from 
Professor Ichiro Sakurada. Their sincere thanks are 
due to Professor Michio Kurata for his stimulating dis
cussion.

(9) T h is  idea was ea rlie r suggested (F . T . W a ll and J. W . Drenan* 
J . Polymer Sci.t 7, 83 (1951)) and the o re tica lly  treated (J. A . V- 
B u tle r, B . E . C onw ay, and D . W . F . James, Trans. Faraday Soc. 
50, 612 (1954)). I t  is in te res ting  to  note th a t, as o rig in a lly  found  
in  the  case of the  sim ple e lec tro ly te  solutions (H . S. F ra n k  and P. T . 
Thompson, J. Chem. Phys., 31, 1086 (1959)), the  cube-root ru le  of 
the concentra tion dependence of lo g a rith m  of mean a c t iv ity  coefficient 
was found to  ho ld  also fo r po lye lec tro ly te  solutions in  re f 2, and the  
ru le  was q u a lita tiv e ly  accounted fo r b y  the  in te rm acro ion  “ linkage .”

Absorption Spectrum  o f  the Hydroxyl R adical1

by J. K. Thomas, J. Rabani, M. S. Matheson,
E. J. Hart, and S. Gordon

Chemistry D ivision , Argonne National Laboratory,
Argonne, Illin o is  (Received January 20, 1966)

The discovery and identification of the absorption 
spectrum of the hydrated electron,2 eaq- , has made

possible the measurement by means of the technique 
of pulse radiolysis of some 200 or more absolute rate 
constants for this species.3 It would also be advan
tageous to observe and identify the absorption spectra 
of the other primary transient species formed in the 
radiolysis of water. Reliable rate constants are known 
for the H atom;4 5 however, one would not expect the 
H atom in aqueous solution to absorb in an accessible 
region of the spectrum. On the other hand, the OH 
radical in the gas phase has groups of very narrow ab
sorption lines belonging to a half-forbidden transition6 
and, therefore, could exhibit a weak ultraviolet absorp
tion in aqueous solution. In preliminary communi
cations,6'7 we have suggested that there is indeed 
such a weak OH radical absorption below 3000 A. 
In this paper this absorption is described and evidence 
for its identification presented.

Experimental Section
The pulse-radiolysis apparatus incorporating two 

light passes in the 4-cm cell, the high-pressure H2 
cell, and the dosimetry has already been described.8 
At wavelengths below 2500 A more than 10% of the 
photomultiplier signal was due to scattered light. 
However, by the use of interference filters (Baird 
Atomics Inc.) in conjunction with the Bausch and 
Lomb monochromator, the contribution of scattered 
light to the signal was reduced to less than 1%. It was 
then possible to observe absorptions down to 2200 A 
precisely and probably to 2000 A. Dosimetry was 
carried out by thé direct observation of Fe3+ in a 
modified Fricke dosimeter (10 vaM Fe2+, 10~3 M  0 2) 
where (r(Fe3+) =  15.6.

Results
Observation of the Spectrum. The points in Figure 1 

are derived from initial optical densities, which were 
obtained by extrapolating optical density decay curves 
to the end of the 0.4- or 1.0-/isec pulse. For any given 
solution in Figure 1 pulses of equal intensity were used

(1) Based on w o rk  perform ed under the  auspices o f the  U . S. A to m ic  
E nergy Commission.
(2) (a) E . J. H a r t  and J. W . Boag, J. Am. Chem. Soc., 84, 4090 
(1962); (b) J. W . Boag and E . J. H a rt ,  Nature, 197, 45 (1963).
(3) See L . M . D o rfm an  and M . S. M atheson, Progr. Reaction Kinetics, 
3, 237 (1965), fo r a sum m ary of w ork  to  M a y  1964.
(4) J. P. Sweet and J. K . Thom as, J. Phys. Chem,, 68, 1363 (1964).
(5) O. O ldenberg and F . F . Rieke, J. Chem. Phys., 6, 439 (1938).
(6) J. R abani and M . S. M a jheson, J. Am. Chem. Soc., 86, 3175 
(1964).
(7) J. K . Thomas, Trans. Faraday Soc., 61, 702 (1965).
(8) (a) L . M . D orfm an , I .  A . T aub, and R . E . B üh le r, J. Chem. 
Phys., 36, 3051 (1962) ; (b) S. G ordon, E . J. H a rt, and J. K . Thomas, 
J. Phys. Chem., 68, 1262 (1964); (c) M . S. M atheson and J. Rabani, 
ib id., 69, 1324 (1965).
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x A -
Figure 1. The absorption spectrum of the OH radical 
(optical path length, 8 cm; 0.76 X 10~6 M  OH radicals/ 
pulse): O, 1 mN  HC104, degassed; X , 1 mN  H2SO4, degassed; 
( ) ,  1 m l  N20, neutral pH; A, 2 X 10-4 M  H20 2, neutral pH. 
In these results the optical density was corrected for the 
loss of H2O2 [(?( — H2O2) =  2.3]; the extinction coefficients 
were taken from W. C. Sehumb, C. N. Satterfield, and 
R. L. Wentworth in “ Hydrogen Peroxide,” A.C.S.
Monograph Series No. 128, Reinhold Publishing Corp.,
New York, N. Y., 1955, p 287. The dashed line was 
obtained by multiplying the results in acid solution by 1.8.
The molar extinction coefficient at 2600 A is 370 M ~ x cm-1.

on fresh solution at the various wavelengths indicated 
by the points. The molar extinction coefficient in 
10-3 M  HCIO4 at 2600 A is e 0 H  2600 =  370 M~x c m '1;7 
this is calculated from the dosimeter and using G(OH) 
=  2.40.
Identification of the Spectrum

Evidence supporting our assignment of this transient 
absorption band to the OH radical is derived from the 
effect of increased OH yields and from the effect of OH 
scavengers on the half-life.

Effect of Increased OH Radical Yields. Since Goa — 
Gem~ =  2.6,9 the replacement of e^ -  by OH radicals 
should double the OH radical yield. The following 
reactions are commonly used for enhancing OH radical 
reactions

eaq_ +  N20  — > N20 -  — > N2 +  OH +  O H - (1) 
e8q-  +  H20 2 —^  OH +  O H - (2)

thereby doubling approximately (7(OH) since
eaq-  +  H+ — >  H (3)

is the normal mode of eaq_ removal in an acid solution. 
In the absence of N20  and H20 2, reaction 3 is important 
since it removes the appreciable eaq_ absorption in 
the spectral region where the OH band is found.

Note in Figure 1 that the approximate doubling of 
the optical density of the band takes place in the 1.0 
mM N20  and 0.2 m l  H20 2 solutions at wavelengths 
between 2300 and 2800 A.

Decay of the OH Radical Absorption
In the presence of high pressures of hydrogen, the 

OH radical absorption decays rapidly. In a typical 
experiment an initial optical density of 0.015 decays 
to a plateau level of 0.003. This residual absorption 
probably originates in the thick quartz window of 
the pressure cell. The rate of decay of the OH radical 
is first order and depends on the hydrogen gas pressure 
from 10 to 20 atm, giving fc4 =  (6.0 ±  2.0) X 107 
M~l sec-1.

OH +  H2 — > H +  H20  (4)

The agreement with the literature values of fc4 = 4.5 X  
107 and 3.5 X 107 (ref 10 and 7, respectively) is satis
factory.

The decay of the OH radical absorption at 2600 A 
via dimerization and via reaction with the H atoms is 
second order and has been reported.7 The value for 
2 /cqh+oh is 1.05 X 1010 M~l sec-1 and agrees with the 
values in the literature, 8 X 109.10 The value for 
/ch+oh is 0.7 X  1010 M _1 sec-1 and is lower than that 
reported by Fricke and Thomas.11

The above data support the assignment of the ab
sorption spectrum in Figure 1 to the OH radical. At 
wavelengths below 2300 A, contrary to expectation, 
the spectrum in acid solution is larger than half that 
in the hydrogen peroxide and nitrous oxide solutions. 
This discrepancy from the predicted behavior might 
be attributed to another species, which is present only 
in the acidic solutions.

(9) J. R abani, W . A . M u lac , and M . S. M atheson, J . Phys. Chem., 
69, 53 (1965).
(10) H . A . Schwarz, ib id., 66, 255 (1962).
(11) H . F ricke  and J. K . Thomas, Radiation Res. Suppl., 4, 25 
(1964).

A New 2-P lot Treatm ent o f  Equilibrium  
Data and Its A pplication  to  the 
Vaporization o f  B ism uth C hloride1

by Daniel Cubicciotti

Stanford Research Institute, Menlo Park, California 94085 
(Received January 5, 1966)

The 2-plot treatment of equilibrium data as ordi
narily used2 requires that the heat capacities of the sub-
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stances involved be known as analytic functions of 
temperature. These are integrated in the Clausius- 
Clapeyron equation and 2 is defined as3

2 =  In K + f  ~ jA C PdTdT (1)

so that it will have linear dependence on l/T, i.e.

2 =  AHj/T +  I  (2)

Many compilations provide thermodynamic data 
in tabular form at specific temperatures and not as 
analytic functions. This is particularly true of values 
calculated by statistical thermodynamics from molecu
lar constant data since the electronic and vibrational 
contributions are obtained from tabulated data. As 
a result, the use of the ordinary 2-plot method becomes 
difficult.

Principle of the Method
We have devised the following alternative 2-plot 

procedure to use with tabular thermodynamic data. 
One can write

A G°r 
T

=  —R ln K
A H°t 

T

A(H% -  H°m) _
+  T

A(S°298 — A(tS°r

A S°T

— <S°298)

(3)

(4)

Define

2 ' = —R ln K +

A (S°T - S ° 298) (5)

Therefore, also

2 ' = AH °298
T A*S°298 (6)

A plot of 2 ' vs. l/T should be a straight line whose 
slope gives AH°Mi directly and whose intercept is 
A£°298. (It is more precise, however, to obtain AS°298 
by substituting values of 2 ' and l/T  into eq 6, once 
AH°wi is known.) Alternately, the values of AH°iw 
and A(S°298 can be obtained from a least-squares treat
ment of the data.

In practice, one adds to a measured value of R In K, 
at a given temperature, the quantity A (S°T — S°29g) — 
A(H°t — H°m)/T obtained by interpolation from 
tabular data. When many values must be interpolated, 
it is more expedient to evaluate the quantity A (S°T — 
S°29s) — A(H°t — i r Mg)/T at the temperatures 
tabulated and to plot the function for interpolation.

Figure 1. 2 ' plot of BiCl3 vapor pressure data: □ , Evnevich
and Sukhodskii; A, Keneshea, et a l .; O, Cubicciotti, et a l . ;

A , Johnson, et a l.-, ®, Darnell and Yosim.

It is clear that the function (S°T — S°‘m) — (H°T — 
H°M9)/T for a substance is simply the negative of the 
increment (at temperature T) of the free energy function 
above 298°K. We shall call this quantity the free 
energy function increment (fef incr). Thus

(7)

— fef incr = 0S°T -  S°298) - (8)

If tabular fef values are available, the calculation can 
be made through them. Once All02m and AS°ms are 1 2 3

(1) T h is  w o rk  was made possible b y  the  financ ia l support fro m  the  
Research D iv is io n  of the  TJ. S. A to m ic  E nergy Com m ission under 
C on trac t A T(04-3)-106.
(2) F o r a discussion o f the  usual 2 -p lo t m ethod see K . S. P itze r 
and L . B rew er revis ion o f G. N . Lew is and M . R anda ll, “ Therm o
dynam ics,”  M c G ra w -H ill B ook Co., Inc ., N ew  Y o rk , N . Y ., 1961, 
p 175.
(3) The symbols used in  th is  paper have the  same significance as in  
re f 2 except fo r m odified 2'.
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Table I : Standard Thermodynamic Functions for Bids

■Gas--------------------------------------- • /---------------------------------------------- Condensed phases-
- f e f - f e f

To, - fe f , incr. Hr — He as, St — £298, incr, - fe f ,
“ K eu° eu° cal/mole& eu6 euc euc

298 85.24 41.70
400 90.88 0.74 2,610 7.53 1.00 42.70
500 95.23 2.18 5,170 13.24 2.90 44.60
506.7 (s) 5,340 13.58 3.04 44.74
506.7 (1) 11,050 24.85 3.04 44.74
600 98.81 3.79 14,100 30.36 6.87 48.57
700 101.84 5.41 17,360 35.35 10.56 52.26
800 104.48 6.97 20,620 39.74 13.97 55.67

° Calculated from the data in K. K, Kelley, U. S. Department of Interior, Bureau of Mines Bulletin 594, U. S. Government Printing 
Office, Washington, D. C., 1960. b Calculated from values obtained in this laboratory, namely C p( s) = 25.6 eu, Cp(l) =  32.6 eu, 
A H i  =  5.71 kcal/mole, Ti  = 506.7°K. The experimental data will be published by D. Cubicciotti, H. Eding, F. J. Keneshea, and 
J. W. Johnson. c fef = (G ° T  — in which the reference state is s o l id  BiCl3 at 298°K.

determined from the experimental data, values of K  
can be calculated from them. From eq 4 one finds

AH °29R
R In K  =  AS°298 ------- ^  +

A((S°r -  S°m) -  ~  - °r-~  H °MS) (9) 

or alternatively
ATTO

R In K  =  A>S°298 ------- ■-*- -  A fef incr (10)

The advantages of this method are the following,
(a) It enables one to use tabular values of thermo
dynamic data without the labor of converting them to 
analytic form, (b) It gives the enthalpy and entropy 
changes for the reaction explicitly at the reference 
temperature—298 °K for the form used above. (The 
usual 2-plot treatment gives the enthalpy change in 
the temperature range of the measurements, while 
the entropy change is given indirectly in the integration 
constant.) (c) Perhaps the most important advantage 
is that data obtained above and below a transition should 
fall on the same straight line in this new S-plot method. 
Thus, for example, vapor pressures obtained above 
and below the melting point of a substance can be in- 
tercompared directly and values of AH°2<i$ and AS°ns 
obtained that simultaneously weight liquid and solid 
data. (In the usual S-plot method a value of AH is 
obtained for one phase from one plot and another 
applicable to the second phase is obtained from another 
plot. Their difference is then compared with the heat 
of transition.)

Application to the Vaporization of BiCI3
The vapor pressure of BiCl3 has been measured for

the liquid and for the solid but these results have not 
been intercompared. The thermodynamic functions 
of the vapor have been calculated from molecular 
constant data.4 We have measured the enthalpy 
increments above 298 °K  for the condensed phases and 
so can evaluate the free energy function increments.

Values for the fef incr are given in Table I. For use 
in the above S-plot method, A fef incr (i.e., the differ
ence of fef incr between the vapor and condensed 
phases) was plotted as a function of temperature to 
give two smooth curves that intersect at the melting 
point. This plot was used to calculate S ' for each 
vapor pressure measurement. S ' was defined accord
ing to the above treatment as

— S ' = R In p(atm) -f- A fef incr

The S ' plot for BiCl3 is shown in Figure 1. For the 
liquid there are four sets of vapor pressure measure
ments in good agreement: Evnevich and Sukhodskii5 
(by a boiling method), Keneshea, et al.4 5 6 7 (by a spiral 
gauge manometer), Cubicciotti, et al J (by transpiration), 
and Johnson, et at,8 (by boiling point). The higher 
pressure values of Maier9 are in agreement with the 
above data but his lower values are not; the results

(4) K . K . K e lle y  and E . G. K in g , U . S. D epa rtm e n t o f the  In te r io r ,  
Bureau of M ines B u lle tin  592, U . S. G overnm ent P r in tin g  Office, 
W ashing ton, D . C., 1961.

(5) E . V . E vnev ich  and V. A . Sukhodskii, J. Russ. Phys. Chem. 
Soc., 61, 1503 (1929).
(6) F . J. Keneshea, W . W ilson, and D . C u b icc io tti, J. Phys. Chem., 
64, 827 (1960).

(7) D . C u b icc io tti, F . J. Keneshea, and C. M . K e lley , ib id., 62 , 463 
(1958).

(8) J. W . Johnson, W . J. S ilva, and D . C u b icc io tti, ib id., 69, 3916 
(1965).

(9) C. G. M a ie r, U . S. D epa rtm en t of the  In te r io r , B ureau of M ines  
Technica l Paper N o. 360, 1925.

The Journal of Physical Chemistry



Notes 2413

of Tarasenkov and Afinogenov10 are too low in general. 
These last two sets of data were not considered in the 
present calculation.

The best straight line through the first four sets of 
data was drawn on a large-scale plot. Of the 71 data 
points for the liquid, 90% lie between two parallel 
straight lines of slope 27.3 kcal/mole and separated 
by 0.2 unit on the 2 ' scale. The slope of the median 
line gives AH°M$ (the standard enthalpy of sublima
tion at 298°K). Limits of uncertainty were taken 
from the lines of largest and smallest slope that could 
be put between these parallel lines in the range of the 
data. The resulting value of AH°M$ was 27.3 ±  0.2 
kcal/mole. AS°2<m (the standard entropy of sublima
tion at 298°K) was taken from the value of 2 ' at the 
midtemperature of the data through eq 6. Its 
uncertainty was evaluated from that associated with 
AH and the experimental uncertainty in 2 ' .  A S 02g8 
was found to be 43.7 ±  0.4 eu.

A least-squares treatment of the data was obtained 
from the institute’s computation group. The values 
and their standard deviations by this treatment were 
A7/°298 =  27.20 ±  0.07 kcal/mole and AS°2gs =  43.56 ±  
0.04 eu. The differences between these and the graphi
cal values are small. They occur because the higher 
temperature points were weighted somewhat more 
heavily than the midrange points in the graphical 
evaluation. This author prefers the graphical method 
of evaluation of data from different experimenters be
cause of the convenience in weighting the data visually. 
Therefore, the data derived graphically are considered 
the more reliable and are used below in preference to 
the least-squares data.

For the solid there is only one set of vapor pressure 
data, those of Darnell and Yosim11 by effusion. When 
2 ' is evaluated by the above method, the values above 
and below the melting point should fall on the same 
straight line. In the high-temperature region of their 
data, the values obtained by Darnell and Yosim fall 
close to the line defined by the liquid data; however, 
at the low-temperature end their data fall below the line 
by as much as 15% in pressure. The enthalpy and 
entropy of sublimation derived from the solid data 
alone (29.8 kcal/mole and 49.3 eu, respectively) are 
substantially different from the values derived from the 
liquid. The difference is presumed by this author to 
be due to some systematic error in the measurements 
over the solid.

The absolute entropy of BiCl3(g) at 298°K is 85.4 ±
1.0 eu as calculated from molecular constants by 
Kelley.4 Using A<S°298, sublimation, of 43.7 ±  0.4 eu 
from above, one calculates the S°298 for solid BiCl3 to 
be 41.7 ±  1.5 eu. With this value one can calculate

the free energy function for BiCI3 in the condensed 
phases by subtracting it from the fef incr of Table I. 
Values of fef are given in the last column of the table.

The vapor pressure of BiCl3 can be calculated at any 
temperature from (10). Thus R In p(atm) =  43.7 — 
(27,300/T) — A fef incr, with values of A fef incr 
interpolated from the data in Table I.

(10) D . H . Tarasenkov and B . P . A finogenov, Zh. Fiz. Khim ., 9, 
889 (1937).
(11) A . J. D a rn e ll and S. J. Yosim , J. Phys. Chern., 63, 1813 (1959).

Transition Energies for a M erocyanine Dye in 

Aqueous Electrolyte Solutions. Solvent 

Polarity Indicator Transition Energy—Internal 

Pressure Relations1

by John E. Gordon

Woods Hole Oceanographic Institution,
Woods Hole, Massachusetts 0254% (Received January 26, 1966)

Numerous compounds are known whose electronic 
transition energies, Et, are more or less sensitive 
functions of the polarity of the solvent in which they 
are dissolved.2-4 That thQse transition energies meas
ure a “ microscopic”  solvent polarity (in contrast to 
“ macroscopic”  measures such as the dielectric con
stant) and correlate better with chemical parameters 
representing solvent ionizing power, e.g., the Winstein- 
Grunwald Y values, than with functions of dielectric 
constant, e.g., (D -  1)/(2D +  1), has been amply dis
cussed.2-4 It is, however, instructive to extend these 
comparisons to include one further macroscopic quan
tity, namely, the cohesive energy density or internal 
pressure of the solvent, AEv/V (AEv =  energy of 
vaporization, V =  molar volume). Some such com
parisons are made in Figures 1-3.

Figure 1 employs transition energies for the blue-shift
ing, polar merocyanine, I, given the symbol xb by 
Brooker, et al.2h Figure 2 illustrates the analogous Z

(1) C o n tr ib u tio n  N o. 1643 fro m  the  W oods H o le  Oceanographic 
In s t itu t io n ; supported in  p a rt by  the  N a tio n a l Science Foundation , 
G ra n t No. G P  5110, and in  p a rt b y  the  Office o f N a va l Research, 
C on trac t nonr 2196(00).
(2) (a) L . G. S. B rooker, et al., J. Am. Chem. Soc., 73, 5332 (1951); 
(b) L . G. S. B rooker, A . C . Craig, D . W . Heseltine, P. W . Jenkins, 
and L . L . L inco ln , ib id., 87, 2443 (1965).
(3) E . M . Kosower, ib id., 80, 3253 (1958).
(4) K . D im ro th , C. R eichardt, T . S iepmann, and F . B ohlm ann, 
Ann., 661, 1 (1963).
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values measured by Kosower3 for l-ethyl-4-carbo- 
methoxypyridinium iodide. Two specially interesting 
families of solvents have been extracted from the more 
extensive compilation215 of transition energies for the red- 
shifting dye II ( x r  values) to make up Figure 3.6

Consideration of the internal pressure at least pro
vides an alternative view of this solvatochromism, for 
if one considers a dipolar solvent polarity indicator 
molecule comparable in dimensions and moment to the 
surrounding solvent dipoles, transition to a nonpolar 
electronic state (“ blue-shifting”  solute) is related to the 
creation of a hole in the solvent, and the transition
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Figure 2. Plots of Z v s . A E y / V  and ( D  — 1)/(2D +  1). 
Symbols are as in Figure 1: 1, 2,2,4-trimethylpentane;
2, chloroform; 3, pyridine; 4, dichloromethane; 5, acetone;
6, N,N-dimethylformamide; 7, acetonitrile; 8, ¿-butyl alcohol; 
9, 2-propanol; 10, 1-butanol; 11, 1-propanol; 12, acetic acid; 
13, ethanol; 14, methanol; 15, ethylene glycol; 16, water.
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Figure 1. Plots of Xb  v s . D ,  ( D  — l) /(2 D  +  1), and AE v / V :

O, hydroxylic solvents; •, dipolar aprotic solvents;
□, nonpolar and other solvents; 1, toluene; 2, dichloromethane; 
3, pyridine; 4, acetone; 5, N,N-dimethylformamide;
6, acetonitrile; 7, 2-propanol; 8, 1-butanol; 9, ethanol;
10, methanol; 11, water. Heats of vaporization taken from:
(a) “Landolt^Bornstein Physikalisch-Chemisch Tabellen,”  
Springer, Berlin, 1929-1936; (b) A. Weissberger, E. S. 
Proskauer, J. A. Riddick, and E. E. Toops, Jr., “Organic 
Solvents,”  2nd ed, Interscience Publishers, Inc., New York,
N. Y., 1955; (c) J. H. Hildebrand and R. L. Scott, “The 
Solubility of Nonelectrolytes,”  3rd ed, Dover Publications,
Inc., New York, N. Y., 1964; (d) S. T. Preston, Jr.,
J .  G a s  C h r o m a t o g . , 1 (3), 8 (1963).

energy to the electrostatic component of the energy re
quired to create the hole working against the cohesive 
forces of the liquid.6-8 (This qualitative model can be 
generalized from total to partial dipole annihilation, 
hence to any change in moment, and to inclusion of 
“ red-shifting”  indicators.) The transition energy 
should thus be a function of the internal pressure of the 
liquid, and its solvent sensitivity a function of the 
change in dipole. Ample opportunity exists, with com
plex indicators of the sort employed, for specific solute- 
solvent effects, for modification of the local cohesive 
energy density of the solvent by solute, and for modifi- 5 6 7 8

(5) O n ly  w ith  x r  was a selection o f da ta  made to  illu s tra te  a specific 
p o in t; the  tw o  foregoing cases include a ll com pounds fo r w h ich  heat 
o f vaporiza tion  da ta could be found. The rem ain ing x r  da ta  behave 
s im ila r ly  to  those o f Figures 1 and 2.

(6) N . C. Deno and H . E . B erkheim er, J. Chem. Eng. Data, 5, 1 
(1960); J. Org. Chem., 28, 2143 (1963).
(7) F . H . S tillinge r, Jr., in  “ M o lte n  Salt C h e m is try ,"  M . B lander, 
E d., Interscience Publishers, Inc ., N ew  Y o rk , N . Y ., 1964, p p  45, 
102 ff.
(8) R . A . P ie ro tti, J. Phys. Chem., 69, 281 (1965).
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D- /
2D+r

0.18 0.25 0.34 0.42 0.50

Figure 3. Plot of xR v s . (D — l) /(2 D  +  1) and A E y / V .

Solid points { A E y / V ) ' .  left ordinate, lower abscissa. Open 
points ( D  — l) /(2 D  +  1): right ordinate, upper abscissa.
A, substituted benzenes, ArX, X = m - ,  p - ,  o-dimethyl, methyl, 
H, Cl, Br, CN, N 02; O, alcohols, ROH, R = 1-octyl, 1-butyl, 
2-propyl, 1-propyl, ethyl, methyl. Equations of leas1>squares 
lines and correlation coefficients: (1) for ArX, xR =
64.5 -  0.215A E y / V ,  r  = 0.987; (2) for ArX, xR =
52.1 -  19.1(D -  1)/(2Z> +  1), r  =  0.975; (3) for ROH,
XR = 46.7 -  0.0175A E y / V ,  r  = 0.985; (4) for ROH,
XE = 64.4 -  43.9(7) -  l) /(2 D  +  1), r = 0.950.

cation of the dipole moment change by electronic 
changes in solvent-indicator hydrogen bonds, where 
these exist.

According to Figures 1-3, correlation with the internal 
pressure diminishes the split of the transition energy 
data into hydroxylic-nonhydroxylic families4 as com
pared to correlation with functions of the dielectric 
constant; the dipolar aprotic solvents are universally 
better reconciled with the other liquids. The point of 
introducing the cohesive energy density is, however, not 
that it affords better correlations than the dielectric 
constant or that it supplants in any way the relations 
with chemical or microscopic solvent polarity measures, 
nor is it that the above model is more attractive or even 
very different from that offered by previous authors.8

The point of importance is that the cohesive energy 
density is a quantity of considerable importance, and 
any new source of information on it should be explored. 
Particularly in aqueous salt solutions and in the theory 
of salt-induced medium effects is the internal pressure 
a key variable.9-11 Thus the first satisfactory theory12 
of nonelectrolyte salting relates salting-in or salting-out 
to the effect of the electrolyte on the cohesive energy 
density of the water by way of the energy required to 
create a hole for the nonelectrolyte. This effect of the 
electrolyte is measured independently by the quantity

(Fs — Fs°)//3o, where (Fs — Fs°) is the électrostriction 
of the salt and do is the compressibility of water.13 14 15 16 
Unfortunately, électrostrictions are not known for 
many salts of interest, and the ambiguity of estimating 
the intrinsic volume occupied by the ions in solution, 
Fs, has led to a number of électrostriction scales which, 
while generally agreeing in the order of the various 
salts, differ broadly in actual ma 10gnitude.9’11'14-16 Any 
readily measured quantity which can be shown to be 
quantitatively related to the électrostriction would 
thus be of value in, e.g., the correlation of nonelectrolyte 
salting measurements, particularly in solutions of mixed 
or unfamiliar electrolytes. In the hope of finding such 
a property in the salt dependence of the transition 
energy of an appropriate solvent polarity indicator, we 
have made some preliminary measurements with 
aqueous electrolyte solutions of the merocyanine dye 
M88.2a

Experimental Section
The inorganic salts employed were of analytical re

agent quality. Distillation Products Industries tetra- 
n-propylammonium bromide and sodium benzenesul- 
fonate were used as received and recrystallized three 
times from 90-95% ethanol, respectively. The dye 
was kindly furnished by Dr. L. G. S. Brooker, Eastman 
Kodak Co., and was used as received. A saturated 
methanol solution of the dye (8 gl) was added to 3 ml 
of deionized water, or of a salt solution prepared there
from, .and the visible spectrum was immediately re
corded on a Cary Model 14 spectrophotometer. This 
was found to be the most reproducible method of pre
paring the solutions, as the dye is very slow to dissolve 
in water and ultrasonic treatment resulted in chemical 
alteration. The solutions were stable during the time 
of measurement but decolorized on standing overnight. 
Salt solutions of low pH (e.g., A12(S04)3) decolorize the 
dye.

Results and Discussion
Observed wavelengths and computed transition 

energies for solutions of five salts are summarized in 
Table I and Figure 4. Unfortunately, the shifts are not

(9) N . C. Deno and C. H . Spink, J. Phys. Chem., 67, 1347 (1963).
(10) M . A . Paul, J. Am. Chem. Soc., 74, 5274 (1952).
(11) F . A . Long and W . F . M c D e v it, Chem. Rev., 51, 119 (1952).
(12) W . F . M c D e v it and F . A . Long, J. Am. Chem. Soc., 74, 1773 
(1952).
(13) O r a lte rn a tive ly  b y  d P e/d c s where P e is the  effective pressure 
exerted b y  the  sa lt in  so lu tion : R . E . G ibson, J. Am. Chem. Soc., 56, 
4 ,8 6 5  (1934); 5 7 ,284  (1935).
(14) P. M ukerjee , J. Phys. Chem., 65, 740, 744 (1961).
(15) J. Padova, J. Chem. Phys., 40, 691 (1964).
(16) E . G lueckauf, Trans. Faraday Soc., 61, 914 (1965).
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Table I : Wavelengths and Transition Energies of the Visible Absorption Band of the Dye M88 in Aqueous Salt Solutions

Salt .—— ------------- ----------------------------------------------------------------------------- Salt--------------------------------------------------------------------------------------
concn, ,---------NasSO*--------- > ---------- MgSO*--------- . ---------- NaCl--------- * ------ CeHtSOsNa------ . ,--------- PrtNBr-
mole/l. A Et“ A Et“ A Et“ A Et ° A Et “

0 4877” 58.62
0.25 4845 59.01 4854 58.90 4863 58.79 4908 58.25 4961 57.63
0.50 4833 59.16 4841 59.06 4852 58.92 4929 58.00 5012 57.04
1.00 4832 59.17 4828 59.22 4846 59.00 4972 57.50 5100 56.06
2.00 4817 59.35 4836 59.12
4.00 4833 59.16

“ ArCkcal/mole) = 28.59 X 104/X(A). b Brooker, et a l . , 2 report 4875 A.

Figure 4. Transition energy, E t  (kcal/mole), of the 
merocyanine dye M88 in aqueous salt solutions v s .  

molarity of the salt: A, Na2S04; O, MgSCh;
□, NaCl; V, NaCeH6S03; 0, (w-C3H,)4NBr.

large relative to the precision of measurement of Xmax 
for this broad band (± 3 -5  A). More solvent-sensitive 
indicators are known,2b however, and in the hope of 
making measurements with one of these at a later date, 
we did not attempt to determine quantitatively the 
limiting slopes d/ir/dc., in the present system.

Qualitatively, the order of the limiting E t  v s . salt 
concentration slopes (Na2S04 >  M gS04 >  NaCl >  
CeHsSChNa >  Pr4NBr) observed is the known order of

électrostrictions: Na2S04, 53;9 MgS04, 46-65 ;14 NaCl, 
12.8;9 C6H5S03Na, — 9.0;9 Pr4NBr, —329 ml/mole. 
Correct also is the sign in each case; the salts with posi
tive électrostrictions give blue shifts, those with nega
tive électrostrictions red shifts, corresponding to non
electrolyte salting-out and salting-in, respectively.9

Kosower’s model3 of the pyridinium iodide solvato- 
chromism applied to the aqueous electrolyte systems 
would consist of a description of the effect of the various 
salts on the ability of the water to be organized into 
“ cybotactic regions”  about the indicator molecule, 
which could only follow from quantitative understand
ing of the effect of the ions on the water structure. 
This actively pursued goal of solution chemistry is, on 
the other hand, the key to prediction of the molal 
volumes of ions and the électrostriction,14-17 and the 
two views of the solvatochromism are thus closely re
lated. It is doubtful that indicator Er measurements 
will contribute appreciably to the underlying theory. 
The unknown role of possible local alteration of the 
native water structure by the large dye molecule itself 
has been pointed out earlier in this note and in the 
previous literature.215'3 Nevertheless, the possibility of 
a useful empirical d-Er/dCs-electrostriction-nonelectro- 
lyte salting correlation appears real enough to justify 
the study of a greater variety of salts with a more 
sensitive indicator.

Acknowledgment. The author thanks Dr. L. G. S. 
Brooker for a gift of the merocyanine M88 and Mr. 
Robert L. Thorne for technical assistance. * 133

(17) H . S. F rank  and W .-Y . W en, D is c u s s io n s  F a r a d a y  S o c . , 24,
133 (1957).
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The Therm odynam ics o f  the System 

Pentafluorobenzene-Benzene

Sir: Much interest has recently been shown in the 
thermodynamic properties of binary systems of the 
type aromatic fluorocarbon-aromatic hydrocarbon. 
Hexafluorobenzene has been shown to form solid equi
molar complexes with most aromatic hydrocarbons,1'2 
and this is believed to be due to charge-transfer inter
action with the fluorocarbon acting as the electron 
acceptor. From the experimental excess volumes of 
mixing,3 it appears that the extent of complexing in
creases as the electron-donating power of the hydro
carbon is increased.

The heats of mixing of the two systems hexafluoro- 
benzene-benzene and pentafluorobenzene-benzene have 
been measured recently by Fenby, McLure, and Scott,4 5 
who show that a reasonable interpretation of the results 
is that the specific interactions are much weaker in 
the system containing pentafluorobenzene. Our re
sults presented here confirm that, in the solid state, 
this interpretation is correct.

The experimental phase diagram for the system pen
tafluorobenzene-benzene is shown in Figure 1 and was 
obtained using an apparatus previously described.2 
The system is seen to form two weak compounds

Figure 1. The phase diagram of the system 
pentafluorobenzene-benzene.

with incongruent melting points, the mole ratios of 
fluorocarbon to hydrocarbon being 1:1 and 3:2. 
The occurrence of an intermolecular complex of a molar 
ratio 3:2 appears to be unique among binary systems 
of organic substances. Our results do not agree with 
those of Patrick and Prosser,1 who found no evidence 
for compound formation in this system. In contrast, 
hexafluorobenzene-benzene forms a strong 1:1 complex 
melting some 20° higher than the melting point of 
either pure component.

(1) C. R . P a tr ic k  and G. S. Prosser, Nature, 187, 1021 (1960).
(2) W . A . D uncan and F . L . S w in ton, Trans. Faraday Soc.} 62, 
1082 (1966).
(3) W . A . D uncan, J. P. Sheridan, and F . L . S w in ton, ib id., 62, 
1090 (1966).
(4) D . V . Fenby, I .  A . M cL u re , and R . L . S cott, J. Phys. Chem., 
70, 602 (1966).

D e p a r t m e n t  of P u r e  an d  A p p lie d  W il l ia m  A . D un can

C h e m istr y  F in d l a y  L. Sw in to n

U n iv e r s it y  of Str a th c ly d e  
G la sg o w  C .I ., Scotland

R e c e iv e d  A p r il  18, 1966

Isom eric Transition Induced R eactions o f  

Iodine-130 in Cyclohexane

Sir: Discovery of the 130Im (I.T.) 130I nuclear reaction 
(Ti/j 9.2 min)1 has made it possible to compare isomeric 
transition induced reactions with reactions effected by 
other nuclear transformations in the iodine system. 
Several processes were reported to produce the same 
effects in several liquid alkyl halides.2’3 In the cyclo
hexane-iodine system, where iodine is not contained in 
the target molecule, the (n, 2n) reaction was reported 
to cause higher organic yields than the (n, 7) reaction 
due to its higher recoil energy.4 Since isomeric 
transition activated 130I would be expected to have 
less kinetic energy than (n, 7)-activated 128I, an isotope 
effect might be expected. None was found in the n- 
hexane-iodine system1 within ±  5%.

Using the freeze-thaw technique developed in the 
study of 82Brm (I.T.) 82Br reactions,6 we obtained the

(1) D . D . W ilk e y  and J. E . W illa rd , J. Chem. Phys., 44, 970 (1966).
(2) R . H . Schuler, ib id., 22,2026 (1954).
(3) G . Levey and J. E . W illa rd , J. Am. Chem. Soc., 74, 6161 (1952).
(4) R . H . Schuler and C. E . M cC au ley, J. Chem. Phys., 25, 1080 
(1956).
(5) J. A . M e rrigan , W . K . E llg ren , and E . P. R ack, ib id., 44, 174
(1966).
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organic yields due to 130Im (I.T .)130I processes in liquid 
cyclohexane within ±0.8% . Detailed experimental 
procedures and equipment used were described pre
viously.6'6

The organic yield of 130I following neutron irradiation 
and decay of 130Im in the solid state was 2.8% in the
7.8 X  10-3 mole fraction 129I2 system. This low yield 
was attributed to a phase separation between iodine 
and the cyclohexane (clumping) upon freezing, similar 
to that found in Br2-containing systems.6'7’8 When 
an identical sample was melted 20 sec after a 30-sec 
solid-state irradiation and 130Im allowed to decay in 
the liquid system, the yield was 21.7%. Allowing for 
the fraction of 130I born by (I.T.) reactions (0.61),1 
and the fraction of 130Im which decayed while the 
sample was solid, the organic yield of 130I due to (I.T.) 
was 1/(0.956 X 0.61) times the 130I yield observed after 
the 130Im decayed out in the liquid, minus 1.9%, 
i.e., 35.3%. The 1.9% is a correction for the organic
ally combined 130I as a result of solid-state reactions 
induced by (n, 7) processes and the fraction of 130Im 
which decayed while the sample was solid.

By resolidifying samples containing 130Im, the high 
rate of increase in organic yield due to (I.T.) could be 
halted by the clumping of i29ji3ojm_ Thus, growth in 
i3°i yield due to (I.T.) in the liquid state could be de
scribed by the equation,6 R* — R° =  R°° — f?°(l — 
e-Xi), where Rm is the yield due to (I.T.) after all 
130Im had decayed, Rl is the yield due to (I.T.) at any 
time t, R° is the yield contribution of (n, 7) and the 
part of the (I.T.) processes occurring in the solid state, 
and A is the decay constant for 130Im. By analyzing 
a plot of 130I organic yield due to (I.T.) vs. time after 
irradiation, as was done in the bromine system,6 a 
130Im half-life of 8.9 ±  0.3 min was found. The values 
of organic yields of 130I due to 130Im (I.T.) 130I processes 
and those of 128I produced by the 127I (n, 7) 128I process 
are compared with those due to 82Brm (I.T.) Br82 and 
79Br (n, 7) “ Br"1 in Table!.

Table I : Organic Yields of (I.T.)-Produced 130I and 82Br and 
(n, yj-Produced 128I and 80Brm in Cyclohexane 
at Room Temperature

Mole faction of I2 130J 128J 82Br 80grm
7.8 X IO“ 3 35.3 36.1 35.3 22.5
5.2 X 10-8 39.6 40.5 39.2 25.4

The similarity between 130I and 128I yields may in
dicate a similarity of reaction mechanisms independent 
of the initial kinetic energy of the activated atom. 
Their likeness to 82Br yields would suggest that acti
vated halogens may trace chemical processes which

result from a similarity of environmental activation 
and/or decomposition. These similarities were also 
found between 130I, 128I, and 80Br formed by (I.T .), 
(n, 7), and (I.T.) processes, respectively, in n-hexane 
by Wilkey and Willard.1 The Auger electron reaction 
hypothesis9 may explain these phenomena. The 
fact that radiative neutron capture induced yields of 
bromine were lower than (I.T.)-produced yields of 
82Br was found universal for the liquid C6 alkanes.10 
This may indicate that processes additional to Auger 
radiation induced reactions occur in iodine and (I.T.)- 
activated 82Br, or possibly that internal conversion 
of (n, 7)-activated bromine occurs before the recoil 
energy has been dissipated; thus it would be carried 
away from the center of the pocket of fragments caused 
by radiolytic effects. The freeze-thaw technique,6 
which lends itself to a high degree of precision, is a 
very valuable tool for studying isomeric transition 
induced reactions.

Acknowledgment. This is A.E.C. Document No. 
COO-1617-1.

(6) J. A . M e rriga n  and E . P. R ack, J. Phys. Chem., 69, 2795 (1965).
(7) R . M . A . Hahne and J. E . W illa rd , ib id., 68, 2582 (1964).
(8) M . M ilm a n , J . Am. Chem. Soc., 80, 5592 (1958).
(9) P. R . Geissler and J. E . W illa rd , J. Phys. Chem., 67 ,1675 (1963).
(10) J. A . M e rriga n , J. B . N icholas, and E . P . R ack, Radiochim. 
Acta, in  press.
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Anom alous Effect o f  Pressure on  the Protolytic 

Dissociation o f  Excited States o f  N itrophenols

Sir: In general, the ionic dissociation of a weak elec
trolyte in water involves a substantial contraction, and 
as a corollary the process is favored by an increase of 
hydrostatic pressure. The contraction arises because 
the free ions exert a powerful electrostatic attraction on 
the surrounding solvent and compress it to a greater 
density than normal. The phenomenon and its cause 
have been known for many years and were the subject 
of a review by the writer1 in 1963. At that time, some 
30 weak acids and bases had been examined under

(1) S. D . H am ann in  “ H ig h  Pressure Physics and C hem is try ,”  R . S.
B rad ley , E d., Academ ic Press In c ., N ew  Y o rk , N . Y ., 1963, V o l. 2, pp
146-156.
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Table I : Spectral Shifts and Volume Changes for Some Nitrophenols in Water at 25°

Compound àrROH/AP àfROr / à P ò A v / ò P AV* -  AV AV AV*

2-Nitrophenol -0 .050
(25,910)“

0.015
(21,790)“

-0 .065 7.7 -1 5 .5 - 8

2,5-Dinitrophenol -0 .060
(25,510)

-0 .035
(20,960)

-0 .025 3.0 -1 1 .6 - 9

3-Nitrophenol -0 .070
(27,170)

0.020
(22,680)

-0 .090 1C .6 -1 6 .1 - 5

4-Nitrophenol -0 .125
(28,570)

0.035
(23,090)

-0 .160 18.9 -1 1 .8 7

4-Nitro-2,6-dibromophenol -0 .125
(28,820)

0.030
(23,040)

-0 .155 18.3 -1 0 .9 7

4-Nitro-2-aminophenol -0 .090
(24,040)

0.020
(20,280)

-0 .110 13.0 -8 .9 4

The numbers in parentheses are the values of ? (cm-1) at the half-peak height.

pressure and, without exception, found to become 
stronger when the pressure was raised. However, it is 
apparent from the theory of the effect2 that the trend 
might be reversed if, for some unusual reason, the 
parent molecules were more strongly solvated than 
their free ions. The writer has now obtained experi
mental evidence that this may be the case in the elec
tronically excited states of some p-nitrophenols.

The results reported here were obtained as part of a 
wider investigation of the influence of pressure on the 
ionization equilibria of substituted phenols and ani
lines.3 Briefly, the molal dissociation constants (K m =  
wiro-Wh+/otRoh) of nitrophenols in their ground states 
have been measured by standard spectroscopic methods4 5 
and the behavior of the corresponding constants K m* 
for the excited states ROH* inferred from the shifts in 
the long-wavelength absorption spectra of ROH and 
RO- .6 In the notation of Weller6

RT In (Km*/Km) « A  H -  AH* =  Nhc X Ai>

where the approximation sign implies an assumption 
that the entropy change is the same for ionization of the 
excited state as for the ground state.7 From Planck’s 
relationship8

b(RT In K m)/bP =  — A f

it follows that the changes of partial molar volume in 
the excited and ground states are related by the formula

AF* — AF =  —Nhc(dAv/dP)

In applying this formula to the experimental data, 
Av has been taken to be the difference between the 
wavenumbers at half the maximum height9 of the long- 
wavelength absorption bands of ROH and RO-  (use of 
the wavenumbers for the peaks gives almost the same

result). The quantities AF and dAv/dP have been 
derived from measurements made between 1 and 2000 
atm at 25° and at ionic strengths near 0.05 M. Their 
limiting values at low pressures are listed in Table I.

The estimated experimental errors in AF are ± 1  
cm3 mole-1, and in AF* — AF are ± 2  cm3 mole-1. 
Although AF* may therefore be uncertain to ± 3  cm3 
mole-1, it is safe to draw the following conclusions: 
AF is negative for all the phenols listed, as it is for 
many others;3 AF* is considerably more positive than 
AF, and although it is still negative for the o- and m- 
nitrophenols, it is positive for the last three p-nitro- 
phenols.

The results imply that the excited state of a p-nitro- 
phenol is abnormal in being more strongly solvated in 
its un-ionized than in its ionized form. The writer 
suggests that the reasons are as follows. Molecular 
orbital calculations10 show that the lowest excited

(2) J. Buchanan and S. D . H am ann, Trans. Faraday Soc., 49, 1425 
(1953); S. D . H am ann, “ Physico-C hem ical E ffects of Pressure,”  
Academ ic Press Inc ., N ew  Y o rk , N . Y ., 1957, p  152.
(3) S. D . H am ann, M . L in to n , and A . J. M u rp h y , to  be published.
(4) R . A . Robinson in  “ The S truc tu re  of E le c tro ly te  S o lu tions,”  
W . J. H am er, E d ., John W ile y  and Sons, In c ., N ew  Y o rk , N . Y ., 1959, 
p 253.
(5) T h . Forster, Z. Elektrochem. 54, 42 (1950).
(6) A . W elle r in  “ Progress in  R eaction K in e tic s ,”  V o l. 1, G. P orte r, 
E d., Pergamon Press, N ew  Y o rk , N . Y ., 1961, p 189.
(7) I n  the  present con text, i t  is on ly  necessary to  assume th a t the  
pressure dependences of TAS and TAS* are the  same or are sm all in  
comparison w ith  those o f AH  and AH*. The  la tte r  assum ption is 
v a lid  fo r the rm odynam ic  so lva tion  functions calcula ted fro m  B o rn ’s 
fo rm u la ,8 and i t  is lik e ly  th a t so lva tion  is the  m a in  fac to r govern ing  
the  en tropy  changes of the  present reactions.
(8) M . P lanck, Ann. Phys. Chew.i., 32, 462 (1887).
(9) See re f 6, pp  197-199.
(10) S. N agakura, J. Chem. Phys., 23, 1441 (1955); J. N . M u rre ll, 
“ The Th eo ry  o f the  E lec tron ic  Spectra of O rganic M olecules,”  John 
W ile y  and Sons, Inc ., N ew  Y o rk  N . Y ., 1963, C hap ter 10.
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state is a highly polar charge-transfer one resembling 
the valence bond structure

c v H ^ = ( k

and this conclusion is supported by experimental evi
dence that the analogous excited state of p-nitroaniline 
has a very large dipole moment.11 The charges are 
far enough apart to act independently on the solvent. 
When protolytic dissociation occurs, the charge on the 
anion RO -  becomes delocalized and some bound solvent 
is released. It is worth remarking that density data12 
show that the electrically analogous dissociation of 
zwitterions of amino acids 
-  +
0 2C— R— NH3 — > 0 2C—R— NH2 +  H+ (in water) 

also involves a small increase of volume.

(11) J. Czekalla and G. W ick , Z. Elektrochem., 65, 727 (1961).
(12) H . H . W eber, Biochem. Z., 218,1 (1930).
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Carbon Dioxide Adsorbed on 

Linde X  and Y  Zeolites

Sir: In a recent article,1 Ward and Habgood reported 
on carbon dioxide adsorbed on Linde X  zeolites. They 
found that in the alkali earth metal cation substituted 
zeolites the asymmetric stretching vibration of the 
adsorbed carbon dioxide was at a higher frequency 
than in the gas phase and dependent on the cation 
present. They attributed this shift to an ion-dipole 
interaction resulting in a linear adsorption of the C 02 
molecule. This phenomenon is very similar to our 
observation2 on the cation dependence of the vibration 
of adsorbed carbon monoxide, which we explained as 
due to a polarization of the carbon monoxide molecule 
in the electrostatic field of the cation. We also ob
served a frequency shift in the case of C 02 adsorbed 
on Linde Y  zeolites, and we were able to put the field 
dependence on a semiquantitative basis. The method 
of calculating the electrostatic field in the neighbor
hood of the cation has been described previously.2'3

Figure 1 shows the frequency of the asymmetric 
stretching vibration of adsorbed C 02 plotted against 
the calculated field strength (filled circles represent 
our values, and open circles represent values from

MgX/  *MsY

2370 ■
O / 

CaX /

' /

• /  ? cqY

■J 2360 ■
/  /  S,Y

-

SrX J  /
7 J  BaY

2350 BaX/Ö

1 1
1.0 2.0 3.0 4.0 5.0 6.0

V/A
Figure 1.

Ward and Habgood1). The linear relation confirms
the suggestion1’2 that the adsorption of carbon dioxide
(like that of carbon monoxide) is essentially a polari
zation effect caused by the electrostatic field due to 
the cations in the zeolite. The X  and Y  series give 
separate lines indicating that the field strength calcu
lations have not fully taken into account the differences 
between the X - and Y-type zeolites. It is interesting 
to note that in the case of transition metal cation Y 
zeolites, the C 02 frequency is practically unchanged 
from the gas-phase value, although the electric field 
was calculated to be very close to that in Mg2+-con- 
taining zeolites.

(1) J. W . W ard  and H . W . Habgood, J. Phys. Chem., 70, 1178 (1966).
(2) C. L . A nge ll and P. C. Schaffer, ibid., 70,1413 (1966).
(3) P. E . P icke rt, J. A . Rabo, E . Dempsey, and V . Schom aker, 
Actes Congr. Intern. Catalyse, 3e, Amsterdam, 1964, 714 (1965). A c tu a l 
values o f the  fie ld  s trength based on an im proved m odel were k in d ly  
made ava ilable b y  D r. E . Dempsey.

U nion C arbide  R esearch  Institute C. L. A ngell
U nion C arbide  C orporation 
T arrytow n , N ew  Y ork

R eceived M ay 19, 1966

The Reactions o f  Therm al Hydrogen Atom s 

with Ethanol and Ethanol Free Radicals at 77°K

Sir: The reactions of hydrogen atoms and trapped 
free radicals in alcohol glasses at 77°K have been the 
subject of considerable speculation.1-6 As a result

(1) R . S. A lger, et cd., J. Chem. Phys., 30, 695 (1959).
(2) R . H . Johnsen, J. Phys. Chem., 65, 2144 (1961); 67, 831 (1963).
(3) P. J. S u llivan  and W . S. K osk i, J. Am. Chem. Soc., 86, 159 (1964).
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of a series of investigations involving the reactions of 
thermal hydrogen atoms with a variety of organic 
solids, as well as with irradiated ethanol glass, in the 
manner of Klein and Sheer,6 we have made the following 
observations. (1) Thermal hydrogen atoms under 
these conditions undergo no appreciable reaction with 
solid ethanol. This is based on the observation that 
there is no pressure change observed during H atom 
bombardment and that no products detectable by 
flame ionization gas chromatography were observed.
(2) When a sample of solid ethanol at 77°K which has 
previously received a total dose of 4.2 X 1020 ev/g 
of 3-Mev-peak X-rays was subjected, before melting, 
to H atom bombardment, (?(glycol) was reduced from 
0.94 to 0.02 while G(aldehyde) was increased from 2.64 
to 4.70. Assuming that two a-ethanol radicals are 
required to produce one glycol molecule, this cor
responds to a loss of 2 X 0.92 =  1.84 radicals, which is 
nearly equivalent to the increase in (7(aldehyde).

These observations suggest that the following pro
cesses are significant in the radiolysis of ethanol glasses. 
Those H atoms which are thermalized diffuse freely 
through the matrix, but can react only by combination 
or with species other than the substrate ethanol; thus 
cyclic photochemical reactions resulting from the reac
tion of hydrogen atoms produced by the photolysis of 
trapped free radicals as suggested by Dainton7 are 
possible only when the radiation employed is energetic 
enough to produce hot hydrogen atoms. This point is 
currently under investigation, and preliminary results 
suggest that in methanol, light of wavelengths less than 
3300 A is necessary to achieve this type of cyclic process, 
while light of wavelengths as long as 5400 A is capable 
of photolyzing certain of these trapped radicals.

Glycols are produced by the combination of a-eth
anol radicals subsequent to the softening of the matrix 
rather than by radical diffusion at 77°K. Otherwise, 
the bombardment by H atoms would not be likely to 
affect the glycol yield so drastically.

H atoms react with a-ethanol radicals mainly by 
disproportionation rather than combination, which is 
attested to by the appearance of acetaldehyde in an 
amount essentially equivalent to the reduction in the 
glycol yield.

The aldehyde which is produced directly by the radia
tion (G = 2.64) is not affected by the thermal H atoms 
at this low temperature. This suggests that this yield 
of aldehyde does not result from the disproportionation 
of ethanol free radicals but is rather the result of an 
ionic reaction or a unimolecular dissociation. This is 
in agreement with the observations of Myron and 
Freeman8 that scavengers do not lower the yield of 
aldehyde in the liquid state.

These observations are a part of a general study of 
the reactions of thermal hydrogen atoms with the 
aliphatic alcohols which will be reported on in the 
near future.

Acknowledgment. This work was supported in 
part by the U. S. Atomic Energy Commission under 
Contract AT-(40-l)-2001.

(4) J. T e p ly , A . Habersbergerova, and K . Vacek, Collection Czech. 
Chem. Commun., 30, 793 (1965).
(5) J. A . Leone and W . K osk i, J. Am. Chem. Soc., 88, 224 (1966).
(6) R . K le in  and M . D . Sheer, ib id., 80,1007 (1958).
(7) F . S. D a in to n , G. A . Salmon, and J. T e p ly , Trans. Faraday Soc., 
61,27 (1965).
(8) J. J. J. M y ro n  and G . R . Freeman, Can. J. Chem., 43, 381 (1965).
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The Radiolysis o f  Pure Decaborane-141

Sir: Preliminary results are herewith reported on the 
Co60 y-ray radiolysis of pure decaborane in the solid 
state. This work was carried out using standard 
vacuum2 and gas chromatographic techniques.3 •* The 
results of this study indicate that the products of the 
radiolysis are hydrogen, diborane, pentaborane-9, 
and a polymeric substance. The polymeric substance 
has not yet been identified except that it is not the 
icosaborane-26 reported by Hall and Koski4 5 in their 
deuteron irradiation of decaborane-14.

The yields of the gaseous products at 35° as a func
tion of total dose are shown in Figure 1. The initial 
product yields in the linear region of these curves have 
G values for hydrogen, diborane, and pentaborane of 
0.84, 1.70, and 0.15, respectively. The results shown 
in Figure 1 are typically what is to be expected from 
radiolysis as a function of dose except in the case of 
the diborane yield. It is felt that this unusual be
havior of the diborane yield may be due to either radiol
ysis of the polymer produced or interconversion reac
tions between the diborane and unstable boranes such 
as tetraborane between the time of radiolysis and analy
sis of the samples.6

(1) T h is  research was supported in  p a rt b y  the Oak R idge Associated 
U n ive rs ities  Inc .
(2) S. Dushm an, “ Scientific Foundations of V acuum  Techniques,”  
John W ile y  and Sons, Inc ., N ew  Y o rk , N . Y ., 1962.
(3) G. F . Shipm an, Anal. Chem., 34, 877 (1962).
(4) L . H . H a ll and W . S. K osk i, 7. Am. Chem. Soc., 84, 4205 (1962).
(5) The tim e  here was of the  order of 3-5  days a t a tem perature of 
about 30°.
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Total dose X 1020, ev.

Figure 1. Radiolysis of B10H14 at 35° as a function of total 
dose. Product yields: + , H2; A, B 2H6; □ , B5H9.

The radiolysis of decaborane-14 was also carried out 
as a function of temperature at total doses which were 
in the linear region of all of the curves shown in Figure 
1. The results are shown in Figure 2. It appears 
from these data that hydrogen, diborane, and penta- 
borane-9 are produced in the region between —196 
and —80° by a temperature-independent mechanism, 
such as molecular detachment or hot radicals. The 
observed G values at —196° are 0.59, 0.15, and 0.05 
for hydrogen, diborane, and pentaborane, respectively.

Figure 2 . Radiolysis of BioH« as a function of temperature. 
Product yields: + , H2; A, B2H6; and □, B5H9.

It appears from the data in Figure 2 that there is the 
onset of a temperature-dependent set of reactions in 
the temperature range between —80 and 0° which 
gives rise to only diborane and pentaborane as gaseous 
products. At 0° the yield of hydrogen begins to rise 
rapidly, indicating the onset of a second set of tempera
ture-dependent reactions producing all three observed 
gaseous products. The polymeric solid is observed 
over the entire temperature range.
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