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Hydrogen Fluoride and Deuterium Fluoride Elimination Reactions of Chemically 
Activated 1,1,1-Trideuterio-2,2-difluoroethane, 1,1-Difluoroethane, and 
1,1,1 -Trideuterio-2-fluoroethane

K. C. Kim, D. W. Setser,* and B. E. Holmes

D ep a rtm en t o l  C h em istry , K a n sa s S ta te U niversity, M anhattan, K a n sa s 6 6 5 0 6  ( R e c e iv e d  A u g u st 16. 1972)

Vibrationally excited CD3CHF2 and CH3CHF2 were produced from radical combination reactions ini­
tiated by cophotolysis of acetone-d6 and acetone-do with 1,1,3,3-tetrafluoroacetone in order to study the 
a,a and a,/? HF or DF elimination reactions. The decomposition of cnemically activated CD3CH2F pro­
duced from cophotolysis of acetone-d8 and 1,3-difluoroacetone was studied as a reference for the a,¡3 pro­
cess. The half-quenching pressures for HF or DF eliminations of CH3CHF2, CD3CHF2, and CD3CH2F 
were 110 ±  5, 41 ±  2, and 65 ± 5 Torr, respectively, at 358°K. These chemical activation rate constants 
and the thermal activation fall-off data were interpreted by RRKM theoretical calculations and the 
threshold energies for the a,a and a,(3 processes for CD3CHF2 were assigned as 64 and 62 kcal/mol, re­
spectively. The a,a elimination channel comprised 18% of the total rate; the removal of the intramolecu­
lar isotope effects was estimated to lower the a,a contribution for CH3CHF2 to 10%. The previously re­
ported variation of the a,a and a,/3 reaction rate ratio with pressure, which we observed only at higher 
temperatures, was shown not to be a consequence of the change in the average energy of reacting mole­
cules. This and other problems, such as the origin of the CH2CF2 product, which presumably are associ­
ated with the photochemistry of (CHF2)2CO are discussed.

Introduction
The competition between a,a and a,¡3 H F  elimination 

was first demonstrated by Pritchard and coworkers for the 
chemically activated C D 3 C H F 2 molecule.1 An unusual 
temperature and pressure dependence of the intramolecu­
lar rate constant ratio was observed, and the variation of 
the average energy of the reacting molecules with pressure 
and temperature was invoked as an explanation. For a 
number of chemically activated fluoroalkanes2-3 it has 
been shown that the energy distribution is rather narrow 
and the variation of the average energy of reacting mole­
cules, or the chemical activation rate constant, with pres­
sure is small. This point and a recent estimation of the 
threshold energy for the a,a process in C H C I 2 C D 2 C I 4 

argue against any significant variation in the a,a and a,f3 
rate ratio with change of pressure. Since C D 3 C H F 2  should 
be a simple example of chemically activated unimolecular 
reaction, we decided to reinvestigate this system and to 
apply RRKM calculations to try to resolve some of the 
secondary questions raised by the important work of Prit­
chard and co workers.1

Thermal pyrolysis studies5 provide Arrhenius parame­
ters for decomposition of C H 3 C H F 2 .  Since the a,a process

accounts for a minor fraction of the reaction, the Arrhen­
ius parameters are a close estimate for the a,/3 process. 
Since D0(CH3-CHF2) is fairly well known, the chemical 
activation experimental data can be matched to RRKM 
calculations to establish threshold energies for both reac­
tion channels. The four-center transition model that was 
developed for CH3CH2F2.3 was extended to CD3CH2F, 
CH3CHF2, and CD3CHF2, and a three-center transition 
state model4 was developed for the a,a process by specify­
ing the bond order of the major bonds undergoing rear­
rangement. The resulting models were used to calculate a 
thermal fall-off curve, which was compared to recently 
published data.5d
(1) M. J. Perona, J. T. Bryant, and G. O. Pritchard, J. A m er . C hem . 

S o c ., 90, 4782 (1968).
(2) H. W. Chang and D. W. Setser, J. A m er . C h em . S o c .. 91, 7648 

(1969).
(3) H. W. Chang, N. L. Craig, and D. W. Setser, J. Phys. C h em ., 76, 

954 (1972).
(4) K. C. Kim and D. W. Setser, J. Phys. C h em .. 76, 283 (1972).
(5) (a) D. Sianesi, G. Nelli, and R. Fontanelli, Chim. Ind. /Milan). 50, 

619 (1968); (b) P. Cadman, M. Day, and A. F. Trotman-Dickenson,
J. C h em . S o c . A. 1356 (1971); (c) E. Tschuikow-Roux, W. J. Quir- 
ing, and J. M. Simmie, J. Phys. C h em .. 74, 2449 (1970); (d) B. 
Noble, H. Carmichael, and C. L. Baumgardner, ibid., 76, 1680 
(1972).

725



726 K. C. Kim, D. W. Selser, and B. E. Holmes

Vibrationally excited CD3CHF2 and CH3CHF2 were 
produced by cophotolvsis of acetone-d6 and acetone-do 
with (CHF2)2CO from room temperature to 573°K; how­
ever, most experiments were done at 358°K. For compari­
son, a parallel experiment was carried out for vibrational­
ly excited CD3CH2F, which was produced by cophotolysis 
of acetone-d6 and (CH2F)2CO. Major effort was centered 
on the rate constants for the a,a and «,/} channels of 
CD3CHF2. Following HF a,a elimination, the carbene in­
termediate rearranges to form vinyl fluoride and analysis 
for CD2—CDF us. CD2=CHF gives the ratio of reaction 
channels. Recently Quick and Whittle6 demonstrated that 
CH2=CF2 was formed from photosensitization of 
CH3CF2Br by hexafluoroacetone and the possibility of 
sensitized elimination of HF from CH3CHF2 by 
(CHF2)2CO was tested in the present study. Experiments 
also were done to test the reaction mechanism for forma­
tion of the 1,1-difluoroethene product, which Perona, Bry­
ant, and Pritchard tentatively attributed to the elimina­
tion of molecular hydrogen from chemically activated di- 
fluoroethane.

The unimolecular reactions of fluoroethanes activated 
by hot atom substitution reactions7,8 have received con­
siderable study, and Krohn, Manning, and Root7 have 
used these unimolecular reactions to make fundamental 
deductions about the behavior of the activated fluo­
roethanes. Bunker9 has called attention to the significance 
of angular momentum for the fluoroethane molecules 
formed by hot atom substitution. For this reason it is de­
sirable to understand the behavior of CD3CHF2 activated 
to high energies, but not in high angular momentum 
states. This constitutes another reason for reinvestigating 
the anomalous pressure and temperature dependence of 
the ratio of reaction rates previously found1 for CD3CHF2.

Experimental Section
The acetones were analyzed and, when necessary, puri­

fied by gas chromatography to give better than 98% pu­
rity. For establishing retention times and mass spectral 
cracking patterns, research grade Matheson and Peninsu­
lar Chemical Research Inc. chemicals were used without 
further purification.

For most runs about 2 cc of reactant gas mixtures were 
measured, transferred into various sizes of vessels to at­
tain the desired pressure, and photolyzed using the unfil­
tered light of a General Electric AH-6 high-pressure mer­
cury arc for about 1 hr. The effective wavelength was 3200 
±  200 A. The samples were placed inside an oven for 
10-15 min at the desired temperature before being photo­
lyzed at that temperature. After the photolysis the con­
densable products were recovered by pumping the photo­
lyzed sample through a glass wool packed trap kept at liq­
uid nitrogen temperature. The products were then sepa­
rated by gas chromatography. For a few runs the trap was 
cooled to solid N2 temperature to check for possible loss of 
ethene, which has slight vapor pressure at 77°K.

Two analytical columns were used for the analyses. A 
silver nitrate-saturated ethylene glycol column in series 
with a short Porapak-S column at room temperature was 
used for the separation of ethylene and ethyl fluoride from 
the photolysis of acetone-d6 and (CH2F)2CO. Products 
from the photolysis of (CHF2)2CO with acetone-d0 and 
acetone-d6 were analyzed by a 9-ft Porapak-S column 
with appropriate oven temperature programming. Prod­
ucts were identified by their retention times on the above- 
mentioned columns and mass spectral patterns of the

fractions trapped from the He effluent. Gas chromato­
graphic calibrations for the deuterated products were 
made with their nondeuterated analogs. Neither of the di- 
fluoroethane isomers gave a detectable parent ion for 70-eV 
electron energy; the highest masses were m/e 68 and 65 
corresponding to a hydrogen rupture from CD3CHF2 and 
CH3CHF2, respectively. The most abundant ion, m/e 51 
(CHF2+), was common to the mass spectra of both 
CD3CHF2 and CH3CHF2. Other major peaks in the mass 
spectrum of CD3CHF2 were approximately the same as 
the results of Perona, Bryant, and Pritchard1 except for 
discrepancies in the assignment of the highest mass to the 
parent ions.

The temperature effect upon the a,a and a,¡3 rate ratio 
for C D 3 C H F 2  was studied from 300 to 570°K. The temper­
ature of the reaction vessel was monitored using a thermo­
couple attached to the vessel. After photolyzing the sam­
ple consisting of ( C D 3 ) 2C O  and ( C H F 2) 2 C O  in the ratio of 
3:1, the condensable products were analyzed as already 
described. Vinyl fluoride was collected from the helium 
effluent and the ratio of vinyl-d3 and -£¿2 fluoride was de­
termined from the 49/48 mass ratio obtained from 15-eV 
electron energy spectra with a EAI Quad 250 mass spec­
trometer.

Several diagnostic type experiments were done using 
the apparatus and procedures described above. These ex­
periments are described in the section of the text con­
cerned with the reaction mechanism.

Experimental Results
Photochemical and High-Pressure Reaction Mecha­

nisms. General features of photodecomposition reactions 
of acetone and fluoroacetones10 are well established. The 
following reaction sequence is pertinent to forming chemi-
cally activated molecules.

CD3COCD3 + hv — ►CDj + COCD3 (la)

COCD3 — CD3 + CO (lb)

(CHF2)2CO + hv —*  CHF2 + COCHF2 (lc) 

COCHF2— ►CHF2 + CO (Id)

CD3 + CD3---- -CD 3-CD3* (le)

CD3 + CHF2— ► CD3 CHF0* (If)

CHF2 + CHF2— ►CHF2-CHF2* (lg)
All three products, le-lg, were observed, although only 
CD3CHF2 and its decomposition products were measured 
as a function of temperature and pressure. The only sig­
nificant disproportionation reaction is self-disproportiona­
tion of CF2H radical.1 Reactions lb and Id are enhanced 
by high temperature which results in increased overall 
quantum yields. Methane, CF2H2, and CF2HD, which are 
formed by abstraction, and several higher boiling compo­
nents were observed (see later section).

(6) (a) L. M. Quick and E. Whittle, Can. J. C h em .. 45, 1902 (1967); 
(b) Trans. F araday S o c ., 67, 1727 (1971); 68, 878 (1972).

(7) (a) N. J. Parks, K. A. Krohn, and J. W. Root. J. C h em . P h ys ., 55, 
5785 (1972); (b) K. A. Krohn, R. G. Manning, and J. W. Root, pri­
vate communication, 1972.

(8) C. T. Ting and F. S. Rowland, J. Phys. C h em .. 74, 480 (1970).
(9) D. L. Bunker, J. C h em . P hys., 57,332 (1972).

(10) (a) G. O. Pritchard and R. L. Thommarson, J. Phys. C h em .. 71, 
1674 (1967); (b) A. M. Tarr, J. W. Coomber, and E. Whittle, Trans. 
F araday S o c .. 61, 1182 (1965).
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Except for various isotope effects, the CH3COCH3 + 
(CHF2)2CO photolysis system is identical and an equiva­
lent set of reactions exist. The reactions describing the 
photolysis of (CD3)2CO and (CH2F)2CO also are very sim­
ilar and need not be repeated. For the latter case only 
CD3CH2F and CD2=CH 2 were measured at various pres­
sures.

Unimolecular Reactions and Rate Constants. The mole­
cules formed by the binary radical combination reaction 
(reaction If) contain internal energy equal to the potential 
energy released by the C-C bond formation plus thermal 
energy carried by the radicals. These excited molecules 
may eliminate HF and DF or be collisionally stabilized.

CD3CHF2*------- ►CD2=CHF + DF (2a)

-------*- (CD3CF*)— "CD2CDF 4- HF (2b)

-------- CD3-CHF2 (2 c )

For the a,a process HF elimination is followed by D atom 
migration to give CD2=CDF. It is not possible to separate 
out the a,a and a,(3 processes for excited CH3CHF2 al­
though both presumably exist

CH3CHF2* --------► CH2=CHF + HF (3a)

— CH3-CHF2 (3b)
Analysis of the ethene showed that ethene-d2 was the only 
decomposition product from CD3CH2F

CD3CH2F* --------- - CD2=C H 2 + DF (4a)

*mIM1------- — CD3-CH2F (4b)
This observation is consistent with the results of others for 
fluoroethane1 -11 and chloroethane.12b Apparently the a,a 
process competes with the a,f3 process only if two halogens 
are attached to the same carbon.1 >4.13 -14

The apparent chemical activation rate constants can be 
defined as15

*ai = AmIM XA/S)
where D, and St denote the measured decomposed and 
stabilized product yields, respectively, and feM[M] is the 
collision frequency. For unit deactivation, which should 
be a good approximation for acetone bath molecules,2-3 
and for D/S < 2, ka may be obtained from the usual plot 
of D/S vs. l/P (see Figure 1). The rate constants in pres­
sure units can be converted to sec 1 units by assuming 
collision cross sections for the computation of kM.

Table I summarizes the product yields from photolysis 
of (CD3)2CO + (CHF2)2CO at ~358°K. Figure 1 includes 
the D/S data for all the molecules. Below D/S < 2 a lin­
ear relationship exists and from the slopes of the lines, kai 
values were obtained. From least-squares analyses of the 
data points with D/S < 2.0, the rate constants were 41 dt 
2 (CD3CHF2), 110 ±  5 (CH3CHF2), and 65 ±  5 
(CD3CH2F) Torr. Taking a medium value for the 49/48 
mass ratio of vinyl-d3 fluoride and -d2 as 0.22 at 358°K 
(see Table II), the rate constant ratio for 2a and 2b is 
34:7 in Torr units.

Converting the rate constants from pressure units to 
sec“ 1 units gave 3.8 X  108, 1.0 x 109, and 6.6 x 108 sec“ 1 
for CD3CHF2, CH3CHF2, and CD3CHF2 for a tempera­
ture-independent collision diameter of 5.0 A. Small varia­
tions in reactant gas mixtures were ignored and the bath

Figure 1. Decomposition product yields-stabilized product yields 
vs. 1 /P  (cm) for CD3CHF2 (■ ) , CH3CHF2 (• ) ,  and CD3CH2F 
(• ). Photolysis temperatures were 358°K for 1,1-difluo- 
roethanes and 343°K for 'luoroethane-d3.

gas was treated as a mixture of % fluorinated acetone + % 
acetone-dg or acetone-d0. If the il(2>2)* integrals16 with 
t/K = 475° are included in the collision diameter the rate 
constants in sec“ 1 increase by a factor of 1.8 at 358°K. 
Since good a and t/K values are not available, the rate 
constants from the 5.0-A collision diameter will be used.

Since some curvature is evident for the lower pressures 
of Figure 1, cascade deactivation is occurring and the 
high-pressure rate constants are not unit deactivation rate 
constants. Previous studies of fluoroethanes3 suggest that 
reduction of the rate constants obtained from the linear 
part of a D/S vs. l/F plot by ~0.8 yields unit deactiva­
tion rate constants for gases as efficient as the acetones. 
Since this factor is comparable to the uncertainty in colli­
sion cross sections, no change was made from the least- 
squares values.

Temperature and Pressure Effects on the Ratio of the 
a,a and a, 8 Processes. Table II summarizes mass spectral 
analyses of the vinyl-d3 and -d2 fluoride; both electron 
energies gave the same ratio. Data were obtained from 24 
to 148 Torr at virtually constant temperature and from 
room temperature to 553°K at virtually constant pressure, 
~35 Torr. The following points should be noted: (1) at 
the lower temperatures the 49/48 ratio did not vary signif-
(11) Y. N. Tanq and F. S. Rowland, J. A m er . C hem . S o c ., 90, 570 

(1968).
(12) (a) K. Dees and D. W. Setser, J. C h em . P hys.. 49, 1193 (1968); 

(b) W. G. Clark, D. W Setser, and K. Dees, J. A m er . C h em . S o c .. 
93, 5328 (1971).

(13) E. Tschulkow-Roux and J. E. Marte, J. C h em . P hys.. 42, 2049 
(1965).

(14) H. W. Chang, D. W. Setser, and M. J. Perona, J. Phys. C h em .. 75, 
2070 (1971).

(15) B. S. Rablnovltch and D. W. Setser, Advan. P h o to ch em .. 3, 1 
(1964).

(16) J. O. Hirshfelder, C. F. Curtiss, and R. B. Bird, "Molecular Theory 
of Gases and Liquids,” Wiley, New York, N. Y., 1965.
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TABLE I: Product Analyses from Photolysis of (CD3 )2CO +  
(CH2 ) 2 COa i' at 358°K

Sample 
composition 

(STP), cc
Pressure,

Torr
CD2= C H F  +  

CD 2= C D F  (D)
CD3CHF2

(s p D/S fra. sec-1

0.4
1.3

24 140.0 86.0 1.50 3.97 X  10s

0.9
1.3

31 182.5 161.6 1.15 3.98 X  10s

0.4
1.3

35 222.0 180.0 1.13 3.99 X  108

0.4
1.3

40 128.0 108.0 1.09 4.00 X  10s

0.4
1.3

55 111.0 148.0 0.69 4.03 X  10s

0.4
1.3

61 24.0 32.0 0.69 4.04 X  10®

0.9
1.5

63 48.6 68.8 0.65 4.05 X  10®

0.9
1.4

94 232.0 601.5 0.39 4.08 X  10®

0.4
1.3

97 19.2 42.4 0.41 4.08 X  10®

0.4
1.3

132 49.6 147.2 0.31 4.12 X  10®

0.8
1.3

147 91.2 470.0 0.20 4.13 X  10®

0.4
1.3

164 47.2 168.0 0.25 4.14 X  10«

0.9
1.3

387 12.0 155.2 0.08 4.24 X  10®

° Product yields are in units of gc peak areas. 6 D /S  values were ob­
tained from the ratio of pea< areas after correcting for the sensitivity 
of the thermal conductivity detector for CH2CHF and CH3CHF2, which 
varied between 0.92 and 1.02.

ic a n tly  w ith  pressu re , w h ich  co rresp on d  to  D/S =  0 .2  to
1 .5 ; (2 )  fro m  ro o m  te m p e ra tu re  to  4 2 3 °K  th e  v a ria tio n  in  
th e  ra tio  o f  v in y l -d 3 f lu o r id e /v in y l-c ^  flu o rid e  w as n o la rg ­
er th a n  e x p e r im e n ta l error. H o w ev er, as th e  te m p e ra tu re  
w as in cre a se d  fro m  4 2 3  to  5 5 3 °K  th e  ra tio  in creased  m a r k ­
ed ly  a n d  n e a r ly  d o u b le d  a t  th e  h ig h est te m p e ra tu re . T h e  
o b serv a tio n s in T a b le  II p a ra lle l th e  re su lts  o f  P eron a , 
B r y a n t , a n d  P ritc h a r d , 1  a lth o u g h  we d id  n o t ob serve  th e  
p ressu re d ep e n d e n c e  o f  th e  ratio  th a t  th e y  re p o rte d . H o w ­
ever, our s tu d y  o f  th e  pressure e ffe c t w as a t  a low er t e m ­
p eratu re .

C a lc u la t e d  R e s u lt s

RRKM Calculated Rate Constants for CD3CHF2 and 
CH3CHF2. T h e  m ic ro sc o p ic  u n im o lec u la r  rate  co n sta n ts  
w ere c a lc u la te d  fro m  th e  exp ression

aP,1 ^
kK =  7 ^  z m v -  £ „ ) /  N*(E) (I)

E V< E

T h e  d ag ger an d  th e  asterisk  su p erscrip ts d e n o te  c o m p le x  
an d  en erg ized  m o le c u le , re sp ec tiv e ly . T h e  d e ta ils  reg a rd ­
ing th e  c o m p u ta t io n s  h av e  b een  d iscu sse d  e lse w h ere .2 3 

A ll  in tern al degrees o f  freed o m  o f  th e  flu o ro eth a n e s w ere  
ac tiv e  an d  th e  o v erall ro ta tio n s are a d ia b a tic  for b o th  
m o le cu le  a n d  c o m p le x  (P i is th e  p a rtitio n  fu n c tio n  for  
overall ro ta tio n ). H a rm o n ic  o sc illa to r  s u m s , 2 P i ( P v), a n d  
d en sitie s , N*(E) , w ere u sed .

F or u n it d e a c tiv a tio n , th e  e x p e r im e n ta l u n im o lec u la r  
rate c o n sta n ts  for C D 3C H F 2 are re la ted  to  th e  m ic ro sc o p ic

TABLE II: Summary0  of Mass Spectral Analyses of Vinyl Fluorides

Sample 
composition 

(STP), cc
Pressure,

Torr
Temp,

°K
49/48 
(15 eV)

49/48 
(70 eV) D/S°

0.4
1.3

24 368 0.22 0.24 1.5

0.9
1.3

31 351 0.21 0.21 1.1

0.8
1.5

63 358 0.21 0.19 0.6

0.9
1.4

94 358 0.19 0.20 0.4

0.8
1.3

148 378 0.20 0.21 0.2

0.9
1.4

25 298 0.20 0.25

1.0
1.3

37 298 0.24 0.25

1.2
1.3

29 298 0.19 0.20

0.9
1.3

56 403 0.25 0.24 0.9

0.9
1.4

37 423 0.26 0.26

0.9
1.4

39 441 0.25 0.30 2.5

0.9
0.2

37 463 0.31 0.32

1.3
1.5

36 493 0.33 0.38

0.9
1.2

30 553 0.46 0.50

0 The first five runs are arranged In order of Increasing pressure and 
the rest are in order of increasing temperature. 6 D/S represents the ratio 
of the decomposition to stabilized product yields; for some cases the 
stabilization product was not measured.

rate  c o n sta n ts  for C D 3C H F 2 a n d  d istr ib u tio n  fu n c tio n , 
f(E), b y  th e  fo llo w in g  exp ression

K(a,ß) =
r°° kE(a,ß)

JFla ä, ä m[ M ]  +  kE(a, ß) +  kE( a , a / ^  AE
* m [ M ]

JÊ a,ß)

J F ,„  J i M ]  +  kE(a, ß) +  kE( a , a / ^  dE

(II )

T h e  e x p e r im e n ta l rate  c o n sta n t for th e  a,a p ro cess is o b ­
ta in e d  in a s im ila r  m a n n er  w ith  kE(a,a) in terc h a n g e d  for  
kE(a,/3). F or a c tiv a tio n  b y  s im p le  b im o le c u la r  c o m b in a ­
tio n  re a ctio n s , th e  d istr ib u tio n  fu n ctio n  ta k e s  th e  fo rm

f(E )  d E = kE'K(E) d E/ f “ kF'K(E) dE
•'Emin

kE is th e  rate  c o n sta n t for d isso c ia tio n  o f  C D 3C H F 2 in to  
tw o  ra d ic a ls , a n d  K(E) is th e  B o ltz m a n n  d istr ib u tio n . 
P min, th e  o n -s e t  o f  th e  d istr ib u tio n  fu n c tio n , is d e te r ­
m in e d  b y  / ) 0( C D 3- C H F 2) p lu s  a n y  a c tiv a tio n  en ergy  for  
th e  ra d ica l c o m b in a tio n  rea ctio n . T h e  c h e m ic a l a c tiv a tio n  
d istr ib u tio n  fu n c tio n  a t  3 5 8 °K  a lo n g  w ith  th e  sp ec ific  rate  
c o n sta n ts  are sh ow n  in F igure 2 .

F or u n it  d e a c tiv a tio n , th e  c a lc u la te d  ra tio , ka(ot,a)/ 
ka(a,d), co rresp on d s to  th e  e x p e r im e n ta lly  m e a su red  
v a lu e . F or in e ffic ien t b a th  ga s m o le c u le s  c a sc a d e  d e a c t i­
v a tio n  sh o u ld  b e  e x p lic itly  in c lu d e d 17  in  th e  c a lc u la tio n s

(17) C. W. Larson and B. S. Rabinovitch, J. C h em . P hys.. 51, 2293 
(1969).
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Figure 2. RRKM calculated rate constants and energy distribu­
tion function. The two solid lines with E0 =  62 and 64 kcal are 
the a ,a  and a . f l  reaction channels, respectively, of CD3CHF2 . 
The dotted line is for the dissociation channel for CD3CH2. The 
distribution function is for CD3CHF2 formed by radical combina­
tion at 358°K. The solid line with E0 = 61 is the ct,fi process for 
CH3CHF2 .

for c o m p a riso n  w ith  e x p e r im e n ta l d a ta . F or th e  p resen t  
case w ith  E 0(a ,a )  ~  E 0(a,/3) a n d  for re la tiv e ly  e ffic ie n t  
b a th  g a ses, th is  e ffe c t ca n  b e  n e g le c te d .

M o d els  for  D iflu oroeth a n e-d o  and -ds, and th e E lim in a­
tion  T ransition  S ta tes . T h e  freq u en cies  a n d  m o m e n ts  o f  
in ertia  for C H 3C H F 2 are k n o w n .18 F req u en cies  for  
C D 3C H F 2 w ere o b ta in e d  fro m  v ib ra tio n a l fre q u e n cie s  o f  
C H 3C H F 2 , C D 3C F 3 ,19 an d  b y  W ils o n ’s F -G  m a trix  tr e a t­
m e n t w ith  a  m o d ifie d  v a len c e  force  fie ld , w h ich  w as a s ­
sig n ed  fro m  th e  re su lts  o f  n o r m a l m o d e  a n a ly sis  o f  ty p ic a l  
h y d ro ca rb o n s20 a n d  f lu o ro a lk a n e s .21 T h e  force c o n sta n ts  
u sed  for th e  C H 3C H F 2 m o le c u le  are lis te d  in T a b le  III. 
T h e  fo u r-cen ter  c o m p le x  m o d e l w as tr ea te d  b y  a fu ll F -G  
m a trix  c a lc u la tio n  for th e  w h ole  e ig h t -a to m  c o m p le x . 
J o h n sto n ’s force c o n sta n t re la tio n sh ip s22 w ith  b o n d  orders  
o f  1 .5 , 0 .9 , 0 .1 , a n d  0 .1  for C - C ,  C - F ,  C - H ,  a n d  H - F  
b o n d s , re sp ec tiv e ly , w ere u sed  to  o b ta in  s tretc h in g  force  
co n sta n ts  b e tw ee n  ring a to m s . A  rea ctio n  c o o rd in a te  fre ­
q u e n c y  ( ~ 3 0 0  c m “ 1) w as o b ta in e d  in a s im ila r  m a n n er  as  
for lin ear tr ia to m ic  c o m p le x e s 23 b y  se ttin g  th e  rin g  in ter­

actio n  force c o n sta n ts  / C C - c h  =  ( / c c / c h ) 1 / 2  a n d  / C C - c f  =  

(fccfce)1'2- E x c e p t  for th e  to rsio n a l m o d e , th e  rem a in in g  
force co n sta n ts  o f  th e  tr a n sit io n  s ta te  w ere ta k e n  to  b e  th e  
sa m e  as for th e  m o le c u le . T h e  to rsio n al force c o n sta n t w as  
a d ju ste d  in ord er to  o b ta in  a fre q u e n c y  w h ich  ga ve  a 
p re ex p o n e n tia l fa c to r  for th e  th e r m a l u n im o le c u la r  rate  
c o n sta n t o f  ~ 1 0 13  s e c “ 1  per rea ctio n  p a th . T h e  m a g n itu d e  
o f th e  torsion  force c o n sta n t govern s th e  m a g n itu d e  o f  th e  
o u t-o f-p la n e  b e n d in g  m o d e  o f  th e  rin g , w h ich  in ou r p re v i­
ous w ork 2 -3 .12  w a s te rm e d  th e  ring p u ck erin g  m o d e  a n d  
w as varied  to  o b ta in  th e  b e st  f it  w ith  d a ta . T h e  fin a l

TABLE ill: Force Constants“ for CH3 CHF2

kc-H 4.72 k  < h c f 0.63
K c - f 4.37 kc-c- < HCC 0.28
K c-c 4.52 k< HCH -  < HCH -0 .005
K < f c f 0.66 k < HCC -  < HCC -0 .015
K < f c c 0.86 kc-C — < FCC 0.35
k  < h c h 0.54 k<FCC — < FCC -0 .02 0
k < HCC 0.66 torsion 0.024

a Stretching force constants are in units of mdyn/A, bending force 
constants in units of mdyn A/(rad)2, and interaction force constants are 
in unit of mdyn/rad for stre:ching-bend interaction and mdyn/(rad)2 for 
bending-bending interaction

freq u en cies for th e  m c le c u le  an d  for th e  tr a n sit io n  sta te s  
sa tis fied  th e  T e lle r -R e d lic h  p ro d u c t ru le  w ith in  5 % . T h e  
a,/3 th resh old  en ergy ( E 0 v a lu e) for C D 3C H F 2 w as o b ­
ta in e d  fro m  th e  v a lu e  se le c ted  for C H 3C H F 2 a n d  c a lc u la t ­
ed  ch a n ges in zero -p o in t en ergies.

C o m p a re d  to  a m o d e l2 fo rm erly  u se d  for 1 ,2 -d iflu o -  
ro eth an e , th e  p resen t tra n sitio n  s ta te  h a s  th ree  in -p la n e  
ring v ib ra tio n a l freq u en cies  th a t  are a b o u t 1 0 0  c m 1 low er 
th a n  th e  p revio u s m o d e l. T h e  ring p u ck erin g  freq u en cy  
w as n e a r ly  th e  sa m e  as for th e  p rev io u s m o d e l. T h e se  
sm a ll d ifferen ces arise fro m  th e  co u p lin g  o f  n o r m a l m o d es  
b etw een  in -p la n e  an d  o u t -o f -p la n e  freq u en cies  in th e  fu ll  
W ils o n ’s F-G m a trix  tr e a tm e n t a n d  fro m  th e  low ered 12b 
(1 .5  us. 1 .9 )  C - C  b o n d  order.

A  th re e -c en tere d  c o m p le x  w as c o n stru c te d  in a m a n n er  
s im ila r  to  th e  m e th o d  u sed  for th e  fo u r -c e n te re d  c o m p le x . 
T h e  b o n d s  u n d ergo in g  m a jo r rea rra n g em en t w ere assign ed  
b o n d  orders o f  0 .9 , 0 .1 , an d  0 .5  for C - F ,  C - H ,  a n d  H - F  
b o n d s , re sp ec tiv e ly ; o th er  force  c o n sta n ts  w ere th e  sa m e  
as for th e  sta b le  m o le c u le .

P re ex p o n e n tia l fa cto rs  in te rm s o f  th e  p a rtitio n  fu n ctio n  
ratio  a t  8 0 0 °K  w ere 4 .6  X 1013, w ith  a rea ctio n  p a th  
d eg en eracy  o f  4 , for th e  a,@  p ro cess a n d  3 .9  X 1013, w ith  a 
rea ctio n  p a th  d eg en e ra cy  o f  2 , for th e  a ,a  p ro cess. T h e  
h in d ered  in tern a l ro ta tio n  o f  th e  m o le c u le  w as trea te d  as 
a torsion  for c o m p u tin g  th e  p a rtitio n  fu n c tio n . T h e  
freq u en cies an d  m o m e n ts  o f  in ertia  are su m m a r iz e d  in th e  
A p p e n d ix . T h e  a g re e m en t b e tw ee n  th e c a lc u la te d  a n d  e x ­
p e r im e n ta l5 v a lu es  o f  th e  p re ex p o n e n tia l fa c to r  for th e  a.ii 
p rocess is sa tis fa c to ry .

D issocia tion  R a te  C onstan ts and D istr ibu tion  F u n c­
tions. S in c e  it w as n e ce ssa ry  to  c a lc u la te  d isso c ia tio n  rate  
c o n sta n ts  to  o b ta in  th e  d istr ib u tio n  fu n c tio n  o f  C H 3 C H F 2 

a n d  C D 3 C H F 2 , effort w as e x te n d e d  to  o b ta in  a rea listic  
m o d e l. T h e  m o d e l co n siste d  o f  th e  freq u en cies o f  C D 3  an d  
C H F 2  p lu s four low  b e n d in g  m o d e s  (see  T a b le  V I  in A p ­
p e n d ix ), w h ich  w ere v a rie d  to  o b ta in  th e  d esired  p re ex p o ­
n e n tia l fa c to r .3 -24 F ro m  th e co n sid era tio n  o f th e  rev ersib ili­
ty  o f  forw ard  a n d  reverse  rea ctio n s , kuni = Keqkbi-, kbi is 
th e  eq u ilib r iu m  ra d ic a l c o m b in a tio n  c o n sta n t w h ich  is 
ty p ic a lly  ~ 1 0 13  cc m o l 1  s e c - 1 . S in c e  th e  e q u ilib r iu m  
c o n sta n t, Keqt ca n  b e  c a lc u la te d , e s tim a tio n  o f  kuni is

(18) (a) D. C. Smith, R. A. Sanders, and J. R. Nielson, J. C h em . Phys.. 
20, 847 (1952); (b) N. Solimene and B. P. Dailey, ibid.. 22, 2042 
(1954).

(19) B. LafonandJ. R. Nielson, J. M ol. S p e c t r o s c . . 21, 175 (1966).
(20) J. H. Schachschneider and R. G. Snyder, S p ec tro ch im . A c ta . 19, 

117  (1963).
(21) (a) J. R. Nielson, AEC Accession No. 38312, Rept. No. TID-22063 

Avail. CFSTI, 29 (1965); (b) J. R. Nielson, N ucl. S ci. A b str .. 19, 
4782 (1965).

(22) H. S. Johnston, J. A m er . C h em . Soc., 86, 1643 (1964).
(23) R. A. More O’Ferrall and J. Kouba, J. C h em . S o c . B. 985 (1967).
(24) E. V. Waaqe and B. S. Rabinovitch, Int. J. C h em . K inet., 3, 105 

(1971).
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p ossib le . T h e  m od el so ad justed  had  a preexpon entia l fa c ­
tor o f  7.23 X 1016 s e c - 1  at 800°K , w h ich  corresp ond s to a 
rad ica l com bin a tion  rate con stant o f  2 .8  x  1013 cc  m o l -1  
se c - 1 .

T h e  k K va lues were ca lcu la ted  from  eq I, w h ich  on ly  a p ­
prox im ately  accou n ts for centrifugal e ffe c ts ,24 for  several 
values o f  the th reshold  energy. T h e  results, w h ich  are 
show n in Figure 2, dem onstrate  th at the d issocia tion  rate 
con stan t increases m u ch  faster w ith  energy than  the H F 
e lim ination  rate con stants and rad ica l d issocia tion  shou ld  
com p ete  w ith  H F  e lim ination  at energies above  ~  120 kcal 
m o l- 1 . T h e  C D 3C H F 2 d istribu tion  fu n ction  using th is d is ­
socia tion  m od el and E min =  92 kca l is show n in Figure 2 
for 358°K ; the average energy o f  the form ed  m olecu les is
95.7 kca l m o l- 1 .

D is c u s s io n

C h e m i c a l  A c t i v a t i o n  R a t e  C o n s t a n t s  f o r  C H 3C H F 2, 
C D 3C H F 2, a n d  C D 3C H 2F . T hree sets o f  d ata  are in the 
literature25'26 for ch em ica lly  activa ted  C H 3C H F 2 form ed 
b y  com bin a tion  o f  C H 3 and C H F 2 radicals. T h e  rate co n ­
stants o f  B ryan t and P ritch ard25 are in good  agreem ent 
w ith  those m easured in the present stu dy ; how ever, the 
data  o f  T rotm a n -D ick en son  and cow orkers give rate co n ­
stants w hich  are higher than our values b y  a b ou t a factor 
o f  2. O n the other hand, th e rate con stants o f  T rotm a n - 
D icken son  and cow orkers have a m ore reasonable d e p e n ­
dence on tem perature, w hich  was the o b je ct iv e  o f  that 
study, than the m ore lim ited  results o f  B ryan t and  P r it­
chard. O ur rate con stan t (for the sam e collis ion  cross se c ­
tions) for C D 3C H F 2 is in good  agreem ent w ith  th at m ea ­
sured b y  P ritch ard  and cow orkers .1

T h ere  are no previous studies o f  C D 3C H 2F; however, 
the isotop e e ffect relative to  C H 3C H 2F3 is 2.3, w hich  is 
sim ilar to  the value for C D 3C H 2C I-C H 3C H 2CI ( 2 .2 ). A l­
th ou gh  the isotope e ffe ct  for C D 3C H F 2-C H 3C H F 2 (2 .7) is 
d istribu ted  over tw o channels, it appears to  be  a b ou t 20% 
too large on  the basis o f  com parison  w ith  ca lcu lation s, 
v i d e  in fra , and w ith  the other tw o pairs.

In order to  m ake com parison  betw een  various ch e m ica l­
ly  a ctiva ted  fluoroethan es ,27 the threshold  energies are 
n eeded . F our determ inations have been  m ad e o f  the a c t i­
vation  energy for C H 3C H F 2 : 61 .9 ,5a 64 .9 ,5b 61 .9 ,5c and 
63.45d kcal m o l- 1 . For our m odels at 800°K  the activation  
energies are con verted  to  th reshold  energies b y  su b tra ct­
ing 1.7 kca l m o l- 1 , and we used 61 kcal as the threshold  
energy for C H 3C H F 2 . T h e  threshold  energies3 28 29 o f  
C 2H 5F and T 2 -C 2H 4F 2 are 57 and 61.5 kca l. R ecen t re­
sults show  that in creasing fluorine su b stitu tion  has the 
e ffect o f  in creasing the threshold  energies for H F  e lim in a ­
tio n .3 '28'29

T h e  ch em ica l activation  rate con stan t3 for  C 2H 5F is 1.4 
tim es larger than for 1 ,1 -C 2H 4F 2 and b o th  are con sid era ­
b ly  larger than for 1 ,2 -C 2H 4F 2 (h a lf-q u en ch in g  pres­
sure2 -28b o f  20 T orr  at 300°K ). T h e  4 -k cal increase in  E o  for
1 ,1 -C 2H 4F 2 relative to  C 2H 5F has the e ffe ct o f  low ering k E 
values b y  a factor o f  ~ 3 .  T h is  is o ffset b y  the 3 -4 -k ca l 
higher average energy o f  1 ,1 -C 2H 4F2, w hich  gives back  a 
factor o f  1.5. T h u s  the frequen cy  patterns p lay  a relatively  
m inor role in determ in in g  the relative changes in the rate 
constants for C 2H 5F and 1 ,1 -C 2H 4F 2. T h is  is in d irect 
con trast to  the d iflu oroeth ane isom ers w hich  have nearly 
the sam e E 0 values. T h e  h igher rate for the 1,1 isom er is a 
con sequ ence  o f  ( 1 ) a sligh tly  higher average energy (the 
b on d  energy appears to  be a b ou t 2 kcal m o l - 1  h igher than 
for 1 ,2 -C 2H 4F2) and (2) the low er density  o f  states for

1 ,1 -C 2H 4F 2 because the low -frequ en cy  v ibra tion s  are h igh ­
er (240 and 392 v s .  196 and 320 c m - 1 ) than  for 1,2- 
C 2H 4F 2 . T h is  general trend was p o in ted  ou t b e fo re ,2 h ow ­
ever, better th erm och em ica l data  now  p erm it a b etter as­
signm ent o f  the factors . T h ese  three m olecu les  em phasize 
the need  for deta iled  eva luation  o f  all factors  perta in ing to  
eq I; casual generalizations d o  n ot su ffice  for exp la in in g 
even these rela tively  straightforw ard elim in ation  reaction  
rates.

C o m p a r i s o n  o f  t h e  a , a  a n d  a ,0  P r o c e s s e s .  O ne o f  the 
goals o f  the present investigation  was to  d ed u ce  the cr it i­
ca l energy for the a,a channel b y  com parison  w ith  the a,fS 
channel w h ich  has a critica l energy o f  61 kca l m o l- 1 . As 
show n in T a b le  IV , good  agreem ent exists betw een  the 
ca lcu la ted  (a ,/?  channel on ly) and the exp erim en ta l rate 
con stant for C H 3C H F 2 . B ased u pon  the ca lcu la tion s  for 
a ,a  e lim ination  from  C D 3C H F 2, the a,a  ch ann el is esti­
m ated  to  con tribu te  on ly  ~ 10%  to  the d ecom p osit ion  rate 
for C H 3C H F 2 and the use o f  on ly  the a , /3 rate con stant for 
T a b le  IV  is satisfactory . T h e  critica l energy for a , 0  e lim i­
nation  from  C D 3C H F 2 is 6 2  kcal (ob ta in ed  from  zero- 
po in t energy con siderations) and the com p arison  w ith  e x ­
perim ental results is presented in T a b le  IV . T h e  agree­
m en t is qu ite  sa tis fa ctory  and , since the sam e force  co n ­
stants were used for C D 3C H F 2 and C H 3C H F 2 , there are 
n o ad justab le  param eters in these ca lcu la tion s . T h e  ca lc u ­
lated isotop e  e ffect is som ew hat sm aller than  the ex p e r i­
m ental va lue, and  the latter m ay con ta in  som e sy stem atic  
error.

T h e  best fit to  the experim enta l rate con sta n t for the 
a ,a  e lim ination  from  C D 3C H F 2 was w ith  E 0 =  64 kca l 
m o l- 1 . C onsidering  all factors the absolu te  value o f  E 0 is 
p robab ly  reliab le to  ± 2  kca l m o l- 1 ; how ever, the u n cer­
ta in ty  in E o ( a , a )  -  E o (a ,l3 ) is m u ch  less and we estim ate 
± 0 .4  kcal m o l- 1 . S in ce the a ,a  channel has n o prim ary 
isotope e ffect , the E 0 for a , a  e lim ination  from  C H 3C H F 2 
will be  nearly the sam e as for C D 3C H F 2, i . e . ,  the d iffer­
ence in E 0( a , f i )  and E 0{ a , a )  for C H sC H F 2 w ill be  3 kcal 
m o l- 1 . For C H 2C I-C D C I2 the E 0( a , a )  was fou n d 4 to  be 2 
kcal higher than the E 0 {a,/3) and correction  for the isotope 
e ffect narrow ed the d ifference betw een  channels to  1 kca l 
for C H 3C I-C H C I2.

T h e  necessity  o f  d ou b le  halogen  substitu tion  for open in g  
the a ,a  channel is well established . T h e  ex p lan ation 4 is 
the m u ch  greater th erm od yn a m ic stab ility  o f  the singlet 
carbene w ith  a halogen  rather than a hydrogen  a tom  at a 
radical site. S ince the reaction  betw een  th e carben e and  
H F or HC1 m ust have on ly  a sm all a ctiva tion  energy, the 
greater th erm od yn a m ic stab ility  necessarily  m eans a s ig ­
n ifican t low ering o f  the critica l energy for th e e lim ination  
reaction  y ie ld in g  a halogen  substitu ted  carben e relative to 
the hydrogen  su bstitu ted  reference. T h e  rearrangem ent o f  
the halocarben e to  the o lefin , how ever, still is exotherm ic. 
It w ou ld  be  o f  interest to  try scaven ging exp erim en ts for 
the purpose o f  trap p in g  the m ore stab le  h a log en -su b stitu t­
ed  carbene before  rearrangem ent. S u ch  exp erim en ts have 
not been  successfu l for e th y lid in e .7b'30

(25) J. A. Bryant and G. O. Pritchard, J. Ph ys. Chem .. 74, 2449 (1970).
(26) J. A. Kerr, D. C. Phillips, and A. F. Trotman-Dickenson, J. C h em .

S o c .  A. 1806 (1968).
(27) D. W. Setser in "Reaction Kinetics,” J. C. Polanyi, Ed., MTP-But-

terworths Biennial Review of Chemistry, London, 1972.
(28) (a) J. A. Kerr and D. M. Timlin, Int. J. C h em . K ine l., 3, 427

(1971); (b) Trans. F a r a d a y  So c .,  67, 1376 (1971).
(29) G. E. Millward, R. Hartig, and E. Tschuikow-Roux, J. Ph ys. C hem ..

75, 3195 (1971).
(30) E. Tschuikow-Roux, J. R. McNesby, W. M. Jackson, and J. L.

Faris, J. Ph ys. C hem .. 71, 1531 (1967).
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TABLE IV: RRKM Calculated Rate Constants

Calcd results
Exptla ------------------------------------------------------------------------------------------------------------------

Molecule Temp, °K' ka(a,a +  a , (3) ka"  ( a , (3) k ^ ( c i. f i )  ka”  (« ,a )/k a (a , ¡3) k aa (e t,a )/ k a°(a,f3)

c h 3c h f 2 3586 10.3 X  10s 9.03 X 108 8.25 X 108
CD3CHF2 300 3.69 X 108 3.42 X 1 0 8 0.19 0.19

3586 3.83 X  108 4.38 X 108 3.92 X ,108 0.21 0.20
400 4.99 X 108 4.34 X 1 0 8 0.21 0.20
450 5.80 X 108 4.90 X 1 0 8 0.22 0.21
500 6.66 X 108 5.52 X 1 0 8 0.22 0.21

° These are the a , a  and o t.fi combined experimental rate constants in units of sec-1. b The average energy of the formed CD3CHF2 molecules Is 95.7 
kcal mol-1 ; the thermal contribution Is 3.7 kcal at 358°K. The average energy of the CH3CHF2 is 0.5 kcal mol-1 lower. c ka(expt) = 3.83 X 10s for 
CD3 CHF3 was partitioned into 3.14 X 10s sec- 1 for the a ,(3 process and 6.89 X 107 for the a , a  process based on the experimental a . a / a ,  13 ratio of 0.22 
at 358°K.

TABLE V: Fall-Off Calculations“ for CH3CHF2

Pressure.
Torr

k/k ”

800°K 1000°K 1300°K

1 0 3 0 . 9 9 7 0.990 0.980
1 0 2 0.971 0.922 0.844
10 0.843 0.671 0.476

1 0.561 0.335 0.165
1 0 - 1 0.256 0.113 0.040

0 The calculated k / k "  values at 800°K can be compared with the 
pyrolysis data in Figure 2 of ref 5d, which Indicates k /k ”  = 0.85 and 0.57 
at 10 and 1 Torr, respectively.

T h e  ca lcu la ted  ratio o f  the a ,a / a , f i  reaction  rates at 
lim iting high and low  pressure for tem perature up to  500°K  
are presented in T a b le  IV . A lthou gh  the ca lcu la ted  ratio 
does change slightly  w ith  tem perature and pressure, the 
effect is too  sm all to  expla in  the reported  observation s .7 
T h e energy o f  the reacting  m olecu les  does increase w ith  
increased pressure (0.43 kcal d ifference betw een  24 and 
380 T orr  for 358°K ) and tem perature as exp la ined  b y  P rit­
chard, e t  a l. ; how ever, the energy change is too  sm all to  be 
exp erim en ta lly  s ign ifican t. C om p etitive  reactions o f  
ch em ica lly  activa ted  C H 2C lC H 2B r have been  previously  
exa m in ed 31 and for th at case no varia tion  in the rate ratio 
w ith pressure w as foun d . T h is  is ty p ica l o f  ch em ica l a c t i­
vation  w ith  high £ min and relatively  narrow  d istribution  
functions and  con trasts w ith  the large alkyl rad icals  s tu d ­
ied by  R a b in ov itch  and cow orkers.32

T h e  photolysis  o f  (C H F 2)2C O  and (C D 3)2C O  appears to 
provide a w ell-beh aved  ch em ica l activa tion  system  for 
C D sC H F 2 at tem peratures up to  ~ 3 6 0 °K . H ow ever, at 
higher tem peratures a source o f  C D 2= C D F ,  other than a , a  
elim ination , seem s to  be  present. A  further com p lica tion  
is the presence o f  the C D 2= C F 2 p rod u ct, w hich  P ritchard  
and cow orker a ttribu ted  to  H D  elim ination  from  
C D 3C H F 2. A  d iscu ssion  o f  these aspects o f  the reaction  
system  is presented in the last section . For our im m ediate  
purpose the im portan t question  is; if exp erim en ta l error o f  
unknow n source is a ffectin g  the ch em ica l activa tion  data 
above 423°K , w hat is the p roba b ility  that the data  at 
low er tem perature are a true m easure o f  the rates o f  a , fi 
and a , a  e lim in a tion ? S in ce the pressure d ep en d en ce  o f  
the ratio was as exp ected  at 358°K , we believe th at the 
ratio o f  0.2 ±  0.1 is reliab le . T h e  general agreem ent o f  the 
C H sC H F 2 rate con stants from  four in d ep en d en t studies 
and w ith  the ca lcu la ted  results from  a m od el w hich  fits 
results from  a w hole series o f  h aloethan es27 also lends 
support to  the v a lid ity  o f  th is ratio.

Comparison of Calculated and Experimental Fall-Off 
for CH3CHF2. In sp ite  o f  th e  w e a lth  o f  k n ow led ge  ab ou t  
u n im o lec u la r  H X  ( X  =  F , Cl, B r) e lim in a tio n  rea ctio n s o f  
h a lo a lk a n e s ,27 th ere  is not good  d a ta  for th e  th e r m a lly  a c ­
tiv a te d  fa ll-o ff  b eh a v io r . T h e  recen t p y ro ly sis  w ork5d w ith  
C H sC H F 2 m a y  be th e  sta rt to w a rd  o b ta in in g  su ch  in for­
m a tio n  a n d  for th is  reason  we c o m p a re d  th e  resu lts  from  
our m o d e l to  th e  d a ta , w h ich  cover th e k / k “  region  from  
1 .0 t o 0 .3 ;  k/k°° =  0 .5  a t  ~ 0 . 6 T orr.

T h e  ca lc u la tio n s from  our m o d e ls  are stra ig h tfo rw a rd ;32 

the R R K M  form  o f  k / k “  for co m p a riso n  w ith  e x p erim en t  
for th e r m a l sy s te m s  is g iven  b y 15

A ll term s h ave  b een  p rev io u sly  d efin ed  a n d  th e  ca lc u la te d  
fa ll -o f f  resu lts  are su m m a riz e d  in T a b le  V . F or th e  p res­
sure ran ge covered  b y  th e  8 0 0 °  th e r m a l d a ta , th e  c a lc u la t ­
ed resu lts  fit  th e cu rva tu re  o f  th e  d a ta  q u ite  w ell an d  th e  
a b so lu te  pressure fit  a lso  is e x c e llen t. O u r  re su lts  show  
th a t th e  c h e m ic a l a c tiv a tio n  d a ta , th e  th e r m a l ac tiv a tio n  
p reex p on en tia l fa cto r , an d  th e  th e r m a l fa l l -o f f  d a ta  can  be  
fitte d  b y  th e  sa m e  fo u r -ce n te re d  tra n sitio n  sta te  m o d e l.

Effects of Angular Momentum on the Elimination and 
Dissociation Rate Constants. B u n k e r9 h a s  p ro v id ed  a fo r ­

m u la tio n  a c c o u n tin g  for an g u lar m o m e n tu m  e ffec ts  in  th e  
seco n d a ry  u n im o le c u la r  p rocesses fo llo w in g  a h o t a to m  
su b stitu tio n  rea ctio n . W e  u sed  th is  a p p ro a c h  to  e stim a te  
th e e ffe c t th a t  th e  an g u lar m o m e n tu m  fro m  th e  c o m b in a ­
tion  rea ctio n s m ig h t h ave  u p on  th e  H F  e lim in a tio n  and  
ra d ical d isso c ia tio n  rate co n sta n ts . R a b in o v itc h  and  
W a a g e 24 h av e  given  a s im ila r  fo rm u la tio n  for estim a tio n  
o f  th e  cen trifu gal e ffec ts  on d isso c ia tio n  re a ctio n s .

B u n k e r ’s fo rm u la tio n  w as u sed  to  assign  th e  average  
ro ta tio n a l en ergy in th e  c o m p le x  an d  m o le c u le . T h is  w as  
th en  u sed  to  se le ct th e  ap p ro p ria te  su m s  an d  d en sities  to  
b e  u se d  to  c a lc u la te  th e  ra te  c o n sta n t. F or ou r k E e q u a ­
tion  th e  fo llow in g  exp ression  resu lts

k(E,Es,a) =

m /4 7 t "|

h r n  1 1 1  (IV)
N * [e  -  crE* ^  Jp /47T J

E is th e  in tern al en ergy o f th e  m o le c u le , E = E  ̂+ E0\ E

(31) R. L. Johnson and D. W. Setser, J. Phys. C h em .. 71,4366 (1967).
(32) (a) E. A. Hardwldge, C. W. Larson, and B. S. Rabinovitch, J. Amer. 

Chem. S o c ., 92, 3278 (1970); (b) C. W. Larson and B. S. Rabino­
vich, J. Chem. Phys.. 52, 5181 (1970); (c) Numerous other studies 
referenced in above two papers.

2  p ' [ e - e , - « e , [ 1 < + 1 , + Ì ì ]
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Figure 3. (a) The yields of (i) CH2F2 relative to CH3CHF2 + 
CH2CHF (• ), (ii) CH2F2 relative to CHF2CHF2 +  CF2CHF 
(• ) , and (ili) CH2CF2 relative to CH3CHF2 +  CH2CHF (■ ) vs. 
P-1 at 298°. (b) The relative yields of CH2= C F 2 and CH3CHF2 
vs. pressure"1 at temperatures of 298 (■ ) and 350°K (□ ).

itself does not depend on J  although E  includes the cen­
trifugal energy. E s is the relative translational energy, n is 
reduced mass for two radicals and a is the cross section 
(not collision diameter) for the radical combination reac­
tion. For combination of thermal radicals at 360°K, E s is 
~ 2  kcal and a reasonable estimate of a is 2 0  A2.

Since the moments of inertia of the dissociation transi­
tion state are larger than that for elimination, which vir­
tually are the same as the molecule, eq IV affects the rate 
constants for dissociation more than for elimination. This 
was noted by Bunker for CH3CF218F activated by F for F 
substitution which yields molecules in high angular mo­
mentum states. For our purposes comparison of the re­
sults of eq IV and I to k E for J  = 0 is of interest. The J  = 
0 result is obtained by dropping the PifyPi* of I or by set­
ting a = 0 in IV. The k E(J  = 0) curves for dissociation and 
a ,13 elimination cross at 123 kcal mol"1. For P s = 2 kcal 
and <7 =  2 0  À2 the result for the elimination reaction from 
eq IV is indistinguishable from eq I; the result for the dis­
sociation rate constant is about 2 0 % lower than from eq I, 
which is about the same result that would be obtained 
from Rabinovitch and Waage’s formulation. This is be­
cause the potential energy release by radical combination 
mainly becomes vibrational energy of CH3CHF2, so that 
the centrifugal effect is virtually insignificant for both 
channels. We conclude that the centrifugal energy effects 
upon the rate constants for molecules activated by combi­
nation of thermalized radicals is within the experimental 
uncertainty of the rate constants and/or the uncertainty 
in assignment of models and use of harmonic oscillator 
sums and densities.

M ech a n is tic  C on sid era tion  for  th e  /CD3/2CO- 
(C H F 2) 2 C O  S ystem . There are several unresolved prob­
lems. One, of course, is the variable CD2CHF/CD2CFD

ratio at higher temperatures. A second is the source of the 
C D 2C F 2 product, which at first glance1 appears to be a 
consequence of HD elimination from C D 3C H F 2 . A third is 
the rather large number of minor products which require 
that reactions other than 1-4 be added to the mechanism. 
Some diagnostic type experiments, which originally were 
addressed to the first two problems, are described below.

We first checked for the possibility of sensitized decom­
position of CD3CHF2 because Whittle and coworkers6 

have shown that photosensitized decomposition of halo- 
ethanes by hexafluoroacetone are not uncommon. However, 
the photolysis of (CHF2)2C0  or ( C H 3) 2C O  with C H 3C H F 2 

at --''75 Torr for 2  hr produced no C H 2C H F  or C H 2C F 2 . 
Apparently sensitization reactions of C H 3C H F 2 by 
( C H F 2)2C O  or ( C H 3)2C O  are insignificant.

Difluoroethylene was observed in the cophotolysis of 1.5 
cc of ( C H 3)2C O  and 0.5 cc of ( C H F 2 )2C O  (total pressure =
3-300 Torr), at 298 and 350°K; however, at least ten other 
unidentified products (with longer retention times than 
C H 3C H F 2) were present in larger yields. The C H 2C F 2 /  
C H 3C H F 2 product yield ratio us. P_1, Figure 3b, shows 
the pressure and temperature dependence characteristic 
of a chemically activated reaction, which previously was 
invoked to explain this product.1 Since elimination of mo­
lecular H2 from ground electronic states of haloethanes is 
rather unusual, some alternative possibilities are worth 
considering. Formation of C H 2C F 2 in the pyrolysis5d of 
C H 3C H F 2 was explained by
CH3 (or CHF2) + CH3CHF2--- ►

CH3CF2 + CH4 (or CH2F2) (5) 

2CH3CF2 — -

CH3CHF2 + CH2=CF2 (6 a) 

— ►  CH3CF2CF2CH3 (6 b)

Photolyses of 0.5 cc of ( C H F 2)2C O  with 0.2 cc of 
C H 3C H F 2 and 1.5 cc of ( C H 3)2C O  with 0.2 cc of 
C H 3C H F 2 (at pressures of 10-300 Torr) at 298 and 350°K 
gave no C H 2C F 2 . These reactions are, thus, not a viable 
mechanism for conditions of the photochemical experi­
ment, even though abstraction33 of H from the a  position 
is highly favored. Since disproportionation, k a/kc = 0.19, 
is reported34 for C H F 2 radicals, reactions 7-10 may be 
considered. 35

CH3 + CF2 --- ► CH3CF2* < E > 36 =  60 kcal mol- 1  (7)

CH3CF2* ( £ 0 = 47 kcal)— -H  + CH2CF2 (8 )

CHF2 + CF2 -^ C H F 2CF2* < £ > 36 = 55 kcal mol- 1

(9 )

CHF2CF2( £ 0 = 56 kcal)-----H + C2F4 (10)

Since the formation of H + C2F4 is virtually thermoneu­
tral, the CHF2CF2* radical will not decompose. For reac­
tions 7 and 8 to account for the observed CH2CF2 yields,

(33) (a) P. M. Scott and K. R. Jennings, J. P hys C h em .. 73, 1513 
(1969); (b) R. D. Giles, L. M. Quick, and E. Whittle, Trans. F ara­
d a y S o c . . 63, 662 (1967).

(34) G. O. Pritchard and J. T. Bryant, J. Phys. C h em .. 70, 1441 (1966).
(35) F. W. Dalby, J. C hem . Phys.. 41,2297 (1964).
(36) (a) i H r'( C F 2) =  -44.5 kcal m o l"1 was obtained from G. A. Carl­

son, J. Phys. C h em .. 75, 1625 (1971); (b) A H f°(CHF2CF2) =  
— 158 kcal mol“ 1 and AH[0(CH3CF2) =  —71 kcal m o i"1 were cal­
culated from bond dissociation energies of the ethanes; (c) The 
AHf° of all other species are from ref 41, or values cited in text.
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TABLE VI: Frequencies and Moments of Inertia for Molecules and Complexes“

Complex

c h 3c h f 2 Four center Three center

Log A  =  13.59 sec -1 e Log A  =  13.54 s e c -1
2988 (4) 2972 (3) 2997 (3)
1413 (5) 1406 (2) 1427 (4)
1146 (3) 1310 (1) 1089 (3)
904 (2) 1083 (3) 840 (2)
521 (2) 876 (4) 607 (2)
392 (1) 615 (3) 432 (2)
240 (1) 450 (1) 300 (1)

54.6; 57.5; 99.7s 56.1; 57.9; 101.2 51.8; 59.9; 104.1

Complex

CD3CHF2 Four center Three center Association17-1*

Log A  =  13.66 s e c -1 Log A  =  13.58 s e c -1 Log A  =  16.86 s e c -1
2942 (1) 2942 (1) 2209 (3) 3086 (1)
2209 (3) 2175 (2) 1320 (2) 2230 (3)
1320 (2) 1186 (3) 1045 (5) 1135 (4)
1080 (6) 978 (3) 696 (2) 950 (2)

758 (2) 710 (4) 532 (2) 481 (2)
450 (3) 548 (3) 390 (2) 80 (2)
180 (1) 350 (1) 300 (1) 50 (2)

57.7; 68.7; 110.9 62.4; 67.5; 113.1 57.7; 69.8; 116.3 c

a The last entry of each column is the moments of inertia in amu A2. b D. C. Smith, R. A. Saunders, J. R. Nielsen, and F. E. Ferguson, J. C h em . Phys.. 
20, 847 (1952). c The product of three moments of inertia for the association complex was taken as 1.607 X 10e in comparison with 4.20 X 105 for the 
stable molecule. d Reference 24 discusses some basic questions concerning the formulation of transition state models for dissociation type reactions. 
e Preexponential factors are given in terms of the partition function ratio at 800 *.

c o m p e titio n  b etw een  ( 8 ) a n d  c o llis io n a l s ta b iliz a tio n  m u st  
ex ist a b o v e  50  T o rr . R R K M 37 c a lc u la tio n s  for C H 3C F 2* 
gave kE ~  1 0 12  s e c - 1  for E = 6 0  k cal m o l - 1 , in d ica tin g  
th a t co llis io n a l s ta b iliz a t io n  w ill c o m p e te  w ith  (8 ) on ly  at 
pressures m u c h  g reater th a n  1 a tm . R e a c tio n s  7 an d  8 , 
th u s , c a n n o t be re sp o n sib le  for th e  o b served  p ressu re d e ­
p en d e n t y ie ld  o f  C H 2C F 2 . W e  h av e  n o  ev id e n ce  th a t  
C H 2C F 2 is n ot fo rm e d  b y  th e  u n im o le c u la r  d e c o m p o sit io n  
o f  C H 3C H F 2* . H o w e v e r , th e  a c tu a l y ie ld  o f  C H 2C F 2 is 
sm a ll, a b o u t 1 / 1 0  o f  th e  C H F = C H 2 y ie ld , a n d  it is p r e m a ­
ture to  a ssig n  a u n im o le c u la r  m e c h a n ism  u n til th e p h o to ­
c h e m ic a l m e c h a n ism  for so m e  o f  th e  m ore m a jo r  p ro d u c ts  
is b e tter  k n ow n , vide infra.

D u rin g  th e  co n sid era tio n  o f  rea ctio n s 7 a n d  8 , a search  
w as m a d e  for C 2F 4 in  order to  ch e ck  for th e  p resen ce  o f  
C F 2 . O n ly  trace q u a n tit ie s  w ere fo u n d  fro m  th e  p h o to ly sis  
o f 0 .5  cc  o f  ( C H F 2 )2C O  at 5 -2 0 0  T o rr  a n d  2 9 8 ° . H o w ev er, 
in th is  p h o to ly sis  w e fo u n d  a m in im u m  o f  five  p ro d u cts  
(in  a d d itio n  to  C H F 2C H F 2 , C H 2F 2, C 2F 4, an d  C H F C F 2) 
w h ich , fro m  m a ss  sp ec tra l d a ta , w ere te n ta tiv e ly  assign ed  
as flu o rin a ted  p ro p a n es , b u ta n e s , or p ro p en es , b u t sp ec ific  
id en tifica tio n  w as n o t p o ssib le . A ll  o f  th e se  p ro d u c ts , tw o  
o f  w h ich  sh ow ed  a stro n g  p ressu re d e p e n d e n c e , ex ce e d e d  
th e C H 2C F 2 y ie ld  (re la tiv e  to  C H F 2C H F 2 in  b o th  s y s ­
te m s) in th e  c o p h o to ly sis  o f  ( C H a H C O  a n d  ( C H F 2 )2C O  b y  
factors o f  2 - 1 0 .

In  an  e ffort to  fin d  in d e p e n d e n t , p o sitiv e  e v id en ce  for th e  
p resen ce o f  C F 2 , e x p e r im e n ts  a t  3 0 0 ° w ere d on e  w ith  1 0 %  
ad d ed  e th en e  a n d  p ro p en e . N o  c h a n g e  in p ro d u c t d istr i­
b u tio n  a n d  no new  p ro d u c ts  w ere ob serv e d , w h ich  is n o t  
su rprisin g  co n sid erin g  th e  slow  re a ctio n  ra tes  o f  C F 2 w ith  
o le fin s .35 -38 N e v e rth e le ss  a ll o f  th ese  o b serv a tio n s led  to  th e  
su sp ic io n  th a t  C F 2 ra d ica ls  may not b e  fo rm e d  in sig n ific a n t  
a m o u n ts . T h is  so m e w h a t s ta rtlin g  p o ss ib ility  led  to  a ch eck

o f th e  im p o rta n c e  o f H  a to m  a b stra c tio n , p r e s u m a b ly  from  
th e  a c eto n es , as th e  sou rce o f C H 4 a n d  C H 2F 2 . C o n se ­
q u e n tly , th e  n o n c o n d e n sa b le  ( 7 7 °K )  p ro d u c ts  from  room  
te m p e ra tu re  c o p h o to ly sis  o f  ( C H a ^ C O  a n d  ( C H F 2 )2C O  
w ere a n a ly ze d  b y  m a ss  sp ec tro m e try . A t  an  io n izatio n  
v o lta g e  o f  25  e V , th e  o b serv ed  ion s w ere m /e  28 , 16, an d  
15. A t  to ta l aceton e  p ressu res o f  1 2 .5 , 2 0 , 2 5 , a n d  6 0  T o rr  
th e m /e  15 to  28  ratios w ere 0 .0 7 , 0 .0 8 , 0 .1 2 , a n d  0 .1 2  an d  
correction  for m a ss  sp ec tro m e te r  s e n s itiv ity  (o b ta in e d  
from  p rep ared  c a lib ra tio n  m ix tu res) ga ve  C H 4/C O  =  0 .0 8 , 
0 .0 9 , 0 .1 3 , an d  0 .1 3 , resp ec tiv e ly . W ith o u t  d o u b t C H 4 

w as fo rm ed , p r e su m a b ly  b y  H -a to m  a b stra c tio n . T h e  re la ­
tiv e  y ie ld  o f  C H 2F 2 to  ( C H 3C H F 2 +  C H 2C H F )  an d  
( C H F 2C H F 2 +  C F 2C H F )  vs. P - 1 , F igu re  3 a , is v irtu a lly  
co n sta n t a t  0 .3  an d  0 .1 1  re sp ec tiv e ly . S in c e  H  a to m  a b stra c ­
tio n  se em s to  be  occu rrin g , 0 . 1 1  m u s t  b e  an  e x tre m e  u p per  
lim it  for th e  d isp r o p o r tio n a tio n -c o m b in a tio n  ra tio  o f  C F 2 

an d  it m u st , in fa c t , be  co n sid era b ly  low er th a n  th is . T h e se  
H  a to m  a b stra c tio n  rea ctio n s also  m u st b e  p a r tly  resp on ­
sib le  for th e  u n id e n tified  p ro d u c ts  w ith  lo n g  reten tio n  t im e s .

In  su m m a r y , w e h av e  n o t id en tified  th e  rea ctio n  m e c h a ­
n ism s w h ich  are resp o n sib le  for th e  c o m p lic a tio n s  in th e  
c o p h o to ly sis  o f  ( C H 3 ) 2C O  a n d  ( C H F 2 ) 2C O . In  fa c t , we  
h ave  a d d e d  a n ew  q u e stio n  a b o u t th e  re lia b ility  o f  th e  
C H F 2 d isp r o p o r tio n a tio n -c o m b in a tio n  ra tio . In  ou r o p in ­
ion H  a b stra ctio n  fro m  ( C H F 2 >2C O  c a n n o t b e  ign ored  an d  
w e su sp e c t th a t e ith er th e  C F 2C O C H F 2 ra d ica l or lon g - 
lived  e x cited  sta te s  o f  th e  k eto n e  are in v o lv e d  seriou sly  in  
the m e c h a n ism . M u c h  ca re fu l w ork c le a r ly  re m a in s  to  b e  
d on e.

(37) The models for ethyl radical type decomposition reactions are dis- 
cussed in ref 15.

(38) W. J. R. Tyerman, Trans. F a ra d a y S o c ., 65, 1188 (1969).
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A p p e n d ix

T h e  freq u en cies a n d  m o m e n ts  o f  in ertia  u sed  for th e  
m o le cu la r  an d  tra n sitio n  sta te s  are su m m a r iz e d  in  T a b le
V I . In  order to  o b ta in  £ min for C H 3 +  C H F  —*■ C H 3C H F 2, 
th e  ¡\Hf°0 for C H 3C H F 2, C H 3, a n d  C H F 2 are n e ed e d . W e  
u sed  th e  - 1 1 7 . 3  k cal va lu e  (2 9 8 °)  o f  K o le s o v  an d  cow ork ­
ers39 for A /7 f° ( C H 3C H F 2), w h ich  agrees c lo se ly  w ith  
L a c h e r 40 a n d  S k in n e r ’s va lu e  o f - 1 1 8  k c a l. C o n v ersio n  to  
0 ° K  gives AH(°o =  - 1 1 5 . 1  k c a l. T h e  w ell-k n o w n 41 

A / i f° 0( C H 3) =  3 4 .9  k ca l v a lu e  w as u se d . T h e  A H f° ( C H F 2)

w as o b ta in e d  fro m  T a r r , C o o m b e r , an d  W h it t le ’s v a lu e 10b 
o f  1 0 U 0  k ca l for £>473° ( C H F 2- H ) .  C o n v ersio n  to  0 ° K  
( D 0° ( C H F 2- H )  =  9 8 .7  k ca l) an d  u sin g  A H t° 0( C H 2F 2) =  
- 1 0 6 . 4  k c a l gives A 7 / f °0( C H F 2) =  - 5 9 . 3  k c a l. T h is  is w ell 
w ith in  th e  error lim its  o f  th e  v a lu e  ( —5 8 .5  k c a l) r e c o m ­
m e n d e d  b y  K e rr  a n d  T im lin .28 C o m b in in g  th ese  v a lu es  
and u sin g  a 1 . 0  k c a l a c tiv a tio n  en ergy for th e  ra d ica l c o m ­
b in a tio n  gives £ mln =  9 1 -7  k ca l m o l - 1 . T h e  Emln v a lu e  for 
C D 3C H F 2 o f  9 2 .2  k cal w as o b ta in ed  fro m  9 1 .7  k c a l an d  
th e z ero -p o in t en ergy ch a n ges for C D 3C H F 2 a n d  C D 3 vs. 
C H 3C H F 2 a n d  C H 3.

(39) V. P. Kolesov, S. N. Shtekher, A. M. Martynov, and S. M. Skura- 
tov, Zh. Fiz. K him ., 42, 3033 (1968).

(40) J. R. Lacher and H. A. Skinner, J. C hem . S o c . A, 1034 (1968).
(41) "JANAF Thermochemical Tables," The Dow Chemical Company, 

Midland, Mich., 1965.

K i n e t i c s  o f  t h e  T h e r m a l  D i s s o c i a t i o n  o f  T e t r a f l u o r o h y d r a z i n e 1 3

E. Tschuikow-Roux,* K. O. M acFadden,1b K. H. Jung,1c and D. A. Armstrong

D ep a rtm en t o t  C hem istry. U niversity  o f  C algary. C algary. A lberta  T2N 1N4. C anada (R e c e iv e d  N o v em b er  14. 1972)

T h e  sh ock  in itia ted  th e r m a l d isso c ia tio n  o f  te tra flu o ro h y d ra zin e , N 2F 4 ;  : 2 N F 2, in ex cess  argon an d  n i ­
trogen  has b een  in v estig a te d  over th e  te m p e ra tu re  ran ge 3 5 1 -4 5 3 ° K ,  a t  to ta l pressures 1 .0 - 9 .4  a tm  in A r  
an d  0 .6 9 -1 2 .0  a tm  in N 2. T h e  progress o f  th e  rea ctio n  b e h in d  in c id e n t sh ock  w aves w as fo llo w ed  b y  m o n ­
itorin g the N F 2 ra d ica l co n ce n tra tio n  in a b so rp tio n  a t 2 6 0  n m  u sin g  a tim e -re so lv e d  sp e c tro p h o to m e tr ic  
te c h n iq u e . T h e  rate  o f  d isso c ia tio n  in b o th  sy s te m s  w as fou n d  to  be pressure d e p e n d e n t , ch a ra cte ristic  o f  
a u n im o lec u la r  rea ctio n  in th e  fa l l -o f f  region  an d  a p p ro a ch in g  th e  h ig h - a n d  low -p ressu re  lim itin g  v a lu es  
a t th e  e x trem es o f th e  pressure ra n ge . A s s u m in g  th a t  th e  a c tiv a tio n  en ergy in  th e  h ig h -p ressu re  lim it  
m a y  b e  a p p ro x im a te d  b y  th e  e n th a lp y  o f  rea ctio n , th e h ig h -p ressu re  lim itin g  rate  c o n sta n t is g iven  b y  
kAr ( s e c - 1 ) =  10 1 5 -37 e x p ( - 1 9 ,8 0 0 /R T ) .  A  s im ila r  va lu e  w as o b ta in e d  from  th e  N 2F 4- N 2 d a ta . A t  p re s­
sures b e low  2  a tm  th e  rate is e sse n tia lly  in th e  se co n d -o rd e r  region a n d  th e  b im o le c u la r  rate c o n sta n ts  for 
th e  N 2F 4- A r  d a ta  w ere fou n d  to be  in go od  a g re e m en t w ith  litera tu re  v a lu es . T h e  c o m b in e d  d a ta  m a y  be  
rep resen ted  b y  febi° ( M - 1  s e c - 1 ) =  l 0 1 3 -5 6 ± 0 1  e x p [— (1 5 ,3 0 0  ±  ô O O i/f lT ] , T h e  resu lts  are d isc u sse d  in  
term s o f  th e  R R K M  th eory  o f  u n im o le c u la r  rea ctio n s a n d  it is sh ow n  th a t  a loose a c tiv a te d  c o m p le x  
stru ctu re  in w h ich  th e  N F 2 ra d ica ls  are b o u n d  b y  a L o n d o n  a ttr a c tiv e  p o te n tia l is a d e q u a te  to  d esc rib e  
th e o b served  fa l l -o f f  b eh a v io r . H o w e v e r , c o m p u te d  se co n d -o rd e r  rate  c o n sta n ts  in th e  low -p ressu re  lim it  
w ere fo u n d  to  b e  h igh er th a n  th o se  o b serv e d . T h e  d iscrep a n c y  ca n  be rem o v ed  if  a llo w a n c e  is m a d e  for  
n o n eq u ilib riu m  e ffec ts  a t low  pressu re.

I n tr o d u c tio n

T e tra flu o ro h y d ra zin e  p resen ts an  in terestin g  c h e m ic a l  
sy ste m  b y  v irtu e  o f  th e  e le m e n ta ry  ch a ra cter  o f  its m o le ­
c u le -s ta b le  ra d ica l e q u ilib r iu m , N 2F 4 2 N F 2 . In  th e  
te m p e ra tu re  range 3 0 0 -5 0 0 ° K  re c o m b in a tio n  is th e  on ly  
rea ctio n  o f  N F 2 ra d ica ls  an d  th e  e q u ilib r iu m  is c o m p le te ly  
rev ersib le . T h e  co n c e n tra tio n  o f N F 2 ra d ic a ls  h a s  b een  d e ­
te rm in ed  b y  electro n  p a r a m a g n e tic  re so n a n c e ,23 u ltr a v ­
io le t ,2b a n d  in frared 3 -4 sp ec tro sc o p y , as w ell as m a ss  sp e c ­
tr o sc o p y .5 E q u ilib r iu m  c o n sta n ts  a n d  A H v a lu es  for th e  
rea ctio n  d e te r m in e d  b y  th ese  m e th o d s  are in rea son ab le  
a g re e m en t w ith  (AP/AT)v d a ta ,2b an d  th e se  resu lts  have  
recen tly  b een  rev iew e d .6 F ro m  a p ra ctic a l p o in t o f  v iew  an

u n d ersta n d in g  o f  th e  ch e m istry  a n d  rea ctio n  k in e tics  o f  
th e N 2F 4- N F 2 s y s te m  a t e lev a ted  te m p e ra tu re s  is o f  in ter­
e st in  rock et p ro p e lla n t te ch n o lo g y , a n d  m o re  recen tly  in

(1) (a) Work supported by the Defence Research Board of Canada 
under D. R. B. Grant No. 9530-107. (b) Postdoctoral Fellow, 1971 — 
1973. (c) Predoctoral Fellow, 1969-1972.

(2) (a) L. H. Piette, F. A. Johnson, K. A. Booman, and C. B. Colburn, 
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Thermal Dissociation of Tetrafluorohydrazine 735

th e fie ld  o f  c h e m ic a l lasers w here H F  v ib r a t io n a l-r o ta ­
tio n a l s t im u la te d  em iss io n  h a s  b e e n  o b serv e d  in  th e  fla sh  
p h oto lysis  o f  N 2F 4 w ith  su ita b le  h y d ro g e n  so u r c e s .7

T h e  k in e tics  o f  th e  th e r m a l d isso c ia tio n  o f  N 2F 4 in  th e  
presen ce o f  excess in ert ga s h a s  b e e n  rep orted  b y  tw o  
groups o f  in v e stig a to r s .8 -9 B o th  stu d ie s  w ere carried  o u t  
b e h in d  in c id e n t sh o c k  w a v es a n d  th e  rea ctio n  w as fo l ­
low ed  b y  o p tic a l d e n sity  m e a su r e m e n ts  o f  th e  N F 2 a b ­
sorp tion  b a n d  a t a b o u t 2 6 0  n m . M ó d ic a  a n d  H o rn ig 8 u sed  
p rim a rily  excess argon  as d ilu e n t a t  to ta l p ressu res o f  
0 .6 - 3 .3  a tm  a n d  te m p e ra tu re s  3 5 0 -4 5 0 ° K .  O v er  th e  p re s­
sure ran ge 0 .6 - 2 .7  a tm  th e  ra te  w a s fo u n d  to  b e  first order  
in  N 2F 4 a n d  0 .9  order in argon  c o n c e n tra tio n . I t  w as c o n ­
c lu d ed  th a t w ell w ith in  th e  e x p e r im e n ta l error th e  rea c­
tion  w as in th e  se c o n d -o rd e r , lo w -p ressu re  region . B row n  
and D a rw e n t9 s tu d ie d  th e  rea ctio n  b y  e sse n tia lly  th e  sa m e  
tech n iq u e  u sin g  1 %  N 2F 4 m ix tu r e s  in n itrog en  a n d  argon  
in  th e  te m p e ra tu re  ran ge 3 4 4 -4 1 0 ° K .  T h e  d isso c ia tio n  
w ith  N 2 as d ilu e n t w as carried  o u t ov er a te n fo ld  pressure  
range fro m  0 . 6  to  6  a t m , a n d  th a t  w ith  argon ov er a m ore  
lim ite d  ran ge fro m  1 .4  to  2 .1  a tm . T h e  k in e tic  d a ta  from  
the n itrog en  m ix tu re  in d ic a te d  th a t  th e  d isso c ia tio n  o f  
N 2F 4 w as q u a s i-u n im o le c u la r  th ro u g h o u t th e  e x p e r im e n ­

ta l pressure ra n ge , a tta in in g  th e  first-ord er l im it  ju s t  
ab o v e  6  a tm  an d  th e  se c o n d -o rd e r  region  b e lo w  0 .6  a tm . It  
h as b een  p o in ted  o u t6 th a t  th e  d ifferen ce  in  th e  pressure  
d ep en d en ce  o f th e  N 2F 4- N 2 a n d  N 2F 4- A r  d a ta  c a n n o t be  
so le ly  ex p la in ed  on  th e  b a sis  o f  co llis io n  ra tes a lo n e , an d  
nitrogen  m u st be  m o re  e ffic ie n t th a n  argon  in tran sferrin g  
en ergy . N e v e rth e le ss , th e  d ifferen ce  in b e h a v io r  w ith  th ese  
tw o ga ses is greater th a n  w o u ld  n o r m a lly  be e x p e c te d 10 

and th u s a re in v estig a tio n  o f  th is  sy s te m , c o u p le d  w ith  a 
th eoretica l tr e a tm e n t, w ou ld  a p p ea r in order. S in c e  s tru c ­
tural s tu d ies  on  N 2F 41 1 -13 an d  N F 23 are q u ite  c o m p le te  
th e d isso c ia tio n  o f  te tra flu o ro h y d ra zin e  len d s itse lf  to  a 
fa irly  d eta ile d  a n a ly sis  in  te rm s o f  th e  q u a n tu m  sta tis t ic a l  
R R K M  th e o ry 14 o f  u n im o le c u la r  rea ctio n s a n d  th is  form s  
an o th er o b je c tiv e  o f  th e  p re sen t s tu d y .

E x p e r im e n t a l  S e c t io n

Apparatus. T h e  sh o c k  tu b e  w as co n stru c te d  fro m  seven  
sectio n s o f  cy lin d rica l a lu m in u m  tu b in g  (8 0  m m  i .d . ,  1 0  

m m  w all) w ith  fla n g e d  e n d s to  a llow  for v e r sa tility  in  
sh ock  tu b e  g e o m e try . In  th e  p resen t s tu d y  th e  d river a n d  
ch a n n el sectio n s w ere 305  a n d  4 1 7  c m , re sp ec tiv e ly . T h e  
tu b e  w as d esig n e d  for co ld  d riv er o p era tio n , an d  a lu m i­
n u m  d ia p h ra g m s o f  v a rio u s ga u ge  th ick n ess  w ere u sed  to  
give th e  d esired  te m p e ra tu re  a n d  d e n sity  b e h in d  th e  in c i­
d en t sh o c k  w a v e . T h e  te s t  sectio n  w as p ro v id ed  w ith  tw o  
fa b r ic a te d  a lu m in u m  v a lv e s  w h ich  w ere m a c h in e d  to  fit  
flu sh  w ith  th e  in tern a l w all o f  th e  tu b e  to  m in im iz e  d is ­
tu rb a n ce s  in th e  flo w .

T h e  in c id e n t sh o c k  v e lo c ity  w a s m e a su red  b y  three  
pressure tra n sd u ce rs  o f  l -j is e c  rise tim e  (K is t le r , M o d e l  
6 0 3 A /6 2 3 F )  lo c a te d  4 0 , 60 , a n d  8 0  c m  from  th e  en d  p la te . 
T h e  sig n a ls  from  th e  tra n sd u cers  w ere a m p lif ie d  (K is t le r , 
M o d e l 5 6 6  C h a rge  A m iflit ie r s )  a n d  fe d  to  tw o  u n iv ersa l  
co u n ters (H e w le tt -P a c k a r d , M o d e l  5 3 2 5 A )  w h ich  p ro vid ed  
a d irect re a d o u t o f  th e  tr a n sit t im e s  o f  th e  sh o c k  w ave .

T h e  sp e c tro p h o to m e tric  d e te c tio n  s ta tio n  w as lo c a te d  
d o w n strea m  fro m  th e  la st  p ressu re tra n sd u ce r, 36  c m  from  
th e e n d  p la te . I t  c o n siste d  o f  a re cta n g u la r  se c tio n  m ille d  
from  an  a lu m in u m  b lo c k  a n d  b o red  o u t to  th e  sh o c k  tu b e  
d ia m e te r . T h e  w in d o w s w ere m a d e  fro m  p o lish e d  sa p p h ire  
in th e  sh a p e  o f tru n c a te d  co n es (b a s e , 10  m m ) . T h e  inner  
su rface w as grou n d  to  a cu rva tu re  o f  ra d iu s  4 0  m m  to  p ro ­

v id e  a  flu sh  fit  w ith  th e  sh o c k  tu b e  w a ll. T h e  lig h t source  
w as a 9 0 0 -W  x e n o n  arc la m p  (H a n o v ia , N o . 5 3 8 C -1 ) . T h e  
lig h t w as sp a tia lly  d e fin e d  b y  a s lit  a n d  q u a rtz  len s a r­
r a n g e m e n t. T h e  2 6 0 -n m  w a v e len g th  w as iso la ted  on  th e  
o p p o site  sid e  o f  th e  sh o c k  tu b e  b y  a 0 .3 -m  p la n e  gratin g  
m o n o c h ro m a to r  (M c P h e r s o n , M o d e l 2 1 8 ) . T h e  in ten sity  o f  
th e  tr a n sm itte d  lig h t w as m o n ito re d  b y  a h ig h -g a in  p h o to ­
m u ltip lie r  ( E M I  =  9 6 3 5  Q B )  p ow ered  b y  a  reg u la ted  dc  
p ow er su p p ly  (K e p c o , M o d e l  7 5 0 ) . T h e  p h o to m u ltip lie r  
o u tp u t w as fed  th ro u g h  an  a d ju sta b le  lo a d  resistor to  a 
T e k tro n ix  osc illo sco p e  (M o d e l 5 3 5 A ) .  T h e  lo a d  resistor  
w as a d ju ste d  so  th a t  th e  s ig n a l-to -n o ise  ra tio  ( S / N )  w as  
a p p ro x im a te ly  4 0  a n d  th e rise tim e  less  th a n  th e  tra n sit  
tim e  o f  th e  sh o c k  th rou g h  th e  lig h t b e a m . T h e  resp on se o f  
th e  o p tic a l sy s te m  w as ca lib ra te d  b efore  every  e x p er im e n t  
w ith  a lig h t ch o p p er w h ich  p ro v id ed  a referen ce signal 
co rresp on d in g  to  0  a n d  1 0 0 %  lig h t tr a n sm itta n c e .

P ressu res in th e  ra n ge  0 -8 0 0  T o r r  a n d  0 -1 0 0 0  p si were  
m easu red  w ith  H e ise  ga u ges (M o d e ls  5 0 2 7  a n d  5 0 2 8 , re ­
s p e c tiv e ly ) . P ressu res b e low  1 T o rr  w ere m e a su red  w ith  
th e rm o c o u p le  an d  co ld  c a th o d e  g a u g e s . T y p ic a l  pressure  
readin gs in th e  sh o c k  tu b e  prior to  an  e x p e r im e n t were  
< 1 0 -  4 T o rr .

Materials. T h e  te tra flu o ro h y d ra zin e  fro m  th e  A ir  P ro d ­
u cts C o . w as 9 9 .8 %  p u re  a n d  w as u sed  w ith o u t fu rth er p u ­
r ific a tio n . M a th e s o n  research  grad e argon  a n d  n itrogen  o f  
b e tter  th a n  9 9 .9 9 5 %  s ta te d  p u rity  w ere u sed  as d ilu en t  
gases, w h ile  h e liu m  w as u se d  as th e  d river g a s . R ea ctio n  
m ix tu res  o f  0 . 1  a n d  1 .0 %  N 2F 4-d i lu e n t  c o m p o sitio n  were  
p rep ared  in an  all m e ta l v a c u u m -p r e s s u r e  lin e  a n d  stored  
in  s ta in le ss  stee l ta n k s .

D a t a  R e d u c tio n

Gasdynamic Considerations. T h e  te m p e ra tu re  an d  d e n ­
sity  across th e  in c id e n t sh o c k  w ere e v a lu a te d  fro m  m e a ­
sured  sh o c k  v e lo c ities  u sin g  an  ite ra tiv e  p rocedu re w h ich  
ta k e s  e x p lic it  a c c o u n t o f  th e  e ffec ts  o f  c h e m ic a l re lax ation  
a n d  d isso c ia tio n  p ro cesses. T h e  d e ta ils  o f  th is  procedu re  
are o u tlin ed  in A p p e n d ix  A - l .

Kinetic Analysis. T h e  e xp ression  for th e  th e r m a l d isso ­
c ia tio n  o f  N 2F 4 in  th e  gen eral p ressu re region  m a y  be  
w ritten

M  +  N 2F 4 ; = = ^ : M  +  2 N F 2
* - M

w here M  is a co llis io n  p a rtn e r. For d ilu te  m ix tu res  o f  
N 2F 4 in  argon  or n itro g en , [M ] is s im p ly  th e  co n cen tra tio n  
o f  th e  in ert ga s . T h e  rate  o f  d isa p p ea ra n c e  o f  N 2F 4 is th en  
given  b y

- d [ N 2F 4] /d f p =  Am [ M ] [ N 2F 4] -  A _ m [ M ] [ N F 2] 2 (1)

w here th e  co n ce n tra tio n s refer to  th e  region  b e h in d  th e  in ­
c id e n t sh oc k , a n d  tp is th e  p a rtic le  t im e  w h ich  is re lated
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Figure 1. Typical oscillogram of NF2 absorption at 260 nm for 
1% N2F4-N 2 mixture. Writing speed 20 psec/cm .

to  th e  la b o ra to ry  t im e , th b y  tp = P2it\ w here p21 =  p2/p i  
is th e  d e n sity  ra tio  across th e  sh ock  fro n t. I f  a is d efin ed  
as th e  frac tio n  o f N 2F 4 m o le cu le s  d isso c ia te d , a =  
[N 2F 4 ]disa/ [ N 2F 4 lo, w e h ave  th e  m a ss  b a la n c e  eq u a tio n s

[ N F J  =  2 a [ N 2F 4] 0

=  2 a p 21[ N 2F 4] 01 (2)

[ N 2F 4] =  (1 -  « ) [ n 2f 4] 0

=  ( 1  -  a)p21 [ N 2F 4]01 (3)

w here [N 2F 4]oi refers to  th e  in itia l N 2F 4 c o n cen tra tio n  
in zon e 1 , th e  u n d istu r b e d  gas in fron t o f  th e  sh o c k . S u b ­
s titu tio n  o f  eq 2 an d  3 in 1 y ie ld s

d a /d ij  =  ¿ m P 2 i2[ M ] i (1 -  a) -  4 £ _ Mp 2i [ M ] 1[ N 2F 4]01a  (4)

w here [M ] j  =  [ M ] /p 21 n ow  refers to  th e  co n ce n tra tio n  o f  
M  in zon e 1. In te g ra tio n  o f  eq 4  su b je c t  to  th e  b o u n d a ry
c o n d itio n  «  =  0  a t t{ =  0  y ie ld s

In [(^r +  a)l((p -  a)\ = In (if/f ) + 2 BCt} (5)

where

i/z = C+ lAb (6 )

<t> =  C -  y2b (7)

b = t fc /4 p 2 i[N 2F 4] 01 (8 )

C  =  ( 1  +  4 /è ) 1/26 /2  (9)

B =  4 ^ M p 213[ M ] , [ N 2F 4] 01/ Kc (10 )

and  Kc = kM/k_M is th e  eq u ilib r iu m  c o n sta n t. T h e  p lo t o f  
( 2C) 1 In [(1̂  +  a)/(<p — « ) ]  vs. t , is lin e a r w ith  p o sitiv e  
slop e  B from  w h ich  kM, or th e a p p a r e n t first-o rd e r  rate  
c o n sta n t, kuni = feM[M ] =  A m P2i [ M ] i , ca n  b e  d eterm in e d

Figure 2. Plot of the integrated rate expression, eq 5.

for e a ch  e x p e r im e n t. T h e  eq u ilib r iu m  c o n sta n t w a s e v a lu ­
a ted  a t  th e  ap p ro p ria te  te m p e ra tu re  from  th e  e q u a tio n

lo g  K c =  ( - 1 9 . 1  k c a l /2 .3 0 3 ^ 7 1) +  6 .6 7  (11 )

o b ta in ed  fro m  (Ap/AT)V d a ta .2b
T h e  d egree o f  d isso c ia tio n  rv is fou n d  from  th e  e x p e r i­

m e n ta lly  d e te r m in e d  c o n cen tra tio n  o f  N F 2 u s in g  th e  
B e e r -L a m b e r t  law

III0 =  e x p ( - e L  [ N F 2])

=  e x p ( - 2 e L p 21[ N 2F 4] 01o:) (12 )

w here /o  a n d  /  are th e  in c id e n t a n d  tr a n s m itte d  lig h t in ­
te n s ity ; L =  8 .0  cm  is th e o p tic a l p a th  len g th  ( i .e . , th e  
sh o c k  tu b e  d ia m e te r ), a n d  t is th e  a b so rp tio n  co effic ien t  
o f  N F 2 .

A  ty p ic a l o sc illo sco p e  trace  o f th e  N F 2 ra d ica l a b so r p ­
tion  a n d  a referen ce s ig n a l are sh ow n  in F igu re l a  an d  an  
id ea lized  version  is red raw n  in F igu re l b .  D e fle c tio n  for  
1 0 0 %  a b so rp tio n  is th e  h e ig h t H o f  the s ig n a l g en era ted  b y  
th e lig h t c h o p p er. T h e  a b so rp tio n  d u e  to  N F 2 ra d ica ls  
d u rin g  th e  d isso c ia tio n  p rocess is sh ow n  as ht a t t im e  t, 
an d  a t  c h e m ic a l e q u ilib r iu m  as h eq. T h e  d ifferen ce  (H — 
ht) is th e  lig h t tr a n sm itte d  an d  h en ce  I/10 =  (H -  hv)/H. 
T h e  v a lu e  o f  a is th erefore  given  b y

a  =  In [HI(H -  At) ] /2 e L /021[ N 2F 4] 01 (13 )

A  p lo t  o f  eq  5  for a ty p ic a l run is show n in  F igu re  2.

R e s u lt s

Absorption Coefficient of NF2. T h e  a b so rp tio n  c o e ffi­
c ie n t o f  N F 2 a t 2 6 0  n m  w as d ete r m in e d  for 0 .1 %  N 2F 4- A r  
m ix tu res  in 14 e x p e r im e n ts  in w h ich  th e  te m p e ra tu re  e x ­
ceed ed  6 0 0 ° K  a n d  to ta l c o n cen tra tio n s ra n ged  fro m  3 X  
lO - 5 to  6  X 1 0 ~ 5 M. A t  th ese  te m p e ra tu re s  th e  N 2F 4 d is ­
so c ia tio n  is v ir tu a lly  c o m p le te  (a ~  1 .0 ) a n d  sin ce  in th e  
c o n cen tra tio n  ran ge  u sed  th e  o p tic a l d e n sity  w as linear  
w ith  N F 2 co n ce n tra tio n  th e  a b so rp tio n  c o effic ie n t is given  
b y

e =  In [Hl(H -  / lcq) ] / 2 L p 21[ N 2F 4] 01 (14 )

T h e  m e a n  v a lu e  o b ta in e d , e 6 1 5  ±  25  A f  1 c m 1, w as
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Figure 3. Temperature dependence of the equilibrium constant 
for N2F4 2NF2: squares, 0.1% N2F4-Ar mixture; circles, 
0.1% N2F4-N 2 mixture.

TABLE I: Experimental Results for the Dissociation of 
N2 F4 in Argon

Py,
atm w.

P2.
atm t2, " k

102[M], 
M P21

-\0~sk M, 
M ~ 1 sec ~

0.98° 1.34 1.82 393 5.65 1.41 0.76
0.49° 1.38 1.03 405 3.10 1.54 1.64
0.73“ 1.39 1.58 411 4.68 1.56 1.47
0.73 1.44 1.72 424 4.94 1.63 2.89
0.46“ 1.45 1.08 428 3.09 1.65 3.88

3.06 1.32 5.86 390 18.33 1.47 0.39
2.72 1.32 5.23 391 16.32 1.47 0.41
1.23“ 1.35 2.61 399 7.97 1.59 0.79
1.23“ 1.38 2.66 408 7.96 1.59 0.95
2.38 1.39 5.15 412 15.22 1.57 1.58
2.04 1.41 4.58 416 13.43 1.60 2.17
2.04 1.41 4.57 417 13.39 1.60 1.34
2.04 1.44 4.72 422 13.65 1.62 1.81
1.23 1.45 2.91 430 8.27 1.65 3.57
1.70 1.47 4.15 432 11.71 1.67 3.27
1.70 1.48 4,18 438 11.63 1.68 4.40
1.70 1.49 4.25 439 11.80 1.69 3.22
1.36 1.53 3.64 453 9.77 1.76 8.24

6.19 1.19 9.41 351 32.69 1.28 0.029
5.10 1.22 8.18 359 27.80 1.32 0.057
3.40 1.44 6.34 384 20.12 1.44 0.030

“ 1%  N2F4-argon mixtures, all other 0.1%.

fou n d  to  b e  te m p e ra tu re  in d e p e n d e n t in a g re e m en t w ith  
earlier o b se r v a tio n s .8 -9 T h is  v a lu e  o f  e is in  rea son ab le  
a g reem en t w ith  th e  v a lu e  o f  5 5 0  M " 1 c m - 1  rep orted  b y  
J oh n son  a n d  C o lb u r n ,2b a n d  m a y  be ta k e n  as a sy stem  
and a p p a r a tu s  c o n sta n t.

Equilibrium Constant. A s  a ch eck  o f  our sy s te m  th e  
eq u ilib r iu m  c o n sta n t for N 2F 4 d isso c ia tio n  Kc = 
4 « 2p2i [ N 2F 4] o i / ( l  -  n ) , w as d e te r m in e d  in 0 .1 %  N 2F 4- A r  
and N 2F 4 - N 2 m ix tu r e s  sh oc k ed  to  te m p e ra tu re s  b etw een  
351 a n d  4 8 9 °K  a n d  c o m p a re d  w ith  p rev io u s stu d ie s . T h e  
resu lts are sh ow n  in F igu re 3 an d  are in good  a g re e m en t  
w ith th e  (AP/ AT)U d a t a .2b

Rate Constants. T h e  resu lts  o f  th e  k in e tics  o f  N 2F 4 d is ­
soc iation  in argon at to ta l c o n c e n tra tio n s  b e tw ee n  0 .0 3  
and 0 .3 3  M  are su m m a r iz e d  in T a b le  I . T h e  c o lu m n  h e a d ­
ings d en o te  th e  in itia l pressure o f  th e  m ix tu r e  in th e  tu b e , 
P 4; th e  m e a su red  sh ock  M a c h  n u m b e r , W 4; th e  pressu re ,

Figure 4. Extrapolation of the first-order rate constants to the 
high-pressure limit, N2F4-Ar at 351°K.

P 2 ; te m p e ra tu re , T2; a n d  to ta l co n c e n tra tio n  [M ] beh in d  
th e in c id e n t sh o c k ; a n d  th e  co rresp o n d in g  d en sity  ratio  
across th e  sh ock  fro n t, p21. T h e  rate  c o e ffic ie n ts  are given  
as b im o le c u la r  rate  c o n sta n ts , kM. T h e  d a ta  are grouped  
in  th ree  co n ce n tra tio n  ran ges an d  are listed  in order o f  in ­
crea sin g  te m p e ra tu re  w ith in  e a ch  grou p .

T h e  d isso c ia tio n  o f  N 2F 4 in th e  pressure a n d  te m p e r a ­
tu re range o f  th is  in v estig a tio n  e x h ib its  th e  ch a ra cteristcs  
o f  a q u a s i-u n im o le c u la r  re a ctio n . T h e  d ep e n d e n c e  o f th e  
rate on  to ta l co n c e n tra tio n  is sh ow n  in F igu re 4 , w here  
first-ord er rate c o n sta n ts  are p lo tte d  as a fu n c tio n  o f th e  
reciprocal o f  th e  c o n c e n tra tio n , [M ] , a t  a fix e d  te m p e r a ­
tu re . S u c h  a p lo t15  h a s  n eg a tiv e  slop e  a n d  p o sitiv e  c u rv a ­
tu re an d  ex tra p o la tio n  to  [ M ] - 1  =  0  y ie ld s  th e  h ig h -p re s ­
sure l im it  first-o rd er rate  c o n sta n t, k“, w h ile  in th e  lim it  
o f  very low  co n ce n tra tio n s , i.e., th e  se c o n d -o rd e r  region , a 
zero slop e  is p re d ic te d . F or th e  p u rp o se  o f  co n stru ctin g  
F igu re 4 , th e  b im o le c u la r  rate  c o n sta n ts  in T a b le  I w ere  
first red u ced  to  a c o m m o n  referen ce te m p e ra tu re  (3 5 1 °K )  
and th en  co n v erted  to  first-o rd er ra te  c o n sta n ts  b y  m u lti-  
p lin g  b y  to ta l c o n c e n tra tio n s  e v a lu a te d  at th e  reference  
te m p e ra tu re  a t  c o n sta n t p ressu re , P 2. T h e  tem p e ra tu re  
correction  w as carried  o u t u sin g  a p p a ren t a c tiv a tio n  en er­
gies d erived  from  A rrh en iu s p lo ts  for e a ch  o f  th e  c o n c e n ­
tration  ran ges (A’ app =  1 5 .2 , 1 5 .6 , and  18 .1  k ca l m o l - 1 , re ­
sp e c tiv e ly ) . T h e  referen ce  te m p e ra tu re  ch o sen  corresp on d s  
to  th e  e x p e r im e n t a t  h ig h est to ta l p ressu re o f  ~ 9 . 4  a tm  
w h ich  p rovid es an  a n c h o r p o in t for e x tr a p o la tio n  to  1 /[ M ]  
=  0 . T h e  b e st s tra ig h t line  d raw n  th ro u g h  th e  d a ta  p oin ts  
a t c o n ce n tra tio n s greater th a n  0 .1 5  M  g ives k351m =  1 .1 3 X  
103 s e c - 1  as th e in terce p t. A s s u m in g  th e  a c tiv a tio n  energy  
a t th e  h ig h -p ressu re  lim it  is ro u gh ly  e q u a l to  th e  e n th a lp y  
o f  d isso c ia tio n , E“ = A H = 1 9 .8  k cal m o l 1, th e  A rr h e n ­
iu s e q u a tio n  for k is g iven  b y

AAr"  ( s e c '1) =  2 .3 6 x  1 0 15 e x p ( l 9 ,8 0 0 /A T )  (15)

T h is  exp ression  is in  good a g reem en t w ith

/ ^ “ ( s e c '1) =  2 x 1 0 15 e x p ( - 1 9 ,8 0 0 jRT) (16)

d erived  b y  B ro w n  an d  D a rw e n t9 b y  e x tra p o la tio n  to  4 0 0 °K  
o f  th eir*N 2F 4- N 2 d a ta .

(15) H. S. Johnston, J. Chem. Phys., 20, 1103 (1952).
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TABLE II: Experimental Results for the Dissociation of 
N2 F4 in Nitrogen

Pi, P2, 102[M], 10-3kuni,3tm W/4 3tm Tr> ° K  M Do 1. c o r : " 1atm W, atm r2, °K M P21. sec-1

0.33° 1.49 0 . 7 9 381 2.49 1.83 1.60
0.39° 1.51 0 . 9 5 383 3.02 1.84 1.86
0.49 1.53 1.18 385 3.76 1.86 4.38
0.26 1.59 0.69 402 2.19 2.01 3.51

1.31° 1.31 2.62 351 8.33 1.54 0.29
1.19° 1.46 2.22 375 7.02 1.74 3.11
0.98 1.47 2.76 375 8.73 1.77 1.39
1.14 1.48 2.78 375 8.82 1.79 2.34
1.16 1.47 2.66 377 8.44 1.77 3.87
1.02 1.54 2.47 389 7.84 1.87 7.01
1.02 1.58 2.58 394 8.18 1.95 7.84
0.95 1.59 2.43 397 7.69 1.97 8.74
0.82 1.63 2.14 403 6.76 2.01 10.62

1.77 1.54 4.35 389 13.78 1.89 5.68
2.45 1.53 5.90 387 18.69 1.86 6.38
4.90 1.53 12.00 387 37.90 1.88 5.31
2.45 1.57 6.15 392 19.50 1.93 6.42
3.68 1.58 9.40 396 29.69 1.96 8.41

“ 1 %  N2F4-N 2 mixtures, all other 0.1%.

T h e  resu lts  o f  th e  k in etics  o f  N 2F 4 d isso c ia tio n  in n itro ­
gen  a t  to ta l c o n cen tra tio n s b etw een  0 .0 2  a n d  0 .3 7  M  are 
su m m a r iz e d  in T a b le  II. T h e  c o lu m n  h e a d in g s  are s im ila r  
to  th o se  in T a b le  I w ith  th e  e x c e p tio n  th a t  th e  rate  c o e ffi­
cien ts are given  as first-o rd er rate  c o n sta n ts , kuni. T h e  
d a ta  are sh ow n  in th is  form  sin ce  th e  a p p a r e n t a c tiv a tio n  
en ergy for runs n ear 0 .0 7  M  w as 1 9 .6  k ca l m o l ' 1 im p ly in g  
th ese  d a ta  are close  to  th e  u n im o le c u la r  reg ion . T h e  d a ta  
are grou p ed  in th ree  co n ce n tra tio n  ran ges an d  are listed  in  
order o f  in creasin g  te m p e ra tu re  w ith in  e a ch  grou p .

T h e  h ig h -p re ssu re , first-o rd er rate c o n sta n t, k " , w as  
fo u n d  u sin g  a s im ila r  p ro cedu re  as th a t u sed  in th e  argon  
d a ta . In  th is  ca se  th e  u n im o le c u la r  rate  c o n sta n ts  in  
T a b le  II for e x p e r im e n ts  a t  co n ce n tra tio n  b e tw ee n  0 .0 6  
an d  0 .1 0  M  w ere red u ced  to  a c o m m o n  referen ce te m p e r a ­
ture ( 3 8 5 °K )  u sin g  an  a p p a ren t a c tiv a tio n  en ergy  o f  1 9 .6  
k cal m o l - 1  d erived  fro m  an  A rrh en iu s p lo t  in th is  c o n c e n ­
tra tio n  ra n ge . In  th o se  e x p er im e n ts  w here th e  c o n c e n tra ­
tion  w a s a b o v e  0 .1 3  M  an a c tiv a tio n  en ergy  o f  1 9 .8  k ca l  
m o l 1 w as u se d . F or e x p er im e n ts  in th e  c o n cen tra tio n  
range b e lo w  0 .0 6  M  th e  d a ta  w ere red u ced  b y  th e  sa m e  
m e th o d  as e m p lo y e d  for th e  argon d a ta  u sin g  an  ap p a ren t  
a c tiv a tio n  en ergy a t  1 5 .4  k c a l m o l - 1 . T h e  referen ce te m ­
peratu re ch o sen  is c lose  to  th e  e x p e r im e n t a t  th e  h ig h est  
to ta l pressure o f  ~ 1 2  a tm . T h e  b e st s tra ig h t lin e  draw n  
th rou g h  th e  d a ta  p o in ts  a t  co n ce n tra tio n s greater th a n  
0 .0 8  M  ga ve  k3g5 "  =  6 .8 7  X  103 s e c - 1 , or a p re ex p o n e n tia l  
factor o f  A "  =  1 .1 5  x  1015  s e c - 1  (w ith  E "  ^  1 9 .8  k cal 
m o l- 1 ) w h ich  is a fa cto r  o f  2 low er th a n  th e  A fa c to r  for  
th e N 3F 4- A r  d a ta . W e  c a n n o t offer a s a tis fa c to ry  e x p la n a ­
tion  for th is  low er v a lu e  e x c e p t th a t  th e  N 2F 4- N 2 d a ta  
sh ow ed  in gen eral m o re  s c a tte r .16

Error Analysis. T h e  sou rces o f  error in  d e te r m in in g  th e  
a c tiv a tio n  en ergy a n d  th e  rate  c o n sta n ts  w ere th e  in a c ­
cu racies in m e a su rin g  th e  sh o c k  v e lo c ity , th e  a b sorp tion  
sig n al on th e  o sc illo sco p e , an d  errors d u e  to  th e  d y n a m ic  
n atu re  o f th e  sh ock  w ave .

T h e  precision  o f  th e  v e lo c ity  m e a su r e m e n t w a s 0 .8 %  th e  
d ista n ce  b etw een  pressure tra n sd u cers  b e in g  2 0 0  ±  1  m m

an d  th e  sh ock  tr a n s it  t im e  b e in g  o f th e  order to  4 0 0  
nsec. H e n c e  th e  u n c e rta in ty  in th e  te m p e ra tu re  c h a n g e  
across th e  sh ock  fro n t w as 2 %  p ro d u c in g  an  error o f  a p ­
p ro x im a te ly  1 0 %  in th e  a c tiv a tio n  en ergy . T h e  m e a su r e d  
sta n d a rd  d e v ia tio n  in  th e a c tiv a tio n  en ergy  w as 1 0 %  in  
a g re e m en t w ith  th a t  p re d icte d  fro m  th e  error c a lc u la tio n .

D is c u s s io n

O v er  th e  pressure an d  te m p e ra tu re  ran ge  o f  th is  in v e s t i­
g a tio n , th e  th e r m a l d isso c ia tio n  o f  N 2F 4 in  argon  a n d  n i ­
trogen  is ch a ra cte ristic  o f  a u n im o lec u la r  re a ctio n  in th e  
fa ll -o f f  region  w ith  p 4/2 ^  4 .0  a tm  (pressu re  a t  w h ich  
k/k" = % )  an d  a p p ro a ch in g  th e  se c o n d -o rd e r  region  a t  
pressu res b e lo w  2 a tm . T h e  A rrh en iu s p re ex p o n e n tia l fa c ­
tor for th e  h ig h -p ressu re  lim itin g  rate  c o n sta n t o f  th e  
m o re ac cu ra te  argon d a ta  [log (A  “/s e c )  1 5 .4 ] , is in  
th e  ran ge c o m m o n ly  fo u n d  for s im p le  b o n d  fission  re a c ­
tio n s . T h is  v a lu e  o f  A  "  lea d s to  a h igh  p o sitiv e  en tro p y  o f  
a c tiv a tio n  o f A S explt  =  9 .7 3 g ib b s  m o l - 1  a t  3 5 1 ° K , w h ich  
su g g ests  a re la tiv e ly  loose  a c tiv a te d  c o m p le x  stru ctu re .

In  p revio u s in v e stig a tio n s8 -9 th e  d isso c ia tio n  o f  N 2F 4 

w as in terp reted  in te rm s o f  th e  R R K  th eo ry  o f  u n im o le c u ­
lar rea ctio n s in th e  fa l l -o f f  region , w h ile  c la ss ic a l co llis io n  
th eory  w as in v o k ed  in th e  lo w -p ressu re , se c o n d -o rd e r  re ­
gion . In  th e  p resen t s tu d y  th e  c o m b in e d  re su lts  are c o m ­
p ared  w ith  R R K M  th e o ry  p re d ic tio n s . F or th e  p u rp o se  o f  
th is  co m p a riso n  tw o a c tiv a te d  c o m p le x  m o d e ls  w ere c o n ­
s id e r e d .17  In  th e  first case  (m o d e l C -I ) ,  a  v a r ia tio n a l a p ­
p ro ach  w a s a d o p ted  to  e sta b lish  th e  v a lu e  o f  th e  N - N  
b o n d  d ista n c e , d NN, w h ereb y  a g re e m en t w as so u g h t b e ­
tw een  th e  p o te n tia l en ergy d ifferen ce  b a se d  on b in d in g  
energy c a lc u la tio n s  a n d  th e  o b served  N - N  b o n d  d is s o c ia ­
tion  en ergy . O th e r  g e o m etric a l p a r a m e te rs  in th is  m o d e l  
w ere u n a ltered  fro m  th e  re a c ta n t. B in d in g  en ergy  c a lc u la ­
tio n s for m o le c u le  an d  c o m p le x  w ere carried  o u t u sin g  th e  
I N D O  m e th o d , 18 a n d  th is  procedu re  ga ve  d NN =  1 .5 2  A ,  
co rresp on d in g  to  a fra c tio n a l b o n d  order o f  n = 0 .8 3  u sin g  
P a u lin g ’s ru le . T h e  p la u s ib ility  o f  th is  m o d e l w as ch eck ed  
b y  c o m p a rin g  th e  e x p e r im e n ta l en tro p y  o f  a c tiv a tio n  w ith  
th a t c a lc u la te d  fro m  m o le c u la r  stru ctu re . T h e  v ib ra tio n a l  
e n tro p y  co n tr ib u tio n  w as e v a lu a te d  fro m  a s e lf -c o n s is te n t  
se t o f  v ib ra tio n a l fre q u e n cie s17  d erived  fro m  th e  n o rm a l  
co ord in a te  a n a ly sis  o f  th e  a c tiv a te d  c o m p le x  u sin g  a se t o f  
tran sferred  force c o n sta n ts  fro m  th e  m o le c u le , a n d  m a k in g  
use o f  th e  force c o n s ta n t -b o n d  order re la tio n s o f  J o h n ­
s to n .1 0 -193  T h e  e n tro p y  o f  a c tiv a tio n  d e te r m in e d  in th is  
m a n n e r  w a s fo u n d  to  be  to o  low  ( A S calcdt  ~  0 .3  eu  a t  
3 5 1 ° K ) ;  h en ce  a p ro p er m e sh in g  w ith  th e  o b serv e d  p re e x ­
p o n e n tia l fa cto r  a n d  en ergy o f a c tiv a tio n  c o u ld  n o t b e  
a c h iev ed  a n d  th is  a c tiv a te d  c o m p le x  m o d e l w as re je c te d .

T h e  seco n d  a c tiv a te d  c o m p le x  m o d e l (C -I I )  w a s a r b i­
trarily  ch o sen  as p la n a r , w ith  th e  N F 2 ra d ic a ls  lo o se ly  
b o u n d  ( d NN t  =  4 .3  A )  b y  a L o n d o n  a ttr a c tiv e  p o te n ­
t ia l ,19b a n d  th e  N - N  n o rm a l m o d e  o f  v ib ra tio n  w a s again  
a ssign ed  as th e  re a ctio n  c o o rd in a te . S in c e  th is  m o d e l c o n ­
sists  e sse n tia lly  o f  tw o  sep a ra te  N F 2 e n tit ie s , th e  e v a lu a ­
tion  o f  v ib ra tio n a l freq u en cies b y  a p p ly in g  th e  s m a ll  a m ­
p litu d e  o sc illa tio n  co n c e p t is no lon ger p o ss ib le ; in stea d  
th e  v ib ra tio n a l freq u en cies w ere a ssin g ed  as fo llo w s: th e

(16) In this treatment the nitrogen vibration was assumed frozen during 
the period of observation (30-50) ¿isec) which appears to be a rea­
sonable assumption.9

(17) K. H. Jung, Ph.D. Thesis, University of Calgary, 1972.
(18) J. A. Pople and D. L. Beveridge, “Approximate Molecular Orbital 

Theory," McGraw-Hill, New York, N. Y., 1970.
(19) (a) H. S. Johnston and P. Goldfinger, J. C h em . P h ys.. 37, 700 

(1962); (b) E. Tschulkow-Roux, J. Phys. C h em .. 72, 1009 (1968).
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TABLE III: Molecular Parameters for N2 F4 and Activated Complex

Molecule Complex C-ll

Frequencies, cm  1 a 

1031 1069 (2 )6
1023 931 (2 )6

738 573 (2 )"
586c 95 (4)d

C(n - N .  Â

423
295
116“
958
933
519
284
242

Geometrical Parameters!

1.47 4.12«
d N  -F. Á 1.37 1.37
Z  FNF, deg 108 108
Z  NNF, deg 104 128
r, deg 6 5 "

Mom ents of Inertia, 1 0 -39 g cm 2

15.01 14.7

i b 26.21 134.5 '
29.81 147.2 '

1 m 3.71

“ Molecular frequencies taken from ref 12. 6 Frequencies of two inde­
pendent NF2 radicals, ref 3. CN-N stretch, taken as reaction coordinate 
in complex. d Low bending vibrations deduced from experimental entropy 
of activation. “ Torsional mode, becomes internal rotation in complex. 
1 Reference 11. * Calculated from <fi> =  1.3092(2aL/k7),/6 in A units, 
where a l  is the London attractive constant evaluated from polarizability 
data, ref 19b. * Dihedral angle. * For the calculation of /t>t and /ct. the ap­
parent square of the distance, <{R 2)) =  1.354(2aL/kT)1/3,'was used, 
ref 21b. 1 Reduced moment of inertia.

Figure 5. Pressure dependence of the reduced rate constant 
ratio for N 2F 4-A r  mixture at 351 °K: solid line, R R K M  theory pre­
diction, Model C-ll; dashed line, second-order limiting slope.

torsion al m o d e  in th e  m o le c u le  w as trea te d  as a free in ter­
nal ro ta tio n  in th e  c o m p le x ; six  v ib ra tio n s  w ere ta k en  to  
be th e  sa m e  as th o se  o f  tw o  in d e p e n d e n t N F 2 r a d ic a ls ;3 

and four d eg en erate  low  fre q u e n cie s  w ere d ed u c e d  from

Figure 6 . Pressure dependence of the reduced rate constant 
ratio for N2F4-N 2 mixture at 385°K: circles, this study; triangles, 
ref 9 and 20; solid line, RRKM theory prediction. Model C-ll; 
dashed line, second-order limiting slope.

th e  e x p er im e n ta l e n tro p y  o f  a c tiv a tio n . T h e  fre q u e n cy  a s ­
s ig n m e n t an d  oth er m o le c u la r  p a ra m e te rs  for N 2F 4 and  
co m p le x  C-II are lis te d  in T a b le  III.

T h e  p red icted  fa l l -o f f  b e h a v io r  for th is  m o d e l is c o m ­
p ared  w ith  e x p e r im e n ta l resu lts  in F igu res 5 a n d  6 , and  a 
su m m a ry  o f th e fo rm a lism  is g iven  in A p p e n d ix  A -2 .  A l ­
th o u g h  th e  d a ta  sh ow  a h igh  degree o f  sc a tte r , th e  theory  
su p p o rts  th e  o b serv a tio n  th a t b o th  sy s te m s  are in th e  g e n ­
eral fa ll -o f f  region , a p p ro a c h in g  th e  h ig h - a n d  low -p ressu re  
lim itin g  v a lu es  at th e  e x tre m es  o f th e  p ressu re range o f  
th is  in v estig a tio n . A ls o  sh ow n  in F igure 6  are th e  d a ta  o f  
B row n  an d  D a rw e n t w n ich  w ere red u ced  for th e  pu rpose  
o f  co m p a riso n  to  3 8 5 °K  u sin g  a p p ro p ria te  a c tiv a tio n  en er­
gies d erived  from  th e ir  d a t a .9 20 T h e ir  rate c o n sta n ts  are 
gen era lly  h igh er th a n  th o se  d eterm in e d  in th e  present 
stu d y  or p re d icte d  b y  th e  R R K M  th eo ry .

T h e  te m p e ra tu re  d ep e n d e n c e  o f  th e  b im o le c u la r  rate 
c o n sta n ts  for th e  N 2F 4-A r  sy s te m  a t pressu res b e low  2 
a tm  (d e n o ted  b y  kbi°) is sh ow n  in F igu re 7 a n d  co m p ared  
w ith  th e  e x ten siv e  d a ta  n ear th e  se c o n d -o rd e r  region  o f  
M o d ic a  an d  H o rn ig , a n d  a lso  th a t o f  B row n  a n d  D a rw en t. 
O u r rate c o n sta n ts  are s lig h tly  low er, b u t th e  co m b in e d  
d a ta  are a d e q u a te ly  rep resen ted  b y  th e  A rrh en iu s e q u a ­

tion

¿ „ ¡» ( A T 1 s e c “ 1) =  1 0 1356±<u e x p [ - (1 5 ,3 0 0  ±  600)1RT] (17)

T h is  e q u a tio n  is c o m p a re d  w ith  th e  R R K M  th eory  ex p re s­
sion for th e  q u a n tu m  s ta tis t ic a l se co n d -o rd e r  rate c o n ­
s ta n t, kbi<i =  feuni.p - o / p ,  w h ich , in c lu d in g  recen t re fin e ­
m e n ts , is g iven  b y 14  21

V  =  ( Z vc/  Z vq) (D  t /  .D) 1/3 F w A  e “ £ ‘ ' r / T ( n + 1) (18)

w here k2 -  ai/p is th e  gas k in e tic  co llisio n  n u m b e r ; Df /D 
is th e  ra tio  o f  th e  p ro d u c t o f  th e  p rin c ip a l m o m e n ts  o f  in ­
ertia  o f  th e  c o m p le x  a n d  m o le c u le ; Z vc/ Z v9 is th e  c lassical

(20) L. M. Brown, Ph.D. Thesis, Catholic University of America, 1967.
(21) (a) E. V. Waage and B. S. Rabinovitch, J. C h em . P hys.. 52, 5581 

(1970); (b) E. V. Waage and B. S. Rabinovitch, C h em . R ev .. 70, 
377 (1970).
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Figure 7. Temperature dependence of second-order rate con­
stants for dissociation of N 2 F 4 in argon at total concentrations 
< 0 .0 5 6  M :  triangles, ref 8 ; shaded circles, ref 20; open circles, 
this study; solid line, RRKM theory prediction, eq 18.

to  q u a n tu m  v ib ra tio n a l p a rtitio n  fu n c tio n  ra tio  for th e  
m o le cu le

Z v 7 z v"  =  e x p ( - E z/ m n  s in h  ( u , / 2 ) / ( u i/2);
1 - 1

u, =  hccci/kT (19)

an d
n

A  =  ^2ri\Wn~l/(n — 1 ) ! ;  (n =  in t e g e r )  (2 0 )
/=0

W =  ( Ec +  aE?)/ RT (21 )

n =  s -  1  (2 2 )

w here Ez(= 1/2'Zhccoi) is th e zero -p o in t en ergy , a is a q u a n ­
tu m  correction  fa c to r ,2 1 2 2 , s is th e  to ta l n u m b e r  o f  v ib ra ­
tio n a l degrees o f  fre e d o m , an d  Ec is th e  critic a l en ergy  for  
rea ctio n . T h e  fa c to r  Fw is a cen trifu gal correction  factor  
w h ich  ta k es p roper co g n iza n ce  o f  th e  co n tr ib u tio n  o f  a d ia ­
b a tic  ro ta tio n s to  th e  rea ctio n  ra te , an d  w h ich  h a s  been  
th e su b je c t  o f severa l recen t m o d ific a tio n s  an d  re fin e ­
m e n ts . A  co n v e n ie n t a n d  ac cu ra te  form  h a s b een  given  b y  
W a a g e  an d  R a b in o v itc h 21

Fw-' =  1 +  (s -  1 ) [ ( / ’ / / )  -  1 ]RTI(EC +  aEz) (23 )

w here P/I is th e ra tio  o f  th e  p rin c ip a l m o m e n ts  o f  in ertia  
for a d ia b a tic  ro ta tio n s if  m o le c u le  a n d  c o m p le x  are tr e a t­
e d  as q u a s id ia to m ic  sp ec ies  (for th e  p u rp ose  o f  e v a lu a tin g  
F w, o n ly ).

T h e  critica l en ergy  w as e v a lu a te d  from  th e  k n ow n  e n ­
th a lp y  ch a n ge  for rea ctio n  a t 2 9 8 °K  u sin g  th e  re lation

Ec =  A H° -  4 RT -  2 < £ v >NF2 +  ( E ^  (24 )

— 1 9 .1  k c a l m o l -1

w here (Ev) d en o tes  average  v ib ra tio n a l en ergy . T h e  in p u t  
p a ra m e te rs  for th e  e v a lu a tio n  o f  febiq at th ree  te m p e r a ­
tu res are given  in T a b le  I V , a n d  th e  resu lts  o f  th e  c a lc u la ­
tion  are sh ow n  in  F igu re  7 . T h e  th e o re tica l rate  c o n sta n ts  
e x h ib it a p p ro x im a te ly  a p aralle l tm p e ra tu re  d ep en d en ce  
b u t are u n ifo rm ly  h ig h er (a  fa cto r  o f  ^  1 3 .5 )  th a n  th e  e x ­
p er im e n ta l v a lu es  o f  th e  three in d e p e n d e n t research

TABLE IV; Input Parameters for the Calculation of fc b i q  for 
N2 F4 in Argon

351°K 36 5° K 400°K

1 0 ~ 1 1 /c2.a A4- 1  s e c - 1 1 .9 18 2.009 2.048

ß b 1 .17 8 1 .17 8 1 .1 7 8
Ez, k cal/m o l 1 0 . 2 2 1 0 . 2 2 1 0 . 2 2

(D t/D )1/2 4.98 4.98 4.98

Pc 5.37 5.22 5 .14
10 5 (Zvc/ Z vq) 1.4 17 2.990 4.032
ad 0.931 0.S31 0.931
1 0 “ 7 r (n  +  1 ) 3.99168 3.9 9 16 8 3.9 9 16 8

F w 0.409 0.394 0.389
w 4 1.0 2 37.40 35.99?
1 0 11  exfi( —E C/R T ) 0 .128 1.438 3.668
1 0 - 1 7  A e 7.3844 2.7493 1.8289
1 0 - 5kbiq, M ~ '  s e c - 1 1 .3 2 11 .6 9 26.88
1 0 - 5k b i° /  M 1 s e c “ 1 0 .10 3 0.796 1 .9 10

“ The collision diameter for N2F4-Ar was taken as 4.7 A. “ Frequency 
dispersion parameter228 defined as 0 =  (s -  1 )(s +  r/2)2wi2/ s (2 “ i)2- 
For the N2F4 molecule, r = 0, s = 12. c p = ( /t / / )  -  1. see text. 6 Quan­
tum correction factor to the zero point energy22 which was evaluated by 
an iterative procedure from a =  1 — 0  exp| — 2.419[(£c +  AEj +  Ft)/ 
Ez]1/4| where A£j =  -n p R T / (W  +  n p ). “ Evaluation of this factor was 
truncated after the third term since higher terms contribute less than 3%. 
f Experimental value from eq 17.

grou p s. H e re , it m a y  b e  n o ted  th a t febiq d e p e n d s  on ly  
w ea k ly  on  th e  p ro p erties o f  th e  a c tiv a te d  c o m p le x  sin ce  
th e  factors ( Z l t /D )  an d  F w in eq 18 w ill te n d  to  c o m p e n ­
sa te  each  oth er, a n d  in the case  o f  t ig h t c o m p le x e s , kbiq 
b e c o m es  v irtu a lly  m o d e l in d e p e n d en t. T h is , th en  su g g ests  
th a t eq  18 requires fu rth er re fin e m en t.

B efo re  p ro ceed in g  w ith  fu rth er d iscu ssio n  it is h e lp fu l to  
recall some o f  th e  earlier p o stu la te s  o f  th e  R R K M  th eory  
fo rm u la tio n . T h e  first p o stu la te  is th e  stro n g  co llis io n  a s ­
su m p tio n  acco rd in g  to  w h ich  c o llis io n a l a c tiv a tio n  p ro ­
cesses are d esc rib ed  b y  m e a n s  o f  th e  p rin c ip le  o f  m ic ro ­
sco p ic  rev ersib ility  in te rm s o f  th e  d e a c tiv a tio n  p ro cesses, 
w h ich , in tu rn , are a ssu m e d  to  occu r in every  g a s -k in e tic  
co llisio n . A c c o rd in g  to  th is  m o d e l, th e n , a m o le c u le  w ith  a 
to ta l en ergy E > Ec w ill e v e n tu a lly  u n d erg o  d e c o m p o s i­
tion  u n less it  su ffers a d e a c tiv a tin g  c o llis io n  b e fo re h a n d . 
T h e  secon d  p o stu la te  in v olves th e  e q u ilib r iu m  a ssu m p tio n  
w h ich  sta te s  th a t  th e s te a d y -s ta te  p o p u la tio n  o f  en ergized  
m o le cu le s  w ith  en ergies less th a n  th e  critic a l th re sh o ld , 
Ec, is g iven  b y  th e  eq u ilib r iu m  B o ltz m a n n  d istr ib u tio n  at 
all p ressu res. T h is  a ssu m p tio n  is c lo se ly  re la ted  to  th e  
first a ssu m p tio n  an d  b o th  u su a lly  p reva il in  la b o ra to ry  
e x p e r im e n ts  for larger m o le c u le s . H o w e v e r, in  th e  case  o f  
sm a ll m o le c u le s  a t low  pressu re, th e  rate  o f  c o llis io n -in ­
d u ce d  tra n sitio n s b etw een  va rio u s en ergy  lev els  o f  th e  
m o le cu le s  is low , i.e., th e  in tra m o lec u la r  v ib ra tio n a l re ­
la x a tio n  t im e  is co n sid era b ly  fa ster  th a n  th e  t im e  b etw een  
co llisio n al a c tiv a tio n -d e a c t iv a tio n . U n d e r  th ese  c o n d itio n s  
th e  h igh  ra te  o f  d isso c ia tio n  o f  th e  en ergized  m o le c u le s  
w ill d ep le te  th e eq u ilib r iu m  p o p u la tio n  an d  th e  e q u ilib r i­
u m  a ssu m p tio n  b rea k s d ow n . H e n c e  a correction  fa c to r  for 
th e  d e v ia tio n  fro m  th e  eq u ilib r iu m  a ssu m p tio n  m u s t  be  
in c lu d e d  in th e rate  exp ression  at low  p ressu res.

T ro e  a n d  W a g n e r 23 h ave  d ev e lo p e d  a n o n e q u ilib r iu m  
th eory  o f u n im o lec u la r  rea ctio n s in th e  lo w -p ressu re  re -

(22) (a) G. Z. Whitten and B. S. Rabinovitch, J. C hem . P hys.. 38, 2466 
(1963); 41, 1883 (1964); (b) D. C. Tardy, B. 8. Rabinovitch, and 
G. Z. Whitten, ibid., 48, 1427 (1968).

(23) V. J. Troe and H. G. Wagner, Ber. B u n sen g es . Phys. C h em ., 71, 
937 (1967).
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gion , w h ich  c o n ta in s , in  p a r t , th e  orig in al R R K M  e x p re s ­
sion as a lim itin g  c a se . In  th e ir  fo rm u la tio n  th e  n o n e q u ili­
b riu m  e ffec t a p p ea rs as a correction  fa c to r . B y  c o m p a rin g  
T re e  a n d  W a g n e r ’s e xp ression  w ith  k0o o f  th e  R R K M  
th eory , th e  correction  fa cto r  Q(T) m a y  b e  exp ressed  as

f i ( T )  =  [ 1  +  V2RT!(\AE\)T2 ( 2 5 )

w here (| A £ | ) is th e  m e a n  en ergy tra n sfer  per co llis io n . A s ­
su m in g  th a t  th e  d isc r e p a n c y  b e tw ee n  e x p e r im e n t a n d  
th eory  m a y  be a sc rib ed  e n tire ly  to  th e  n o n e q u ilib r iu m  e f ­
fect (to  th e  e x c lu sio n , for e x a m p le , o f  s m a ll  a n h a rm o n ic ity  
correction s or, m o re  im p o r ta n tly , fa ilu re  o f  th e  ra n d o m  
life tim e  a ssu m p tio n ) a g re e m en t ca n  b e  forced  b y  m u lt i ­
p ly in g  eq  18 b y  f l ( T )  ~  1 3 .5 , i.e., kbi<i ~  I3.5kbi°, ov er th e  
tem p e ra tu re  ran ge o f  th is  s tu d y . F ro m  eq  2 5 , th e  m e a n  
energy tran sfer per co llis io n  is fo u n d  to  be  0 .4  k ca l m o l - 1  

a t 3 8 5 °K  (average  te m p e r a tu r e ) , w h ich  is to  be  c o m p a re d  
w ith  RT ~  0 .7 6  k cal m o l - 1 . F ro m  th e  u n c e r ta in ty  p rin c i­
ple in th e  form  t c( |a £ | )  = ; h, one fin d s  th e  co llis io n  d u ra ­

tion  r c ~  0 .4  x  1 0 " 13  sec , n o t an  u n rea so n a b le  v a lu e .

Acknowledgment. W e  are in d e b te d  to  D r . R . H a r tig  for  
his c o n trib u tio n  in th e  co n stru ctio n  o f th e  a p p a r a tu s  a t  an  
early s ta g e  o f  th is  p ro ject.

Appendix A-l24
T h e  p roperties o f  th e  flu id  across a  s ta tio n a ry  sh ock  

fron t are re la ted  b y  th e  eq u a tio n s  o f  c o n serv a tio n  o f  m a ss , 
m o m e n tu m , an d  en ergy

Plul = P2U2 ( A l )

pi + plUl2 = P2 + p2u22 (A 2 )

h\ +  Vi u 2 = h2 +  'h u2 ( A 3 )

w here h is th e  e n th a lp y  per u n it m a s s . A n  a d d itio n a l re la ­
tion  is p ro vid ed  b y  th e  id ea l gas e q u a tio n  o f  s ta te  w h ich  
m a y  b e  w ritten  in th e  form

P =  pRTp (A 4 )

w here R is th e  gas c o n sta n t p er m o le , a n d  for a  p u re  inert
gas g is s im p ly  th e  in verse  o f  th e  m o le c u la r  w eig h t, g =  ' 
1  /M, w hile  for a m ix tu re  o f  tw o  g a ses, A  a n d  B

P = f j M A +  (1 -  fm) l M b (A 5 )

w here f m = M A/ ( M A +  M B) is th e  w eig h t fra c tio n  o f  A .  
For a tw o c o m p o n e n t m ix tu re  in w h ich  gas B  is inert 
(argon  d ilu en t) w h ile  gas A  u n d ergo es s y m m e tr ic  d isso c ia ­
tio n , i .e ., N 2F 4 —► 2 N F 2 , w e h a v e , a t  e q u ilib r iu m

P = (1 + a ) f j M A + (1 -  f J I M b ( A 6 )

w h ich  ca n  be d eriv ed  fro m  D a lt o n ’s la w  o f p a rtia l p res­

sures.
F ro m  eq  A l ,  A 2 , a n d  A 4  th e  pressure d ifferen ce  across  

th e sh o c k  fro n t is

P2 ~ Pi = Pi«i2(l - p2f ‘)
~  P 1 R ( P 21P2 P 2 ~  T1 P1)

a n d  h e n c e

ui = R(p21 ̂ 2 P 2 ~  T1pl)l(l -  p2l ) (A 7 )

w here g\ a n d  g2 are given  b y  eq A 5  a n d  A 6 , re sp ec tiv e ly . 
W e  n o te  th a t  for a sh o c k  p ro p a g a tin g  in to  a gas a t rest, Ux 
=  W s -  ui =  W s, th e  m e a su red  sh o c k  v e lo c ity  re lative  to  
the tu b e . E q u a tio n  A 7  m a y  th erefore  be so lv ed  for T2 to  
provide a first a p p ro x im a tio n  for th e  te m p e ra tu re  b eh in d  
the sh o c k  fron t.

A  se c o n d  re lation  for u± ca n  be o b ta in e d  b y  c o m b in in g  
eq  A l  a n d  A 3  to  give

« i 2 =  2 (h2 -  A ,) /[  1 -  ( p ^ - 1) 2] ( A 8 )

w here th e  e n th a lp y  c h a n g e  ca n  be co n sid ered  as th e  su m  
o f  tw o  te rm s, d u e  to  re la x a tio n  a n d  c h e m ic a l rea ctio n

Ah = h2 -  hl = A /i therm +  A /i react (A 9 )

I f  A Ht2 is th e  m o la r  e n th a lp y  ch a n ge  d u e  to  c h e m ic a l  
rea ctio n , th e  h e a t a b so rb ed  p er u n it m a ss  o f  m ix tu re  is 
s im p ly

Abreact = fma ^ HT:JMA (A1°)
N o tin g  th a t  in th e  te m p e ra tu re  ran ge o f  in terest th e  m o la r  
h e a t c a p a c ity  o f  N 2F 4 is a p p ro x im a te ly  tw o  t im e s  th a t o f  
N F 2 , it ca n  be re a d ily  sh ow n  th a t th e  h e a t c a p a c ity  per  
gram  o f  m ix tu re  is g iven  by

C p ,  m ix  C p , m \ x ! M

=  f mCp,J M A +  (1  -  fJ C p,B/MB

a n d  h e n c e

Ah th erm p , m ix d T

=  £ ( T 2 -  7 \ ) ( A l l )

w h ere

f  =  f mCp, j M A +  (1 -  f m)(5/2)R/MB ( A 1 2 )

an d  C P>A is th e  m e a n  m o la r  h e a t c a p a c ity  o f  N 2F 4 in  th e  
te m p e ra tu re  in terv a l. In tro d u cin g  eq  A 1 0  a n d  A l l  in eq  
A 8  lea d s to  th e  seco n d  re la tio n sh ip  for u2

Ul = 2[f(r2 -  7\) + a f mA H Tj M ^ { \  -  p21-2) (A13)

or th e  sh ock  M a c h  n u m b e r  W i  =  Ws/ai = u i / a i  w here a 1 

is th e  v e lo c ity  o f  so u n d  in th e  u n d istr u b e d  gas ah ea d  o f  
th e sh ock .

T h e  ev a lu a tio n  o f  th e  a m b ie n t  te m p e ra tu re  b e h in d  th e  
in c id e n t sh o c k  o f  a dilute reactive m ix tu r e  ca n  n ow  be  
carried  o u t b y  an  ite ra tiv e  p ro ced u re. A s  a sta rtin g  p oin t  
P21 is e v a lu a te d  fro m  th e  re lation

P21 = (y + 1) Wj2/[(y -  1) W ,2 + 2] (A14)

w h ich  ca n  b e  re a d ily  d eriv ed  fro m  eq  A 1 - A 3  a n d  th e  c a lo ­
ric eq u a tio n  for an  id ea l gas

h =  [ y / ( y  -  1)]R’ T (A 1 5 )

w here R' is th e  ga s c o n sta n t p er u n it  m a ss , a n d  7  =  
Cp/Cv is th e  sp ec ific  h e a t c a p a c ity  ra tio . W it h  th is  va lu e  
o f  P2 1 , th e  d egree o f  d isso c ia tio n  a is o b ta in e d  fro m  eq  13. 
N e x t , a first a p p ro x im a tio n  to  T2 is o b ta in e d  fro m  eq  A 7  
an d  th is  te m p e ra tu re  v a lu e  is u sed  in eq  A 1 3  to  compute a 
M a c h  n u m b e r  W\ w h ich  is c o m p a re d  w ith  th e  m ea su red  
v a lu e , W i . T h e  ite ra tiv e  cy c le  w as re p ea te d  b y  a d ju stin g  
P 2 1  in  in c re m en ts  o f  ± 0 .0 0 1  u n til | W d + 1  — Wi*| <  0 .0 1  
w as a c h ie v e d , a n d  th e  co rresp o n d in g  v a lu e  o f  T 2 w as  
ta k e n  as th e  rea ctio n  te m p e ra tu re .

A p p e n d ix  A - 2

T h e  e v a lu a tio n  o f  th e  p re ssu re -d e p e n d e n t fra c tio n a l  
rate , k/kœ, w ith in  th e  fra m ew o rk  o f  th e  R R K M  th eory  is 
grea tly  s im p lifie d  b y  m a k in g  u se  o f  th e  ac cu ra te  r o ta tio n -  
v ib ra tio n  en ergy lev el su m s  a p p ro x im a tio n  d ev e lo p e d  b y

(24) The derivation here follows closely that of ref 8 but is given in more 
detail since ref 8 contains what appears to be typographical errors 
which may lead to some confusion.
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W h it te n  an d  R a b in o v itc h .22 W it h  th is  a p p ro x im a tio n  th e  
rate  c o n sta n t ra tio  m a y  b e  c a st co n v e n ie n tly  in to  th e  
fo rm 2 5 -26

f e u n i  _  , v  r  G,(x)e"(E’ìx/hT)àx 
k~ J 1 +  ( A 2/ P ) [ G , ( x ) / H ( * ) ] F w ( '

w here th e  in teg ral is p a rtitio n e d  in to  th ree  ran ges o f  in te ­
gration  to  ta k e  p ro per a c c o u n t o f  q u a n tu m  restriction s  
a n d  th e  fu n c tio n a l fo rm  o f th e  q u a n tu m  correction  factor  
to  th e  se m ic la ss ic a l en ergy d en sity  e x p re ssio n . T h e  v a ri­
ab le  o f  in teg ra tio n  is th e  red u ced  en ergy , x = /Ezt ,  
w here is th e  en ergy  o f th e  ac tiv e  m o d e s  o f  th e  a c tiv a t­
ed  c o m p le x  in excess  o f  its zero -p o in t en ergy , E71. In  th e  
a b sen c e  o f  free in tern a l ro ta tio n s in th e  m o le c u le  an d  r t  
su ch  ro ta tio n s in th e  c o m p le x , th e  fu n c tio n s  in eq  A 2 .1  
an d  lim its  o f  in teg ra tio n  are given  by

Gy(x) =

[r(nt + i)n<oit/ra + rt/2)(Fztr]xrt/2 o < x <  e

G,(x) = [x +  1 -  / ? t / ( ò 3x  +  b4xh: +  òr, ) ] " 1 0 <  x <  1 .0  

G3(x ) =  [ jc +  1 — /Jt e x p ( - 5 i x i'2) ] "t 1 .0  <  x <  8 .0  

H (.t)  ^  \x +  (EJEZt) x

(E J E M l ~ 0  e x p (-b l(E c +  Ejx)/E,j0]\" 
=* [x +  (Ec +  EJ/EJY Ec > Ez 

A2 = (cJo0)Z 0\Y (n  + l)/r(ret + 1)] x

A1 =  (E0Y +l/ZART)l + rV2 T in t  +  l ) r L ,- t

w here th e  d ag ger ( t )  refers to  th e  a c tiv a te d  c o m p le x , a n d  
n, n* are d e fin e d  as

n =  s -  1  (r  =  0 ) 

n t  =  s t  +  i/2 r  t

T h e  u p p e r lim it  o f  in teg ration  o f  th e  first ra n g e , 8, is 
ta k e n  here for c o n v en ien ce  as 6 < <omint / F zt ,  w here u mint  
is th e  lo w est v ib ra tio n a l freq u en cy  in th e  c o m p le x . O th er  
q u a n tities  n o t  p re v io u sly  d efin e d  are T , th e  g a m m a  fu n c ­
tio n ; uii, v ib ra tio n a l freq u en cies in en ergy  u n its  ( c m - 1 ; 
<7i,(T it, s y m m e tr y  n u m b e r s  for a d ia b a tic  r o ta tio n s ; Z/ , 
p a rtitio n  fu n c tio n  for ac tiv e  (in te rn a l) r o ta tio n s ; Zvt ,  
q u a n tu m  v ib ra tio n a l p a rtitio n  fu n c tio n ; h, P la n c k ’s c o n ­
s ta n t. T h e  q u a n tit ie s  bt are e m p iric a l c o n sta n ts  re la tin g  
to  th e  q u a n tu m  correction  fa cto r  to  th e  zero p o in t en er- 
g y :22 bi =  2 .4 1 9 ; b2 =  0 .2 5 ; b3 = 5 .0 0 ; b4 =  2 .7 3 ; b5 =  
0 .5 ; b6 =  3 .5 1 0 .

(25) E. Tschuikow-Roux, J. C h em . P hys., 49, 3115 (" 968).
(26) In ref 25 the interpretation of the effect of the centrifugal correction 

on the trend of k uni/k “ with pressure is incorrect as a result of a 
typographical error in the sign of the F factor in the original formu­
lation.14c Inclusion of the centrifugal correctior shifts the fall-off re­
gion toward higher pressures. Also, the follow ng typographical er­
rors should be noted: eq 18, replace Ziarp by Iloiiti; eq 19, change 
(E z )a i ~ a to (Ej,4)“4 - “. Expression for A E j should read: A E j  =-E?r[(/+//) -  1 ]//2 .

F l a s h  P h o t o l y s i s  o f  C h l o r i n e  D i o x i d e  i n  A q u e o u s  S o l u t i o n

J. C. Mialocq, F. B arat,* L. Gilles, B. Hickel, and B. Lesigne

D é p a r tem en t d e  R e c h e r c h e  e t  A n a lyse . C en -S a cla y . B P . N °2 9 1 1 9 0 , G ifS / Y v ette . F ra n ce  (R e c e iv e d  April 18. 1972) 

P ublication  c o s t s  a s s is te d  b y  th e C om m issaria t à l'E n ergie A tom iq u e

T h e  fla sh  p h o to ly sis  o f  ch lorin e  d io x id e  in a q u eo u s so lu tio n  le a d s  to  litt le  0 ( 3P ) ox yg en  a to m  p ro d u c tio n  
(lit t le  O 3 p ro d u c tio n  in o x y g en a te d  m e d ia ) w ith  resp ect to  th e  a m o u n t o f  C IO 2 d e c o m p o se d ; a t  th e  sa m e  
tim e , no sp ec tru m  a sc rib a b le  to  th e  C IO  ra d ica l ca n  b e  d e te c te d . H o w ev er, the sp e c tru m  o f  a tra n sito ry  
sp ec ies w h ose m a x im u m  lies a t  3 1 0  n m  is o b serv e d  ju s t  after th e  p h o to ly tic  fla sh . W o r k in g  on  th e  rea so n ­
a b le  h y p o th e sis  th a t th e  p rim a ry  a c t  o f  p h o to d isso c ia tio n  is 0 - C 1 - 0  +  hv - »  C lO ( 2 ir) +  0 ( 3P ), th ese  e x ­
p e r im e n ta l resu lts  are e x p la in e d  in te rm s o f  a cage  re c o m b in a tio n  o f the p h o to ly sis  fra g m e n ts  lea d in g  to  
th e  fo rm a tio n  o f  ch lorin e  a to m s  a n d  m o le c u la r  ox y g en  an d  a ra p id  b u lk  rea ctio n  b e tw ee n  C IO  a n d  C IO 2 

lea d in g  to  th e  sp ec ies C I2O 3 . T h e  rea ctio n  b e tw ee n  C l (or C l2 ~ ) a n d  C IO 2 gives C I2O 2 , w h ich  h a s  an  a b ­
so rp tio n  m a x im u m  a t 3 1 0  n m .

I n tr o d u c tio n

M a n y  stu d ie s  h av e  b e e n  d ev o te d  to  th e  th e r m a l1 or 
p h o to c h e m ic a l2 d e c o m p o sit io n  o f  ga seo u s ch lo rin e  d io x id e . 
T h e  ox id e  C I2 O 3 w as p rep a red  for th e  first t im e  b y  K a n t -  
z e r .3 M e  H a le  a n d  von  E lb e 4 sh ow ed  th a t  it is a p ro d u c t  
o f th e  eq u ilib r iu m

C 1 0 2 +  C 1 0 - i = C l 20 3

a n d  th a t  its  m o s t  p ro b a b le  stru ctu re  is ( 0 )2- C l - C l - 0 . 
T h e s e  au th ors su g g e st th a t  C I2O 3 , b y  a c h a in  rea ctio n

(1 ) E. T. Mc Haie and G. von Elbe, J. Phys. C h em ., 72, 1849 (1968).
(2) For a complété literature survey see N. Basco and S. K. Dogra, 

P roc . R oy. S o c .. S er. A. 323, 29 (1971).
(3) M. Kantzer, C. R. A ca d . Sci. (P a ris). 202 (1936).
(4) E. T. Mc Haie and G. von Elbe, J. A m er . C h em . S o c . . 89, 2795 

(1967).

The Journal o f  P h ysica l C hem istry. Vol. 77. No. 6. 1973



Flash Photolysis of Chlorine Dioxide in Aqueous Solution 743

m e c h a n ism , red u ces th e  in d u ctio n  tim e  o f  the chlorine  
d iox id e  e x p lo sio n .

B a sc o  a n d  D o g r a 2 h av e  co n tin u e d  th e  earlier in v e stig a ­
tion s on th e  iso th e rm a l fla sh  p h o to ly sis  o f  g a seo u s chlorin e  
d iox id e  a n d  p ro p o sed  a m e c h a n ism  in v o lv in g  an in te r m e ­
d ia te  sp ecies C I2O 2

C 1 0 2^ — C IO  +  0

2 C 1 0 ;= t’ C l20 2 ------- - C l 2 +  0 2

0  +  C 1 0 2 — ► CIO  +  0 2*

0  +  C I O --------►Cl +  0 2*

w here O 2* refers to  a v ib ra tio n a lly  e x cited  ox y g en  m o le ­
cu le .

L itt le  w ork h as b een  p u b lish e d  h ow ever on  th e  c o n tin u ­
ous p h o to ly sis  o f  ch lorin e  d iox id e  in a q u eo u s s o lu t io n s .5 -6 

B o w en  a n d  C h e u n g 5 p ro p o sed  th e  fo llow in g  m e c h a n ism  
for w a v e len g th s b etw een  3 0 0  an d  4 3 6  n m

C 1 0 2— — C IO  +  0

C IO  +  H 20 -------►H2C 1 0 2

H 2C 1 0 2 +  C I O ------- ► H C IO 3 +  H C 1

A t  sh orter w a v e len g th  (2 5 4  n m ) , T a u b e 6 o b ta in s  a s to ic h i­
o m etry  s lig h tly  d ifferen t from  th a t p roposed  b y  B o w en  
and C h e u n g . T h is  is p ro b a b ly  d u e  to  th e  fo rm a tio n  o f  
electro n ica lly  e x c ited  ox yg en  a to m s  0 ( 1D ) , w h ich  insert 
in to  a w ater m o le c u le

O ( 'D )  +  H 20 -------►H20 2* - i = i  2 0 H

th u s ch a n g in g  th e  su b se q u e n t rea ctio n s.
T h e  a b so rp tio n  sp e c tru m  o f  C 1 0 27 -8 has b een  in te r p r e t­

ed  as fo llow s: for w a v e len g th s  b e tw ee n  260  (p o in t o f  c o n ­
vergen ce) an d  375  n m  (th e o retica l p re d isso cia tio n  w a v e ­
le n g th ), th e  m o le c u le  d isso c ia te s  in to  tw o  fra g m e n ts , 

C L O ( 2tt) a n d  0 ( 3P ) ; b e lo w  2 6 0  n m  it d isso c ia te s  to  form  
C 1 0 (2 7t) a n d  0 ( 1 D ) .

T h e  a im  o f  th is  w ork w as to  fin d  o u t w h eth er C 1 0 2 p h o- 
to ly zed  in th e  a p p ro p ria te  w a v e len g th  region  co u ld  g en er­
ate  ox yg en  a to m s  0 ( 3P ) , to  s tu d y  th e  rea ctio n s o f  th ese  
ox yg en  a to m s , a n d  to  d eterm in e  th e  a b so rp tio n  sp ectra  
an d  th e  a p p ea ra n c e  a n d  d isa p p ea ra n c e  k in e tics  o f  an y  
tran sitory  sp ec ies fo rm e d .

E x p e r im e n ta l  S e c t io n

M o s t  o f  th e p resen t w ork w as carried  o u t u sin g  a co ax ia l 
fla sh  p h o to ly sis  la m p  fille d  w ith  ox y g en  (1 0  T o rr) g iv in g  a 
fla sh  d u ra tio n  o f 4  nsec a t  h a lf -in te n s ity  for an en ergy o f  
1300 J . T h e  in terelectro d e  d ista n c e  w as 13 c m . T h e  ta il o f  
th e em issio n  p reclu d ed  o sc illo g ra p h ic  m e a su r e m e n ts  at  
tim e s  sh orter th a n  3 0 -4 0  nsec a fter  th e  triggerin g o f  the  
fla sh . T h e  c o n tin u o u s a n a ly tic a l lig h t source w as a xen on  
arc ( O S R A M  X B O  4 5 0  W ) .  M e  P h erson  M o d e l 2 1 8  an d  
H u e t M 2 5  m o n o c h r o m a to rs  w ere u se d . T h e  p h o to m u ltip li ­
ers w ere R C A  1P28 tu b e s  an d  o n ly  th e  first six d yn o d es  
w ere u sed  in order to  im p ro v e  th e  s ig n a l-to -n o ise  ratio . 
T h e  a b so rp tio n  cell (P u rsil 4 5 3 , Q u a rtz  e t S ilic e ) w as 18  
c m  lon g a n d  1 .5  c m  in d ia m e te r .

W it h  th is  a p p a r a tu s , p a r tly  d esc rib ed  in a p revio u s p u b ­

lic a tio n , 9 it  w as n o t p o ssib le  to  d e m o n str a te  th e  fo rm a tio n  
o f C IO  w h ich  is th o u g h t to  be  one o f  th e  p rin c ip a l p h o to - 
ly tic  fra g m e n ts . W e  th erefore  m o d ifie d  th e  p h o to ly tic  
fla sh  la m p  in order to  red u ce  th e  ta il a n d  so p e r m it m e a -

Figure 1. Experimental set up. Inset, chlorine dioxide absorption 
spectrum in aqueous solution: S, analytical light source; C, ab- 
so'ption cell; LP, photolysis lamp; MR,, MR2, mirrors; PM1 , 
PM2, photomultipliers; M^Mj, monochromators; T, differential 
amplifier.

su rem e n ts  to  be m a d e  a t  shorter t im e s  a fter  th e  fla sh . 
T h is  w as d on e  b y  in creasin g  th e  p la sm a  q u e n c h in g  area  
th u s  red u cin g  to  3 /nsec th e fla sh  h a lf -in te n s ity  w id th  and  
to  9  ;usec th e  tim e  for th e  in ten sity  to  rea ch  1 %  o f its  m a x i­
m u m  va lu e  (for a d iss ip a te d  en ergy o f  7 7 0  J ) . 10 U n d er  
th ese  c o n d itio n s th e  in terelectrod e  d ista n ce  w as 23  cm , 
th e  cell len g th  36  c m , an d  th e  cell d ia m e te r  1  c m . U sin g  
th is  sy ste m  an d  a p u lsed  xen o n  arc a n a ly tic a l ligh t  
so u rce 1 1  it w as p o ssib le  to  ob serve  tra n sito ry  sp ec ies d u r­
ing th e  p h o to ly tic  fla sh , th e  first s ig n ific a n t p o in ts  for 
th eir d isa p p ea ra n ce  b e in g  o b ta in e d  8  g se c  after th e  
triggerin g o f  th is  fla sh .

A  m e th o d  w as d ev e lo p e d  to  d eterm in e  th e  a b so rp tio n  
sp ec tru m  o f  tra n sito ry  sp ec ies a b so rb in g  in th e  sa m e  
w a v e len g th  region  as C 1 0 2 . T w o  c o n d itio n s  are ta k e n  into  
a c c o u n t: ( 1 ) s y m m e tr y  o f th e  C 1 0 2 a b so rp tio n  b a n d  w ith  
resp ec t to  its m a x im u m  cen tred  a t  3 6 0  n m  an d  (2 ) a b ­
sen ce o f  an y  a b so rp tio n  sp e c tru m  a ttr ib u ta b le  to  a tr a n si­
to ry  or s ta b le  sp ec ies  for w a v e len g th s  a b o v e  3 5 0  n m . It 
sh o u ld  be rem a rk ed  th a t  th e  p resen ce  o f a low  c o n c e n tra ­
tio n  o f  C l -  in  th e  C 1 0 2 so lu tio n s c o u ld  give  rise to  th e  
p ro d u c tio n  o f  C l2 _  a b so rb in g  a t  3 5 0  n m . H o w e v e r , ex p eri­
m e n ts  h ave  sh ow n  (vide infra) th a t th e  rate  o f  rea ctio n  o f  
C i2 _  w ith  C 1 0 2 is so grea t th a t  d ire ct o b serv a tio n  o f its  
a b so rp tio n  is im p o ssib le  e x c e p t at low  C 1 0 2 c o n c e n tra ­
tio n s , w hen its  h a lf-life  b e c o m e s  su ffic ie n tly  lon g .

T h e  sp ec tru m  o f tra n sito ry  or s ta b le  sp ec ies  a b sorb in g  
a t w a v e len g th s b e lo w  3 5 0  n m  is th en  m e a su red  b y  ch o o s­
in g  pairs o f  w a v e len g th  v a lu es  Ai a n d  A2 (F ig u re  1). T h e  
sig n al A  g iven  for Ai rep resen ts th e  ga in  in tra n sm issio n  
d u e  to  th e  d e c o m p o sit io n  o f  C 1 0 2 ; sig n al B , g iven  for A2, 
is th e  su m  o f  th e  sa m e  ga in  in tr a n sm iss io n  a n d  th e  a b ­
sorp tion  o f th e  tra n sito ry  or sta b le  sp ec ies . T h e s e  tw o sig -

(5) E. J. Bowen and W. M. Cheung, J. C h em . S o c .. 1200 (1932).
(5) H. Taube, Trans. F araday S o c .. 53, 656 (1957).
(7) W. Finkelnburg and H. D. Schumacher, Z. Phys. C h em .. B od en stein  

F estban d .' 704 (1931).
(8) J. B. Coon and E. Ortiz, J. Mol. S p e c t r o s c .. 1,81 (1957).
(9) F. Barat, L. Gilles, B. Hickel, and J. Sutton, J. C hem . S o c . A. 1982 

(1970).
(10) F. Barat, L. Gilles, B. Hickel, and B. Leslgne, CEA-N-1438, p 22, 

April 1971.
(11) B. D. Michael, private communication.
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Figure 2. Transmission curve for a Heliosil II filter (1 mm width, 
corrected for reflexion losses).

n a ls  are se n t to  a d ifferen tia l a m p lifie r  (ty p e  T e k tro n ix  
1 A 5 )  o f  a T e k tro n ix  5 5 6  osc illo sco p e  a n d  th e  recorded  
trace m e a su res  th e  a b so rp tio n  d u e  to  th e  tra n sito ry  or s ta ­
b le  sp ec ies  a lo n e . In  th is  w ay  it  is u n n e ce ssa ry  to  correct 
th e  o p tic a l d e n s ity  for C IO 2 d e c o m p o se d  in th e  f la sh . It is 
a lso  p o ssib le  to  k eep  Xi co n sta n t a n d  to  record th e  sign al 
A  on  one osc illo sco p e  b e a m . T h e  o p tic a l d e n sity  o f  th e  
p h o to ly sis  tra n sie n t sp ec ies a t  th e  w a v e len g th  X2 is th en  
o b ta in e d  fro m  th e  sig n al B  after correction  for th e  ga in  in  
tra n sm iss io n  d u e  to th e  C 1 0 2 d e c o m p o se d , th e  c o n c e n tra ­
tio n  o f th is  la tte r  b e in g  o b ta in e d  fro m  th e  sig n al A .  
W h ic h e v e r  m e th o d  is e m p lo y e d  the error in  th e  v a lu es  o f  
th e  a b so rp tio n  o p tic a l d en sity  is a b o u t 1 0 % .

P h o to ly sis  w a v e len g th s b e low  270  n m  are e lim in a te d  b y  
an o p tic a l filter  (Q u a r tz  e t  S ilic e , H e lio s il II tu b e )  su r­
ro u n d in g  th e  a b so rp tio n  ce ll. T h e  tr a n sm iss io n  curve o f  
th is  filter  is sh ow n  in F igu re 2 . A  sh u tte r , p la c e d  on th e  
o p tic a l p a th  a n d  n o t op en ed  u n til a few  se co n d s b efore  th e  
f la sh , p rev en ts  d e c o m p o sit io n  o f C 1 0 2 b y  th e  a n a ly tic a l  
lig h t.

C IO 2 is p rep ared  b y  B r a y ’s m e th o d , 12  w ork in g a t  re­
d u ce d  pressu re . C 1 0 2, C 0 2, a n d  C l2 are dried  over c a lc i­
u m  ch lo rid e ; C 1 0 2 is tra p p ed  a t  D ry  Ice te m p e ra tu re  an d  
p u rified  b y  tr a p -to -tr a p  d istilla tio n s . It is th e n  tran sferred  
in  a cu rren t o f  n itrog en  in to  tr ip ly  d istille d  w a te r . T h e  
sto ck  so lu tio n  ( C 1 0 2 =  1 0  2 M) k e p t a t  low  te m p e ra tu re  
in  th e  d ark  is d ilu te d , ju s t  p rior to  u se , to  th e  d esired  co n ­
c en tra tio n  w h ich  is d ete r m in e d  e x a c tly  by sp e c tro p h o to m ­
etry . T h e  p H  o f  a 1 0 ~ 4 M  so lu tio n  o f  C I O 2 is 5 .0 . For  
e x a m p le , th e  co n ce n tra tio n s o f  C l -  an d  C I O 3 “  p ro d u ced  
b y  h y d ro ly sis  an d  p h o to c h e m ic a l d e c o m p o sit io n  d u rin g  
p re lim in a ry  m a n ip u la tio n s , ta k in g  in to  a c c o u n t th e  p h o to -  
ly tic  d e c o m p o sit io n  b y  th e  a n a ly tic a l sou rce d u rin g  th e  
few  se co n d s b efore  th e  fla sh  a n d  d e te r m in e d  re sp ec tiv e ly  
b y  n e p h e lo m e tr y  a n d  b y  red u ctio n  w ith  F e 2+  an d  su b se ­
q u e n t sp ec tro p h o to m e tric  m e a su r e m e n t o f  F e 3 +  a t  302  
m n , are o f  th e  order o f  1 0 - 5  M. T h e  a b so rp tio n  sp ec tra  o f  
th ese  d e c o m p o sit io n  p ro d u c ts  o f  C I O 2 are s itu a te d  a t  
w a v e len g th s  b e low  2 2 0  n m . T h e y  are th erefore  n o t p h o to - 
ly ze d  u n d er ou r e x p e r im e n ta l co n d itio n s . W e  w ill see  later  
th e  e ffe c t o f  ch lorid e  ion s on  th e  resu lts  o b ta in e d .

WAVELENGTH (nm)
Figure 3. Flash photolysis of CIO2 (3 X 10-5 M ) in aqueous so­
lution showing variation of the optical density of the solution 400 
p s e c  after the photolytic flash: O, aerated solution; X, oxygen­
ated solution;□ , deaerated solution.

T h e  p ro d u c ts  u sed  are su p p lie d  b y  M e r c k  an d  e m p lo y e d  
w ith o u t fu rth er p u rifica tio n .

T h e  a b so rp tio n  curve for C IO 2 (F igu re  1 ) w as o b ta in e d  
u sin g  a C a ry  14 sp ec tro p h o to m e te r .

R e s u lt s

T w o  sets  o f  e x p er im e n ts  w ere carried  o u t (a ) w ith  a n d
(b )  w ith o u t a  H e lio s il II filter .

(a ) Photolysis at Wavelength above 200 nm. W h e th e r  or 
n o t th e  so lu tio n  is d eg a sse d , th e  ch lorin e  d io x id e  d e c o m ­
p o sitio n  y ie ld  for an  in itia l c o n cen tra tio n  o f  3 X  10 5 M  is 
e q u a l to  33  ±  4 %  for a 1 30 0 -J  fla sh . A t  w a v e len g th s  b e low  
3 5 0  n m  a w ea k  a b so rp tio n  d u e  to  a tra n sito ry  sp ec ies  is 
o b serv e d , su p er im p o se d  on  th e g a in  in tra n sm iss io n  
ca u sed  b y  th e  d isa p p ea ra n ce  o f C IO 2 . A s  th e  o x y g en  c o n ­
c en tra tio n  o f  th e  so lu tio n  is in creased  fro m  1 0 ~ 6 (d e g a ssed  
so lu tio n ) to  10 3 M (o x y g e n -sa tu r a te d  so lu tio n ) th e  a b ­
sorp tion  sp e c tru m  c h a ra cteristic  o f  o z o n e , c e n tred  a t  260  
n m , 13  a p p ea rs . In  o x y g en a te d  so lu tio n  on ly  12 ±  2 %  o f  th e  
C IO 2 d estro y e d  lea d s to  th e  fo rm a tio n  o f  o zo n e  (ta k in g  
e(0 3 ) a t  2 6 0  n m  2 9 0 0  M _ 1  c m - 1 ) . 13  F igu re 3  g iv es  th e  o p ­
tic a l d e n sity  va ria tio n  o f  th e  so lu tio n , 4 0 0  n se c  after  th e  
p h o to ly tic  fla sh .

(b ) Photolysis at Wavelength above 270 nm. W h a te v e r  
th e  ox y g en  co n ce n tra tio n  b etw een  1 0 “ 6 a n d  10 ~ 3 M  th e  
ch lorin e  d io x id e  d e c o m p o sit io n  y ie ld  (3  x  1 0 - s  M < 
[C IO 2] <  3  X 1 0 ~ 4 M) is 12 ±  2 %  for a 1 30 0 -J  fla s h . T h e  
d ifferen ce  b e tw ee n  th is  va lu e  a n d  th a t  fo u n d  in  ex p er i­
m e n t a is m a in ly  d u e  to  th e  d ecrease  in th e  in te n s ity  o f  
th e  in cid e n t ra d ia tio n  ca u sed  b y  in sertin g  th e  filter . F ig ­
ure 4  sh ow s th e  a b so rp tio n  sp e c tru m  o f  a tra n sito ry  
sp ec ies  X  w ith  a m a x im u m  a t 3 1 0  n m , tra c ed  b y  th e  d if ­
feren tia l p h o to m e tr y  m e th o d  d esc rib ed  a b o v e  (see  E x p e r i-

(12) W. C. Bray, Z. Phys. C h em .. 54, 575 (1904).
(13) J. W. Boyle, J. A. Ghormley, and C. J. Hochanadel, C h em . Div.

Ann. R ep t., May 20, 1969; ORNL 4437, p 48.
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Figure 4. Flash photolysis of CI02 (2 X 10-4 M) in aqueous so­
lution (with 270 nm optical filter): O, optical density 50 //sec 
after the photolytic flash; • , optical density 500 //sec after the 
photolytic flash.

Figure 5. First-order decay for transient X in aerated solution: 
O, X 290 nm, [CI02] = 2.5 X 10-4 M; A, X 310 nm, [CI02] = 
10-4 M; □ , X 290 nm, [CI02] =  2.5 X 10-4 M, [iPrOH] =  10-3 
M.

m ental S ection ). T h is  species d isappears w ith  a first-order 
rate con stant equal to  (1 .0  ±  0.1) X 104 s e c - 1 . N o  e ffect 
was observed, w ith in  the lim its o f  exp erim en ta l error, on 
its d isap pearance as a fu n ction  o f  the C IO 2 con centra tion  
betw een  10 - 4  and 2.5 X 10 - 4  M  (F igure 5, curves A  and 
B ). T h e  spectrum  record ed  500 //sec after the flash  shows 
a m axim u m  around 260 nm  (Figure 4) w hich  we believe is 
due to  a com bin a tion  o f  the C IO 3 and O 3 spectra . Indeed 
if  the C IO 2 con cen tra tion  is red uced  and the oxygen  co n ­
centration  increased  the w ell-know n  spectrum  o f  ozone 
appears (F igure 6 , curve A ). For the sam e con cen tra tion  
o f  ch lorine d iox ide , b u t in d eoxygen ated  solution , this 
spectrum  is rep laced  b y  an absorption  band cen ter at 
250-260 nm  w hich  we attribu te  to  C IO 3 (F igure 6 , curve

Figure 6 . Flash photolysis of CI02 (10-4 M) in aqueous solution 
showing optical density 503 //sec after the photolytic flash: O, 
oxygenated solution; □ , decxygenated solution.

B ). From  the op tica l densities observed  in oxygen ated  so ­
lu tion  it can  be estim ated  th at 14 ±  2%  o f  the C 1 0 2 d e ­
stroyed leads to  the form ation  o f  ozon e  (for a 2 .5  X 1 0 - 4  
M  C IO 2). T h e  d isap pearance k in etics  for O 3 ( t 1/2 =  80  
m sec) and C IO 3 (¿1/2 =  4 m sec) are com p lex  and  corre­
spon d  to  no s im p le  order.

p H  E f f e c t .  N o  exp erim en ts were carried  ou t in basic so ­
lu tion , where ch lorine d iox id e  is ra p id ly  h yd roly zed . T h e 
a cid ity  o f  the solutions was increased  (using H C IO 4) to 
pH  2 .2  and no e ffe ct was observed , either on  the C IO 2 d e ­
com p osition  y ie ld  or on  the app earance and  d ecay  o f  the 
species X .

E f f e c t  o f  A l c o h o l  ( M e t n a n o l ,  E t h a n o l ,  I s o p r o p y l  A l c o h o l ,  
t e r t - B u t y l  A l c o h o l ) .  For a lcoh ol con cen tra tion s  betw een  
10 - 4  and 10 - 2  M  and in aerated solu tion  a slight decrease 
in the C IO 2 d ecom p osition  y ield  is observed  (8  ±  2%  for 
10 - 2  M  isopropyl a lcoh o l), together w ith  the gradual d is ­
appearance o f  X  w hich  m ain tains the sam e d eca y  kinetics 
as those observed  in pure w ater (F igure 5, curve C ) . T h is 
im plies th at a lcoh ol acts  on  the precursor o f  X . N ew  tran ­
sitory species appear in the flash ; the spectra  ob ta in ed , in 
the presence o f  isoprop yl a lcoh ol ( t i /2  =  2.3 m sec) and in 
the presence o f  ie r i-b u tv l a lcoh ol ( t i /2 =  1.5 m sec) show  
m ax im a at 250 and 260 nm , respective ly  (F igure 7). W hile 
the in tensities o f  these spectra  increase in oxyg en ated  so ­
lu tion  th ey  decrease sharply, w ith ou t en tirely  d isa p p ea r­
ing, in deaerated solution . T h e  m od e  o f  d isap p earan ce  is 
d ifferent for these tw o species. T h e  d isap p earan ce  o f  the 
species ob ta in ed  in the presence o f  isoprop yl a lcoh ol fo l­
low s pseu do-first-order k inetics w ith  kob sd  — 300 ±  50 
s e c - 1  and is a ccom p a n ied  b y  the s im u ltan eous d isap pear­
ance o f  a new C IO 2 fraction . T h a t o f  the species obta in ed  
in the presence o f  terf-bu ty l a lcoh ol obeys  second -order 
k inetics such  that 2 k f t  at 260 nm  is equal to  3.2 ±  0.2 X 
105 cm  s e c - 1 , and  no sim ultaneous d isap pearance o f  a 
new  C IO 2 fraction  is observed .
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TABLE I

CI02, M
Rateconstant 1 . 0 X 1 0 “5 2.5 X  1 0 "5 2.7 X  1 0 - 5

k ( C l2'  +  C I0 2), se c “ 1 (0.9 ±  0.1) X  104 (2.6 ±  0.2) X  104
fc(Br2"  +  C I0 2), s e c ~ 1 (1.2 ±  0,1) X  104 (3.4 ±  0.2) X  104

Effect of Isobutane (5.8 X  10-3 M), Ethylene (4.7 X  
10~3 M), Propylene (2.0 X  10~2 M), and Oxygen (up to 
10-3 M). T h e  iso b u ta n e , e th y le n e , a n d  p ro p y le n e  c o n c e n ­
tra tio n s  q u o te d  lea d  to  th e  d isa p p ea ra n ce  o f  th e  sp ecies
X .  A n  in crease  in  th e  oxygen  co n te n t o f  th e  so lu tio n  raises  
th e  ozon e co n ce n tra tio n  a n d  h as n o e ffe c t on e ith er th e  
C I O 2 d e c o m p o sit io n  y ie ld  or th e  fo rm a tio n  o f  th e  sp ecies  
X  w a s ob serv e d .

Effect of Cl- (10~5-10-2 M) and Br~ (10-5-10~2 M). 
T h e  a d d itio n  o f  C l "  or B r ~  ions gives rise to  th e  fo r m a ­
tio n  o f  tra n sito ry  sp ec ies  a b so rb in g  in  th e  3 4 0 -3 6 0 -n m  re ­
g ion . T h e  sp ec tra  o b served  ov erlap  th a t  o f  ch lorin e  d io x ­
id e . F ro m  th e  sig n al o b ta in e d , w h ich  c o m b in e s  a gain  in  
tra n sm iss io n  d u e  to  th e  d isso c ia tio n  o f  C IO 2 in  th e  fla sh  
a n d  a d ecrease  in  tra n sm issio n  d u e  to  th ese  ab sorb in g  
sp ec ies d isa p p ea rin g  very  q u ic k ly  (in  less th a n  1 0 0  /¿sec), 
it  is n o t p o ssib le  to  trace th e  a b so rp tio n  sp ec tra  w ith  p re ­
cision , b u t  w e co n clu d e  th a t th e y  are th o se  o f  C l2 "  an d  
B r 2 ~ . 14 W e  m u s t  n ote  th a t  a tra n sie n t w ith  low  a b so r p ­
tio n  is o b serv ed  in th e  3 4 0 -3 6 0 -n m  region  (C I2 " )  even  in  
th e  a b sen c e  o f a n y  a d d itiv e . T h is  m a y  be e x p la in e d  b y  th e  
p resen ce  o f  C l "  ion s c o m in g  fro m  th e  d e c o m p o sit io n  o f  
C 1 0 2 before  p h o to ly s is . T h e  C I2 "  a n d  B r 2 "  sp ec ies  d is a p ­
p ea r w ith  first-o rd er k in e tic s  d ep e n d in g  u p o n  th e  ch lorin e  
d io x id e  c o n c e n tra tio n . T h e  v a lu es  o f  th e  rate  co n sta n ts  
o b served  for th e  d ec a y  o f  C I2 "  an d  B r 2 "  in  th e  p resen ce  o f  

C IO 2 are g iv en  in  T a b le  I. W e  o b ta in  ky =  (1 .0  ±  0 .1 )  X  10 9 

M " 1  s e c - 1 an d  k2 =  ( 1 . 2  ±  0 . 1 ) x  1 0 9 M " 1 s e c " 1  for re a c ­
tio n s 1  an d  2 , re sp ec tiv e ly . T h e  a b so rp tio n  sp ec tra  o f  C I2 “  
or B r 2 "  d o  n o t a p p ea r in  th e  p resen ce  o f a lco h o ls  ( 1 0 - 2 M), 
iso b u ta n e  (5 .8  x  1 0 ~ 3 M ) ,  e th y le n e  (4 .7  x  1 0 " 3 M), or p ro ­
p y le n e  (2 .0  X  1 0 " 2 M ) . T h e  fo rm a tio n  o f  X  is to ta lly  s u p ­
p ressed  b y  a 1 0 " 4 M  c o n cen tra tio n  o f B r ~  io n s, w h ereas in  
th e p resen ce  o f C l "  ion s ( 1 0 - 4  M ) it in creases b y  a fa cto r  o f
3 .

C l2~ +  0 - C 1 - 0 ------ » -p r o d u c ts  ( 1 )

B r 2 (o r  B r C l  ) +  0 - C 1 - 0  — "-p r o d u c t s  (2 )

Discussion

T h e  m o st str ik in g  resu lts  o b ta in ed  b y  fla sh  p h o to ly sis  o f  
C IO 2 in a q u eo u s so lu tio n  are th e  fo llow in g .

(1 ) T h e  s m a ll  p ro d u c tio n  o f 0 ( 3P ) a to m s (s m a ll  ozone  
p ro d u c tio n  in o x y g en a te d  m e d ia ) w ith  re sp ec t to  th e  
q u a n tity  o f  ch lorin e  d io x id e  d e c o m p o se d . S in ce  no rapid  
d isa p p ea ra n ce  o f th e  O 3 sp ecies w as o b served  d u rin g  th e  
5 0  /¿sec fo llow in g  th e  fla sh  th e  q u a n tity  o f  ozo n e  p ro d u ced  
m a y  be re a so n a b ly  co n sid ered  as a m ea su re  o f th e  c o n c e n ­
tra tio n  o f  th ese  ox y g en  a to m s  w h ich , after th eir p ro d u c ­
tio n , d iffu se  in to  th e  b u lk  o f th e  so lu tio n . R e a c tio n  3 is 
ra p id  an d  p r o b a b ly  h as a rate  c o n sta n t greater th a n  1 0 9 

M " 1 s e c - 1 (a c c o rd in g  to  g a s -p h a se  s tu d ie s ) . 15

O  +  O , -------- 0 3 (3 )

(2 )  T h e  a b sen c e  o f  a n y  sp e c tru m  a ttr ib u ta b le  to  th e  
C IO  ra d ica l. T h is  sp e c tru m  is w ell k n ow n  in  th e  g a s2 an d  
so lid 16  p h a se s  an d  acco rd in g  to  th e  very recen t resu lts  o f

WAVELENGTH (nm)
Figure 7. Flash photolysis of CI02 (10— 4 M) In aerated solution 
and in the presence of alcohols showing optical density 50 /¿sec 
after the photolytlc flash: • , isopropyl alcohol (1 0 "2 M)\  O, 
ferf-butyl alcohol (10_ 4 M).

B u x to n  a n d  S u b h a n i17 on  th e  p u lse  ra d io ly sis  o f  a q u eo u s  
so lu tio n s o f  h y p o ch lo rite  an d  ch lorite  ions it  sh o u ld  b e  e x ­
p e c te d  to  a p p ea r in th e  region  2 7 0 -3 0 0  n m  w here th e y  

fo u n d  fm a x 2 8 0 nm =  9 0 0  M " 1 c m " 1 for th is  sp ec ies . 
H o w ev er, th e  se co n d -o rd e r d ec a y  o f  C IO  in a q u eo u s so lu ­
tio n  is rap id  (2k = 1 .3  X 109 M _1  s e c " 1 in th e  a b sen c e  o f  
ch lorite  ion s) a n d  lea d s to  th e  sp ecies C I2O 2 w h ich  ra p id ly  
h y d ro ly ses .

I f  in  th e  p resen t e x p er im e n ts  th e  a m o u n t o f  C IO  p ro ­
d u ce d  is co m p a ra b le  to  th e  a m o u n t o f  C I O 2 p h o to ly z e d  
a n d  if  its  o n ly  m o d e  o f  d isa p p ea ra n ce  is th e  b im o le c u la r  
p rocess referred to  ab o v e  th en  its  sp e c tru m  sh o u ld  h ave  
b een  ob served  d u rin g  several ten s o f  m ic ro se c o n d s  after  
th e  fla sh . T h is  w as n o t th e  ca se .

E v e n  if th e  c o n c e n tra tio n s  o f  C IO  fo rm e d  is on ly  o f  th e  
sa m e  order as th a t  o f  th e  ozon e p ro d u c ed  in o x y g en a te d  
m e d ia  (a  few  /¿ m o l /1 .) th e  se n sitiv ity  o f  ou r d e te c tio n  s y s ­
te m  is su ch  th a t  its  sp ec tru m  sh o u ld  still  lea d  to  a d e fo r ­
m a tio n  in th e  2 8 0 -n m  region  o f th e  a b so rp tio n  sp ec tru m  
p resen ted  in  F igu re 6  (cu rv e  B ) . T h is  a lso  is n o t th e  case  
even  in  d ea era ted  so lu tio n  w here a p o ssib le  re a ctio n  b e ­
tw een  C IO  an d  O 2 (to  give C IO 3 ) w o u ld  be e lim in a te d .

It a p p ea rs th e n  th a t  th e  m o st p ro b a b le  e x p la n a tio n  for 
th is  ab sen c e  o f  a  C IO  sp ec tru m  is th a t  th is  sp ec ies  rea cts  
very  ra p id ly  w ith  th e  so lv en t, th e  so lu te , C 1 0 2, or on e  o f  
th e  p h o to ly tic  p ro d u c ts . T h e  rea ctio n  w ith  w ater m a y  be  
e lim in a te d  im m e d ia te ly ; B u x to n  a n d  S u b h a n i ob served  
th e  sp ec tru m  a n d  a se co n d -o rd e r d e c a y  in a q u eo u s m e d ia .

W it h  regard  to  p o ssib le  rea ctio n s w ith  O 3 or C IO 3 , a 
co rresp on d in g  rap id  d ecrease  o f  th e  a b so rp tio n  in  th e  re ­
gion  2 5 0 -3 0 0  n m , a n d  d u rin g a very  sh o rt in terv a l after

(14) L. I. Grossweiner and M. S. Matheson, J. Phys. C h em .. 61 1089 
(1957).

(15) F. Kaufmann, Progr. R ea ct. K inet., 1, 1 (1961).
(16) I. Norman and G. Porter, P roc . R oy. S o c ., S er . A , 230, 399 (1955).
(17) G. V. Buxton and M. S. Subhani, J. C h em . S o c ., F araday Trans. 7, 

68, 947 (1972).
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triggering th e  fla sh  (5  M sec), w as loo k ed  for b u t  n o t o b ­

served  w h ich  ap p ea rs  to  ru le  o u t th e  in terv e n tio n  o f su ch  
p rocesses. T h e  o n ly  tr a n s ie n t sp ec ies  d isa p p ea rin g  in  less  
th a n  30  Msec in a 1 0 - 4 M  so lu tio n  o f  C I O 2 h a s  b e e n  id e n ti­
fied  as C I2 -  o f  w h ich  th e  e x tin c tio n  co effic ie n t is still o f  th e  
order o f  5 0 0 -1 0 0 0  AT- 1  c n r 1  in  th is  w a v e len g th  ra n ge .

T h e  m o st p ro b a b le  e x p la n a tio n  o f  th e  fa ilu re  to  ob serve  
th e  ra d ica l C IO  is th e  in terv e n tio n  o f  th e  a d d itio n  re a c ­
tion  w ith  C IO 2

C IO  +  C 1 0 2-------- ► C I A  (4 )

M e  H a le  an d  vo n  E lb e 18 h av e  c le a r ly  d e m o n str a te d  th e  
occu ren ce o f  th is  rea ctio n  in th e ir  s tu d y  o f  th e  e xp losive  
d ec o m p o sitio n  o f  ga seo u s C I O 2 in w h ich  th e  in d u c tio n  p e ­
riod is a fu n c tio n  o f  th e  C I2O 3 c o n c e n tra tio n . T h e s e  sa m e  
au th ors h ave  a lso  iso la te d  C I2O 3 .4 I f  our e x p la n a tio n  is 
v a lid , e ith er th e  e x tin c tio n  co effic ie n t o f  C I2O 3 b e tw een  
4 40  a n d  2 4 0  n m  m u s t  b e  low  ( < 5 0 0  M _ 1  c m - 1 ) or th e  
life tim e  o f  th e  sp ec ies  m u st  b e  sh o rt ( < 2 0  mse c ), its  d is a p ­
pea ra n ce  p ro b a b ly  b e in g  b y  h yd rolysis

C120 3 +  H aO  — C I O ' +  C K V  +  2 H + (5)

Formation of Chlorine Atoms and Molecular Oxygen in 
the Photolysis. T h e  id en tific a tio n  o f  C I2 -  as  a p h o to ly sis  
p ro d u c t o f  C IO 2 in  th e  p resen ce  o f  ch lo rid e  io n s , or o f  
B r2 (or B r C l - ) in  th e  p resen ce  o f b r o m id e  io n s, a n d  th e  
fa c t  th a t th ese  sp ec ies  d isa p p ea r  on a d d itio n  o f  a lco h o l, 
iso b u ta n e , e th y le n e , or p ro p y le n e , c le a r ly  in d ic a te s  th a t  
ch lorin e a to m s  figu re a m o n g  th e  p h o to ly sis  p ro d u c ts  a n d  
th a t th e  fo llo w in g  re a ctio n s ta k e  p la c e 19  20

C l +  c r — - C l 2- ( 6 )

C l + B r  — — c r +  B r  or B r C l ”
(7 )

B r +  B r ' B r 2

C l + R O H -------► R 'O H  +  H C 1 ( 8 )

C l + C 2H 4--------- C 2H 4C1 0)
C l + c 3h 6 — - c 3h 6c i ( 1 0 )

C l + C 4H 10 -------1- C 4H 9 +  H C 1 ( H )

S in ce  th e  m o s t  p ro b a b le  p rim a ry  d e c o m p o sit io n  m e c h a ­
n ism  u n d er ou r e x p e r im e n ta l co n d itio n  is

h v  >  2 7 0  nm
0 - C 1 - 0 -------------------- C 1 0 ( 27r) +  0 ( 3P ) ( 1 2 )

th e  low  0 ( 3P ) o x y g en  a to m  p ro d u c tio n  a n d  th e  ch lorin e  
a to m  p ro d u c tio n  are e x p la in e d  b y  a ssu m in g  c o n sid era b le  
cage re c o m b in a tio n  o f  th e  C IO  a n d  O  fra g m e n ts  as fo llow s

(C IO  +  0 ) cage------- - C l  +  0 2 (13 )

T h is  fa st rea ctio n  h a s  b e e n  s tu d ie d  in  th e  ga s p h a se  (k =  
7 x  10® A f _ 1  s e c - 1 ) 2 a n d  fo u n d  to  b e  resp o n sib le  for th e  
in itia l ra p id  d e c a y  o f  C IO  ob served  a t  h ig h  fla sh  energies  
in th e  fla sh  p h o to ly sis  o f  ch lorin e  d io x id e .

T h e  a b so rp tio n  sp ec tra  o f  th e  tra n sito ry  sp ec ies  o b ­
served  b y  fla sh  p h o to ly sis  o f  C IO 2 in  a era ted  so lu tio n  an d  
in th e  p resen ce  o f iso p rop yl a lco h o l or tert-b u ty l a lco h ol 
(F igu re  7 ) co rresp on d  to  th o se  o f  th e  p ero x y a lk o x y l ra d i­
ca ls  g iven  b y  H a y o n , et al.,21 a n d  sh ow  th a t  rea ctio n s 14  
an d  15 occu r. T h e s e  sp ec tra  c a n n o t be co n fu se d  w ith  th ose

C l +  ( C H 3)2C H O H --------- ( C H 3)2C O H  +  H C 1

(14 )
C l +  ( C H 3)3C O H ------—  C H 2C ( C H 3) 2O H  +  H C 1

o f iso p ro p y l h y p o ch lo r ite  or fe r t -b u ty l  h y p o c h lo r ite , w h ich

( C H 3) 2C O H  +  0 2 — ( C H 3) 2C — O H

•C H 2C ( C H 3)2O H  +  0 2 -------- ~ 0 2C H 2C ( C H 3)20 H

lie in th e  sa m e  w a v e len g th  region  b u t  are m u c h  less in ­
ten se  (th e  e x tin c tio n  c o effic ie n ts  a t  2 60  n m  are a b o u t 5 0 -1 0 0  
M - 1 c m - 1 ) . 22

T h e  c o n cen tra tio n  o f  ch lo rin e  a to m s  fo rm e d  in th e  p h o ­
to ly s is  o f  a 2 .5  x  1 0 - 4  M so lu tio n  o f  C IO 2 c o n ta in in g  1 0 - 2 

M  iso p rop yl a lco h ol a n d  1 .2  x  1 0 - 3 M o x y g en  h a s  been  
d e te r m in e d . U n d e r  th ese  c o n d itio n s rea ctio n s 14 an d  15 go  
to  c o m p le tio n  a n d  th e  o p tic a l d en sity  o f  th e  a b so rp tio n  o f  
th e  ra d ica l ( C H 3 ) 2C ( 0 2 ) 0 H  a t 260  n m , w here its  e x tin c ­
tio n  c o effic ie n t is 110 0  Af_1 c m _ 1 , 21 w a s m e a su r e d . T h e  
re su lt sh ow ed  th a t  55  ±  7 %  o f  th e  ch lo rin e  d io x id e  d e c o m ­
p osed  gave rise to  ch lorin e  a to m s . It sh o u ld  b e  n o te d  th a t  
in  th e  presen ce o f  th is  c o n cen tra tio n  o f  a lc o h o l th e  overall 
p h o to ly tic  d e c o m p o sit io n  o f  C IO 2 is 8 %  w h erea s in  th e  a b ­
sen ce  o f a lco h o l th e  va lu e  is 1 2 % . T h is  p o in t w ill b e  ta k en  
u p  later in th e  d iscu ssio n .

T h e  fa c t  th a t th e  sp ec tra  a ttr ib u te d  to  th e  ra d ica ls  
O 2R O H  a p p ea r even  in in it ia lly  d ea era ted  so lu tio n  m a y  
be ta k en  as a p ro o f o f  th e  fo rm a tio n  o f m o le c u la r  oxygen  
(rea ctio n  1 3 ). In fa c t , w h en  a 2 .5  X 1 0 - 4 M ch lo rin e  d io x ­
ide so lu tio n  is p h o to ly z e d  in th e  p resen ce  o f  iso p ro p y l a l ­
co h ol, it is fo u n d  th a t  th e  in ten sity  o f  th e  a b so rp tio n  b a n d  
cen tered  a t  250  n m  is 4 .4  ±  0 .7  t im e s  greater in  an  o x y g en - 

sa tu ra te d  so lu tio n  th a n  in an  in it ia lly  d ea era ted  so lu tion . 
R e a c tio n  15 h a s  a rate c o n sta n t o f  6  X 109 M _ 1  s e c - 1 2 3  

a n d  c o m p e te s  w ith  th e  rea ctio n

( C H 3) 2C O H  +  C 1 0 2 — ♦ p r o d u c t s  (1 6 )

w h ich  is a n a lo g o u s to  th e  re c o m b in a tio n  o f th e  O H  and  
C IO 2 sp ecies fo rm ed  in th e  fla sh  p h o to ly s is  o f  C IO 3 " . 24 

F ro m  th e eq u a tio n

1 A  =  1 / 0 2(1 +  A I6[ C 1 0 21 /A 15[ 0 21)

w here D1 and  U 2 rep resen t re sp ec tiv e ly  th e  o p tic a l d en sity  
o f th e  ( C H 3 )2C ( 0 2 ) 0 H  ra d ica l in a in it ia lly  d ea era ted  and  
in  an  ox yg en  sa tu ra te d  so lu tio n , w e m a y  w rite

* 16[ C 1 0 21 /* 1S[ 0 21 =  3 .4  ±  0 .7

T h e  order o f  m a g n itu d e  o f  kis w as d e te r m in e d  b y  flash  
p h o to ly sis  o f  C IO 3 -  (2  X 1 0 - 3 M  d e a era ted  so lu tio n ) in  
th e  p resen ce o f  iso p rop yl a lco h o l (1 0  3 M ) .  T h e  o sc illo ­
g ra m s o b ta in ed  (F igu re  8 ) sh ow  th a t  ki$ is a b o u t  109 A T  1 

s e c - 1 , a ssu m in g  th e  fo llow in g  rea ctio n  sc h e m e  w here k*7 

= 1 .4  x  10» AT“ 1 s e c - 1 .21

C 1 0 3' ,  H 20  — —► C 1 0 2 +  O H  +  O H '

O H  +  ( C H 3) 2C H O H — ~ ( C H 3)2C O H  +  H 20

( C H 3)2C O H  +  C 1 0 2 — ► p ro d u c ts  (1 6 )

2 ( C H 3)2C O H --------► p r o d u c ts  (17 )

(18) E. T Me Hale and G. von Elbe, J. Phys. C h em .. 72, 1849 (1968).
(19) H. Schmitz, H. J. Schumacher, and A. Jager, Z. Phys. C h em ., B51, 

281 (1952).
(20) J. Knox and R. Nelson, Trans. F araday S o c . . 55, 937 (1959).
(21) M. Slmic, P. Neta, and E. Hayon, J. Phys. C h em .. 73, 3794 (1969).
(22) M. Anbar and I. Dostrovsky, J. C h em . S o c .. 1105 (1954).
(23) G. E. Adams, B. D. Michael, and R. L. Willson, Advan. C hem . S er.. 

No. 81,289 (1968).
(24) F. Barat, B. Hickel, L. Gilles, and B. Lesigne, J. Phys. C h em .. 75, 

2177 (1971).
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W e  o b ta in  [ 0 2] =  1 2 .2  ±  2 .5  X  1 0 - «  M. T h is  va lu e  
m u s t b e  co rrected  for th e  m o le c u la r  ox yg en  in tro d u ce d  in  
th e  p re p a ra tio n  o f ‘.he so lu tio n  b y  a 1 0 0 -fo ld  d ilu tio n  o f an  
a era ted  2 .5  x  1 0 - 2  M  so lu tio n  o f  C IO 2 . T h u s  th e  in itia l 
ox y g en  co n c e n tra tio n  b efore  p h o to ly sis  w as 2 .5  X  1 0 - 6  M 
lea d in g  to  a v a lu e  o f  (9 .7  ±  2 .5 )  X  1 0 _ 6 M  for th e  c o n c e n ­
tra tio n  o f  p h o to ly tic a lly  p ro d u ced  o x y g en . T h is  va lu e  is 
close  to  th a t o b served  for th e  p ro d u c tio n  o f ch lorin e  a to m s  
an d  m a y  b e  e x p la in e d  b y  th e  occu ren ce  o f  rea ctio n  13.

Identification of CiiOz- O n e  o f  th e  m a in  re a ctio n s o b ­
served  w ou ld  in v olve  th e  chlorin e a to m  w h ich  is h ig h ly  re ­
a c tiv e  to w a rd  ch lorin e d iox id e

C l +  O C IO

an d  tow ard  ch lo rid e  ion

C l +  c r

C 1 - 0 - C 1 - 0

or

C l - C l

• C l,

0

'O

C l ,“ +  o c i o -

(1 8 )

( 6 )

C 1 - 0 - C 1 - 0
or

0  +  c r  

d - C l ^ O

( 1 )

w ith  fti =  ( 1 .0  ±  0 .1 )  x  109 M~1 s e c - 1  (vide supra). 
R e a c tio n  18 w as fo u n d  to  occu r in th e  ga s p h ase  (k =  5 X  
10 9 M _ 1  s e c - 1 ) lea d in g  to  th e fo rm a tio n  o f tw o  C IO  ra d i­
c a ls .2 T h is  fo rm a tio n  is e x c lu d e d  in th e a q u eo u s p h ase  if  
rea ctio n  4  o c cu rs; w e h av e  n ot o b served  a n y  d ifferen ce  in  
th e  d e c o m p o sit io n  y ie ld  o f  C IO 2 , in  th e  p resen ce or in th e  
a b sen c e  o f  C l "  io n s. R e a c tio n s  18, 6 , an d  1  are su p p re ssed  
in  th e  p resen ce  o f a lco h o ls  in aerated  so lu tio n  a n d  th is  e x ­
p la in s  th e d ecrease  ob served  in th e  d e c o m p o sit io n  y ie ld  o f  
C IO 2 (8 %  c o m p a re d  to  1 2 %  in th e  a b sen c e  o f  a lco h o ls  for a 
2 .5  x  1 0 “ 4 M  C I O 2 so lu tio n ). In  th e  a b sen c e  o f  a lco h ols  
a n d  fo llow in g  th is  rea ctio n  sc h e m e , on ly  37  ±  5 %  o f th e  
C IO 2 d e c o m p o se d  lea d s to  th e fo rm a tio n  o f  ch lorine  
a to m s .

T h e  fa c t  th a t  th e  in ten sity  o f  th e sp e c tru m  o b served  a t  
3 1 0  n m  is sen sitiv e  to  th e  ad d itio n  o f  ch lorin e  a to m  s c a v ­
en gers (rea ctio n s 7 -1 1 )  e n a b le s  u s to  su g g est th a t  X  is 
C I2O 2 . T h is  sp ecies h as b een  su g g e ste d  b y  P orter an d  
W r ig h t , 25 K ir y u sh in  an d  P o lu e k to v 28 in  th e  g a s -p h a se  
b im o le c u la r  d ec a y  m e c h a n ism  o f  C IO  a n d  b y  T a u b e  an d  
D o d g e n 27 in  a s tu d y  o f  th e  m e c h a n ism s  o f  rea ctio n s in ­
v o lv in g  ch a n g es in th e  o x id a tio n  sta te  o f  ch lo rin e . T h e  
first-o rd er d e c a y  o b served  for C120 2 m a y  b e  e x p la in e d  b y  
a ra p id  h y d ro ly sis  o f  th e  p ro d u c t (&0bsd =  (1 .0  ±  0 .1 )  X  
10 4 sec  " 4) to  fo rm  C l -  an d  C IO s _  in  e q u a l q u a n tit ie s

C120 2 +  H , 0 ------- - C l "  +  C 1 0 3“ +  2 H +

A lth o u g h  th is  agrees w ith  th e  o b serv a tio n  o f  B o w e n  an d  
C h e u n g , 5 th e  m e c h a n ism  p ro p o sed  b y  th ese  au th ors is 
q u ite  d ifferen t (see In tr o d u c tio n ).

R e a c tio n s  6  a n d  1  a c c o u n t for an  in crease  in th e  C I2O 2 

fo rm a tio n  (b y  a factor o f  3 in th e  p resen ce  o f  1 0 “ 3 M  c h lo ­
ride ions) if  th e  la tte r  is a ssu m e d  to  le a d  p re feren tia lly  
(c o m p a re d  to  rea ctio n  19) to  th e  fo rm  C l - O - C l - O  or C l -  
C l - ( 0 ) 2  w h ich  a b so rb s a t 3 1 0  n m .

T h e  h y p o th e sis  th a t  th e  sp ec tru m  o b served  arou n d  310  
n m  is d u e  to  C I2O 2 fin d s su p p o rt in th e  w ork o f  R o c h k in d  
an d  P im e n te l ; 28 th e  p h o to ly sis  o f  C I2O  in so lid  n itrog en  at  
2 0 ° K  gives rise to  th e  fo rm a tio n  o f  in frared  b a n d s  (C

b
Figure 8. Flash photolysis of CIO3 -  (2 X  1 0 - 3 M) In deaerated 
aqueous solution in the presence of isopropyl alcohol ( 1 0 “ 3 M):  
(a) X 360 nm, 50 and 200 nsec  per large division, 5% transmis­
sion per large division, oscillogram showing the disappearance 
of Cl02; (b) X 260 nm, 50 and 2 0 0  ¿¿sec per large division, 5% 
transmission per large division, oscillogram showing the disap­
pearance of the (CH3)2COH radical.

b a n d s) a ttr ib u te d  to  ( C 1 0 ) 2 - T h e  in ten sity  o f  th ese  b a n d s  
in creases w ith  tim e  for p h o to ly sis  w a v e len g th s  a b o u t 334  
n m  a n d  an  e q u ilib r iu m  is se t u p  b e tw ee n  fo rm a tio n  an d  
d isa p p ea ra n c e  for w a v e len g th s ab o v e  316  n m , w h ile  a d is ­
t in c t  d ecrease  is ob served  for w a v e len g th s a b o v e  2 70  n m . 
T h e s e  e x p e r im e n ta l resu lts  su gg est th a t  th e  ( C 1 0 ) 2 m o le ­
cu le  h as a u v  a b so rp tio n  in th e region o f  3 1 0  n m .

Formation of O3 and Tentative Assignment of the CIO3 

Spectrum. T h e  sp ec tra  o b served  5 0 0  ¿¿sec a fter  th e  fla sh  
in  o x y g en a te d  a n d  d eo x y g e n a te d  so lu tio n  (F igu re  6 , curves  
A  a n d  B ) are d u e  re sp ec tiv ely  to  O 3 a n d  p ro b a b ly  C IO 3 , 
a lth o u g h  in th e  la tte r  case  th e  a b so rp tio n  m a x im u m  o b ­
serv ed  (2 5 5  n m ) d iffers fro m  th a t fo u n d  b y  G o o d ev e  a n d  
R ic h a rd so n 29 (2 7 8  n m ) in the gas p h a se . O n  th e oth er  
h a n d , if  w e a ssu m e  th a t all th e  o x y g en  a to m s  p ro d u ced  
are sca v en g ed  b y  C IO 2 to  give C IO 3 (in  d e o x y g e n a te d  s o ­
lu tio n ) a n d  b y  0 2 to give 0 3 (in  o x y g en a te d  so lu tio n ) we 
ca n  c a lc u la te , b y  co m p a riso n  o f  th e  tw o  sp ec tra  o b ta in ed , 
a v a lu e  e (C 1 0 3) (25 5  n m ) 9 2 0  M - 1  c m - 1  w h ich  is close to

(25) G. Porter and F. J. Wright, D iscu ss . F araday S o c ., 14, 23 (1953).
(26) A. Kiryushin and F. A, Poluektov, Khim. Vys. E nerg .. 3, 316 

(1969).
(27) H. Taube and H. Dodgen, J. A m er. C hem . S o c .. 71,3330 (1949).
(28) M. M. Rochkind and G. C. Pimentel, J. C h em . P hys.. 46, 4481

(1967).
(29) C. F. Goodeve and F. D. Richardson, Trans. F araday S o c .. 33, 453 

(1937).
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th e  m a x im u m  e x tin c tio n  c o effic ie n t given  b y  th ese  a u ­
th ors, « (C IO s) (2 7 8  n m ) 110 0  M _ 1  c m ' 1. U n d e r  ou r e x p er­
im e n ta l co n d itio n s  th e  h a lf-life  o f  C I O 3 is 4  m se c . T h e  
d isa p p ea ra n ce  k in e tics  are n o t s tu d ie d  in th e  p re sen t w ork  
b eca u se  th e  o p tic a l d en sities  o b ta in e d  are so low  th a t  an y  
in terp retation  is h a z a rd o u s , b e sid es  w h ich  th e y  are p ro b a ­
b ly  p ertu rb ed  b y  th e  a p p ea ra n ce  a n d  su b se q u e n t h y d ro ly ­
sis o f  C I2O 6 w h ich  ab so rb s in th e  sa m e  w a v e len g th  region  
as C IO 3 .27 In  fa c t  th e  m o s t  p ro b a b le  C I O 3 d isa p p ea ra n ce  
m e c h a n ism  is as fo llow s

C 1 0 3 +  C 1 0 3 -------- C 1 20 6

C120 6 +  H 20 -------- C 1 0 3'  +  C 1 0 4* +  2 H +

C o n c lu s io n

O n  th e  b a sis  o f  th is  d isc u ssio n , w e p ropose  th e fo llow in g  
p rim a ry  p h o to ly tic  d e c o m p o sit io n  m e c h a n ism  for ch lorin e  
d iox id e  in a q u eo u s so lu tio n

[ C 1 0 ( 2tt) +  0 ( 3P )]cage
C l +  0 2

^  C 1 0 ( 2tt) +  0 ( 3P)

(A )

(B )

T h e  d e te r m in a tio n  o f  th e  ch lorin e  a to m  co n cen tra tio n  
(or th a t  o f  O 2) in d ic a te s  th a t p rocess A  a c c o u n ts  for 37 ±  
5 %  o f  th e ch lorin e  d io x id e  d isa p p e a rin g  in th e fla sh  an d  
th e  su b se q u e n t fa s t  re a ctio n s o f  ch lo rin e  a to m  (reaction s  
18, 6 , a n d  1) a c c o u n ts  for an  id en tic a l a m o u n t. P ro cess B  
a c c o u n ts  for 14 ±  2 %  o f  th e  ch lo rin e  d io x id e  d isa p p ea rin g  
in th e  fla sh  (d e te rm in a tio n  o f  O 3 co n ce n tra tio n  in o x y g en ­
a te d  so lu tion ) an d  th e  su b se q u e n t fa s t  rea ctio n  o f  th e  C IO  
ra d ica l w ith  C IO 2 a c c o u n ts  for an  id en tic a l a m o u n t. T h e  
rea ctio n  o f  a to m ic  ch lorin e  (or C I2 ) w ith  C IO 2 lea d s to  
th e  fo rm a tio n  o f  C I2O 2 a n d  w e su g g e st th a t th e  a b sorp tion  
sp ec tru m  ob served  a t  3 1 0  n m  co u ld  b e  a ttr ib u te d  to  one o f  
th e  tw o  fo rm s C 1 - 0 - C 1 - 0  or C l - C l - ( 0 )2 . F in a lly , our fa il­
ure to  d etec t C IO  b y  its  a b so rp tio n  sp e c tru m  m a y  be e x ­
p la in e d  on  tw o w ays, a low  p ro d u c tio n  o f  th is  sp ec ies in 
process B  or a fa s t  rea ctio n  w ith  C IO 2 to  fo rm  C I2O 3 .

h\> > 2 7 0  n m  n 0
C U C 1 -0  « ■* O - C l - O * ------- - [ C 1 0 ( 27t) +  0 ( 3P )lcage

Acknowledgment. W e  w ish  to  th a n k  M r . S u tto n  for 
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T h e  rea ctio n s o f  f lu o rin a te d  b e n zen e s w ith  h y d ra te d  electro n s a n d  h y d ro x y l ra d ica ls  in  aq u eo u s so lu tio n s  
h av e  b e e n  in v estig a te d  b y  p u lse  ra d io ly sis  a n d  -y -irradiation  e x p e r im e n ts . O n e  flu o rid e  ion per a tta c k in g  
e aq is e lim in a te d  fro m  th e  h igher flu o rin a te d  c o m p o u n d s  via a d isso c ia tiv e  e lectro n  ca p tu re  pro cess. 
T h e  y ie ld s  o f  F ~  ion s are low er in th e  rea ctio n  o f  e aq"  w ith  m o n o -, o -d i - ,  a n d  p -d iflu o r o b e n z e n e . T h e  
m a jo rity  o f  e lectro n s here in tera ct w ith  th e  a r o m a tic  ring, a n d  th e  m o le c u la r  an ion s th u s  fo rm ed  are n e u ­
tra lized  to  y ie ld  flu o ro c y c lo h e x a d ie n y l ra d ic a ls . T h e  o x id a tio n  o f  f lu o rin a te d  b e n z en e s  b y  h y d ro x y l ra d i­
ca ls  occu rs via a d d itio n  o f th e  O H - to  an y  o f  th e  six  carb on  a to m s  w ith  a lm o s t  e q u a l p ro b a b ility . I f  th e  
a tta c k e d  ca rb o n  a to m  carries a h yd ro g en  a to m  a flu o ro h y d ro x y c y c lo h ex a d ie n y l ra d ica l is p ro d u c ed . T h e  
a d d itio n  to  a ca rb o n  a to m  carryin g a flu o rin e  a to m  lea d s to  th e  e lim in a tio n  o f  h yd rogen  flu o rid e . R a te  
c o n sta n ts  h av e  b een  d e te r m in e d  for th e  re a ctio n s o f  th e flu o rin a te d  b e n z en e s  w ith  eaq-  a n d  O H - a n d  for 
th e  rea ctio n s o f  tr a n sie n t sp ec ies p ro d u c ed  fro m  th ese  p ro cesses. R a d ic a ls  a n d  sta b le  p ro d u c ts  h av e  also  
been  c h a ra cterized  b y  th eir o p tic a l a b so rp tio n  sp ec tra . M e c h a n is tic  d e ta ils  o f  th e  re d u c tio n  a n d  o x id a ­

tio n  rea ctio n s are d iscu sse d .

I n tr o d u c tio n

M e c h a n is tic  s tu d ie s  on  th e  red u ctio n  a n d  o x id a tio n  o f  
h a lo g en a ted  organ ic c o m p o u n d s  recen tly  b e c a m e  a su b je c t  
o f  c o n sid era b le  in terest . A  c o m b in e d  o p tic a l an d  c o n d u c ­
tiv ity  p u lse  ra d io ly sis  m e th o d , in p a rtic u la r , h as p ro ven  to  
be very  u se fu l for th e  in v estig a tio n  o f  e le m e n ta ry  rea c­

tio n s in itia ted  b y  h y d ra te d  e lectro n s, h yd ro g en  a to m s , 
an d  h yd ro x y l ra d ica ls  in  aq u eo u s so lu t io n s .1 -3  T h e  re a c ­
tio n s o f  th ese  sp ec ies w ith  c h lo rin a ted  a n d  flu o rin a ted

(1) K.-D. Asmus, G. Beck, A. Henglein, and A. Wigger, B er. B u n sen -  
g e s . Phys. C h em ., 70, 869 (1966).

(2) G. Beck, Int. J. Radiat. Phys. C h em ., 1,361 (1969).
(3) K.-D. Asmus, Int. J. Radiat. Phys. C h em .. 4, 417 (1972).
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m e th a n e s 4-9 a n d  c h lo rin a ted  e th y le n e s 10 h a v e  a lrea d y  
been  e x a m in e d  in d e ta il. In  th e  p resen t in v estig a tio n  th e  
rea ctio n s o f  flu o rin a te d  b e n zen e s , as an  e x a m p le  o f  aro ­
m a tic  sy s te m s , w ere s tu d ie d . L itt le  d a ta  h av e  so  fa r  been  
a v a ila b le  on  th e  ra d ia tio n  c h e m ic a l re d u c tio n  an d  o x id a ­
tio n  o f  th e se  c o m p o u n d s . T h e  rate  c o n sta n t h a d  b e e n  d e ­
te rm in ed  for th e  rea ctio n  o f  h y d ra te d  e lectro n s w ith  
m o n o flu o ro b e n z e n e , 1 1  a n d  flu o rid e  ions h a d  b e e n  d e tec te d  
th o u g h  n o  sp ec ific  y ie ld  h a d  b een  g iv e n . 12 G a s -p h a s e  e x ­
p er im e n ts  on  th e  rea ctio n  o f  C 6H 5F  w ith  h y d ro g e n  a to m s  
d e m o n str a te d  th e  fo rm a tio n  o f  flu o ro c y c lo h e x a d ie n y l ra d i­
c a ls . 13  S im ila r ly  O H -  ra d ica ls  w ere fo u n d  to  a d d  to  th e  
a r o m a tic  ring o f  m o n o flu o ro b e n z e n e . 14 O u r  e x p er im e n ts  
in c lu d e  n o t on ly  rea ctio n s o f  m o n o flu o ro b e n z en e  b u t  also  
o f  h ig h er flu o rin a te d  c o m p o u n d s . T h e y  are p a rticu la rly  
co n cern ed  w ith  m e c h a n is tic  a sp e cts  o f  th e  in tera ctio n  o f  
e lectro n s w ith  th e  a ro m a tic  ring a n d  th e  flu o rin e  s u b s t itu ­
e n t, a n d  th e  a d d itio n  o f  a  h yd ro x y l grou p  to  a ca rb o n  
a to m  carryin g e ith er a h y d rogen  or a flu orin e  a to m .

E x p e r im e n t a l  S e c t io n

Solutions. T h e  so lu tio n s w ere p rep ared  fro m  tr ip ly  d is ­
tille d  w ater . C o m m e r c ia lly  a v a ila b le  flu o rin a te d  b e n zen e s  
(m o n o -, o -d i - ,  p -d i - ,  1 ,2 ,3 ,4 -t e t r a - , p e n ta -, a n d  h e x a flu o - 
ro b en zen e) o f  ga s c h ro m a to g ra p h y  grade ( > 9 8 % )  a n d  th e  
oth er c h e m ic a ls  o f  a n a ly tic a l q u a n tity  w ere u sed  w ith o u t  
fu rth er p u rific a tio n . T h e  w ater w a s d e o x y g e n a te d  b y  b u b ­
b lin g  th ro u g h  e ith er argon  or n itrou s ox id e  p rior to  th e  a d ­
d itio n  o f  th e  so lu tes  w h ich  w ere a lso  d eg a sse d  se p a ra te ly . 
S in c e  m o st o f  th e  flu o rin a te d  b e n zen e s d isso lv e  very  s lo w ­
ly  in w ater th e  so lu tio n s w ere stirred  for ca. 1 - 2  hr in th e  
d ark  to  red u ce  p h o to ly tic  p ro cesses.

F or th e  7 -irra d ia tio n  e x p er im e n ts  2 0 -m l so lu tio n s w ere  
sea led  o ff  in  a ca. 2 5 -m l g la ss  v e sse l. T h e s e  so lu tio n s g e n ­
e ra lly  w ere b u ffe red  w ith  2 X  10 4 M  p h o sp h a te  ( K H 2P O 4 

+  K 2H P O 4 ) to  p H  ==6.5 to  av oid  c o m p e titio n  o f  h y d ra te d  
e lectro n s for th e  H aq+ ions p ro d u c ed  d u rin g  th e  irrad ia ­
tio n .

Irradiation Conditions. T h e  e x p e r im e n ta l d e ta ils  o f  th e  
o p tic a l a n d  c o n d u c tiv ity  p u lse  ra d io ly sis  se tu p  h av e  a l­
rea d y  b een  d e sc r ib e d .2 -15  P u lse s  o f  1 .5 -M e V  e lectro n s  
w ere g en era ted  b y  a V a n  de G r a a ff  gen era to r (1 0  m A ) .  
T h e  p u lse  len g th  w as 0 .5 - 5 .0  jusec, a n d  th e  a b so rb ed  dose  
rate ca. 7 0 0  ra d s/¿¿sec  o f  th e  p u lse . T h e  a b so rb ed  d ose  w as  
m o n ito re d  w ith  a se co n d a ry  em iss io n  fo il. A b s o lu te  
d o sim e tr y  w as b a se d  on  s im u lta n e o u s  o p tic a l a n d  c o n d u c ­
tiv ity  m e a su r e m e n ts  o f  C ( N 0 2) ,i -  ion s w h ich  are fo rm ed  
w ith  G = 6 .0  in  irrad ia ted  aq u eo u s so lu tio n s  o f  1 0 - 3  M  
C (N C >2)4  a n d  1 0 - 1  M  2 -p ro p a n o l2 -3 (m a x im u m  a b so rp tio n  
o f  C ( N 0 2 ) 3 -  a t 350  n m  w ith  e 1 .5  x  104 M - 1  c m - 1 , a n d  
e q u iv a len t c o n d u c tiv ity  o f  a  C ( N 0 2 )3 - / H aq+ ion  p a ir  A  =  
360  f t - 1  c m 2 e q u iv - 1 ).

T h e  a n a ly z in g  lig h t w as filtered  th ro u g h  a  2 -c m  th ick  
cell fille d  w ith  C H C I 3 lo c a te d  b e tw ee n  lig h t sou rce a n d  ir­
ra d iation  ce ll. W ith o u t  th is  filter , w h ich  cu t o f f  th e  lig h t  
b elow  260  n m , s lig h t p h o to ly s is ’ o f  th e  flu o rin e -c o n ta in in g  
co m p o u n d s  w as ob serv e d , in d ic a te d  b y  an  in creasin g  
b a ck g ro u n d  c o n d u c tiv ity .

T h e  7 -ra d io ly s is  e x p e r im e n ts  w ere carried  o u t in  a 60C o  
source o f  ca. 150 0  C i an d  an  a b so rb ed  d o se  rate  o f  ca. 3  X  
104 r a d s /h r  (d e te rm in e d  w ith  a F ricke d o s im e te r ).

Yields and Analysis. R a d ia tio n  c h e m ic a l y ie ld s  w ere  
b a se d  on th e  g en era lly  a c c e p ted  y ie ld s  o f  re d u cin g  an d  
o x id iz in g  sp ec ies  from  th e  ra d io ly sis  o f  a q u eo u s so lu tio n s : 
G(eaq- ) =  2 .7 ; G ( O H -)  =  2 .8 ; G ( H -)  =  0 .6  (G  =  n u m ­
ber o f  sp ec ies  p ro d u c ed  per 1 0 0 -e V  a b so rb ed  en erg y ) . 1 6 -17

Q u a n tita tiv e  a n a ly sis  o f  th e  c o n d u c tiv ity  d a ta  is b a se d  
on 2

■  i s : i ? c,|2' IA '

A V S is th e  ob served  v o lta g e  sig n al d u e  to  th e  c o n d u c tiv ity  
ch a n ges in  th e  p u lsed  so lu tio n ; V b is th e  v o lta g e  b e tw ee n  
th e  e lectro d es  in  th e  cell (3 0  V ) ;  Ra is an  o p e ra tin g  re s is ­
ta n c e  (1  k i l ) ;  kz is th e  cell c o n sta n t (0 .7  c m - 1 ) ; ct is th e  
c o n cen tra tio n  o f  th e  ith  ch arged  sp ec ies  p ro d u c ed  as a  re ­
su lt o f  th e  p u lse ; zt is th e  ch arge n u m b e r ; a n d  A , is th e  
e q u iv a le n t c o n d u c tiv ity  in SI- 1  c m 2 e q u iv - 1 .

F lu o rid e  ion  y ie ld s  w ere d eterm in e d  d ire c tly  in th e  irra­
d ia te d  so lu tio n s b y  an  O rion  flu o rid e  ion a c tiv ity  e lectro d e  
(9 4 -0 9 )  in  co n ju n c tio n  w ith  an  O rio n  s in g le -ju n c t io n  refer­
ence e lectro d e  (9 0 -0 1 ) . T h e  e lectro d e  p o te n tia l d ifferen ces  
w ere m e a su red  b y  th e  O rion  M o d e l 801  d ig ita l p H  m e te r . 
C a lib ra tio n  o f  th e  e lectro d es w as d on e  for e a ch  se t o f  e x ­
p e r im e n ts  w ith  s ta n d a rd  N a F  so lu tio n s  o f  th e  sa m e  ion ic  
stren g th  as th e  irra d ia te d  sa m p le s .

E rror lim its  are e s tim a te d  to  ± 1 0 %  for a ll d a ta  d eriv ed  
fro m  o p tic a l m e a su r e m e n ts , a n d  ± 5 %  for c o n d u c tiv ity  
d a ta  a n d  flu o rid e  ion y ie ld s . A ll  e x p e r im e n ts  w ere d on e  a t  
ro om  te m p e ra tu re .

R e s u lt s  a n d  D is c u s s io n

Reduction of Fluorinated Benzenes by Hydrated Elec­
trons. Rate Constants and Fluoride Ion Yields. T h e  rate  
c o n sta n ts  for th e  rea ctio n s o f  f lu o rin a te d  b e n z e n e s  w ith  
h y d ra te d  e lectro n s w ere m e a su red  p u lse  ra d io ly tic a lly  
fro m  th e  e ffe c t o f  th e  so lu tes on th e  l ife t im e  o f  h y d r a te d  
e lectro n s, i.e., k(S +  e aq- ) w as o b ta in e d  fro m  th e  h a lf -  
lives o f  th e  e aq-  a b so rp tio n  a t  v a rio u s so lu te  c o n c e n tr a ­
tio n s . (T h e  d e c a y  o f  th e  e aq-  a b so rp tio n  w as o f  p seu d o  
first order sin ce  c (so lu te ) 3 > c (e aq- ) .)  T h e  so lu tio n s  a lso  
co n ta in ed  a lco h o l (5  X 1 0 - 1  M  ie r t -b u ty l  a lc o h o l or 2 x  
1 0 - 1 M  C H 3O H )  to  rem o v e  O H  ra d ica ls  a n d  H  a to m s  
w h ich  are p ro d u c ed  s im u lta n e o u s ly  w ith  th e  h y d ra te d  
e le c tro n s .18  T h e  b im o le c u la r  rate  c o n sta n ts  for th e  re a c ­
tio n  o f  e aq-  w ith  flu o rin a te d  b e n z en e s  in  n e u tr a l (p H  
« 6 . 5 )  so lu tio n s are liste d  in  th e  se c o n d  c o lu m n  o f  T a b le  I. 
R e a c tio n  w ith  h e x a -, p e n ta -, a n d  1 ,2 ,3 ,4 -te tr a f lu o r o b e n -  
zen e is e sse n tia lly  d iffu sio n  c o n tro lled . M u c h  low er rate  
c o n sta n ts  are o b ta in e d  for o -d i - ,  p -d i - ,  a n d  m o n o flu o ro ­
b e n z e n e . O u r  re su lt for th e  rea ctio n  e aq-  +  C 6H 5F  o f  k =
7 x  10 7 M - 1  s e c - 1  agrees w ell w ith  th a t  p re v io u sly  o b ­
ta in e d  for so lu tio n s at p H  1 1 . 11

(4) J. Teply and A. Habersbergerova, C ollec t. C ze c h . C h em . C om m u n .. 
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455 (1971).

(7) R. Koster and K. -D. Asmus, Z. N aturforsch . B. 26, 1104 (1971).
(8) J. Lllie, D. Behar, R. J. Sujdak, and R. H. Schuler, J. Phys. C h em ., 

76, 2517 (1972).
(9) T. I. Balkas, Int. J. Radlat. Phys. C h em ., 4, 199 (1972).

(10) R. Koster and K. -D. Asmus, Z. N a tu rforsch . B, 26, 1108 (1971).
(11) M. Anbar and E. J. Hart, J. Am . C h em . S o c .. 86, 5633 (1964).
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(1970).
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(1968).
(15) A. Henglein, Allg. Prakt. C h em .. 17, 296 (1966).
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(17) E. J. Hart and M. Anbar, “The Hydrated Electron," Wiley-lnter- 
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TABLE I: Rate Constants and Fluoride Ion Yields for the Reaction 
of Fluorinated Benzenes with Hydrated Electrons in Neutral 
Aqueous Solutions3

G (F-)

Solute S
/i(eaq + S ) ,  

M ~ ' sec -1
Puise

experiments
7 -Irradia­

tion

C 6H5F 7 x  1 0 7 0 .5 5 1.8
o -C 6H4F2 1 .2  x  1 0 9 1 .0 2 .5
p -C 6H 4F2 2 . 0  x  1 0 9 0 .4 0 .6
1,2,3,4-C6H2F4 2 . 6  x  1 0 10 2 .7 5 .0
c 6 h f 5 1.6 x  1 0 10 2 .7 5 .6
C6F6 2 . 0  x  1 0 10 2 .7 4 .8

“ The 7 -irradiation experiments were carried out in buffered solutions 
(pH ~6.5 by 2 X 1 0 -“ M KH2P0 4 +  K2HP04) containing 2 X  1 0 - ' M 
CH3OH. Solute concentration for G (F - ) determination: 1 X 10-3-1 X 
1 0 -2  M (depending on solubility).

F lu oride  ions w ere id en tified  as a rea ctio n  p ro d u c t in
7 -irra d iatio n  e x p e r im e n ts . In  th e  p u lse  ra d io ly sis  in v e sti­
ga tio n s flu o rid e  ion y ie ld s  w ere c a lc u la te d  fro m  th e  p e r ­
m a n e n t ch a n ge  in c o n d u c tiv ity  a fter  th e  p u lse  u sin g  th e  
know n v a lu es  for th e  sp ec ific  c o n d u c ta n c e  o f  flu o rid e  ions  
( A ( F - ) =  46  i f - 1  c m 2 e q u iv - 1 ) 19 a n d  its  p o sitiv e  cou n ter  
ion, th e  h y d ra te d  p ro ton  ( A ( H aq+ )  =  315  f2- 1  c m 2 

e q u iv - 1 ) . 19 G ( F - ) w as gen era lly  m e a su red  a t  h igh  so lu te  
co n cen tratio n s (5  X  1 0 - 3 - l  X  1 0 - 2  M)\ i.e., th e y  rep re­
sen t lim itin g  y ie ld s , w h en  a ll h y d ra te d  e lectro n s are s c a v ­
enged  b y  th e  flu o rin a te d  b e n z e n e s . T h e  resu lts  are listed  
in th e th ird  c o lu m n  o f  T a b le  I. T h e  flu o rid e  ion y ie ld  is 
seen  to  e q u a l G ( e aq- ) for th e  h igh er flu o rin a te d  c o m ­
p o u n d s, i.e., th e  red u ction  o f  h e x a flu o ro b e n z e n e , for e x ­
a m p le , occu rs q u a n tita tiv e ly  via

C 6F 6 +  eaq —>■ C 6F 5- +  F  ( 1 )

M u c h  low er y ie ld s , h ow ever, are fo u n d  for th e  rea ctio n  o f  
h y d ra ted  e lectro n s w ith  m o n o - an d  th e  tw o d iflu o ro b en -  
zen es in d ic a tin g  th a t  sc a v e n g in g  o f  an  e lectro n  b y  th ese  
c o m p o u n d s  d oes n o t n e ce ssa r ily  le a d  to  th e  e lim in a tio n  o f  
a flu o rid e  io n .

C o m p a r a b le  re su lts  w ere o b ta in e d  for 7 -irra d ia te d  so lu ­
tion s o f  f lu o rin a te d  b e n z e n e s  (c o n ta in in g  a lso  h ig h  c o n ­
cen tra tio n s o f  a lco h o l to  re m o v e  O H - a n d  H -)  ( T a b le  I ) . 
A g a in  m u c h  low er flu o rid e  ion y ie ld s  are fo u n d  for th e  
rea ctio n  o f  e aq-  w ith  m o n o -, o -d i , a n d  p -d iflu o ro b e n z e n e  
th a n  for th e  h ig h er flu o rin a te d  c o m p o u n d s . T h e  a b so lu te  
y ield s are gen era lly  h ig h er c o m p a re d  w ith  th e  p u lse  ex p er­
im e n ts  w h ich  m e a n s , a t  le a s t  for th e  h ig h er flu o rin a ted  
b e n zen e s , th a t  m o re  th a n  on e F -  ion  is e lim in a te d  per  
rea ctin g  e lectro n . T h is  ca n  b e  a ttr ib u te d , for e x a m p le , to  
secon d a ry  rea ctio n s o f  a n y  in te r m e d ia te  on  a t im e  sca le  
greater th a n  1 0  m se c  ( lim it  o f  th e  p u lse  ra d io ly sis  dc c o n ­
d u c tiv ity  m e th o d ) . O w in g  to  th e  m u c h  low er d ose  rate , 
i.e., low er s te a d y -s ta te  c o n c e n tra tio n , c o m p a re d  w ith  th e  
p u lse  e x p e r im e n ts , th e  life tim e  o f  ra d ic a ls  w ith  resp ec t to  
r a d ic a l-r a d ic a l rea ctio n s is in creased  b y  severa l orders o f  
m a g n itu d e  th e r e b y  le a v in g  op en  th e  p o ssib ility  o f  oth er  
rea ctio n s su ch  as h y d ro ly sis , e tc . Q u ite  s im ila r  resu lts , 
i.e., h a lid e  ion y ie ld s  w h ich  are h igh er for 7 -irra d ia tio n  
th a n  for p u lse  e x p e r im e n ts , h ave  a lso  b e e n  fo u n d  for th e  
red u ctio n  o f  c h lo rin a te d  m e th a n e s ,4 -7 ’9 e th y le n e s , 10 an d  
m ix ed  flu o ro c h lo r o m e th a n e s .6

Formation of Fluorocyclohexadienyl Radicals. F igu re  1 
show s th e  o p tic a l a b so rp tio n  o f  th e  h y d r a te d  electro n  
traced  a t  7 0 0  n m  a n d  th e  c o n d u c tiv ity  s ig n a l as a fu n c tio n

t i m e ------------------------- —

Figure 1. Upper curve shows optical absorption-time curve at 
700 nm in a pulsed solution of 2.5 X  10 - 3  M  C6H5F and 2 X  
10 - 1  M  CH3OH: time scale: 20 psec/large division. Lower 
curve shows conductivity-time curve for the same solution: time 
scale, 2 0  /¿sec/large division.

o f  t im e  o b ta in ed  for a  p u lse d , a r g o n -sa tu ra te d , n eu tra l s o ­
lu tio n  o f  2 .5  X  1 0 - 3  M  m o n o flu o ro b e n z en e . In  a d d itio n , 2 
X  1 0 - 1  M  C H 3O H  w as p resen t to  re m o v e  O H - ra d ica ls  
an d  H - a to m s , so th a t  h y d ra te d  e lectro n s w ere th e  on ly  
sp ec ies to  react w ith  C 6H 5F . T h e  e aq-  a b so rp tio n  in the  
u p p er curve is seen  to  d e c a y  very fa st w ith  a h a lf-life  o f  4 

jusec. T h e  c o n d u c tiv ity  s ig n a l sh ow n  in th e  low er curve  
d ec a y s m u c h  m o re  slo w ly  w ith  a first h a lf-life  o f  1 2  /¿sec. 
A t  lo n g  t im e s , i.e., a fter  ca. 5 0  /¿sec, it rea ch es a co n sta n t  
va lu e  co rresp on d in g  to  a c h a n g e  in c o n d u c tiv ity  o f  A A  =  
72  f i - 1  c m 2 w h ich  is e q u iv a len t to  th e  fo rm a tio n  o f  f lu o ­
ride ion s w ith  G ( F - ) =  0 .5 2  (see  a lso  T a b le  I ) .  T h e  m a x i­
m u m  c o n d u c tiv ity  v a lu e  im m e d ia te ly  a fte r  th e  p u lse  cor­
resp on d s to  A A  =  3 8 0  $2 - 1  c m 2 w h ich  in d ic a te s  th e  in itia l 
fo rm a tio n  o f  one H aq + /a n io n  p air  per re a c tin g  e le c tro n . 19 

(T h e  c o n d u c tiv ity  sig n al o f  e aq-  its e lf  c a n n o t be seen  on  
a c c o u n t o f  th e  sh ort life tim e  o f  e aq-  u n d er th e  p resen t  
c o n d itio n s an d  th e  fa c t  th a t  th e  s ig n a l is d isto rte d  d uring  
th e  first few  m ic ro se co n d s for in stru m e n ta l re a so n s . ) 2 O p ­
tic a l m e a su r e m e n ts  carried  o u t s im u lta n e o u s ly  in th e  uv  
region  sh ow ed  a tr a n sie n t a b so rp tio n  b e lo w  3 4 0  n m . P art 
o f  it  arises fro m  th e  - C ^ O H  ra d ica l w h ich  is p ro d u ced  
via th e  rea ctio n  o f C H 3O H  w ith  O H -  a n d  H - .  I f  its w ell- 
k n ow n  sp e c tru m 2 0 -21 is su b stra c te d  fro m  th e  o v erall a b ­
sorp tion , a sp e c tru m  re m a in s  w ith  a m a x im u m  a t 3 0 0  n m , 
i.e., a  seco n d  tr a n sie n t sp ec ies  b e sid es  th e  -C H 2O H  is 
fo rm e d . Q u ite  s im ila r  o b serv a tio n s h av e  a lso  b een  m a d e  
for th e  oth er less h ig h ly  flu o rin a te d  b e n z e n e s . T h e  uv  
sp ec tra  o f  th e tra n sie n ts  are sh ow n  in F igu re 2 . T h e  
sp ec ies resu ltin g  fro m  0 - a n d  p -d iflu o r o b e n z e n e  h av e  m a x ­
im u m  a b so rp tio n  at 3 0 0  a n d  3 2 0  n m , re sp ec tiv e ly . N o  
su ch  a b so rp tio n s w ere o b serv e d  for rea ctio n s o f  eaq-  w ith  
th e  h igh er flu o rin a te d  b e n z e n e s , w h ich  lea d  o n ly  to  F -  
ions a n d  p h en y l ra d ica ls .

T h e  resu lts  p re sen te d  a b o v e  are c o m p a tib le  w ith  the  
m e c h a n ism  show n in S c h e m e  I as is fo rm u la te d  for

S c h e m e  I

IV

(19) Landolt-Börnstein, "Zahlenwerte and Funktionen," Vol. 11/7, 
Springer-Verlag, Berlin-Heidelberg, 1960.

(20) (a) I. A. Taub and L. M. Dorfman, J. A m er . C h em . Soc., 84, 4053 
(1962); (b) M. Simic, P. Neta, and E. Hayon, J. Phys. C h em .. 73, 
3794 (1969).

(21) K.-D. Asmus, A. Henglein, A. Wigger, and G. Beck, B er. B u n sen -  
g e s . Phys. C h em ., 70, 756 (1966).
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m o n o flu o ro b e n z en e . T h e  a d d itio n  o f  an  e lectro n  to  an  aro ­
m a tic  s y s te m  p re fe ra b ly  occu rs via in tera ctio n  w ith  th e  7r 
o rb ita l s y s te m  o f  th e  r in g .12  In  ou r case  th is  lea d s to  th e  
fo rm a tio n  o f  th e  m o le c u la r  a n ion  III w h ich  w ill s u b s e ­
q u e n tly  b e  n e u tr a liz e d  b y  H aq+  a n d  H 20  to  fo rm  th e  flu o - 
ro c y c lo h e x a d ie n y l ra d ic a l I V .

A  rea ctio n  p a th  s im ila r  to  th a t  o f  2 b  h a s , in  fa c t , been  
o b serv e d  for th e  rea ctio n  o f  b e n z en e  w ith  e le ctro n s. S tu -  
dier a n d  H a r t  in th e ir  y -ra d io ly s is  s tu d y  o f  th e  rea ctio n  
C e H 6 +  e aq_  p o stu la te  a C e H g " a n ion  a n d  a C e H y - ra d i­
ca l as in te r m e d ia te s .22 T h e  e x isten c e  o f  th ese  tw o  sp ecies  
h as a lso  b e e n  c o n firm e d  in liq u id  a m m o n ia 23 (re d u c tio n  o f  
b e n z en e  b y  so d iu m  a to m s) a n d  b y  esr m e a su r e m e n ts  on  
e le c tro c h e m ic a lly  red u ced  b e n z e n e .24

In te ra c tio n  o f  an  electro n  w ith  an  a r o m a tic  sy s te m  is 
a lso  p o ssib le  a t  th e su b st itu e n t . I f  th is  is a very  e le ctro n eg ­
a tiv e  grou p  su ch  as — N O 2, — N O , — C H O , —I, e tc ., it is, in  
fa c t , th e  e x clu siv e  s ite  o f  a t ta c k .12  T h e  n e t e le c tro n -w ith ­
d ra w in g  e ffe c t o f  a flu o rin e  a to m  a t an  a r o m a tic  rin g  e s ti­
m a te d  fro m  th e  <r t a n d  <rM H a m m e t  p a ra m e te rs  for th e  in ­
d u c tiv e  ( - 1 ) a n d  m e so m e ric  ( + M )  e ffe c t, h ow ever, is a l ­
m o st e q u a l to  th a t  o f  a  h yd rogen  a t o m .25 T h is  m a y  e x ­
p la in  th e  low  y ie ld  o f  e lectro n s a tta c k in g  a t  th e  flu orin e  
a to m  in  th e  C g H sF  via re a ctio n  p a th  2 a.

T h e  o p tic a l a b so rp tio n  sp ec tra  o f  th e  flu o ro c y c lo h e x a - 
d ien y l ra d ica ls  (ty p e  I V )  are sh ow n  in F igu re  2 . T h e y  w ere  
ta k e n  fro m  th e  m a x im u m  a b so rp tio n  im m e d ia te ly  after a 
ca. 5 -p se c  p u lse . S u c h  lo n g  p u lses  h a d  to  be  u se d  b e ca u se  
o f  th e  re la tiv e ly  low  e x tin c tio n  co effic ie n ts  o f  th e se  ra d i­
ca ls . O w in g  to  th e  lo n g  p u lses  th e  y ie ld  o f  H aq+ w as h igh  
en ou g h  for an  a lm o s t  c o m p le te  n e u tr a liz a tio n  o f  th e  m o ­
lecu lar  a n ion  (ty p e  III) d u rin g  th e  p u lse . T h u s  a n y  c o n tr i­
b u tio n  o f  th ese  a n ion s to  th e  a b so rp tio n  w ill b e  very  
sm a ll. T h e  ex tin ctio n  c o effic ien ts  h av e  b een  c a lc u la te d  b y  
ta k in g  G (flu o ro c y c lo h e x a d ie n y l)  =  G ( e aq" )  — G ( F _ ) a c ­
co rd in g to  th e  m e c h a n is m  given  in eq  2 a  a n d  2 b . A s  to  b e  
e x p ec te d  th e  o b serv e d  sp ec tra  are id en tic a l w ith  th o se  o b ­
ta in e d  for th e  d ire ct a d d itio n  o f  an  H  a to m  to  th e  flu o -  
ro b en zen es , as, for e x a m p le

IV
T h e s e  rea ctio n s w ere o b served  in p u lsed  a c id  so lu tio n s  
w here e aq~ are co n v e rted  to  H - a to m s  prior to  th e ir  rea c­
tio n  w ith  th e  flu o ro b e n ze n e s . T h e  sp e c tru m  o f  th e  
m o n o flu o ro c y c lo h e x a d ie n y l ra d ica l a lso  agrees w ith  th a t  
o b ta in e d  d u rin g  g a s -p h a se  e x p er im e n ts  on  th e  rea ctio n s o f  
C e H 5F  w ith  h yd rogen  a t o m s .26

T h e  n e u tra liza tio n  o f  III to  IV  sh ow n  in th e  c o n d u c tiv i­
ty  cu rve  o f  F igure 1 is o f  m ix e d  order k in e tics  ow in g  to  a 
p seu d o -first-o rd e r  rea ctio n  o f  th e  an ion  w ith  H 20  a n d  a 
se co n d -o rd e r rea ctio n  w ith  H aq+ w h ich  in n e u tra l so lu ­
tio n s are p resen t a t  a p p r o x im a te ly  th e  sa m e  c o n cen tra tio n  
as III . A d d itio n  o f  a c id  ( H C I O 4) to  th e  so lu tio n  c o m p le te ly  
rem o v es th e  tra n sie n t c o n d u c tiv ity  s ig n a l sin ce  th e  n e u ­
tra liz a tio n  o f  III n ow  is to o  fa s t  to  b e  o b serv a b le .

C h a n g e s  in th e  p H  o f  th e  so lu tio n  d id  n o t c h a n g e  th e  
flu o rid e  ion y ie ld  fro m  th e  re a ctio n  o f  e aq_  w ith  m o n o -  
an d  th e  d iflu o ro b en z e n e s . T h is  w ou ld  in d ic a te  th a t  re a c ­
tion s 2a  a n d  2 b  are in d e p e n d e n t fro m  e a c h  o th er . T h e  
y ie ld  o f  flu o rid e  ion s m a y  th e n  b e  reg ard ed  as a m easu re  
for th e  p r o b a b ility  o f  th e  e lectro n s to  a tta c k  a t  th e  f lu o ­
rine a to m  (reaction  p a th  2 a) w h ereas th e  y ie ld  o f  flu o ro cy -

Figure 2. Spectra of monofluorocyclohexadienyl (• ), o-difluoro- 
cyclohexadienyl ( A ) ,  and p-difluorocyclohexadienyl (O) radi­
cals.

clo h ex a d ien y l ra d ica ls  rep resen ts th e  p r o b a b ility  o f  th e  
e le ctro n ’s in tera ctio n  w ith  th e  a r o m a tic  ring (rea ctio n  
p a th  2 b ).

Oxidation of Fluorinated Benzenes by Hydroxyl Radi­
cals. Rate Constants for OH- Reactions. T h e  rate  c o n ­
s ta n ts  for th e  re a ctio n  o f flu o rin a te d  b e n z en e s  w ith  h y ­
d ro xyl ra d ica ls  w ere m e a su red  b y  th e  th io c y a n a te  c o m p e ­
tit io n  m e th o d .2 7 -28 T h e  resu lts  are lis te d  in T a b le  II. T h e  
slo w est rea ctio n  occu rs w ith  h e x a flu o ro b e n z e n e , th e  fa s t ­
e st w ith  m o n o flu o ro b e n zen e . H o w e v e r , no c h a ra cteristic  
tren d  ca n  b e  o b served  sin ce  th e  d i - , te tr a - , a n d  p e n ta flu o -  
ro b en zen es rea ct w ith  a p p ro x im a te ly  th e  sa m e  rate  c o n ­
s ta n ts . F or c o m p a riso n , th e  sa m e  order o f  m a g n itu d e  h a d  
been  fo u n d  for th e  rate  c o n sta n t o f  th e  rea ctio n  o f  O H -  
ra d ica ls  w ith  b e n z e n e .29

Monofluorobenzene. T h e  rea ctio n  o f  m o n o flu o ro b e n z en e  
w ith  h yd ro x y l ra d ic a ls  lea d s to  a tra n sie n t sp ec ies  w h ich  
a b so rb s in th e  n ear uv.. It ca n  b e  o b served  in p u lse  irra­
d ia te d , N 20 -s a t u r a t e d  so lu tio n s o f  2 X  1 0 - 4  M  C e H 5F . In  
su ch  so lu tio n s all h y d ra te d  e lectro n s are co n v e rted  to  
O H - ra d ic a ls  (e aq~ +  N 20  - *  O H -  +  O H "  +  N 2) a n d  th e  
m o n o flu o ro b e n zen e  is o x id ized  w ith  a to ta l G ( O H - )  =
5 .5 . T h e  sp e c tru m  o f  th e  tr a n sie n t is sh ow n  in F igu re 3 . 
M a x im u m  a b so rp tio n  occu rs a t  3 1 0  n m  w ith  an  e x tin c tio n  
c o effic ie n t o f  3 .1  X  10 3 M _ 1  c m - 1 . T h e  sp e c tru m  is a t ­
tr ib u te d  to  th e O H  a d d itio n  p ro d u c t w h ich  is fo rm ed  in

(22) M. H. Studier and E. J. Hart, J. A m e r . C h em . S o c .. 91, 4068
(1969).

(23) H. Smith, "Organic Reactions.in Liquid Ammonia," Interscience, 
New York, N. Y., 1963.

(24) R. G. Lawler and G. K. Frankel, J. C h em . Phys.. 49, 1126 (1968).
(25) Autorenkollektiv H. Becker, e t  al.. "Organikum," VEB Deutscher 

Verlag der Wissenschaften, Berlin, 1965.
(26) M. C. Sauer, Jr., and B. Ward, J. Phys. C h em .. 71, 3971 (1967).
(27) G. E. Adams, J. W. Boag, J. Currant, and B. D. Michael In "Pulse

Radiolysis,” by M. Ebert, J. P. Keene, A. J. Swallow, and J. H. 
Baxendale, Ed., Academic Press, New York, N. Y.. 1965.

(28) J. H. Baxendale, P. L. T. Bevan, and D. A. Stott, Trans. F araday  
S o c . . 64, 2389 (1968).

(29) (a) L. M. Dorfman, R. E. Buhler, and I. A. Taub. J. C h em . Phys..
36, 549 (1962); (b) L. M. Dorfman, I. A. Taub, and R. E. Buhler.
ibid.. 36, 3051 (1962).
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th e rea ctio n

H OH

I t  is a lm o s t  id en tic a l w ith  th a t  o f  th e  h y d r o x y c y c lo h e x a d i-  
en yl ra d ica l fro m  th e  re a c tio n  o f  O H  - w ith  b e n z e n e .29

C o n d u c tiv ity  m e a su r e m e n ts  carried  o u t s im u lta n e o u s ly  
co n firm ed  th is  m e c h a n is m , sin ce  ion ic sp ec ies  are fo rm ed  
on ly  to  an  a lm o s t  n e g lig ib le  e x te n t in  th e  rea ctio n  o f  O H  • 
w ith  C e H s F . T h e  flu o ro h y d ro x y c y c lo h e x a d ie n y l ra d ica l  
d isa p p ea rs  b y  a pure se c o n d -o rd e r  p ro cess p r e s u m a b ly  via 
d isp ro p o rtio n a tio n  a n d  c o m b in a tio n . F ro m  th e  k in etic  
an a ly sis  o f  th e  d e c a y  o f  th e  o p tic a l a b so rp tio n  a t 3 1 0  n m , 
th e b im o le c u la r  rate  c o n sta n t for th is  p ro cess  is fo u n d  to  
be 2k =  9 .0  x  10 s M " 1 s e c " 1 .

Hexafluorobenzene. T h e  re a ctio n  o f  h y d ro x y l ra d ica ls  
w ith  h e x a flu o ro b e n ze n e  a lso  lea d s to  a tra n sie n t sp ec ies . 
T h is  is seen  in F igu re  4 a  w here th e  o p tic a l a b so rp tio n  o f  a  
p u lsed , N 2 0 -sa tu r a te d  so lu tio n  o f  3  x  1 0 - 4  M  C 6F 6 is re ­
cord ed  as a fu n c tio n  o f t im e . T h e  sp e c tru m  o f  th e  tr a n ­
sien t c a lc u la te d  fro m  th e  m a x im u m  sig n a l a fter  th e  p u lse  
a t v a rio u s w a v e len g th s is a lso  sh o w n  in  F igu re 3 . I t  has  
m a x im a  a t ca. 2 6 0  (t 4 X 10 3 M _ 1  c m - 1 ) a n d  4 0 0  n m  (e 1 
X 103 M ~1 c m ^ 1), a n d  is se en  to  b e  q u ite  d iffe re n t fro m  
the O H  - a d d itio n  p ro d u c t to  m o n o flu o ro b e n z en e .

F igu re  4 b  sh ow s th e  fo rm a tio n  o f  th e  tr a n sie n t in a 
N 2 0 -sa tu r a te d  so lu tio n  o f  5 .8  x  1 0 " 3 M  C eF e. T h e  
b im o lec u la r  rate c o n sta n t for th is  p ro cess is id e n tic a l w ith  
th a t o b ta in e d  for th e  rea ctio n  o f  O H - ra d ica ls  w ith  h e x a ­

flu o ro b en zen e  b y  th e  c o m p e titio n  m e th o d  (see  T a b le  II) .
T h e  o x id a tio n  o f  h e x a flu o ro b e n ze n e  b y  h y d ro x y l ra d i­

cals le a d s  to  th e  fo rm a tio n  o f  io n s. T h e  c o n d u c tiv ity  s ig ­
n al (F igu re  4c) tra c ed  s im u lta n e o u s ly  in th e  sa m e  so lu tio n  
grow s in  w ith  th e  sa m e  rate  as th e  o p tic a l a b so rp tio n  in  
F igure 4 b . In  y -ir r a d ia te d  so lu tio n s flu o rid e  ions are id e n ­
tified  as a p ro d u c t o f  th e  o x id a tio n  o f  h e x a flu o ro b e n z e n e . 
T h e  c o n d u c tiv ity  s ig n a l in th e  p u lse  e x p e r im e n t is, th e re ­
fore, a ttr ib u te d  to  th e  fo rm a tio n  o f  F _ / H aq+ ion p airs. 
T h e  y ie ld  c a lc u la te d  from  th e  fin a l c o n d u c tiv ity  ch a n ge  
an d  u sin g  A (F ~  +  H aq+ )  =  3 6 0  Q _ 1  c m 2 e q u i v 1 1 9  

a m o u n ts  to  G ( F ~ )  =  5 .5 ; i.e., on e  F _  ion  is e lim in a te d  
fro m  th e  CgFe per a tta c k in g  O H -  ra d ic a l. O n  a c c o u n t o f  
th e resu lts  p resen ted  a b o v e  th e  fo llo w in g  m e c h a n is m  ca n  
be fo rm u la te d

F F

F
VI

A c c o rd in g ly  th e  first s te p  is th e  a d d itio n  o f  th e  O H  ra d i­
cal to  th e  a r o m a tic  rin g  s im ila r  to  re a c tio n  4 . T h e  
h e x a flu o ro h y d ro x y c y c lo h e x a d ien y l ra d ic a l (V )  th u s  
fo rm e d , h ow ever, is u n sta b le  b e c a u se  o f  th e  lo c a tio n  o f  a  
h alo gen  a to m  a n d  a h y d ro x y l gro u p  on  th e  sa m e  ca rb o n

A [nm]

Figure 3. Spectra of the transient products from the reaction of 
OH- radicals with C6H5F (• ) and CeF6 (O).

@ 2 8 0  n m

J L 2 0 0  / j s e c

Figure 4. (a) Optical absorption-time curve at 280 nm in a 
pulsed, N20-saturated solution of 3 X 1 0 '4 M C6F6 (time scale, 
200 /xsec/large division); (b) optical absorption-time curve at 
280 nm in a pulsed, N20-saturated solution of 5.8 X 1 0 "5 M 
C6F6 (time scale, \10 jtsec/large division); (c) conductivity-time 
curve, conditions same as for b; (d) optical absorption-time 
curve at 340 nm, conditions same as for a.

a to m . S u c h  co n fig u ra tio n s are s ta b iliz e d  b y  h yd ro g en  h a ­
lid e  e lim in a tio n .8 -10 In  ou r ca se  th is  le a d s  to  th e  fo r m a ­
tio n  o f  F _  a n d  H aq+  io n s . T h e  stru ctu re  g iven  in eq  5 for  
th e  ra d ica l V I is , o f  co u rse , o n ly  o n e  o f  th e  p o ssib le  
m e so m e ric  form s

T h e  ra te -d e te rm in in g  s te p  fo r  th e  F ~ / H aq+  ion  p a ir  fo r ­
m a tio n  is th e  O H  ra d ica l a tta c k  on  th e  C gF e as is in d ic a t­
e d  fro m  th e  c o n d u c tiv ity  e x p e r im e n ts . T h e  l ife t im e  o f  th e  
in te r m e d ia te  ra d ic a l ( V ) ,  th erefo re , m u s t  b e  very  sh o rt.
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A [ nm]

Figure 5. Spectra of the permanent products from the pulse 
radiolytic oxidation of hexafluoro- (A ); pentafluoro- (O), and 
1,2,3,4-tetrafluorobenzene (• ).

TABLE II: Rate Constants and Fluoride Ion Yields for the 
Oxidation of Fluorinated Benzenes by Hydroxyl Radicals in 
Neutral N2 0-Saturated Aqueous Solutions“

__________ G (F-)__________

/<(OH +  S), Pulse ex- 7 -lrra-
Solute S 1 sec -1 periments b diation

c 6h 5f 8 X 1 o9 = 0 .3 0 .9 1 .4
0 -C 6H 4 F2 4.5 X 109 1 .2 1 .8 2 .2
p-C6H4F 2 6 X 1 0 9 1 .4 1 .8 2 .0
1,2,3,4-C6H2F4 5 X 1 0 9 3 . 2 3 .7 6 . 0
c 6h f 5 4 X 1 0 9 4 . 6 4 .6 7 .8
c 6f 6 2 X 1 0 9 5 .5 5 .5 8 .0

°The 7 -irradiation experiments were carried out in buffered solutions 
(pH =6 .5  by 2 X  10~4 M KH2P04 +  K2HP04). "  One-sixth of G(F~) from 
hexafluorobenzene multiplied by the number of fluorine atoms per solute 
molecule. Solute concentration for G(F~) determination 1 x  1 0 - 3  to 
1 X  10-2 M (depending on solubility).

N o  ev id e n c e  for V  b y  e ith er a d e la y e d  fo rm a tio n  o f  co n ­
d u c tiv ity  or an o p tic a l a b so rp tio n  s im ila r  to  th a t  o f  oth er  
h y d r o x y c y c lo h e x a d ie n y l ra d ica ls  c o u ld  b e  o b serv ed  on  th e  
e x p e r im e n ta l t im e  sca le  l im it  o f  1  /¿sec o f  th e  p u lse  ra d io l­
y sis  c o n d u c tiv ity  m e th o d . F ro m  th is  a first-o rd e r  ra te  co n ­
s ta n t ft(V ) —►  (V I )  >  7 X  10s s e c - 1  is d eriv ed . T h e  m e c h a ­
n ism  given  in  eq  5 is a lso  su p p o rted  b y  s im ila r  resu lts  o b ­
ta in e d  for th e  re a ctio n  o f  c h lo rin a ted  e th y le n e s  w ith  h y ­
d ro xyl r a d ic a ls .10

T h e  o p tic a l a b so rp tio n  sp e c tru m  a c co rd in g ly  h a s  to  be  
a ttr ib u te d  to  th e  ra d ic a l V I . I t  is in terestin g  to  n o te  th a t  
our tr a n sie n t h a s  a v ery  s im ila r  sp e c tru m  to  th e  p h en o x y  
r a d ic a l , 30 C e H 50 -, a n d  th e  se m iq u in o n e  r a d ic a l , 31  H O C 6- 
H4 O, w h ich  are fo rm e d  in  th e  rea ctio n  o f h y d ro x y l ra d ica ls  
w ith  p h en o l a n d  h y d ro q u in o n e , re sp e c tiv e ly . T h is  ce rta in ly  
in d ic a te s  a stru ctu ra l s im ila r ity  to  V I .

T h e  ra d ica l V I  d isa p p ea rs  b y  a se c o n d -o rd e r  pro cess. 
F ro m  th e  k in e tic  a n a ly sis  o f  th e  d e c a y  o f  th e  o p tic a l a b ­
s o r p tio n -t im e  cu rve  in F igu re 4 a , a b im o le c u la r  ra te  co n ­
s ta n t 2k =  2 .5  x  108 M - 1  s e c - 1  is d erived .

I f  th e  o p tic a l a b so rp tio n  is tra c ed  at 3 4 0  n m  ( 4 d ) , in  th e  
sa m e  so lu tio n  w h ich  ga ve  th e  sig n al a t  280  n m  (4 a ) , a  d if ­
feren t p ictu re  is o b ta in e d . T h e  in it ia l fa s t  in crease is d u e  
to  th e  fo rm a tio n  o f  V I . T h e  slow  seco n d  in crease  lea d s to  a 
sta b le  a b so rp tio n . T h is  s te p  occu rs s im u lta n e o u s ly  w ith  
th e  d e c a y  o f  th e  o p tic a l s ig n a l a t 2 8 0  n m , i.e., o f  V I . T h e  
a b so rp tio n  sp e c tru m  o f  th e  sta b le  p ro d u c t sh o w n  in  F igure  
5 , is , th erefore , a ttr ib u te d  to  th e  d im e riz a tio n  (a n d  p o ss i­
b ly  d isp ro p o rtio n a tio n ) p ro d u c ts  o f  th e  C o F s O - (V I )  r a d i­

A (nm)

Figure 6 . Spectra of the transient products from the reaction of 
OH- radicals with pentafluorobenzene [(• )  aj, 1,2,3,4-tetraflu- 

.orobenzene [(A ) a], p-difluorobenzene [(O ) b], and o-difluo- 
robenzene [(A ) b].

ca l. S in c e  to o  m a n y  iso m ers are p o ssib le , n o  e x tin c tio n  
co effic ie n ts  h a v e  b een  e v a lu a te d .

Other Fluorobenzenes. T h e  flu o rid e  ion  y ie ld s  fro m  th e  
o x id a tio n  o f  all flu o ro b e n ze n e s w h ich  h a v e  b e e n  in v e st i­
g a ted  are lis te d  in  th e  th ird  c o lu m n  o f  T a b le  II. G(F~) 
w as c a lc u la te d  fro m  th e  p e r m a n e n t ch a n g e s in  c o n d u c tiv i­
ty  o b ta in e d  for p u lse d , N 2 0 -sa tu r a te d  so lu tio n s  o f  ( 1 - 5 )  X  
1 0 _  4 M  so lu te . O n ly  h e x a flu o ro b e n ze n e  is fo u n d  to  e lim i­
n ate  flu o rid e  ion s w ith  G =  5 .5 , i.e., w ith  a y ie ld  w h ich  
e q u a ls  th e  y ie ld  o f  a tta c k in g  h y d r o x y l r a d ic a ls . L ow er  
y ie ld s  are fo u n d  fo r  th e  less h ig h ly  flu o r in a te d  c o m p o u n d s . 
T h e  ra tio  G ( F ~ ) /G ( O H - )  d ecreases w ith  th e  n u m b e r  o f  
flu o rin e  a to m s  p er m o le c u le . F lu orid e  ion  e lim in a tio n  ca n  
o n ly  o c cu r i f  th e  O H  ra d ic a l a d d s  to  a ca rb o n  a to m  c a rry ­
in g  a lrea d y  an  F  a to m . I f  O H -  a d d s  to  a C  a to m  ca rryin g  
an  H  a to m , no flu o rid e  ions w ill b e  p ro d u c ed . O u r  resu lts  
w ou ld  in d ic a te , th erefore , th a t  th e  h y d ro x y l ra d ic a l a tta c k s  
all s ix  ca rb o n  a to m s  in th e  flu o rin a te d  b e n z e n e s  w ith  a l ­
m o st e q u a l p ro b a b ility . T h is , in  fa c t , c a n  b e  e x p e c te d  on  
a c c o u n t o f  th e  fo llo w in g  co n sid era tio n s ; th e  h y d ro x y l ra d i-

(30) E. J. Land and M. Ebert, Trans. F araday S o c ., 63, 1181 (1967).
(31) G. E. Adams and B. D. Michael, Trans. F araday  Soc., 63, 1171 

(1967).
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ca l is k n o w n  to  be  an  e le ctro p h ilic  re a g e n t . 12  S in c e  th e  
net e le c tro n -w ith d ra w in g  e ffe c t o f  F  a to m s  in a C - F  b o n d  
is essen tia lly  th e  sa m e  as th a t  o f  H  a to m s  in a C - H  
b o n d 25 o n ly  litt le  d ifferen ce  in th e  e lectro n  d e n sity  b e ­
tw een  th e  ca rb o n  a to m s  is e x p e c te d . A ls o  sterica l e ffects  
sh ou ld  h a v e  on ly  litt le  if  a n y  in flu en c e  on  th e  site  o f  th e  
O H - a tta c k . O n ly  a  very  s lig h t ov era ll d ire ctin g  e ffect  
m ig h t b e  in d ic a te d  fro m  th e  c o m p a ra tiv e ly  low  flu orid e  
ion y ie ld s  o b ta in e d  for th e  o x id a tio n  o f  m o n o - a n d  d iflu o -  
ro b en zen e  (c o m p a re  c o lu m n s  3  a n d  4 o f  T a b le  II) .

T h e  rea ctio n  o f  f lu o rin a te d  b e n zen e s w ith  O H -  ra d ica ls  
lea d s to  e ith er V I I -  or V IH -ty p e  ra d ic a ls  acco rd in g  to  th e

v u  v n i

m e c h a n ism s  given  in e q  4  a n d  5 . T h e  life tim e  o f  th e  p re ­
cursors o f  V III , th e  flu o ro h y d ro x y c y c lo h e x a d ie n y l ra d ica ls , 
w as n o t lo n g  e n o u g h  fo r  a p o sit iv e  id en tific a tio n  o f  th ese  
sp ec ies . T h e  a b so r p tio n  sp ec tra  o f  th e  tra n sie n t sp ec ies  
ob served  im m e d ia te ly  a fter  th e  p u lse  fro m  th e  rea ctio n  o f  
O H - ra d ica ls  w ith  o -d i , p -d i - ,  1 ,2 ,3 ,4 -t e t r a - , a n d  p e n ta flu -  
orob en zen e  are sh o w n  in F igu re  6 . T h e  sp ec tra  o b ta in e d  
for te tr a - a n d  p en ta flu o ro b e n z e n e  are q u ite  s im ila r  to  th a t  
for h e x a flu o ro b e n ze n e  sin ce  th e y  are m a in ly  g iven  b y  th e  
V n i -t y p e  ra d ic a l. E x tin c tio n  co effic ie n ts  e s tim a te d  for th e  
m a x im a  a t 2 6 0  a n d  4 0 0  n m  b y  ta k in g  G (V III )  =  G ( F ~ )  
an d  ig n orin g  a n y  co n tr ib u tio n  o f  th e  V H -ty p e  ra d ica l a t  
th ese  w a v e len g th s  are o f  th e  sa m e  order o f  m a g n itu d e  as 
for th e  C e F s O - ra d ic a l ( V I ) . In  th e  ca se  o f  m o n o - a n d  d i-  
flu o ro b en zen es th e  re a ctio n  o f  m o s t  o f  th e  O H -  ra d ica ls  
lea d s to  th e  fo rm a tio n  o f  a V H -tv p e  ra d ica l a n d  a c c o rd in g ­
ly  a m u c h  stron ger a b so rp tio n  a t  ca. 3 1 0  n m  is ob serv e d .

A ll  th e  ra d ica ls  (V II  a n d  V III )  d isa p p ea r  b y  se co n d - 
order p ro cesses. A s  h a s  b e e n  fo u n d  for h ex a flu o ro b en zen e  
th e  d im e riz a tio n  o f  th e  V H I-ty p e  ra d ica ls  fro m  te tr a - an d  
p en ta flu o ro b e n z en e  a lso  y ie ld s  s ta b le  a b so r b in g  p ro d u c ts . 
T h e  sp ec tra  o f th ese  c o m p o u n d s  o b ta in e d  fro m  th e  p u lse  
e x p erim e n ts  (as d e sc rio ed  a b o v e  for h e x a flu o ro b e n ze n e)  
are sh ow n  in  F igu re 5 .

7  Experiments. F lu o rid e  ion  y ie ld s  h a v e  a lso  b een  d e ­
te rm in ed  for th e  re a ctio n  o f  f lu o rin a te d  b e n z e n e s  w ith  h y ­
d ro xyl ra d ica ls  in  b u ffe red  ( p H  =  6 .5 )  7 -irra d ia te d  so lu ­
tio n s . T h e  co n d itio n s w ere th e  sa m e  as for th e  p u lse  e x ­
p er im e n ts , i.e., so lu tio n s  w ere N 2O  sa tu ra te d  so th a t a 
to ta l G ( O H )  =  5 .5  w as a v a ila b le  for th e  o x id a tio n  re a c ­
tio n s . T h e  resu lts  are lis te d  in th e  la st  c o lu m n  o f  T a b le  II. 
G ( F ~ )  is g en era lly  fo u n d  to  b e  h igh er th a n  th e  y ie ld s  from  
th e s in g le -p u lse  e x p e r im e n ts . T h is  is e x p la in e d  on  th e  
sa m e  g rou n d s as d isc u sse d  ab o v e  for th e  re a c tio n  o f  f lu o ­
r in a ted  b e n z en e s  w ith  h y d ra te d  e le ctro n s; i.e., ow in g  to  th e  
longer life tim e  o f  th e  ra d ica ls  u n d er 7 -r a d io ly s is  c o n d i­
tion s a d d itio n a l rea ctio n s b e c o m e  p o ssib le  w h ich  cou ld  
lea d  to  h ig h er F ~  ion y ie ld s . S ta b le  p ro d u c ts  w ith  a b so r p ­
tio n s b e lo w  4 0 0  n m  h a v e  a lso  b e e n  id e n tifie d  in  th e  y -r a -  
d io ly sis  o f  th e  h ig h er flu o rin a te d  b e n z e n e s . In  th e  400  to  
300  n m  ran ge th e  sp e c tra  are q u ite  s im ila r  to  th o se  o f  th e  
sta b le  p ro d u c ts  fro m  th e  p u lse  e x p e r im e n ts  sh ow n  in  F ig ­
ure 5 . A d d it io n a l stro n g  a b so rp tio n s  b e lo w  3 0 0  n m  in d i­
ca te , h ow ever, th e  fo rm a tio n  o f o th er  sta b le  p ro d u c ts  as  
w ell. T h is  ag ain  is e x p la in e d  b y  ra d ic a l rea ctio n s w h ich  
b e c o m e  p o ssib le  b e c a u se  o f  th e  lo n g er life tim e  o f  th e  ra d i­
cals in  th e  7 -irra d ia te d  sy s te m .
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A n  a t te m p t  to  e s tim a te  th e  y ie ld s  o f  fra g m e n t io n s h as b een  m a d e  in th e  ra d io ly sis  o f  liq u id  n -b u ta n e . 
T h e  G  v a lu e s  o f  C 2H 5 + ,  C 3H 7 -1-, a n d  C 4H 9+ are e s tim a te d  b y  u sin g  charge sca v en g ers  su c h  as su lfu r h e x a ­
flu o rid e  a n d  a m m o n ia  to  b e  a t lea st a b o u t  0 .2 5 , 0 .1 5 , a n d  0 .6 , re sp ec tiv e ly . T h e ir  y ie ld s  are a lso  e s ti ­
m a te d  b y  m e a su r in g  th e  iso to p ic  c o m p o sitio n  o f  e th a n e  an d  p ro p a n e  fo rm e d  in  th e  ra d io ly sis  o f  e q u im o ­
lar m ix tu res  o f  rc -C -iH io -rc -C iD io . A lth o u g h  so m e w h a t large errors are in v o lv e d  in th e  iso to p ic  c o m p o s i­
tio n , th e  y ie ld s  o f  fra g m e n t ion s in b o th  th e  e s tim a tio n s  se e m  to  b e  in fa ir ly  go od  a g re e m en t w ith  each  
o th er , e x c e p t for th e  y ie ld  o f  b u ty l ion w h ich  c o u ld  n o t b e  e s tim a te d  b y  tn e  la tte r  m e th o d .

I n tr o d u c tio n

It  h a s  gen era lly  b e e n  reco g n ized  th a t  th e  fra g m e n ta tio n  
o f  p a ren t ion  in  th e  ra d io ly sis  o f  h y d ro ca rb o n s occu rs to  a 
lesser e x te n t in  th e  liq u id  p h a se  th a n  in th e  ga s p h a se . S o  
far, h ow ever, th ere  h av e  b een  no in v e stig a tio n s  in w h ich  
th e  y ie ld s  o f  fr a g m e n t ion s in th e  ra d io ly s is  o f  liq u id  h y ­
d ro carb on s h a v e  b een  d e te r m in e d  u n e q u iv o c a lly . F or th is

p u rp o se  th e  fo llo w in g  v a rio u s a t te m p ts  h av e  b e e n  p ro ­

p o se d .
W a r d  a n d  H a m ill1  e s t im a te d  th e  y ie ld s  o f  fra g m e n t ions  

b y  m e a su rin g  th e  y ie ld s  o f  a d d u c ts  fo rm e d  in  th e  liq u id -

(1) J. A. Ward and W. H. Hamill, J. A m er . C h em . S o c . , 89, 5116 
(1967).
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p h a se  ra d io ly sis  o f  h y d r o c a rb o n -a lc o h o l m ix tu r e s . T h e y  
e x p la in e d  th e  a d d u c t  fo rm a tio n  b y  th e  rea ctio n

R H + +  R ' O H — ► R H O R ' +  H + (1)

S in c e , h ow ever, th e  p ro ton  tran sfer fro m  R H +  to  R 'O H  
m a y  co m p e te  w ith  rea ctio n  1 , th e  re su lts  m ig h t  in v olve  
so m e  u n c e r ta in ty . S c a la  a n d  A u s lo o s 2 a n d  la ter  oth er in ­
v e stig a to rs 3 a lso  e s tim a te d  th e  y ie ld s  o f  fr a g m e n t ion s b y  
a n a ly z in g  th e  iso to p ic a lly  m ix e d  p ro d u c ts  fo rm e d  in  th e  
l iq u id -p h a se  ra d io ly sis  o f  C nH 2n • 2- C „ D 2n . 2- 0 2 m ix tu res  
a n d  o f  p a r tly  d e u tera ted  c o m p o u n d s . T h e  u se  o f  th e  d e u -  
te ra te d  c o m p o u n d s  se e m s to  give so m e  u se fu l in fo r m a ­
tio n s on fra g m e n t ion s w h ich  u n d erg o  H - ( D _ ) an d  
H 2 ( D 2 - )  tra n sfe r  rea ctio n s . H o w e v e r, it  se e m s  to  b e  d if ­
f ic u lt  for th is  m e th o d  to  d istin g u ish  iso to p ic a lly  m ix e d  
p ro d u c ts  p ro d u c ed  b y  io n -m o le c u le  rea ctio n s fro m  th o se  
p ro d u c ed  b y  h y d r o g e n -a to m  a b stra c tio n  rea ctio n s o f  h ot  
ra d ic a ls  or ra d ic a l rea ctio n s in  sp u rs . T a n n o , M iy a z a k i ,  
an d  S h id a 4 e s t im a te d  th e  y ie ld s  o f  fra g m e n t io n s in  th e  
ra d io ly sis  o f  liq u id  h y d ro ca rb o n s u sin g  a p ro ton  a c cep to r  
( N H 3 )  in  th e  p resen ce  o f  an  e lectro n  sca v e n g e r ( S F 6). 
T h is  m e th o d  se e m s  to  b e  su ita b le  for m e a su rin g  th e  y ie ld s  
o f  fra g m e n t ion s (c a r b o n iu m  ion s) b e c a u se  a m m o n ia  a n d  
su lfu r h ex a flu o rid e  h av e  h ig h  re a c tiv itie s  to w a rd  ca rb o n i­
u m  ion s a n d  e le ctro n s, resp ec tiv e ly , b u t  th e  y ie ld s  o f  fra g ­
m e n t  ion s w h ich  u n d ergo  H 2 _  tran sfer rea ctio n s c a n n o t be  
e s tim a te d  u n e q u iv o c a lly . B e sid e s , in terp reta tio n  o f  th e  re ­
su lts  o b ta in e d  b y  th is  m e th o d  is so m e w h a t c o m p lic a te d  
w h en  a ra d ica l sca v en g er ( O 2 ) is n o t a d d e d  to  th e  sy s te m .

In  th e  p re sen t p a p er , w e h av e  tr ied  to  e s tim a te  th e  
y ie ld s  o f  fr a g m e n t ion s in th e  ra d io ly sis  o f  liq u id  n -b u ta n e  
b y  th e  use o f  a m m o n ia  a n d  su lfu r h e x a flu o r id e , a n d  the  
re su lts  o b ta in e d  are c o m p a re d  w ith  th o se  o b ta in e d  b y  th e  
use o f  p erd eu tera te d  n -b u ta n e .

E x p e r im e n t a l  S e c t io n

T h e  p u rities o f  m a te r ia ls  u sed  in  th e  p re sen t in v e st ig a ­
tio n  are as fo llo w s: n -b u ta n e  ( > 9 9 .9 9 8 % ) ,  p erd eu tera te d  
n -b u ta n e  ( > 9 9 .9 9 9 % ) ,3b su lfu r h ex a flu o rid e  ( > 9 8 % ) ,  o x y ­
gen  ( > 9 9 .9 % ) ,  an d  a m m o n ia  ( > 9 9 % ) .  P y rex  s a m p le  tu b e s  
( 6  c m  lo n g , 0 .3  c m  i .d .) ,  w h ich  w ere a tta c h e d  to  a v a c u u m  
lin e , w ere fille d  w ith  a b o u t 0 .2 5  m l o f  n -b u ta n e . T h e  v o l­
u m e  o f  th e  v a p o r  p h a se  ab o v e  th e  liq u id  lev el in  th ese  
tu b e s  is e s t im a te d  to  b e  a b o u t  0 . 1  c m 3 .

T h e  sa m p le s  w ere irra d ia te d  a t  0 ° b y  60C o  7  ra ys a t  a  
d ose  rate  o f  4 .3 3  x  10 19 e V /g  hr to  a to ta l d o se  o f  1 .2 9  x  
1020 e V /g .  T h e  h y d ro ca rb o n  p ro d u c ts  w ere a n a ly z e d  w ith  
a S h im a d z u  G C -1 C  ga s c h ro m a to g ra p h  w ith  a f la m e  io n i­
z a tio n  d etec to r  a n d  a 3 -m  a c tiv a te d  a lu m in a  c o lu m n . 
W h e n  n e ce ssa ry , e th a n e  a n d  p ro p a n e  w ere se p a ra te ly  
tr a p p e d  a t  - 1 9 6 °  for iso to p ic  a n a ly sis  a fter  em erg in g  from  
an  a c tiv a te d  a lu m in a  c o lu m n . T h e  iso to p ic  a n a ly se s  o f  
e th a n e  a n d  p ro p a n e  w ere, as  b e fo re , 36 m a d e  m a ss  sp ec -  
tr o m e tr ic a lly  u sin g  s ta n d a rd  crack in g  p a tte r n s . O th e r  e x ­
p e r im e n ta l d e ta ils  h a v e  b e e n  d esc rib e d  e lse w h ere . 36

R e s u lt s

F igu res 1 a n d  2  sh ow , re sp ec tiv e ly , th e  e ffec t o f  a m m o ­
n ia  on  th e  y ie ld s  o f  p ro d u c ts  fro m  n -C 4H i o - 0 . 5  M  S F 6 an d  
n -C 4H i o - 0 . 5  M  S F 6 -0 .0 8  M  0 2 m ix tu r e s . I t  is se en  th a t  in  
th ese  figu res th e  in creases in  th e  y ie ld s  o f  e th y le n e  a n d  
p ro p y le n e  u p o n  th e  a d d itio n  o f  a m m o n ia  are a c c o m p a n ie d  
b y  d ec rea ses  in  th e  y ie ld s  o f  e th a n e  a n d  p ro p a n e . It  
sh o u ld  b e  n o te d  th a t  in  F igu re 2 th e  G v a lu e  o f  to ta l b u -

Figure 1. Effect of ammonia on the product yields from liquid 
n-butane containing 0.5 M  SF6.

Figure 2. Effect of ammonia on the product yields from liquid 
n-butane containing both 0.5 M SF6 and 0.08 M  0 2.

TABLE I: The G Values of Products Formed in the Radioiysis of 
Liquid n-Butane with and without Various Scavengers“’6-0

Additive“

Prod- 0 2 +  SF 6
uct None SFe S F 6 +  n h 3 0 2 o 2 +  s f 6 +  n h 3

C 2H6 1.03 0.55 0.30 0.55 0.38 0.21

c 2h 4 0.86 0.25 0.46 0.70 0.29 0.43
c 3h 8 0.16 0.19 0.04 0.11 0.14 0.04

c 3h 6 0.20 0.05 0.19 0.17 0.05 0.19

c 4h 8 2.63 1.12 2.14 0.92 0.25 0.82

“ Dose: 1.29 X  10z? eV/g. 6 Irradiation temperature: 0°. “ Probable 
errors in G values: ± 5 % . “ Concentration: SF6 0.5 M, NH3 1.7 M, and 0 2 
0.08 M  in all runs in this table.

te n e s  fro m  th e  n -C 4H i 0- S F 6- 0 2 m ix tu r e  a tta in s  a m a x i ­
m u m  va lu e  a t  low  a m m o n ia  co n c e n tra tio n  a n d  th e n  d e ­
creases g ra d u a lly  w ith  in creasin g  a m m o n ia  co n c e n tra tio n . 
T h e  re su lts  on  th e  G v a lu e s  o f  p ro d u c ts  fro m  liq u id  n -b u -  
ta n e  w ith  a n d  w ith o u t va rio u s sca v en g ers  are su m m a r iz e d  
in  T a b le  I . T h e  G v a lu es  for p ro d u c ts  are d e te r m in e d  in  
th is  e x p e r im e n t w ith  th e  p ro b a b le  errors o f  ± 5 % .  T h e  iso -

(2) A. A. Scala and P. Ausloos, J. C h em . P h ys., 47, 5129 (1967).
(3) (a) R. D. Koob and L. Kevan, Trans. F araday S o c ., 64, 706 (1968); 

(b) N. Fujisaki, S. Shida, Y. Hatano, and K. Tanno, J. P hys. C h em .. 
75,2854(1971).

(4) (a) K. Tanno, S. Shida, and T. Miyazaki, J. Phys. C h em ., 72, 3496 
(1968); (b) K. Tanno, T. Miyazaki, K. Shinsaka, and S. Shida, ibid.. 
71, 4290 (1967); (c) K. Tanno and S. Shida, Bull. C h em . S o c . Jap. 
42, 2128 (1969).
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TABLE II: Isotopic Distribution of Ethane“*6*“

Ethane (%)

System G(ethane)“ C2D6 C2D5H C2D4H2 C2H4D2 C2H5D C2H6

C 4H 1o- C 4D 1o- 0 2 - S F 6 0.38 24.9 14.2 2.5 4.0 1 2 .2 42.2

C 4H io - C 4D io - 0 2 “ SF6 -N H 3 0 .21 16.1 9.8 1.5 2 .0 12.1 58.5

“ The ratio C4H10/C4D,o is 1.0. b Concentrations of additives: SF6 0.5 M, NH3 1.7 M, and O2 0.08 M in ail runs in this table. “ Probable errors in per­
centages of ethanes: ± 1 0 %  for C2D6 and C2D5H and ± 1 0 %  to ± 1 5 %  for other ethanes. “ The G values of ethane from n-C4H10-O 2-S F 6 and n-C4H10- 
0 2-S F 6-NH3 mixtures.

TABLE III: Isotopic Distribution of Propane“*6’“

Propane
(relative intensity)

G(pro- -------------------------------
System pane)“ C3D8 C3D7H C3D5FI2

C 4 H 10- C 4 D-i o -0  2- S  F 6 0.14 100 100 10
C 4 H io -C 4 D 10- 0 2 - N H 3 - S F 6 0.04 100 89 35

“ The ratio C4H40/C4DK) is 1.0. 6 Concentration of additives: SF6 0.5 
M, NH3 1.7 M, and 0 2 0.08 M in all runs in this table. c Probable errors in 
relative intensity of C3D7H and C3D6hl2: ±10% . “ The G values of propane 
from n-C4H10-O2-SF6 and n-C4Flio-02-SF6-NH 3 mixtures.

to p ic  d istr ib u tio n  o f  e th a n es  a n d  p ro p a n es  fro m  C 4H 10 -  
C 4D 10- O 2 - S F 6 a n d  C 4H 10 - C 4D 10 - O 2- S F 6- N H 3 m ix tu res  
are, re sp ec tiv e ly , ta b u la te d  in  T a b le  II a n d  I E . T h e  v a lu es  
o f  % C 2D 6 a n d  % C 2D 5H  in  T a b le  II d ete r m in e d  m a ss  sp ec -  
tr o m e tr ic a lly  in c lu d e  errors p r o b a b ly  ± 1 0 %  o f  th ese  
v a lu es , w h ile  th o se  o f  % C 2H 5D  a n d  % C 2H 6 in c lu d e  s o m e ­
w h a t large errors ± ( 1 0 - 1 5 ) %  o f  th e se  v a lu es .

D is c u s s io n

The Yield of Ethyl Ion. W e  w ill b e  co n cern ed  here w ith  
e th a n e  a n d  e th y le n e  p ro d u c ed  b y  p ro cesses in v o lv in g  e th y l  
io n . W h e n  su lfu r  h e x a flu o r id e  is a d d e d  as an  e ffic ie n t  
e lectro n  sca v e n g e r to  liq u id  n -b u ta n e , th e r m a l e lectro n s  
sh o u ld  b e  co n v e rted  in to  su lfu r h e x a flu o rid e  n e g a tiv e  ions  
w h ich  are less  d iffu siv e  th a n  th e  e lectro n  itse lf. T h u s  th e  
life tim e  o f  e th y l ion  w ith  resp ec t to  n e u tr a liz a tio n  w ith  
e lectro n  sh o u ld  b e  p ro lo n g ed  in th e  p resen ce  o f  th e  e le c ­
tron  sca v en g er so th a t  th e  e th y l ion  u n d ergo es th e  h y ­
d r id e -io n  tra n sfe r  rea ctio n  (2 ) m o re  e ffic ie n tly  th a n  in  th e  
a b sen c e  o f  th e  e lectro n  sca v e n g e r . In  th e  p resen ce  o f  s u l­
fu r h e x a flu o r id e , e th y l ion  in p a rt u n d erg o es  th e  n e u tr a l­
iz a tio n  re a ctio n  ( 3 ) 5 *6 to  g ive  e th y l ra d ic a l w h ic h  th en  
u n d ergo es in p a rt th e  h yd ro g en  a b stra c tio n  re a ctio n  (4 )  to  
give e th a n e . T h e  fa c t  th a t  th e  d e c re m e n t o f  G ( C 2H 6) 
c a u sed  b y  th e  a d d itio n  o f  a m m o n ia  is larger in  C 4H 10 - S F 6 

m ix tu re  th a n  in  C 4H 10- S F 6- O 2 m ix tu re  su g g ests  th a t  th e  
n e u tra liza tio n  re a ctio n  (3 )  sh o u ld  b e  ta k e n  in to  c o n sid er­
a tio n  in  th e  ra d io ly s is  o f  th e  C 4H 10 - S F 6 m ix tu r e , b e ca u se  
e th y l ra d ic a l re su ltin g  fro m  rea ctio n  3 sh o u ld  b e  s c a v ­
e n g ed  b y  o x y g en .

7 l-C 4H 10 —  c 2h 6 + C 4H 9+ ( 2 )

+  s f 6- —  c 2H 5 + s f 6 (3 )

t i- C 4H iq *■ c 2H 6 + c 4h 9 (4 )

A s  sh ow n  in  F igu re  1 , th e  y ie ld  o f  e th a n e  fro m  th e  n- 
C 4H 10 - S F 6 m ix tu r e  d ec rea ses  w ith  in crea sin g  a m m o n ia  
c o n c e n tra tio n , w h ile  th e  y ie ld  o f  e th y le n e  in crea ses  c o m -  
p le m e n ta r ily . F ro m  th ese  o b serv a tio n s , w e ca n  e s tim a te  
th e  y ie ld  o f  e th y l ion  p ro d u c ed  b y  th e  fra g m e n ta tio n  o f  n -

b u ta n e  p a ren t io n . U p o n  th e  a d d itio n  o f  a m m o n ia  to  th e  
« - C 4H 10- S F 6 m ix tu re , e th y l ion  u n d erg o es  th e  proton  
tra n sfer  rea ctio n  (5 )  prior to  th e  occu rren ce  o f  th e  h y ­
d rid e -io n  tran sfer  re a ctio n  (2 ) a n d  n e u tr a liz a tio n  reaction
(3 ) . T h u s , th e  d ecrease  in th e  y ie ld  o f  e th a n e  u o o n  th e  a d ­
d itio n  o f  a m m o n ia  is asc rib ed  to  th e  su p p re ssio n  o f  rea c­
tio n s 2 a n d  3 . T a k in g  in to  c o n sid era tio n  t h a t  e th y l ra d ica l  
p ro d u c ed  b y  re a ctio n  3 in p a rt u n d ergo es th e  h yd rogen  
a b stra c tio n  re a ctio n  (4 )  a n d  th a t  th e  y ie ld  o f  e th a n e  d e ­
creases g ra d u a lly  ev en  a t  th e  h ig h est c o n c e n tra tio n  o f  a m ­
m o n ia , w e ca n  e s tim a te  th e  G v a lu e  o f th e  e th y l ion  to  be  
m o re th a n  a b o u t 0 .2 5  fro m  th e  d e c re m e n t o f  e th a n e  y ield  
u p on  th e  a d d itio n  o f  a m m o n ia  to  th e  n -C 4H i o - S F 6 m ix ­
tu re . A c c o rd in g  to  re a ctio n s 2 -5 ,  th e  G v a lu e  o f  eth y len e  
sh o u ld  b e  in crea sed  b y  m o re  th a n  0 .2 5  b y  th e  a d d itio n  o f  
a m m o n ia  to  th e  C 4H 10- S F 6 m ix tu r e . H o w e v e r , th e  G 
v a lu e  o f  e th y le n e  in creases u p o n  th e  a d d itio n  o f  a m m o n ia  
b y  less th a n  0 .2 5 . T h is  m a y  b e  d u e  to  th e  occu rren ce  o f  
co n d e n sa tio n  rea ctio n  (6 ) b e sid es  th e  p ro to n  tra n sfer  re a c ­
tio n  (5 ) b e tw ee n  e th y l ion  a n d  a m m o n ia .

C 2H 5+ +  N H 3 — -  C 2H 4 +  N H 4+ (5 )

C 2H 5+ +  N H 3 -------~ C 2H 5N H 3+ ( 6 )

The Yield of Propyl Ion. T h e  y ie ld  o f  p ro p y l ion  ca n  be  
e stim a te d  b y  a w a y  s im ila r  to  th a t  for e th y l io n . T h e  d e ­
crease in th e  y ie ld  o f  p ro p a n e  u p o n  th e  a d d itio n  o f  a m m o ­
n ia  to  th e  C 4H 10 - S F 6 m ix tu re  is d u e  to  th e  occu rren ce o f  
th e  p ro ton  tran sfer  re a ctio n  (8 ) prior to  th e  occu rren ce  o f  
th e  h y d r id e -io n  tra n sfe r  reaction . (7 ) .  T a k in g  in to  c o n sid ­
era tio n  th a t  th e  y ie ld  o f  p ro p a n e  d ec rea ses  g r a d u a lly  even  
a t th e  h ig h est co n c e n tra tio n  o f  a m m o n ia , w e ca n  e stim a te  
th e  G va lu e  o f  p ro p y l ion  to  b e  m o re  th a n  a b o u t  0 .1 5  from  
th e  d e c re m e n t o f  p ro p a n e  y ie ld  u p o n  th e  a d d itio n  o f  a m ­
m o n ia  to  th e  C 4H 10 - S F 6 m ix tu r e . T h e  d ifferen ce  b etw een  
th e  d e c re m e n t o f  G iC a H g ) c a u sed  b y  th e  a d d itio n  o f  a m ­
m o n ia  in th e  C 4H 10 - S F 6 m ix tu re  a n d  in  th e  C 4H 10 - S F 6-  
O 2 m ix tu re  m ig h t  b e  referred  to  th e  o c cu rren ce  o f th e  
n e u tra liz a tio n  o f  C 3H 7+  w ith  S F 6 a n d  th e  h yd ro g en  a b ­
stra c tio n  b y  C 3H 7 as  m e n tio n e d  in  th e  ca se  o f  C 2H 5 + . In  
view  o f  th e  re la tiv e ly  s m a ll  y ie ld  o f  p ro p y l ion  a n d  th e  e x ­
p e r im e n ta l errors, h ow ever, th e  c o n tr ib u tio n  o f  th e se  re a c ­
tio n s to  th e  p ro p a n e  fo rm a tio n  m a y  b e  d isre g a rd e d .

C 3H 7+ +  C 4H i 0 —  C 3H 8 +  C 4H 9+ (7 )

C 3H v+ +  N H 3 — ► CgHe +  N H 4+ ( 8 )

The Yield of Butyl Ion. A s  seen  in  F igu re 2 , th e  G  va lu e  
o f  to ta l b u te n e  fro m  th e  C 4H 10- S F 6- O 2 m ix tu r e  a tta in s  a 
m a x im u m  v a lu e  a t  low  a m m o n ia  c o n c e n tra tio n  an d  th en

15) An alternative reaction to (3)
C2H5+ ± S F 6- ^ C 2H4 ± H F ± S F 5 (3')

could take some part.0
(6) P. T. Holland and J. A. Stone, Can. J. C h em ., 48, 3277 (1970).
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d ecreases g ra d u a lly  w ith  in creasin g  a m m o n ia  c o n c e n tr a ­
tio n . A t  low  a m m o n ia  co n c e n tra tio n , th e  p ro to n  tran sfer  
re a ctio n  (9 )  occu rs b e tw ee n  a m m o n ia  an d  b o th  b u ty l ion  
p ro d u c ed  b y  th e  fra g m e n ta tio n  o f  n -b u ta n e  p a ren t ion  an d  
on e p ro d u c ed  seco n d a rily  b y  th e  h y d r id e -io n  tra n sfer  re a c ­
tio n s o f  e th y l a n d  p ro p y l io n s, re a ctio n s 2 an d  7 . A t  h igh  
a m m o n ia  co n ce n tra tio n , h ow ever, th e  e th y l a n d  p ro p y l 
ion s th u s p ro d u c ed  h ave  a lrea d y  b e e n  in terc e p ted  b y  a m ­
m o n ia  a n d  d o  n o t give b u ty l ion  b y  h y d r id e -io n  tran sfer  
re a ctio n s . T h u s , in th e  ra d io ly sis  o f  C 4H 10 - S F 6- O 2 m ix ­
tu re  th e  G  v a lu e  o f  b u ty l ion  p ro d u c ed  b y  th e  fr a g m e n ta ­
tio n  o f  n -b u ta n e  p a ren t ion  ca n  be e s tim a te d  to  be m ore  
th a n  0 .6  fro m  th e  in c r e m e n t o f  G ( C 4H g ) at h ig h  a m m o n ia  
c o n c e n tra tio n , a llo w in g  a g a in  for th e  p o ssib le  occu rren ce  
o f  th e  c o n d e n sa tio n  rea ctio n  b e tw ee n  C 4 H 9 ' a n d  N H 3 .

C 4H 9+ +  N H 3 — - C 4H 8 +  N H 4+ (9 )

A s  seen  in  F igu re  1, th e  G v a lu e  o f b u te n e  fro m  th e  
C 4H 10 - S F 6 m ix tu r e  in creases g ra d u a lly  w ith  in creasin g  
a m m o n ia  c o n c e n tra tio n . In  th is  ca se , b o th  b u ty l ion  an d  
n -b u ta n e  p a r e n t ion  u n d erg o  th e  p ro ton  tra n sfer  rea ctio n s
(9 ) a n d  (1 0 )  to  g ive , re sp ec tiv e ly , b u te n e  an d  b u ty l ra d i­
c a l, th e  la tte r  o f  w h ich  p a rtly  gives b u te n e  in d isp ro p o r­
tio n a tio n  re a c tio n . O n  th e  one h a n d , th e  G v a lu e  o f b u ­
ten e  p ro d u c ed  b y  th e  p ro to n -tra n sfer  re a ctio n  b etw een  
a m m o n ia  a n d  b u ty l ion  resu ltin g  fro m  h y d r id e -io n  tr a n s­
fer rea ctio n s o f  fra g m e n t ions sh o u ld  d ecrease  w ith  in ­
c rea sin g  a m m o n ia  co n ce n tra tio n . O n  th e  o th er h a n d , th e  
G  v a lu e  o f  b u te n e  p ro d u c ed  b y  th e  d isp ro p o rtio n a tio n  
re a c tio n  o f  b u ty l ra d ic a l resu ltin g  fro m  th e  p ro ton  tran sfer  
re a c tio n  ( 1 0 ) sh o u ld  in crease  w ith  in crea sin g  a m m o n ia  
c o n c e n tra tio n . T h u s , as  a re su lta n t o f  d u a l e ffe c ts  o f  a m ­
m o n ia , th e  G  v a lu e  o f  b u te n e  fro m  th e  C 4H 10 - S F 6 m ix ­
tu re m a y  in crease  g r a d u a lly  w ith  th e  in crea sin g  a m m o n ia  
c o n c e n tra tio n .

n - C 4H I0+ +  N H 3 — - C 4H 9 +  N H 4+ (10 )

It h a s  b e e n  sh ow n  th a t p a r e n t -m in u s -H  ion is p ro d u ced  
b y  th e  fra g m e n ta tio n  o f  p a ren t ion  w ith  a fa ir ly  large y ie ld  
in  th e  liq u id -p h a se  ra d io ly sis  o f  p ro p a n e 40 a n d  n -h e x a n e . 7 

T h e  re la tiv e ly  large y ie ld  o f  p a r e n t -m in u s -H  ion  co m p a re d  
w ith  th e  y ie ld s  o f  o th er fra g m e n t ion s se e m s to  b e  c h a ra c ­
teristic  o f  th e  ra d io ly sis  o f  liq u id  n -a lk a n e . T h e  fo llow in g  

is o ffered  as a p la u s ib le  e x p la n a tio n  for th is  ch a ra cte ristic . 
T h a t  is, even  th o u g h  th e  p a ren t ion  d isso c ia te s  in to  a 
fra g m e n t ion  a n d  a large n eu tra l fra g m e n t, th e  g e m in a te  
p a ir  w ill p ro b a b ly  re c o m b in e  e ffic ie n tly . O n  th e  oth er  
h a n d , w h en  a p a ren t ion d isso c ia te s  on ce in to  a p a ren t-

m in u s -H  ion a n d  a h y d rogen  a to m , th e  h y d ro g e n  a to m  
m a y  d isa p p ea r  fro m  th e  v ic in ity  o f  th e  ion  m o re  e a sily  
th a n  d oes oth er n eu tra l fra g m e n t. I t  sh o u ld  be ta k e n  in to  
co n sid era tio n  here th a t  th e  va ria tio n  o f  th e  in it ia l ion  
fra g m e n t p a tte r n  w ith  th e  p h ase  is a lso  im p o r ta n t  in d e ­
te rm in in g  th ese  y ie ld s . T h u s  th e  re la tiv e ly  large y ie ld  o f  
p a r e n t -m in u s -H  ion m a y  b e  e x p ec te d  in  th e  ra d io ly s is  o f  
liq u id  n -a lk a n e .

The Yields of Fragment Ions Obtained by the Use of 
Perdeuterated n-Butane. In  T a b le  II, th e  fo r m a tio n  o f  
iso to p ic a lly  m ix e d  e th a n es  fro m  th e  C 4H 10 - C 4D 10 - S F 6- O 2 

m ix tu re  su g g e sts  th a t  th e  h y d rid e -io n  tra n sfer  re a c tio n  ( 2 ) 
is in  p a rt re sp o n sib le  for th e  fo rm a tio n  o f  e th a n e s  from  
th e  m ix tu re . T h e  b im o le c u la r  e th a n es  fro m  th e  C 4H 10 -  
C 4D 10 - S F 6- O 2 - N H 3 m ix tu re  m a y  b e  p ro d u c ed  b y  th e  h y ­
d rogen  a b stra c tio n  rea ctio n  o f  h ot e th y l ra d ica l or b y  r a d i­

c a l re a c tio n  in th e  sp u r. T h e  G  v a lu e  o f e th y l ion  sc a v -  
e n g e a b le  b y  a m m o n ia  is g iven  b y  th e d iffe re n ce  b e tw ee n  
G ( C 2D 6 T  C 2D 5H  +  C 2H 5D  -F C 2H 6 ) fo u n d  for C 4H 40"  
C 4D 10 - S F 6- O 2 a n d  C 4H 10 - C 4D 10 - S F 6- O 2- N H 3 m ix tu r e s . 
T h is  d ifferen ce  is a p p ro x im a te ly  e q u a l to  th e  d e c re m e n t  
o f  G ( C 2H e ), c a u sed  b y  th e  a d d itio n  o f  a m m o n ia  to  th e  
C 4H 10- S F 6- O 2 m ix tu r e . A lth o u g h  th e  p erc e n ta g e s  o f  e th ­
a n es  o b ta in e d  d o  n o t se em  to  b e  su ffic ie n tly  p recise , it 
m a y  b e  sa id  th a t  th e  d ecrease  in y ie ld  o f  e th a n es  u p o n  th e  
a d d itio n  o f  a m m o n ia  to  th e  C 4H 10- C 4D 10- S F 6- O 2 m ix tu re  
is a c c o u n te d  for b y  a d ecrease  in th e se  iso to p ic  sp ec ies  
( C 2D 6 , C 2D 5H , C 2H 5D , C 2H 6) e x p e c te d  to  re su lt fro m  
rea ctio n  2 .

A  d iscu ssio n  s im ila r  to  th e  on e a b o v e  c a n  b e  m a d e  on  
th e  iso to p ic  d istr ib u tio n  o f  p ro p a n es ( T a b le  I II) . M o s t  o f  
th e  p ro p a n es fro m  th e  C 4H 10 - C 4D 10 - S F 6- -O 2 m ix tu r e  c o n ­
s ist o f  b im o le c u la r  p ro p a n es, su g g e stin g  th a t  th e y  are p r o ­

d u c e d  b y  th e  h y d r id e -io n  tran sfer rea ctio n s o f  p ro p y l io n s. 
In  fa c t , th e  o b serv a tio n  th a t  th e  G  v a lu e  o f  p ro p a n e  from  
th e  C 4H 10 - S F 6- O 2 m ix tu re  d ec rea sed  fro m  0 .1 4  to  0 .0 4  
u p o n  th e  a d d itio n  o f  a m m o n ia  in d ic a te s  th a t  m o s t  o f  th e  
p ro p a n e  fro m  th e  m ix tu re  is p ro d u c ed  b y  th e  h y d r id e -io n  
tran sfer rea ctio n  o f  p ro p y l ion .

A lth o u g h  th e  re su lts  o b ta in e d  as a b o v e  fro m  re la tiv e ly  
sm a ll G  v a lu e s  in c lu d e  so m e w h a t large errors, it  m a y  b e  
su g g e ste d  th a t  th e  y ie ld s  o f  fra g m e n t ion s o b ta in e d  b y  th e  
use o f  a m m o n ia  are n ea rly  eq u al to  th o se  o b ta in e d  b y  th e  
use o f  p e rd eu tera te d  n -b u ta n e  u n d er th e  co rresp o n d in g  
co n d itio n s .

(7) K. Shinsaka and S. Shida, Bull. C h em . S o c . Jap., 43, 3728 (1970).
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R e a c t i o n  c / s - D i m e t h y l c y c l o p r o p a n e  +  h v (  1 2 3 . 6  n m )  — ► 2 - B u t e n e  +  1 C H 2

K. D e e s  an d  R . D . K o o b *

D ep a r tm en t o f  C h em istry , N orth D a k ota  S ta te  U niversity, F argo, N orth D akota  5 8 1 0 2  (R e c e iv e d  M ay 18, 1972)

a s - l ,2 -D im e t h y lc y c lo p r o p a n e , ( C D M C )  w ith  sm a ll a m o u n ts  o f  ox y g en  a d d ed  to  sca v e n g e  free ra d ica ls , 
w as p h o to ly z e d  a t  165 , 147 , a n d  1 2 3 .6  n m . A m o n g  th e  p rim a ry  p ro cesses w as th e  rea ctio n  C M D C  =  C H 2 

+  c is -2 -b u te n e . T h e  c is -2 -b u te n e  (C B 2 )  th u s  p ro d u c ed  w as o b served  n o t to  iso m erize  a t  165  an d  147 n m , 

b u t d id  u n d erg o  p re ssu re -d e p e n d e n t iso m eriz a tio n  to  tr a n s -2 -b u te n e  ( T B 2 )  a t 1 2 3 .6  n m . T h e  relative  
y ie ld s  o f  C B 2  a n d  T B 2  w ere m e a su red  over th e  pressure range fro m  0 .1  to  105 T o r r . T h e  ra tio  C B 2 /T B 2  
re m a in e d  larger th a n  u n ity  a t  0 .1  T o r r  a n d  a p p ro a c h e d  in fin ity  a t  h igh  pressu res. F u rth er , th e  q u a n tu m  
y ie ld  o f  to ta l 2 -b u te n e  w as ob served  n o t to  v a ry  ov er th e  p ressu re range in v e stig a te d . T h e  p r im a ry  p h o to ­
p ro cess a t  1 2 3 .6  n m  ap p ea rs  to  im p a r t  a broa d  ran ge o f  en ergy to  C B 2 . W h ile  p h o to ly sis  a t  1 2 3 .6  n m  m a y  
give u p  to  142  k ca l m o l 1 excess  en ergy in th is  rea ctio n , n o  fra c tio n  o f  th e  C B 2  p ro d u c ed  h a s  en ou gh  
en ergy to  ca u se  o b serv a b le  d isso c ia tio n  o f C B 2  ( £ act =  85  k ca l m o l“ 1) a t  0 .1  T o rr . H o w e v e r , a co n sid er­
a b le  fra c tio n  m a y  iso m erize  (Eact =  65  k ca l m o l - 1 ) a t th is  p ressu re . N o n e th e le ss , it  w o u ld  a p p ea r from  
F igu re 1 th a t  even  w ith  ex tra p o la tio n  to  very  low  p ressures n o t a ll C B 2  is c a p a b le  o f  iso m eriz in g . A  d e ­
ta ile d  a n a ly sis  o f  th e  pressure d ep e n d e n c e  o f  th e  C B 2 /T B 2  ratio  u sin g  R R K M  fo rm a lism  su p p o rts  the  
su g g estio n  th a t  C B 2  is p ro d u c ed  w ith  a b ro a d  ran ge o f en ergies. W h ile  a u n iq u e  d istr ib u tio n  fu n c tio n  for 
th e  en ergy o f  C B 2  co u ld  n o t be  o b ta in e d , a fa m ily  o f  su ch  fu n c tio n s  c o u ld  be o b ta in e d . A ll  w ere c h a ra c ­
terized  b y  e x tre m e  b ro a d n ess  an d  ta ilin g  b e lo w  Eg, th e  m in im u m  en ergy  n ecessary  for C B 2  iso m e r iz a ­
tio n . T h u s , q u a lita t iv e  a g re e m en t w ith  th e  e x p e r im e n ta lly  ob served  fea tu res w as o b ta in e d , even  th ou gh  
th e  c o m p le x ity  o f  th e  sy s te m  a n d  th e  a b sen c e  o f d a ta  for s im ila r  sy s te m s  p reclu d ed  a q u a n tita tiv e  in ter­
p re ta tio n .

I n tr o d u c tio n

T h e  e x p e r im e n ta l in v estig a tio n s o f  th e  d istr ib u tio n  o f  
en ergy a m o n g  th e  p r im a ry  p ro d u c ts  o f  p h o to c h e m ic a l  
rea ctio n s h av e  p ro ved  h e lp fu l in  th e  e lu c id a tio n  o f  fe a ­

tures o f  th e  o v erall rea ctio n  m e c h a n ism s . S tu d ie s  o f  th is  
k in d  h ave  b e e n  p o ssib le  for severa l ty p e s  o f  c o m p le x  m o le ­
c u les . O n e  m ea su re  o f  th e  en ergy p a rtitio n in g  p ro cess is to  
c o m p a re  th e  a p p a r e n t average  in tern a l en ergy  o f th e  p ro d ­
u ct m o le cu le s  to  th e  average in tern a l en ergy p red icted  
fro m  a s ta tis t ic a l p a r titio n in g  m o d e l in w h ich  th e  to ta l  
a v a ila b le  excess  en ergy  is p a rtitio n e d  on  a s ta tis t ic a l b a sis  
a m o n g  th e v ib ra tio n a l m o d e s  o f  th e  p ro d u c t m o le cu le s . 
S tu d ie s  o f  th e  p h o to ly se s  o f  a cy c lic  k e to n e 1 a n d  a cy clic  
eth er2 h ave  in d ic a te d  th a t  th e  excess en ergy is p a rtitio n e d  
su ch  th a t  th e  m o s t  c o m p le x  p ro d u c t receiv ed  m o re  th a n  a 
s ta tist ic a l sh are . O n  th e  oth er h a n d , stu d ie s  o f  th e  p h o to ­
lyses o f  severa l c o m p le x  azo  c o m p o u n d s 3-5 d e m o n str a te d  
th a t less th a n  a s ta tis t ic a l share o f  th e  excess en ergy w as  
ch a n n e le d  in to  th e  m o st c o m p le x  p ro d u c t. In  th ese  cases  
th e en ergy d istr ib u tio n  a p p ea re d  to  be  go vern ed  b y  a 
ra th er b ro a d  d istr ib u tio n  fu n c tio n . A  recen t s tu d y 6 o f  
en ergy p a rtitio n in g  on  th e  p h o to ly sis  o f  d i -te r t -b u ty l  p er ­
ox id e  in d ic a te d  th a t  th e  tert-b u to x y  ra d ic a l p ro d u c ts  are  
fo rm ed  w ith  a fa ir ly  n arrow  d istr ib u tio n  o f en ergy  a n d  
th a t th e y  co n ta in  less en ergy th a n  p re d ic te d  b y  a s ta t is t i ­
ca l m o d e l. T h e s e  stu d ie s  h av e  c le a r ly  sh ow n  th a t  energy  
p a rtitio n in g s for p h o to c h e m ic a l rea ctio n s o f  re la tiv e ly  
c o m p le x  m o le c u le s  are c o m p le x  p ro cesses go vern ed  b y  l i t ­
tle  u n d ersto o d  p o te n tia l h y p e rsu rfa ce s . O f  p a rticu la r  h elp  
in  u n d ersta n d in g  p h o to c h e m ic a l sy s te m s  are th e  s im ila r  
c h e m ic a l a c tiv a tio n  s tu d ie s . 7 '8 T h e s e  sy s te m s  h av e  th e

a d v a n ta g e  o f s im p lific a t io n  in th a t  th e  a c tiv a te d  m o le ­
cu les are fo rm ed  in th e  grou n d  e lectro n ic  s ta te .

R e c e n tly , 9 w e rep orted  on  th e  d istr ib u tio n  o f a v a ila b le  
excess energy (1 3 3  k ca l m o l“ 1) b e tw ee n  m e th y le n e  an d  
e th a n e  fro m  th e  p rim a ry  p h o to ly tic  ( 1 2 3 .6  n m ) d e c o m p o ­
sitio n  o f p ro p a n e . T h e  m e th y le n e  w as fo u n d  to  co n ta in  

> 3 1  k ca l m o l - 1 . O n ly  a lim it  w as p la c e d  on  th e  average  
in tern al en ergy c o n te n t o f  th e  e th a n e  ( < 7 0  k c a l m o l - 1 ) 
d u e to  its  h igh  en ergy  o f a c tiv a tio n  a n d  th e  in a c c e ssib ility  
o f  its u n im o le c u la r  d e c o m p o sit io n  p ressu re ra n ge . S im i­
la r ly , 10 m e th y le n e  fro m  th e  p h o to ly tic  (1 6 5  n m ) d e c o m p o ­
sitio n  o f cy c lo p ro p a n e  w as fo u n d  to  co n ta in  > 3 1  k cal 
m o l“ 1. W e  rep ort in  th is  p a p er  on  th e  w a y  en ergy is d is ­
tr ib u te d  to  c is -2 -b u te n e  (C B 2 )  fro m  a p rim a ry  p h o to ly tic  
rea ctio n  o f  c ts -d im e th y c y c lo p r o p a n e  ( C D M C ) .  T h e  rela-

(1) R. J. Campbell and E. W. Schlag, J. A m er . C h em . S o c ., 89, 5103 
(1967).

(2) B. C. Roquitte, J. A m e r. C h em . S o c . , 91,7664 (1969).
(3) T. F. Thomas, C. I. Sutln, and C. Steel, J. A m er . C h em . S o c ., 89, 

5107 (1967).
(4) P. Cadman, H. M. Meunier, and A. F. Trotman-DIckenson, J. A m er. 

C h em . S o c ., 91, 7640 (1969).
(5) (a) F. H. Dorer, J. Phys. C h em ., 73, 3109 (1969); (b) ibid., 74, 

1142 (1970); (c) F. H. Dorer, E. Brown, J. Do, and R. Rees, ibid., 
75, 1640 (1971).

(6) F. H. Dorer and S. N. Johnson, J. P hys. C h em ., 75, 3651 (1971).
(7) (a) K. C. Kim and D W. Setser, J. Phys. C h em ., 76, 283 (1972); 

(b) K. Dees, D. W. Setser, and W. G. Clark, J. C h em . P h ys., 75, 
2231 (1971); (c) Ft. W. Chang, D. W. Setser, and M. J. Perona, J. 
P hys. C h em ., 75,2070 (1971).

(8) P. N. Clough, J. C. Polanyi, and R. T. Taguchi, Can. J. C h em ., 48, 
2919 (1970).

(9) J. Fl. Vorachek and R. D. Koob, J. Phys. C h em ., 76, 9 (1972).
(10) (a) A. K. Dhlngra, J. Ft. Vorachek, and R. D. Koob, C hem . Phys. 

L ett.. 9, 17 (1971); (b) A. K. Dhlngra and R. D. Koob, J. Phys. 
C h em ., TA, 4490 (1970).
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tiv e ly  low  en ergy  o f  a c tiv a tio n  o f  c is -tr a n s  iso m eriza tio n  
o f  C B 2  a llo w e d  th e  e x p e r im e n ta l d e te r m in a tio n  o f  th e  c is -  
tra n s ra tio  ov er th ree  orders o f  m a g n itu d e  o f  pressu re . 
C o n se q u e n tly , th e  fo rm s o f  th e  d istr ib u tio n  fu n c tio n s  a c ­
c o u n tin g  for th e  en ergy ch a n n e le d  in to  C B 2  c o u ld  b e  in ­
v e stig a te d  for severa l d esc rip tio n s o f  th e  e n erg etic s  for th e  
p rim a ry  p h o to ly tic  rea ctio n . S in c e  th e  reverse rea ctio n  
( C H 2 +  o le fin ) h as litt le , i f  a n y , en ergy  o f  a c tiv a tio n , th e  
d e c o m p o sit io n  o f  C D M C  d o es  n o t in v o lv e  an  u n k n ow n  
“ rea rra n g e m e n t e n erg y ”  a sso cia te d  w ith  th e  en ergy  o f  a c ­

t iv a t io n . T h is  im p o r ta n t s im p lific a tio n  su g g e sts  th a t  th e  
d istr ib u tio n  o f  en ergy  for C B 2  is a d ire ct re fle c tio n  o f  th e  
m o le c u la r  a b so rp tio n  a n d  fra g m e n ta tio n  p ro ce ss . In  c o n ­
tr a s t  to  o th er sy s te m s  in  w h ich  en ergy  p a r titio n in g  stu d ie s  
h av e  b e e n  d o n e , C D M C  offers n o ch ro m a p h o re  for  th e  o b ­
v io u s site  for e lectro n ic  e x c ita tio n .

Experim ental Section

C D M C  (c is -d im e th y lc y c lo p r o p a n e ) w as o b ta in e d  from  
C h e m ic a l S a m p le s  C o . an d  w as u se d  w ith o u t fu rth er  p u ri­
fic a tio n . T h e  c o m p o u n d  w a s listed  as 9 9 %  p u re ; g lp c  in d i­
c a te d  th e  im p u r itie s  w ere oth er th a n  d e c o m p o sit io n  p ro d ­
u c ts  fro m  th e  p h o to ly sis  o f  th e  C D M C . T h e  h yd ro g en  u sed  
in  so m e  e x p e r im e n ts  w as A ir  P ro d u c ts  u ltra h ig h  p u rity  
grad e . O x y g en  w a s L in d e  C P . B o th  w ere u sed  w ith o u t fu r ­
th er p u rifica tio n .

A  k ry p to n  reso n a n ce  la m p  d esc rib e d  in  d e ta il earlier9 

w as u sed  for th e  p h o to ly se s . T h e  c h r o m a tic  p u rity  w as  
> 9 8 %  for th e  a b so rp tio n  region  o f  C D M C . S ev era l e x p lo r ­
atory  ru ns w ere m a d e  w ith  a xen o n  reso n an ce  la m p  also  
d esc rib e d  p re v io u s ly . 10

S m a ll  a m o u n ts  o f  ox y g en  ra n g in g  fro m  5 to  1 0 %  o f  th e  
to ta l p ressu re w ere a d d ed  to  th e  re a ctio n  m ix tu r e s . T h is  
a lle v ia te d  c o m p lic a tio n s  arisin g  fro m  free ra d ic a ls  a n d  
tr ip le t  m e th y le n e . F or th e  p h o to ly se s  o f  C D M C  (a n d  o x y ­
g e n ), in terch a n g e a b le  v e sse ls  o f  v a rio u s s izes w ere a t ­
ta c h e d  to  th e  w in d o w  o f th e  p h to ly sis  la m p  in order to  o b ­
ta in  p ressu res fro m  0 .1  to  105 T o r r . In  severa l h ig h -p re s ­
sure e x p e r im e n ts  ( 1 - 1 0  a tm ) a sp e c ia lly  d esig n e d  h ig h - 
p ressu re re a ctio n  v esse l m a d e  fro m  b rass a n d  P y rex  w as  
u se d . In  th is  ca se  th e  to ta l pressure w as m a d e  u p  o f  ~ 3  
c m  p ressu re o f  C D M C , 0 .5  c m  o f  o x y g en , a n d  th e  r e m a in ­

der w as a c c o u n te d  for b y  h yd rogen .
T o  gu a rd  a g a in st  th e  p o ss ib ility  o f  se co n d a ry  p h o to ly ses  

o f  p ro d u c ts , p h o to ly se s  w ere carried  to  less  th a n  1 %  co n ­
version  o f  p a ren t to  p ro d u c t in  a ll e x p e r im e n ts . T h is  lim it  
w as a c h iev ed  a t  very  low  p ressu res w here p ro d u c t a n a lyses  
b e c a m e  d iff ic u lt  d u e  to  th e  sm a ll a m o u n ts  o f  s ta rtin g  p ro ­
d u c ts . A ll  gas re a ctio n  m ix tu res  w ere p rep a red  on  a s ta n ­
d ard  v a c u u m  ra ck . T h e  a n a ly se s  w ere p erfo rm e d  b y  gas  
c h ro m a to g ra p h y  on  a 20  f t , 0 .2 5  in . o .d . 2 5 %  ( w /w )  sq u a - 

lan e  c o lu m n  m a in ta in e d  a t  a m b ie n t  te m p e ra tu re . T h e  
h ig h -p ressu re  ru ns w ith  h y d rogen  w ere a n a ly z e d  b y  th e  
ab o v e  c o lu m n  a n d  a 16 f t ,  0 .2 5  in . o .d . s ilic a  gel c o lu m n  
m a in ta in e d  a t  a m b ie n t  te m p e ra tu re . T h e  s ilica  gel w as  
u se d  to  sep a ra te  h yd rogen  a n d  m e th a n e .

Results

B u te n e s  fo rm e d  in th e  p h o to ly sis  o f  1 ,2 -d im e th y lc y c lo -  
p ro p a n es d o  n o t iso m erize  w h en  th e  a b so rb ed  p h o to n  co r­
resp o n d s to  165  10 a n d  147  n m , re sp e c tiv e ly . Iso m e riza tio n  
o f  th ese  p ro d u c ts  d oes occu r for p h o to ly sis  a t  1 2 3 .6  n m  a t  
low  a n d  m o d e ra te  p ressu res. T h e  ra tio  o f  c is -2 -b u te n e  to  
tr a n s -2 -b u te n e  in  th e  p h o to ly sis  o f  c i s -1 ,2 -d im e th y lc y c lo -  
p ro p a n e  ( C D M C )  a p p ro a ch e s in fin ity  a t  h ig h  p ressu res,

Figure 1. The experimental CB2/TB2 ratios as a function of col­
lision frequency plotted on a log-log axes. The solid lines are 
the results of model calculations using eq 17. The models and 
parameters are Identified in Table I. CDMC is the deactivation 
gas in all experiments.

b u t d oes n o t b e c o m e  as sm a ll as u n ity  a t  low  p ressu res.
T h e  e x p e r im e n ta l C B 2 /T B 2  ratios are d isp la y e d  in F ig ­

ure 1 as a fu n c tio n  o f co llisio n  fre q u e n cy  (gj). T h e  co llisio n  
d ia m e te r s 1 1  o f  7 .0  A  for C D M C  a n d  6 .5  A  for C B 2  w ere  
u sed  to  co n v e rt e x p e r im e n ta l p ressu res to  w. T h e  p resen ce  
o f  th e  sm a ll a m o u n ts  o f  ox yg en  w as n e g le c te d  in th e  o> c a l­
c u la tio n . H ig h -p re ssu re  ru n s fro m  1 - to  1 0 -a tm  to ta l p re s ­
sure w ith  large e xcesses o f  h yd rogen  a d d e d  to  th e  C D M C  
a n d  ox y g en  m ix tu res  w ere p erfo rm e d . T h e  re a c tio n s  o f  in ­
terest are

+  H 2 — ► C H 4* (1 )

C H 4* — ► C H 3 +  H  (2 )

C H „ *  — ** C H 4 ( 3 )

w here 1 C H 2 arises d irectly  fro m  th e  p h o to ly sis  o f  C D M C .  
N o  s ig n ific a n t in crease in C H 4 y ie ld  w as fo u n d  even  a t  
1 0 -a tm  o f  p ressu re . A  sm a ll c o n sta n t a m o u n t o f  C H 4 fro m  
so m e  u n id e n tified  sou rce  w as p re sen t. T h is  re su lt m a y  be  
d ire c tly  in terp reted  as in d ic a tin g  th a t  all m e th y le n e s  
fo rm e d  in th e  p r im a ry  p h o to d isso c ia tio n  carry  e x ce ss  in ­
tern al en ergy , a  co n clu sio n  c o n siste n t w ith  p re v io u s s tu d ­
ie s . 9 ’ 10

N o  d e te c ta b le  d ecrease  in  th e  to ta l q u a n tu m  y ie ld  o f  
C B 2  a n d  T B 2  w a s fo u n d  even  a t  0 ,1  T o r r . H e n c e , 
u n im o lec u la r  d e c o m p o sit io n  o f  C B 2 *  a n d  T B 2 * w as u n im ­
p o r ta n t in  ou r sy s te m . I t  is e s tim a te d  th a t  > 1 5 %  u n im o le ­
cu la r  d e c o m p o sit io n  o f  C B 2 *  or T B 2 * c o u ld  b e  d e te c te d  
b a sed  on  th e  sc a tte r  o f  th e  lo w est p ressu re  p o in ts .

T h e  fo llo w in g  gen eral m e c h a n ism  is c o n s is te n t w ith  th e  
e x p e r im e n ta l re su lts . c is -2 -B u te n e  is d e sig n a te d  as C B 2 , 
tn m s -2 -b u te n e  as T B 2 , a n d  c is -d im e th y lc y c lo p ro p a n e  as  
C D M C .

C D M C  +  A v ( 1 2 3 .6  n m )  — *  C D M C *  ( 4 ) 

C D M C *  -£+ C B 2  +  'C H 2 ( 5 )

C D M C *  C B 2 *  +  'C H 2 ( 6 )

(11) D. W. Setser and B. S. Rabinovitch, Can. J. C h em ., 40, 1425 
(1962).
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C B 2 * — '* T B 2 * ( 7 )

T B 2 *
V

C B 2 * ( 8 )

C B 2 *
0 ;  ^

C B 2 ( 9 )

T B 2 *
CO

T B 2 (1 0 )

T h e  p rim a ry  p h o to ly tic  rea ctio n s 5 a n d  6  a c c o u n t for  
a p p ro x im a te ly  1 0 %  o f  th e  to ta l q u a n tu m  y ie ld  for d is a p ­
p ea ra n ce  o f  C D M C . A n y  3C H 2 a n d  a ll free ra d ica ls  w ere  
sca v en g ed  b y  th e  a d d itio n  o f  sm a ll a m o u n ts  o f  o x y g en . A n  
asterisk  w as m a in ta in e d  on  C B 2  a n d  T B 2  to  in d ic a te  s u f­
fic ien t in tern al en ergy  w as re ta in ed  to  a llo w  for p o ssib le  
u n im o lec u la r  iso m e r iz a tio n . B e c a u se  th e  ra tio  o f  C B 2  to  
T B 2  d oes n o t a p p ea r to  reach  th e  th e r m o d y n a m ic  va lu e  
even  w ith  e x tr a p o la tio n , F igu re  1, rea ctio n  5 w as in c lu d ed  
to  a c c o u n t for a sou rce o f  C B 2  th a t  co u ld  n o t u n d ergo  
u n im o lec u la r  iso m e r iz a tio n . S u b s e q u e n t  a n a ly se s  (D is c u s ­
sion  sectio n ) su g g e st th a t  rea ctio n  5 a c c o u n ts  for a s ig n ifi­
c a n t fra c tio n  o f  C B 2  y ie ld .

T h a t  C B 2  is p ro d u c ed  in  a p r im a ry  p rocess in w h ich  
m e th y le n e  is e lim in a te d  fro m  C D M C  is c le a r ,10 sin ce  
there is no a ltern a tiv e  rea ctio n  ch a n n e l b y  w h ich  a  C 4H 8 

fra g m e n t m a y  be p ro d u c ed  w h ich  is c o n siste n t w ith  th e  
th e r m o d y n a m ic s  o f  th e  sy s te m . B im o le c u la r  rea ctio n  
m o d e s w ith  th e  e x c e p tio n  o f  JC H 2 rea ctio n s are e lim in a t ­

ed  b y  th e  p resen ce  o f  th e  ra d ica l in h ib ito r  O 2 . T h a t  th e  
C B 2  resu lts  from  th e  e lim in a tio n  o f th e  u n su b stitu te d  
C H 2 in  th e  cy c lo p ro p a n e  ring is less stra ig h tforw a rd . 
M e th y le n e  co u ld  c o n c e iv a b ly  be e lim in a te d  a lso  fro m  e i ­
th er o f  th e  m e th y l grou p s in  C D M C . T h e  m e th y lc y c lo p r o -  
p an e so p ro d u c ed  co u ld  th e n  iso m erize  to  y ie ld  2 -b u te n e s . 
T h is  iso m eriza tio n  w ou ld  y ie ld  b o th  cis- a n d  in m s -2 -b u -  
te n e s , cis- a n d  trans-l-b u te n e , a n d  iso b u te n e . A t  147  a n d  
165 n m , n o  tr a n s -b u te n e  w a s p ro d u c ed . T h u s  th is  rea ctio n  
ch a n n el is n o t c o m p e titiv e  a t  th ese  en ergies, ev en  th o u g h  
it p r e su m a b ly  is en erg e tic a lly  a v a ila b le  ( C H 2 is p ro d u ced  
in  th e  1 4 7 -n m  p h o to ly sis  o f  p ro p a n e , for e x a m p le 10). T h e  
p o ssib ility  o f  C H 2 e lim in a tio n  b e c o m in g  c o m p e titiv e  at  
th e  larger en ergies e m p lo y e d  in th is  s tu d y  e x ists , b u t  does  
n o t a p p ea r lik ely  as n o  iso b u te n e  is fo u n d  a m o n g  th e  
p ro d u c ts  o f  C D M C  p h o to ly sis  a t  1 2 3 .6  n m . S in c e  is o b u ­
ten e  to  2 -b u te n e s  y ie ld  ratios va ry  fro m  0 .3  to  0 .5  in  th e  
iso m eriza tio n  o f  m e th y lc y c lo p r o p a n e  u n d er a v a rie ty  o f  
c o n d itio n s ,12 w e co n clu d e  th a t th e  o n ly  sou rce o f  o b se r v a ­
ble  2 -b u te n e s  is th e  p rim a ry  p h o to e lim in a tio n  o f C H 2 

from  th e  u n su b stitu te d  ring p o sitio n  in  C D M C .

Discussion

A  s te a d y -s ta te  a n a ly sis  o f  rea ctio n s 4 -1 0  gives th e  rate  
o f  fo rm a tio n , R, o f  C B 2  an d  T B 2  as

R(CB2) =  4> ( C D M C * )  +  w ( C B 2 * )  (11 )

R( T B 2 )  =  w ( T B 2 * )  (1 2 )

T h e  s te a d y -s ta te  co n ce n tra tio n s o f  C B 2 *  a n d  T B 2 *  are

_  0 * (C D M C *)(fc a ' +  M)

-  u ( k a +  k a'  +  u )

_  0 * (C D M C * )fe ,

~ U k t+ k * '  + w )

( i 3 :

(14

S u b s titu tio n  o f eq 13 a n d  14 in to  eq  11 a n d  12 gives th e  
fo llow in g  e xp ression  for th e  C B 2 /T B 2  ra tio s

<t>
(CB2) j? (C B 2 ) <t>*k a
(TB2) ~  £(TB2) ~  (fea +  EJ + ai)

j‘ (k j  I x l )

L( ki\ +  k j  +  Ol)_ 'U ka + k .' (1 3 )

E q u a tio n  15 sh ow s th a t  th e  a p p a r e n t C B 2 /T B 2  ratio  is 
a c c o u n ta b le  for b y  tw o  se p a ra te  a n d  d is tin c t te rm s. T n e  
first te rm , in v o lv in g  th e  ra tio  o f  <p a n d  <f>*, fea tu res  tn e  
C B 2  fro m  rea ctio n  5 w h ich  c a n n o t iso m erize . O n e  p o ssi­
b ility 13 is to  v iew  th is  C B 2  as m e re ly  th e  C B 2  form ed  
b elo w  th e  critica l en ergy , to, for iso m eriza tio n .

T h e  secon d  te rm  o f  (1 5 ) a c c o u n ts  for th e  C B 2  a n d  T B 2  
o rig in atin g  fro m  th e  C B 2 *  fro m  rea ctio n  6 . T h is  can  be  
re a d ily  seen  b y  se ttin g  6 =  0 . F or th is  co n d itio n

( C B 2 )  r  ( * . ' + « )  ] / [  h  -I

( T B 2 ) ~  |_(*. +  k«' +  “ >>J/ L (*a  +  W  +  <o)J (16)

T h e  a p p a ren t e x p e r im e n ta l C B 2 /T B 2  ra tio s ca n  be re­
la ted  to  th e  m ic ro sc o p ic  rate  c o n sta n ts , &£, in  a m a n n er  
s im ila r  to  earlier n o n eq u ilib riu m  u n im o le c u la r  s y s te m s .14 
I f  all e x c ited  C B 2  w ere fo rm ed  a b o v e  th e  critica l energy  

for iso m eriza tio n  a n d  co u ld  e ith er iso m erize  or b e  co llisio n - 
a lly  s ta b iliz e d , re p la c in g  ka a n d  ka b y  th e ir  resp ectiv e  
m ic ro sc o p ic  rate  c o n sta n ts  an d  in teg ra tin g  over a proper  
in tern al en ergy ran ge  to  a c c o u n t for an  in tern a l en ergy d is ­
tr ib u tio n  fu n c tio n , {(E), w o u ld  give

C B 2

T B 2

( kfc +  cu)

(ki. +  kyf +  üj)
{(E) dE

_________Ee_________

(&E "F W  +  to)
{(E) dE

(17)

E+ is the a c tiv e  en ergy a b o v e  th a t requ ired  for iso m e r iz a ­
tio n . E q u a tio n  17 is b a sed  on th e  in tern a l en ergy d istr ib u ­
tio n  fu n ctio n  for th e  s te a d y -s ta te  co n c e n tra tio n  o f  C B 2 * .  
C a lc u la tio n  o f  C B 2 /T B 2  is stra ig h tforw a rd  for an  fi E) 
w h ich  is p la c e d  to ta lly  ab o v e  e 0 on  th e  en ergy  sca le . H o w ­
ever, for th e case  o f  a {(E) w h ich  e x te n d s  b e low  t0, an d  
C B 2  (reaction  5 ) a n d  C B 2 *  b e lo n g  to  th e  sa m e  e lectron ic  
s ta te , C B 2  in eq  17 rep resen ts on ly  th e  s ta b iliz e d  C B 2  
fro m  rea ctio n  9 . F or a p ro p erly  n o rm a liz e d  f (E), th e  C B 2  
rep resen ted  in  rea ctio n  5 a n d  th e  first te rm  in eq  15 is 
given  b y

C B 2 (  4>) = 1 .0  -  ( C B 2 [  <t>*] +  T B 2 )  (1 8 )

w here C B 2 (</>*) a n d  T B 2  are th o se  c a lc u la te d  fro m  eq 17 
u sin g  th e  p a rt o f  th e  n o rm a lized  {(E) w h ich  e x te n d s  ab ove  
fo- H e n c e , for th is  ca se , th e  th e o re tica l ratios to be c o m ­
p ared  to  e x p e r im e n t are (C B 2 [ 0 ]  +  C B 2 [< /> * ])/T B 2 .

A n  ac cu ra te  k n ow led ge  o f  th e  sp ec ific  rate c o n sta n ts  kc 
a n d  feg' a llo w s th e  e x p e r im e n ta l ra tio s to  be fit  w ith  an  
a p p ro p riate  in tern a l en ergy d istr ib u tio n  fu n c tio n , f i £ ) .  
U n fo r tu n a te ly , d u e  to  th e  large v a ria tio n  in th e  rep o rted 15

(12) (a) See ref 16; (b) A. K. Dhingra, Ph.D. Thesis, North Dakota 
State University, available University Microfilms, Ann Arbor, 1972, 
(c) M. G. Topor and R. W. Carr, submitted for publication.

(13) A. W. Kirk and E. Tschuikow-Roux, J. C h em . P h ys., 51, 2247 
(1969).

(14) D. W. Setser and B. S. Rabinovitch, Advan. P h o to ch em ., 3, 1 
(1964).

(15) la) G. B. Kistlakowsky and W. R. Smith, J. A m er . C h em . S o c . 58, 
766 (1936); (b) W. F. Anderson, J. A. Bell, J. M. Diamond, ard K. 
R. Wilson, J. A m er . C h em . S o c ., 80, 2384 (1958); (c) B. S. Ra­
binovitch and K. W. Michel, ibid., 81, 5065 (1959); (d) R. B. Cjnd- 
all and T. F. Palmer, Trans. F arad ay S o c ., 57, 1936 (1961); (e) A. 
Lifshltz, S. H. Bauer, and E. L. Resler, Jr., J. C h em . P hys.. 38, 
2056 (1963); (f) P. M. Jeffers and W. Shaub. J. A m er . C h em . 
S o c ., 91, 7706 (1969).
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7 6 2 K. Dees and R. D. Koob

en ergy  o f  a c tiv a tio n , ca, a n d  th e  A rrh en iu s A v a lu es , it 
w as n o t p o ssib le  to  se le c t a u n iq u e  set o f  kg. T h e  p re ­
ferred  v a lu e s  b y  B e n so n  a n d  O ’N e a l16  o f  log  fe, =  1 3 .7 8  — 
6 2 ,8 0 0 /0 ,  se le c ted  fro m  a review  o f th e  e x p e r im e n ta l re­
p o rtin g s , w ere th o se  o f  R a b in o v itc h  a n d  M ic h e l .15c T h is  
ch o ice  ap p ea rs  to  b e  co n siste n t w ith  th e  p a r a m e te rs  m e a ­

su red  for c is -tr a n s  iso m eriz a tio n  o f  s im ila r  c o m p o u n d s 151  ’17 

a n d  a lso  w ith  a recen t sh o c k  tu b e  m e a s u r e m e n t151  for 
C B 2 . H o w e v e r, th e  feUm ( R R K M  th eo ry ) c a lc u la te d  from  
an  a c tiv a te d  c o m p le x  m o d e l b a se d  on  th e se  p a ra m e te rs  
fa ile d  to  p re d ic t th e  th e r m a l u n im o le c u la r  fa l l -o f f  b e h a v ­
ior for c is -tr a n s  iso m eriza tio n  o f  C B 2 .1 8 ’ 19  In  fa c t , th e  
fa l l -o f f  b e h a v io r  is p re d ic te d  w ell18 b y  a m o d e l b a se d  on  
th e  larger A rrh en iu s p a ra m e te rs  m e a su red  b y  L ifs h itz , et 
al.,15e o f  lo g  k„ =  1 4 .5 4  -  6 5 ,0 0 0 /0 .  D u e  to  th e se  c o n sid er­
a tio n s  w e h av e  carried  ou t c a lc u la tio n s  u sin g  tw o  sets  o f  
kg: th o se  c a lc u la te d  fro m  th e  m o d el o f  L in  an d  L a id le r 18 

(b a se d  on log  fe» =  1 4 .5 4  -  6 5 ,0 0 0 /0 )  a n d  th o se  c a lc u la te d  
fro m  th e  m o d e l o f  W e id e r  a n d  M a r c u s 19  (b a se d  on  log ka 
=  1 3 .7 8  -  6 2 ,8 0 0 /0 ) .  T h e s e  tw o se ts  o f  kg are h ereafter  
d esig n a ted  m o d e l 1 an d  2 , re sp ec tiv e ly . T h e  sp ec ific  rate  
c o n sta n ts  w ere c a lc u la te d  (or rep ro d u c ed ) u sin g  th e  
R R K M  th e o ry 20 a n d  we a ssu m e  th e  gen eral v a lid ity  o f  
th is  fo rm u la tio n  for our e x p e r im e n ta l c o n d itio n s . In  each  
ca se  th e  kg' (tra n s to  cis iso m eriza tio n ) w ere c a lc u la te d  
u sin g  e x a c tly  th e  sa m e  m o d e l as for th e  kg (c is  to  tran s  
iso m e r iz a tio n ) e x c e p t ¿o w as ra ised  1 .2 4  k c a l m o l 1 to  a c ­
c o u n t for th e  d ifferen ce  in A # 0° 21 for th e  forw ard  a n d  re ­
verse  iso m eriz a tio n . F u rth er d eta ils  on  th e  m o d e ls  are 
given  in th e  A p p e n d ix .

T h e  m a x im u m  a m o u n t o f  in tern a l en ergy  th a t  m a y  be  
d istr ib u te d  b e tw ee n  1 C H 2 an d  C B 2  from  C D M C  d e c o m ­

p o sitio n  is g iven  b y

E =  / iv ( 1 2 3 .6  n m )  +  A H / ’ O C T Ij)  +  A # f° ( C B 2 )  -  

A # f° ( C D M C )  +  ( # 298 -  # 0) | (C D M C )  =  1 4 2  k c a l / m o F 1

AH{° refers to  th e  s ta n d a rd  sta te  h e a t o f  fo rm a tio n  a t  
0 ° K .  T h e  (# 2 9 8  -  # o )  te rm  is for th e  in tern a l m o d e s  (v i­
b ra tio n s in  ou r ca se) w h ich  are n ot co n sid ered  a d ia b a tic  
for th e  p a rtitio n in g  p ro cess. T h e  fo llo w in g  th e r m o d y n a m ic  
v a lu es  w ere se le c te d  (a ll in  k ca l m o l - 1 ) : A # f ° ( 1C H 2) =  
9 1 .9 ;22a A # f ° ( C D M C )  =  4 .7 ;12 A # f° ( C B 2 )  =  3 .4 8 ;21 an d  
(# 2 9 8  -  # o ) ( C B 2 )  =  1 .6 1 .22b A lth o u g h  1C H 2 is k n ow n  to  
b e  a h igh er e lectro n ic  s ta te  th a n  3C H 3 , th e  d ifferen ce  in  
en ergy b e tw ee n  th e  e lectro n ic  s ta te s  is th o u g h t to  be  
s m a ll .23 D u e  to  th e  p resen t u n c e r ta in ty  in  th e  A # f °  va lu e  
for m e th y le n e , w e a ssu m e d  A # f ° ( 3C H 2 ) =  A # f ° ( 1 C H 2) 
an d  se le c ted  th e  v a lu e  o f  C h u p k a  a n d  L ifs h itz 223 for

3C H 2 .
S in c e  th e  e lectro n ic  s ta te s  o f  p ro d u c ts  a n d  re a c ta n ts  in  

th e  p r im a ry  p ro cess are n o t w ell k n o w n , a  su rv e y  a p ­
p ro ach  to  th e  c a lc u la tio n  w as n e ce ssa ry . L ik e ly  d e sc rip ­
tio n s o f  th e  en ergetics for C D M C *  d e c o m p o sit io n  w ere  
u se d  as p a r a m e te rs . R e fle c tio n  on  th e  th e r m o d y n a m ic s  
a n d  se p a ra te  e x p e r im e n ta l e v id en ce  in d ic a te s  th a t  th e  tw o  
s im p le s t  p o ssib ilitie s  gen era te  4C H 2 in  th e  xA i  a n d  JB i  
s ta te s  as in  re a ctio n  6 a  a n d  6 b . 1So a n d  1S i  rep resen ts th e  
lo w est a n d  first e x c ited  s in g le t s ta te s . T h e  C D M C *  is 
m o s t  lik e ly  d e c o m p o sin g  fro m  a n  e x c ite d  s in g le t  s ta te . 
W h e n  e lectro n ic  e x c ita tio n  en ergy  is p a r titio n e d , as w ell 
as v ib ra tio n a l en ergy , a n d  w h en  th e  p ro d u c ts  are in th eir  
lo w est s in g le t s ta te s  re a ctio n  6 a  h a s  th e  m a x im u m  E 
v a lu e  o f  142  k ca l m o l - 1 . T h e  1 C H 2 (b 1 B i )  a n d  1 C H 2 ( c1 A j ) 
sta te s  are lo c a te d  ~ 2 0  a n d  7 0  k ca l m o l - 1 , resp ec tiv e ly ,

a b o v e  th e  1 C H 2 (a 1 A i )  e lectro n ic  s ta te . 24 H e n c e , th e  m a x i ­
m u m  E v a lu e  for rea ctio n  6 b  m u st  b e  re d u ce d  20  k ca l  
m o l - 1  to  a c c o u n t for th e  e lectro n ic  en ergy  c o n ta in e d  in  
1 C H 2 (b 1 B j ) .  T h e  1 C H 2 (c1 A i ) case  w a s n o t co n sid ered  b e ­
ca u se  th e  m a x im u m  E v a lu e  w o u ld  b e  ~ 6 2  k c a l m o l - 1 . 
S in ce  to for C B 2 *  iso m eriza tio n  is 6 2 -6 3  k c a l m o l - 1 , a 
m a x im u m  en ergy  o f  62  k ca l m o l - 1  to  b e  d is tr ib u te d  a l ­
low s n e g lig ib le  p ro b a b ility  for iso m e r iz a tio n . T h e  p o s s ib il­
ity  o f  th e  fo rm a tio n  o f  th e  1S i  e lectro n ic  s ta te  for C B 2 * ,  
as in rea ctio n  6 c, w as n o t co n sid ered  a t  th is  t im e  for th e  
fo llo w in g  rea so n s. T h e  en ergy a sso c ia te d  w ith  th e  1S i  
s ta te  o f  C B 2  is e s t im a te d  b y  c o m p a riso n  to  e th y le n e 2 4 -25 

as ~ 1 1 4  k ca l m o l - 1  ab o v e  th e  4So s ta te ; th e  E for re a c ­
tio n  6 c w ou ld  b e  ~ 2 8  k ca l m o l - 1 . E a r lie r  w ork 10 on  a 
s im ila r  sy s te m  (C -C 3H 6 —*■ JC H 2 +  C 2H 4) in d ic a te d  th a t  
! C H 2 carries, on  th e  average > 3 1  k c a l m o l - 1  in to  an  in ­

sertion  p ro d u c t H C H 2 +  C 3H 8 —► C 4H 10 ) . A s s u m in g  th a t  
th e  average in tern al en ergy o f  1 C H 2 sh o u ld  b e  o f  a s im ila r  
m a g n itu d e  for C D M C *  d e c o m p o sit io n , re a ctio n  6 c w ou ld  
b e  u n im p o rta n t.

CDM C^Sj) —> CB2*(1S0) + 1CH2(a1A1)
E = 1 4 2  ( 6 a)

C D M C * ( 1S 1) — -  C B 2 * ( 1S 0) +  ^ H ^ B j )

E = 1 2 2  ( 6 b )

CDMC*(1S1) — ► CB2*(1S1) + 'CHjia'Ai)
E =  2 8  ( 6 c )

T h e  d irect fo rm a tio n  o f  an  e x c ited  tr ip le t  s ta te  o f  C B 2  
is a lso - u n lik e ly . I t  se em s w ell e sta b lish e d  th a t  th e  tr ip le t  
s ta te  (or s ta te s)  fo rm e d  in  H g  p h o to se n sitiz a tio n  o f  C B 2 26 

e v e n tu a lly  s ta b iliz e s  to  n early  a 5 0 -5 0  m ix tu r e  o f  C B 2  a n d  
T B 2  (e x p e r im e n ts  ru n  a t  6 0 -8 1  T o r r ) . S in c e  n e a r ly  n e g li­
g ib le  T B 2  is fo u n d  a t p ressu res > 1 0 5  T o rr in ou r w ork, it 
is u n lik e ly  th a t  th ere  is a n y  d irect fo rm a tio n  o f  th e  tr ip le t  
s ta te  o f  C B 2  in  ou r s y s te m . E x is tin g  ev id e n c e  th u s  argu es  
th a t  C B 2 *  is a v ib ra tio n a lly  e x c ited  grou n d  e lectro n ic  
s ta te  sp ec ies .

S ev era l im p o r ta n t  fa c ts  ca n  b e  in ferred  a b o u t th e  f(E) 
for th e  v ib ra tio n a lly  e x c ite d  C B 2  fro m  C D M C *  d e c o m p o ­
s itio n . F irst ; th e  la c k  o f s ig n ific a n t c is -tr a n s  iso m eriz a tio n  
in  1 4 7 -n m  p h o to ly se s  in d ic a te s  th a t  n ea rly  th e  to ta l f( E )  
lies b e low  (0 u n d er th e se  c o n d itio n s . T h e  th e r m o d y n a m ic s  
p re d icts  a m a x im u m  in tern a l en ergy , E, to  b e  d istr ib u te d  
o f  ~ 1 0 5  k cal m o l - 1 . U se  o f  th e  h ig h er -e n erg y  1 2 3 .6 -n m  
lin e  in creases th e  m a x im u m  E a n d  a p p a r e n tly  sh ifts  th e

(16) S. W. Benson and H. E. O'Neal, Nat. Bur. Stand. (U. S .) , R ef. D ata  
S y stem , NBS-21, (1970).

(17) M. C. Flowers and N. Jonathon, J. C h em . P h ys., 50, 2805 (1969).
(18) M. C. Lin and K. J. Laidler, Trans. F araday S o c . , 64, 94 (1968).
(19) G. M. Welder and R. A. Marcus, J. C h em . P h ys., 37, 1835 (1962).
(20) (a) R. A. Marcus and O. K. Rice, J. P hys. C ollcid  C h em ., 55, 894 

(1951); (b) R. A. Marcus, J. C h em . P h ys., 20, 352, 359 (1952); 
(c) ibid., 43, 2658 (1965).

(21) F. D. Rossini, "Selected Values of Physical and Thermochemical 
Properties of Hydrocarbons and Related Compounds," Carnegie 
Press, Pittsburgh, Pa., 1953.

(22) (a) W. A. Chupka and C. Lifschltz, J. C h em . P h ys., 48, 1109 
(1968). (b) Calculated using statistical mechanical equations. The 
torsions were considered low-trequency vibrations.

(23) (a) W. Braun, A. M. Bass, and M. Pilling, J. C h em . P h ys., 52, 5131 
(1970); (b) R. W. Carr, Jr., T. W. Eder, and M. G. Topor, ibid., 53, 
4716 (1970).

(24) G. Herzberg, "Electronic Spectra of Polyatomic Molecules," Van 
Nostrand, Princeton, N. J. 1967.

(25) J.T. Gary and L. W. Pickett, J. C h em . P h ys., 22, 599 (1954).
¡26) R. J. Cvetanovlc, P rogr. R ea c t . K inet., 2, 73 (1964).
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i(E) su ch  th a t a large p o rtio n  lies a b o v e  co sin ce  iso m e r i­
za tio n  is fo u n d .

A  secon d  restra in t on  th e  f (E) is th e  lim ita tio n  on  to ta l  
en ergy im p o se d  b y  th e  u n im o le c u la r  d e c o m p o sit io n  o f  
C B 2 * . V ib r a tio n a lly  e x c ite d  C B 2  ca n  u n d erg o  h yd rogen  
a to m  ru p tu re 27 as  d e p ic te d  in re a ctio n  19 . T h e  i act for  
th is  re a ctio n  is ~ 8 5  k ca l m o l - 1 . 27 O u r  e x p e r im e n ts  
sh o w ed  th a t  no d ecrease  in th e  q u a n tu m  y ie ld s  o f  C B 2  
a n d  T B 2  w as e v id e n t even  a t  0 .1  T o r r . S in c e  an  ex p er i­

m e n ta l d ecrease  in th e  y ie ld  o f  th e  b u te n e  c o u ld  be d e ­
te c te d  for > 1 5 %  u n im o le c u la r  d e c o m p o sit io n , th e  sh a p e  o f  
th e  f(E) m u s t  b e  su c h  th a t  th e  to ta l area w h ich  e x te n d s  
ab o v e  8 5  k ca l m o l 1 m u s t  p red ict < 1 5 %  u n im o le c u la r  d e ­
c o m p o sitio n  b y  H  a to m  ru p tu re . I t  is a p p a ren t th a t  an  e s ­
t im a te  o f  th e  u n im o le c u la r  d e c o m p o sit io n  for e a ch  trial 
{(E) is n e ed e d . T h e  p re d ic te d  p erce n ta g e s  o f  d e c o m p o si­
tio n  w ere c a lc u la te d  in  a m a n n e r  s im ila r  to  th e  c a lc u la ­
tio n s u sin g  eq  19. T h e  ks v a lu es  for C B 2  u n im o le c u la r  d e ­

c o m p o sitio n  w ere b a se d  on  th e  b e st m o d e ls  p resen ted  for  
th e  s im ila r  re a ctio n  o f  H  a to m  ru p tu re  fro m  p ro p en e 28 

(see  A p p e n d ix ) . T h e s e  p re d ic te d  d e c o m p o sit io n  v a lu e s  are 
o f  an  a p p ro x im a te  n a tu re  d u e  to  th is  e s tim a tio n  p ro c e ­
dure.

C B 2 *  — ► C H 3C H C H C H 2 +  H  (1 9 )

T h e  R R K M  b a se d  en ergy  p a r titio n in g  m o d e l o f  L in  a n d  
R a b in o v itc h 29 w as first e m p lo y e d  for th e  {(E). F or th is  
m o d el

N(E) "Z  P R(E+ - E )
{(E) =  ---------------~ --------------------------- ( 2 0 )

£  P+(E+)
E =  0

F or an  a c tiv a te d  c o m p le x  for C D M C  d e c o m p o sit io n , N(E) 
is th e  d en sity  o f  s ta te s  for th e  in tern a l d egrees o f  freed om  
th a t  w ill b e c o m e  C B 2  a n d  2 P r  is th e  su m  o f  s ta te s  (b e ­
tw een  th e  d e sig n a te d  en ergies) for th e  re m a in d er  o f  th e  
in tern a l d egrees o f  fre e d o m  o f  th e  c o m p le x . 2 P +  (n o r m a l­
iz a tio n  fa cto r) is th e  su m  o f  s ta te s  for th e  in tern a l degrees  
o f  fre ed o m  o f  th e  c o m p le x  h a v in g  e x ce ss  en ergy E+. T h e  
C D M C  a c tiv a te d  c o m p le x  w as a ssu m e d  to  be id en tic a l  
w ith  th e  m o le c u le 30 w ith  th e  8 9 0 -c m - 1  fre q u e n c y  ch o sen  
as a rea ctio n  c o o rd in a te . T h is  ch o ice  for th e  c o m p le x  an d  
th e  rea ctio n  c o o rd in a te  is n o t cr itic a l sin ce  th e  f (E) are  
ra th er in sen sitiv e  to  th e  c o m p le x  c h o sen . T h e  su m s  an d  
d en sities  w ere c o m p u te d  w ith  th e  sa m e  c o m p u te r  p ro ­

g ra m s u sed  to  c o m p u te  th e  ks in  (1 7 ) . E q u a tio n  20  is 
ofte n  u se d 6 to  d iscern  w h eth er th e  to ta l e x ce ss  en erg y  ( in ­
c lu d in g  e lectro n ic  en ergy ) is ■ s ta tis t ic a lly  p a r titio n e d  to  
th e  p ro d u c ts . T h e  s ta tis t ic a l m o d e l f (E) for rea ctio n  6 a (E 
= 142  k c a l m o l - 1 ) a n d  6 b  (E =  122  k ca l m o l - 1 ) are d is ­
p la y e d  as cu rve  A  a n d  cu rve  B  in  F igu re  2 . C u rv e  B  s a t is ­
fies th e  u n im o le c u la r  d e c o m p o sit io n  re stra in t s in ce  < 1 0 %  
d e c o m p o sit io n  is e x p e c te d  a t  0 .1  T o r r . O n  th e  o th er h a n d , 
th e v a lid ity  o f  cu rve  A  is m a rg in a l sin ce  2 1 %  u n im o le c u la r  
d e c o m p o sit io n  is p re d ic te d  a t  0 .1  T o r r . U s in g  eq  17 a n d  
s ta tis t ic a l cu rve  B  th e  p re d ic te d  C B 2 /T B 2  ra tio s , as  a  
fu n c tio n  o f  a> are d isp la y e d  in  F igu re  1 as cu rves A  a n d  B  
for th e  m o d e l 1  a n d  2  se ts  o f  feg. C u rv e  C  is th e  p red icted  
ra tio s for s ta tis t ic a l cu rve  A  a n d  th e  m o d e l 1 se t  o f  ks- 
T h e  u se  o f  th e  m o d e l 2 se t o f  fee w ith  curve A  g ives a s im ­
ilar curve to  th e  oth ers in  th a t  to o  sm a ll c is -tr a n s  ra tio s  
are p re d ic te d  a t  0 .1  T o rr  a n d  to o  large  o f  ra tio s are p re ­
d icted  a t  100  T o r r . I t  is a p p a r e n t th a t  th e  s ta tis t ic a l i(E)

Figure 2. Calculated distribution functions for the excess inter­
nal energy partitioned to CB2. Curve A and B are statistical dis­
tribution functions calculated from eq 20 with a total available 
internal energy of 142 and 122 kcal mol-1 , respectively. The 
remainder of the curves are exponential distribution functions 
calculated from eq 21 anc the parameters listed in Table I.

fa ils  b a d ly  for all ca ses . O n e  p o ss ib ility  is th a t  n o t all in ­
tern a l en ergies are a v a ila b le  for p a r titio n in g . C o m p u ta t io n  
w ise, th is  o c cu rren ce  ca n  b e  a p p r o x im a te d  b y  a llow in g  

less to ta l ex cess  en ergy  to  be  s ta tis t ic a lly  d istr ib u te d . 
M e r e ly  sh iftin g  th e  s ta tis t ic a l f (E) su c h  th a t  th e  m a x im a  
occu r a t even  low er en ergies s till fa ils  to  p re d ic t  th e  e x ­
p er im e n ta l ra tio s .

T h e  fo rm s o f  th e  {(E) n e ed e d  to  p re d ic t th e  e x p e r im e n ­
ta l c is -tr a n s  ra tio s w ere d e te r m in e d  b y  an  itera tiv e  c o m ­
p u te r  p ro cedu re  in  w h ich  tw o  se le c te d  fu n c tio n s  w ere v a r ­
ied  in e ffec tiv e  w id th . T h e  g a u ssia n  a n d  e x p o n e n tia l were  
ch o sen  as rep re se n ta tiv e  o f  e x p ec te d  ty p e  fu n c tio n s . It w ill 
be sh ow n  th a t , w ith in  th e  th e o r e tic a l fram ew ork  p re sen t­

ed  here, th e  tw o  co n stra in ts  o f  p re d ic tin g  th e  e x p e r im e n ­
ta l c is -tr a n s  ratios a n d  a c c o u n tin g  for th e  la ck  o f  
u n im o lec u la r  d e c o m p o sit io n  o f  C B 2  p u ts  q u ite  severe l im ­
ita tio n s  on  th e  {(E). T h e  m a th e m a t ic a l  fo rm  o f  th e  e x p o ­
n e n tia l a n d  g a u ssia n  f(jE) are given  as

KEI -
2  e x p (E /a) ( 2 1 )

a is a c o n sta n t go vern in g  th e  e ffec tiv e  w id th  o f  th e  fu n c ­
tio n s .

T h e  e x p o n e n tia l f (E )  th a t  b e st  p re d ic te d  th e  ex p eri­
m e n ta l ratios (w ith o u t regard  to  u n im o le c u la r  d e c o m p o si­
tio n ) are d isp la y e d  in  F igu re  2 . C u rv e s  D  a n d  E  are th e  
f (E )  for a to ta l in tern a l en ergy o f  1 42  (re a c tio n  6 a) a n d  
1 2 2  k ca l m o l - 1  (re a ctio n  6 b ) u sin g  th e  m o d e l 1  se t o f  ks- 
C u rve  F  is th e  {(E) for a to ta l in tern a l en ergy  o f  142  k cal 
m o l - 1  (re a c tio n  6 a ) a n d  u sin g  th e  m o d e l 2 se t o f  &£. W ith  
a  co n stra in t o f  1 2 2  k ca l m o l - 1  (rea ctio n  6 b ) , th e  e x p sri-

(27) E. Jakubowski, H. S. Sandhu, and O. P. Strausz, J. A m er . C hem . 
S o c . , 93, 2610 (1971).

(28) J. W. Simons, B. S. Rabinovitch, and F. H. Dorer, J. Phys. C h em ., 
70, 1076 (1966).

(29) Y. N. Lin and B. S. Rabinovitch, J. Phys. C h em ., 74, 1769 (1970)
(30) C. M. Richards and J. Rud Nielsen, J. Opt. S o c . A m er ., 40, 442 

(1950).
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Table I: Calculation Parameters

Figure Figure

Reac­
tion model a E b

1
desig­
nation

2
desig­
nation

Average0
energy E (<  fo)

3a 1 280 142 D D 77.5 0.37
3a 2 70 142 F F 94.0 0.22
3b 1 50 122 E E 84.0 0.23
3a 1 e 142 A A 107.0 0.0

3b 2 e 122 B B 91.5 0.02
3b 1 e 122 C B 91.5 0.02

a The a  value is for eq 21. b E  = excess internal energy to be distributed 
(kcal m ol-1) ■ c The mathematical values of the average energy are listed, 
although much of the practical meaning is lost for broad distribution func­
tions. rfThis value represents the fraction (relative to unity) of the distri­
bution function which was below «0 on the energy scale. e Equation 20 
was used for the f(t).

m e n ta l ra tio s co u ld  n o t be  p re d icte d  w ith  th e  m o d e l 2  set  
o f kg- T h e  p re d ic te d  th e o re tica l cu rves u sin g  cu rves D , E ,  
a n d  F  o f  F igu re  2 are sh ow n  as cu rves D , E , a n d  F , re ­

sp e c tiv e ly , in  F igu re 1. T a b le  I lists  a ll im p o r ta n t p a r a m e ­
ters a n d  th e r m o d y n a m ic  v a lu es . T h e  p re d ic te d  p e r c e n t­
ages o f  d e c o m p o sit io n  o f H  ru ptu re  w ere as fo llo w s: curve  
D , 1 9 % ; curve E , 9 % ;  a n d  cu rve  F , 3 5 % . H e n c e , curve F  
m u s t be  e lim in a te d  a n d  cu rve  D  is o f  q u e stio n a b le  v a lid i­
ty . I t  is a p p a r e n t fro m  th e  e lim in a tio n  o f  cu rve  F  th a t  the  
m o d e l 2  se t o f  kg c a n n o t p re d ict th e  e x p e r im e n ta l ratios  
w ith  th e  e x p o n e n tia l f{E).

I f  th e  m o d e l 1 se t o f kg are a c c e p te d , th e  m o s t  s ig n ifi­
c a n t fea tu res  o f  th e  co rresp on d in g  cu rves D  a n d  E  are 
th e ir  ex tre m e  b ro a d n e ss . It sh o u ld  be n o te d  fro m  T a b le  I 
th a t  2 0 - 4 0 %  o f  th e  to ta l area e x te n d s  b e lo w  th e  critical 
en ergy  for iso m e r iz a tio n . T h is  w as th e  m o s t  d o m in a n t  fe a ­
tu re o f  th e  c a lc u la tio n s . S in c e  th e  fra c tio n  o f f (E) b e low  f 0 

rep resen ts C B 2 *  w h ich  c a n n o t iso m erize , th e  gross e ffec t  
o f  in crea sin g  or d ec rea sin g  th is  fractio n  w as to  ra ise  or 
low er th e  C B 2 /T B 2  ra tio  sca le . E n o u g h  area  o f  th e  f (E) 
m u s t lie  b e lo w  c0 to  raise th e  th eo retica l C B 2 /T B 2  ratio  
to  f it  th e  e x p e r im e n ta l ra tio s a t  0 .1  T o rr . T h e  use  o f  th e  
s ta tis t ic a l f (E) is an  e x a m p le  o f  th e  th e o re tica l fit i f  no  
p ercen ta g e  o f th e  f{E) lies b e low  to- T h e  in c lu sio n  o f  area  
o f  th e  f (E) b e lo w  eo resu lted  in a d a m p e n in g  e ffe c t  on  th e  
se n sitiv ity  o f  th e  c a lc u la tio n s  to  th e  e x a c t fo rm  o f  th e  
f(E). T h e  e x p o n e n tia l f{E) p ro ved  to  be o f  m o re  general 
u se . T h e  g a u ssia n  f (E) w orked  as w ell as th e  e x p o n e n tia l  
f (E) a t  h igh  en ergies ( ~ 1 4 2  k ca l m o h 1) b u t  fa ile d  a t  
low er en ergies. A t  th ese  h igh  en ergies an  f (E )  w h ich  is 
n ea rly  a c o n sta n t fu n c tio n  o f  en ergy , for e x a m p le , curve  
D , is n e ed e d  a n d  th e  d ifferen ce  b e tw ee n  a b ro a d  g a u ssian  
a n d  a b ro a d  e x p o n e n tia l is m in im a l. F or e x a m p le , curve D  

o f  F igu re 1  is n e a r ly  e x a c tly  rep ro d u c ed  b y  an  e x tre m ely  
b ro a d  g a u ssia n  w ith  an  Emp o f  110  k ca l m o h 1  a n d  a a 
v a lu e  o f  105 . It sh o u ld  be n o ted  th a t cu rves D  a n d  E  are 
b a se d  on  th e  m a x im u m  in tern a l en ergy  a v a ila b le  for re a c ­
tio n  6 a or 6 b . I f  th e  d e c o m p o sit io n  p ro cess c h a n n e ls  e n er­
g y  in to  tra n sla tio n  or o v era ll ro ta tio n s o f  th e  p ro d u c ts , th e  
E v a lu es  w o u ld  b e  less th a n  th e  m a x im u m  a v a ila b le . In  
th is  case  cu rves D  a n d  E  o f  F igu re 2 w ou ld  m e re ly  rep re­
se n t th e  fo rm  o f  th e  f (E). T h is  in terestin g  fea tu re  orig i­

n a te s  fro m  th e  fa c t  th a t  th e  e x p e r im e n ta l ra tio s  are n o t  
p re d ic te d  b y  a u n iq u e  e x p o n e n tia l f (E). In  fa c t , a  se t o f  
a d e q u a te  e x p o n e n tia l f (E) ca n  be g e n e ra te d , as a fu n c tio n  
o f  to ta l en ergy  E, fro m  a p p ro x im a te ly  E =  1 1 0 -1 4 0  k cal 
m o l- 1 . T h e  E = 140  va lu e  is an  e x tre m e  u p p e r lim it  due

to  th e  u n im o le c u la r  d e c o m p o sit io n  a r g u m e n ts  p resen ted  
earlier. A  m o re  e x a c t th e o re tica l fit  o f  th e  e x p e r im e n ta l  
C B 2 /T B 2  ra tio s th a n  sh ow n  w ou ld  requ ire  a m o re  e la b o ­
rate  f (E) th a n  th e  s im p le  e x p o n e n tia l fo rm s u se d  here. 
S in c e  Umax is n o t u n iq u e ly  k n ow n , it  is p o in tle ss  to  p u r ­
sue a “ b e tte r ”  d istr ib u tio n  fu n c tio n  u sin g  th e  p re sen t  
d a ta  a lo n e.

T h e  a n a ly se s  a n d  ca lc u la tio n s  are b a sed  on  th e  u n it  
d e a c tiv a tio n  a ssu m p tio n  in h eren t in  eq  17. In  an  e ffort to  
e s tim a te  th e  error in co rp orated  b y  th is  a ss u m p tio n , a s im ­

ple ste p la d d e r  d e a c tiv a tio n  m o d e l31 w as e m p lo y e d  w ith  
o n ly  rea ctio n s 7 a n d  9  co n sid ered . T h e  m o d e l h a s  b een  
d esc rib e d  p re v io u sly 31 an d  b a sic a lly  a llo w s each  co llisio n  
to  rem o v e  fro m  an  e x c ite d  m o le cu le  a sp ec ifie d  c o n sta n t  
a m o u n t o f  e n erg y . T h e  resu lts  sh o w ed  th a t  for th e  b ro a d  
f (E) su ch  as cu rves D  a n d  F  o f F igu re 2 , th e  p re d icted  
C B 2 /T B 2  ra tio s are a lm o st to ta lly  d o m in a te d  b y  th e  
b r e a d th  o f th e  f (E) fu n ctio n  a n d  c o llis io n a l d e a c tiv a tio n  
( > 4  k ca l per co llis io n ) h as litt le  e ffec t.

F ro m  an  R R K M  tr e a tm e n t o f  th e  C B 2 /T B 2  pressure  
d ep e n d e n c e  u sin g  a m o d e ra te ly  loose m o d e l a n d  th e  a s ­
su m p tio n  th a t  2 -b u te n e  is p ro d u ced  in  a v ib ra tio n a lly  e x ­
c ited  e lectro n ic  grou n d  s ta te , it  m a y  be c o n c lu d e d  th a t  
a b o u t 2 0 %  o f  th e  b u te n e s  are fo rm e d  w ith  less th a n  62  
k c a l m o l - 1 , 3 0 %  w ith  energies b e tw ee n  6 2  a n d  85  k cal 
m o l - 1 , a n d  th e  re m a in in g  5 0 %  w ith  en ergies g reater th a n  
85  k cal m o l - 1 . T h e  e x a c t sh a p e  o f  th e  d istr ib u tio n  fu n c ­
tio n  o f  th e  en ergy  o f  th e  b u ten e s , h ow ever, c a n n o t be d e ­

te rm in e d  fro m  our d a ta .

S u m m a r y

C B 2  p ro d u c ed  fro m  C D M C  at 165 a n d  147  n m  d oes n o t  
iso m erize  a n d  u n d ergo es in c o m p le te  iso m eriz a tio n  a t  
1 2 3 .6  n m  in sp ite  o f  p o te n tia lly  large en ergies in ex cess  o f  
th e  a c tiv a tio n  en ergy a t  e a ch  w a v e len g th . T h e  C B 2  p ro ­
d u ce d  a t all three w a v e len g th s u n d ergo es n o o b serv a b le  
d isso c ia tio n  a t  p ressu res as low  as 0 .1  T o r r . T h e s e  fea tu res  
are co u p le d  w ith  a R R K M  tr e a tm e n t o f  th e  p ressu re  d e ­
p en d e n c e  o f  C B 2  iso m eriza tio n  at 1 2 3 .6  n m  to  p ro vid e  a 
q u a lita tiv e  p ictu re  o f  th e  en ergy carried  b y  th e  C B 2  as it 
is p ro d u c ed  in  th e p h o to ly sis  o f  C D M C . A  q u a n tita tiv e  in ­
terp reta tio n  is p re c lu d ed  b y  th e  c o m p le x ity  o f  th e  sy s te m  
a n d  th e  d istr ib u tio n  o f  en ergy  to  C B 2  m a y  o n ly  be e s ti ­
m a te d .
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v e rsity  for th e  gen erou s loan  o f  co m p u te r  p ro g ra m s.

Appendix

T h e  grou p ed  m o le c u la r  C B 2  fre q u e n cie s30 w ere 2 9 7 6 (8 ) ,  
1 6 7 0 (1 ) , 1 4 3 3 (7 ) , 1 1 9 6 (2 ) , 9 8 0 (6 ) , 6 2 2 ( 2 ) , 3 9 6 (1 ) , a n d  
2 7 9 ( 3 ) . T h e  L in  a n d  L a id le r 18  C B 2  c is -t r a n s  iso m eriza tio n  
c o m p le x  freq u en cies  w ere 2 9 8 0 (8 ) , 1 6 7 2 (1 ) , 1 4 5 2 (5 ) , 
1 3 4 0 (3 ) , 1 0 0 0 (7 ) , 3 0 4 (3 ) , a n d  1 3 1 (2 ) . T h e  W e id e r  a n d  M a r ­
c u s 19  C B 2  c is -tr a n s  iso m eriza tio n  c o m p le x  freq u en cies  
w ere 3 0 0 0 (8 ) , 1 3 8 5 (7 ) , 1 1 5 4 (5 ) , 9 2 4 ( 3 ) , a n d  2 3 0 ( 3 ) . T h e se  
freq u en cies  p r e d ic t18 an  t0 fa cto r  o f  6 2 .6  a n d  6 1 .8  k cal 
m o l - 1  for th e  fo rm er m o d e l 1  an d  la tte r  m o d e l 2 , re sp ec ­
t iv e ly . H a r m o n ic  o sc illa to r  m o d e ls 14 w ere u sed  to  e v a lu a te  
th e  su m s  an d  d en sitie s  o f  s ta te s  for th e  R R K M  e q u a tio n s .

(31) (a) D. W. Setser and J. C. Hassler, J. P h ys. C hem .. 71, 1364
(1967); (b) G. H. Kohlmaier and B. S. Rabinovltch, J. C h em .
Phys., 38, 1962 (1963).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o i. 77, N o . 6 . 1 9 7 3



T h e  R R K M  c a lc u la tio n s  w ere p erfo rm ed  u sin g  an  e x a c t  
co u n t c a lc u la tio n  for th e  su m  o f  s ta te s  a t  low  E+. T h e  
H a a r h o ff  a p p ro x im a tio n 32 w as u sed  for th e  d e n sity  o f  
sta te s  o f  th e  m o le c u le  a n d  th e  su m  o f s ta te s  a t  h igh  E+ 
v a lu e s . T h e  m o m e n ts  o f  in ertia  for th e  c o m p le x  a n d  m o le ­
cule w ere a ssu m e d  id e n tic a l. A ll  o v era ll ro ta tio n s w ere a s ­

su m e d  a d ia b a tic . A  re a ctio n  p a th  d eg en e ra cy  o f  2 w as e m ­
p lo y e d .

Formation of Primary Yields of OH and eaq

T h e  m o d e l for u n im o le c u la r  d e c o m p o sit io n  o f  C B 2  b y  
h yd rogen  a to m  ru p tu re  w as a p p ro x im a te d  b y  a d d in g  id e n ­
tic a l freq u en cies  ch a ra cte ristic  o f  a m e th y l grou p  to  b o th  
th e  c o m p le x  a n d  m o le c u le  for p ro p en e  u n im o le c u la r  d e ­
c o m p o sitio n  b y  h yd rogen  ru p tu re .28 T h e  to w as ta k en  as 
85  k ca l m o l 1  a n d  a rea ctio n  p a th  d eg en e ra cy  o f  6  w as  
u se d .

(32) P. C. Haarhoff, J. M ol. P n ys., 6, 337 (1963); 7, 101 (1963).
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S t u d i e s  o n  t h e  F o r m a t i o n  o f  P r i m a r y  Y i e l d s  o f  H y d r o x y l  R a d i c a l  a n d  H y d r a t e d  E l e c t r o n  

i n  t h e  7 - R a d i o l y s i s  o f  W a t e r

Z. D. Draganic and I. G. Draganic*

B oris K idrit Institute o f  N u clea r S c ie n c e s . B elgra d e. Yugoslavia  (R e c e iv e d  A u g u st 21. 1372)

T h e  fo rm a tio n  o f  G o h  a n d  G e a q  w as s tu d ie d  in  7 -irra d ia te d  a q u eo u s so lu tio n s c o n ta in in g  se le cted  
m ix tu r e s  o f  sca v en g ers  for b o th  o x id iz in g  a n d  re d u cin g  p rim a ry  ra d ica l p ro d u c ts  o f  w ater d e c o m p o sit io n . 
V a rio u s  a ssu m p tio n s  b a se d  on  th e  fre e -ra d ic a l m o d e l o f  w ater ra d io ly sis  w ere e x p e r im e n ta lly  te s te d . It  
h as b e e n  sh ow n  th a t  e ffic ie n t sc a v e n g in g  o f eaq in creases n o t o n ly  G eaq b u t  a lso  G0H , b y  red u cin g  
th e  e x te n t o f  w a ter re -fo r m a tio n  a n d  lea v in g  m o re  O H  ra d ica ls  for oth er re a c tio n s . S im ila r ly , th e  re m o v a l  
o f  O H  lea d s n o t o n ly  to  an  in crease in G o h  b u t  a lso  in  G eaq . U n ify in g  cu rves w ere o b ta in e d  for th e  d e ­
p en d e n c e  o f  o b serv e d  fra c tio n a l c h a n g e s , G /G ° ,  on  rea ctiv itie s . T h e  re su lts  o b ta in e d  for so lu tio n s c o n ­
ta in in g  s im u lta n e o u s ly  larger a m o u n ts  o f  sca v en g ers  for b o th  th e  h y d ro x y l ra d ic a l a n d  h y d ra te d  e lectron  
f it  th e  u n ify in g  cu rv es  w ell a n d  p o in t o u t th a t  th e  seco n d a ry  sp u r rea ctio n s are e x c e p tio n s  even  a t  re a c ­
tiv itie s  u p  to  a b o u t  10 10 s e c ^ 1 . I t  h a s  b e e n  fo u n d  th a t  th e  y ie ld  o f  w a ter d e c o m p o sit io n  in creases w ith  re ­
a c tiv ity . T h e  v a lu e s  o f  G ( - H 2 0 ) , c a lc u la te d  a c co rd in g  to  th e  e q u a tio n  o f  m a te r ia l b a la n c e  b o th  fro m  th e  
p rim a ry  o x id iz in g  a n d  re d u cin g  y ie ld s , agree w ell u p  to  th e  re a c tiv ity  o f  109 sec  1 . A t  larger rea ctiv ities  
th e  w ater d e c o m p o sit io n  y ie ld s  c a lc u la te d  fro m  th e  y ie ld s  o f  p r im a ry  red u cin g  sp ec ies  are low er a n d  p o s ­
sib le  rea so n s for th is  are co n sid ered . A  s u m m a r y  o f  th e  re a c tiv ity  in flu en c e  on  a ll p r im a ry  fre e -ra d ic a l  
a n d  m o le c u la r  y ie ld s  o f  w ater 7 -ra d io ly sis  is g iven .

Introduction

T h e  u se  o f  h ig h er so lu te  c o n c e n tra tio n s , e.g., in  
stu d y in g  ea rly  e v e n ts  in th e  ra d io ly sis  o f  w ater or aq u eo u s  
so lu tio n s , requ ires th e  k n o w led g e  o f  p r im a ry  fre e -ra d ic a l  
y ie ld s  ( G (R ) )  a t  h ig h er re a c tiv itie s , c R =  kR{ s [S ] , in  re ­

c ip roca l se c o n d s . H e re , R  is H , O H , or eaq~ ,  S  is th e  s c a v ­
enger co n c e n tra tio n  in  M  a n d  kR+s th e  co rresp o n d in g  rate  
c o n sta n t in  M - 1  s e c - 1 . O u r  p resen t k n o w led g e  o f  G (R )  is, 
h ow ever, m a in ly  b a se d  on  e x p e r im e n ts  w ith  d ilu te  so lu ­
tio n s . 1 T h e o r e tic a l co n sid era tio n s o f  th e  sp u r m o d e l2-4 

p re d ic t an  in crease  o f  G (R )  w ith  in crea sin g  re a c tiv ity  
to w a rd  R  b e c a u se  o f  ra d ic a l re m o v a l fro m  th e  p la c e s  o f  lo ­
ca lize d  en erg y  d e p o sitio n s . E x p e r im e n ta l v e r ific a tio n  ca n  
b e  b a se d  on  th e  m e a su r e m e n t o f  th e  fre e -ra d ic a l or sta b le  
p ro d u c t y ie ld s  a t  in crea sin g  sca v e n g e r c o n c e n tra tio n s  in  
th e  rea ctio n s

S  +  e aq' — —  P A (A )

R H  +  O H  — R b +  H 20  — ► P B (B )

w here S  a n d  R H  are th e  ap p ro p ria te  sc a v e n g e rs , R A a n d

R b  th e  sh o r t-liv e d  in te r m e d ia te s , a n d  P A a n d  P B th e  c o r ­
re sp o n d in g  sta b le  p ro d u c ts . H o w e v e r , o n ly  sca rce  in fo r m a ­
tio n  ca n  b e  fo u n d  in th e  lite ra tu r e ; th e  ra d io ly s is  o f  c o n ­
c e n tra ted  so lu tio n s8-7 p ro vid es so m e  d a ta ; re la tiv e  v a lu es  
o f  G e*aq - , ob served  a t  n a n o - a n d  p ic o se c o n d  sca le  in  
p u lsed  electro n  b e a m  e x p e r im e n ts , h av e  re c e n tly  b een  re ­
p orted  for v a rio u s sca ven gers a t  larger c o n c e n tr a tio n s .8 ’9 

A ls o , so m e  s y s te m a tic  s tu d ie s  in a re la tiv e ly  l im ite d  range  
o f  re a c tiv itie s  w ere rep orted  c o n ce rn in g  th e  d ep e n d e n c e  o f

(1) I. G. Draganic and Z. D. Draganic, “The Radiation Chemistry of 
Water," Academic Press, New York, N. Y., 1971.

(2) A. H. Samuel and J. L. Magee, J. C h em . P h ys ., 21, 1080 (1953).
(3) A. Kuppermann in “ Radiation Research 1966," G. Silini, Ed., North- 

Holland Publishing Co., Amsterdam, 1967, p 212.
(4) H. A. Schwarz, J. P hys. C h em ., 73, 1928 (1969).
(5) M. F. Hecquet, J. C. Roux, G. N. Simonotf, and J. Sutton, Int. J. 

Radiat. Phys. C h em .. 1, 529 (1969).
(6) Ch. Baquey, J. C. Roux, and J. Sutton, J. Phys. C h em ., 74, 4210 

(1970).
(7) B. Hickel, Report No. CEA-R-4046, 1970.
(8) (a) E. Peled and G. Czapski, J. P hys. C h em .. 75, 3626 (1971); ¡b) 

G. W. Buxton, P roc . R oy. S o c .. S er . A, 328, 9 (1972).
(9) R. K. Wolff, M. J. Brcnskill, and J. W. Hunt, J. C h em . P hys.. 53, 

4211 (1970); J. E. Aldrich, M. J. Bronskill, R. K. Wolff, and J. W. 
Hunt, ibid., 55, 530 (1971).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 77, N o . 6 , 1 9 7 3



7 6 6 Z . D . D r a g a n ic  a n d  I. G . D r a g a n ic

Goh on the reactivity toward OH10 and of G eaq“  on 
the reactivity toward eaq-  ,811-15 

Another aspect of the G (R )  dependence on reactivity is 
even neglected in the current experimental approaches. 
According to the free-radical model of water radiolysis, an 
efficient removal of e6q~ (eq A) should not only increase 
G ( P a ) = G eaq but also G ( P „ )  =  G 0H (eq B ) .  The 
reason is that more OH species should remain for reaction 
B because of the depression of water re-formation

eaq" +  OH — OH“ (C)

and the consequences on other primary reactions
eaq“ + H30 + —  H + H20  (D)

2 H , 0

e aq~ +  eaq“ H 2 +  2 0 H “  (E )

eaq“ +  H H2 +  OH“ (F)

H +  H — H2 (G)

OH +  OH —  H20 2 (H)

OH +  H — H20  (I)

Similarly, an efficient removal of OH (eq B) should not 
only increase G ( P B) =  G o h  but also G ( P A) =  G eaq-  
(eq A). At present, we are lacking direct experimental evi­
dence that the primary yields of eaq~ and OH actually de­
pend on the concentrations of both eaq~ and OH scaven­
gers. An indirect proof is given in our previous studies on 
the formation o f primary hydrogen atom yield (eq D )16 
and on the origin of the primary molecular product yields 
(eq E -H )P 7’18 These results show that the primary mo­
lecular yields depend on the presence of scavengers for 
both primary reducing and oxidizing radicals, as assumed 
above. The purpose of the present work is a direct experi­
mental verification by measuring the products formed in 
reactions A and B. Sodium formate, ethanol, 2-propanol, 
nitrate, cadmium, and perchloric acid were used as 
RH and ' S; their radiation behavior is well estab- 
lished5 -8,10,11,19-21 an(j the radiolytic products, CO2, 
(CH3)2CO, N 0 2 , and H2, can be determined with good ac­
curacy. In choosing the scavengers of eaq-  we also took into 
account Hamill’s22 and Hunt and coworkers9 observations 
on their possible reactions with the precursor of the hydrat­
ed electron. We have used the nitrate and cadmium ions, 
which apparently react efficiently with both species, and 
perchloric acid where the hydrogen ion reacts with eaq~ 
only. Also some measurements were made on solutions con- 
taming various amounts of glycine or alanine, substances 
known as poor eaq~ scavengers but, apparently, efficient 
in reacting with its precursor.8a-9

As in our preceding experiments on the formation of 
primary yields, in studying reactions A and B we often 
had the simultaneous presence o f larger amounts of scav­
engers for both primary oxidizing and reducing species. 
This made the working conditions deliberately more com ­
plex than those in other studies on the formation of 
G e-a c and G 0 h ; the reason was to check our previous 
finding that the secondary spur reactions of radicals with 
products of radical-solute scavenging reactions are rather 
exceptions even at reactivities up to about 1010 sec-1 .

One would expect that the use of higher solute concen­
trations, and the depression of water re-forming reactions 
(eq C and I), should lead to an increase in water decom­
position yield, G ( -H 20 ) , with increasing reactivities. The 
data presented here confirm this assumption.

Experim ental Section

A ll  th e  c h e m ic a ls  u se d  w ere B D H  or M e r c k  p ro d u c ts  o f  
th e  h ig h est p u rity  a v a ila b le . T h e y  w ere n o t su b je c te d  to  
a d d itio n a l p u rifica tio n  e x c e p t for th e  so d iu m  fo rm a te , 
w h ich  w as re cry sta llized  b efore  u se . T h e  p u rific a tio n  o f  
w ater a n d  sa m p le  p re p a ra tio n  w ere ca rried  o u t b y  s ta n ­
dard p ro ced u res p re v io u sly  d e sc r ib e d .16 -18  D e a e ra te d  s o lu ­
tio n s w ere u sed  in th e  G (P A) m e a su r e m e n ts . O x y g e n  w as  
p re sen t, 1 X  1 0 ~ 4 M, in  so lu tio n s w here G ( P B) w as d e te r ­
m in e d .

Irra d ia tio n s w ere carried  o u t u sin g  a 3 0 0 0  C i (n o m in a l)  
ra d io a ctiv e  c o b a lt  sou rce . A b so r b e d  d oses v a rie d  fro m  2 x  
101 7  to  7 X  10 17  e V  g - 1 . W h e r e  n e ce ssa ry , th e  co rrection s  
w ere a p p lie d  for th e  electro n  d en sity  o f  th e  so lu tio n  s tu d ­
ied .

G a s  c h r o m a to g ra p h y  w as u sed  for C 0 2 a n d  H 2 d e te r m i­
n a t io n s ;23 th e  a c c u ra c y  o f  y ie ld  m e a su r e m e n ts  w as h igh er  
th a n  to  ± 3  a n d  ± 2 % ,  re sp ec tiv e ly . S p e c ia l a tte n tio n  w as  
p a id  to  th e  b la n k  correction s in C 0 2 m e a s u r e m e n ts . T o  
m in im iz e  th e  b la n k s , th e  p H  o f th e  so lu tio n s w as a d ju ste d  
to  a b o u t  6  w ith  p erch loric  a c id . In  gen era l, e ig h t a m p o u le s  
w ere p rep a red  as a series b u t  th ree  o f  th e m  w ere n o t  irra­
d ia te d  a n d  th e ir  C 0 2 c o n te n t w as p lo tte d  a t  th e  zero  dose  
o f  th e  d osa g e  cu rve .

N itr ite  w a s d eterm in e d  sp e c tro p h o to m e tr ic a lly  b y  th e  
m e th o d  d esc rib e d  b y  R id er a n d  M e l lo n ;24 th e  m o la r  e x ­
tin c tio n  co e ffic ie n t w as 5 3 ,0 0 0  M - 1  c m - 1  a t  5 4 0  n m  a n d  
2 4 ° . A fte r  a m o d ific a tio n , th e  s ta b ility  o f  co lo red  c o m ­
p o u n d  w as im p ro v e d  a n d  th e  p resen ce  o f  oth er so lu te s  d id  
n ot in terfere  ev en  in m o la r  c o n c e n tra tio n s . T h e  a c c u ra c y  
w as h ig h er th a n  ± 3 % .

A c e to n e  w as d e te r m in e d  sp e c tr o p h o to m e tr ic a lly .25 T h e  
m o la r  e x tin c tio n  c o effic ie n t w as fo u n d  to  b e  1 7 ,7 0 0  M 1 
c m - 1  a t  4 7 4  n m  a n d  2 4 ° . S p e c ia l a tte n tio n  h a d  to  b e  p a id  
to  th e  b la n k s ; th e  a c c u ra c y  o f  m e a su r e m e n ts  w as h igh er  
th a n  ± 5 % .  T h e  p resen ce  o f  0 .2 5  M  so d iu m  n itra te  a n d /o r  
1 M  2 -p ro p a n o l d id  n o t in terfere .

Results

T a b le  I  su m m a r iz e s  th e  y ie ld s  o f  th e  n itrite  ion  m e a ­
sured  in irra d ia ted  n eu tra l so lu tio n s c o n ta in in g  va rio u s  
co n ce n tra tio n s o f  so d iu m  n itra te  as e aq_  sca v e n g e r a n d  
d iffe re n t R H  ( H C O O N a , C H 3C H 2O H , or ( C H 3) 2C H O H )  
as h y d ro x y l ra d ica l sca v e n g e rs . T h e  fo rm a tio n  o f  n itrite  is 
a ttr ib u te d  to  th e  fo llo w in g  re a c tio n s .5-7  ’1:1 -19-2 1

N O 3“  +  e aq“ — N 0 32“ ( 1 )

(10) I. Draganic, M. Nenadovic, and Z. Draganic, J. Phys. C h em ., 73, 
2564(1969).

(11) J. T. Allan, J. Phys. C h em ., 68, 2697 (1964).
(12) J. C. Russell and G. R. Freeman, J. C h em . P hys.. 48, 90 (1968).
(13) F. S. Dainton and S. R. Logan. Trans. F araday S o c ., 61, 715 

(1965).
(14) T. I. Balkas, J. FI. Fendler, and R. FI. Schuler, J. Phys. C h em ., 74, 

4497 (1970).
(15) J. T. Allan and C. M. Beck, J. A m er . C h em . S o c ., 86, 1483 (1964).
(16) Z. Draganic and I. Draganic, J. Phys. C h em ., 76. 2733 (1972).
(17) Z. Draganic and I. Draganic, J. Phys. C h em ., 73. 2571 (1969).
(18) Z. Draganic and I. Draganic, J. Phys. C h em ., 75. 3950 (1971).
(19) M. Daniels and E. E. Wigg, J. Phys. C h em ., 73, 3703 (1969); M. 

Daniels, ibid., 73, 3710 (1969).
(20) M. Ottolenghi and J. Rabanl, J. Phys. C h em ., 72, 593 (1968).
(21) M. Gràtzel, A. Fienglein, and S. Taniguchi, B er. B u n s en g es . Phys. 

C h em .. 74, 292 (1970).
(22) W. H. Hamlll, J. Phys. C h em ., 73, 1341 (1969); P. L. T. Bevan and 

W. FI. Hamlll, Trans. F araday S o c . , 66, 2533 (1970); T. Sawai and 
W. H. Hamill, J. C h em . P hys., 52, 3843 (1970); 74, 3914 (1970).

(23) Lj. Petkovic, M. Kosanlc, and I. Draganic, Bull. B oris Kidrih Inst. 
Nucl. S ci., 15, 9 (1964).

(24) B. Rider and M. G. Mellon, Ind. Eng. C h em ., Anal. Ed., 18, 96 
(1946).

(25) S. Berntsson, Anal. C h em ., 28, 1337 (1956).
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F o r m a t io n  o f  P r im a r y  Y ie ld s  o f  O H  a n d  e ; 7 6 7aq

TABLE I: Yields of Nitrite Ion Measured in Deaerated, Neutral, Aqueous Solutions Containing Various Concentrations of NaN03  and 
Efficient Scavengers for OHa

Scavenger for OH, M

G (N 02 ■ ) measured in the presence of NaN03, M

2.5 X  10 - 4 2.5 X  10 ~3 2.5 X 10- 2 0.25 1.0

H CO O N a
5 X  1 0 - 3 2.70
5 X  1 0 - 2 2.60 2.84 3.19 3.76 (0.10)
0.1 2.89 3.85 (0.05)
0 .2 4.27 (0.10)
0.5 2.94 3.89
1 .0 3.08 3.45 4.10 4.40

C H 3C H 2OH
0.068 2.75
1.37 2.96 3.91 (0.06)

(CH 3)2CHO H
0.043 3.12 (0.12)
0 . 8 6 3.30 4.43 (0.11)
0 . 8 6 4.50 (0.10 ) 6

“ The values in the parentheses concern the contribution of H atoms to the nitrite formation, calculated as Gh /(1 +  /(6[RH//<5[N0 3 ])] (see eq 7) 
and expressed in G units. 0 Concentration of NaN03 =  2.0 M.

TABLE II: Yields of Nitrite Ions Measured in Deaerated, Neutral, 
Aqueous Solutions of Sodium Nitrate Containing Various 
Amounts of Cadmium or Amino Acids

Solute, M NaN03,“ M G (N02“)

0.025 3.19
0.25 3.80
1 .0 4.17

C d 2 +
0 .0 1 0.025 3.45
0.1 0.25 4.00
0.4 1 .0 4.22
1 .0 1 .0 4.21

Alanine
0.1 0.025 3.15
1 .0 0.025 2.52

Glycine
0.1 0.025 3.17
1 .0 0.025 2.87
2 .0 0.025 2.24
3.0 0.025 2 . 1 0
1 .0 0.25 3.65
2 .0 0.25 3.56
3.0 0.25 3.23

“ All solutions contained sodium formate. The concentrations were 
0.05, 0.1, and 0.2 M for 0.025, and 1.0 M NaN03, respectively.

N 0 32'  +  H sO + — - H N O s "  +  H 20 — *- N 0 2 +  O H  (2 )

R H  +  O H  — H 20  +  R  (3 )

R  +  N 0 2 —  N 0 2'  +  H + +  P  (4 )

N 0 3"  +  H  —  H N 0 3“ —  N 0 2 +  O H “  (5 )

R H  +  H  — H 2 +  R  ( 6 )

T h e  ra te  e q u a tio n  for n itrite  p ro d u c tio n

G ( N O , - ) - G . „ + 1  +  t ) [ R « /» >[ N o , - ]  ( h

show s th a t  in ce rta in  ca ses th e  co n tr ib u tio n  o f  H  a to m s  to  
the n itr ite  p ro d u c tio n  sh o u ld  be ta k e n  in to  a c c o u n t. T h e  
v a lu es  o f  k5 a n d  ke are k n o w n  a n d  th e se  co rrection s are

re lia b ly  c a lc u la te d ; as ca n  be seen  fro m  th e  v a lu e s  given  
in  th e  p aren th eses  in T a b le  I , th e y  are n o t sig n ific a n t. 
N e v e rth e le ss , th ere  m ig h t  b e  a lim ita tio n  in u sin g  eq  7 in  
the GeHQ-  c a lc u la tio n s . A c c o rd in g  to  p ico seco n d  p u lse  
ra d io lysis  s tu d y , 9 th e  o b serv ed  re la tiv e  y ie ld s  o f  e aq~ d e ­
crease w ith  in creasin g  co n c e n tra tio n  o f  n itra te . T h is  has  
b een  a ttr ib u te d  to  a re a ctio n  o f  N 0 3 ~ w ith  a precu rsor o f  
th e  h y d ra te d  e lectro n , a p p a ren tly  a lo w -e n erg y  e lectron  
th a t  rea cts prior to  so lv a tio n . N o th in g  h a s  b e e n  reported  
a b o u t th e  p ro d u c t o f  th is  rea ctio n . A c c o rd in g  to  esr s tu d ­
ies o f  irrad ia ted  aq u eo u s g la sse s ,26 th is  c o u ld  a lso  b e  th e  
ra d ica l ion N 0 32 _  an d  th e  n itrite  y ie ld  w o u ld  b e  th en  a 
m ea su re  o f  b o th  h y d r a te d  e lectro n  a n d  its p recu rsor.

T a b le  II sh ow s h ow  th e  y ie ld s  o f  n itrite  fo rm a tio n  are  
a ffec te d  b y  th e  so lu tes  th a t  are a ssu m e d  to  re a ct d iffe r­
e n tly  tow ard  e aq~ a n d  its p recu rsor. W h e n  c a d m iu m  is 
u sed  at larger c o n c e n tra tio n s  in th e  p resen ce  o f  n itrate  
ion , th e  rea ctio n  C d 2 +  +  H  ca n  b e  n e g le c te d  b e ca u se  o f  
th e  low  ra te  c o n sta n t ( < 1 0 5 M _1  s e c - 1 ) , 27 so  th a t  we have  
on ly

C d 2+ +  e aq" ------ ► C d + (8 )

C d + +  N 0 3“ — ► NOa2“ +  C d 2+ (9 )

A c tu a lly , it  can  b e  se en  th a t  th e  m e a su red  n itrite  y ield s  
are in creasin g  w ith  c a d m iu m  c o n c e n tra tio n . In  th e  p res­
en ce o f  a la n in e  or g ly cin e  th e y  are s ig n ific a n tly  low ered .

A n  e ffic ie n t co n versio n  o f  th e  h y d r a te d  e lectro n  to  th e  
h yd rogen  a to m  (eq  D )  ta k e s  p la c e  in th e  p resen ce  o f  p er ­
ch loric  a c id  an d  H  a to m s  d isa p p ea r  in  rea ctio n  6 . T h e  
y ie ld  o f  m o le c u la r  h yd rogen  co rresp o n d s to

G (H 2) =  G e - +  G h +  G h ( 1 0 )
aq i

an d  ca n  b e  u sed  as a m e a su re  o f  G 6aq~ . T a b le  III rep re ­
sen ts G ( H 2 ) m e a su red  in  so lu tio n s c o n ta in in g  v a rio u s c o n ­
c e n tra tio n s o f  p erch loric  a c id  as e aq~ sca v e n g e r a n d  e tn a -  
nol as O H  an d  H  sca v e n g e rs . T h e  v a lu e s  in  th e  p a r e n th e ­
ses refer to  th e  co n tr ib u tio n  o f  p r im a ry  y ie ld s  o f  a to m ic  
an d  m o le cu la r  h yd rogen , G h +  G h 2 to  th e  m easu red  
y ie ld s  o f  H 2 ta k e n  fro m  our p revio u s m e a s u r e m e n ts .16  18

(26) P. B. Ayscough and R. G. Collins, J. Phys. C h em ., 70, 3128 
(1966).

(27) E. Hayon and M. Moreau, J. Chim. P h ys., 62, 391 (1965).
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7 6 8 Z. D. Dragarne and I. G. Dragarne

TABLE III: Yields of Molecular Hydrogen Measured in Deaerated 
Aqueous Solutions Containing Various Concentrations of 
Perchloric Acid and Ethanol12

CH3- G(H2) measured in the presence of HCI04, M
CH2- ------------------------------------------------------------------

OH, M 1 X  10 “ 3 1 X  U T 2 0.1 1.0

TABLE V: Yields of Acetone Measured in Neutral, Aqueous 
Solutions Containing Oxygen and Various Concentrations of 
2-Propanol and NaN0 3a

G (acetone) measured in the presence of NaN03, M 
(CH3)2- ---------------------------------------------------------------------

CHOH, M 2 .5 X 1 0 -3  2.5 X  10 “ 2 0.1 0.25

0.068 3.68 (1.03) 4 .05(0.96) 4 .15(0.84) 4.11(0.71)
0.30 3.91(1.03) 4.27(0.84)
1.37 4.16(1.05) 4.55 (1.01) 4 .68(0.98) 4.58(0.83)

6 0.45 0.41 0.38 0.33

“ The values in the parentheses concern the contribution of Gh +  
Gh 2 to the molecular hydrogen measured (see eq 10), and expressed 
in G units. The Gh and G h 2 data were taken from our previous de­
termination of reactivity influence on primary yields. 16’ 18 6 No ethanol, 
5 X  10“4 M  N aN02 present.

TABLE IV: Yields of C 0 2 Measured in Neutral, Oxygenated, 
Aqueous Solutions Containing Various Concentrations of 
NaN03 and HCOONa“

G (C02) measured in the presence of NaN03, M

HCOONa, M 2.5 X 10“ 2 0.25 1.0

5 X  1 0 “ 3 
1 X  1 0 “ 2

2.85 (0.20) 
3.27 (0.32) 3.42 (0.17) 3.48 (0.06)

2.5 X  1 0 “ 2 
0.1

3.60 (0.44) 
4.03 (0.55) 4.31 (0.41) 4.24 (0.24)

0.5 4.50 (0.64) 5.00 (0.54)
1 .0 4.81 (0.70) 5.15 (0.58) 5.29 (0.46)
2 . 0 5.28 (0.78)

“ The values in the parentheses concern the contribution of H atoms to 
the formation of C 0 2, calculated as' Gh I1 +  [(A5[N0 3 — ] +  k n [ 0 2])/ 
k6[HCOO - ] ] | “ 1 (see eq 13) and expressed in G units.

2.2 X  10 “ 3 2.60 (0.03) 2.83
8 . 6  X  10 “ 3 2.83 (0.11) 2.84 (0.09) 3.00 (0.08)
2.2 X  1 0 “ 2 3.26 (0.08)
8 . 6  X  1 0 “ 2 3.48 (0.41) 3.71 (0.35)

0 . 2 2 4.21 (0.46)
0 .8 6 4.47 (0.70) 4.78 (0.56)
2.15 5.38 (0.67)

“ The values in the parentheses concern the contribution of H atoms to 
the formation of acetone, calculated as Gh |1 +  [(k5]N 03“] +  k n [0 2])/ 
fi6[(CH3)2CH3OH]]} - 1 (see eq 14) and expressed in G units.

TABLE VI: Rate Constants Used in the Reactivity Calculation“

Scavenger
k(OH +  S), 
M “ 1 sec “1

k (®aq S ) , 
M  sec -1

M H  +  S),
M -1 sec“ 1

H CO O  “ 2.5 X  109 < 1 0 6 2.5 X  108
C 2H 5OH 1.83 X  109 < 4 0 0 1.6 X  107
(C H 3)2CHO H 2.9 X  109 5 X  107
N 0 3 - < 5  X  105 1.05 X  1010 1 X  1 0 7
0.1 M  N O 3 - 1.3 X  1010
1.0 M  N O 3 - 1.6 X  1010
H30  + 2.5 X  1010 b 2.6 X  103
0.1 M  H30  + 1.7 X  1010 b

0.5-1.0 M  H30  + 1.2 X  1010 b

CdSO„ 6.4 X  1010 c < 1 0 5d
0.1 M  C d S 0 4 1.9 X  1010 c
1 . 0 M C d S O 4 9.6 X  109 c

W h e n  so d iu m  fo rm a te  is u se d  as R H  in n e u tra l so lu ­
tio n s c o n ta in in g  d iffe re n t a m o u n ts  o f  so d iu m  n itra te , c a r ­
b o n  d io x id e  is th e  p ro d u c t P  in re a ctio n  4 .. E x p e r im e n ta l  
resu lts  are sh ow n  in T a b le  I V . T o  en su re th e  co n versio n  o f  
all th e  ca rb o x y l ra d ica ls  to  ca rb o n  d io x id e , 1 X  10“ 4 M 
ox y g en  w as p resen t in irra d ia te d  so lu tio n s

C O O H  (o r  C O O  ) +  O 2 — " H 0 2 (o r  0 2 ) +  C 0 2 (11)

T h e  o x y g en  p resen ce  a lso  lea d s to  th e  re m o v a l o f  H  a to m s

H  +  0 2 — H 0 2 ( 1 2 )

in  c o m p e titio n  w ith  rea ctio n s 5 a n d  6 . T h e  rate  e q u a tio n  
for C 0 2 p ro d u c tio n  sh ow s th a t  on e  a lso  h a s  to  ta k e  in to  
a c c o u n t rea ctio n s 5 , 6 , a n d  11 .

G ( C 0 2) — Gt0h +  G|h 1  +
M N o n  +  kn[o 2]

&6[H C O O - ] I ' (13)

T h e  v a lu es  g iven  in th e  p a ren th ese s  in T a b le  I V  refer to  
th is  c o n tr ib u tio n . I t  va ries fro m  2  to  1 5 %  o f  th e  to ta l C 0 2 

y ie ld , d ep e n d in g  on  th e  co n ce n tra tio n  ra tio s o f  th e  so lu tes  
p resen t.

T a b le  V  gives th e  y ie ld s  o f  a c eto n e  m e a su r e d  in  th e  s o ­
lu tio n s co n ta in in g  2 -p ro p a n o l w ith  R H  a n d  so d iu m  n itrate  
as a  h y d r a te d  e lectro n  sca v e n g e r . T h e  u su a l k in e tic  tr e a t­
m e n t for  a c eto n e  fo rm a tio n  gives

G t fC H ^ C O )  =  G oh +  G „
r  , kimn +  ¿„[o jr 1 
L1 ¿ 6[(c h 3)2c h o h ]  J (14)

H e re , a lso , th e  te r m s  in th e  p a ren th eses  refer to  th e  c o n ­
tr ib u tio n  o f  h yd ro g en  a to m s  to  th e  m e a su red  y ie ld s  o f  th e

“ If not otherwise indicated, the rate constants were taken from ref 18. 
b Reference 9. e Reference 29. “ Reference 27.

sta b le  p ro d u c t o b serv e d . In  u sin g  eq  14 for G o h  c a lc u ­
la tio n s  w e h a d  a lso  to  ta k e  in to  a c c o u n t th a t  o n ly  9 5 %  o f  
O H  ra d ic a ls  a tta c k  th e  a h yd ro g en  a to m  in th e  2 -p ro p a n o l  
m o le c u le , 28 i.e., th a t  th e  rea ctio n  p ro d u c in g  a c eto n e  gives  
O H  y ie ld s  a p p a r e n tly  low er b y  5 % .

Discussion

Yield-Reactivity Curves. T h e  d a ta  in T a b le s  I - V  a n d  eq  
7 , 10 , 13 , or 14 w ere u sed  for th e  p r im a ry  y ie ld s  c a lc u la ­
tio n s . T h e  rate c o n sta n ts  u se d  in th e  re a c tiv ity  c a lc u la ­
tio n s are su m m a r iz e d  in  T a b le  V I.

F igu re  1 rep resen ts th e  h y d ro x y l ra d ic a l y ie ld  d e p e n ­
d en c e  on th e  re a c tiv ity  to w a rd  O H . P r im a ry  h yd ro x y l  
y ie ld s  in crease  w ith  r e a c tiv ity ; a lso , larger v a lu e s  w ere o b ­
serv ed  in  th e  p resen ce  o f  larger a m o u n ts  o f  sca v en g ers o f  
e aq“  (cu rv es  1  a n d  2 ) th a n  in so lu tio n s w h ere th is  c o n c e n ­
tra tio n  w a s low  (cu rv e  3 ) . I t  sh o u ld  b e  n o te d  th a t  th e  
tren d s o f cu rves 1 -3  are th e  s a m e , p o in tin g  o u t th a t  th e  
m e c h a n ism  o f  O H  sc a v e n g in g  is n o t d istu rb e d  b y  th e  
p resen ce  o f  larger a m o u n ts  o f  so d iu m  n itra te , a so lu te  
w h ich  is a ssu m e d  to  re m o v e  e ffic ie n tly  b o th  e aq_  a n d  its  
p recu rsor. T h is  ca n  b e  seen  a lso  fro m  F ig u re  2 . I t  sh ow s  
th a t th e  h y d ro x y l ra d ic a l y ie ld  ca n  be q u a n tita tiv e ly  co r­
re la ted  a lso  w ith  th e  re a c tiv ity  to w a rd  e aq~ .  C u rve  3 re ­
fers to  th e  so lu tio n  co n ta in in g  R H  in  a co n c e n tra tio n  s u f ­
f ic ie n t o n ly  to  re m o v e  th e  O H  sp ec ies  fro m  th e  b u lk .

(28) G. E. Adams and R. L. Willson, Trans. F a rad ay S o c .. 65, 2981 
(1969); G. E. Adams, personal communication, 1972.
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Formation of Primary Yields of OH and eaq ~ 769

Figure 1. Dependence of experimentally derived hydroxyl radical 
yield on hydroxyl radical reactivity in solutions containing eaq _ 
scavengers: Curve 1, X, 1.0 M NaN03 +  HCOONa; curve 2, •  , 
0.25 M  NaN03 +  HCOONa; ■ , 0.25 M  NaN03 +  (CH3)2CHOH 
curve 3, O, 0.025 M  NaN03 +  HCOONa; □ , 0.025 M  NaN03 +

Figure 3. Dependence of experimemally derived hydrated elec­
tron yield on OH radical reactivity in solutions containing hydrat­
ed electron scavengers: curve 1, X, 1.0 M NaN03 +  HCOONa; 
+  , 1.0 M  NaN03 +  (CH3)2CHOH; curve 2, • , 0.25 M  NaN03 
+  HCOONa; A, 0.25 M  NaN03 +  CH3CH2OH; curve 3, O, 2.5 
X 1 0 "3 M  NaN03 +  HCOONa; A, 2.5 X 10~3 M  NaN03 +  
CH3CH2OH; V, 1 X 1 0 -3 M HCI04 +  CH3CH2OH.

(CH3)2CHOH.

Figure 2. Dependence of experimentally dérived hydroxyl radical 
yield on hydrated electron reactivity in solutions containing OH 
radical scavengers: curve 1, X, 1.0 M HCOONa +  NaN03; + , 
0.86 M (CH3)2CHOH +  NaN03; curve 2, # , 0.1 M HCOONa +  
NaN03; ■ , 0.086 M  (CH3)2CHOH +  NaN03; curve 3, O, 0.01 
M  HCOONa +  NaN03; □ , 0.009 M  (CH3)2CHOH +  NaN03.

C u rv es 1  a n d  2  re p resen t th e  d a ta  for c o n c e n tra te d  so lu ­
tio n s o f  O H  sca v e n g e rs .

T h e  resu lts  p re sen te d  in F igu re  3  p ro v id e  e x p e r im e n ta l  
e v id en ce  th a t  G eaq-  d ep e n d s  on  th e  re a c tiv ity  to w a rd  
O H . T h e  in crease o f  p r im a ry  y ie ld  o f  th e  h y d r a te d  e le c ­
tron  ta k e s  p la c e  a lso  in  so lu tio n s  c o n ta in in g  larger  
a m o u n ts  o f  sca v en g ers  o f  e aq~ . In  th e se  ca ses th e  y ie ld s  
m e a su red  are larger (cu rv es  1  a n d  2 ) b e c a u se  o f  th e  in ­
crea sed  e aq_  sc a v e n g in g  fro m  th e  p la c e s  o f  lo c a liz e d  e n er­
gy  d ep o sitio n .

F igu re  4  sh ow s h o w  th e  in crea sed  re a c tiv ity  to w a rd  eaq~ 
lea d s to  th e  in crease  in  th e  p r im a ry  y ie ld  o f  h y d ra te d  
e lectro n . T h e  a b so lu te  v a lu e s  are larger w h en  a  larger  
a m o u n t o f  O H  sc a v e n g e r  is p re sen t in th e  so lu tio n  (cu rv e  
1 ) ; th e  low er cu rve  (cu rv e  2 ) refers to  so lu tio n s  w h ere th e  
co n c e n tra tio n  w a s c o n sid era b ly  low er. I t  s h o u ld  b e  n o ted  
th a t  th e  p r im a ry  y ie ld s  d eriv ed  fro m  so lu tio n s  co n ta in in g  
b o th  c a d m iu m  a n d  n itra te  agree w ell w ith  n itra te  d a ta ; 
th e  re a c tiv ity  w a s c a lc u la te d  here as th e  s u m  o f  re a c tiv i­
ties  o f  C d 2+  a n d  N O 3 -  to w a rd  e aq~ .  T h e r e  is a lso  a  very

Figure 4. Dependence of experimentally derived hydrated elec­
tron yield on hydrated electron reactivity: curve 1, • , 1.0 M  
HCOONa +  NaN03; A , 1.37 M CH3CH2OH +  NaN03; » ,  0.86 
M (CH3)2CHOH +  NaN03; ▼, 1.37 M CH3CH2OH +  HCIO4 ; 
curve 2, O, 0.05 M  HCOONa +  NaN03; A, 0.068 M  CH3CH2OH 
+  NaN03; Q, 0.043 M  (CH3)2CHOH +  NaN03; V , 0.068 M 
CH3CH2OH +  HCIÓ4 ; • , 0.05 M HCOONa +  NaN03 +  CdS04. 
In solutions containing cadmium, in order to normalize the data 
to 0.05 M HCOONa concentration, the nitrite yields from Table II 
were corrected by 0.06 and 0.13 G units for the solutions contain­
ing respectively 0.1 and 0.2 M of sodium formate.

go od  a g re e m en t b e tw ee n  th e  h y d r a te d  e lectro n  y ie ld s  d e ­
rived  fro m  p erch loric  a c id  a n d  n itra te  d a ta , b u t  o n ly  u p  to  
a  re a c tiv ity  o f  a b o u t  10 9 s e c - 1 . T h e  d ifferen ce  o b served  at  
larger rea ctiv itie s  c o u ld  be p a r tia lly  e x p la in e d  b y  th e  re ­
a c tiv ity  c a lc u la tio n s , w here w e h a v e  o n ly  ta k e n  in to  a c ­
c o u n t th e  rea ctio n  w ith  e aq~ ,  a n d  its  ra te  c o n sta n t d e p e n ­
d en c e  on  ion ic s tr e n g th .29 M o r e  s tu d ie s  are req u ired  for a  
b e tter  u n d ersta n d in g  o f  rea ctio n s o f  e aq~ a n d  its  precu rsor  
in  a q u eo u s  so lu tio n s  c o n ta in in g  larger c o n c e n tra tio n s  o f  
H 30 +  a n d  n itra te  io n s . H o w e v e r , it ca n  b e  seen  th a t  
G ea - -  d eriv ed  fro m  ou r e x p e r im e n ts  on  n itra te  so lu tio n s  
agree re a so n a b ly  w ith  so m e  re su lts  o b ta in e d , w ith  th is  
a n d  oth er so lu tes  u n d er  w ork in g  co n d itio n s  s im ila r  to  
ou rs, on  so lu tio n s  c o n ta in in g  low er a m o u n ts  o f  O H  sc a v -

(29) E. Peled and G. Czapski, J. P hys. C h em ., 74, 2903 (1970).
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CH3OH (from ref 11); A, N20  +  5-11 X 10- 4  M  NaN02 (from 
ref 13); + , CH3CI +  1 X 10- 2  M  CH3OH (from ref 14); O, 
CdS04 (from ref 8 a). In the case of CdS04, all yields were nor­
malized to Getjq-  =  2.8. Solid line represents the best line 
through the data on curve 2, In Figure 4.

Figure 6. Dependence of water decomposition yield on hydrated 
electron and hydroxyl radical reactivity: curve 1, O, 0.25 M 
NaN03 +  HCOONa or (CH3) 2CHOH; •  1 M  HCOONa or 0.86 
M  (CH3)2CHOH +  NaN03; ▼, 1.37 M C2H5OH +  HCI04; curve 
2, □ , 2.5 X 10- 2  M NaN03 +  HCOONa or (CH3 )2CHOH; B. 5 
X 10" 2 M  HCOONa or 4.3 X 10- 2  (CH3)2CHOH +  NaN03; A, 
6 . 8  X 10- 2 M C 2H5OH +  HCI04.

en gers a n d  c a d m iu m , 8 n itr a te , 1 1  n itro u s o x id e , 13  or 
C H 3C I .14 T h is  is sh ow n  in F igure 5 , w here th e  so lid  line  
rep resen ts ou r d a ta  (th e  b e st  line  th ro u g h  th e  v a lu e s  in  
curve 2 o f  F igu re 4 ) .

T h e  e x p e r im e n ta l d a ta  o b ta in e d  in th is  w ork  on  G oh  
an d  G eaq- , an d  in p revio u s stu d ie s  on  G  h , G  h 2, a n d  
G h2o2>16 18  m a k e  it p o ss ib le  to  c a lc u la te  w a ter d e c o m ­
p o sitio n  y ie ld  a t  v a rio u s re a c tiv itie s . T h e  e q u a tio n  o f  m a ­
terial b a la n c e

G ( - H 20 ) = G0h +  2 G Hz02 = G e^ -  +  G H +  2 G Hj ( J )

a n d  th e  m e a n  v a lu e s  o f  a ll d e te r m in a tio n s  w ere u sed  in 
th ese  c a lc u la tio n s . F igu re 6  co n firm s th a t  th e  in creasin g  
sca v e n g in g  o f  p r im a ry  fre e -ra d ic a l p ro d u c ts  o f  w a ter d e ­
c o m p o sitio n  lea d s to  an  in crease in  th e  w a ter d e o m p o si-  
tion  y ie ld . C u rve  2 refers to  in it ia lly  d ilu te  so lu tio n s a n d  
cu rve  1  refers to  th e  so lu tio n s  c o n ta in in g  in it ia lly  a larger  
a m o u n t o f  an  e ffic ie n t sca v en g er for O H  or e aq- , corre­
sp o n d in g  to  a re a c tiv ity  o f  2 .5  X  10® s e c - 1 . T h e  a b so lu te  
v a lu es  are larger a t  larger rea ctiv itie s  b u t  th e  tren d s o f  
cu rves 1  a n d  2  p o in t o u t th a t  th e  d e c o m p o sit io n  m e c h a ­
n ism s are u n c h a n g e d . I t  is w orth  reca llin g  th a t  in th e  c a l-

Figure 7 . Relative yields of nitrite ion observed in the presence 
of increasing concentrations of alanine or glycine: • , 0.25 M 
NaN03 +  glycine; O, 2.5 X 10 - 2  M  NaN03 +  glycine; X, 2.5 
X 1 0 ” 2 M  NaN03 +  alanine.

c u la tio n s (e q  J) w e h av e  u sed  th e  v a lu es  o f  p r im a ry  y ie ld s  
d erived  fro m  va rio u s, in d e p e n d e n t e x p e r im e n ts . I t  ca n  be  
seen  th a t, u p  to  a re a c tiv ity  o f  1 0 9 s e c - 1 , go od  a g re e m en t  
ex ists  b etw een  G ( - H 20 )  c a lc u la te d  fro m  p r im a ry  o x id iz ­
ing sp ec ies  (op en  sy m b o ls )  a n d  th o se  d eriv ed  fro m  p r i­
m a ry  red u cin g  y ie ld s  (so lid  s y m b o ls ) . H o w e v e r , th e  v a lu es  
o f  G ( - H 20 )  d erived  fro m  red u cin g  sp ec ies  y ie ld s  are c o n ­
s id era b ly  low er a t  larger re a c tiv itie s ; th ere  is even  a d i f ­
feren ce b etw een  th e  n itra te  a n d  p erch loric  d a ta , th e  la tte r  
b ein g  low er. T h e  reason  for th is  is n o t c lea r for th e  p re s­
e n t. T h e  re m o v a l o f  e aq-  p recu rsor m ig h t  in flu en c e  th e  
seq u en ce  o f  rea ctio n s given  b y  eq  A  to  I, so th a t  th e  o b ­
serv ed  d isc rep a n c y  m ig h t  be  rea l. H o w e v e r, a t larger c o n ­
cen tra tio n s o f  so lu tes  th e  m e c h a n ism s  o f  n itr ite  a n d  m o ­
lec u la r  h y d rogen  fo rm a tio n  co u ld  a lso  b e  m o re  c o m p le x  
th a n  it w as a ssu m e d  in  d eriv in g  eq  7 a n d  10 . In  su ch  a 
case th e  exp ression s u sed  in G eaq-  c a lc u la tio n s  m a y  
tu rn  o u t to  b e  in a d e q u a te  a n d  give  rise to  th e  o b served  
d ifferen ce .

F igu re  7 sh ow s h ow  a la n in e  an d  g ly cin e  a ffe c t  th e  m e a ­
su red  n itrite  y ie ld s . T h e  e x p e r im e n ta lly  o b ta in e d  n itrite  
y ie ld s  fro m  th e  T a b le  II w ere co rrected  b efo re  u se , b e ­
ca u se  o f  so m e  e aq-  lo ss  in rea ctio n s w ith  m o la r  c o n c e n tr a ­
tio n s o f  th e  a m in o  a c id s  co n sid ered . It ca n  be se en  th a t  
in creasin g  th e  co n c e n tra tio n  o f  a m in o  a c id  le a d s  to  a  d e ­
crease in G ( N 0 2 - ) ; g ly c in e  is, in  th is  re sp ec t, less  e ffe c ­
tiv e  th a n  a la n in e . A ls o , th e  d ep ressio n  o f  n itr ite  y ie ld  d e ­
p en d s on  th e  ra tio  o f  N a N C >3 to  g ly c in e ; for a g iven  
a m o u n t o f  g ly c in e  it  is less  s ig n ific a n t a t larger n itrate  
co n ce n tra tio n s . T h e s e  d a ta  are n o t su ffic ie n t to  co n clu d e  
th a t  a s im p le  c o m p e titio n  b e tw ee n  th e  so lu tes  ta k e s  p la ce  
for a precu rsor o f  th e  h y d ra te d  e le ctro n . N e v e r th e le ss , 
th e y  sh ow  clea rly  th a t  th ese  tw o  s u b sta n c e s  d iffe re n tly  
a ffec t th e  fo rm a tio n  o f  e aq-  y ie ld s ; th e  co n c lu sio n  d raw n  
from  n a n o se co n d  e x p erim e n ts  w ith  b o th  a m in o  a c id s  w as  
so m e w h a t a m b ig u o u s .8® T h e  a b ility  o f  g ly c in e  to  d ep ress  
G eaq-  w as rep orted  in p ico seco n d  e x p e r im e n ts 9 as w ell 
as in a recen t s te a d y -s ta te  7 -ra d io ly s is  s tu d y .30

Unifying Curves for Reactivity Dependence of Fraction­
al Changes of Primary Yields. In  order to  n o r m a liz e  th e  
d a ta  for c o m p a riso n , w e h a v e  c a lc u la te d  u n ify in g  curves  
for th e  rea ctiv ity  in flu en c e  on  th e  fra c tio n a l y ie ld s , G /G ° .  
H e re , G °  is th e  y ie ld  m e a su red  in th e  so lu tio n  w here th e  
p resen ce  o f  th e  sca v e n g e r h a s  n o  e ffec t on  th e  m e a su red  
y ie ld  an d  G  is th e  p rim a ry  y ie ld  d erived  at a g iven  re a c ­
tiv ity . F igu re 8  sh ow s th ese  d a ta  for th e  p r im a ry  y ie ld s  o f  
h y d ro x y l ra d ica l an d  h y d ra te d  e le c tro n . I t  ca n  be seen  
th a t  th e  y ie ld  o f  a p rim a ry  free ra d ic a l d e p e n d s  b o th  on  
th e  re a c tiv ity  to w a rd  O H  a n d  e aq- , as  a ssu m e d  in th e  
fre e -ra d ic a l m o d e l o f  w ater ra d io ly sis . T h e  co rrelation  b e -

(30) O. Micic, V. Markovic, and D. Nikolic, in press.
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Figure 8. Unifying curves for the reactivity influence on Geaqv/G 'W q” : upper curve, O, X 0.05 M HCOONa +  NaN03; • , 1.0 M 
HCOONa +  NaN03; A, 0.068 M  C2H5OH +  NaN03; A, 1.37 M  C2H5OH +  NaN03; □ , 0.043 M (CH3)2CHOH +  NaN03; ■ , 0.86 M  
(CH3)2CHOH +  NaN03; V, 0.068 M C2H5OH +  HCI04; ▼, 1.37 M  C2H5OH +  HCI04; lower curve, O, 2.5 X 10~3 M NaN03 +  
HCOONa; • , 0.25 M  NaN03 +  HCOONa; X, 1.0 M  NaN03 +  HCOONa; A, 2.5 X 10“ 3 M NaN03 +  C2H5OH; A, 0.25 M  NaN03 +  
C2H5OH; +  , 1 M  N-aN03 +  (CH3)2CHOH; V, 1 X 10~3 M  HCI04 +  C2H5OH; T, 1.0 M  HCI04 +  C2H5OH. Unifying curves for the -e- 
activity influence on Goh/G °oh: upper curve, • , 0.025 M NaN03 +  HCOONa; O, 0.25 M  NaN03 +  HCOONa; □ , 0.025 M  NaN03 
+  (CH3)2CHOH; ■ , 0.25 M  NaN03 +  (CH3)2CHOH; lower curve: O, 0.01 M  HCOONa +  NaN03; • , 0.1 M HCOONa +  NaN03; X, 1.0 
M  HCOONa +  NaN03; □ , 8.6 X 10^3 M  (CH3)2CHOH +  NaN03; ■ , 0.086 M (CH3)2CH0H +  NaN03; + , 0.86 M  (CH3)2CHOH +  Na- 
N03. The dotted line's are the diffusion kinetic theoretical curves calculated after Kuppermann.3

tw een  th e  fra c tio n a l y ie ld  ch a n g e s  a n d  re a c tiv itie s  is v a lid  
even  in so lu tio n s c o n ta in in g  s im u lta n e o u s ly  larger  
a m o u n ts  o f  sca v en g ers  for b o th  p r im a ry  r a d ic a ls . T h is  
co u ld  b e  a  c o n fir m a tio n  o f  ou r p revio u s f in d in g  on  th e  fo r ­
m a tio n  o f  oth er p r im a ry  y ie ld s  in  w a ter ra d io ly s is , 1 6 ’18 

th a t in  th e  7 -ra d io ly s is , n o  s ig n ific a n t se c o n d a ry  fre e -ra d i­
ca l or charge tra n sfer  rea ctio n s ta k e  p la c e  in  th e  sp u rs .

T h is  ca n  a lso  b e  se en  fro m  a c o m p a riso n  w ith  th e o r e ti­
c a l cu rves, re p resen ted  b y  d o tte d  lin es in F igu re 8 . T h e y  
w ere d eriv ed  fro m  a  d iffu sio n  sp u r m o d e l o f  w a ter ra d io ly ­
sis3 w h ich  e sse n tia lly  c o n siste d  o f  re a ctio n s re p resen ted  b y  
eq  A - I ;  h ow ever, th e  c a lc u la tio n s  w ere m a d e  for s im p ler  
co n d itio n s , in it ia l re a c tiv itie s  erf 6 X 10 6 s e c - 1  o n ly , w here  
th e  se c o n d a ry  sp u r rea ctio n s o f  ra d ica ls  w ith  p ro d u c ts  o f  
r a d ic a l-s o lu te  sc a v e n g in g  re a ctio n s are n o t e x p e c te d  to  
occu r. A t  larger re a c tiv itie s  go od  a g re e m en t ex ists  b e ­
tw een  e x p e r im e n ta lly  d eriv ed  a n d  c a lc u la te d  v a lu es  for  
th e  e aq~ y ie ld  d ep e n d e n c e  on  th e  re a c tiv ity  to w a rd  h y ­
d ro xyl ra d ic a l a n d  th e  O H  y ie ld  d e p e n d e n c e  on  th e  rea c­
tiv ity  to w a rd  h y d r a te d  e le ctro n . T h is  is n o t th e  ca se  w ith  
G  o h  a n d  Geaq~ d e p e n d e n c e  on  th e  re a c tiv itie s  to w a rd  
O H  a n d  e aq_ , r e sp e c tiv e ly ; h ere , th e  e x p e r im e n ts  p o in t  
ou t to  a  slow er y ie ld  in crease  w ith  re a c tiv ity .

Remarks on the Reactivity Influence on P rim a ry  
Yields of W ater Radiolysis

T h e  re su lts  o b ta in e d  in  th is  w ork , a n d  in our p revio u s  
stu d ies  o n  th e  p r im a ry  y ie ld s  o f  w a ter ra d io ly sis , p ro vid e  a

Figure 9. Fractional yield (G/G°) dependence of primary prod­
uct of water radiolysis cn the reactivity toward eaq_ . Best lines 
through experimentally derived values: OH and eaq_ , Figure 8 
this work; H atom, ref 16 Figure 2; H2, ref 18 Figure 5; H20 2, 
ref 18 Figure 6 and ref 17 Figure 1.

gen eral p ictu re  o f  th e  re a c tiv ity  in flu en c e  on  th e  y ield s o f  
p rim a ry  fre e -ra d ic a l a n d  m o le c u la r  p ro d u c ts  o f  w ater d e ­
c o m p o sitio n . It sh o u ld  b e  m e n tio n e d  th a t  ou r e x p e r im e n ta l  
te stin g  o f th e  fre e -ra d ic a l m o d e l w as d e lib e r a te ly  lim ite d  to  
m o d e ra te  c o n c e n tra tio n s  a n d  re a c tiv itie s  u p  to  a b o u t  1 0 10
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Figure 10. Fractional yield (G/G°) dependence of primary prod­
ucts of water radiolysis on the reactivity toward hydroxyl radical. 
Best lines through the experimentally derived values: OH and 
eaq- , Figure 8 this work; H atom, ref 16 Figure 2; H2, ref 18 
Figure 6 ; H20 2, ref 18 Figure 5 and ref 17 Figure 1.

s e c - 1 . T h e  rea son  for th is  w as v a rio u s te c h n ic a l o b sta c le s  
b e c a u se  o f  larger a m o u n ts  o f  so lu tes . Q u a n tita tiv e  d e te r ­
m in a tio n  o f  m ic ro g ra m  a m o u n ts  o f  ra d io ly tic  p ro d u c ts  n ot  
o n ly  la ck s in a c c u r a c y  b u t o fte n  b e c o m e s  im p r a c t ic a b le  in

th e  p resen ce  o f m o la r  co n ce n tra tio n s o f  su b sta n c e s . T h e  d i ­
rect e ffe c t o f  ra d ia tio n  ca n  n o t be a lw a y s n e g le c te d , a n d  its  
co n tr ib u tio n  is o fte n  d iff ic u lt  to  e v a lu a te  a c c u r a te ly . A t  
larger rea ctiv itie s  a lso  th e  fo rm a tio n  o f  p r im a ry  m o le c u la r  
p ro d u c ts  m ig h t  b e  so stro n g ly  su p p re ssed  th a t th e ir  re lia b le  
d e te r m in a tio n  is m a d e  d iff ic u lt  if  n o t im p o ss ib le .

F igu re  9  su m m a r iz e s  th e  e ffec t o f  re a c tiv ity  to w a rd  h y ­
d ra ted  e lectron  on  th e  p rim a ry  fre e -ra d ic a l a n d  m o le c u la r  
y ie ld s . B e c a u se  o f  th e  u n c e rta in ty  co n sid ered  a b o v e , th e  
y ie ld  re a c tiv ity  cu rves for th e  y ie ld s  o f  e aq-  a n d  for th e  
w ater d e c o m p o sit io n  w ere lim ite d  to  th e  r e a c tiv ity  u p  to  
a b o u t 1 0 9 s e c - 1 ; m o re  w ork is req u ired  c o n c e rn in g  th e  
precu rsor to  th e  h y d r a te d  electro n  a n d  its  e v e n tu a l im p o r ­
ta n c e  in  th e  ra d ia tio n -in d u c e d  c h e m ic a l c h a n g e s  in  a q u e ­
ous so lu tio n s . F igu re  10  su m m a r iz e s  th e  d e p e n d e n c e  o f  
p rim a ry  y ie ld s  on  th e  re a c tiv ity  to w a rd  h y d r o x y l ra d ic a l. 
A s  ca n  b e  seen , e x p e r im e n ta l ev id en ce  c o n firm s th e  b a sic  
a ssu m p tio n s  o f  th e  fre e -ra d ic a l m o d e l o f  w a ter ra d io ly sis . 
T h e  p r im a ry  p ro d u c ts  y ie ld  d ep e n d  in d e ed  on  th e  p re s ­
ence o f  sca v en g ers for b o th  p rim a ry  re d u cin g  a n d  o x id iz ­
in g  free r a d ic a ls ; th is  is th e  case  w ith  th e  y ie ld  o f  w ater  
d e c o m p o sit io n . T h e  d a ta  is F igu res 9  a n d  10  a lso  sh ow  
th a t th e  re a c tiv ity  e ffe c t m ig h t  b e  m o re  c o m p le x  th a n  it is 
u su a lly  a ssu m e d .

Acknowledgment. T h e  au th ors w ish  to  th a n k  M r . M .  
Borovifcanin  an d  M r . N .  S ta n tic  for th e  te c h n ic a l a ss is ­
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E sr  e x p er im e n ts  are u se d  to  co n firm  th a t  th e  d irect p h o to ly sis  o f  aq u eo u s so lu tio n s  o f  su lfite  y ie ld s  S O 3 -  
a n d  e aq- . T h e  esr sp e c tru m  o f  S O 3 is a sin g le  lin e  o f  7 0  m G  w id th  cen tered  at g = 2 .0 0 3 0 7 . T h e  fo r m a ­

tio n  o f  th e  eaq-  is d e m o n str a te d  b y  its  re a ctio n  w ith  C I C H 2C O 2 -  to  y ie ld  C H 2C O 2 -  a n d  b y  ra d ic a l tr a p ­
p in g  w ith  C H 2= N 0 2 -  to  give  C H 3N O 2 - . P h o to se n s itiz a tio n  w ith  a n u m b e r  o f  k eto n e s , in c lu d in g  a c e ­
to n e , h as a lso  b e e n  sh ow n  to  give  th e  sa m e  d e c o m p o sit io n  re a ctio n  in c lu d in g  p ro d u c tio n  o f  eaq- . T h e  
q u e n c h in g  o f  e x c ite d  a c eto n e  b y  S O 32 -  is fo u n d  to  b e  ~ 5 0 0  tim e s  m o re  ra p id  th e n  b y  iso p rop yl a lco h ol  
an d  occu rs a t a rate  a p p ro a c h in g  th a t  o f  a d iffu sio n -c o n tr o lle d  p ro cess . Q u e n c h in g  o f  e x c ite d  a c eto n e  b y  
S O 32 -  y ie ld s  S O 3 -  a n d  eaq-  w ith  th e  sa m e  e ffic ie n c y  as q u e n c h in g  b y  iso p rop yl a lco h o l y ie ld s  tw o  
( C H 3) 2C O H  ra d ica ls . T h e  p h o to ly sis  o f  S O 32 -  is p ro p o sed  as a source for s tu d ie s  o f  th e  rea ctio n s o f  th e  
im p o r ta n t in term ed ia te  e aq- .

Introduction

A  n u m b e r  o f  esr s tu d ie s  o f  ra d ic a ls  in  p h o to ly tic  s y s ­
te m s  h av e  b een  m a d e  fo llo w in g  th e  in it ia l w ork  o f  L iv in g ­
sto n  a n d  Z e ld e s .2 A lth o u g h  so m e  e m p h a s is  h as b e e n  p u t  
u p on  th e  d e ta ils  o f  th e  ra d ica l g en era tio n  p ro cess m o st o f

th e  early  p a p ers  h a v e  e m p h a s iz e d  th e  d isc u ssio n  o f  th e  
sp ec tra l p a r a m e te rs  an d  th e  s tru c tu ra l d e ta ils  d erived  
th e re fro m . S o m e  o f  th e  m o re  recen t w ork s3 '4 h av e  b e g u n

(1 ) Supported in part by the U. S. Atomic Energy Commission.
(2) R. Livingston and H. Zeldes, J. C hem . P hys., 44, 1245 (1966).
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to  e m p h a s iz e  th e  d e ta ils  o f  ra d ic a l fo rm a tio n  a n d  re a c ­

tio n . E m p h a s is  h a s  a lso  b e e n  u p o n  orga n ic  ra d ic a l sp ec ies . 
In  th e  w ork to  be  d esc rib e d  here w e w ish  to  p re sen t som e  
stu d ie s  o f  th e  m e c h a n is m s  in th e  p h o to ly sis  o f  th e  in or­
gan ic su lfite  sy s te m . T h e  w ork  is re str icted  to  a q u eo u s s o ­
lu tio n s b e c a u se  o f  ou r in terest in  m a k in g  th e  g rea test use  
o f  th e  resu lts  o f  so m e w h a t p a r a lle l in situ ra d io ly sis  e x p er­
im e n ts .5"7

D o g lio tti  a n d  H a y o n 8 a n d  H a y o n , T re in in , a n d  W i lf 9 

h ave  rev iew ed  th e  p h o to c h e m istry  o f  S 0 32 -  a n d  h ave  
stu d ie d  its  fla sh  p h o to ly s is . T h e  v a rio u s s tu d ie s  are co n ­
siste n t w ith  th e  rea ctio n

S 0 32“ S 0 3~ +  e « T  (1 )

A b so r p tio n  sp ec tra  o f  S O 3 ~ a n d  eaq-  w ere o b serv ed  an d  
in th e  la tte r  p a p er  th e  id e n tific a tio n  o f  th e  se c o n d  ra d ica l  
as e aq~ w as c o n fir m e d . A s  w ill b e  seen  b e lo w  th e  esr re ­
su lts  are c o n siste n t w ith  rea ctio n  1 .

Experim ental Section

T h e  esr sp e c tro m e te r  u sed  for th e  p h o to ly tic  s tu d ie s  w as  
the la b o r a to r y -b u ilt  u n it d esc rib e d  p re v io u s ly .10  F ie ld  
m o d u la tio n  w as a t  10  k H z  w ith  sy n c h ro n o u s d e te c tio n  at  
10 or 20  k H z  to  p ro v id e  first- or se c o n d -d e r iv a tiv e  p re sen ­
ta tio n . A  f la t  cell o f  th e  u su a l d esig n  w ith  a 0 .5  m m  s p a c ­
ing w as u se d  in a V a r ia n  V -4 5 3 1  c a v ity . T h e  s lo tte d  en d  
p la te  o f  th e  c a v ity  w as re p la ce d  b y  a w a te r -c o o le d  brass  
b lo c k  (1 2 .5  m m  th ic k ) w ith  a ~ 1  c m  h ole  to  a d m it  th e  
lig h t. P h o to ly sis  w as d o n e  w ith  a 1 -k W  H a n o v ia  9 7 7 B 1  
c o m p a c t arc m e r c u r y -x e n o n  la m p  in  a S c h o e ffe l In -  
str u m g n t C o . L H 1 5 1 N  h o u sin g . F u se d  s ilica  len ses  o f  ~ 5  
cm  d ia m e te r  a n d  fo ca l len g th  w ere u sed  to  fo cu s th e  lig h t  
on  th e  esr ce ll. T h e  s a m p le  w as d e o x y g e n a te d  in a  1-1. 
co n ta in er b y  b u b b lin g  w ith  N 2 a n d  m a d e  to  flo w  th rou g h  
th e  cell b y  e v a c u a tin g  th e  w a ste  ju g  w ith  an  a sp irato r.

A ll  c h e m ic a ls  w ith  th e  e x c e p tio n  o f  th e  orga n ic  s e n s it iz ­
ers w ere B a k e r  a n la y z e d  re a g e n ts . T h e  sen sitizers  w ere  
from  v a rio u s sou rces a n d  w ere u se d  w ith o u t fu rth er p u rifi­
ca tio n . T h e  p H  w a s a d ju ste d  w ith  N a O H  or K O H . D o u b ly  
d istilled  w a ter w a s u sed  th ro u g h o u t.

Results and Discussion

Direct Photolysis. T h e  u v  a b so r p tio n  sp e c tru m  o f  a q u e ­
ous S O 32 "  ( N a 2S 0 3 , p H  ~ 9 )  sh ow s a ra p id  in crease o f  
a b so rp tio n  a t  w a v e le n g th s  b e lo w  2 6 0  n m  (for 1 0  m M  so lu ­
tio n , 1 -c m  p a th le n g th ). P h o to ly s is  o f  so lu tio n s  o f  S O 32 a t  
c o n ce n tra tio n s o f  2 x  1 0 _ 4 - 3  X  1 0 - 2  M  (a t  th e  n a tu ra l  
p H  ~ 9 )  g ives a sin g le  n arrow  esr lin e  a t  g =  2 .0 0 3 0 7  
(w id th  =  7 0  m G )  w ith  a s ig n a l-to -n o is e  ra tio  o f  a b o u t  3 0 . 
T h e  sa m e  esr lin e  is o b serv ed  fro m  p H  2 .2  to  1 2 .5  w ith  
so m ew h a t low er s ig n a l h e ig h ts  in th e  a c id  reg ion . I t  w ill 
be sh ow n  b e lo w  th a t  th is  lin e  is p ro d u c ed  b y  th e  ra d ica l  
S O 3 - .

T h e  d ep e n d e n c e  o f  th e  in te n s ity  o f  th e  esr s ig n a l o f  
S O 3 "  u p o n  c o n c e n tr a tio n  o f  S 0 32 -  is g iven  in F igu re 1. 
A b o v e  a c o n c e n tr a tio n  o f  a b o u t  4 0  m M  l itt le  fu rth er in ­
crease in  s ig n a l h e ig h t is o b serv e d . T h e  m o s t  o b v io u s  rea ­
son  for su ch  b e h a v io r  is th a t  th e  so lu tio n  b e c o m e s  b la c k  
a t th e  a c tiv e  w a v e le n g th s . H o w e v e r , for w a v e le n g th s  o f  
2 5 0 -2 6 0  n m  w here th e  la m p  o u tp u t  is a t  a loca l m a x im u m  
th e a b so rb a n c e  in th e  cell p a th  len g th  o f  0 .0 5  c m  is on ly  
~ 0 . 0 7  for 3 0  m M  c o n c e n tr a tio n . O n ly  for w a v e len g th s  
~ 2 3 0  n m  is th e  a b so rb a n c e  n ear u n ity . A p p a r e n tly  on ly  
th ese  sh o rt w a v e le n g th s  are e ffec tiv e  in  ca u sin g  th e  d isso ­
cia tio n  (rea ctio n  1 ) . T h is  co n c lu sio n  is c o n firm e d  b y  e x -

Figure 1. Dependence of the amplitude of the esr line ascribed 
to SO3 "  upon concentration of SO32- .  The solution pH was at 
the natural value ( — 9) for solutions of Na2S 0 3. (No depen­
dence of signal height on pH is found In this region.)

p erim e n ts  w ith  a  filter o f  2 c m  o f  5 %  C H 3C O 2H  in w ater  
w h ich  a b so rb s stro n g ly  b e lo w  245  n m . W it h  su ch  a filter a 
fa cto r  o f  2  re d u c tio n  in th e  S 0 3 esr s ig n a l w a s fo u n d  for 
co n ce n tra tio n s o f  3 -3 0  mM S 0 32 ~ as c o m p a re d  w ith  pure  
w ater in  th e  filter  ce ll. In  th e  ca se  o f  H S 0 3 _  (3 3  mM, p H  
4 .6 )  a filter o f  pu re C H 3C 0 2 H  h a d  litt le  e ffec t on  sign al  
in ten sity .

T h e  b eh a v io r d esc rib e d  a b o v e  o f  th e  S 0 32 ~ p h o to ly sis  ca n  
b e  d isc u sse d  w ith  re sp ec t to  th e  c o m m e n ts  given  b y  
H a y o n , T re in in , a n d  W i l f 9 on  th e  n a tu re  o f  th e  ab sorp tion  
b y  S 0 32 " .  T h e y  argue th a t  w h ile  th e  a b so rp tio n  o f  H S 0 3 -  
sh ow s th e  ch a ra cte ristics  o f  a c h a rg e -tra n s fe r -to -so lv e n t  
( C T T S )  b a n d  th a t  o f  S 0 32 -  d o es  n o t in d ic a tin g  som e  
oth er ov erly in g  a b so r p tio n . T h e y  a c k n o w le d g e d  th a t types  
o f  e x c ita tio n  oth er th a n  C T T S  c o u ld  lea d  to  p ro d u c tio n  o f  
e aq" .  T h e  p resen t c o n c lu sio n s th a t  o n ly  th e  sh orter w a v e ­
len g th s are e ffec tiv e  in  p ro d u c in g  e aq_  d o  n o t require a n ­
oth er ty p e  o f  e x c ita tio n  a n d  are c o n siste n t w ith  p h o to ly sis  
in  an  u n d er ly in g  C T T S  b a n d . T h e  low  to ta l sig n al p ro ­
d u ce d  is a lso  c o n siste n t w ith  th is  p ictu re  in th a t  an  e ff i ­
c ien t u tiliz a tio n  o f  lig h t a t  2 5 0 -2 6 0  n m  w ou ld  lea d  to  
m u c h  h igh er to ta l s ig n a ls  as is o b serv e d  in o th er  sy s te m s . 
In  th e  case  o f  H S O s ~  th e  la c k  o f  a n y  e ffec t b y  th e  
C H 3C 0 2 H  filter sh o w s th a t  p h o to ly s is  is in  th e  b a n d  a t  
~ 2 6 0  n m  w h ich  is a ttr ib u te d  to  a d im e ric  sp ecies, 

S 20 52 ” . 9

T h is  esr lin e  w ith  g =  2 .0 0 3 0 7  ca n  b e  a ttr ib u te d  to  th e  
S 0 3 _  ra d ica l on  th e  b a sis  o f  severa l p iec es  o f  e v id e n c e . 
T h e  p revio u s p h o to c h e m ic a l w ork  h as a ssu m e d  its fo r m a ­
tio n  a n d  th e  g fa c to r  m a tc h e s  th a t  fo u n d  for ra d ica ls  in

(3) P. B. Ayscough, R. C. Sealy, and D. E. Woods, j .  Phys. C h em ., 75, 
3454 (1971).

(4) S. A. Weiner and G. S. Hammond, J. A m er . C h em . S o c ., 90, 1659 
(1968); ibid., 91, 986 (1969); S. A. Weiner, E. J. Hamilton, Jr,, and 
B. M. Monroe, ibid., 91 6350 (1969).

(5) K. Eiben and R. W. Fessenden, J. P hys. C h em ., 75, 1186 (1971).
(6) D. Behar and R. W. Fessenden, J. P hys. C h em ., 76, 1706 (1972).
(7) D. Behar and R. W. Fessenden, J. Phys. C h em ., 76, 1710 (1972).
(8) L. Dogliotti and E. Hayon,'J. Phys. C h em ., 72, 1800 (1968).
(9) E. Hayon, A. Treinin, and J. Wilf, J. A m er . C h em . S o c . , 94, 47 

(1972).
(10) R. W. Fessenden, J. C h em . P h ys., 48, 3725 (1968).
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Figure 2. Portions of the second-derivative esr spectra obtained 
upon photolysis of a solution of 13 m/W S 032  ̂ and 0.9 mM 
CH3NO2 at pH 12.1 with (upper trace) and without (lower 
trace) N20. The complete absence of the signal of CH3N02_ in 
the N20-saturated solution is evident.

th e  so lid 11  12  w h ich  are id en tified  as S O 3 - . A  ra d ic a l w ith  
the. sa m e  g fa c to r  is a lso  p ro d u c ed 6 b y  O H  rea ctio n  w ith  
su lfite  in irra d ia ted  a q u eo u s so lu tio n s7 a n d  in flo w  s y s ­

te m s  s ta rtin g  w ith  T i 3+ - H 20 2 . 13 T h e  re a c tio n  in  th ese  la t ­
ter c a ses  is a ssu m e d  to  be S 0 3 2 -  +  O H  —► S O 3 -  +  O H - .

T h e  p h o to c h e m ic a l e x p e r im e n ts  on  pure su lfite  so lu ­
tio n s give  n o  ev id e n c e  for th e  p artn er o f  S 0 3 ~ , n a m e ly , 
e aq- ,  b u t  its  fo r m a tio n  is su g g e ste d  b y  e x p e r im e n ts  w ith  
N 20 .  W h e n  th e  so lu tio n  (7  m M  S O 32 ) w as sa tu ra te d  
w ith  N 20  th e  S O 3 -  s ig n al in creased  b y  a fa c to r  o f  ~ 1 . 8 .  
T h e  in crease  is th e  resu lt o f  th e  rea ctio n s

e aq-  +  N j O  ■ O H  +  O H “ +  N 2 (2 )

O H  +  S 0 32"  — >  S O 3-  +  O H "  (3 )

to g eth er w ith  th e  p o ssib le  e ffec t o f  e lim in a tin g  th e  re a c ­
tio n  o f  eaq-  +  S O 3 " .

T h e  ra d ica ls  fo rm e d  in th e  p h o to c h e m ic a l rea ctio n  ca n  

a lso  b e  in v e stig a te d  b y  ra d ica l tra p p in g  w ith  n itro -  
m e th a n e .7 P h o to ly sis  o f  a  so lu tio n  13 m M  in  S 0 32 -  a n d  0 .9  
m M in C H 3N O 2 a t p H  1 2 . 1  ga ve  esr s ig n a ls  o f  th e  ra d ica ls  
C H 3N O 2 -  a n d  “ 0 3 S C H 2N 0 2 -  as  sh ow n  in F igu re  2 . T h e  
p a ra m e te rs  a N =  2 5 .9 6 , a H =  1 2 . 1 2  G , g =  2 .0 0 5 0 2  a n d  a N 

. =  2 2 .2 1 , a H =  7 .5 2  G , g =  2 .0 0 4 9 9 , re sp ec tiv e ly , are eq u al  
w ith in  e x p e r im e n ta l error to  th o se  fo u n d  b y  B e h a r  an d  
F e sse n d e n 7 for th e  sa m e  tw o  sp ec ies . (T h e  S O 3 -  a d d u c t  
h as a lso  b e e n  rep o rted  b y  N o rm a n  a n d  S to r e y .13) A d d i ­
tio n  o f  N 20  to  th is  so lu tio n  ca u sed  th e  d isa p p ea ra n c e  o f  
th e  s ig n a ls  o f  C H 3N 0 2 _  (see  F igu re 2 ) sh o w in g  th a t  th is  
ra d ic a l c o m e s  fro m  e aq_ .

T h e  fo rm a tio n  o f  e aq~ in  th e  p h o to ly s is  o f  S 0 32 “  
su g g ests  th e  use o f  S O 32 -  as a c o n v e n ie n t sou rce o f  th is  
im p o r ta n t sp ec ies . T h e  p o te n tia l for su c h  gen eral stu d ies  
is sh o w n  b y  th e  fo rm a tio n  o f  C H 2C 0 2 _  w h en  7 m M  
S O 32 -  a t p H  1 2 .3  is p h o to ly z e d  in th e  p resen ce  o f  8 .4  x

i o - 2 m c i c h 2c o 2 - .

e aq-  +  C 1 C H 2C 0 2-  — ► C H 2C 0 2-  +  C F  (4 )

(N o  sig n al o f  C H 2C 0 2 _  is o b ta in ed  in  th e  a b sen c e  o f  
S O 32 - ) .  B e fo re  th e  p h o to ly sis  o f  S 0 3 2 ~ ca n  b e  p ro p o sed  
as a general sou rce o f  e aq~ it  is im p o r ta n t to  e s ta b lish  th e  
a b sen c e  o f  b y -p r o d u c ts  o f  th e  p h o to ly sis  w h ich  c o u ld  c o m ­
p ete  for e aq~ . O n e  p ro d u c t w h ich  h a s  b een  id e n tif ie d 14  (in  
sm a ll y ie ld ) is d ith io n a te  ( S 2 0 6 2 - ) fo rm e d  b y  c o u p lin g  o f  
tw o  S O 3 -  ra d ic a ls . H o w e v e r, in situ ra d io ly sis  e x p e r i­
m e n ts  w ith  d ith io n a te  sh ow ed  th a t  n e ith e r e aq~ n or  
( C H 3)2C O H  rea ct to  p ro d u ce  S 0 3 ~ . T h e  oth er m a jo r  
p r o d u c t , 14 S O 42 - ,  w ill n ot rea ct w ith  e aq_ . W e  co n clu d e  
th erefore  th a t  re a ctio n  w ith  p h o to ly sis  b y -p r o d u c ts  sh o u ld  
n ot b e  a p ro b le m .

Photosensitization. B e c a u se  o f th e  esr w ork  u sin g  e x c it ­
ed  aceton e  as an  in it ia to r15 on e  o f  th e  e a rly  m o tiv a tio n s  o f  
th is  w ork w as to  d eterm in e  if  e x c ited  a c eto n e  ca n  re a ct b y  
oth er th a n  H  a to m  a b stra c tio n . In  p a r tic u la r  it s e e m e d  
p o ssib le  th a t  it  c o u ld  rem o ve an  electro n  fro m  S 0 3 2~ in  
th e  sa m e  w ay  as O H  d o es . In itia l e x p e r im e n ts  sh ow ed  
th a t a c eto n e  a d d e d  to  so lu tion s o f  S 0 32 -  d id  in d e ed  in ­

crease th e  s ig n a l a m p litu d e  o f  S 0 3 ~ b y  u p  a fa c to r  o f  1 0  

(d e p e n d in g  u p on  su lfite  c o n c e n tr a tio n ). T y p ic a l  c o n c e n ­
tra tio n s o f  a c eto n e  w ere 0 .1 - 0 .5  M  b u t  a t  th is  c o n c e n tr a ­
tio n  th e  m a in  o p tic a l a b so rp tio n  a t  2 65  n m  d id  n o t s ig n ifi­
c a n tly  o v erlap  th a t  o f  S 0 32 - . A n  a ltern a tiv e  to  th e  m e c h ­

a n ism  p ro p o sed  a b o v e  for th e  e ffec t o f  a c e to n e  is th e  
tra n sfer  o f  tr ip le t  en ergy fro m  e x c ite d  a c eto n e  to  S O 32 -  
fo llow ed  b y  d isso c ia tio n  o f th e  e x c ited  S O 32 .

( C H 3)2C O  ( C H 3)2C O *  (5 )

( C H 3) 2C O *  +  S 0 32"  — *  ( C H 3) 2C O  +  S 0 32" *  ( 6 )

S 0 32- *  — ► S 0 3-  +  e aq-  (7 )

W it h  th ese  h igh  co n ce n tra tio n s o f  a c eto n e , sc a v e n g in g  o f  
eaq-  is e x p ec te d

( C H 3) 2C O  +  e aq-  ^  ( C H 3)2C O H  +  O H “ ( 8 )

E x p e r im e n ts  carried  o u t u n d er p roper p H  co n d itio n s  
sh ow ed  th e  su p erim p o se d  sp ec tra  o f  ( C H 3 )2C O H  a n d  
S O 3 - .  (S o m e  care w ith  th e  p H  is n ecessa ry  in o b serv in g  
( C H s )2C O H  b e ca u se  b a s e -c a ta ly z e d  e x c h a n g e 5 o f  th e  h y ­
d ro xyl p ro to n  b ro a d e n s  th e  lin es , b e g in n in g  at p H  ~ 1 0 . )  
R e la tiv e  c o n c e n tra tio n s  o f  S O 3 "  a n d  ( C H 3 )2C O H  w ere  
d e te r m in e d  b y  d o u b ly  in teg ra tin g  a firs t -d e r iv a tiv e  s p e c ­
tr u m  ta k e n  for 1 . 6  m M  S 0 32 - , 0 .6 8  M  a c e to n e , an d  1  m M  
N a 2B 4 0 7  as  b u ffe r . T h e  re lative  c o n c e n tr a tio n s  w ere  
fo u n d  to  b e  [S 0 3 - ] : [ ( C H 3 )2C 0 H ] =  1 .0 :0 .6 1 .  T h e  low er  
co n c e n tra tio n  o f  ( C H 3)2C O H  im p lie s  a fa ste r  r e c o m b in a ­
tio n  for th is  ra d ica l th a n  for S 0 3 ~ .  W it h  e q u a l p ro d u c tio n  
ra tes for S O 3 a n d  ( C H 3 )2C O H  it is p o ss ib le  to  d e te r m in e  
th e  ra tio  o f  th e  re c o m b in a tio n  ra tes  for th e  tw o  sp ec ies  
w ith o u t c o n sid erin g  th e  c r o ss -c o m b in a tio n  re a c tio n . T a k ­
in g  th e  ra te  c o n sta n t for ( C H 3 ) 2C O H 16  as 1 .4  x  10 9 M  1 

s e c - 1  g ives a v a lu e  o f  2k = 5 .4  x  10 8 M _ 1  s e c - 1  for S 0 3 ~ .  
T h is  v a lu e  is s ig n ific a n tly  less th a n  th e  v a lu e  o f  1 .9  x  10 9 

fo u n d  b y  B e h a r  a n d  F e sse n d e n 6 b u t  is c loser to  th a t  o f  1 . 1  

x  10 9 g iven  b y  H a y o n , et al. ,9 for zero  ion ic stren g th .

(11) G. W. Chantry, A. Horsfield. J. R. Morton, J. P. Rowlands, and D. 
H. Whitten, Mol. P h ys., 5, 233 (1962).

(12) V. V. Gromov and J. R. Morton, Can. J. C h em ., 44, 527 (1966).
(13) R. O. C. Norman and P. M. Storey, J. C h em . S o c . B, 1009 (1971).
(14) F. Haber and O. H. Wansbrough-Jones, Z. Phys. C h em ., 18B, 103 

(1932).
(15) H. Zeldesand R. Livingston, J. C h em . P h ys .. 45, 1946 (1966).
(16) M. Simic, P. Neta, and E. Hayon, J. P hys. C h em ., 73, 3794 (1969).
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A  n u m b e r  o f oth er sen sitizers  w ere a lso  fo u n d  to  a ffec t  
the S O 3 -  s ig n al as sh o w n  in T a b le  I .17  W h ile  m o st se n s i­
tizers in creased  th e  S O 3 -  s ig n a l, th e  tw o m o le c u le s  o f  
low est tr ip le t en ergy , b ia c e ty l an d  a n th r a c e n e -9 -c a r b o x y l-  
ic a c id , d ec rea sed  it . W it h  a c eto p h e n o n e  a n d  b e n z o p h e - 
none w h ich  ab so rb  stro n g ly  at w a v e len g th s  > 3 0 0  n m  it 
w as p o ssib le  to  g et a s ig n ific a n t s ig n a l o f  SC>3 ~ b y  p h o to l­
ysis w ith  a P yrex  filter  (w h ic h  p a sse s  A > 3 1 0  n m  w here  
S O 32 -  itse lf  d oes n o t a b so r b ). U n fo r tu n a te ly  (b ec a u se  o f  
so lu b ility  lim ita tio n s )  a ll o f  th e  sen sitizers w h ich  w ere  
fo u n d  to  in crease  th e  s ig n a l o f  S O 3 -  are th e  sa m e  ty p e , 
n a m e ly , k eto n e s , so  th a t  it  is n o t p o ssib le  on  th is  b a sis  
alon e to  ch oose  w h eth er th e  m e c h a n ism  in v o lv es  tr ip le t  
en ergy tran sfer to  or e lectro n  a b stra c tio n  fro m  th e  su lfite .

F o r tu n a te ly , it  w as p o ssib le  to  d e m o n str a te  th e  tr ip le t  
energy tran sfer  b y  d e te c tin g  th e  e aq^ fo rm e d  in th e  a c e ­

tone p h o to se n sitiz e d  d e c o m p o sit io n  o f  S O 32 . In  th is  e x ­
p er im e n t a so lu tio n  o f  0 .1 9  M  a c eto n e  a n d  7 .0  m M  S O 32 -  
w as p h o to ly z e d  in th e  p resen ce  o f 8 .4  x  1 0 ~ 2 M 
C IC H 2C O 2 “ . T h e  re su ltin g  sp e c tru m  c o n ta in ed  th e  lines  
o f  C H 2C O 2 "  a n d  S O 3 -  a t an  in ten sity  m u c h  larger th a n  
o b ta in ed  in th e  a b sen c e  o f th e  a c eto n e . B e c a u se  
( C H s ^ C O H  does n o t re a c t18  w ith  C 1C H 2C 0 2 _  it m u s t  be  
co n clu d ed  th a t e aq~ is fo rm e d  in th e  se n sitiz e d  d e c o m p o ­
sition  a n d  is sca v e n g e d  b y  th e  C I C H 2C O 2 -  (re a c tio n  4 ) . A  
s im ila r  rea ctio n  w as o b serv e d  for B r C H 2C 0 2 _ .

Quenching Rate Determination. A n  a tte m p t w a s m a d e  
to  m ea su re  th e  rate  o f  q u e n c h in g  o f  tr ip le t aceton e  b y  
S O 32 -  in  e x p e r im e n ts  w here th is  q u e n c h in g  w as c o m p e ti­
tive  w ith  th e  rea ctio n  o f  th e  tr ip le t w ith  iso p rop yl a lco h o l. 
T h e  re la tiv e  im p o r ta n c e  o f  th e  tw o  p a th s  w as d eterm in e d  
b y  th e  h e ig h t o f  th e  esr s ig n a l o f  ( C H 3 ) 2C O H . R a te s  re la ­

tiv e  to  th a t  o f  th e  n a tu ra l d e c a y  o f  tr ip le t aceton e  are 
fo u n d  a n d  if a v a lu e  for th is  rate is a v a ila b le  th e n  a b so lu te  
rate c o n sta n ts  for th e  oth er p ro cesses can  be d e te r m in e d .

T h e  rea ctio n s w ith  iso p ro p y l a lco h ol a lo n e  are

( C H 3)2C O  ( C H 3) 2C O *  (5 )

( C H 3) 2C O *  — ► ( C H 3) 2C O  (9 )

( C H 3)2C O *  + - ( C H 3) 2C H O H  — >  2 ( C H 3) 2C O H  (10)

2 ( C H 3)2C O H  — ► p r o d u c ts  (11)

an d  in th e  p resen ce  o f  su lfite  on e  h a s  to  ad d

( C H 3) 2C O *  +  S 0 32-  S O , "  +  e aq~ (12 )  

( C H 3)2C O H  +  S 0 3“ — p r o d u c ts  (13 )

2 S 0 3~ — *■ p r o d u c ts  (14 )

H 20  +  eaq-  +  ( C H j) jC O  — *► ( C r f 3) 2C O H  +  O H "  ( 8 )

U se  o f  th ese  e q u a tio n s  a ssu m e s  th a t e aq'  a lw a y s reacts  
w ith  aceton e  (w h ic h  is rea so n a b le  b e c a u se  o f  th e  h igh  c o n ­
cen tration  o f a c eto n e ) a n d  th a t  every  q u e n c h in g  o f  
( C H 3 )2C O *  b y  S O 32 ca u ses d e c o m p o sit io n  b y  rea ctio n  
12. B efo re  go in g  fu rth er w e w ish  to  d esc rib e  e x p er im e n ts  
re le v a n t to  th e  la tte r  p o in t.

A  so lu tio n  o f 0 .6 8  M  a c eto n e  a n d  1 .3  M  iso p rop yl a lc o ­
hol w as p h o to ly z e d  first w ith o u t a n d  th en  w ith  5 .4  m M 
S 0 32 -  u n d er oth erw ise  id en tica l co n d itio n s  ( p H  9 .4 , b u ff ­
ered w ith  ~ 1  m M  N a 2B 40 7 ) . In  th e  first e x p e r im e n t all 
e x cited  a c eto n e  m o le c u le s  are q u e n c h e d  to  p ro d u ce  tw o  
( C H a ^ C O H  ra d ic a ls  w h ile  in th e  seco n d  ca se  one  
( C H 3)2C O H  an d  on e S 0 3 ”  sh o u ld  b e  fo rm e d  for 1 0 0 %  e f-

TABLE I: Effect of Various Sensitizers on the Height of the SO3 
Esr Signal in the Photolysis of SO32-

Sensitizer

Triplet 
ener­

gy,0 kcal 
mol- 1 Conen, M Effect

Acetone 78.0 0.05-0.7 Increase
Acetophenone 76.3 4 X  1 0 - 4 Increase
Benzophenone 69.2 Increase
/1-Acetonaphthone 59.5 < 9  X  1 0 ~ 5 Increase
a-Acetonaphthone 58 3 X  IO “ 4 Increase
Benzil 57.3 3.5 X  I O " 5 Increase
Biacetyl
Anthracene-9-

57.2 5.7 X  I O - 4 Decrease

carboxylic acid < 1 0 ~ 5 Decrease

a Values taken from J. G. Calvert and J. N. Pitts, Jr., "Photochemistry,” 
Wiley, New York, N.Y., 1966, p 298.

fic ien cy  u p o n  q u e n c h in g . I f  it is a ssu m e d  th a t  th e  rate  
c o n sta n t for th e  c r o ss -c o m b in a tio n  rea ctio n  (13 ) is th e  
geom etric  m e a n  o f  th o se  for se lf -r e c o m b in a tio n s  th e n  th e  
re lative  (in te g ra te d ) in ten sities  o f  th e  ( C H 3 )2C O H  sign als  
in  th e  tw o  cases ca n  im m e d ia te ly  b e  u sed  to  c a lc u la te  th e  
ratio  o f  p ro d u c tio n  ra tes (re a c tio n s  1 0  a n d  1 2 ) ; th e  va lu e  
so fo u n d  is 1 to  0 .5 2 . (T h e  d ifferin g  s to ic h io m e try  in th e  
tw o rea ctio n s h a s  b een  in c lu d e d .)  S tr ic tly  in terp reted  th is  
resu lt m e a n s  th a t  every  q u e n ch in g  b y  S 0 3 2 -  y ie ld s  S 0 3 _  
(a n d  an  e q u iv a le n t a m o u n t o f  ( C H 3 )2C O H )  o n ly  o n e -h a lf  
the tim e  b u t  th is  ratio  is p ro b a b ly  w ith in  e x p er im e n ta l  
error o f  u n ity . T h e  p o ssib le  in e ffic ien c y  in p ro d u c tio n  o f  
ra d ica ls  m u st  b e  co n sid ered  in th e  c o m p e titiv e  ex p er i­
m e n ts  w ith  aceton e  a n d  3 0 32 -  b o th  p resen t.

In  carryin g o u t th e  c o m p e titiv e  q u e n c h in g  ex p er im e n ts  
a so lu tio n  0 .6 8  M  in a c eto n e  a n d  1 .3  M  in  iso p ro p y l a lc o ­
hol w as p h o to ly z e d  w ith  n o  su lfite  p resen t. A n a ly s is  o f  th e  
k in etics o f  th e  a p p ro p ria te  rea ctio n s (5 , 9 , 10, a n d  11) 
show s th a t a p lo t  o f  1 / [ R ]2 a g a in st 1  /  [R H ] sh o u ld  be lin ­
ear w ith  a ratio  o f  slop e  to  in te r c e p t o f  feg/feio (here R  =  
( C H 3 )2 C O H  a n d  R H  =  ( C H 3 )2C H O H ) .  T h is  p lo t is given  
in F igu re  3 w ith  [R] m e a su red  b y  th e  h e ig h t o f  th e  largest  
c o m p o n e n t o f  th e  c en tra l lin e . T h e  v a lu e  o f  kg/kyo from  
th is  p lo t is 0 .1 7  M.

W h e n  S O 32 "  is a d d ed  th e  k in e tic  ex p ressio n s b e c o m e  
m u c h  m ore c o m p le x . In order to  solve  th e m  it w as n e c e s ­
sary  to  a ssu m e  th a t  a ll o f  th e  ra d ic a l c o m b in a tio n  rea c­
tio n s h av e  th e  sa m e  ra te  c o n sta n ts . A lth o u g h  th e  re c o m ­
b in a tio n  o f  S O 3 "  w as seen  a b o v e  to  be s o m e w h a t slow er  
th a n  for ( C H 3)2C O H  th is  a ssu m p tio n  is n o t co n sid ered  to  
be a seriou s p ro b lem  b e c a u se  a tte n tio n  w ill b e  focu ssed  on  
th e  in ten sity  o f  th e  s ig n a ls  o f  ( C H 3) 2C O H  o n ly  a n d  th e  
oth er re c o m b in a tio n s  w ill b e  sm a ll p e r tu r b a tio n s . T h e  k i­
n etic  exp ression  (re a ctio n s 5 a n d  8 -1 4 )  is

1

[ R ] 2
1 +

t'kni S ]
1  +

fky2[ S ] )]ÄioCRH ] / 1  T  2 A 10[R H ]

f i  4 . ^ 9  4 . [S] I
L 1  +  M R H ]  ¿ 10 [ R H ]J

w here S  =  S 0 32 “  an d  f  is th e  fra c tio n  o f  th e  q u en ch in g

(17) Interestingly, J. Weiss very early [N a tu rw issen sch a ften , 23, 61 
(1935)] described the quenching by sulfite of the fluorescence of 
several dyes such as eosin.

(18) M. Anbar and P. Neta, J. C hem . S o c . A, 837 (1967). A blank with 
acetone and CICH2C 0 2_ showed no signals from •CH2C02_ but 
weak lines were observed when isopropyl alcohol was also added. 
Apparently (CH3)2COH reacts slowly with CICH2C 0 2~ but not to an 
extent which significantly affects the conclusion given in the text.
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Figure 3. Dependence of [(CH3)2COH]2 upon reciprocal con­
centration of (CH3)2CHOH in an aqueous solution of 0.68 M ac­
etone.

rea ctio n  (1 2 )  w h ich  lea d s to  ra d ic a l p ro d u c ts . F or /fe i2 [S] 

<  fe1 0 [R H ] th e  first b ra c k e te d  te rm  is n ear u n ity  so  th a t  
1 / [ R ]2 sh o u ld  b e  lin ear in [ S O 3 2 - ]. T h e  p lo t  o f  [R ]o2 / [ R ] 2, 
w here [R]o is th e  sig n al h e ig h t in th e  a b sen c e  o f  S 0 32 ~ , is 
given  in F igu re 4. O n  th e  b a sis  o f  th e  k in e tic  exp ression  it 
is e x p e c te d  th a t  th e  a c tu a l p o in ts  sh o u ld  fa ll  b e lo w  th e  
line  d efin e d  b y  th e  low  c o n cen tra tio n  p o in ts . In  p ra ctic e  
th e d a ta  fa ll a b o v e  th is  lin e . T h is  d ep a rtu re  fro m  th e  k i­
n etic  ex p ression  m a y  be th e resu lt o f  th e  v a rio u s a p p ro x i­
m a tio n s  or o f  th e  n e g le ct o f  th e  d ire ct p h o to ly s is  o f  
S O 3 2 - .  T h e  d a ta  for [R]o2 / [ R ]2 <  2 .5  lea d  to  th e  v a lu e  o f  
^ 12 / ^ 10  =  0 .4 9  X  10s or k 1 2 / k g  =  2 .9  x  103 M - 1 . T h e  life ­
t im e  o f  tr ip le t  a c eto n e  in w ater h a s  b e e n  rep orted  to  be  2 2  

itsec . 19 I f  th is  v a lu e  is u sed  to  e v a lu a te  k g  th e n  k 1 0  a n d  k 1 2  

b e c o m e  1 .9  x  10® a n d  9  X  10 7 M - 1  s e c - 1 , re sp ec tiv e ly . 
T h is  v a lu e  for k 1 2 , a lth o u g h  in d ica tiv e  o f  a ra p id  rea ctio n , 
is m o re  th a n  an  order o f  m a g n itu d e  less th a n  th a t  e x p e c t­
ed  for a d iffu sio n -c o n tr o lle d  rea ctio n . S o m e  oth er fa cto r , 
su ch  as th e  d ifferen ce  in  tr ip le t  en ergy b e tw ee n  a c eto n e  
an d  su lfite , th en  ap p ea rs  to  b e  im p o r ta n t in d e te r m in in g  
th e rate  c o n sta n t. T h e  fa c t  th a t tr ip le ts  o f  low er en ergy  
also  se e m  to  tran sfer to  su lfite  is a g a in st th is  id ea . A n  a l ­
te rn a tiv e  e x p la n a tio n  o f  th e  low  v a lu e  o f  k x 2  is th a t  th e  
referen ce life tim e  o f  tr ip le t aceton e  is g reater th a n  th e  
v a lu e  p erta in in g  u n d er our c o n d itio n s (0 .6 8  M  a c e to n e ) . 20 

I f  so , th e n  th e  v a lu es  o f  k 1 0  a n d  k 1 2  sh o u ld  b e  reg ard ed  as  
low er lim its . I t  sh o u ld  be n o ted  th a t  th e  v a lu e  o f  k 1 0  is 
m u c h  less th a n  th a t  for O H  rea ctio n  w ith  iso p ro p y l a lc o ­
hol ( 1 0 9) .21

Figure 4. Plot of normalized concentration of (CH3) 2COH as a 
function of [SO32 - ] as appropriate to kinetic eq A for quenching 
by SO32 - (see text). Solution contains 0.68 M  acetone and 1.3 
M (CH3)2CHOH together with added S 032 - .

Conclusions

T h e  p resen t resu lts  co n firm  b y  esr th a t  th e  p h o to ly sis  o f  
d ilu te  aq u eo u s so lu tio n s o f  su lfite  le a d s  to  th e  p ro d u c tio n  
o f  S O 3 -  a n d  eaq-  a n d  th a t  th is  d e c o m p o sit io n  ca n  b e  se n ­
sitize d  b y  a n u m b e r  o f  k eton es o f  tr ip le t en ergy  > 5 7  k ca l  
m o l- 1 . T h e  se n sitiz a tio n  h as b e e n  s p e c ific a lly  sh o w n  to  
resu lt in  p ro d u c tio n  o f  e aq- . E a c h  q u e n c h in g  rea ctio n  
lea d s to  d isso c ia tio n  o f  th e  S O 32 -  w ith  n ear u n it  e ffic ie n ­
c y  if  it ca n  b e  a ssu m e d  th a t  e a ch  q u e n c h in g  o f  e x c ite d  a c ­

e ton e  b y  iso p rop yl a lco h ol lea d s to  re a ctio n  p ro d u c in g  tw o  
( C H 3)2C O H  ra d ica ls .

P h o to ly sis  o f  S 0 32 -  is p ro p o sed  as a sou rce o f  e aq-  for  
stu d ie s  o f  th e  rea ctio n s o f  th is  ra d ica l in  th e  a b sen c e  o f  an  
in situ ra d io ly sis  set u p  (w h ic h  is th e  o n ly  o th er sou rce to  
d a te  o f  e aq- ) . A lth o u g h  th e  lig h t a b so rp tio n  b y  S O 32 -  is 
m a in ly  o f  sh orter w a v e len g th s  w here th e  la m p  o u tp u t  is 
sm a ll th e  a b sen c e  o f “ b a c k  re a c tio n s”  o f  p ro d u c ts  o f  th e  
p h o to ly sis  is an  a d v a n ta g e .

(19) G. Porter, R. W. Yip, J. M. Dunston, A. J. Cessna, and S. E. Suga- 
mori, Trans. Faraday Soc., 67, 3149 (1971). It should be noted that 
this value Is for an acetone concentration of 10~ 2 M  so that under 
our conditions of 0.68 M a shorter lifetime is possible.

(20) The reaction of triplet acetone with another acetone molecule can­
not be a major source of this proposed lifetime shortening because 
one should then see strong esr lines of (CH3)2COH in solutions of 
acetone alone. No such signals are seen.

(21) See M. Anbarand P. Neta, Int. J. Radiat. Isotopes, 18, 493 (1967).
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R a d ic a ls  o f  th e  ty p e  R C ( O H ) C O O R ',  p ro d u c ed  b y  p h o to re d u c tio n  o f  a -k e to  ac id s a n d  esters in  2 -p r o p a ­
n ol so lu tio n s , h a v e  b e e n  s tu d ie d  b y  esr. In  e a ch  o f  th e  five  sy s te m s , g ly o x y lic  a c id , p y ru v ic  ac id , k eto - 
b u ty r ic  a c id , m e th y l  p y r u v a te , a n d  e th y l p y r u v a te , th e  esr sp e c tru m  g a v e  ev id e n c e  for th e  e x isten c e  o f  
c o m p a ra b le  c o n c e n tra tio n s  o f  tw o  d iffe re n t sp ec ies  in terp reted  as cis a n d  tra n s iso m ers  o f  the  
R C ( O H ) C O O R ' ra d ic a ls . A c c u r a te  h y p erfin e  c o n sta n ts  are g iven  for th e  p airs o f  iso m ers  in all b u t th e  
first case  w here re so lu tio n  o f  th e  in d iv id u a l sp e c tra  w as n o t p o ssib le .

Introduction

R a d ic a ls  o f  th e  ty p e  R C ( O H ) C O O R ' h av e  b e e n  d e te c te d  
in th e  re d u c tio n  o f  th e  a p p ro p ria te  2 -k e to  organ ic a c id s  or 
esters2-4 a n d  in th e  o x id a tio n  o f th e  2 -h y d r o x y  c o m ­
p o u n d s .5 ’ 6 T h e  re d u c tio n  o f  th e  c a rb o n y l-c o n ta in in g  c o m ­
p o u n d s w as ca rried  o u t b y  e ith er p h o to e x c ita t io n 2 ’4 o f  th e  
ca rb o n y l m o le c u le  w h ich  th e n  a b stra c ts  h yd ro g en  fro m  
the so lv en t

RCOCOOR' RCO*COOR' (1)

RCO*COOR' +  (CH3)2CHOH — ► RC(OH)COOR' +  (CH3)2COH

(2)

or c h e m ic a lly 3 via on e  e lectro n  re d u cin g  a g en t su ch  as  
C 0 2H .

RCOCOOR' +  C 0 2H  — ► RC(OH )COOR' +  C 0 2 (3)

T h e  esr sp e c tra  o f  th e  re su ltin g  a -h y d r o x y a lk y l ra d ica ls  
w ere o b serv e d  in b o th  aq u eo u s a n d  n o n a q u e o u s  so lu tio n s . 
A lth o u g h  in m o s t  ca ses th e  e x p e r im e n ta l fin d in g s  a n d  th e  
sp ec tra l a ss ig n m e n ts  ag reed , in  so m e  ca ses co n flic tin g  re ­
su lts  w ere rep orted  as w ell as  d iffe rin g  in terp reta tio n s o f  
th e  sp e c tra . F or in sta n c e , v a rio u s ch a ra c te riza tio n s  w ere  
su g g ested  for th e  ra d ic a ls  fo rm e d  fro m  e th y l p y r u v a te . 
F u jisa w a , et al.,2 g e n e ra te d  th e  ra d ic a l b y  p h o to re d u c tio n  
o f  th e  ester in  2 -p r o p a n o l. T h e y  m e a su red  v a lu e s  o f  1 6 .4 8 , 
0 .8 2 , a n d  2 .1 4  G  for th e  co u p lin g  c o n sta n ts  o f  th e  a -m e t h -  
y l, - C H 2- ,  a n d  O H  p ro to n s, re sp ec tiv e ly , a n d  id en tified  
th e  free ra d ic a l as C H 3C ( O H ) C O O C 2H 5. O n  th e  oth er  
h a n d , A n d e r so n , et al.,3 on  re a ctin g  th e  ester w ith  C 0 2H ,  
u sin g  a ra p id  m ix in g  te c h n iq u e , rep o rted  th e  o b serv a tio n  
o f  th e  cis a n d  tra n s iso m ers  I  a n d  II . T h e  sp littin g s  o f  th e

OH
1 ,0 — c2h5

X )— c2h5
ch3— Ç—

■c %
I n

m e th y le n e  a n d  h y d r o x y l p ro to n s m e a su r e d  b y  th e m  w ere  
fo u n d  to  b e  fo rtu ito u s ly  e q u iv a le n t ( o ( C H 3 ) =  1 7 .0  G , 
a ( C H 2 ) =  a ( O H )  =  1 .7  G  for on e iso m er a n d  o ( C H s )  =
1 6 .5  G , a ( C H 2) =  a ( O H )  =  1 .5  G  fo r  th e  se c o n d  iso m e r ). 
H o w ev er, n o t a ll th e  fea tu res  o f  th e  sp e c tru m  w ere f itte d  
b y  th ese  p a r a m e te rs , su g g e stin g  e ith er th e  p resen ce  o f  
so m e  oth er ra d ic a ls  or m is in te r p re ta tio n  o f  th e  o b serv ed

sp ec tra . It h a s  a lso  b een  fo u n d 7 th a t  th e  esr sp ec tra  d e ­
rived  fro m  th e  a c id s  th e m se lv e s  ( R C ( O H ) C O O H  w here R  
=  H , C H 3 ,  or C 2H 5 ) e x h ib it  a n o m a lo u s  in te n s ity  ra tio s  
a m o n g  th e  h y p erfin e  lin es . A lth o u g h  th e  m o st o b v io u s  e x ­
p la n a tio n  for th is  p h e n o m e n o n  is so m e  fo rm  o f  e x ch a n g e  
o f  th e  h y d ro x y l a n d  c a rb o x y l p ro ton s n o m e c h a n is m  is 
a p p a r e n t w h ich  w ou ld  a c c o u n t for th e  o b serv e d  p a tte r n  o f  
lin e  b ro a d e n in g . In  th e  p resen t p a p er  we w ish  to  p resen t  
so m e  re su lts  w h ich  h e lp  co n sid era b ly  in an sw erin g  the  
q u e stio n s ra ised  b y  th e se  p rev io u s p a p ers .

Experim ental Section

T h e  p h o to ly sis  sy s te m  an d  th e  esr a p p a r a tu s  w as as 
p re v io u sly  d e sc r ib e d .8 M a g n e tic  f ie ld  m e a su r e m e n ts  w ere  
m a d e  w ith  a fie ld -tr a c k in g  n m r u n it  an d  freq u en cy  co u n ­
ter. T h e  g fa cto rs  w ere d e te r m in e d  fro m  m e a su r e m e n ts  o f  
fie ld  a n d  m ic ro w a v e  fre q u e n c y  (a lso  b y  fre q u e n cy  c o u n t­
in g) w ith  a c c o u n t ta k e n  o f  th e  m a g n e tic  fie ld  d ifferen ce  
b e tw ee n  th e  esr sa m p le  a n d  n m r  p ro b e  p o sitio n s . P h o to ly ­
sis w as p erfo rm ed  u n d er  flo w  c o n d itio n s  w ith  a flo w  rate  
o f  a b o u t  1  m l /m i n .  P y ru v ic  a c id , m e th y l p y r u v a te , e th y l  
p y r u v a te , a n d  2 -k e to b u ty r ic  a c id  fro m  A ld r ic h  a n d  g ly o x ­
y lic  a c id  fro m  P fa ltz  a n d  B a u er  w ere u sed  w ith o u t fu rth er  
p u rific a tio n . A ll  so lu tio n s w ere d e o x y g e n a te d  b y  b u b b lin g  
w ith  n itro g en  p rior a n d  d u rin g  th e  p h o to ly s is . S e c o n d -d e ­
riv a tiv e  sp e c tra  w ere ta k e n  to  p ro v id e  s o m e w h a t b e tter  
reso lu tio n  th a n  o b ta in a b le  in th e  first -d e r iv a tiv e  m o d e . 
T h is  fa c t  a c c o u n ts  in  p a rt for th e  o b serv a tio n  o f m ore  
stru ctu re  th a n  fo u n d  b y  p revio u s w ork ers . 2”4

Results and Discussion

Pyruvic Acid. T h e  esr sp e c tru m  o b serv e d  d u rin g  th e  
p h o to ly sis  o f  a 5 %  p y ru v ic  a c id  so lu tio n  in  2 p ro p a n o l is 
sh ow n  a t th e  to p  o f  F igu re  1 . T h is  sp e c tru m  is in  accord  
w ith  p rev io u s fin d in g s  w here th e  C H 3C ( O H ) C O O H  ra d i-

(1) Supported in part by the U. S. Atomic Energy Commission.
(2) T. Fujisawa, B. M. Monroe, and G. S. Hammond, J. A m er . C h em . 

S o c ., 92, 542 (1970).
(3) N. H. Anderson, A. J. Dobbs, D. J. Edge, R. 0. C. Norman, and P.

R. West, J. C h em . S o c . B, 1004 (1971).
(4) P. B. Ayscough and M. C. Brice, J. C h em . S o c . B, 491 (1971).
(5) W. T. Dixon, R. O. C. Norman, and A. L. Buley, J. C h em . Sop., 

3625 (1964).
(6) M. Simic, P. Neta, and E. Hayon, J. Phys. C h em ., 73, 4214 (1969).
(7) N. L. Arthur and R. W. Fessenden, unpublished results.
(8) D. Behar and R. W. Fessenden, J. Phys. C h em ., 75, 2752 (1971).
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q(OH) =2.31 G*----- H
Q(CH3) ”l708Gi«---------

L L L  J_ ,
a(COO H)=o.84G I«-»i
a  (OH) = 2 -00  G*-------- *1
a(CH3) = 16.47 GX----------------------- i h

JJ I J

Figure 1. Portions of second-derivative esr spectra observed 
during the photolysis of pyruvic acid in 2-propanol: upper trace, 
5% acid; lower trace, 0.2% acid. Superimposed lines from two 
isomeric radicals are resolved in the lower trace. Each of the 
lines of first-order intensity three (/'.e., with /z = ± ' k )  shows a 
partial resolution into the second-order components of intensity 
ratio 1:2. Signal enhancement can be seen by comparing cor­
responding lines in the end groups. The lines in the high-field 
group are more intense.

ca l w as p ro d u c ed  p h o to c h e m ic a lly 2 (re a c tio n s  1  an d  2 ) or 
th ro u g h  red ox  rea ctio n s o f  la ctic  a c id 5 a n d  p y ru v ic  a c id 3 

in  r a p id -m ix in g  e x p e r im e n ts . In  th e  a b o v e -m e n tio n e d  
c a ses2 -3 -5 th e  c o u p lin g  w ith  th e  ca rb o x y l p ro ton  w as n o t  
o b serv e d  so  th a t  th e  a n o m a lo u s  in ten sity  p a tte r n , seen  at 
th e  to p  o f F igu re  1, w as n o t d e te c te d . A y sc o u g h  an d  
B r ic e 4 im p ro v e d  th e  reso lu tion  b y  re d u cin g  th e  acid  c o n ­
ce n tra tio n  a n d  w ere ab le  to  ob serve  th e  sp litt in g  b y  th e  
a c id  p ro to n . T h e  reason  for th is  im p r o v e m e n t is th e  re­
d u c tio n  in th e  ra te  o f  ex ch a n g e  o f th e  a c id  p ro ton  w h ich  
a ffec ts  th e  lin e  w id th s . T h e y 4 d o  n o t, h ow ever, rep ort an y  
u n u su a l b ro a d e n in g  o f th e  s ig n als  or irregular in te n s ity  ra ­
tio s . In  our e x p e r im e n t th e  sp litt in g  b y  th e  ca rb o x y l p ro ­
to n  w as o b serv a b le  even  a t 1 0 %  p y ru v ic  a c id . W h e n  th e  
co n ce n tra tio n  o f  th e  a c id  w as low ered  to  0 .2 %  fu rth er res­
o lu tio n  w as a c h ie v e d  (see  th e  low er trace  in F igu re 1). 
L in e s  from  tw o  d ifferen t ra d ica ls , rath er th a n  on ly  on e, 
are id en tified  b y  th e  stic k  sp ec tra  sh ow n  in F igu re  1. E a c h  
sp e c tru m  ca n  be d esc rib e d  b y  th ree  co u p lin g  c o n sta n ts  
( a ( C H s ) ,  a ( O H ) , an d  a ( C O O H ) )  as g iven  in T a b le  I. O n  
th e  a d d itio n  o f 5 0 %  w ater an d  an  in crease  in p H  fro m  2 to  
4  th e  sp ec tra  re m a in e d  e sse n tia lly  u n c h a n g e d . T h e  close  
s im ila r ity  b etw een  th e  m a g n e tic  p a r a m e te rs  o f  th ese  tw o  
ra d ic a ls  su g g ests  th e  p resen ce  o f tw o  ro ta tio n a l iso m ers, 
cis  a n d  tra n s. A  la c k  o f free ro ta tio n  a b o u t th e  
C H 3C ( O H ) -C O O H  b o n d  as a co n seq u en c e  o f  p a rtia l d o u ­
ble  b o n d  ch a ra cter  w ou ld  o b v io u sly  a c c o u n t for th e  d is ­
crete sp ec tra . T h e  f in d in g  o f tw o iso m ers in  th e  case  o f  
p y ru v ic  a c id  is in accord  w ith  th e  recen t su g g e stio n 3 o f  cis  
a n d  tra n s iso m ers for th e  ra d ica ls  d erived  fro m  e th y l p y ­
ru v a te .

O n ly  very  w ea k  lin es a ttr ib u ta b le  to  ra d ic a ls  o f  th e  ty p e  
d isc u sse d  ab o v e  w ere fo u n d  in  e x p e r im e n ts  on  n eu tra l or 
b a sic  so lu tio n s a n d  n o in terp reta tio n  o f th ese  lin es w as  
p o ssib le . H o w e v e r, a m o re  in ten se  se t o f  lin es w h ich  c o n ­
sists  o f  a 6 .8 9 -G  s e p te t  (g = 2 .0 0 4 5 5 )  d id  ap p ea r . T h e  in ­
te n s ity  o f  th is  sp e c tru m  w as in d e p e n d e n t o f  the flo w  rate  
su g g e stin g  th a t  th is  ra d ic a l is n o t a resu lt o f  so m e  se c o n ­
d a ry  re a ctio n s . T h e  in ten sity  d istr ib u tio n  o f th e  lin es is 
v ery  close  to  1 :6 : 1 5 : 2 0 : 1 5 : 6 : 1  w h ich  w ou ld  be fou n d  
for a ra d ica l w ith  six  e q u iv a len t p ro to n s. T h e s e  m a g n e tic

aCOH) *243 G»---- H
O(CHj) 4202GM--------------fh

a(OH) -2 !O G » ----- »«CHj) .11250»----------- ij------ «

Figure 2. Esr spectra observed during the photolysis of keto- 
butyric acid in 2-propanol: upper trace, 10% acid; lower trace, 
0.2% acid.

p a r a m e te rs  fit  w ell w ith  th e  6 .8 4 -G  h yp erfin e  c o n sta n t (g 
= 2 .0 0 4 7 0 )  fo u n d  b y  Z e ld e s  a n d  L iv in g s to n 9 for th e  b ia ­
ce ty l ra d ic a l a n io n . In  th eir w ork 9 th e y  sh o w ed  th a t  very  
low  c o n c e n tra tio n s  o f  b ia c e ty l p resen t as im p u r itie s  c o u ld  
be resp o n sib le  for th e  ap p ea ra n ce  o f th e  b ia c e ty l ra d ica l  
sp e c tru m . T h e  b ia c e ty l cou ld  be p resen t as an  im p u r ity  in  
th e  p y ru v ic  ac id  or co u ld  b e  p ro d u c ed  p h o to ly tic a lly  in  
so m e  w ay .

S im ila r  resu lts  w ere o b ta in e d  in  th e  p h o to ly sis  o f  2 - 
k e to b u ty r ic  a c id . T h e  u n reso lv ed  sp e c tru m  o f  
C H 3C H 2C ( O H ) C O O H  w ith  1 0 %  so lu te  is c o m p a re d  in  
F igure 2 w ith  th e  reso lv ed  one o b ta in e d  w ith  0 .2 %  so lu te . 
T h e  m e a su red  m a g n e tic  p a ra m e te rs  are s u m m a r iz e d  in  
T a b le  I. T h e  sp ec tra  are a ttr ib u te d  to  th e  tw o iso m ers  o f  
C 2H 5C ( O H ) C O O H .

W h e n  g ly o x y lic  ac id  w as p h o to ly z e d , th e  esr sp e c tru m  
e x h ib ite d  th e  sa m e  ty p e  o f u n sy m m e tr ic a l in te n s ity  p a t ­
tern  as w as fo u n d  w ith  th e  ab o v e  m e n tio n e d  ac id s a t  h igh  
so lu te  c o n c e n tra tio n s . In th is  ca se  a t te m p ts  to  a c h iev e  
b e tter  reso lu tio n  b y  d ecreasin g  th e  acid  co n c e n tra tio n  
w ere n o t su c c e ssfu l. N e v e rth e le ss , it  w o u ld  b e  re a so n a b le  
to  a ssu m e  th a t  th e  ro ta tio n a l iso m e rism  e x ists  a lso  in th e  
case o f  th e  g ly o x y lic  ac id .

Ethyl and Methyl Pyruvate. A n d e rso n , et al.,3 p ro d u c ed  
C H s C ( O H ) C O O C 2H 5 fro m  e th y l p y ru v a te  b y  re a ctin g  
C 0 2H  ra d ic a l w ith  th e  ester. T h e y  c la im  th a t  th e  s p e c ­

tru m  o b ta in e d  in th e  p H  region  1 -5  c o n ta in s  tw o  q u a rtets  
o f q u a rte ts  w h ich  ca n  be a ttr ib u te d  to  th e  ra d ic a ls  
I a n d  II. A s  m e n tio n e d  b e fo re , th e y  in terp reted  th eir  
sp ec tra  b y  a ssu m in g  th a t  in  b o th  iso m ers  a H( O H )  =  
a H( C H 2). A b o v e  p H  6  th ese  sp ec tra  d isa p p e a re d  a n d  w ere  
re p la ce d  b y  tw o  1 : 3 : 3 : 1  q u a rtets  fu rth er sp lit  in to  
1 :2 : 1  tr ip le ts . T h e y  a ttr ib u te d  th e  la tte r  sp ec tra  to  th e  
d isso c ia te d  fo rm s o f th e  tw o  iso m ers g iven  ab o v e  an d  e s t i ­
m a te d  a p K  o f  ~ 6  for th e  d isso c ia tio n  c o n sta n t o f  th e  h y ­
d ro x y l grou p .

In  ou r e x p e r im e n ts  C H 3C ( O H ) C O O C 2H 5 w as p ro d u c ed  
b y  p h o to ly z in g  th e  ester ip  2 -p ro p a n o l. A g a in  tw o  iso m ers  
w ere fo u n d . T h e  sp e c tru m  is g iv en  in F igu re 3 a n d  th e  h y ­
perfin e  c o n sta n ts  an d  g va lu e  in T a b le  I . A s  seen  in  th e  
figu re, n o  e q u iv a len c e  w as fo u n d  b e tw ee n  th e  h y p e rfin e  
c o n sta n ts  o f  th e  O H  an d  th e  C H 2 p ro to n s. A n d e r s o n , et

(9) H. Zeldes and R. Livingston, J. C h em . P hys., 47,1465 (1967).
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TABLE I: Hyperfine Constants of Radicals Produced in the Photolysis of n-Keto Acids and Esters in 2-PropanolQ i’

Source Radical aH(/3) aH(OH) aH(COOH) aH(OCH) 9

CH3COCOOH CH3C(OH)COOH Cis
Trans

17.08
16.47

2.31
2 . 0 0

1.08
0.34

2.00369
2.00374

CH3CH2COCOOH CH3CH2C(OH)COOH Cis
Trans

1 2 . 0 2

11.25
2.43
2 . 1 0

1.06
0.85

2.00370
2.00375

CH3COCOOC2H5 CH3C(OH)COOC2 H5
Cis
Trans

16.74
16.41

2.23
1.92

1.51 (CH2) 
1.17 (CH2)

2.00384
2.00387

CH3CH(OH)COOC2 H5 CH3C (0 -)C 0 0 C 2H5
c
c

11.17
1 0 . 8 8

1.61 (CH2) 
1.43 (CH2)

2.00433
2.00428

CH3COCOOCH3 CH3C(OH)COOCH3
Cis
Trans

16.70
16.37

2 . 2 2

1.95
1.57 (CH3) 
1.31 (CH3)

2.00384
2.00387

a Hyperfine constants in gauss are accurate'to ±0.03. Absolute g  factors are accurate to ±0.00003 but relative g  factors for the pairs of radicals are 
known to ±0.00001. 6 Tentative assignment of parameters to cis and trans isomers (see text). c' Because of a different correlation of g factor and methyl 
group splitting than observed for the other pairs no assignment to cis and trans isomers is made (see text).

i I i i I i I
II 1 1 M

44 1 i l l.51 GW—M
d(OH) -223G*--- »1
0(CH3) = |674gH----------------- Q—H

Figure 3. Esr spectrum observed during the photolysis of 5% 
ethyl pyruvate In 2 -propanol.

al.,3 fo u n d  c o n sid era b ly  d iffe re n t c o u p lin g  c o n sta n t for th e  
m e th y le n e  grou p  th a n  d id  F u jisa w a , et al.,2 an d  a t tr ib ­
u ted  th a t  d ifferen ce  to  th e  s o lv e n t u se d . T o  ch eck  on  th is  
e ffec t th e  s o lv e n t w as ch a n g ed  fro m  1 0 0 %  2 -p ro p a n o l to  
5 0 %  w a te r -5 0 %  2 -p r o p a n o l (p H  2 .1 ) .  T h e  sp ec tra  o b ta in ed  
in b o th  ca ses w ere e sse n tia lly  th e  sa m e .

It is c lear th a t  th e  p rev io u s in te rp re ta tio n s 2 -3 rep resen t  
a tte m p ts  to  f it  th e  in c o m p le te ly  reso lv ed  sp ec tra  a n d , on  
th e  b a sis  o f  th e  p re sen t re su lts , m u s t  be  reg ard ed  as in ­
correct as to  th e  fin er d e ta il. F u jisa w a , et al.,2 w ho d id  
n o t th in k  in te rm s o f  tw o  iso m ers , rep orted  v a lu es  w h ich  
rep resen t av erag es for th e  tw o  iso m ers . T h e s e  v a lu es  are  
n o t grea tly  d iffe re n t fro m  th e p resen t o n es. A n d e r so n , et 
al.,3 w h o  d id  in v ok e  tw o  iso m ers , n e v e rth e le ss  arrived  at 
sp littin g s  for th e  O H  a n d  C H 2 grou p s w h ich  are n o t in a c ­
cord w ith  th o se  g iv en  h ere . T h e ir  so m e w h a t poorer re so lu ­
tio n  se e m s to  be  re sp o n sib le .

W e  w ere n o t su c c e ssfu l in  p ro d u c in g  e n o u g h  s ig n a l in ­
te n sity  to  s tu d y  th e  d isso c ia te d  fo rm  ( C H a C jO - ) -  
C O O C 2H 5 ) in p h o to ly tic  e x p e r im e n ts . In s te a d  th is  ra d i­
cal w as p ro d u c ed  r a d io ly t ic a lly 10 b y  h yd rogen  a b stra c tio n  
fro m  e th y l la c ta te . T w o  iso m ers w ith  h yp erfin e  c o n sta n ts  
as g iven  in  T a b le  I w ere p resen t a t  p H  9 .0  a n d  7 .1  w ith  
on ly  w ea k  lin e s  a t p H  6 .2 . T h e s e  h y p erfin e  c o n sta n ts  are  
in  e x c e lle n t a g re e m e n t w ith  th o se  rep orted  b y  A n d e rso n , 
et al.3 T h e  o b serv a tio n  o f  th ese  d isso c ia te d  fo rm s a t  p H
7 .1  su p p o rts  th e  su g g e stio n  th a t  th e  p K  o f  th e  O H  p ro ton  
in  C H 3C ( O H ) C O O C 2H 5 is a p p ro x im a te ly  6 .

T h e  p h o to ly sis  o f  m e th y l p y ru v a te  in  2 -p r o p a n o l a n d  in  
a 1 : 1  m ix tu r e  o f  2 -p ro p a n o l a n d  w ater a lso  y ie ld e d  s p e c ­

tra  o f  tw o  g e o m etric a l iso m ers . T h e  h yp erfin e  co n sta n ts  
a n d  g v a lu es  are g iv en  in T a b le  I . U n d e r  s lig h tly  b a sic  
co n d itio n s th e  sp e c tra  o f  th e  C H 3C ( O H ) C O O C H 3 ra d ica ls  
a lm o s t  d isa p p ea re d  a n d  sp ec tra  o f tw o oth er ra d ica ls  a p ­
p ea re d . O n e  o f th ese  ra d ic a ls  w as ea sily  id en tified  as th e  
b ia c e ty l ra d ic a l an ion  a lso  o b ta in e d  w h en  p y ru v ic  acid  
w a s p h o to ly z e d  u n d er s im ila r  c o n d itio n s . T h e  sp e c tru m  of 
th e  o th er ra d ica l co n sists  o f  fou r 1 : 3 : 3 : 1  q u a rtets  an d  is 
d esc rib e d  b y  th e  p a r a m e te rs  a H =  1 9 .6 8 , a H =  1 9 .0 0 , a H =  
0 .1 1  G  (th ree  p ro to n s), a n d  g =  2 .0 0 4 5 2 . In te re stin g ly , an  
e x p e r im e n ta lly  id e n tic a l sp ec tru m  w as o b ta in e d  w ith  
e th y l p y r u v a te . A  very  s im ila r  sp e c tru m  w as a lso  o b ta in ed  
w ith  p y ru v ic  ac id  in ra d io ly tic  e x p e r im e n ts  ( a H =  2 1 .0 0 , 
a H =  1 9 .0 9 , a H =  0 .1 5  G  (th ree  p ro to n s), an d  g =  
2 .0 0 4 4 8 ) . T h e  fa c t  th a t  very  s im ila r  sp ec tra  w ere o b ta in e d  
fro m  all three c o m p o u n d s  sh ow s th a t  th e  s m a ll  q u a rtet  
sp littin g  m u s t  arise  fro m  th e  m e th y l grou p  o f th e  p y ru v a te  
p ortion  o f  th e  m o le c u le . T o  h a v e  ra d ica ls  w ith  th e  p roper  
n u m b e r  o f p ro ton s all d eriv ed  fro m  p y ru v a te  group  it  is 
n e cessary  to  su g g e st so m e  d im e ric  sp ec ies . T h is  sp ecies  
c o u ld  be fo rm ed  e ith er b y  a p o ly m e r iz a tio n  rea ctio n  o f an  
in tia lly  fo rm e d  ra d ic a l w ith  an  en o l o f  th e  p y ru v a te  or d i­
re c tly  fro m  so m e  c o n d e n sa tio n  p ro d u c t fo rm ed  prior to  ir­
ra d ia tio n . T h e  s im ila r ity  o f  th e  tw o  large h y p erfin e  c o n ­
s ta n ts  a n d  th e  g fa cto r  to  th o se  o f  th e  ra d ica l  
•C H 2C O C H 3 ( a H =  1 9 .9 5 , a H =  1 9 .4 8  G , a n d  g = 
2 .0 0 4 4 3 ) 11 su g g e sts  th a t  p erh a p s th e  p re sen t ra d ic a l has  
th is  ty p e  o f  stru ctu re  ( C H 2C O R )  w ith  th e  m e th y l group  
resp o n sib le  for th e  sm a ll q u a rte t in  a 7  or 5 p o sit io n .

T h e  d ifferen ces  o f  th e  m e th y l grou p  h y p erfin e  c o n sta n ts  
an d  g fa cto rs  b e tw ee n  th e  pairs o f  iso m ers  in  T a b le  I ca n  
be u sed  to  p ro vid e  te n ta tiv e  a ss ig n m e n ts  o f  v a lu es  to  the  
cis or tra n s fo rm s. I t  is g e n e ra lly  agreed  th a t  th e  cis iso ­
m e r  o f  s e m id io n e s 12 e x h ib its  th e  h igh er fi p o sitio n  c o u ­
p lin g  c o n sta n t a n d  th e  low er g fa c to r . A  s im ila r  co rrela ­
tio n  ex ists  for a n io n  ra d ic a ls  o f  o x a la te  e s te rs . 13 A ll  o f  th e  
n eu tra l ra d ic a l p airs in T a b le  I sh o w  th is  sa m e  correlation  
o f  h y p erfin e  c o n sta n t a n d  g fa c to r  so  it is te m p tin g  to  
id en tify  th e  iso m ers  a c co rd in g ly . ( N o t e , h ow ever, th a t  for 
C H 3C ( 0 - ) C 0 0 C 2H 5 th e  co rrelation  is in  th e  o p p o site  
se n se .)  A  d iff ic u lty  w ith  th is  a ss ig n m e n t is th e  p o ssib ility  
o f  a ra p id  in tra m o le c u la r  p ro ton  e x c h a n g e  for th e  cis iso ­
m er as is o b serv ed  for th e  o x a la te  esters (e q  4 ) . 13  S u c h  an  
ex ch a n g e  w o u ld  red u ce  th e  average  R  grou p  h yp erfin e

(10) K. Eiben and R. W. Fessenden, J. Phys. C h em ., 75, 1186 (1971).
(11) H. Zeldes and R. Livingston, J. C h em . P h ys.. 45, 1946 (1966).
(12) Glen A. Russell, S c ie n c e , 161,423 (1968).
(13) H. Zeldes and R. Livingston, J. Phys. C h em ., 74, 3336 (1970).
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c o n sta n t b e c a u se  o f th e  low  v a lu e  in th e  fo rm  on  th e  righ t. 
T h e  tra n s iso m er h as no c o m p a ra b le  e x c h a n g e  p o ssib le  
a n d  th e o b serv a tio n  o f  th e  O H  p ro to n  sp littin g  sh ow s th a t  
n o in term o le c u la r  ex ch a n g e  is occu rrin g . B e c a u se  o f th e  
very  large d ifferen ce  in h yp erfin e  c o n sta n ts  b e tw ee n  th e  
tw o fo rm s in eq  4  (1 6  G  vs. an  e s tim a te d  1 -2  G  w here R  =  
C H 3 ) th e  e x c h a n g e  w o u ld  h av e  to  be e x tr e m e ly  ra p id  
( 1 0 10—1 0 11  s e c “ 1) to  g ive  a sp e c tru m  w ith  n arrow  lin es . 
S u c h  a ra p id  e x c h a n g e  is th o u g h t to  b e  u n lik e ly  so th a t  
a ss ig n m e n t as g iven  in T a b le  I is m a d e  b y  a n a lo g y  w ith  
th e  se m id io n e s .

Conclusions

A ll  a h y d ro x y  ra d ica ls  o f  th e  ty p e  R C ( O H ) G O O R ' in ­
v e stig a te d  b y  u s  sh ow ed  th e  ex isten c e  o f c o m p a ra b le  c o n ­
ce n tra tio n s o f  tw o  c is -tr a n s  iso m ers  w h ich  d iffe r  s lig h tly  
in  th eir m a g n e tic  p a r a m e te rs . T h e  ex isten c e  o f  d iscrete  
sp ec tra  for th e  p a irs  o f  iso m ers, as  is e s ta b lish e d  b y  th is  
w ork, sh ow s th a t  in tern a l ro ta tio n  m u s t  be  s lo w . In  a d d i­
tio n  th e  ex isten c e  o f  p airs o f  iso m ers c le a r ly  sh ow s th a t  
th e  fin er d e ta ils  o f  p rev io u s in te rp re ta tio n s2 -3 o f  th e  s p e c ­
tr u m  o b ta in e d  w ith  e th y l p y ru v a te  m u st  b e  in co rrect. T h e  
a n o m a lo u s  in ten sity  d istr ib u tio n  o f th e  lin es in  th e  s p e c ­
tra  p re v io u sly  o b serv e d  h as b e e n  sh ow n  to  arise fro m  poor  
reso lu tio n  o f  th e  o v er la p p in g  lin es fro m  th e  p a irs  o f  iso ­
m e rs . T h e  im p ro v e d  reso lu tion  o b ta in e d  b y  d ec re a se d  acid  
c o n c e n tra tio n s  an d  th e  use o f  se c o n d -d e r iv a tiv e  sp ec tra  
h a s a llow ed  m o s t  o f  th e  lin es to be reso lv ed .

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 v i d e n c e  f o r  a  

P e r o x y  T y p e  S u p e r o x i d e  I o n  o n  S u r f a c e s

Y. Ben Taarit1 and J. H. Lunsford*

D ep a rtm en t o f  C hem istry. T exas A & M U niversity, C o lleg e  Station. T exas 7 78 4 3  (R e c e iv e d  O c to b er  2, 1972) 

P ublication  c o s t s  a s s is te d  b y  th e N ational S c i e n c e  F oundation

T h e  o x y g e n -1 7  h y p erfin e  stru ctu re  for th e  su p ero x id e  ion fo rm e d  on  a d e c a tio n a te d  zeo lite  a n d  m o ly b -  
d e n u m (V I )  su p p o rted  on  s ilic a  gel co n firm s th a t  th e  tw o o x y g en  a to m s  are u n e q u a l. T w o  se ts  o f  h y p e r ­
fine lin es w ere o b serv ed  for e a ch  su rfa ce . T h e s e  are ch a ra cte rize d  b y  a yy( l )  =  63  ±  1 G  a n d  a y . v ( 2 )  =  82  
±  1  G  for th e  zeo lite  a n d  a yy( l )  =  6 9  ±  1 G  a n d  a yv(2) =  82  ±  1  G  for th e  su p p o rted  m o ly b d e n u m . T h e  
re la ted  se x te ts  re sp o n d e d  in  e x a c tly  th e  sa m e  m a n n e r  w ith  resp ect to  th e  ra te  o f  fo rm a tio n , th e r m a l s t a ­
b ility . a n d  resp on se  to  v a ria tio n s in  th e  m ic ro w a v e  p ow er. T h e  1 7 0 1 7 0 _  p a tte r n  w as a lso  c o n siste n t w ith  
th e  p erox y  ty p e  stru c tu re . T h e  s u r fa c e -to -io n  b o n d  sh ow s fro m  95  to  1 0 0 %  ion ic ch a ra cte r , w h ich  is c o n ­
s id era b ly  d ifferen t fro m  orga n ic  p ero x y  ra d ic a ls .

Introduction

A  o n e -e lec tro n  tra n sfer  fro m  a so lid  su rfa ce  to  m o le cu la r  
ox y g en  re su lts  in  th e  fo rm a tio n  o f  th e  su p ero x id e  io n . T h is  
ion h a s  b e e n  e x te n siv e ly  s tu d ie d  b y  e lectro n  p a r a m a g n e tic  
reso n an ce  (ep r) sp ec tro sc o p y  a n d  th e  re su ltin g  sp ec tra  
h ave  b e e n  re c e n tly  re v iew e d .2 T h e  sp ec tra  w ere first id e n ­
tifie d  on  th e  b a s is  o f  th e  g te n so r ; h ow ever, T e n c h  a n d  
cow orkers3“5 h av e  u sed  o x y g e n -17 to  v erify  th e  a ss ig n ­
m e n ts  on  severa l so lid s . T h e ir  w ork on  M g O , Z n O , TiC>2 , 
a n d  S n O z  sh ow ed  th a t  th e  tw o  ox y g en  a to m s  are e q u iv a ­
len t a n d  m u s t  b e  in  a p la n e  w h ich  is p a r a lle l to  th e  su r ­
fa c e . T h e  1 1 -lin e  sp e c tru m  for tw o  e q u iv a le n t o x y g e n -17  
a to m s is c le a r ly  seen  for th e  ion  on  M g O , Z n O , a n d  S n 0 2 - 
O n  T i 0 2  (ru tile ) th e  s itu a tio n  is m o re  c o m p le x  b e ca u se  
th e  su p ero x id e  ion  is fo rm e d  a t  tw o  ty p e s  o f  s ite s ; y e t , it is 
p o ssib le  to  reso lve th e  sp e c tra  s in ce  th e  sp ec ies  e x h ib it  
d iffe re n t s ta b ilitie s . H e re  to o , it w a s c o n c lu d e d  th a t  th e  
o x y g en  a to m s  are e q u iv a le n t .

M ille r  a n d  H a n e m a n 6 a n a ly z e d  th e  g te n so r  a n d  th e  
27A1 h y p erfin e  sp e c tru m  for O 2 “  on  a c le a n  A lS b  su rfa ce . 
T h e y  d e m o n str a te d  th a t  th e  su p ero x id e  ion w as n o t p a r a l­
lel to  th e  su rfa ce . S y m o n s 7 h a s  a lso  su g g e ste d  th a t  th e  
su p ero x id e  ion b o u n d  to  a lu m in u m  in  d e c a tio n a te d  z e o ­
lites  m a y  b e  m o re  lik e  a p ero x y  ra d ic a l; i.e., th e  tw o  o x y ­
gen s are n o t e q u iv a le n t . H is  c o n c lu sio n s w ere b a se d  on  th e

(1) On leave from Institut de Recherches sur la Catalyse, C.N.R.S., Vil­
leurbanne, France.

(2) J. H. Lunsford, Catal. R ev ., 8, 135 (1973).
(3) A. J. Tench and P. J. Holroyd, C h em . C om m u n ., 471 (1968); A. J. 

Tench and T. Lawson, C h em . Phys. L ett., 7, 459 (1970); A. J. 
Tench, T. Lawson, and J. F. J. Kibblewhlte, J. C h em . S o c ., F araday  
Trans. 1, 68, 1169 (1972).

(4) C. Naccache, P. Meriaudeau, M. Che, and A. J. Tench, Trans. Far­
a d a y  S o c . . 67, 506 (1971).

(5) P. Meriaudeau, C. Naccache, and A. J. Tench, J. Catal.. 21, 208 
(1971).

(6) D. J. Miller and D. Flaneman, P hys. R ev ., 3, 2918 (1971).
(7) M. C. R. Symons, J. Phys. C h em ., 76, 3095 (1972).
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sim ila rities  b e tw ee n  th e  m a g n e tic  p a r a m e te rs  o f  O 2 "  a n d  
th o se  o f  o th er  ra d ic a ls  w h ic h  m a y  h a v e  a p ero x y  ty p e  
stru c tu re .8 -11

E x p e r im e n ts  u tiliz in g  o x y g e n -1 7  w ere carried  o u t in  
order to  te s t  th e  p ro p o sitio n  th a t  th e  tw o  o x y g en  a to m s  
are n o t e q u iv a le n t for th e  su p ero x id e  ion  fo rm e d  in d e c a - 
tio n a te d  zeo lite s . T h e  w ork  w as a lso  e x te n d e d  to  a s tu d y  
o f  0 2 “  on  m o ly b d e n u m  o x id e  su p p o rted  on  silic a  gel.

Experim ental Section

T h e  N H 4Y  zeo lite  w a s p rep a red  b y  a c o n v e n tio n a l io n - 
ex ch a n g e  te c h n iq u e  u sin g  an  N H 4N O 3 so lu tio n  a n d  a 
L in d e  N a Y  p o w d e r . T h e  re sid u a l so d iu m  c o n te n t w as  
a b o u t 1 %  b y  w eig h t.

S a m p le s  o f  th e  d ry  zeo lite  w ere a c tiv a te d  in a q u a rtz  
cell w h ich  h a d  a 4 -m m  d ia m e te r  s id e  a rm . T h e  d eh y d ro x -  
y la tio n  p ro cess w a s ca rried  o u t a t  6 0 0 °  in vacuo for 8  hr. 
F u rth er re d u c tio n  in h yd ro g en  a n d  a fin a l e v a c u a tio n  w ere  
carried  o u t a t th e  s a m e  te m p e ra tu re .

O x y g e n -1 6  or o x y g e n -1 8  en ric h ed  to  4 4 .5 %  in 170  w ere  
ad so rb ed  a t  ro o m  te m p e ra tu re  a t  a p ressu re  o f  18 T o rr . 
T h e  p o w d er w as th e n  tran sferred  to  th e  sid e  a rm  w h ich  
w as se a led  a n d  p u lle d  o f f  fro m  th e  m a in  ce ll.

T h e  sa m p le s  w ere 7 -irra d ia te d  a t  a d ose  rate  o f  5 0 0  
r a d s /s e c  w ith  a 60C o  7  sou rce for 15 m in  to  1  hr a t  e ith er  
room  te m p e ra tu re  or a t 7 7 ° K . P rior to  reco rd in g  th e  epr  
sp ec tra , co lor cen ters  w ere re m o v e d  b y  h e a tin g  th e  q u a rtz  
tu b e  w h ile  th e  c a ta ly s t  w as m a in ta in e d  at 7 7 ° K .

T h e  su p p o rted  m o ly b d e n u m  ox id e  w a s p rep ared  b y  s tir ­
ring s ilic a  gel in  a su ita b le  v o lu m e  o f  a m m o n iu m  p a r a m o -  
ly b d a te  so lu tio n  to  o b ta in  2 %  o f  M o  b y  w eig h t. T h e  a c ti­
v a tio n  a n d  red u ctio n  p ro cesses are s im ila r  to  th o se  re ­
p orted  e a r lie r . 12  T h e  sa m p le  w as th e n  e q u ilib ra te d  a t  
ro om  te m p e ra tu re  w ith  2 T o rr  o f  e ith e r  1 6 0 2  or 18 0 1 7 0 .

In  a ll cases th e  ep r sp ec tra  w ere reco rd ed  a t  7 7 °K  
u sin g  a V a r ia n  E -6  M o d e l  sp e c tro m e te r . T h e  g v a lu e s  w ere  
d eterm in e d  b y  u sin g  D P P H  (g .=  2 .0 0 3 9 )  as a referen ce. 
T h e re  is a n  e s tim a te d  error o f  ± 0 .0 0 1  in th e  rep orted  
v a lu es .

Results

y-Irradiated Zeolite. T h e  sp e c tru m  o f  th e  d e h y d ra te d  
zeo lite  o b served  u p o n  7  irra d ia tio n  a t  ro o m  te m p e ra tu re  
in  th e  p resen ce  o f  o x y g en  1 6 C>2 is in  a g re e m e n t w ith  th a t  
rep orted  p re v io u sly  b y  W a n g  a n d  L u n s fo r d .13  In  th e  p re s­
en ce  o f  o x y g en  e n ric h ed  in 1 7 0 , n ew  lin es re su lt fro m  th e  
h yp erfin e  co u p lin g  o f  th e  u n p a ired  e lectro n  w ith  th e  I = 
5 /2  sp in  o f  th e  170  n u c le u s . D e s p ite  a p a r tia l o v erla p  o f  
th e lin e s , tw o  se ts  o f  s ix  e q u a lly  sp a c e d  lin es a p p e a r  c le a r ­

ly  in  th e  sp e c tru m  o f  F igu re  1. B o th  o f th ese  se x te ts  are  
cen tered  on  th e  s a m e  gyy c o m p o n e n t. T h e ir  re sp ec tiv e  h y ­
p erfin e sp littin g s  are ayy( 1 ) =  6 3  ±  1  G  a n d  a yy(2 )  =  82  
±  1 G . W e a k e r  lin e s  a lso  a p p ea r  as p a rt o f  th e  h y p erfin e  
p a ttern . T h e  m o re  w id e ly  sp lit  s e x te t  ap p ea rs  so m e w h a t  
w eaker, b u t  loss in  in te n s ity  for h y p e rfin e  lin es m o re  d is ­
ta n t fro m  th e  f ie ld  c o rresp o n d in g  to  gyy is c h a ra cteristic  
o f su c h  p o ly c ry sta llin e  sp e c tra . T h is  s e x te t  m a y  a lso  h ave  
a s lig h tly  greater lin e  w id th . T h e  ra tio  o f  th e  tw o  se x te ts  
re m a in e d  u n a ffe c te d  u p o n  c h a n g in g  th e  m ic ro w a v e  pow er  
as sh o w n  in  F igu re  2 a -2 c .

T h e  0 2 -  ion is k n o w n  to  b e  ra th er s ta b le  a t  ro o m  t e m ­
p eratu re , b u t  ov er a  lo n g  p erio d  o f t im e  an  a p p re cia b le  
d ecrease  in  its  in te n s ity  oc cu rred . D u r in g  th e  d e c a y  in  
a m p litu d e  th e  ra tio  o f  th e  tw o  se x te ts  re m a in e d  c o n sta n t. 
W h e n  th e  zeo lite  w as irra d ia ted  for su c c ess iv e  in c re m en ts  
o f  t im e , th e  tw o  se x te ts  grew  a t th e  sa m e  ra te .

Figure 1. Epr spectrum of 0 2~ on a decationated Y type zeolite 
produced by 7 -irradiation at —196°. The hyperfine structure 
from two nonequivalent oxygen atoms is depicted in the figure. 
The principal g values are those reported previously for the 
spectrum observed after heating the sample to 150°;13 gxx = 
2.009, gyy =  2.002, and gzz =  2.038.

U p o n  7 -irra d ia tio n  a t  7 7 ° K  tw o  sh a rp  s y m m e tr ic  lines  
w ere ob serv ed , on e  on  e a ch  sid e  o f  th e  0 2 sp e c tru m . 
T h e y  w ere cen tered  a t  g ~  ge a n d  th e ir  se p a ra tio n  w as  
e q u a l to  5 0 0  G . T h e s e  lin es d isa p p e a re d  as soo n  as th e  
sa m p le  w a s w a rm ed  to  ro o m  te m p e ra tu re . S im u lta n e o u s ­
ly , th e  0 2 “  s ig n a l, in c lu d in g  th e  tw o  s e x te ts , u n d erw en t a 
sh arp  d ecrease  in in te n sity . T h e  in te n s ity  o f  th e  resu ltin g  
sp ec tru m  w as s im ila r  to  th a t  o b ta in e d  w h en  th e  sa m p le  
w as irra d ia ted  a t  ro o m  te m p e ra tu re . I t  is a lso  im p o r ta n t  
to  n o te  th a t  th ro u g h  th is  e v o lu tio n  o f  th e  sp e c tru m  th e  
ra tio  o f  th e  tw o s e x te ts  w as u n a ffe c te d  (F ig u re  2 d  a n d  2e ).

I t  is lik e ly  th a t  th e  tw o s y m m e tr ic  lin es c h a ra cterized  
b y  a g v a lu e  close  to  th e  free e lectro n  g v a lu e  a n d  a  s p lit ­
tin g  o f  5 0 0  G  in d ic a te  th e  fo rm a tio n  o f  h y d ro g e n  a to m s  
tr a p p e d  in  th e  zeo lite . S im ila r  re su lts  h a v e  b e e n  rep orted  
b y  severa l w ork ers .1 4 -15  U p o n  w a rm in g  th e  sa m p le  to  
ro om  te m p e ra tu re  on e w o u ld  e x p e c t th a t  th e  re a ctiv e  h y ­
d rogen  a to m s  w o u ld  c o m b in e  w ith  0 2 “  io n s , re su ltin g  in  
th e  o b serv e d  d ec rease  in  th e  in te n sity  o f  th e  s ig n a l d u e  to  
th e  la tte r  sp ec ies .

(8) R. C. Catton and M. c. R. Symons, J. C hem . S o c . A, 1393 (1969).
(9) S. J. Wyard, R. C. Smith, and F. J. Adrian, J. C hem . P hys.. 49, 

2780 (1968).
(10) R. W. Brandon and C. S. Elliot, T etrah ed ron  L ett., 4375 (1967).
(11) M. C. R. Symons, J. C h e n . S o c . A. 1889 (1970).
(12) Y. Ben Taarit and J. H. Lunsford, in press.
(13) K. M. Wang and J. H. Lur.sford, J. Phys. C h em .. 73, 2069 (1969)..
(14) A. Abou-Kais, J. C. Ved'ine, J. Massardier, G. Dalmai-lmelik, and 

B. Imelik, C. R. A ca d . S c,.. S er . C, 272, 883 (1971).
(15) A. Abou-Kais, J. C. Ved'ine, J. Massardier, G. Dalmai-lmelik, and 

B. Imelik, J. Chim . P h ys ., 69, 561 (1972).
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Figure 2. Variations in the high-field region of the epr spectrum 
of 0 2-  on a decationated Y type zeolite a s a function of 
changes in m icrowave power and warming the sample to room 
temperature: (a) 0.5 mW, (b) 7 mW, and (c) 100 mW, (d) sam -1 
pie maintained at 77°K, (e) sample warmed 15 min at 25°, and 
(f) sample warmed 105 min at 25°. All spectra were recorded 
with the sample at 77°K.

A n o th e r  in d e p e n d e n t s ig n a l w as o b serv e d  a t g =e 2 .0 0 7 . 
T h e  p a r a m a g n e tic  sp ec ies resp o n sib le  for th is  sp ec tru m  
w as fa v o re d  b y  a  low er p ressu re  o f  o x y g en  a n d  it se e m s  to  
b e  m o re  sta b le  th a n  th e  0 2 “  ra d ica l u p o n  w a rm in g  th e  
sa m p le  fro m  7 7 ° K  to  ro o m  te m p e ra tu re .

Reduced MoOs Supported on Silica Gel. U p o n  a d so rp ­

tion  o f  1 6 C>2 on  s u ita b ly  red u ced  su p p o rted  m o ly b d e n u m  
o x id e , an  ep r s ig n a l s im ila r  to  th e  one rep o rted  b y  K a z a n -  
sk ii a n d  S h v e ts 16  a n d  b y  N a c c a c h e  a n d  cow o rk ers17  d e v e l­
op ed  im m e d ia te ly . T h e  g v a lu es  are gzz =  2 .0 1 8 , gxx =
2 .0 1 0 , a n d  gyy =  2 .0 0 4 .

W h e n  ox y g en  en ric h ed  to  ( 4 4 .5 % )  in 170  w as u se d , tw o  
sets  o f  fou r e q u a lly  sp a c e d  lin es w ere o b serv e d  in a d d itio n  
to  th e  m a in  sig n al d u e  to  18 0 2 -  a n d  th e  large s ig n a l d u e  
to  M o 5 + (F igu re  3 ) . T h e s e  lin es are o b v io u s ly  p art o f  tw o  
se x te ts  ce n te re d  a ro u n d  th e  gyy c o m p o n e n t . T h e y  m u st  
also  arise fro m  th e  in tera ctio n  o f th e  o d d  e lectro n  w ith  th e  
I = 5 / 2  sp in  n u c le i o f  th e  1 7 0 180  m o le c u le s  a lo n g  th e  yy 
d irectio n . T h e  re sp ec tiv e  h y p e rfin e  s p littin g  o f  th e  tw o  
se x te ts  w ere fo u n d  to  b e  e q u a l to  a yv( l )  =  6 9  ±  1 G  an d  
ayy(2) =  8 2  ±  1 G . T h e  h ig h -fie ld  p o rtio n  o f 'th e s e  se x te ts  
is h id d e n  b y  th e  M o 5 + s ig n a l. A d d it io n a l lin es w h ich  m a y  
b e  a ttr ib u te d  to  m o le c u le s  c o n ta in in g  tw o  o x y g e n -1 7  n u ­
clei w ere o b served  a t  h ig h er a m p lif ic a tio n . T h is  h y p erfin e  
p a tte r n  w ill b e  d isc u sse d  in th e  n e x t  se c tio n .

A g a in  it  ap p ea rs  th a t  th e  tw o se x te ts  h a v e  th e  sa m e  in ­
te n s ity  a n d  th e  sa m e  s ta b ility . N o  v a ria tio n  o f  th is  ra tio  
w as o b serv e d  a t  d iffe re n t le v e ls  o f  m ic ro w a v e  p ow er.

Discussion

A  s in g ly  la b e le d  su p ero x id e  ion  h a v in g  tw o  e q u iv a le n t  
o x y g en s w o u ld  y ie ld  2 /  +  1  or s ix  lin e s  o f  a p p ro x im a te ly

yy2

Figure 3. Epr spectrum of 0 2_ formed on molybdenum support­
ed on silica gel. Hyperfine splitting for the two types of oxygen 
is depicted by ayyi and ayy2.

e q u a l in ten sity  for e a c h  p rin c ip a l d ire c tio n . A  d o u b ly  l a ­
b e led  ion w ith  e q u iv a le n t a to m s  w o u ld  b e  ch a ra cte rize d  
b y  2 ( 21) +  1  or 1 1  lin es w ith  an  a m p litu d e  ra tio  o f  
1 : 2 : 3 : 4 : 5 : 6 : 5 : 4 : 3 : 2 : 1  for e a ch  p rin c ip a l d ire c tio n .

In  c o n tra st th e  p erox y  ty p e  ra d ic a l h a s  tw o  n o n e q u iv ­
a le n t o x y g en s , re su ltin g  in a d iffe re n t d istr ib u tio n  o f  th e  
u n p a ired  e lectro n  on  e a ch  o f  th e  o x y g en  a to m s . T h e re fo re , 
an  e n se m b le  o f  ion s co n ta in in g  on e  1 7 0  a to m  p er  m o le c u le  
w ou ld  y ie ld  tw o se ts  o f  s ix  e q u a lly  s p a c e d  lin e s  fo r  e a ch  
p rin c ip a l d ire c tio n . T h e s e  se ts  ch a ra cte rize  th e  in n er a n d  
ou ter o x y g en  a to m s  re la tiv e  to  th e  su rfa ce . S in c e  th e  
c h a n ce s  are s ta tis t ic a lly  e q u a l (a s s u m in g  n o  iso to p e  e f ­
fec t) for th e  1 7 0  to  b e  lo c a te d  a t  e ith er p o s it io n , th e  tw o  
se x te ts  are e x p ec te d  to  h a v e  e q u a l in te n s it ie s . S im ila r  
sp ec ies  c o n ta in in g  tw o  1 7 0  a to m s  w o u ld  p ro v id e  a  s till  
m ore c o m p lic a te d  h y p erfin e  p a tte r n . E a c h  lin e  o f  a  se x te t  
fro m  on e  o x y g en  a to m  w o u ld  be sp lit  in to  a n o th e r  se x te t  
b y  th e  se c o n d  a to m . S u c h  m u ltip le  s p litt in g  w o u ld  resu lt  
in  a to ta l o f  36  lin es for each  p rin c ip a l d ire c tio n .

A  d e ta ile d  a n a ly sis  o f  th e  d a ta  p re sen te d  here p ro v id es  
co n v in c in g  ev id e n ce  th a t  th e  p a r a m a g n e tic  o x y g en  ions  
c o n ta in  tw o  n o n e q u iv a le n t a to m s  on  b o th  th e  zeo lite  a n d  
th e  su p p o rte d  m o ly b d e n u m  o x id e  su rfa c es . M o re o v e r , it  is 
in c o n siste n t w ith  th e  e x p e r im e n ta l d a ta  to  a ttr ib u te  th e  
h y p erfin e  stru ctu re  to  tw o  d iffe re n t su p ero x id e  io n s on  
each  su rfa ce .

T h e  o b serv a tio n  o f  o n ly  one se t  o f  g v a lu e s  stro n g ly  
su g g ests  th a t  th e  h yp erfin e  lin es arise  fro m  a sin g le  
sp ec ies w h ich  is u n iq u e  to  e a ch  m a te r ia l. F u rth erm o re , if  
tw o d iffe re n t sp ec ies  d id  e x ist , it  is p ro b a b le  th a t  d iffe r ­
en ces in  th e ir  re la x a tio n  t im e s , ra te  o f  fo r m a tio n , r e a c tiv i­
t y  w ith  h y d ro g e n  a to m s , or th e r m a l s ta b ility  w o u ld  b e  e v -

(16) V. A. Shvets and V. B. Kazanskii, J. Catal., 25, 123 (1972).
(17) M. Dufaux, M. Che, and C. Naccache, C. ft. A ca d . S ci., S er . C, 

268, 2255 (1969).
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id en t in th e  h y p erfin e  sp e c tra . T o  th e  co n tra ry , th e  e x p e r­
im e n ta l resu lts  c o n firm  th a t  th e  re la ted  se x te ts  resp o n d ed  
in e x a c tly  th e  sa m e  m a n n e r  to  e a ch  o f  th ese  fa cto rs .

S tr o n g  e v id en ce  su p p o rtin g  a p ero x y  ty p e  m o d e l is p ro ­
v id e d  b y  an  e x a m in a tio n  o f  th e  1 7 0 1 7 0 ~ h y p e rfin e  p a ttern  
as d esc rib e d  in F igu re  1. T h is  p a ttern  d oes n o t f it  th e  tw o  
sets o f  1 1  lin es e a ch  w h ich  w o u ld  b e  e x p e c te d  for tw o  d i f ­
feren t su p ero x id e  io n s c o n ta in in g  e q u iv a le n t ox y g en  
a to m s . T h e  ra th er w ea k  in ten sity  o f  th e  c en tra l lin es from  
th e d o u b ly  la b e le d  ion s is in  sh a rp  co n tra st w ith  th e  sp e -  
cra o b ta in e d  for e q u iv a le n t o x y g e n s .3 O n  th e  oth er h a n d , 
th e p a ttern  o f  th e se  lin es is in  a g re e m e n t w ith  th e  m o d el  
o f  n o n eq u iv a le n t o x y g en  a to m s .

A  q u a n tita tiv e  tr e a tm e n t o f  th e  170  h y p erfin e  sp littin g  
also favo rs a p ero x y  ty p e  ra d ic a l. H y p e rfin e  sp litt in g  in  
th e x a n d  z d irectio n s is u n reso lv ed  in th e  p o ly c ry sta llin e  
sp ec tra ; h ow ever, it is k n o w n  from  th e  sin g le  c ry sta l d a ta  
o f  K a n z ig  a n d  Z e lle r 18 for 0 2 “  in  a lk a li h a lid e s  th a t  th e  
v a lu es  o f  axx a n d  azz are s m a ll . F or th e  d iscu ssio n  here axx 
an d  azz w ill be  ta k e n  as zero. T h e  sq u a res o f  th e  c o e ffi­
cien ts o f  th e  h y d ro g e n ic  w ave  fu n c tio n s  in th e  m o le c u la r  
o rb ita l w h ich  c o n ta in s  th e  u n p a ired  e lectro n  are given  
b y 19

+  c. 2 +  r 2 
s2 '  L pl +  c P2

J ^  +  J L + 5 4  _42
1660 1660 104 104

(1 )

a ssu m in g  a p erox y  ty p e  stru ctu re  on  th e  d e c a tio n a te d  z e o ­
lite . I t  is im p o r ta n t to  n o te  th a t if  th e  la rg est h yp erfin e  
sp littin g  w ere a sc rib ed  to  th e  e q u iv a le n t o x y g en  a to m s , 
the re su ltin g  v a lu e  for th e  sp in  d e n s ity , u p o n  n e g le c tin g  
th e  p a rtia l d e lo c a liz a tio n  o f  th e  e lectro n  on  th e  A1 o r b i­
ta ls , is 2 c si 2 4- 2 c p l 2 =  1 .0 8 .2 T h is  v a lu e  is s ig n ific a n tly  
larger th a n  u n ity , w h ich  is p h y s ic a lly  im p o ss ib le .

B y  c o n tr a st, th e  v a lu e  for th e  sp in  d e n sity  as c a lc u la te d  
in  eq  1  a p p ea rs  sa tis fa c to ry , e sp e c ia lly  if  on e ta k e s  in to  
a c co u n t th e  p a rtia l d e lo c a liz a tio n  o f  th e  e lectro n  on  th e  A1 
o rb ita ls . T h is  d e lo c a liz a tio n  has b een  e s tim a te d  to  be  
a b o u t 5 %  fro m  th e  27A1 h y p erfin e  sp littin g  on  A lS b  o b ­
served  b y  M ille r  a n d  H a n e m a n n .6 A  very  s im ila r  h y p e r ­
fine sp litt in g  h as a lso  b e e n  o b serv e d  for O 2 "  on  th e  d e c a t ­
io n a ted  z e o lite .13

In  th e  ca se  o f  su p p o rte d  m o ly b d e n u m  ox id e

4I , 9 9 7

cs l2 +  cs22 +  cpl2 +  c p22 =  166Ö +  Ü Ö  +  1 Ö4 + IÖ 4 ' =  a "

( 2 )

54.3
104

4511
104

T h e  b o n d in g  ap p ea rs  to  b e  m o re  ion ic on  th is  su rface  
since n o  M o  h y p e rfin e  stru ctu re  w a s o b serv e d . T h is  is in  
c o n tra st w ith  th e  re su lts  for O ”  on  th e  sa m e  su rface  
w here so m e  c o v a le n c y  h a s  b e e n  d e te c te d . 12

T h e  to ta l s c h a ra cte r  o f  th e  su p ero x id e  ion on  th ese  s u r ­
faces h a s  b e e n  c o m p a re d , in  T a b le  I, w ith  th a t  o b ta in e d  
for oth er p erox y  ty p e  m o le c u le s  w here th e  iso tro p ic  h y p e r­
fine sp litt in g  fro m  o x y g e n -1 7  h a s  b e e n  e v a lu a te d . T h e  
larger v a lu e s  for th e  ra d ica l on  th e  su rfa ces  p r o b a b ly  re ­

fle ct th e  m o re  ion ic c h a ra cte r  o f  th e  b o n d  b e tw ee n  th e

TABLE I: 170 Hyperfine Constants for Peroxy Radicals

Radical 7^0(11 7 0̂(2) Ref

FOO 22.17  ±  0.05 14.50 =t 0.05 a
CF3OOO 23.2 ±  0.1 14.0 ±  0.01 b
ROO 23.0 18.0 c
(CH3)3COO 2 1 . 8  ±  0 . 1 16.4 ±  0.1 d
CeFMCHshCOO 2 1 . 8  ±  0 . 1 16.4 ±  0.1 d
Decationated YOO 28 2 1 This work
M0 O3OO 28 23 This work

a F. J. Adrian, J. C h em . P hys., 46, 1543 (1967). s R. W. Fessenden, 
J. C hem . Phys., 48, 3725 (1968). c R. W. Fessenden and R. H. Schuler, 
J. C h em . P hys., 44, 434 (1966). d K. Adamic, K. U. Ingold, and J. R. 
Morton, J. A m er . C h em . S o c . , 92,-922 (1970).

TABLE II: Principal g  Values for O2 with Two Equivalent Oxygens

Solid Pi 92 93 Ref

MgO 2.077 2.007 2 . 0 0 1 3, a
Ti02 anatase I 2.025 2.009 2.003 4
Ti02 anatase II 2.024 2.009 2.003 4
TI02 rutile I 2.030 2.008 2.004 4
Ti02 rutile 11 2 . 0 2 0 2.009 2.003 4
Sn02 2.025 2.009 2.004 5, d
Sn02 2.028 2.009 2 . 0 0 2 c
ZnO 2.049-

2.051
2.009 2 . 0 0 2 3

° N. B. Wong and J. H. Lunsford, J. C hem . P hys., 56, 2664 (1972). 
6 M. Che, C. Naccache, and B. Imelik, Bull. S o c . Chim. Fr., 4791 (1968). 
CJ. H. C. Van Hooff, J. Catal., 11, 277 (1968).

su rfa ce  a n d  th e  o x y g en  io n , a lth o u g h  it  sh o u ld  a lso  be  
n o ted  th a t  th e  v a lu e  o f A iso w ou ld  be s o m e w h a t less if  
n on zero  v a lu e s  o f  axx a n d  azz h a d  b een  c h o sen .

T h e  p erox y  ty p e  ra d ic a l is e x p e c te d  to  b e  ch a ra cterized  
b y  a g te n so r  s im ila r  to  th a t  o b serv e d  for H O 28 9  an d  
oth er p erox y  co m p o u n d s,10-11 a n d  it  is s lig h tly  d ifferen t  
fro m  th e  one p re d ic te d  b y  K a n z ig  a n d  C o h e n 20 for th e  
su p erox id e  ion in o rth o rh o m b ic  s y m m e tr y . H o w e v e r , th e g 
v a lu es  o f  th e  su p ero x id e  ion s for w h ich  e q u iv a le n t ox yg en  
a to m s h av e  b een  c o n firm e d  b y  th e  use o f  1 7 C>2 fa ll into  
su ch  a  w id e  ran ge ( T a b le  II) th a t  it is h a r d ly  p o ssib le  to  
rely on  th e  g te n so r  to  d eterm in e  th e  stru c tu re  o f  th e  ion . 
F u rth erm o re , M ille r  a n d  H a n e m a n 6 h a v e  rep o rted  th a t  for  
tr ic lin ic  s y m m e tr y  a ll th ree  p rin c ip a l g v a lu e s  m a y  be  
greater th a n  ge. T h e  u se  o f  o x y g e n -1 7  s till  re m a in s  th e  
m o st re liab le  m e th o d  to  d isc r im in a te  b e tw ee n  th e  tw o  
stru ctu res o f  th e  su p ero x id e  ion .

Acknowledgment. T h e  au th o rs  w ish  to  a c k n o w led g e  th e  
su p p o rt o f  th is  w ork  b y  th e  N a tio n a l S c ie n c e  F o u n d a tio n  
u n d er G r a n t N o . G P -3 5 6 6 2 X .

(18) H. R. Zeller and W. Kanzig, H elv. Phys. A d a , 40, 845 (1967).
(19) J. H. Lunsford, Advan. Catal., 22, 267 (1972).
(20) W. Kanzig and M. H. Cohen, Phys. R ev. L ett., 3, 509 (1959).
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T h e  esr a b so rp tio n  o f  in te r la m e lla r  c o m p le x e s  fo rm e d  b e tw ee n  arene m o le c u le s  a n d  C u (II )  m o n tm o r illo n ­
ite  h as been  s tu d ie d . C o m p le x e s  o f  th e  sort te r m e d  “ ty p e  I I ”  b y  M o r t la n d  an d  P in n a v a ia  w ere fo rm ed  
w ith  b e n z en e , b ip h e n y l, n a p h th a le n e , a n d  a n th ra ce n e  b y  a ze o tro p ic  d eh y d ra tio n . I t  is sh ow n  th a t  th e  
ty p e  II c o m p le x  is c h a ra cterized  b y  a n arrow  esr b a n d  w h ich  h as a g fa c to r  o f  2 .0 0 2 4 , very  c lose  to  th e  
v a lu e  o f 2 .0 0 2 3  for a “ fre e -sp in n in g ”  e lectro n , as w ell as b y  a c h a ra cteristic  in frared  sp e c tru m . T h e  la tte r  
d isp la y s  a b ro a d  a b so rp tio n  a b o v e  1 7 0 0  c m - 1  a n d  severa l b ro a d  b a n d s  in th e  1 3 0 0 -1 6 0 0 -c m _ 1  region  
w h ich  are n o t c h a ra cteristic  o f  th e  p a rticu la r  aren e. T h e  d a ta  are in terp reted  in  te rm s  o f  th e  d 9 C u (II )  
ion  fu n c tio n in g  as an  e lectro n  a c c e p to r  for th e  tran sfer  o f  a ?r e lectro n  fro m  th e  aren e. E le c tro n  exch a n ge  
m a y  th en  occu r b etw een  ra d ica l ca tio n s or b e tw ee n  ra d ica l a n d  n eu tra l, d ia m a g n e tic  sp ec ies  re su ltin g  in  
th e  s in g le , ex ch a n g e -n a rro w ed  esr b a n d .

Introduction

M o n tm o r illo n ite  b e lo n g s to  th e  grou p  o f  e x p a n d in g  
la y e r -la ttic e  silica te  m in e ra ls  k n ow n  as s m e c tite s . D io c ta -  
h ed ra l s m e c tite s  are ch a ra cterized  stru c tu ra lly  b y  an  o c ta ­
h ed ral la y er o f  a lu m in a  b etw een  tw o te tra h e d ra l layers o f  
s ilic a . T h e s e  2 :1  lay ers are c o n tin u o u s in  th e  a an d  b d i ­
rectio n s a n d  are s ta c k e d  on e  a b o v e  th e  oth er in  th e  c d i ­

rectio n . In  m o n tm o rillo n ite , iso m o rp h o u s s u b stitu tio n  o f  
M g 2 +  for A l3 +  in th e  oc ta h ed ra l la y er  re su lts  in  th e  fo r­
m a tio n  o f  fix e d  n eg a tiv e  charges on  th e  la ttic e  w h ich  are 
b a la n c e d  b y  e x c h a n g e a b le  ca tio n s in th e  in te r la m e lla r  
sp a c e . T h is  in terla y er sp a ce  is a lso  n o r m a lly  o c c u p ie d  b y  
w ater or organ ic m o le c u le s . T h e  c ax is  sp a c in g  is, th e re ­
fore, n ot f ix e d , b u t  va ries a ccord in g  to  th e  n a tu re  o f  th e  
ex c h a n g e  c a tio n , th e  d egree o f  h y d r a tio n , a n d /o r  th e  size  
a n d  g e o m etry  o f  th e  organ ic m o le cu le .

I f  th e  ex c h a n g e  c a tio n  is a tra n sitio n  m e ta l io n , th e  p o s ­
s ib ility  o f  c o m p le x  fo rm a tio n  w ith  e le c tro n -d o n a tin g  l i ­
g a n d s e x ists . T h e  co o rd in a tio n  c h e m istry  o f  th e  m e ta l ion  
is o fte n  s im ila r  to  th a t o f  th e  ion in so lu tio n , b u t  fre ­
q u e n tly  is stro n g ly  in flu en c ed  in  its  b e h a v io r  b y  th e  
ch a rg ed  s ilic a te  su rfa ce . M o re  sp e c ific a lly , M o r t la n d  a n d  
P in n a v a ia 1 -2 h av e  re c e n tly  sh ow n  th a t  c o p p e r (II) -a r e n e  
c o m p le x e s  m a y  be fo rm ed  in th e  a d so rp tio n  o f  b en zen e  
a n d  m e th y l-s u b s titu te d  b e n zen e s on  p a r tia lly  d e h y d ra te d , 
orien ted  f ilm s  o f  c o p p e r(II)-e x c h a n g e d  m o n tm o rillo n ite . 
T h e y  rep o rted , in  th e  ca se  o f  b e n zen e  a d so rp tio n , th e  fo r ­
m a tio n  o f  tw o  ty p e s  o f  c o m p le x e s . U n d e r  c o n d itio n s  o f  
m ild  d eh y d ra tio n , a ye llow  c o m p le x  is fo r m e d . T h is  c o m ­
p le x , d esig n a ted  ty p e  I, is a 7r -ty p e  c o m p le x . S p e c tro sc o p ­
ic  s tu d ie s  b y  M o r t la n d  a n d  P in n a v a ia  sh ow ed  th a t th e  
b e n z en e  ring is p la n a r  a n d  reta in s its  a r o m a tic ity . S im ila r  
ty p e  I c o m p le x e s  w ere o b served  in  th e  a d so rp tio n  o f  to lu ­
en e, xy len e s , a n d  m e sity le n e  on  c o p p e r(II) m o n tm o r illo n ­
ite  a n d  for th e  a d so rp tio n  o f  b e n z en e  an d  m e th y l-s u b s t i ­
tu te d  b e n zen e s on  s ilv e r (I )-e x c h a n g e d  m o n tm o r illo n ite .3

M o r tla n d  a n d  P in n a v a ia  rep orted  th a t f ilm s  o f  co p p er- 
i l l )  m o n tm o rillo n ite  fo rm ed  a d e e p ly  co lo red  red c o m p le x  
u n d er co n d itio n s o f  e x tre m e  d e h y d ra tio n  w ith  co n cu rren t  
a d so rp tio n  o f b e n z e n e . T h is  c o m p le x , d e sig n a te d  ty p e  II, 
sh o w ed  d isto rtio n  o f  th e  b e n zen e  ring a n d  a loss o f  a r o m a ­

tic ity . N o  ty p e  II c o m p le x e s  w ere o b serv ed  e x c e p t  for th e  
ca se  o f  b e n z e n e -c o p p e r (II )  m o n tm o rillo n ite .

In  th e  p resen t s tu d y , th e  e lectro n  sp in  reso n a n ce  (esr) 
sp ec tra  o f  th e  ty p e  I a n d  ty p e  II b e n zen e  c o m p le x e s  h av e  
b e e n  in v e stig a te d . F u rth er , ty p e  II c o m p le x e s  o f  b ip h e n y l, 
n a p h th a le n e , a n d  a n th ra cen e  w ith  C u (II )  on  m o n tm o r il ­
lo n ite  h av e  b een  p rep ared  a n d  their, esr a n d  in fra red  s p e c ­
tra  are p re sen te d .

Experim ental Section

Materials and Complex Formation. T h e  m o n tm o r illo n ­
ite  u sed  in th e se  e x p e r im e n ts  w as b e n e fic ia te d  W y o m in g  
b e n to n ite  w h ich  w as p ro v id ed  b y  th e  B a ro id  D iv is io n  o f  
N L  In d u strie s , In c . T h e  c la y  w as so d iu m  e x c h a n g e d , c e n ­
tr ifu g e d , a n d  sp ra y -d r ie d  b efore  u se . T h e  id ea l u n it  cell 
c o m p o sitio n  o f  th is  c la y  is [ (A I3 33M go .67)V I( S i s ) IV0 2 o -  
( O H ) 4] -N a o .6 7 - B a se d  on  th is  fo rm u la , th e  c a tio n  e x ­
ch a n g e  c a p a c ity  is c a lc u la te d  to  be 9 1 .2  m e q u iv /1 0 0  g . In  
p ra c tic e , h ow ever, ex ch a n g e  c a p a c ity  d e te r m in a tio n s  on  
sa m p le s  o f  b e n e fic ia te d  W y o m in g  b e n to n ite  are close  to  
100  m e q u iv /1 0 0  g . T h e  in crease  over th e  c a lc u la te d  v a lu e  
is ca u sed  b y  a sm a ll a m o u n t o f  iso m o rp h o u s  a lu m in u m  
s u b stitu tio n  in  th e  te tra h e d ra l la y er . T h e r e  m a y  a lso  be  
sm a ll a m o u n ts  o f  ferric (for a lu m in u m ) a n d  ferrou s (for  
m a g n e s iu m ) s u b st itu t io n  in  th e  o c ta h ed ra l lay er w h ich  d o  
n o t resu lt in  th e  crea tio n  o f  la ttic e  ch a rg e.

C o p p e r(II) e x ch a n g e  o f  th is  c la y  w a s e ffec te d  b y  tr e a t­
in g  th e  c la y  w ith  a q u a n tity  o f  0 .3  N  C u C L  m e th a n o l s o ­
lu tio n  su ch  th a t  a th reefo ld  excess  o f  e q u iv a le n ts  o f  C u (II)  
in  so lu tio n  to  to ta l ex ch a n g e  c a p a c ity  w as o b ta in e d . T h e  
so d iu m  c la y  w as d isp ersed  in th e  C u (II )  so lu tio n  an d  w as  
stirred  for 18 hr. T h e  C u (II ) -e x c h a n g e d  c la y  w as th e n  f i l ­
te re d , w ash ed  w ith  m e th a n o l u n til th e  filtra te  sh ow ed  a  
n eg a tiv e  A g N O s  te st for C l - , a n d  th e n  air d ried . T h e  e x ­
c h a n g e  rea ctio n  w as carried  o u t in m e th a n o l b e c a u se ,

(1) M. M. Mortland and T. J. Pinnavaia, N ature (L on d on ), P hys. S ci., 229, 
75 (1971).

(2) T. J. Pinnavaia and M. M. Mortland, J. Phvs. C h em ., 75, 3957 
(1971).

(3) D. Clementzand M. M. Mortland, C lays C lay  Min., 20, 181 (1972).
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w hile an  e ffic ie n t e x c h a n g e  m a y  b e  e ffe c te d , sw ellin g  o f  
th e  c la y  is s lig h t, th u s  p e r m ittin g  ra p id  filtra tio n  an d  
w ash in g .

T h e  degree o f C u (II )  e x ch a n g e  w as d eterm in e d  b y  X -r a y  
flu o rescen ce  a n a ly sis  u sin g  a C u  c a lib ra tio n  cu rve  c o n ­
stru cted  fro m  in ten sity  m e a su r e m e n ts  m a d e  on sta n d a rd  
sa m p le s  o f  C u O  in g ib b s ite . M u lt ip le  d e te r m in a tio n s  on  
th e  c la y  sa m p le s  in d ic a te d  3 .3 %  C u  b y  w eig h t, w h ich  co r­
resp on d s to  104  m e q u iv  o f  C u (II )  /1 0 0  g o f  c la y . T h u s , 
c o m p le te  r e p la c e m e n t b y  C u (II )  is. in d ic a te d .

T h e  c o m p le x e s  w ere fo rm ed  in th e  fo llow in g  m a n n er . A  
q u a n tity  o f  th e  C u (II )  c la y  w as d isp ersed  in rea g en t grade  
b e n zen e  (ty p ic a lly , 1 g o f  c la y /5 0  m l o f  b e n z e n e ) in  a 
r o u n d -b o tto m e d  fla sk  w h ich  w as f itte d  w ith  a D e a n -S ta r k  
trap  an d  a re flu x  co n d e n se r . T h is  m ix tu re  w as h e a te d  to  
reflu x , w h ereu p o n  it ra p id ly  c h a n g e d  fro m  its origin al 
p ale  green  co lor to  p a le  y e llo w , th e n  to  a d ee p  b u r g u n d y . 
T h e  p u rp ose  o f  th e  D e a n -S ta r k  tra p  w as to  tra p  w ater  
w h ich  w as re m o v e d  fro m  th e  c la y  b y  a ze o tro p ic  d is t il la ­
tio n . I f  a sm a ll q u a n tity  o f  w ater w a s a d d e d  to  th e  red  
m ix tu re , it im m e d ia te ly  tu rn ed  p a le  y e llo w , w h ich  it re ­
m a in ed  u n til a ll o f  th is  w ater w as d is tille d  a n d  tra p p ed , 
w h ereu p on  th e  m ix tu r e  ag ain  b e c a m e  d ee p  red in color. 
A fte r  a b o u t  1 hr a t  re flu x , th e  m ix tu re  w as co oled  a n d  f i l ­
tered  in  a d ry  b ox k ep t an h y d ro u s w ith  P 2O 5 . T h e  b e n ­
z e n e -c o p p e r  m o n tm o rillo n ite  c o m p le x  w as th e n  d ried  in 
vacuo a t ro om  te m p e ra tu re . T h e  fin a l p ro d u c t w as a 
b ric k -red  p o w d e r  w h ic h  ra p id ly  ( < 1  m in ) tu rn ed  p a le  y e l ­
low  u p o n  exp osu re  to  m o is t  air.

A n o th e r  sa m p le  o f  th e  red b e n z en e  c o m p le x  w as p re ­

p ared  a t ro om  te m p e ra tu re  b y  th e  te c h n iq u e  p re v io u sly  
rep orted  by M o r t la n d  w h ich  in v o lv e d  p la c in g  several 
gram s o f  th e  c o p p e r -e x c h a n g e d  c la y  a n d  an  o p en  b eak er o f  
b en zen e  in  a d esic ca to r  over P 2O 5 . A s  th e  c la y  w as a l ­
low ed  to  d eh y d ra te  a n d  a d so rb  b e n z e n e , it  ch a n g e d  to  y e l­
low  an d  g r a d u a lly  to  a b rick  red co lor. L ik e  th e  previou s  
sa m p le , it  tu rn ed  y e llo w  u p on  exp osu re  to  m o is t  air, b u t  
co u ld  be stored  w ith o u t ch a n g e  in d ry  air.

T h e  b ip h e n y l, n a p h th a le n e , an d  a n th ra ce n e  c o m p le x e s  
w ere p rep ared  b y  re flu x in g  th e  C u (II )  m o n tm o rillo n ite  in  
cy clo h ex a n e  so lu tio n s  o f  th e  aren e. T h e  b ip h e n y l c o m p le x  
is dark  o ra n g e -b ro w n  a n d  tu rn s b lu e -g r a y  u p on  exp osu re  
to  m o ist a ir; th e  n a p h th a le n e  c o m p le x  is p u rp le  an d  tu rn s  
gray ; th e  a n th ra ce n e  c o m p le x  is d ee p  b lu e  a n d  d id  n ot  
ch a n ge  u p on  e x p o su re  to  m o istu r e . T y p e  I c o m p le x e s  o f  
s u b stitu te d  aren es w ere p rep ared  b y  re flu x in g  C u (II)  
m o n tm o rillo n ite  in to lu en e  a n d  in a so lu tio n  o f p o ly s ty ­
rene in cy c lo h e x a n e .

O rie n te d  f i lm s  o f  th ese  c o m p le x e s  w ere p rep ared  for in ­
frared  sp ec tra  in th e  fo llo w in g  m a n n er . A  q u a n tity  o f  a 4 %  
(w /w )  a q u eo u s gel o f  N a + m o n tm o rillo n ite  w as sp read  
e v e n ly  on  a g la ss  p la te  covered  w ith  T e flo n  la m in a te  
(C R C  L a b to p )  u sin g  a g la ss  rod . T h e  gel th ic k n ess  w as  
d eterm in e d  b y  a sin g le  th ic k n e ss  rin g  o f 0 .0 0 7 -in . th ick  
v in y l e lectric a l ta p e  a t  e a ch  en d  o f  th e  g la ss  ro d . T h e  gel 
film  w as th e n  im m e r se d  in 0 .0 1  N  C u C b  a q u eo u s so lu tio n  
w here it re m a in e d  for 18  h r. It w as th e n  im m e r se d  in s u c ­
cessive  w ater b a th s  to  re m o v e  excess  cu p ric  ions fro m  th e  
gel a n d  w as th e n  air d ried . A  m e c h a n ic a lly  s ta b le , o r ie n t­
ed  f ilm  (ca. 0 .8  m g /c m 2 o f  C u (II ) -e x c h a n g e d  m o n tm o r il ­

lon ite  resu lted  w h ich  co u ld  ea sily  b e  str ip p e d  fro m  th e  
T e flo n  la m in a te . S e c tio n s  o f  th is  f i lm  w ere th e n  u sed  to  
form  th e  d esired  c o m p le x . T h e  f ilm  w as su p p o rted  on  a 
p la te  an d  fra m e  d e v ic e , su b m e r g e d  in th e  p ro per so lv en t  
or so lu tio n , a n d  re flu x ed  for severa l h ou rs. I t  w as th en  
v a c u u m  dried  a n d  sto red .
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Figure 1. Esr spectrum of Cu(ll) exchanged montmorillonite.

Electron Spin Resonance Spectra. T h e  esr e x p er im e n ts  
w ere carried  o u t a t  ro o m  te m p e ra tu re  u sin g  an  X -b a n d  
sp ec tro m e te r  e q u ip p e d  w ith  a 1 0 -k H z  fie ld  m o d u la tio n  
u n it . T h is  sp e c tro m e te r  h as b een  d esc rib e d  b y  F e ssen ­
d e n .4 A b so lu te  v a lu es  o f  th e  g fa cto r  w ere o b ta in e d  d ire c t­
ly  fro m  m e a su r e m e n ts  o f  th e  m ic row av e  fre q u e n c y  and  
th e  p ro ton  reso n a n ce  freq u en cy  w ith  a p p ro p ria te  correc­
tio n s b e in g  a p p lied  for th e  d ifferen ce  in fie ld  w h ich  occurs  
b e tw ee n  th e  sa m p le  a n d  th e  n m r p ro b e . T h e  p o ssib le  error 
in  fie ld  is e s t im a te d  to  be  ~ 0 . 1  G . T h u s , th e  g fa ctors are  
ac cu ra te  to  a t  lea st on e p art in  2 0 ,0 0 0 . F or d e ta ils  o f  th e  
fie ld  an d  fre q u e n cy  m e a su r e m e n ts , th e  p a p er  b y  F e ssen ­
d en  a n d  S c h u le r5 sh o u ld  b e  co n su lte d .

Infrared Spectra. S p e c tra  in th e  region  3 0 0 -4 0 0 0 -c m _1  
w ere o b ta in e d  u sin g  a d ry -a ir  p u rg ed  B e c k m a n  IR -1 2  
sp ec tro p h o to m e te r . T h e  orien ted  f ilm  sa m p le s  were  
m o u n te d  in an  e v a c u a b le  cell e q u ip p e d  w ith  N a C l  w in ­
d ow s. A ll  m a n ip u la tio n s  o f  th e  sa m p le s  w ere carried  out 
in a d ry b o x .

Results

Esr Spectra. T h e  first d er iv a tiv e  esr sp e c tru m  o f th e  
C u (II )  m o n tm o rillo n ite  is sh ow n  in F igu re 1. In  th e  sp e c ­
tr u m , fou r h y p erfin e  lin es w ere reso lv ed  on  th e  lo w -fie ld  
sid e  w h ile  on  th e  h ig h -fie ld  sid e  a sin g le  stro n g  b a n d  re ­
su lts . T h e re  is n o  trace o f  th e  h y p erfin e  s p littin g  w hich  
h as been  sh o w n 6 to  e x ist on  th is  b a n d  u n d er certa in  c o n ­
d itio n s for C u (II )  ion s e x c h a n g e d  in to  sy n th e tic  zeo lites . 
T h e  sp ec tro sc o p ic  s p littin g  (g) fa c to rs  c a lc u la te d  fro m  the  
F igu re 1 sp e c tru m  are g ±  = 2 .0 8 2  a n d  g u =  2 .3 5 3  
w ith  a h y p erfin e  c o n sta n t A  o f  - 0 . 0 1 6  c m - 1 . T h e s e  d a ta  
are in  e x c e lle n t a g re e m en t w ith  th o se  o f  N ic u la , S ta m ire s , 
a n d  T u rk e v ic h 6 for C u (II ) -e x c h a n g e d  s y n th e tic  fa u ja sites  
a n d  w ith  th e  d a ta  ta k e n  b y  C le m e n tz , P in n a v a ia , an d  
M o r t la n d 7 in  th e ir  s tu d y  o f th e  s te re o c h e m istry  o f  h y d r a t­
ed  C u (II)  ion s on  th e  in ter la m e lla r  su rfa ces  o f  la y er s il i ­
c a te s . D iffe r e n c e s  b e tw ee n  th e se  d a ta  a n d  th e  g  factors

(4) R. W. Fessenden, J. C hem . Phys.. 48, 3725 (1968).
(5) R. W. Fessenden and R. H. Schuler, J. C h em . Phys.. 39, 2147 

(1963).
(6) A. Nicula. D. Stamires, and J. Turkevich, J. C h em . P hys.. 42, 3684 

(1965).
(7) D. M. Clementz, T. J. Pinnavaia, and M. M. Mortland, J. Phys. 

C h em .. 77, 196 (1973).
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Figure 2. Esr spectra of benzene-Cu(II) montmorillonite com ­
plexes: (a) type II prepared at room temperature via  P 2O 5 ; (b) 
type II prepared at 80° via  azeotropic dehydration; and (c) type 
I prepared by the rehydration of b.

m e a su red  for so lu tio n s o f  C u (II)  c o m p le x e s 8 are a ttr ib u te d  
to  th e  e n v iro n m e n ta l e ffec t o f  th e  s ilic a te  la ttic e .

T h e  esr sp e c tru m  o f  th e  u n e x ch a n g e d  m o n tm o rillo n ite  
w as a lso  reco rd ed . T h e re  w as no ev id e n c e  o f th e  s in g le , 
a sy m m e tr ic  p ea k  near th e  region o f fre e -e le c tro n  sp in  re ­

p o rted  b y  F rie d la n d er , et al, , 9 a n d  su b s ta n tia te d  b y  W a u -  
ch o p e  an d  H a q u e .10 A t  h igh  ga in , a w ea k  sp e c tru m  w as  
o b served  in th e  region  o f  g  = 2 w h ich  is a ttr ib u te d  to  
F e (III)  e x ch a n g e  ions in th e  n a tiv e  c la y . T h is  w as verified  
b y  c o m p a riso n  w ith  th e sp ec tru m  o f  F e (III) -e x c h a n g e d  
m o n tm o rillo n ite . N o  sig n a ls  w ere o b ta in e d  fo llow in g  
azeo tro p ic  d e h y d ra tio n  o f th e  u n e x ch a n g e d  m o n tm o r illo n ­
ite  in cy c lo h e x a n e , b e n z en e , or cy c lo h e x a n e  so lu tio n s o f  
th e  so lid  aren es.

T h e  C u (II ) -e x c h a n g e d  m o n tm o rillo n ite  w hose sp ec tru m  
is sh ow n  in F igu re 1 w as eq u ilib ra te d  w ith  air a t  5 0 %  re la ­
tiv e  h u m id ity . T h is  sp e c tru m  is e sse n tia lly  u n c h a n g e d  fo l­
low in g  a zeo tro p ic  d eh y d ra tio n  in cy c lo h e x a n e  p ro vid ed  
th a t  an  a p p ro p ria te  correction  is m a d e  for th e  ch a n ge  in  
d e n sity  o f  th e  sa m p le .

In  F igu re 2 , sp ec tra  a a n d  b  are for th e  ty p e  II (red)  
b e n zen e  c o m p le x e s  p rep ared  b y  d e h y d ra tio n  ov er P 2O 5 

a n d  b y  azeo tro p ic  d eh y d ra tio n , re sp ec tiv e ly . In  b o th  
ca ses , th e  lo w -fie ld  h y p erfin e  sp litt in g  is gone a n d  th e  
h ig h -fie ld  b a n d  sh ow s a c o n sid era b le  loss in in ten sity  
c o m p a re d  to  th e  C u (II)  c lay  sp e c tru m  o f F igu re  1. In  a d ­

d itio n , a n ew  h ig h -fie ld  b a n d  is o b ta in e d . T h is  e x tr e m e ly  
n arrow  b a n d  h a s a w id th  o f 3 G  b e tw ee n  p o in ts  o f  e x tre m e  
slop e  a n d  a g  fa c to r  o f  2 .0 0 2 4 . N o  h y p e rfin e  stru c tu re  is 
reso lv ed . S p e c tr u m  c in F igure 2 is for a p o rtio n  o f  th e  
m a te r ia l u se d  for sp e c tru m  b  w h ich  w as e x p o se d  to  air 
(re la tiv e  h u m id ity  5 0 % )  for 30  m in . T h e re  are th re e  s ig n ifi ­

c a n t fea tu res : (1 )  th e  lo w -fie ld  C u (II )  h y p erfin e  stru ctu re  
re tu rn s; ( 2 ) th e  h ig h -fie ld  C u (II)  b a n d  h as in cre a se d  in  in ­
te n s ity ; an d  (3 )  th e  narrow  h ig h -fie ld  b a n d  h a s s ig n ifi­
c a n tly  d ec rea sed  in in ten sity .

T h e  esr sp ec tra  o f  th e  c o m p le x e s  fo rm e d  fro m  b ip h e n y l, 
n a p h th a le n e , a n d  a n th ra cen e  are p re sen te d  in F ig u re  3 . In  
e a ch  ca se , a 7 0  to  8 0 %  d ecrease  in th e  in te n s ity  o f  th e  
h ig h -fie ld  C u (II )  b a n d  h as occu rred , a c c o m p a n ie d  b y  th e  
a p p ea ra n ce  o f  a h ig h -fie ld , narrow  b a n d  w ith  no h y p erfin e  
stru ctu re . C o n sid e ra tio n  o f th e  in d ic a te d  g a in  fa ctors  
sh ow s th a t th e  n arrow  b a n d  b e c o m e s  in cre a sin g ly  m o re  
in ten se  for b ip h e n y l a n d  a n th ra ce n e . In  e a c h  c a se , th e  g 
fa cto r  is 2 .0 0 2 4 . F igu re 4  sh ow s th e  e x p a n d e d  n arrow  b a n d  
for th e  b ip h e n y l c o m p le x . A  n ea rly  p e r fe c t L o r e n tz ia n  
first -d e r iv a tiv e  cu rve  resu lts .

T h e  esr sp e c tru m  o f a to lu e n e -C u (I I )  m o n tm o rillo n ite  
c o m p le x  is sh o w n  in F igu re 5 . T h is  sp e c tru m  is c o m p a r a ­
b le  to  th a t o f  th e  ty p e  I (ye llo w ) b e n z en e  c o m p le x . T h e  
h ig h -fie ld  C u (II )  b a n d  is d ecreased  re la tiv e  to  u n c o m -  
p lex ed  cla y  a n d  a very sm a ll h ig h -fie ld  n arrow  b a n d  is re ­
so lv ed . A lso  sh o w n  in  F igure 5 is th e  esr sp e c tru m  o f  a 
p o ly sty ren e  c o m p le x  w ith  C u (II)  m o n tm o r illo n ite . T h is  
c o m p le x  is ty p e  I a n d  sh ow s on ly  a sm a ll h ig h -fie ld  n arrow  
b a n d .

T a b le  I c o n ta in s  a s u m m a r y  o f  th e  p o sitio n a l a n d  in te n ­
s ity  d a ta  for th e  esr sp ec tra . h !(C u (I I ) /C u (I I )o )  a n d  
f ? ( N .B . /C u ( I I ) o )  rep resen t th e  ra tio s o f  th e  in teg ra ted  in ­
te n sities  o f  th e  C u (II )  b a n d  for th e  c o m p le x  a n d  th e  n a r ­
row  b a n d , re sp ec tiv e ly , to  th e  C u (II)  sig n al for th e  u n c o m -  
p le x e d  c la y . AH is th e  w id th  in  g a u ss  b e tw ee n  p o in ts  o f  
e x tre m e  s lo p e . T h e  c o lu m n  h e a d ed  A r e n e /C u  p resen ts  
m o la r  ratios d e te r m in e d  b y  e x tr a c tin g  th e  c o m p le x  w ith  
m e th a n o l a n d  p erfo rm in g  q u a n tita tiv e  u v  a n a ly sis  on  the  
m e th a n o l-a r e n e  so lu tio n . T h e  la st  c o lu m n  in T a b le  I c o n ­
ta in s  e s tim a te s  o f  th e  n u m b e r  o f aren e m o le c u le s  p er free  
e lectro n  sp in  c a lc u la te d  fro m  c o lu m n s  2 a n d  7 a ssu m in g  
on e sp in  per C u ( I I ) .

Infrared Spectra. T h e  in frared  sp e c tra  o f  or ie n te d  film s  
o f  th e  variou s c o m p le x e s  are p resen ted  in F igu re  6 . T h e  
sp ec tru m  o f u n c o m p le x e d  C u (II)  m o n tm o r illo n ite  w h ich  
h as h a d  lo o se ly  b o u n d  w ater re m o v e d  b y  e v a c u a tio n  is 
sh ow n  in F igu re  6 a. P ea k s c h a ra cteristic  o f  c la y  h yd ro x y l  
occu r a t  3 6 3 0  (s tre tc h ) a n d  8 00 , 8 5 0 , 8 9 0 , a n d  9 2 0  c m - 1 

(lib ra tio n  or “ w a g ” ) . W a te r  c lose ly  a sso c ia te d  w ith  C u (II )  
is seen  to  h a v e  an  - O H  b e n d in g  b a n d  a t  161 5  c m - 1 . T h e  
in ten se  b a n d  a t  105 0  c m - 1  h as b e e n  a ssig n e d  to  th e  S i - 0  
s tr e tc h . 1 1  A  s m a ll  a m o u n t o f  ca rb o n a te  im p u r ity  (c o m ­
m o n ly  a sso c ia te d  w ith  W y o m in g  b e n to n ite ) is in d ic a te d  
b y  th e  b a n d  a t  1455  c m - 1. T h is  b a n d  ap p ea rs  to  h av e  th e  
sa m e  in te n s ity  in a ll sp ec tra .

F igu re 6 b  sh ow s th e  sp e c tru m  o f  a ty p e  II b e n z en e  c o m ­
p le x  fo rm ed  b y  a zeo tro p ic  d e h y d ra tio n . T h is  sp e c tru m  is 
in  a g re e m en t w ith  th e  one p resen ted  b y  M o r t la n d  and  
P in n a v a ia  for a ty p e  II b e n zen e  c o m p le x  fo rm e d  over

(8) B. G. Malmstrom and T. Vanngard, J. Mol. Biol.. 2. 118 (1960).
(9) H. Z. Friedlander, J. Saldick, and C. R. Frink, N ature ( L ond onI. 

199,61(1963).
(10) R. D. Wauchope and R. Haque, N ature (L on d on ). P hys. S ci.. 233, 

141 (1971).
(11) V. C. Farmer and J. D. Russell, S p ec tro ch im . A cta . 20, 1149 

(1964).
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Interlamellar Cu(ll)-Arene Complexes on Montmorillonite 787

Figure 3. Esr spectra ot type II complexes of Cu(II) montmoril­
lonite with (a) biphenyl, (b) naphthalene, and (c) anthracene. 
Spectrum c has been attenuated by a relative factor of 16.

P 2O 5 . T h e y  h ave  a ssig n ed  th e  b ro a d , in ten se  b a n d s  at 
154 0  an d  1480  c m ' 1 to  C - C  stretc h in g  v ib ra tio n s  a n d  th e  
b a n d  a t  8 0 0  c m " 1  to  C - H  o u t -o f-p la n e  d e fo r m a tio n . T h e y  
te n ta tiv e ly  a ssig n ed  th e  b a n d s  at 128 0  a n d  12 0 0  c m " 1 to  
C - C  s tretc h in g  a n d  C - H  in -p la n e  d e fo r m a tio n , re sp e c tiv e ­
ly . A  str ik in g  fea tu re  o f  th is  sp e c tru m  is th e  b ro a d  a b so r p ­
tion  w h ich  occu rs th ro u g h o u t th e  in frared  reg ion . M o r t -  
la n d  a n d  P in n a v a ia  a ttr ib u te d  th is  a b so rp tio n , w h ich  is 
p a rtic u la rly  stro n g  ab o v e  ca. 170 0  c m - 1 , to  a very  low - 
en ergy e lectro n ic  tr a n sit io n . In  th e  a c tu a l sp e c tru m  o f  
F igu re 6 b , tra n sm iss io n  n ever e x c e e d e d  3 0 % . T h e  s p e c ­
tr u m  o f  th is  ty p e  II c o m p le x  o f  b e n z e n e  w ith  C u (II )  m o n t-

Figure 4. Expanded esr spectrum of the narrow band portion of 
the type II complex of biphenyl with Cu(II) montmorillonite.

Figure 5. Esr spectra of type I complexes of Cu (II) montmoril- 
lonlte with (a) toluene and (b) polystyrène.

m o rillo n ite  b ears no re se m b la n c e  to  th a t o f  b en zen e . 
H o w e v e r, a b e n z e n e -o n -c la y  sp e c tru m  is g e n e ra te d  by  
re h y d ra tio n  o f th e  c o m p le x .

T h e  sp e c tru m  o f th e  ty p e  II c o m p le x  o f  b ip h e n y l w ith  
C u (II )  m o n tm o rillo n ite  is sh ow n  in F igu re 6 c. It is c h a ra c ­
terized  b y  a m o d e ra te ly  stro n g  e lectro n ic  a b so rp tio n  ab ove  
ca. 170 0  c m - 1 . In  th e  region  1 2 0 0 -1 6 0 0  c m " 1 th e  s p e c ­
tr u m  sh ow s b a n d s  c lose  to  b u t n ot id en tic a l w ith  th e  ty p e  
II b en zen e  c o m p le x  p lu s  b a n d s  at 1577  an d  1595  c m - 1 . N o  
n o n c la y  p e a k  occu rs a t 8 0 0  c m - 1 . F igure 6 d sh ow s th e  
sp e c tru m  o f  th is  sa m e  film  after 2 hr o f  e x p o su re  to  room  
air d u rin g  w h ich  tim e  th e  f ilm  tu rn ed  fro m  b row n -oran g e

T h e  J o u r n a l  o t  P h y s ic a l  C h e m is t r y .  V o l. 77. N o . 6. 1 9 7 3



788 J. Paul Rupert

TABLE I: Esr and Analytical Data for Arene Complexes with Cu(ll) Montmorillonite
Cu (11) spectrum Narrow band spectrum

77 (Cu (II)/ R(N.B./ Arene/free
Arene Arene/Cu g± Cu(ll)o) g AH, G Cu(ll)o) spin

None

0  •
over P20 5 
azeotroped 
type 1

0
3.8
2.4

2.082
2.082
2.083
2.084

u o . J 1.4 2.082

C O 1.8 2.081

C O O 0.9 2.082

C r CH 2.084

5 1
2.083

1 .0

0.05 2.0024 2.9 0.015 250
0.23 2.0024 3.6 0.007 340
0.45 ~ 0

0.22 2.0024 3.4 0.013 110

0.30 2.0024 6.1 0.010 180

0.27 2.0024 4.2 0.190 5

0.55 ~ 0

0.42 0.002

to  b lu e -g r a y . T h e  on ly  n o n c la y  b a n d s  p resen t are a t  745  
a n d  1483  c m - 1 . T h e s e  are th e tw o  stro n g est b a n d s  in th e  
infrared sp e c tru m  o f b ip h e n y l.12 L o o se ly  b o u n d  w ater has  
b een  a d so rb e d , as e v id en ced  b y  th e  s h ift  o f  th e  - O H  
b e n d in g  b a n d  from  1618  to  1630  c m - 1 .

T h e re  is a sm a ll a m o u n t o f  th e  b ro a d  e lectro n ic  a b so r p ­
tio n  p resen t in F igure 6 d . E x a m in a tio n  o f  th e  sa m p le  fo l­
low in g  th e sc a n  rev ea led  th a t th e p ortion  e x p o se d  to  th e  
b e a m  h ad  tu rn ed  s lig h tly  oran ge. Im m e d ia te  resca n  o f th e  
1 3 0 0 -1 6 0 0 -c m ^ 1 region rev ea led  th e  p resen ce  o f  ty p e  II 
b a n d s . T h e  c o n clu sio n  is th a t th e  ty p e  I to  ty p e  II co n v e r­
sion  w as e ffec te d  b y  b e a m  h e a tin g  d u rin g  th e  sca n .

W h ile  co lored  f ilm s  co u ld  be fo rm ed  fro m  so lu tio n s o f  
n a p h th a le n e  a n d  a n th ra cen e  in c y c lo h e x a n e , th e  infrared  
sp ec tra  rev ea led  o n ly  m in o r d ifferen ces co m p a re d  w ith  
C u (II )  m o n tm o rillo n ite , in d ic a tin g  th a t  o n ly  very  sm a ll  
a m o u n ts  o f  arene w ere so rb ed . T h is  su g g e sts  th a t  it is d if ­
f ic u lt  for large , p la n a r  fu se d -r in g  a r o m a tic  h y d roca rb o n s  
to  w ork  th eir w ay  in to  th e  in te r la m e lla r  sp a c e  w h en  th e  
cla y  m in e ra ls  cry sta ls  are orien ted  in th e  a-b p la n e . F igure  
6e sh ow s th e  sp e c tru m  o f th e  a n th ra c e n e -c o m p le x e d  f ilm . 
T h e  b ro a d  a b so rp tio n  is p resen t (a lth o u g h  it is re lative ly  
w ea k ) an d  o n ly  very w eak  n o n cla y  b a n d s  are in  e v id e n c e .

Discussion

It h as b een  sh ow n  b y  M o r t la n d  a n d  cow orkers th a t  ar- 
en es a d so rb e d  in  th e  in te r la m e lla r  sp a ce  o f  m o n tm o r illo -  
n ites  ca n  b e  o f  th ree  ty p e s : (1 )  p h y s ic a lly  a b so r b e d ; (2 )  
ty p e  I in w h ich  th e  aren e re ta in s its a r o m a tic  ch a ra cter  a n d  
is co o rd in a te d  to  e ith er a C u (II )  or A g (I )  e x c h a n g e  ion b y  a 
7r in te r a c tio n ; a n d  (3 )  ty p e  II in  w h ich  th e  ring is d isto rte d  
an d  a r o m a tic ity  is lo s t . T h e  infrared  sp e c tru m  o f  th e  ty p e  
II c o m p le x  is u n lik e  th a t  o f  the arene a n d  e x h ib its  a broad  
a b so rp tio n  th ro u g h o u t m o st o f  th e  in frared  reg ion . T h is  
w ork has sh ow n  th a t  th e  ty p e  II c o m p le x  is a lso  c h a ra c te r ­
ized  b y  th e  p resen ce  o f  a n arrow  b a n d  in  th e  esr sp e c ­
tr u m .

T h e  fo llow in g  su m m a r iz e s  w h a t is k n ow n  a b o u t  th e  
ty p e  II c o m p le x . It ca n  a p p a r e n tly  be fo rm ed  on ly  w ith  
C u (II)  as th e  ex ch a n g e  c a tio n  in a 2 :1  la y er s ilic a te . E x ­
p er im e n ts  in th is  la b o ra to ry  a n d  e lsew h ere  h av e  sh ow n  
th a t  th e  ty p e  II c o m p le x  m a y  be fo rm ed  u sin g  b o th  s y n ­
th e tic 13 a n d  n a tu ra l h e c to r ite ,14 u sin g  a sy n th e tic  in ter-

s tra tifie d  m ic a -m o n tm o r illo n ite , 13  a n d  u sin g  n o n tro n ite 3 

w hile  no c o m p le x  is fo rm ed  from  C u (II )  e x c h a n g e d  s y n ­
th e tic  sa p o n ite  or sy n th e tic  fa u ja s ite . T r a n s it io n  m e ta l  
ion s tried  w ith o u t su c c ess  in  th e  c o m p le x a tio n  o f  b e n z en e  
w ere F e (I I )[d 6], C o (I I )[d 7], a n d  N i( I I ) [ d 8] a n d  th e  d 10 ion s  
Z n (I I ) , C u ( I ) ,  a n d  H g (I I ) . A  ty p e  II c o m p le x  ca n  b e  fo rm e d  
from  th e  sy m m e tr ic a l a ro m a tic  h y d ro c a rb o n s b e n z e n e , b i ­
p h e n y l, n a p h th a le n e , a n d  a n th ra c e n e ; a lk y l ring s u b s t itu ­

tio n  on  b e n z e n e  p ro h ib its  th e  ty p e  II fo rm a tio n . It m a y  be  
fo rm e d  u n d er  c o n d itio n s  o f  e x tre m e  d e h y d ra tio n  e ith er at 

ro o m  te m p e ra tu re  (o v er P 2O 5) or a t  th e  re flu x  te m p e ra tu re  
o f  b e n zen e  or c y c lo h e x a n e  ( 8 0 ° ) .  H o w e v e r , in  e ith er ca se , 
th e  arene m u s t  b e  p re sen t d u rin g  th e  d e h y d ra tio n . T h e  in ­

frared sp e c tra  o f  ty p e  II c o m p le x e s  c o n ta in  a b ro a d  a b so r p ­

tio n , e sp e c ia lly  a b o v e  170 0  c m ^ 1, a n d  b a n d s  w h ich  are n o t  
ch a ra c te ristic  o f  th e  aren e. R e h y d ra tio n  restores b a n d s  from  
th e  in frared  sp e c tru m  o f  th e  aren e an d  th e  aren e  m a y  be  
re c la im e d  u n c h a n g e d  fro m  th e ty p e  II c o m p le x  b y  e x tr a c ­

tio n  w ith  m e th a n o l (a s  e v id en ced  b y  th e  u v  sp e c tru m  o f th e  
M e O H  s o lu tio n ).

T h e  esr sp e c tra  o f  th e  ty p e  II c o m p le x e s  e x h ib it  a n a r ­
row  b a n d  ( < 5  G  w id e) w ith  a g  fa c to r  very  c lose  to  th a t  
for a fre e -e le c tro n  sp in  ( 2 .0 0 2 4  c o m p a re d  to  2 .0 0 2 3  for a 
free e le c tro n ). T h e  n arrow  b a n d  h as no h y p e rfin e  s tr u c ­
tu re . C u (II)  sp in s  are lost w h en  th e  ty p e  II c o m p le x  is 
fo rm e d . H o w e v e r , th e  n u m b e r  o f  sp in s  o b ta in e d  in th e  
narrow  b a n d  d oes n o t c o m p e n sa te  th e  n u m b e r  o f co p p er  
sp in s  lo st . C o n v e rsio n  to  th e  ty p e  I c o m p le x  re su lts  in the  
loss o f  th e  n arrow  b a n d  sig n al an d  an  in crease  in C u (II)  
sp in s . T h e  C u (II )  s ig n a l d oes n o t, h ow ever, reg ain  its o r ig ­
in al in te n sity . In  th e  case  o f  fo rm a tio n  o f  th e  ty p e  I c o m ­
p le x  w ith  to lu e n e , ca. 5 0 %  o f th e  C u (II)  sp in s  are lost  
w hile  no n arrow  b a n d  is o b ta in e d .

C o n sid e rin g  th e  p re ce d in g , th e  fo llo w in g  p h y s ic a l in te r ­
p re ta tio n  is su g g e ste d . A s  th e  C u (II )  m o n tm o rillo n ite  is 
d e h y d ra te d  in  th e  p resen ce  o f  aren e, p h y s ic a lly  ad so rb ed  
w ater is lo st first . C o n c u rre n tly , as w ater is re m o v e d  fro m  
th e  in te r la m e lla r  sp a c e , a d so rp tio n  o f aren e m o le c u le s  o c -

(12) G. Zerbi and S. Sandroni, S p ec tro ch im . A d a . Part A. 24 483 
(1968).

(13) J. P. Rupert, unpublished data.
(14) G. Stridde, private communication.
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Figure 6. Infrared spectra for (a) Cu(II) montmorillonite and its complexes with (b) benzene itype II), (c) biphenyl (type II), (d) bi­
phenyl (type I), and (e) anthracene (type II).

cu rs. F u rth er d eh y d ra tio n  resu lts  in  th e  re m o v a l o f  th o se  
w ater m o le c u le s  w h ich  are loo sely  b o u n d  to  th e  C u (II )  ion . 
A s  th e  C u (II )  is u n c o v e re d , e lectro n  d o n a tio n  fro m  th e  rr 
sy ste m  o f th e  arene to  u n fille d  C u (II )  o rb ita ls  ca n  occur, 
resu ltin g  in  th e  fo rm a tio n  o f  th e  ty p e  I c o m p le x . C le m e n tz  
an d  M o r t la n d 3 h a v e  su g g e ste d  th a t th e  ty p e  I c o m p le x  is 
an ou ter o rb ita l c o m p le x  w ith  it e lectro n  d o n a tio n  in to  u n ­
filled  p  o rb ita ls  o f  e ith er C u (II )  or A g ( I ) .

U n d e r  c o n d itio n s  o f  e x tre m e  d e h y d ra tio n , th e  C u (II )  is 
b a red  to  th e  e x te n t th a t  th e  fu ll in flu en c e  o f its  d 9 e le c ­
tron ic  c o n fig u ra tio n  is fe lt  b y  th e  aren e. T ra n sfe r  o f  on e  or 
tw o 7r-electrons occu rs resu ltin g  in th e  fo rm a tio n  o f th e

m o re  fa v o ra b le  d 10 c o n fig u ra tio n  o f  C u (I )  a n d  a ra d ical 
c a tio n  o f  th e  ty p e

(o n ly  on e  o f  severa l reso n an ce  fo rm s w h ich  ca n  be draw n )  
or a d ic a tio n . It is k n ow n  th a t  7r-e lectro n  tra n sfer  does  
occu r for p o ly c y c lic  a r o m a tic  h y d ro ca rb o n s in  th e  p res­
en ce  o f e lectro n  a c ce p to rs  resu ltin g  in th e  fo rm a tio n  o f  
ra d ica l c a tio n s . 15  S p e c ific a lly , M u h a 1 6 ' 17  h a s  sh o w n  th a t

(15) See, for example, D. Bethell and V. Gold, "Carbonium Ions: An In­
troduction," Academic Press, New York, N. Y., 1967, p 299.
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ra d ica l ca tio n s m a y  b e  fo rm ed  from  a series o f  p o ly n u c le a r  
a r o m a tic  c o m p o u n d s  ad so rb ed  on th e  e le c tro p h ilic  su rfa c ­
es o f  a c tiv a te d  s i l ic a -a lu m in a  gels.

H o w e v e r, th e  esr sp e c tru m  o f d iscrete  ra d ic a l ca tio n s  
w ou ld  d isp la y  h yp erfin e  sp littin g  re su ltin g  fro m  th e  in te r ­
a c tio n  o f th e u n p a ired  e lectro n  w ith  th e  ring p ro to n s. It is 
su g g e ste d  th a t th e  ob served  sin g le  n arrow  b a n d  is th e  re­
s u lt  o f  e le c tro n -e x c h a n g e  n arro w in g. T h is  is co n siste n t w ith  
th e  o b serv e d  L o r e n tz ia n  lin e  sh a p e  o f  th e  narrow  b a n d .

M u h a 17  sh ow ed  th a t , as th e  sp ace  b e tw ee n  an th ra cen e  
ra d ica l ca tio n s on a s il ic a -a lu m in a  su rfa ce  w as fille d  w ith  
d ia m a g n e tic  sp ec ies , th e  h yp erfin e  sp e c tru m  w as n a r­
row ed to  a sin g le  lin e  o f  ca. 4  G  w id th  b e tw ee n  e x tre m es  
o f  s lo p e . T h is  narrow in g w as a ttr ib u te d  to  an  e lectro n - 
ex ch a n g e  p ro cess . M u h a  a ssu m ed  sa tu ra tio n  o f a fixed  
n u m b e r  o f e le ctro p h ilic  s ites  on th e  c a ta ly s t  w ith  p a r a ­
m a g n e tic  ra d ica l c a tio n s . H e  c a lc u la te d  th e  in tersite  d is ­
ta n c e  to  be  ~ 4 0 0  A, to o  great for e lectro n  ex c h a n g e  to  
o ccu r. A s  th e  sp a ce  b etw een  sites w as fille d  w ith  d ia m a g ­
n e tic  sp ec ies , th e  in term o le c u la r  d ista n c e  d ec re a se d  u n til, 
a t a ra tio  o f  d ia m a g n e tic /p a r a m a g n e tic  sp ec ies  o f  5 X  10 3, 
ex ch a n g e  narrow in g w as ob serv ed . C ru d e  c a lc u la tio n s  in ­
d ic a te d  th a t  th is  co rresp on d s to  an  in te r m o le c u la r  d is ­
ta n ce  o f ~  26  A.

T h e  a a n d  b u n it cell d im e n sio n s for m o n tm o rillo n ite  
are 5 .3  a n d  9 .2  A,18 re sp ec tiv e ly . T h u s , th e  to ta l face  area  
o f  a u n it cell is 9 7 .5  A2. F u lly  ex ch a n g e d  so d iu m  c la y  co n ­
ta in s  %  N a +  per u n it  c e ll. T h is  co rresp on d s to  an  average  
in terion ic  d ista n c e  o f  a p p ro x im a te ly  1 2  A. T h e  c la y  u sed  
in  th ese  s tu d ie s  w as c o m p le te ly  e x c h a n g e d  w ith  C u (II)  
su ch  th a t each  u n it cell c o n ta in ed  V3 o f  a C u (II )  io n . A  
cru d e c a lc u la tio n , a ssu m in g  even  d istr ib u tio n  o f  th e  e x ­
c h a n g e  io n s , p re d ic ts  a C u ( I I ) -C u ( I I )  in terion ic  d ista n ce  
o f  17 A. E v e n  th o u g h  it  is argu ed  th a t  e x c h a n g e d  ionic  
sp ec ies  in c la y s  te n d  to  se g reg a te , 19  th is  c a lc u la tio n  is 
u sefu l for p re d ic tin g  th e  average in terion ic  d is ta n c e . S in ce  
th ere  are a p p ro x im a te ly  on e to  four arene m o le c u le s  per  
C u (II )  (see  T a b le  I ) , th e  in ter -a ren e  d ista n c e s  are c e rta in ly  
w ith in  th a t  su g g e ste d  b y  M u h a  as th e  d ista n c e  requ ired  
for th e occu rren ce  o f  e x ch a n g e  n arrow in g.

A n  e x a m in a tio n  o f  th e A r e n e /fr e e  sp in  c o lu m n  in T a b le  
I sh ow s th a t th e  h ig h est p ro p o rtion  o f ra d ic a l sp in s  is g e n ­
era ted  for a n th ra cen e  w h ile  th e  lo w est is gen era ted  for  
b e n z en e . N a p h th a le n e  an d  b ip h e n y l are in te r m e d ia te . 
T h is  is in q u a lita tiv e  a g re e m en t w ith  th e  a r o m a tic  o x id a ­
tio n  p o te n tia ls  ta b u la te d  b y  L u n d .20 H o w e v e r, steric  e f ­
fec ts  are p ro b a b ly  a lso  o f  im p o rta n c e  sin ce  to lu en e , w h ich  
d oes n ot fo rm  a ty p e  II c o m p le x , h as an  o x id a tio n  p o te n ­
tia l very close to  th a t o f  b e n z e n e . T h e  ra tio s o f  th e  in te ­
grated  sig n al in ten sities  for ty p e  II arene c o m p le x e s  w ith  
C u (II)  m o n tm o rillo n ite  reveal th a t o n ly  a s m a ll  fractio n  o f  
th e  C u (II)  sp in s  lo st are recovered  as free e lectro n  sp in s . 
T h is  co u ld  be ca u sed  e ith er b y  th e  in itia l fo rm a tio n  o f  
d ia m a g n e tic  d ic a tio n  sp ec ies or b y  e lectro n  ex ch a n g e  b e ­
tw een  tw o ra d ica l sp ec ies to  p ro d u c e  a n eu tra l aren e a n d  a 
d ic a tio n . A n o th e r  p o ssib le  e x p la n a tio n  is th e  fo rm a tio n  o f  
a c o m p le x  w h ose re la x a tio n  tim e  is su ch  as to  p ro h ib it o b ­
serv a tio n  o f th e  sp e c tru m  a t ro om  te m p e ra tu re .

T h e  in ter la m e lla r  sp a ce  o f th e  ty p e  II c o m p le x  is th u s  
v isu a lized  as co n ta in in g  arene m o le c u le s , ra d ica l c a tio n s , 
an d  p o ssib ly  d ic a tio n s  w ith  ra p id  e lectro n  ex ch a n g e  o c c u r­

ring b etw een  ra d ica ls  or b etw een  ra d ica ls  a n d  n eu tra l

sp ec ies . T h e  u n p a ired  e lectro n s are co n sid ered  to  be e s ­
se n tia lly  free to  m o v e  in th e  c o lle c tiv e  ir s y s te m . X -R a y  
d iffra ctio n  d a ta  in d ic a te  th a t th e  a r o m a tic  m o le c u le s  are  
orien ted  w ith  th e ir  p la n e s  p a ra lle l to  th e  a-b p la n e  (A d o o i  
=  2 .1  A  for th e  an th ra cen e  co m p le x  c o m p a re d  to  C u (II )  
m o n tm o r illo n ite ) . A  s im ila r  electro n  tra n sfer  m e c h a n is m  
w as p o stu la te d  b y  G a rn e tt  an d  R a in is 21 to  e x p la in  esr  
d a ta  o b ta in ed  in a s tu d y  o f  th e  re a ctio n  o f p o ly n u c le a r  a r ­
o m a tic  h y d ro ca rb o n s w ith  p la tin u m  ch lo rid es . T h e y  a lso  
o b served  a s in g le , narrow  esr b a n d  w ith  n o  h yp erfin e  
stru ctu re  w h ich  th e y  a ttr ib u te d  to  “ ra d ic a l c a tio n s  fo rm ed  
b y  th e  tran sfer o f  an  electro n  fro m  th e  a r o m a tic  d on o r to  
an  e le c tro n -a c c e p tin g  site  on th e  s u r fa c e .”  T h e y  also  
sh ow ed  th a t  th e  e x te n t o f  ra d ica l fo rm a tio n  w a s m u c h  
greater for a n th ra ce n e  th a n  for n a p h th a le n e .

T h e  e ffec t o f  reh y d ra tio n  on  th e  ty p e  II c o m p le x  is n o t  
su rp risin g . R o o n e y  an d  P in k 22 sh ow ed  th a t th e  a d d itio n  o f  
w ater to  a s y s te m  co m p o se d  o f  a n th ra ce n e  ra d ic a l ca tio n s  
fo rm e d  b y  e lectro n  tran sfer  to  a c tiv a te d  s i l ic a -a lu m in a  
re su lte d  in  a ra p id  d e c a y  o f  th e  esr sig jia l. T h e y  a ttr ib u te d  
th is  e ffe c t, w h ich  w as fo u n d  to  be  rev ersib le , to  a  c o m p e t i­
tio n  b e tw ee n  th e  arene a n d  th e  w ater m o le c u le  for th e  L e w is  
a c id  s ite . T h e  p re sen t ca se  is c o n siste n t w ith  th is  in terp re ­
ta tio n  sin ce  th e  reh y d ra tio n  resu lts  in  a loss o f  th e  n arrow  
b a n d  a n d  an  in crease  in th e  C u (II)  s ig n a l.

A n  in terestin g  co m p a riso n  m a y  b e  m a d e  b e tw ee n  th e  
ty p e  II c o m p le x e s  a n d  g ra p h ite . T h e  in frared  sp e c tru m  o f  
grou n d  g ra p h ite  co n sists  o f  a broa d  a b so rp tio n  a b o v e  170 0  
c m “ 1  an d  severa l w ide b a n d s  in  th e  1 3 0 0 -1 6 0 0  c m  1  re ­
g io n .23 F u rth er , S in g e r an d  W a g o n e r 24 h a v e  sh ow n  th a t  
th e  esr sp e c tru m  for a sa m p le  o f  ra n d o m ly  orien ted  g r a p h ­
ite  crysta ls  n o t in  e lectric a l c o n ta c t co n sists  o f  a s y m m e t ­
rical narrow  b a n d  w h ose g factor is 2 .0 0 2 6 . T h e y  also  
sh ow ed  th a t a fin e ly  grou n d  s a m p le  o f  g ra p h ite  p ro d u c es  a 
n arrow  esr b a n d  w ith  a w id th  o f  ca. 3 G  b e tw ee n  p o in ts  o f  
ex tre m e  s lo p e . T h is  a n a lo g y  im p lie s  th a t  o r ien ted  f i lm s  o f  
ty p e  II c o m p le x e s  co u ld  e x h ib it h igh  e le c tr ic a l c o n d u c tiv i­
ty  in th e  p la n e  o f  th e  film  if  there is a m e a n s  for c o n d u c ­
tio n  b e tw ee n  cry sta ls . F u rth er , co n d u c tio n  in th e  c d ire c ­
tio n  sh o u ld  be re la tiv e ly  sm a ll.

Acknowledgments. T h e  a u th o r th a n k s  th e  B a ro id  D iv i ­
sio n , N L  In d u strie s , I n c ., for sp o n so rsh ip  o f  th is  R esea rch  
P ro je ct a n d  p erm issio n  to  p u b lish  th is  w ork, P ro fessor  
R ich a rd  F e ssen d e n  a n d  M r . N a re sh  V e r m a  o f  C M U  for 
p ro v id in g  in stru m e n t tim e  a n d  a ssista n c e  w ith  th e  esr  
m e a su r e m e n ts , M r . A la n  W r ig h t  o f  B a ro id  for th e  in frared  
sp ec tra , M s . B . J . J a h n k e  o f  B a ro id  for th e  X -r a y  flu o re s ­
cen ce  a n a ly sis , an d  P rofessors M . M . M o r t la n d  a n d  T .  J . 
P in n a v a ia  o f  M ic h ig a n  S ta te  U n iv e rsity  for h e lp fu l d is c u s ­
sio n .

(16) G. M. Muha, J. Phys. C h em .. 71 ,633 (1967); ibid.. 71 ,640 (1967).
(17) G. M. Muha, J. Phys. C h em .. 74, 787 (1970).
(18) D. M. C. MacEwan, "The X-ray Identification and Crystal Structure 

of Clay Minerais," G. Brown, Ed., 2nd ed, Mineral. Soc. London, 
1961.

(19) J. L. McAfee, C lays C lay Min.. 5, 279 (1958).
(20) H. Lund, A cta  C h em . S ca n d .. 11, 1323 (1957).
(21) J. L. Garnett and A. Rainis. J. Catal.. 26, 141 (1972).
(22) J. J. Rooney and R. C. Pink, Trans. F araday S o c .. 58, 1632 (1962),
(23) R. A. Friedel and G. L. Carlson, J. Phys. C h em .. 75, 1149 (1971),
(24) L. S. Singer and G. Wagoner, P roc . C onf. C arbon. 5th. 2, 65 

(1961).

The J o u r n a l  o f  P h y s ic a l  C h e m is t r y .  V o i. 77. N o . 6. 1 9 7 3



Copper- and Nickel-Substituted Hydroxyapatites 7 9 1

O x i d a t i o n - R e d u c t i o n  P r o p e r t i e s  o f  C o p p e r -  a n d  N i c k e l - S u b s t i t u t e d  H y d r o x y a p a t i t e s

M a k o to  M iso n o  and  W . K eith H a ll* 1

C a rn eg ie -M ellon  U niversity. M ellon  Institute. P ittsburgh. P en nsylvan ia. 15213  ( R e c e iv e d  July 26. 1972) 

Publication  c o s t s  a s s is te d  b y  the Gulf R e s e a r c h  and D e v e lo p m e n t  C om p a n y

Epr spectra from Cu2+ in the lattice of several crystalline hydroxyapatite samples were determined after 
treatment with H2 or O2 at various temperatures. The extent of the reduction of Cu2+ to Cu+ or Cu° (or 
the reverse processes) was assessed by measuring the consumption of H2 (or O2 ) volumetrically. The stoi­
chiometry of the process was judged by comparing these data with changes in epr signal intensity. The 
intensities decreased as Cu2+ was converted to Cu+ or Cu° and the extent of the change increased with 
both the temperature of the reduction and the Cu2+ loading of the crystals. Under mild conditions and 
at low Cu2+ content, Cu2+ was reduced mainly to Cu+ and this process was readily reversible on treat­
ment with O2 . Under more severe conditions, the reduction proceeded to Cu° and this change was less 
easily reversible. In this case, the Cu apparently was expelled from the lattice and crystallized as metal; 
thus, it exhibited no epr signal. Support for this view was found in related experiments in which Cu2+ 
was replaced by Ni2+. Here, ferromagnetic resonance (fmr) was observed on reduction to metal. Experi­
ments where the surface layers of the crystals were removed by dissolution in acid in the presence of che­
lating agents led to the same conclusion. It was found that the residues of the crystals were greatly dilut­
ed in Cu when they had been reduced completely before the treatment, whereas this was not the case 
when the reduction was only to Cu+. The intracrystalline chemistry of the oxidation-reduction cycle is 
discussed and evidence is advanced suggesting that Cu+ is the active center for the H2-D 2 exchange 
reaction.

Introduction

Profound changes in catalytic behavior occur when 
small amounts of transition metal ions are substituted for 
Ca2+ in the lattice of hydroxyapatite, Caio(P0 4 )e(OH)2 . 
The activity for the hydrolysis of chlorobenzene to phenol 
was greatly enhanced by 0.5-1% Cu2+.2a Similarly, a large 
increase in activity for dehydrogenation of alcohols to al­
dehydes or ketones was effected by substitution of Cu2+ 
or Ni2+, while the dehydration function of these same cat­
alysts was little affected.2’3 Nevertheless, the change was 
so pronounced that the relatively low rate of dehydration 
was virtually drowned by the greatly enhanced rate of 
dehydrogenation. Similar catalysts are used for the com­
mercial production of 1,3-butadiene from butenes.

Unlike the dehydration reaction, which can be ex­
plained in terms of acid catalysis, dehydrogenation with 
H2 evolution does not usually occur in homogeneous 
chemical systems. Hence, the present work was carried 
out to shed light on this subject. Because dehydrogenation 
activity appeared to be related to the presence of a reduc­
ible ion, and because this process includes the recombina­
tion of 2H and the desorption of H2 , it was felt that stud­
ies of the interaction of H2 with the catalyst and of the 
H2-D2 exchange might be helpful. The idea was to assess 
the valence state of Cu or Ni under reaction conditions 
and to see if the dehydrogenation function could be relat­
ed to a particular valence state, or to the ability to switch 
between two valence states. A variable valence state has 
frequently been advanced as an important catalytic prop­
erty, e.g., with chromia catalysts, the ability to form Cr2+ 
was judged to be important for dehydrogenation of ole­
fins,4 whereas polymerization has been related to the 
presence of Cr5+;5 Cu+ has been postulated as active for 
chemisorption of H26 and the H2--D2 equilibration.7

Earlier studies of the dispersion and oxidation state of 
supported Cu have been made. Selwood and coworkers8-9 
studied Cu2+ on alumina by means of magnetic suscepti­
bility, before and after reduction or reoxidation. Clusters 
of the supported ion were found to decrease in size with 
diminishing Cu loading until at infinite dilution the full 
atomic magnetic moment of 1.7 BM was attained. The 
magnetic susceptibility, which became negative upon re­
duction, was completely restored by reoxidation and all 
Cu2+ contributed to the susceptibility. The disappearance 
of paramagnetism on reduction was attributed to a ten­
dency for copper atoms to aggregate. These results were 
extended and amplified by Berger and Roth10 using the 
epr technique. Part of the Cu2+ ions were found to be im­
bedded in the alumina surface; upon reduction with H2 or 
CO, oxygen was removed from the surface and the Cu 
atoms expelled from the interstitial positions; the latter 
migrated to form diamagnetic clusters. Upon reoxidation, 
the epr signal was slowly recovered (up to 90%) showing 
the dispersed state to be more stable than the CuO crys-
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4587 (1968).

(8) P. W. Selwood and N. S. Dallas. J. A m er . C h em . S o c .. 70, 2145 
(1948).

(9) P. E. Jacobson and P. W. Selwood, J. A m er . C h em . S o c .. 76, 2641 
(1954).

(10) P. E. Berger and F. Roth, J. Phys. C h em .. 71,4307 (1967).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y ,  V o l. 77, N o . 6, 1 9 7 3



7 9 2 Makoto Misono and W. Keith Hall

tals. The data of Lumbeck and Voitlander11 were in gen­
eral agreement with these findings. In both these epr 
studies, only a portion of the Cu2+ contributed to the epr 
signal intensity, viz., about 30% in the former10 and 2% in 
the latter.11

With hydroxyapatite, all of the substituted Cu2+ are 
detectable by epr provided that Cu/Ca < 0.03, and under 
this constraint the Cu2+ has been shown to be uniformly 
distributed throughout the crystals.3 Moreover, the mate­
rial studied is comprised of individual cylindrical crystals 
about 200 A  in diameter and 700 A  long, having a BET 
area of about 70 m2/g .12 The advantages afforded by this 
system over Cu2+-alumina are twofold. With the latter, 
all of the Cu2 + cannot be seen by epr, possibly because of 
clustering or symmetry considerations; the Cu2+-Cu2+ 
distances are much shorter because the ions are distribut­
ed over a two-dimensional surface. Secondly, as a conse­
quence of the three-dimensional distribution, it was possi­
ble to work with much higher spin concentrations with 
the hydroxyapatite crystals than was possible in the ear­
lier work. The catalytic activity associated with different 
valence states of copper was also examined.

E x p e r im e n t a l  S e c t io n

C op p er and N ick e l  H yd roxya p a tites . The preparation 
and characterization of the parent hydroxyapatite has 
been described elsewhere.12 Copper or nickel hydroxyapa­
tites were made in a similar manner except that before ti­
trating H3PO4 into Ca(OH)2, either CuO or NiO was dis­
solved in the acid in the required amounts. The resulting 
catalysts had the overall stoichiometric ratio of cations to 
phosphorous, i.e ., M2+/P  = 1.67, but the Cu/Ca ratios 
were 0.0025, 0.005, 0.0063, 0.0146, and 0.025 and the Ni/Ca 
ratios were 0.005 and 0.039. These transition metal ion con­
taining catalysts all gave the same X-ray patterns as the 
parent hydroxyapatite, although line broadening increased 
with the extent of substitution.3

G ases. H2 used for reduction and for sorption experi­
ments was purified by passage through a DEOXO purifier 
followed by two traps containing calcined molecular 
sieves. H2 and D2 used for equilibration were passed 
through separate Pd thimbles. 0 2 was dried by passage 
over molecular sieves. He, used for the calibration of the 
volume of the system, was passed through a trap contain­
ing molecular sieves kept at liquid nitrogen temperature.

E q u ip m en t. The 0 2 or H2 uptakes (or sorptions) were 
measured with a conventional BET system modified so 
that the gases could be circulated over the sample by an 
all glass pump and the H20  evolved collected in a trap 
kept at liquid nitrogen temperature. The quartz sample 
tube which fitted the epr cavity had a coaxial tube so that 
gas could pass through the sample.

The equipment and procedure used in the H2-D 2 equili­
bration experiments has been described elsewhere.13 It in­
volved measuring the time of half conversion in a similar 
circulating system fitted with a thermal conductivity de­
tector.

Epr spectra were determined using a Varian spectrome­
ter (Model V4500; 9-in. magnet) equipped with PAR vari­
able modulation frequency lock-in amplifier.

P rocedures. The stoichiometry of the H2 or 0 2 uptakes 
was estimated by comparing the consumption of one of 
these gases with the change in the epr signal intensity. 
From 0.5 to 1.0 g of catalyst was evacuated, first at 25°, 
then at 100-200°, and finally at 450° for 2 hr. The epr sig­

n a l w as record ed  a t  ro om  te m p e ra tu re  a fter  e a c h  ste p  a n d  
its  in ten sity  d e te r m in e d  fro m  th e  first m o m e n t  o f  th e  a b ­

so rp tio n  d e r iv a tiv e . T h e  referen ce s ta n d a rd  w as a sa m p le  
o f  th e  sa m e  m a te r ia l, w h ich  h a d  b een  c a lib ra te d  p re v io u s ­
ly 3 a g a in st C u S 0 4 - 5 H 20  a n d  w as sh o w n  to  h a v e  on e  u n ­

p a ired  sp in  for e a ch  C u 2 + . S o m e tim e s  a sm a ll d ec rea se  in  
epr in te n s ity  a c c o m p a n ie d  th e  first e v a c u a tio n  a t  4 5 0 ° , 
b u t th e  in te n s ity  recovered  c o m p le te ly  on  reexp osu re  to  
0 2 a t  th e  sa m e  te m p e ra tu re .

After the dead volume of the system was calibrated 
with He, a known volume of H2 was introduced and the 
pressure change was measured at constant volume as the 
gas was circulated. After a given time, when the pressure 
drift was extremely slow, the sample was evacuated and 
another epr measurement was made. Then, the amount of 
water collected was measured by expanding it into the 
BET system. The same procedure was followed for 0 2 
sorption, following the H2 uptake measurement.

In some cases the copper content (or its epr spectra) 
was determined before and after dissolving away the ex­
ternal layers of the crystals. In these cases, about 250 mg 
of catalyst was treated in a flask at 25° with 30 ml of di­
lute HC1 ( 10 3—10—4 M) containing acetylacetone (15%) 
and Ca(N0 3 )2-4H20  (1%); the mixture was stirred occa­
sionally. Acetylacetone was added to prevent the read­
sorption of Cu2+ onto the surfaces of the crystal remnants 
and Ca2+ ion was added to replace any Cu2+ ion removed 
therefrom. After 2 to 20 hr, the sample was washed sever­
al times with a similar solution in which the HC1 was 
omitted. In each case, it was treated for about 1 hr with 
occasional stirring. Finally the sample was washed with 
distilled H20  and dried at 120° before weighing and rede­
termining the epr spectrum. Prior to the epr measurement, 
samples with reduced copper were reoxidized at 550° for 
20 hr. This treatment was sufficient to restore the epr sig­
nal of all copper ions, vide infra.

Following some treatments, samples fluoresced under 
the irradiation of uv light of wavelength 2537 or 3660 A 
(13 or 9 W). These cases were recorded for comparison 
with the sorption and epr data. Colors of various prepara­
tions were also noted.

R e s u lt s

Stoichiometry of Reduction and Oxidation. The sorp­
tion of H2 on reduction and of 0 2 on reoxidation of the 
copper contained in catalysts having different Cu/Ca ra­
tios (0.0063, 0.0146, and 0.025) was measured at several 
temperatures. The results are given in Tables I, II, and III 
together with the amounts of H20  collected during these 
measurements. The epr intensities after each experiment 
relative to the initial preparation are also given in these 
tables. The amount of 0 2 consumed during reoxidation 
was always nearly half the H2 taken up in the preceding 
step, satisfying the stoichiometry: H2 + y20 2 -*  H20 . The 
per cent reduction of Cu2+ by H2 was calculated from the 
H2 uptakes assuming either

Cu2+ +  ‘/2H2 — ► Cu+ +  H+ (1)

or Cu2+ +  H2 — > Cu° +  2H + (2)

The stoichiometry may be judged by comparing these re­

ti 1 ) H. Lum beck and J. V o itlander, J. Catal.. 13, 117 (1969).
(12) J. A. S. Bett, L. G. Christner, and W. Keith Hall, J. A m er. C hem .

Soc.. 89, 5535 (1967).
(13) W. K. Hall, F. E. Lutinski, and J. A. Hassell, Trans. F a r a d a y  S o c ..

60, 1823 (1964).
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TABLE I: Reduction and Oxidation of Copper Hydroxyapatite (Cu/Ca = 0.0063)°

Experimental conditions
%  reduction'' %  oxication" Relative

Gas uptake 
cc(NTP)/g*

h 2o
collected 

cc(NTP) /gTemp, °C Time, hr Gas Cu2 + —*-Cu + Cu2+ —» Cu° Cu+ —*■ Cu2+ Cu° — Cu2+
epr

intensity

25 0.5 Evacuation 7.2e 1.0
150-300 2 Evacuation 20.3e 1.0

450 2 Evacuation 5.6e 0.90
150 0.5 o 2 0.0 0 0 1.0
150 3.5 h 2 0.0 0 0 1.0
150 13.5 0 2 0.04 7 3 1.0
300 2 h 2 0.14 19 9 0.0 0.70
300 3.5 0 2 0.10 28 14 0.0 1.0
450 1 H 2 0.49 70 35 0.17 0.17
450 1.3 0 2 0.26 73 37 0.20 0.91
450 14 Evacuation 1.26e 1.00
550 17 h 2 1.44 202 101 1.81e 0.0
550 1 o 2 0.68 194 97 0.0 0.47
550 + 16 0 2 0.76 217 109 0.04 0.94

a Weight of sample =  1.016 a. b The estimated error is ±0.03 cc(NTP)/g. c Per cent reduction was calculated from H2 uptake by means of (1) Cu2+ +  
V2H2 —*■ Cu+ +  H + ; and (2) Cu2+ +  H2 — Cu° +  2H+ . d  Per cent oxidation was calculated from the amount of O2 uptake by means of (1) Cu+ ±  1/402 
—*■ Cu2+ +  1/202 - ; and (2) Cu° +  1/202 —►  Cu2+ +  O2 - . e Water collected at low temperature was due to the desorption of physisorbed water. Water 
collected at high temperature includes the water produced by dehydroxylation of parent hydroxyapatite.12

TABLE II: Reduction and Oxidation of Copper Hydroxyapatite" (Cu/Ca =  0.0146)

Experimental conditions
%  reduction1 %  oxidation^ H20

collected'' 
cc(NTP)/g

Relative
Gas uptake 

cc(NTP)/g*Temp, °C Time, hr Gas Cu2+ —*■ Cu+ Cu2+ —» Cu° Cu+ — Cu2+ Cu° —►  Cu2 +
epr

intensity

25 0.5 Evacuation
450 2 Evacuation
450 2 o 2 0.32
300 1.5 h2 0.66 40
300 1.5 0 2 0.31
450 1 0 2
450 1 h2 1.25 77
450 2 0 2 0.66
150 3 h2 0.21 13
150 1 0 2 0.10
375 1 h2 1.08 66

376-450 2 0 2
450 2.6 h2 1.75 107
450 5 0 2
550 26 h2 2.74 170

a Weight of sample =  0.804 g. 6 6 See corresponding footnotes to Table I. 
the following oxidation.

1.0
0.74'

19 10 0.95
20 0.0 0.48

38 19 0.01 0.94
1.0

39 0.62 0.15
81 40 0.17 0.98

7 0.0 0.82
12 6 0.0 0.95

33 0.28
0.95

54 1.59 0.01

85 3.15e 0.0

Sample was reduced partially during evacuation, mainly to Cu+ as shown by

suits with the decrease in epr intensity (last column), i.e., 
with 100 (one minus relative intensity).

The epr signal from Cu2+ in hydroxyapatite is shown in 
Figure 1. Neither Cu+ nor Cu° clusters are paramagnetic; 
CuO is probably paramagnetic, but its signal is not de­
tected by epr because of rapid relaxation.10 An epr signal 
has been reported14 for isolated Cu° atoms, but this was 
not observed in the present work nor in the related study 
of Berger and Roth.10

It is convenient to adopt the following notation to indi­
cate catalyst composition. Let CuHAP-0.0146 represent 
the copper hydroxyapatite catalyst having Cu/Ca = 
0.0146, etc. With CuHAP-0.0063 and CuHAP-0.0146 treat­
ed with H2 at and below 450°, the per cent reduction cal­
culated by eq 1 was in best agreement with the decreased 
in epr signal intensity (Tables I and II). With CuHAP- 
0.025 (Table III), however, the value calculated by eq 2

instead of eq 1 was in better agreement with the epr 
change. With long reduction times at 550°, however, the 
H2 uptakes of all samples corresponded to 85-100% reduc­
tion to Cu°, eq 2, and no epr signal was observed (Tables 
I, II, and III).

Generally the O2 uptakes were in agreement with the 
stoichiometry of the valence change observed in the pre­
ceding reduction step, i.e ., the epr change on reoxidation 
agreed best with the per cent oxidation calculated for oxi­
dation of Cu° or Cu+ back to Cu2+, whichever was ex­
pected. With CuHAP-0.025, however, the epr recovery was 
sometimes incomplete.

Typical plots of H2 or O2 uptake us. time are given in 
Figure 2. The reproducibility is demonstrated by showing

(14) R. A. Zhltnlkov and N. V. Kolosnikov, S o v . P h y s . S o lid  S ta te .  6, 
2645 (1965).
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TABLE III: Reduction and Oxidation of Copper Hydroxyapatite" (Cu/Ca = 0.025)

Experimental conditions

Gas uptake
Temp, °C  Tlme.hr Gas cc(NTP)/g6

%  reductlonc %  oxidation" H20
----------------------------------  ........... ..........  collected*
Cu2 + —► Cu+ Cu2 + —»C u 0 Cu+ —► Cu2+ C u °—► Cu2+ cc(NTP)/g

Relative
epr

Intensity

25 2 Evacuation 1.0
450 2 Evacuation 11.6 1.0
150 9 h2 0.48 18 9 0.0 0.94
150 10 0 2 0.27 20 10 0.0 0.98
300 2 h2 2.48 88 44 0.11 0.48

300-450 5 0 2 1.16 82 41 1.25 1.0
450 1 h2 3.55 128 64 1.62 0.15

450-550 22 0 2 1.87 134 67 2.65; 0.83
550« 22 h2 5.30 190 95 4.681 0.0
550« 24 Os 2.65 190 95 0.03 0.69

a Weight of sample =  583 mg, except for the last two experiments (593 mg). b~e See corresponding footnote to Table I. r The estimated error Is ±0.05  
cc(NTP)/g. « These two experiments were made with copper hydroxyapatite which had been completely dehydroxylated.

Figure 1. Epr absorption derivatives from copper hydroxyapatite 
(Cu/Ca = 0.0025) taken at -160° before and after evacuation 
at 450°.

results of two successive runs. Note that the 0 2 uptake 
was completed faster than the H2 uptake.

The changes in the epr intensity upon reduction of 
CuHAP-0.0063, and its recovery upon reoxidation are 
compared in Figures 3a and 3b, respectively, for experi­
ments at 550°, together with plots of the H2 and 0 2 up­
takes vs. time. The epr signal disappeared within 10 min 
on reduction, although the sorption continued for several 
hours (Figure 3a). (Note that the H2 uptake after 10 min 
was about half its final value.) On the other hand, the 0 2 
uptake was completed within 10 min whereas the epr re­
covery took a much longer time (Figure 3b). Apparently, 
at this temperature there are two steps in each process: a 
rapid reduction step in which the epr signal is eliminated 
and a slow step in which the consumption of hydrogen is

Figure 2. Rates of H2 and 0 2 uptakes by copper hydroxyapatite 
(Cu/Ca = 0.0063) at 450 and 550°.

about doubled, and a rapid oxidation process in which 
Cu° is converted to Cu2+ followed by a slow recovery of 
the epr signal. At lower temperatures where partial reduc­
tion took place, there was no indication of two steps in ei­
ther process as is seen from the agreement between H2 or 
0 2 uptakes and the epr changes shown in Tables I and II.

The recovery of the epr signal was slow with CuHAP- 
0.025 at 450 and 500° (Table III). Although the 0 2 uptake 
was sufficient to completely reoxidize the copper reduced 
in the preceding step, the epr intensity recovered to only 
70-85% its initial value after a long reoxidation. In gener­
al, the recovery of the epr intensity became slower as the 
reduction temperature or the copper concentration in­
creased. For example, with CuHAP-0.0063, the recovery 
was completed by the reoxidation at 300° for 3.5 hr after 
the reduction at this temperature, but it took about 10 hr 
when both processes took place at 550°. With CuHAP- 
0.025, it took 5 hr at 450° after the reduction at only 300°. 
In all cases, the 0 2 uptake was finished long before the 
epr intensity had completely recovered.

Water collected during the first heat treatment at 450° 
was the result of dehydroxylation of the hydroxyapatite. 
Most of the H2 consumed at 550° was collected as H20 , 
and no H20  was collected during reoxidation. At or below 
300°, little H20  was desorbed during reduction or reoxida­
tion; evidently, it rehydroxylated the catalyst. At 450°, 
H20  was collected in both processes, i.e ., it was not clean-
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TABLE IV: Epr Parameters of Copper Hydroxyapatite2 (Cu/Ca = 0.0025) after Various Pretreatments

g and A a
Pretreatment conditions ------- * ------------------------------------------------ a b

-------------------------------------------------------------  Relative Signal I Signal II Signal III ---------------------------
Step epr ----------------- ---------------  ---------------  Signal Signal II
no. Temp, °C Time.hr Gas intensity g A, G g A. G 9 A. G | and/or lllc

1 25 0.5 Evacuation 1.0 2.43 102 2.37 115 2.057
5 450 2 Evacuation + 0 2 1.0 2.43 98 2.36 130 2.037
7 300 1 h 2 0.7 2.42 99 2.36 130 2.035
8 300 1 o 2 1.0 2.42 99 2.36 130 2.035
9 450 1 h 2 0.25 2.44 90 2.36 130 2.056

12 300 10 0 2 0.70 2.42 93 2.36 130 2.039
13 450 0.16 0 2 0.95 2.42 93 2.36 130 2.035
14 450 2 0 2 1.0 2.43 90 2.36 120 2.035
15 450 0.5 h 2 0.20 2.43 90 2.36 120 2.056
17 450 1 0 2 1.0 2.43 90 2.36 125 2.036
22 540 22 h 2 0.0
23 450 1 0 2 0.15 2.36 140 2.047~2.033
27 550 15 0 2 1.0 2.34 150 2.035

“ Signals 1, 11, and 111 are defined in Figures 4 and 5. 0No hfs was resolved. ' Signals 11 and 111 had about the same g^ values.

Figure 3. Rates of H2 and O2 uptakes and epr intensity change 
at 550° (Cu/Ca = 0.0063) (ordinate for gas uptake was normal­
ized to unity for complete reduction or oxidation).

ly  rem o v ed  in e ith er th e  one or th e  o th er . T h e  su rfa ce  area  
d id  n o t c h a n g e  d u rin g  a series o f  red u ctio n  an d  o x id a tio n  
cy cles .

Changes in Epr Line Shape upon Reduction and Reox­
idation. A s  fo u n d  b y  B erg er a n d  R o th 10 for C u 2+  su p p o rt­
ed  on  a lu m in a , sig n al reso lu tion  in creased  as th e  copp er  
co n ce n tra tio n  d ec re a se d . D a ta  for C u H A P -0 .0 0 2 5 , w h ich  
h a d  th e  b e st  reso lv ed  s ig n a l, are g iv en  in T a b le  I V  a n d  
ty p ic a l sp ec tra  are sh ow n  in F igu re 1 . T h e  low er fie ld  s ig ­
nal (g ) c h a n g e d  u p o n  re d u c tio n  a n d  reo x id a tio n  as sh ow n  
in  F igu res 4  a n d  5 . C o m p le te  in terp reta tio n  o f  th e se  sp e c ­
tra w as n o t a t te m p te d ; ou r in terest w as in h ow  fa s t  the  
ch a n g es occu rred  a n d  w h eth er or n o t th e y  w ere rev ersib le . 
T h e  sp ec tra l p a r a m e te rs  are lis te d , h ow ever, in  T a b le  I V .

U n tre a te d  co p p er h y d ro x y a p tite  (e v a c u a te d  a t  2 5 °)  h ad  
a t lea st tw o  se ts  o f  h yp erfin e  lin es (cu rv e  1 in F igure 4 ; 
th e co rresp o n d in g  p a r a m e te rs  are lis te d  in T a b le  IV )  
w h ich  p o ss ib ly  co rresp on d ed  to  C u 2 +  su b st itu te d  in  the

Figure 4. Epr absorption derivatives (lower field) from copper 
hydroxyapatite (Cu/Ca = 3.0025) taken at —160° after the re­
duction at 450° and reoxidation. Curve numbers refer to experi­
ments listed in Table IV.

tw o  d ifferen t C a 2+ p o sitio n s o f  h y d r o x y a p a tite .2 1 5  H e a t  
tr e a tm e n t o f  C u H A P -0 .0 0 2 5  ca u sed  c o n sid era b le  line n a r­
row ing a n d  ga ve  b e tter  reso lved  s ig n a ls . T h e  in te n sity  d id  
n o t ch a n g e , b u t  th ere  w as a sm a ll s h ift  in  th e  sp ec tra l p a ­
ra m e te rs  (see  F igu re  1 an d  curve 5 o f  F igu re  4 ) .  S im ila r  
line  narrow in g w as o b served  w ith  oth er c o m p o sitio n s , b u t  
to  a lesser e x te n t.

W h e n  C u H A P -0 .0 0 2 5  w as trea te d  a t  4 5 0 °  in c ircu la tin g  
H 2 for 1 hr, th e  s ig n a l in ten sity  d ec re a se d  b y  7 5 %  (7 5 %  o f  
th e  C u 2+  w a s p r e su m a b ly  red u ced  to  C u + ). T h e  ratio  o f  
th e  in ten sities  o f  th e  s ig n a ls  from  th e  tw o  C u 2+  sp ecies

(15) M. I. Kay. R. A. Young, and A. S. Posner. Nature tLondont. 204, 
1 05 0 (1 96 4 ).
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TABLE V: Fluorescence ot Copper Hydroxapatite

Sample, 
Cu/Ca ratio Pretreatment

Valence state 
of copper“

Visible color 
of sample

Existence of 
fluorescence*

0

0

0.0025
0.0025
0.0025
0.0025
0.0025

0.005
0.0063
0.0146
0.025
0.025

None
Evacuated at 450° 
Evacuated at 450° 
H2 at 450°, 0.5 hr 
H2 at 450°, 1 hr 
0 2 at 450°, 5 min 
H2 at 550°, 4 hr

None 
H2 at 450° 
H2 at 450° 
H2 at 300° 
H2 at 550°

1 hr 
1.5 hr 
1 hr 
24 hr

+  2
+ 1 and +2 

+  1
+ 1 and +2 

0

+  1
+ 2 
+  1

0 and + 1 
0 and +2 

0

White
White
Greenish-blue0
Pinkish white
Pinkish white
Greenish-blue0
Purple0
White0
Light blue
Slightly blue
Blue-purple
Purple
Purple

None
None
None
Yellow
Deep yellow
None
None
Deep yellow 
None
Deep yellow 
None 
None 
None

“ Expected from H2 uptake and epr Intensity; see text. 0 Fluorescence was yellow in all observed cases and was stronger with 2540- than witn 
3660-A irradiation. c Greenish-blue color of the original sample. “ -Some particles were white and others purple.

(IB) g„ = 2.34

Figure 5. Epr absorption derivatives (lower field) from copper 
hydroxyapatite (Cu/Ca = 0.0025) taken at —160° after the re­
duction at 550° and reoxidation. Curve numbers refer to experi­
ments listed in Table IV.

Decrease in Weight,%

Figure 6. Decrease of copper content as measured by epr after 
partial dissolution. Pretreatments prior to dissolution were evac­
uation at 25° (I), reduction by H2 at 440° for 1 hr (II), reduction 
at 550° for 17 hr (III), and reduction by H2 at 550° plus reox­
idation by 0 2 at 550° for 18 hr (IV).

w as n o t th e  s a m e , h ow ever, a fter re d u c tio n  as b efore  (see  
cu rve  9  in F igu re  4 a n d  T a b le  I V ) . T h e  C u 2 + resp o n sib le  
for sig n al II, w h ich  w as a p p a ren tly  th e  m a jo r ity  sp ecies, 
w as th e  m o s t  se n sitiv e  to  re d u c tio n . O x id a tio n  a t  4 5 0 ° for 
10 m in  e ffec te d  reco very  o f  9 5 %  o f  th e  in te n sity  a n d  th e  
line  sh a p e  w as th e  sa m e  as b efore  re d u c tio n  (cu rv e  13 in  
F igu re 4  a n d  T a b le  I V ) , a n d  after 2 hr th e  reco very  w as  
c o m p le te d  (cu rv e  1 4 ) . T h is  re d u c tio n -o x id a t io n  p rocess  
w as fa ir ly  ra p id ly  rev ersib le  (cu rv es 5 —* 9  —► 14 —*■ 15 —»■ 
17 in F igu re  4  an d  T a b le  I V ) .

T h e  epr s ig n a l c o m p le te ly  d isa p p ea re d  after red u ction  
a t 5 5 0 °  for 20  hr. R e o x id a tio n  a t  4 5 0 ° for 1 hr a fter  th e  re ­
d u c tio n  led  to  th e  reco very  o f  o n ly  1 5 %  o f  th e  in ten sity  
a n d  th e  s ig n a l w as very broa d  (cu rv e  23  in F igu re  5 an d  
T a b le  I V ) . C o m p a re  th is  w ith  th e  9 5 %  reco very  a fter  10  
m in  o f  reo x id a tio n  a fter  th e  re d u c tio n  a t  4 5 0 °  (cu rv e  1 3 ). 
T h e  in te n sity  recovered  c o m p le te ly , h ow ever, a fte r  tr e a t­
m e n t w ith  0 2 a t  5 5 0 °  for 15 hr, b u t  th e  lin es w ere less re ­

so lv e d  a n d  h a d  s lig h tly  d iffe re n t p a ra m e te rs  (cu rv e  27  in  
F igu re  5 a n d  T a b le  I V ) .

F or c o m p a riso n , th e  epr o f co p p er im p re g n a te d  on  C a io -  
(P O ,i) 6 ( O H )2  w a s m e a su red  w ith  tw o  c o p p er c o n c e n tr a ­
tio n s , a b o u t 0 .2 %  an d  a b o u t  0 .0 5 %  (cf. 0 .1 7 %  for C u H A P -  
0 .0 0 2 5 ) . T h e  sig n a ls  w ere very  b ro a d  a n d  th e  h yp erfin e  
sp littin g s  w ere very  p oorly  reso lv ed , even  a fte r  h e a t tr e a t­
m e n t a t  4 5 0 ° .

Change in Cu2+ Concentration upon Partial Dissolu­
tion. E x p e r im e n ts  w ere carried  o u t to  d eterm in e  w h eth er  
or n ot co p p er h a d  m ig ra te d  from  th e  b u lk  o n to  th e  su rface  
u p on  re d u c tio n . T h e  ep r in ten sity  per gram w a s corrected  
for th e  fillin g  fa c to r  an d  th ese  d a ta  are p lo tte d  a g a in st  th e  
fra c tio n a l w eig h t loss on  acid  tr e a tm e n t in F igu re  6 . T h e  
sp ec ific  epr in te n s ity  o f  th e  u n tre a te d  sa m p le  d ecreased  
b y  6 %  w h en  th e  ou ter  co a t co m p ris in g  2 5 %  o f  th e  m a ss  
w as d isso lv e d  a w a y , i.e., it w as u n c h a n g e d  w ith in  th e  e x ­
p er im e n ta l error (cu rv e  1 o f  F igu re 6 ) .  I t  d ec re a se d  b y  
1 5 -2 0 %  fo llow in g  red u ctio n  at 4 4 0 ° (cu rv e  2 ) ; c a lc u la tio n  
sh ow ed  th a t  th is  d ecrease  in  co p p er c o n c e n tra tio n  agreed  
very  w ell w ith  th a t  in th e  su rfa ce  u n it  ce lls  o f  th e  crysta l 
resid u es. E x c h a n g e  m a y  h ave  ta k e n  p la c e  b e tw ee n  th e  
C u 2+ in th ese  ce lls  a n d  th e  C a 2 +  in th e  b u ffe r  so lu tio n . 
T h e  in ten sity  fro m  th e  sa m p le  w h ich  w as re d u ce d  a t  5 5 0 ° ,
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TABLE VI: Color Changes of Copper Hydroxyapatite with Different Cu/Ca Ratios after Reduction and Reoxidation

Pretreatment Cu/Ca Ratio

Temp, °C Gas 0.0025 0.005 0.0063 0.0146 0.025

150 h2 Light blue“ Light blue Light blue Light green Greenish blue
o 2 Light blue Light blue Light blue Light blue Greenish blue

300 h2 Light blue Light blue Light blue Bluish purple Deep purple
0 2 Light blue Light blue Light blue Light blue Grey

450 h2 White (slightly 
pink)

White Blue Blue Deep purple

0 2 Light blue Light blue Light blue Slightly greyish 
green

Grey

550 h2 Purple Purple Purple Deeo purple Deep purple
o2 Green Green Green Green Green

a Original color of copper hydroxyapatite is slightly greenish blue.

Figure 7. H2 uptake and ferromagnetic resonance of nickel hy­
droxyapatite (Ni/Ca = 0.0051) at 550°.

h ow ever, sh o w ed  a s ig n ific a n t d ec rea se  w ith  in creasin g  
w eig h t loss , su g g e stin g  th a t  m u c h  o f th e  re d u ce d  copp er  
h a d  in d eed  m ig ra te d  to  th e  su rfa ce . A n  a liq u o t o f  th e  
sa m e  red u ced  sa m p le  w as re o x id ized  b efo re  d isso lu tio n . 
T h e  co rresp on d in g  re su lt (cu rv e  4 ) fe ll in  b e tw ee n  th o se  o f  
cu rves 1 a n d  3 .

Fluorescence and Color Changes. A  ch a ra c te ristic  y e l­
low  flu o rescen ce  a p p ea re d  w h en  th e  p rep a ra tio n s sh ow n  
herein  to  c o n ta in  C u +  w ere e x p o se d  to  u v  lig h t. T h e  e f­
fec ts  o f  v a rio u s p re tr e a tm e n ts  are su m m a r iz e d  in T a b le  V .  
In  th e  case  w here flu o rescen ce  w as e x p e c te d  b u t  n o t o b ­
serv ed , it  is p ro b a b le  th a t  no C u + w a s p resen t n ear th e  
su rfa ce . T h e  flu o rescen ce  w as q u e n c h e d  on  exp osu re  to  0 2 

a t 25  or 1 5 0 ° , b u t  w a s u su a lly  resto red  u p o n  th e  e v a c u a ­
tio n  a t  25° ( <  10 3 T o r r ) . W it h  C u H A P -0 .0 2 5 , red u ction  
a t n e ith er 3 0 0  n or 5 0 0 °  p ro d u c ed  flu o rescen ce .

T h e  color ch a n g e s  (T a b le  V I)  u p o n  re d u c tio n  a n d  o x id a ­
tio n  gave fu rth er q u a lita t iv e  in fo r m a tio n  c o n cern in g  the  
sta te  o f  th e  c o p p e r . U n tre a te d  C u H A P  w a s green ish  b lu e , 
an d  th e  co lor b e c a m e  greener u p o n  h e a tin g  (on  c o m p le te  
d e h y d ro x y la tio n  th e  color b e c a m e  g re en ). D iffe r e n t colors  
d ev e lo p e d  u p o n  re d u c tio n , d e p e n d in g  on  th e  c o p p er c o n ­

ce n tra tio n  a n d  th e  red u ctio n  te m p e ra tu re . W it h  low  c o p ­

per co n ce n tra tio n , th e  sa m p le s  b e c a m e  co lorless or s lig h t­
ly  p in k  u p o n  re d u c tio n  to  C u + .  A s  th e  co p p er c o n c e n tra ­
tio n  in creased  th e  sa m p le  b e c a m e  b lu ish  w h en  th e  copp er  
in  th e  b u lk  w as p r e s u m a b ly  C u + , a n d  it  b e c a m e  a deep  
p u rp le  as th e  c o p p er co n ce n tra tio n  a n d  th e  red u ctio n  
te m p e ra tu re  w as fu rth er in creased . T h e  co lor b e c a m e  grey  
w h en  th e  red u ced  sa m p le s  w as re o x id ized  a n d  ep r re co v ­
ery w as n o t c o m p le te . T h e s e  co lors, a fte r  so m e  ex p erien ce , 
w ere fa ir in d ica to rs  o f  c a ta ly tic  p ro p erties . R e la te d  color  
ch a n g es w ere rep orted  b y  D im itr o v  a n d  L e a c h 16  for C u - X  
zeo lite s .

Reduction of Nickel Hydroxyapatite. T h e  c o n su m p tio n  
o f H 2 w as d e te r m in e d  a t  4 5 0  an d  5 5 0 °  for N iH A P -0 .0 0 5 1  
an d  sp ec tra  w ere record ed  after th e  re d u c tio n s  (T a b le  
V II ) . N o  sig n al w as o b served  for N i 2 + , N i + ,  or N i °  
(a to m s ) . H o w e v e r, th e  ferro m a g n etic  re so n a n ce  a b so rp tio n  
( fm r ) d u e  to  n ick e l clu sters w as d e te c te d . M in im a l  H 2 u p ­
ta k e  w as d e te c ta b le  a t  4 5 0 ° , b u t  a t  5 5 0 °  th e  u p ta k e  after  
23 hr w as su ffic ie n t to  a c c o u n t for c o m p le te  red u ctio n  to  
N i ° .  T h e  fm r d ev e lo p e d  a t  a rate  c o m p a ra b le  w ith  th a t o f  
th e  H 2 u p ta k e  (F igu re  7 ) . T h e  lin e  w id th  in crea sed  a t  first 
a n d  th en  lev eled  o ff ; th e  g v a lu e  in crea sed  w ith  e x te n t o f  
re d u c tio n  fro m  2 .2 1  to  2 .2 5 .

T h e  n u m b e r  o f  n ick e l a to m s  p er c lu ste r  w as c a lc u la te d  
acco rd in g  to  th e  m e th o d  o f L o y  a n d  N o d d in g s 17  u sin g  for 
th e  to ta l n u m b e r  o f n ick el a to m s , v a lu e s  c a lc u la te d  from  
th e  H 2 u p ta k e s  a ssu m in g  th a t  N i 2+ w as re d u c e d  to  N i ° .  
V a lu e s  o f  a b o u t 150  a t o m s /c lu s te r  w ere e s tim a te d  for 
sh o rt red u ctio n  t im e s  a n d  a c o n sta n t v a lu e  o f 1 2 0 0  to  1300  
a t o m s /c lu s te r  for lon ger tim e s .

S im ila r  re su lts  (T a b le  V II)  w ere o b ta in e d  w ith  N iH A P -  
0 .0 3 9 , b u t  a t 4 5 0 ° . T h e  average n u m b e r  o f  a to m s  per c lu s ­
ter  w as a b o u t 100 0  a fter  a 3 -h r  re d u c tio n  a t  4 5 0 ° .

H2-D 2 Equilibration over Copper Hydroxyapatite Cata­
lysts. U sin g  th e  in fo rm a tio n  g iven  in  p rev io u s se ctio n s , it 
w as p o ssib le  to  s tu d y  c a ta ly tic  rea ctio n s on  p rep a ra tio n s  
w here m o s t  o f  th e  co p p er w as in it ia lly  p resen t as C u 2 + , 
C u + , or C u ° . D a ta  for th e  H 2- D 2 e q u ilib r a tio n  are c o lle c t­
ed  in T a b le  V III . S in ce  red u ctio n  o f  C u 2+ to  C u +  occurred  
a t 2 0 0 ° , it  w as n ot p o ssib le  to  d isc r im in a te  b e tw ee n  th e  
re la tiv e  a c tiv itie s  o f  th ese  tw o  io n s. T h e  d a ta  sh ow  c le a r ­
ly , h ow ever, th a t  th e  c a ta ly s t  in  th e  C u + fo rm  is m u c h  
m o re  a c tiv e  th a n  w h en  C u °  c lu sters  are p re sen t. T h e  rate

(16) C. Dimitrov and H. F. Leach, J. C a ta l.. 14, 336 (1969).
(17) B. A. Loy and C. R. Noddings, J. C a ta l.. 3, 1 (1964).
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TABLE VII: Reduction of Nickel Hydroxyapatites

Ferromagnetic resonance
Experimental conditions ------------------------------------

Ni/Ca ------------------------------------------ H2 uptake,6 Line width, No. of atoms
ratio Temp, °C Time, hr Gas cc(NTP)/g Intensity1' g  gauss per cluster11 Color

450 2 h2 0.03 0 Yellow
450 1 h2 0.03/0.06 0 Yellow
450 0.5 0 2 0 Yellow
550 1 h2 0.06 0.23 2.21 400 130 Darker yellow
550 1 h2 0.08/0.14 0.92 2.22 520 160 Dark yellow
550 1.5 h2 0.11/0.25 4.2 2.25 720 410 Dark yellow
550 4 h2 0.13/0.38 20.0 2.25 780 1300 Gray
550 16 h2 0.62/1.00 ±  0.15 54.0 2.25 880 1200 Black
450 1.5 h2 0.43 2.2 2.21 380 200 Dark yellow
450 18 0 2 0
450 1.5 H2 0.90 6.1 2.21 380 280 Gray
450 1.5 h2 1.09/2.99 ±  0.12 58 2.22 700 Gray
450 0.2 Evacuation 73 2.22 880 990 Gray

a Weight of sample = 910 mg. 6 Where two figures are given, the first is the uptake in that step and the second (following slash) is the sum of this and 
the amount from previous steps. c Intensity is normalized to CuHAP-0.0146. “ See text. These figures are no more accurate than the H2 uptake measure­
ments. e Weight of sample = 460 mg.

TABLE Vili: H2-D 2 Equilibration over Copper Hydroxyapatite 
(Cu/Ca =  0.005) at 202°

Pretreatment conditions
------------------------------------  Valence state Rate constant,
Temp, °C Gas Time.hr of copper 102k, min-1

500 Dry air 1 + 2
300 h2 1.5 + 1 8.8

350-410 h2 0.5 + 1,0 3.9
440 h2 0.5 + 1,0 1.3
500 Dry air 2
300 h2 0.5 + 1 11.3
530 h2 0.5 0 <0.3

(Temperature was lowered in H2)“
530 Dry air 4.5 + 2 7.0

After previous experiment + 1 10.1
530 h2 14 0 1.3

(Temperature was lowered in 
vacuum after evacuation)“

a Refers to pretreatment in the step above.

w as n ear its  m a x im u m  v a lu e  for an  in it ia l re d u c tio n  t e m ­
p era tu re  o f  3 0 0 °  (8 .8  m in “ 1) . W h e n  th e  re d u c tio n  te m p e r ­

atu re  w as ra ised  in to  th e  critica l region  w here th e  fo r m a ­
tio n  o f  C u °  sta rts  (a b o u t  4 0 0 °)  th e  ra te  fe ll, b u t  on  reo x ­

id a tio n  fo llow ed  b y  red u ctio n  a t  3 00 ° th e  rate  in crea sed  to  
its  m a x im u m  v a lu e  (1 1 .3  m i n - 1 ). R e d u c tio n  a t 5 3 0 ° , 
w here co n versio n  to  C u °  w as c o m p le te , y ie ld e d  th e  m in i­
m u m  v a lu e  ( < 0 .3  m i n “ 1) . T h e  a c tiv ity  w a s restored  b y  
reo x id a tio n  a t  5 3 0 ° .

T h e  red u ctio n  a t  5 3 0 ° for 13 hr (to  C u °)  led  to  a very  
low  a c tiv ity  if  th e  te m p e ra tu re  w a s low ered  in  H 2 . A  h ig h ­
er a c tiv ity  w a s o b ta in e d  w h en  th e  c a ta ly s t  w as e v a c u a te d  
a fter  re d u ctio n , b efore  th e  te m p e ra tu re  w as low ered  in  
v a c u u m  (1 .3  vs, < 0 .3  m i n - 1 ). H o w e v e r , th e  a c tiv ity  w as  
still m u c h  low er th a n  w h en  th e  c a ta ly s t  c o n ta in ed  m a in ly  
C u + .

T h e  a c tiv a tio n  en ergy w as 3 k c a l /m o l  over th e  s a m p le  
red u ced  a t  3 0 0 ° a n d  15 k c a l /m o l  over th e  sa m p le  w h ich  
w as red u ced  a t 5 2 5 ° a n d  th e n  e v a c u a te d  a t  th e  sa m e  t e m ­

p eratu re  (F igu re  8 ) . T h e  ra te  on  th e  p a ren t sto ic h io m e tric  
h y d r o x y a p a tite  w as still low er b y  a fa cto r  o f  1 0 2~ 1 0 3 an d  
h a d  an  a c tiv a tio n  en ergy  o f  24  k c a l /m o l .18

Discussion
T h e re  are tw o  d iffe re n t C a 2+  p o sitio n s in  h y d r o x y a p a ­

t ite . O n e  is b e tw ee n  th e  ab p la n es  c o n ta in in g  th e  p h o s ­
p h a te  grou ps a n d  in c o lu m n s p a ra lle l to  th e  c a x is  a n d  th e  
oth er is in  th e  ab p la n e s  a n d  cen tered  a t  th e  u n it  cell co r­
n e rs .2 -15  T h e  C u 2+  m a y  h av e  b een  s u b s t itu te d  in  e ith er or 
b o th  o f  th ese  s ite s . T h e  X -r a y  p a ttern  o f  th e  C u -s u b s t it u t -  
ed  p rep a ra tio n s d id  n o t d iffer s ig n ific a n tly  fro m  th a t  o f  
th e  p a ren t h y d r o x y a p a tite , b u t  th e  tw o  se ts  o f  h fs fo u n d  
for C u H A P -0 .0 0 2 5  su g g e st th a t b o th  s ites  w ere s u b s t itu t ­
e d  (F igu re  4  a n d  T a b le  I V ) .

T h e  d e te c ta b ility  o f  all o f  th e  co p p er as C u 2 +  b y  epr, 
a n d  its  u n ifo rm  d isp ersio n , m a d e  it p o ss ib le  to  s tu d y  th e  
r e d u c tio n -r e o x id a tio n  p ro p erties o f  th e  c a ta ly s t  b y  c o m ­

p a rin g  th e  s to ic h io m e try  o f  th e  H 2 a n d  O 2 u p ta k e s  w ith  
th e  ep r in te n sity  ch a n g e s . B u lk  p ro p erties o f  th e  cry sta ls  
w ere m e a su red  in  th e se  e x p e r im e n ts  a n d  on e  c a n n o t b e  
sure th a t  th e  v a len c e  s ta te s  o f  th e  ion s on  th e  su rfa ce  w ere  
th e  sa m e  as th o se  in  th e  b u lk . T h e  H 2 - D 2 e x c h a n g e  re ­
su lts  su g g e st, h ow ever, th a t  th e  b u lk  p ro p e rty  m e a su r e ­
m e n ts  w ere fa ir ly  a c c u r a te ly  re flected  b y  th e  su rfa ce .

T h e  H 2 u p ta k e s  a fter  severa l h ou rs a t  5 5 0 °  co rresp o n d ed  
to  8 5 -1 0 0 %  o f c o m p le te  red u ctio n  o f  a ll o f  th e  C u 2 +  p re s ­
e n t. In  th ese  ca ses , th e  ep r sig n al d isa p p e a re d . S in c e  an  
ep r sig n a l is e x p ec te d  for iso la ted  C u  a t o m s , 14  m e ta llic  
co p p er or c lu sters  o f  a to m s  m u s t  h av e  b e e n  p re se n t in  
th ese  c ir c u m sta n c e s . T h is  e x p la n a tio n  w a s a d v a n c e d  b y  
B erg er a n d  R o th 10  for s im ila r  o b serv a tio n s w ith  th eir C u -  
a lu m in a  sy ste m  a n d  h as b e e n  im p lie d  fro m  earlier p a r a ­
m a g n e tic  su sc e p tib ility  re su lts .8 -9 M e t a l  c ry sta l fo rm a tio n  
u p o n  re d u ctio n  w as ev id e n c e d  b y  th e  a p p ea ra n c e  o f  fm r  in  
th e  ca se  o f  n ick e l h y d ro x y a p a tite  a t  th is  te m p e ra tu re . It  
sh o u ld  b e  n o ted  th a t  to  a c c o m p lish  th is , th e  n ick e l m u st  
h a v e  m ig ra te d  a  c o n sid era b le  d is ta n c e , b o th  as ion s ( in ­
tra c ry sta llin e ) a n d  as a to m s  (e x tra c r y sta llin e ).

W it h  low  C u 2 +  c o n c e n tra tio n s  (C u A P -0 .0 0 6 3  a n d  
-0 .0 1 4 6 ) , th e  H 2 u p ta k e s  a t  or b e lo w  4 5 0 °  a n d  th e  corre ­

sp o n d in g  epr in te n sity  d ec reases, agreed  w ith  th e  a s s u m p ­
tio n  th a t th e  re d u c tio n  w as m a in ly  fro m  C u 2 +  to  C u + .  
T h e  O 2 u p ta k e s  on  re o x id a tio n , w h ich  w ere a lw a y s  a b o u t

(18) G. R. W ilson and W. K. Hall, unpublished work.
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h a lf  th e  H 2 u p ta k e s , a n d  th e  c o rresp o n d in g  epr in ten sity  
recoveries w ere c o n s is te n t w ith  the. re o x id a tio n  o f  C u + to  
C u 2 + . W it h  h igh er co n ce n tra tio n s ( C u /C a  >  0 .0 2 5 ) , th e  
C u 2+ w as red u ced  to  C u °  a t  a ll te m p e ra tu re s  in v e stig a te d . 
T h e  larger th a n  e x p e c te d  d ecreases in  ep r in te n s ity  o b ­
served  at 4 5 0 °  for C u H A P -0 .0 2 5  su g g e st, h ow ever, th a t  
p a rt o f  th e  ion s w ere red u ced  o n ly  to  C u + , e.g., C u ’ =  
4 0 % ; C u °  =  4 5 % , a n d  C u 2 +  =  1 5 % . L o n g er  re d u c tio n  tim e  
u n d o u b te d ly  w o u ld  h a v e  led  to  c o m p le te  re d u ctio n .

T h e  resu lts  sh o w n  in  F igu re 3a  su g g e st a step w ise  re ­
d u c tio n  p ro cess, th e  first ste p  b e in g  a ra p id  red u ctio n  o f  
C u 2+ to  C u + a n d  th e  se c o n d  a slow  co n versio n  o f C u +  to  
C u ° . T h e  la tte r  p ro cess m a y  b e  rate  lim ite d  b y  th e  re­
q u ired  m ig ra tio n  o f co p p er fro m  th e  in terstitia l p o sitio n s  
to  th e  su rfa ce . T h u s , o n ly  th e  first ste p  to o k  p la c e  w ith  
sa m p le s  c o n ta in in g  low  c o n c e n tra tio n s  o f  C u  a t  or b e low  
4 5 0 ° . A t  5 5 0 ° , th e  se c o n d  ste p  b e c a m e  fa ste r , b u t  w as still  
slow er th a n  th e  first ste p  in  w h ich  th e  ep r s ig n a l d is a p ­
p ea red . A fte r  severa l h ou rs, th e  epr d ecrease  a n d  H 2 u p ­
ta k e  agreed  q u ite  w ell, a n d  co rresp on d ed  to  c o m p le te  re ­
d u c tio n . R e o x id a tio n  w a s a lso  a tw o -s te p  p ro cess (see  F ig ­
ure 3 b ) . T h e  o x y g en  u p ta k e  w as c o m p le te d  in  th e  first 
ste p , p o ss ib ly  b y  fo rm a tio n  o f  C u O  on  th e  su rfa ce . T h e  
epr sig n al reco vered  s lo w ly  in  th e  seco n d  ste p  as b o th  
C u 2+ a n d  O 2 -  m ig ra te d  b a c k  in to  th e  la ttic e .

T h e  fm r  m e a su r e m e n ts  o f  N i H A P -0 .0 0 5 1  p ro v id ed  in ­
fo rm a tio n  a b o u t c lu ste r  fo rm a tio n . N o  s ig n a l w as ob served  
after tr e a tm e n t w ith  H 2 a t  4 5 0 ° , b u t  one d ev e lo p e d  ra p id ­
ly  a t  5 5 0 ° . T h is  sh ow s clea rly  th a t  c r y sta lliza tio n  occurred  
a t th is  te m p e ra tu re . T h e  c h ie f  d ifferen ce  b e tw ee n  th e  
N i 2 +  a n d  C u 2 +  c a ta ly s ts  w as th a t  th e  fo rm er ion  resisted  
red u ction  to  th e  m o n o v a le n t s ta te . H e n c e , th e  H 2 u p ta k e s  
b e c a m e  s ig n ific a n t o n ly  a t  5 5 0 ° w here th e  ca tio n s h ave  
su ffic ien t m o b ility  to  m ig ra te  to  th e  su rfa ce  at an  a p p re ­
c ia b le  ra te . I f  th is  is so , th e  N i 2+  a d ja c e n t to  th e  su rface  
m a y  h av e  red u ced  a t  m u c h  low er te m p e ra tu re s  a n d  cou ld  
fu n c tio n  e ffe c tiv e ly  as rev ersib le  o x id a tio n -r e d u c tio n  c e n ­
ters.

T h e  reason  w h y  th e  c a ta ly s ts  c o n ta in in g  h ig h  c o n c e n ­
tra tio n s o f  C u 2+  w ere re d u ce d  c o m p le te ly  a t  low  te m p e r a ­
tu res is n o t u n d e r sto o d . P r e s u m a b ly , th e  re d u c tio n  is still  
a tw o -ste p  p ro cess , as  ev id e n c e d  b y  ch a n g es in  ep r in te n ­

s ity  larger th a n  e x p e c te d  for th e  c o rresp o n d in g  H 2 u p ta k es  
requ ired  for a o n e -s te p  re d u c tio n  to  C u °  ( T a b le  I II ) . P r o b ­

a b ly  a lso , th e  se c o n d  ste p  o f  th e  re d u c tio n  ta k e s  p la ce  
o n ly  a t  th e  su rfa ce  a n d  its  rate  is lim ite d  b y  th e  re d istr i­
b u tio n  o f th e  re m a in in g  io n s in  th e  la tt ic e . T h e  la tte r  step  
m a y  be co n c e n tra tio n  d e p e n d e n t , in crea sin g  c o n cen tra tio n  
fa v o rin g  in tra c ry sta llin e  m o b ility  a t  low er te m p e ra tu re s . 
W h a te v e r  th e  c a u se , th e  N i H A P  sy s te m  b e h a v e d  s im ila r ­

ly . N iH A P -0 .0 0 5 1  sh o w ed  fm r  o n ly  a fter  tr e a tm e n t w ith  
H 2 a t  5 5 0 ° , b u t  N i H A P -0 .0 3 9  d ev e lo p e d  a s ig n a l a fter  s im ­
ilar tr e a tm e n t a t  4 5 0 ° .

O u r  re su lts  m a y  b e  p la u s ib ly  d esc rib e d  b y  th e  fo llow in g  
c h e m istry , w h ich  sa tisfies  th e  co n d itio n  th a t  th e  charge  
b a la n c e  on  th e  la ttic e  is m a in ta in e d  a t  a ll t im e s . T h e  p ri­

m a ry  re d u c tio n  ste p  is

■AH2 +  C u 2+ +  P 0 43"  — *- C u + +  H P 0 42“ (3 )

T h is  m a y  b e  fo llo w ed  b y

2 H P 0 42-  — ^  P 20 / -  +  H 20  (4 )

d ep e n d in g  u p o n  th e  te m p e ra tu re , th e  re a ctio n  p ro ceed in g  
to a greater e x te n t as th e  te m p e ra tu re  in cre a se s . A b o u t  
h a lf  th e  H 2O  w as re m o v e d  in  th is  s te p  a t  4 5 0 ° in  our e x ­

p e r im e n ts  a n d  m o s t  o f  it a t  5 5 0 ° . A ls o  a t  5 5 0 ° , th e  secon d  
ste p  o f  th e  re d u c tio n  a lw a y s o c cu rs, i.e.

H H * +  C u + +  P 0 43"  — ► C u °  +  H P 0 42“ (5 )

an d  th e  resu ltin g  H P O 42 -  u n d ergo es re a ctio n  4 .
R e o x id a tio n  is d e p e n d e n t u p o n  th e  sy s te m  e x istin g  fo l­

low in g  re d u ctio n . W h e n  o n ly  C u  ' is p re sen t, tw o p ro ­

cesses m u s t  occu r, v iz .

14 0 2 +  2 C u + +  2 H P 0 42“ — *-

2 C u 2+ +  2 P 0 43~ +  H 20  ( 6 )
an d

K 0 2 +  2 C u + +  P 20 74 -  — >  2 C u 2+ +  2 P 0 43~ (7 )

W h e n  C u °  c lu sters are p resen t, re o x id a tio n  p ro b a b ly  re­
su lts  in  th e  fo rm a tio n  o f  C u O  w h ich  is n o t d e te c ta b le  by  
epr. T h is  is th e n  slo w ly  d e c o m p o se d  as it m ig ra te s  b a ck  
in to  th e  b u lk , sa tis fy in g  th e  re lation

C u O  +  P 20 74'  — C u 2+ +  2 P 0 43 -  ( 8 )

T h is  p ictu re  is co n siste n t w ith  th e  o b serv ed  o v era ll resu lt  
th a t

H 2 +  Vz02 — H 20  (9 )

T h e  epr sig n al o f  C u 2+ in h y d r o x y a p a tite  w a s n o t w ell 
reso lv ed . T h e  b ro a d e n e d  sig n al w as c a u se d  p a r tly  b y  C u 2+ -  
C u 2 +  d ip o la r  in tera c tio n s  (as e v id e n c e d  b y  b e tte r  re so lu ­
tio n  w ith  th e  d ec rea sin g  C u 2+  co n c e n tra tio n ) a n d  p a rtly  
b y  th e  ex isten ce  o f  tw o C u 2+  sites in h y d r o x y a p a tite . A n ­
oth er c o n tr ib u tin g  fa cto r  m a y  h av e  b een  a sh o rte n e d  re­
la x a tio n  t im e , 7 i ,  • d u e  to  th e  close  ly in g  e x c ite d  sta te  
w h ich  ex ists  o fte n  for C u 2+  in near o c ta h ed ra l s y m m e ­
tr y . 19  B e tte r  reso lu tio n  w h en  m e a su red  a t  low er te m p e r a ­
tures su p p o rts  th is  p o ss ib ility . L in e  b ro a d e n in g  m a y  also  
h av e  b e e n  c a u sed  p a r tly  b y  p ro to n s p re se n t as H P O 4 2 -  

or as stru ctu ra l O H ~  b e c a u se  th e  reso lu tio n  o f  th e  sign al 
im p ro v e d  su b s ta n tia lly  w h en  p re p a ra tio n s w ere h e a te d  to  
te m p e ra tu re s  w here d eh y d ro x y la tio n  occu rred  (F igu re  1 ). 
A  s lig h t d isto rtio n  o f th e  sy m m e tr y  a ro u n d  th e  C u 2+ a c ­
c o m p a n y in g  th e  fo rm a tio n  o f P 2 O 7 4 u n its  a lso  m a y  have  
C on tribu ted  to  th is  lin e  n arrow in g. S im ila r  b eh a v io r on  
h e a t tr e a tm e n t o f  C u 2 ^ -e x c h a n g e d  zeo lite s  h as b een  re­

p o r te d .20-21 S ta r tin g  w ith  th e  b e tter  reso lv ed  sig n a l o b ­
ta in e d  a fter  h e a t tr e a tm e n t , ra p id  a n d  rev ersib le  ch an ges  
in  epr line  sh a p e  a n d  in ten sity  u p on  re d u c tio n  a n d  reo x ­
id a tio n  a t  4 5 0 °  w ere o b serv e d  (F igu re  4 ) .  F o llo w in g  re d u c ­
tio n  a t  5 5 0 ° , th e  reo x id a tio n  w as very  slow  a n d  g a v e  a d if­
feren t lin e  sh a p e , a lth o u g h  th e  reco very  o f  in ten sity  w as  
c o m p le te . T h e se  fa c ts  su p p o rt th e  p ictu re  p resen ted  
a b o v e .

T h e  m e a su r e m e n ts  o f  th e  d ecrease  in C u 2+  c o n c e n tra ­
tio n  u p o n  p a r tia l d isso lu tio n  o f  th e  p rep a ra tio n s given  in 
F igu re 6  p ro v id es  go od  ev id e n ce  o f  th e  m ig ra tio n  o f  copper  
o u t o f  a n d  b a c k  in to  th e  b u lk . H a d  n e a r ly  all o f  th e  c o p ­
per m ig ra te d  to  th e  su rfa ce , th e  C u 2 + reso n a n ce  in ten sity  
(m e a su re d  a fter  re o x id a tio n  o f  th e  re m a in in g  co p p er to  
C u 2 + )  sh o u ld  d ec rease  ra p id ly  w h en  th e  su rfa ce  layers o f  
th e  cry sta ls  are r e m o v e d . O n  th e  oth er h a n d , th e  epr in ­
te n s ity  (p er g r a m ) sh o u ld  re m a in  c o n sta n t i f  th e  red u ced

(19) B. R. M cG arvey in “ Transition  Metal C hem is try ,”  R. L. Carlin, Ed., 
Vol. 3, M arce l D ekker, New Y ork, N. Y., 1966, p 90.

(20) A. N icu la , D. S tam ires, and J. Turkevich , J. Chem. Phys.. 42, 3684 
(1965).

(21) J. T. R ichardson, J. C a ta i. ,  9 ,1 7 8  (1969).
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Figure 8 . Arrhenius plot for H 2- D 2 equilibration over copper hy­
droxyapatite (C u /C a  =  0.005).

co p p er re m a in e d  u n ifo rm ly  d isp ersed  th r o u g h o u t th e  b u lk . 
T h e re  w a s, in d e ed , litt le  ch a n ge  w ith  th e  u n tre a te d  s a m ­
p le  (cu rv e  1, F igu re 6 ) , sh ow in g  a g a in  th a t  C u 2 +  w as in i­

tia lly  u n ifo rm ly  d istr ib u te d  th ro u g h o u t th e  c r y sta l. O n  
th e  oth er h a n d , th e d a ta  for th e  sa m p le  re d u ce d  a t  5 50 °  
sh ow  clea rly  th a t  co p p er h ad  m ig ra te d  to  th e  su rfa ce  in  
th is  ca se . T h e  d ecrease  in  th e  sp ec ific  ep r in te n s ity  w as  
re la tiv e ly  sm a ll w ith  th e  s a m p le  w here co p p er w as re ­
d u c e d  o n ly  to  C u + , su p p o rtin g  th e  co n c lu sio n  th a t  s ig n ifi­
c a n t  m ig ra tio n  d oes n o t occu r w h en  on ly  th e  first ste p  o f  
th e  red u ctio n  is a c c o m p lish e d . O n  reo x id a tio n  o f th e  c o m ­

p le te ly  re d u ce d  sa m p le  b efore  d isso lu tio n , c o p p er w as  
sh ow n  to  h a v e  m ig ra te d  b a ck  in to  th e  b u lk  to  so m e  e x ­

te n t , a lth o u g h  it  m a y  h av e  sta y e d  n ear th e  su rfa ce , i.e., 
cu rve  4  fe ll b e tw ee n  cu rves 1 a n d  3.

A  close  co rresp on d en ce  b etw een  th e  e x p e c te d  va len c e  
sta te  o f  C u + a n d  th e  flu o rescen ce  w as d e m o n str a te d  in  
T a b le  V . A p a tite s  are w id e ly  u sed  as p h o sp h o rs  w ith  
M n 2+ or rare earth  ion s as a c tiv a to r s . 22 Z n S  a c tiv a te d  b y  
C u + has a b lu e  flu o rescen ce  w h ich  is a ttr ib u te d  to  th e

e m issio n  a c c o m p a n y in g  th e  p rocess o f  tr a p p in g  a p o sit iv e  
h ole  b y  C u + . 23 S o m e  o x id es  a n d  p h o sp h a te s  are a lso  p h o s ­
p h ors w ith  c o p p er as a c tiv a to r .24 T h e  e m iss io n  ra n ges  
fro m  th e  b lu e  th ro u g h  th e  y e llo w  region  d e p e n d in g  u p o n  
th e  c o m p o s it io n .24 T h e re fo re , th e  id e n tific a tio n  o f  th e  f lu ­
orescen ce in  c o p p er h y d ro x y a p a tite  w ith  C u + is q u ite  re a ­
so n a b le . T h e  re su lts  p resen ted  in T a b le  V , a lth o u g h  q u a li ­
ta tiv e , su p p o rt th e  co n clu sion s rea ch ed  fro m  th e  c o m ­

b in e d  epr a n d  gas u p ta k e  d a ta .
T h e  ac tiv e  v a len c e  s ta te  o f  co p p er for th e  a c tiv a tio n  o f  

h yd ro g en  (or d eh y d ro g en a tio n ) h as b e e n  su g g e ste d  b y  se v ­

eral a u th o rs 6 -7 to  b e  + 1 .  T h e  resu lts  o f  th e  H 2- D 2 e q u ili­
b ra tio n  e x p e r im e n ts  p resen ted  herein  su p p o rt th is  v iew . 
S ta te d  in th e  s im p le s t  te rm s, th e  c a ta ly s t  w as m u c h  m ore  
a c tiv e  w h en  th e  c a ta ly s t  w as p rered u ced  to  th e  C u +  sta te  
th a n  w h en  it  w as c o m p le te ly  red u ced  to  C u ° . Its  a c tiv ity  
w as litt le  d iffe re n t w h en  it w as in it ia lly  in th e  C u 2+  s ta te , 
b u t th e  re d u c tio n  to  C u + to o k  p la c e  u n d er re a ctio n  c o n d i­
tio n s . T h a t  th e  m e c h a n is m s  o f th e  e x c h a n g e  over su p p o r t­
ed  co p p er c lu sters a n d  th e  C u +  h y d r o x y a p a tite  w ere n ot  
th e  sa m e  is in d ic a te d  b y  th e  d ifferen t a c tiv a tio n  en ergies  
d eriv ed  fro m  F igu re  8 . In  th e  la tte r  ca se , it  se e m s lik ely  
th a t  th e  C u +  cen ters fu n c tio n  rev ersib ly  as h y d rid e  a c c e p ­
tors in  th e  h e te ro ly tic  c lea v a g e  o f H 2 , i.e., b y  th e  re a ctio n

C u + +  H 2 =  C u H  +  H + (1 0 )

F ro m  th e  d a ta  p resen ted  h erein , it is n ot a t a ll certa in  
th a t  th e  H 2 D 2 c a ta ly s is  is co n fin ed  to  th e  su rfa ce . It  
w o u ld  a p p ea r th a t  th e  en tire  crysta l m a y  fu n c tio n  b o th  as  
a reservoir a n d  as a m ix in g  p o t.
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R a m a n  S p e c t r a  o f  t h e  P r o d u c t s  o f  R u b i d i u m  a n d  C e s i u m  
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R a m a n  sp ec tra  o f th e  R bC >2 an d  C sC >2 m o le c u le s  h ave  b een  ob served  fro m  sa m p le s  o f  ru b id iu m  a n d  cesi­
u m  a to m s  co d e p o site d  at 1 6 °K  w ith  ox y g en  m o le c u le s  at h igh  d ilu tio n  in argon . T h e  s tr o n g  b a n d s  o b ­
serv ed  a t  fre q u e n cy  sh ifts  o f  111 0  a n d  111 4  c m " 1, re sp ec tiv e ly , are a ssign ed  to  th e  su p ero x id e  fu n d a m e n ­
ta ls  in  th e  R b + C>2 "  a n d  C s + 0 2 "  m o le c u le s . T h e  sp littin g  o f th ese  fea tu res  in to  tr ip le ts  in  th e  1 6 C>2-  
16 0 18 0 - 18 0 2  e x p e r im e n ts  in d ic a te s  iso sceles tr ia n g u la r  stru ctu res w h ile  th e  a b sen c e  o f  M  + ------ O 2 "  in ter ­
ion ic m o d e s  is c o n siste n t w ith  th e  io n ic  m o d e l for th e  a lk a li m e ta l su p erox id e  m o le c u le s . S tr o n g  b a n d s  
w ere o b serv ed  a t  2 9 8  a n d  287  c m “ 1, re sp e c tiv e ly , in  th e  R b  a n d  C s  ox y g en  sy ste m s ; th ese  freq u en cies are 
a ttr ib u te d  to  th e  in term o le c u la r  o x y g e n -o x y g e n  ( O 2 •*-*• O 2) "  s tre tc h in g  m o d e  in th e  R b + C L "  and  
C S + O 4 "  sp ec ies .

I n tr o d u c tio n

R e c e n t in frared  in v estig a tio n  o f  th e  argon  m a trix  re a c ­
tion  o f a lk ali m e ta l a to m s  w ith  O 2 m o le c u le s  h av e  s u p ­
p orted  th e  ex isten c e  o f  m o le c u le s  o f  th e  gen eral fo rm u la  
M O 2 w here M  =  L i , 1 N a , 2 K , a n d  R b . 3 E x p e r im e n ts  in ­
v o lv in g  m ix e d  ox y g en  iso to p ic  su b st itu t io n  h av e  in d ic a te d  
th e  p resen ce  o f  tw o  e q u iv a le n t o x y g en  a to m s  in th ese  m o l­
e cu les . T h e  close  a g re e m e n t o f  th e  0 - 0  s tre tc h in g  force  
c o n sta n ts  o f  M O 2 a n d  O 2 “  su g g ests  th a t  th e  b o n d in g  in  
M O 2 is p r e d o m in a n tly  ion ic a n d  m a y  be m ore s im p ly  d e ­

scrib ed  as M + O z " .  A d d it io n a l e v id e n c e  for ionic b o n d in g  
is in d ic a te d  b y  th e  o b serv a tio n  in th e  in frared  o f  in ten se  
m e ta l-o x y g e n  m o d e s  w h ile  th e  in tra m o le c u la r  s tre tc h  o f  
th e  O 2 "  a n io n  occu rs as a very  w ea k  fea tu re .

R e c e n t s tu d ie s  in th is  la b o ra to ry  o f  th e  R a m a n  sp ectra  
o f  th e  p ro d u c ts  o f  L i , 4 -5 N a , a n d  K® a to m  argon  m a trix  
rea ctio n s w ith  O 2 m o le c u le s  h ave  e s ta b lish e d  th e  v ia b ility  
o f th is  a p p ro a c h  to  th e  e x a m in a tio n  o f th e  in tra m o lec u la r  
m o d e s  o f h o m o n u c le a r  d ia to m ic s . A s  e x p e c te d , su ch  
m o d e s  are stro n g  R a m a n  sca tterers  w h ile , b e ca u se  o f th e  
m u c h  sm a lle r  p o la r iz a b ility  ch a n g e s in v o lv e d , th e  in ter ­

ionic m e ta l-o x y g e n  v ib ra tio n s  are n o t . T h e  p recise  va lu e  
o f the O 2 "  v ib ra tio n a l fre q u e n c y  is d ire c tly  a ffe c te d  b y  
th e  charge d is tr ib u tio n  in  th e  M + C>2 “  m o le c u le . In  th e  
p reviou s R a m a n  in v estig a tio n  o f th e  m a tr ix  re a ctio n s in ­
v o lv in g  N a  a n d  K  a to m s  w ith  0 2 m o le c u le s , 5 th e  a m o u n t  
o f io n ic  ch a ra cter  in  th e  M O 2 sp ec ies a p p ea re d  to  decrease  
s lig h tly  p ro ceed in g  fro m  N a  to  K  as d ete r m in e d  b y  an  in ­
crease in th e  O 2 "  v ib ra tio n a l fre q u e n cy . T h is  w as a c ­
c o u n ted  for b y  th e  in creased  p o la r iz a b ility  o f  th e  p o ta ss i­
u m  c a tio n . In  order to  d eterm in e  th e  g e n e ra lity  o f  th is  
tren d , it  w as co n sid ered  e ssen tia l to  in v estig a te  th e  a n a lo ­
gous argon m a trix  re a ctio n s o f  th e  h e a v ier  a lk a li m e ta ls . 
W e  report here a R a m a n  sp ec tra l e x a m in a tio n  o f  th e  m a ­
trix  rea ctio n s o f  R b  a n d  C s  a to m s  w ith  O 2 a t h ig h  d ilu tio n  
in  argo n . C o m p le m e n ta r y  in frared  s tu d ie s  are rep orted  in  
a fo llo w in g  p a p e r . 7

E x p e r im e n t a l  S e c t io n

T h e  1 5 °K  re frig eration  sy s te m , v a c u u m  v e sse l, a lk a li  
m e ta l a to m  sou rce , a n d  in fra red  sp e c tro m e te r  h av e  been  
d escrib ed  e a r lie r . 1 -4 A rg o n  (A ir  P ro d u c ts , 9 9 .9 9 5 % ) ,  o x y ­

gen gas (A ir  P ro d u c ts , U .S .P . ,  th e r a p y ) , 18 0 2 (O a k  R id ge  
N a tio n a l L a b o ra to ry , 9 9 .3 % ) ,  an d  5 5 %  180  en ric h ed  O 2 

ga s (2 0 %  1 6 0 2 , 5 0 %  1 6 0 18 0 ,  3 0 %  18 0 2 , M ile s  L a b o ra to rie s , 
In c .)  w ere u sed  w ith o u t fu rth er p u rific a tio n .

R u b id iu m  an d  ce siu m  a to m  p ro d u c tio n  w ere a c c o m ­
p lish ed  th ro u g h  th e  m e ta th e tic a l rea ctio n s o f  lith iu m  
m e ta l w ith  R b C l  a n d  C s C l, re sp ec tiv e ly . A  fresh  5 -m m  
cu b e  o f lith iu m  m e ta l w as c u t an d  w a sh ed  w ith  d ry  h ex ­

an e u n d er an  argon a tm o sp h e re  an d  p la c e d  in to  a K n u d -  
sen  cell a lo n g  w ith  an  ap p ro p ria te  a m o u n t  o f  an h y d ro u s  
a lk a li m e ta l c h lo rid e . T h e  K n u d s e n  cell w as th e n  h ea ted  
in vacuo to  a te m p e ra tu re  n ecessary  to  in it ia te  reaction  
(ca. 3 5 0 ° ) .  F o llo w in g  su ch  a p ro ced u re, th e  K n u d s e n  cell 
w as th en  p la c e d  in sid e  th e  v a c u u m  vesse l for m a tr ix  d e p o ­
sitio n . In th e  R a m a n  e x p e r im e n ts , o x y g en  ga s d ilu te d  in  
argon w as d ep o site d  th ro u g h  0 .2 5 -in . co p p e r  tu b in g  a t the  
rate  o f  2 m m o l /h r  for 4 - 6  hr o n to  a s te e p ly  p itc h e d  copp er  
w ed ge h eld  n ear 1 6 °K . A  s im u lta n e o u s  b e a m  o f ru b id iu m  
or ce s iu m  a to m s  w as a c h ie v e d  b y  h e a tin g  th e  K n u d se n  
cell to  th a t  te m p e ra tu re  n ecessary  to  e ffu se  an  ad e q u a te  
a m o u n t o f  h e a v y  a lk a li m e ta l a to m s  (3 0 0 ° , R b ; 3 1 0 ° , C s ) . 
V a lu e s  for th ese  te m p e ra tu re s  w ere d e te r m in e d  e x p e r i­
m e n ta lly  a n d  corresp on d  a p p ro x im a te ly  to  an  e ffectiv e  
m e ta l a to m  p ressu re o f  1 p in sid e  th e  K n u d s e n  ce ll. A  
slid in g  m e ta l sh ie ld  in sid e  th e  v a c u u m  v esse l served  to  
co n ta in  th e  m e ta l a to m  b e a m  prior to  d ep o sitio n .

R a m a n  sp ec tra  o f  d ep o site d  sa m p le s  w ere recorded  
u sin g  th e  laser e x c ita tio n  o f  a C o h eren t R a d ia tio n  M o d e l  
5 2 G  argon ion laser (5 1 4 5  an d  4 8 8 0  A )  in  c o m b in a tio n  
w ith  a S p e x  1401 d o u b le  m o n o c h r o m a to r . E x p e r im e n ta l  
d e ta ils  h av e  b een  p resen ted  elsew here.®  T h r o u g h  th e  use  
o f a v isu a l a lig n m e n t te c h n iq u e  it w as p o ssib le  to  record  
th e sp ec tra  o f v a rio u s se g m e n ts  o f  th e  d ep o site d  m a tr ix . 
In  th is  m a n n er u n w a n ted  b a ck g ro u n d  sc a tte r  w as red u ced

(1) L. A ndrew s, J. Chem. Phys.. 50, 4288 (1969).
(2) L. A ndrew s, J. Phys. Chem.. 73, 3922 (1969).
(3) L. A ndrew s, J. Chem. Phys.. 54, 4935 (1971).
(4) D. A. H atzenbuhler and L. Andrew s, J. Chem. Phys.. 56, 3398 

(1972).
(5) L. A ndrew s and R. R. S m ardzew ski, J. Chem. Phys.. in press.
(6) R. R. S m ardzew ski and L. Andrews, J. Chem. Phys.. 57, 1327 

(1972).
(7) L. A ndrew s, J. T. Hwang, and C. Trindle , J. Phys. Chem.. to  be sub­

m itted  fo r pub lication .
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to  a m in im u m  w h ile  R a m a n  sig n a ls  w ere m a x im iz e d . In  
th e  sp ec tra l region s a b o v e  1000  c m - 1  R a m a n  sh ifte d , d i ­
e lectric  lo n g  w a v e len g th  p a ss  filters (4 8 8 0  a n d  5 1 4 5  A ; C o -  
rion  In str u m e n t C o rp .]  w ere u sed  to  su p p ress  th e  in ten se  
R a y le ig h  line an d  th u s  m in im iz e  th e  in te n sity  o f  gratin g  
g h o sts . R a m a n  freq u en cies w ere d e te r m in e d  to  an  a c c u r a ­

cy o f ± 1  c m - 1  b y  e m p lo y in g  severa l argo n  flu o rescen ce  
lin es as a sou rce o f ca lib ra tio n .

R e s u lt s

R a m a n  sp ec tra  w ere record ed  from  argon  sa m p le s  c o n ­
ta in in g  1 %  O 2 an d  s im ila r  sa m p le s  co d e p o sited  w ith  R b  
a n d  C s  a to m s .

Oxygen in an Argon Matrix. T h e  R a m a n  sp e c tru m  o f a 
b la n k  m a trix  w as in it ia lly  d eterm in e d  in order to  e s ta b ­
lish  th e  c la r ity  o f  th e  sp ectra l regions o f  in terest prior to  
th e  sta rt o f  m e ta l a to m  re a ctio n s . A  b la n k  m a trix  sa m p le  
o f  8  m m o l o f  16 C>2 d ilu te d  in argon ( M / R  =  100) w as d e ­
p o sited  an d  its  R a m a n  sp ec tru m  record ed  u sin g  b o th  4 8 8 0  
a n d  5 1 4 5  A  laser e x c ita tio n . W ith  th e  in stru m e n ta l slits  
set a t 2 5 0  m (5 -c m  1 reso lu tion  a t 5 1 4 5  A )  a n d  an  a m p lif i ­
ca tio n  range o f  0 .3  X 1 0 " 9 A  (n o  su p p r e ssio n ), no R a m a n  
sig n a ls  w ere d e te c te d  in th e  region  fro m  160  to  150 0  c m - 1  

a b o v e  a 5 %  noise  lev el. T h e  very  in ten se  1 5 5 2 - c m " 1 fu n ­

d a m e n ta l o f  1 6 C>2 w as th e  on ly  o b serv a b le  fea tu re  in th e  
m a trix  sa m p le .

Rubidium Atom Reactions. L a ser e x c ited  R a m a n  sp e c ­
tra record ed  a fter  d ep o sitio n  o f ru b id iu m  a to m s  w ith  three  
iso to p ic  sa m p le s  o f  ox y g en  m o le cu le s  in argon  m a trices  
are d e p ic te d  in F igu re  1. F req u en cy  v a lu es  are liste d  in  
T a b le  I. T h e  iso to p ic  freq u en cies o f  th e  ox y g en  m o le cu le  
are c o n ta in ed  in th e  1 4 0 0 -1 6 0 0 - c m "1 region . S ev era l ru ­
b id iu m  a to m  e x p e r im e n ts  w ere run to  d eterm in e  th e o p ti-

FREQUENCY SHIFT 'crrr'i
Figure 1 .  Ram an spectra of rubidium atom -oxygen molecule 
argon matrix reaction products condensed at 15 °K : approxi­
mately 500 mW of 4880 A excitation. 5 A band pass filter, 5 - 
c m - 1  resolution, 5 -c m ~ , / rnin scan speed, 10 -s e c  rise time, lit­
tle or no suppression. Amplification ranges were 1 X 1 0 " 9 A at 
1 4 5 0 -1 5 5 0  c m - 1 , 0.3 X  1 0 - 9 A at 1 0 2 0 -1 1 2 0  c o r  1 using di­
electric long wavelength pass filter, and 1 X  1 0 - 9 A at 2 5 0 -3 0 0  
c m " 1 : spectrum a 160 2. A r /0 2 =  100: spectrum b 160 2-  
160 180 - 180 2, A r /0 2 =  50; spectrum c 180 2, A r /0 2 =  100.

TABLE I: Raman Spectra (Frequency Shifts, cm -1 ) Observed 
from Argon-Oxygen Matrix Samples (Ar/02 =  100) 
Codeposited with Rubidium Atoms at 15°K

16o2- 16o18o-
15o 2 1S0 2 180 2a

15 5 2 15 5 2
1509

1465 1464
1 1 1 0 110 8

1076
1046 1044

298 286 291
275 264 269
244 » 244 244

a A r /0 2 =  50. b Grating ghost.

m u m  rea ctio n  c o n d itio n s . In  th e  16 0 2  e x p e r im e n t th e  on ly  
R a m a n  sig n al d e tec te d  in th e  3 0 0 -1 5 0 0 -c m _1  region  o c ­
curred at 111 0  c m " 1. Its o x y g e n -1 8  co u n te rp a rt w as o b ­
served  a t 104 6  c m " 1 in s im ila r  e x p e r im e n ts  u sin g  180 2 . 
U p o n  m ix e d  o x y g en  iso to p ic  s u b stitu tio n  th e  l l l O - c m " 1 

b a n d  w as sp lit  in to  a tr ip le t  w ith  a re la tiv e  in te n s ity  p a t ­

tern  s im ila r  to  th a t o f  th e  p a ren t m o le c u le s . In  th ese  e x ­
p er im e n ts  u sin g  th e  sc r a m b le d  ox y g en  iso to p es  a n  M / R  =  
50  w as fou n d  n ecessary  in order to  ob serve  a ll iso top ic  
b a n d s . T h e  o x y g e n -1 6  fea tu re  o f th e  tr ip le t  a p p ea re d  w eak  
a n d  broa d  ow in g  to  th e  low  re lative  a b u n d a n c e  o f  th e  16 0 2 

iso to p e , as seen  fro m  th e R a m a n  sp ec tra  o f  th e  p a ren t  
m o le c u le s . T h e  R a m a n  sig n a ls  in  th ese  e x p e r im e n ts  w ere  
n ot stro n g  en ou g h  to  m a k e  m e a n in g fu l d e p o la riz a tio n  
m e a su r e m e n ts .

T w o  a d d itio n a l R a m a n  b a n d s  w ere o b serv e d  in th e  
low er freq u en cy  region  o f 2 0 0 -3 0 0  c m - 1 . In  th e  16 0 2 e x ­
p e r im e n t th ese  w ere ob served  a t  2 9 8  an d  2 7 5  c m - 1 . A s  
seen  in F igu re 1, th e  2 9 8 - an d  th e  2 7 5 -c m - 1  b a n d s  h ave  
o x y g e n -18 c o u n te rp a rts  a t  2 8 6  a n d  265  c m " 1, re sp ec tiv e ly . 
T h e  w eak  2 4 4 -c m - 1  b a n d  is due to  a gra tin g  g h o st . T h e  
in te n sity  o f  th e  2 9 8 - c m " 1 b a n d  is a p p ro x im a te ly  3 - 5  tim e s  
th a t o f  1 1 1 0 -c m  1 fea tu re . A n  iso to p ic  s p littin g  p a ttern  
w as n o t reso lv ed  in th e  sc r a m b le d  ox y g en  iso to p ic  s tu d ie s  
d u e  to  th e  large sp ec tra l b a n d w id th  o f  e a c h  iso to p ic  fe a ­
tu re ; th e  tw o b a n d s  w ere ob served  a t  291  a n d  2 6 9  c m - 1 , 
p o sitio n s in te r m e d ia te  b etw een  th e p u re  iso to p ic  b a n d s .

T h e  R b -C >2 m a trix  sa m p le s  w ere w a rm e d  to  a p p ro x i­
m a te ly  3 6 ° K  a n d  reco oled  to  1 6 °K . T h e  lo w est fre q u e n c y  
b a n d s  grew  m a rk e d ly  in in ten sity  w h ile  th e  0 2 fu n d a m e n ­
ta l a n d  th e  1 0 4 6 - 1 1 1 0 - c m " 1 sig n a ls  re m a in e d  e sse n tia lly  
u n c h a n g e d .

Cesium Atom Reactions. S im ila r  m a trix  rea ctio n s w ere  
s tu d ie d  w ith  ce siu m  a to m s  a n d  ox y g en  m o le c u le s  in argon  
m a tric es . T h e  R a m a n  sp ec tra  are e x h ib ite d  in F igu re 2 
w here th ree  iso to p ic  sa m p le s  o f  o x y g en  in  argon  m a trices  
w ere c o d ep o sited  w ith  a b e a m  o f  c e s iu m  a to m s . T h e  o b ­
served  freq u en cies are listed  in T a b le  II. A s  w as th e  case  
w ith  ru b id iu m , a sin g le  R a m a n  b a n d  w as d e te c te d  in  th e  
region  o f  3 0 0 -1 5 0 0  c m " 1  for th e  1 6 0 2 e x p e r im e n t. S ev eral  
a ccu racte  fre q u e n cy  d e te r m in a tio n s  p la c e d  th is  b a n d  a t  
1114  c m " 1. O n  p ro ceed in g  to th e a n a lo g o u s 18 0 2  e x p e r i­
m e n t th is  sa m e  b a n d  sh ifte d  d o w n w a rd  to  105 0  c m - 1 . T h e  
sc r a m b le d  ox yg en  iso to p ic  e x p e r im e n ts  p ro d u c ed  w eaker  
b a n d s  ow in g to  red u ced  co n ce n tra tio n s o f  e a ch  iso top ic  
sp ec ies . T h e  1 1 1 4 -c m  1 b a n d  d o es , h ow ever, a p p e a r  to  
sp lit  in to  a tr ip le t. T h e  low  sc a tte r in g  in te n sit ie s  e n c o u n -
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Raman Spectra of Rb and Cs Atom Argon Matrix Reactions

FREQUENCY SHIFT ¡cm-)
Figure 2. Raman spectra of cesium atom-oxygen molecule 
argon matrix reaction products isolated at 15°K. Same instru­
mental conditions and isotopic samples as used in Figure 1.

tered  in  th e  1 6 1 8 0 2  e x p e r im e n t p re c lu d ed  a c cu ra te  fre ­
q u e n c y  d e te r m in a tio n s .

A g a in , as  w as th e  ca se  w ith  r u b id iu m , tw o  low er fre ­
q u e n c y  R a m a n  sig n a ls  w ere o b served  in th e  2 0 0 - 3 0 0 - c m " 1 
region . F or th e  ca se  o f  th e  16C>2 e x p e r im e n ts  ca re fu l fre ­
q u e n c y  d e te r m in a tio n s  p la c e d  th ese  b a n d s  at 287  a n d  2 70  
c m - 1 . T h e  2 8 7 - a n d  2 7 0 -c m - 1  b a n d s  sh ifte d  d o w n w a rd  to  
274  a n d  2 5 8  c m - 1  on  p ro ceed in g  to  th e  18C>2 e x p er im e n ts , 
w hile  th e  2 4 4 - c m " 1 b a n d  d u e  to  a gra tin g  gh o st re m a in e d  
u n c h a n g e d . H e re  a g a in  b e ca u se  o f  th e  b ro a d  sp ec tra l fe a ­
tu res o f  th e  b a n d s  in v o lv e d , no sp littin g  co u ld  b e  d e tec te d  
in th e  sc r a m b le d  ox y g en  iso to p ic  e x p e r im e n ts ; th e  b a n d s  
w ere o b served  a t  2 78  a n d  262  c m " 1.

T h e  re la tiv e  in te n s ity  p a ttern  o f th e  low er freq u en cy  
R a m a n  b a n d s  is w orth  m e n tio n in g . U n lik e  th e  ca se  w ith  
ru b id iu m , th e  h igh er fre q u e n cy  b a n d  is n o t th e  m o st in ­

ten se  c o m p o n e n t. T h is  is e x h ib ite d  in a c o m p a riso n  o f  
F igu res 1 a n d  2 . T h e  in te n sity  o f  th e  2 7 0 -c m  " 4  b a n d  is 
a p p ro x im a te ly  3 - 5  t im e s  th a t o f  th e  1 1 1 4 -c m  1 fea tu re . 
N o  sig n al w as d e te c te d  a t  237  c m - 1  in  th e  16C>2 e x p e r i­
m e n t or 2 2 6  c m - 1  in th e  18 0 2  e x p e r im e n t, w here th e  
in terion ic  m o d e s  w ere o b serv ed  in th e  in fra re d .7

D is c u s s io n

Rb + 0 2 " .  P rev io u s in fra red  e x p e r im e n ts  in th is  la b o ra ­
to ry  in v o lv in g  th e  rea ctio n s o f  lith iu m 1 a n d  s o d iu m 2 w ith  
oxygen  m o le c u le s  in argon  m a tric es  h av e  e s ta b lish e d  th a t  
th e  m a jo r  p ro d u c t sp ec ies co n ta in e d  a sin g le  m e ta l a to m . 
S im ila r  c o n c lu sio n s w ere rea ch ed  fro m  th e  in fra red  e x p er­
im e n ts  re la tin g  to  th e  argon m a trix  rea ctio n s o f  p o ta ss iu m  
and ru b id iu m  a to m s  w ith  o x y g en  m o le c u le s .3 T h e s e  re ­
su lts h ave  b e e n  su p p o rte d  b y  a c o m p le m e n ta r y  R a m a n

s tu d y  o f  th e  rea ctio n s o f  lith iu m  a to m s  in an  ox y g en  m a ­
tr ix .4 A d d it io n a l e v id en ce  for th is  v iew  w as p ro vid ed  from  
a recen t R a m a n  sp ec tra l in v e stig a tio n  o f th e  rea ctio n s o f  
lith iu m , so d iu m , a n d  p o ta ss iu m  a to m s  w ith  ox y g en  m o le ­

cu les  in argon m a tr ic e s .5 '6 In  th e  p resen t in v estig a tio n  
th erefore, it is re a so n a b le  to  e x p e c t a sin g le  m e ta l a tom  
sp ec ies to  p re d o m in a te .

T h e  R a m a n  b a n d  o b served  at 111 0  c m  " x in th e  160 2  e x ­
p er im e n ts  is a ssig n ed  to  th e  s y m m e tr ic  0 - 0  s tre tc h , vi, o f  
a m o n o m e ric  R b 160 2  sp ec ies . T h e  m ore p ro b a b le  M O 2 

sp ec ies w ou ld  be e x p e c te d  in a m a trix  c o m p rise d  o f 1 %  O 2 

in argon ra th er th a n  its d im e r  ( M 0 2 ) 2 -  T h e  a ss ig n m e n t is 
c o n firm e d  b y  an  ap p ro p ria te  18 0 2  sh ift for a s tretch in g  
m o d e  in v o lv in g  a pure 0 - 0  m o tio n . T h e  sc r a m b le d  o x y ­
gen  iso top ic  e x p e r im e n ts  sh ow  th is  b a n d  to  be sp lit  in to  a 
tr ip le t an d  th u s e s ta b lish  th e  p resen ce  o f  two equivalent 
ox y g en  a to m s  in th e  R b 0 2  m o le c u le . A  s im ila r  triplet 
b a n d  w as ob served  for th e in terion ic  v2 m o d e  o f R b 0 2  in  
th e  in frared  s p e c tr u m .3 H e n c e  th e  m o le c u la r  c o n fig u ra ­
tio n  o f R b 0 2  is th a t  o f  an  iso sceles tr ia n g le  o f  C2v s y m m e ­
try .

T h e  sy m m e tr ic  in terion ic  s tre tc h in g  m o d e  o f  R b 0 2  w as  
ob served  in th e  in frared  at 2 5 5 .0  a n d  2 4 4 .7  c m - 1 , resp ec­
t iv e ly , for th e  16C>2 an d  18C>2 e x p e r im e n ts .3 T h e  ab sen c e  o f  
th is  m o d e  in th e  R a m a n  sp e c tru m  a d d s fu rth er su p port  
for th e  ionic m o d e l o f  R b  + C>2 " .  T h e  v a len c e  electro n  o f  
ru b id iu m  is tran sferred  in to  a 7r-a n tib on d in g  m o le c u la r  or­
b ita l on  O 2 . T h e  re su lta n t d ecrease  in b o n d  order is a c ­
c o m p a n ie d  b y  a su b se q u e n t d ecrease  in th e  0 - 0  freq u en ­

cy , w h ich  is n ear th e  fu n d a m e n ta l for O 2 ~ .
C s + 0 2 “ . In  an  a n a lo g o u s m a n n er , th e  R a m a n  sig n al o b ­

served  a t 1114  c m - 1  in th e  rea ctio n s in v o lv in g  cesiu m  
a to m s  a n d  1 6 0 2  in argon  is a ssign ed  to  th e  sy m m e tr ic  
0 - 0  stretch  in th e  C s 160 2  m o n o m e r. A n  iso top ic  freq u en ­
cy  sh ift o f  64  c m - 1  on p ro ceed in g  to th e  1S0 2  ex p er im e n ts  
in d ica te s  th is  v ib ra tio n  to  be a lm o st so le ly  co m p rised  o f  
o x yg en  a to m  m o tio n s . U n fo r tu n a te ly , the sc r a m b le d  o x y ­
gen  iso top ic  e x p e r im e n ts  w ere n ot as w ell d efin e d  as th e  
ru b id iu m  a n a lo g s . T h e re  is, h ow ever, th e a p p ea ra n ce  o f a 
tr ip le t  in the 1 0 5 0 - 1 1 1 5 - c m " 1 region w ith  th e  1 6 -1 6  c o m ­
p o n e n t occu rrin g  as a broad  w ea k  b a n d . A g a in , a w ell-re - 
so lv ed  tr ip le t fea tu re  w as ob served  for th e  in terion ic  v2 
m o d e  o f CsC>2 in  s im ila r  16-180 2  iso to p ic  in frared  ex p eri­
m e n ts .7 A s  m e n tio n e d  earlier, th e  p resen ce  o f  th is  trip let  
e sta b lish e s  th e  e x isten c e  o f two equivalent8 o x y g en  a to m s  
a n d  a sy m m e tr ic a l C sC >2 m o le c u le .

T h e  sh ift to  h igh er fre q u e n cy  o f th e  0 - 0  stretch  o f  
M  + 0 2 "  in th e  case  o f  ce siu m  is a c c o u n te d  for b y  th e  in ­
creased  p o la r iz a b ility  o f  a c e s iu m  c a tio n  as c o m p a re d  to  
ru b id iu m . S ta te d  m o re  s im p ly , c e s iu m  c o n tr ib u te s  a 
sm a lle r  p ortion  o f its  v a len c e  e lectro n  to  an  a n tib o n d in g  7r 
m o le cu la r  o rb ita l on O 2 th a n  a c o rresp o n d in g  ru b id iu m  
a to m  ow in g  to  th e  greater in d u ced  d ip o le  m o m e n t o f  o p ­
p o site  p o la rity  on th e  ce s iu m  ion . A n  in crease in th e  net 
b o n d in g  e lectro n  d e n sity  o f  O 2 "  re su lts  in th e  ca se  o f  cesi-

(8) The spectroscopic equivalence of the two oxygen atoms in C s+ 0 2" 
is best determined from the sharp infrared spectrum of the ,60 2 -  
,60 ,80 - ' 80 2 sample. The mode of C s+16'1802" was observed 
as a very sharp triplet; the half-widths of all three lines were 1.0 
c m " 1. How much inequivalence In O atoms can be contained in a 
1.0-cm " '  wide band for the Cs " ,6O l80 species when the Cs" 180 2 
species also produced a 1.0 -cm - ' bandwidth? We suggest that 0.2 
cm - ' is the upper limit to nonequivalence for the O atoms in 
C s + 0 2- . In marked contrast, the 0 -0  stretching modes in the free 
radicals H160 ' 80 and H,80 160 were separated by 2.6 c m " 1 (D. 
W. Smith and L. Andrews, J . C h e m . P h y s . to be published): the 
HO2 species contains two nonequivalent oxygen atoms.
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TABLE II: Raman Spectra (Frequency Shifts, cm-1 ) Observed 
from Argon-Oxygen Matrix Samples (Ar/02 = 100) 
Codeposited with Cesium Atoms at 15°K

16o 2- 16o 18o -
160 2 1S0 2 180 2a

1552 1552
1508

1465 1464
1114 1112

1081
1050 1050

287 274 278
270 258 262
244f>

a A r /0 2 =  50. b Grating ghost.

u m , a c c o m p a n ie d  b y  a sh ift to  h igh er fre q u e n cie s  o f  th e  
0 2 ”  fu n d a m e n ta l.

A s  w as th e  case  w ith  ru b id iu m , n o  in terion ic  m o d e s  o f  
C s 0 2 w ere d e te c te d  in th e  R a m a n  th u s p ro v id in g  a d d i­
tio n a l e v id en ce  for an  ion ic m o d e l o f  C s  + 0 2 " .

M +Oi T h e  earlier in frared  s tu d y  o f th e  rea ctio n s o f  
p o ta ss iu m  a n d  ru b id iu m  a to m s w ith  0 2 m o le c u le s  in  
argon  m a tr ic e s 3 h as p o stu la te d  th e  ex isten c e  o f  an  M O 4 

sp ec ies  w h ich  w as fo rm ed  th rou gh  fu rth er re a ctio n  o f  an  
0 2 w ith  th e  m e ta l su p ero x id e . S c r a m b le d  ox y g en  iso top ic  
stu d ie s  h av e  su g g e ste d  th a t  th is  sp ec ies c o n ta in s  tw o  
equivalent ox y g en  m o le c u le s . A  m ore recen t in v estig a tio n  
in v o lv in g  th e  s im u lta n e o u s  rea ctio n  o f  N a  a n d  K  a to m s  
fro m  d iffe re n t K n u d s e n  ce lls  w ith  0 2 c o n firm e d  th e  fa c t  
th a t  th is  sp ec ies  c o n ta in s  a sin gle  m e ta l a to m  sin ce  on ly  
th e  N a C >4 an d  K O 4  b a n d s  w ere ob served  as in th e  sin gle  
m e ta l e x p e r im e n ts .6

In  th e  recen t R a m a n  s tu d y  o f K  +  0 2 r e a c tio n s , 6 an  in ­
ten se  b a n d  a t  305  c m ” 1 w as a ttr ib u te d  to  th e  K O 4  

sp ec ies . T h is  b a n d  w ill b e  d iscu sse d  a lo n g  w ith  th e 2 98 -  
an d  2 8 7 -c m ” 1 R bC >4 an d  CsC>4 fea tu res  s in ce  th e se  three  
b a n d s  lik ely  h av e  s im ila r  origin s. T h e  large ox y g en  iso to ­
p ic  sh ifts  o b served  for th ese  fea tu res are in d ic a tiv e  o f  p re ­
d o m in a n tly  ox y g en  m o tio n s , b u t th e ir  p ro x im ity  to  in ter ­
ion ic m o d e s o f  th e M + 0 2 ”  sp ec ies  in v ite s  co n sid era tio n  o f  
p o ssib le  a ss ig n m e n t to  in terion ic  m o d e s  in th e  M + O 4 ”  

sp ec ies .

T h e  im p o r ta n t d a ta  here are th a t th e  stro n g  R a m a n  
M O 4 fea tu res  n ear 3 0 0  c m ” 1  e x h ib it  large 18 0 2 iso top ic  
sh ifts  a n d  re la tiv e ly  sm a ll a lk a li m e ta l sh ifts . O n  the  
oth er h a n d , th e  in terion ic  M +  ** 0 2 ”  m o d e s  o f  th e  K , R b , 
an d  C s sp ec ies  a t 3 0 7 , 2 55 , a n d  236  c m ” 1 sh ow  larger a l ­
k ali m e ta l sh ifts  a n d  sm a lle r  l s 0 2 iso to p ic  s h ifts .3 ' 7 For  
th e  p o ta ss iu m  ca se , th e  ox y g en  iso to p ic  sh ift d ifferen ce  
b e tw ee n  th e  K 0 2 an d  K O 4 m o d e s u n d er d iscu ssio n  is 
clear c u t ; th e  1 5 -c m ” 1 sh ift o b served  for K O 4 c lea rly  e x ­
ceed s th e 1 0 - c m ” 1 18 0 2 sh ift  for K 0 2 . A s  w as d iscu ssed  
earlier , th is  co m p a riso n  su g g ests  th a t th e  o b serv e d  n o rm a l  
m o d e  in K O 4 is primarily an  ox y g en  m o tio n  a n d  n o t an  
in terion ic  K  + ♦♦ 0 2 ”  m o d e . U n fo r tu n a te ly , th e  case  for 
R b 0 4 a n d  CsC >4 is n o t as stra ig h tfo rw a rd ; th e  ob served
1 2 - 1 3 -c m _1  sh ifts  for th e  M O 4 m o d e  e x ceed  th e  1 0 -c m " 1 

sh ifts  for th e  in terion ic  M 0 2 m o d e s , b u t th e  M 0 4 m o d e  is 
2 0 %  h igh er in fre q u e n cy .

W e  b e liev e  th a t  th e  2 9 8 - a n d  2 8 7 -c m ” 1 R b 0 4 a n d  C s 0 4 

R a m a n  b a n d s  are b e st e x p la in e d  as p re d o m in a n tly  in ter ­

m o le c u la r  o x y g e n -o x y g e n  stretch in g  m o d e s  ( 0 2 •*-*- 0 2) ”  in  
th e  O 4 ”  ion  b o u n d  to  R b +  an d  C s + , re sp e c tiv e ly , ra th er  
th a n  to  in terio n ic  M +  —* 0 4 ”  m o d e s . T h e  re la tiv e ly  sm a ll  
alk a li m e ta l s h ift  a n d  re la tiv e ly  large 1 S0 2 sh ifts  are c o n ­
s iste n t w ith  th is  a r g u m e n t. F u rth erm o re , w e w o u ld  n ot  
e x p e c t in terion ic  M  + *♦  O 4 ”  m o d e s  to  o c cu r a t h igh er  
freq u en cies th a n  th eir M +  ** 0 2 "  a n a lo g s  n or w o u ld  w e  
e x p e c t th e  R a m a n  in ten sity  o f  th e  fo rm er in ter io n ic  m o d e  
to  b e  o b serv a b le  sin ce  th e  la tte r  w a s n o t d e te c te d . O f  
cou rse , th e  R a m a n  m o d e s  n ear 3 0 0  c m - 1  are n o t pure  
ox y g en  m o tio n s ; th e  a lk ali m e ta l sh ift in d ic a te s  so m e  
m e ta l p a r tic ip a tio n  in th is  n o rm a l c o o rd in a te . It a p p ea rs , 
h ow ever, th a t  th is  v ib ra tio n  is la rg e ly  an  in term o le c u la r  
ox y g en  m o tio n  w ith in  th e  O 4 ”  sp ecies.

T h e  s y m m e tr ic  s tretch in g  w ith in  th e  tw o  0 2 u n its  in  
O 4 ”  sh o u ld  p ro d u c e  an  in ten se  R a m a n  m o d e  n ear 1000  
c m - 1 , th e  p o sitio n  o f th e a n tisy m m e tr ic  in fra red  c o u n te r ­

p a r t. N o  su ch  m o d e  w as ob served  in th e  R a m a n , p r e s u m ­
a b ly  d u e  to  in su ffic ie n t R a m a n  in te n sity  as c o m p a re d  to  
th e  3 0 0 -c m - 1  fea tu re .

J a co x  a n d  M illig a n 9 h ave  re c e n tly  su g g e ste d  th a t th e  
K O 4 sp ec ies o b serv e d  earlier3 ex ists  as K + C>4 ”  c o n ta in in g  
a s im ila r  O 4 ”  ion  to th a t  o b served  in ga seo u s ion  m o le c u le  
re a ctio n s . C o n w a y 10 h as p re d icted  a tra n s O 4 "  ion  w ith  a 
lon g (2 . 1  A )  in term o le c u la r  0 2- 0 2 b o n d  b a se d  u p o n  m o ­
lecu lar  o rb ita l c a lc u la tio n s . T h e  o b serv a tio n  o f an  in ten se  
R a m a n  b a n d  n ear 3 0 0  c m ” 1 in  h e a v y  a lk a li m e ta l ox y g en  
m a trix  sy s te m s  w h ich  is ap p ro p ria te  for th e  M 0 4 sp ec ies  
a d d s  su p p o rt for a M + O 4 s tru ctu re  w ith  a w ea k  in ter ­
m o le c u la r  ox y g en  b o n d . A  v ib ra tio n a l fre q u e n cy  n ear 300  
c m ” 1 for th is  w eak  0 2- 0 2 b o n d  is re a so n a b le . A c c o r d in g ­
ly , th e  p revio u s a ss ig n m e n t6 o f  th e  3 0 5 -c m ” 1 R a m a n  b a n d  
to  a s y m m e tr ic  ox y g en  m o tio n  in  K +C >4 "  is su p p o rte d  b y  
th e  p resen t d a ta ; h ow ever, th e  c h a ra c te riza tio n  o f  K O 4 as  
a D 2d sp ec ies , w h ile  requ ired  fro m  e x p lic it  in terp reta tio n  
o f  th e  in frared  sp e c tr a , 3 m u st  give w ay  to  th e  M  + ( 0 2-  
0 2) ”  m o d el in  order to  sa tis fa c to rily  e x p la in  th e  o b served  
in frared  a n d  R a m a n  ox y g en  freq u en cies a n d  b o n d in g  in ­

ferred from  th ese  freq u en cy  p o sitio n s .
P re sen t in fo r m a tio n  su g g ests  th a t  th e  M  + 0 4 ”  sp ec ies  

co n sists  o f  a “ p u ck ered  f iv e -m e m b e r e d  r in g ”  w ith  th e  M  + 
ion  c o u lo m b ic a lly  b o n d e d  to  th e  0 4 "  a n io n , w h ich  c o n ­
ta in s  tw o stro n g  0 - 0  b o n d s a n d  a w ea k  0 2- 0 2 b o n d . 
S tru ctu re  a n d  b o n d in g  in th e  M + 0 4 ”  sp ec ies  w ill be d is ­
cu ssed  in m o re  d e ta il in  a fo llow in g  p a p e r . 7

C o n c lu s io n s

R a m a n  sp ec tra  o f  sa m p le s  o f  0 2 co d e p o site d  w ith  C s  
a n d  R b  a to m s  in argon  a t  1 5 °K  rev ea l s ig n a ls  arisin g  fro m  
th e  M + 0 2 ”  an d  M  + 0 4 ”  sp ecies w h ich  w ere th e  m a jo r  
p ro d u c t a b so rp tio n s  in an a lo g o u s in fra red  e x p e r im e n ts . 
T h e  R a m a n  b a n d s  a t  1110  a n d  111 4  c m ” 1, re sp ec tiv e ly , 
are a ssign ed  to  in tra io n ic  0 - 0  m o d e s  in R b + 0 2 "  a n d  
C s + 0 2 ”  w h ereas R a m a n  sig n a ls  a t  2 9 8  a n d  287  c m ” 1 are  
a ssign ed  to  th e  in term o le c u la r  ( 0 2- 0 2) "  m o d e s  in  
R b + 0 4 ”  a n d  C s + 0 4 " .
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Crystal Structure of Dehydrated Zeolite 4A 805

A  R e d e t e r m i n a t i o n  o f  t h e  C r y s t a l  S t r u c t u r e  o f  D e h y d r a t e d  Z e o l i t e  4 A

Russell Y. Yanagida, Allen A. Amaro, and Karl Seff*

C h e m is t r y  D e p a r tm e n t .  U n iv e r s i t y  o f  H a w a i i.  H o n o lu lu .  H a w a i i  9 6 8 2 2  ( R e c e iv e d  A u g u s t  18. 1 9 7 2 )

T h e  cry sta l stru ctu re  o f  v a c u u m -d e h y d r a te d  (a c t iv a te d )  zeo lite  A  o f a p p a r e n t co m p o sitio n  N a i 2 - 
A l i 2S i i 20 4 8  h as b e e n  d e te r m in e d  b y  sin g le -c ry sta l X -r a y  d iffra ctio n  te c h n iq u e s . L e a st-sq u a r e  re fin e ­

m e n t in th e  sp ace  grou p  PmSm (a = 1 2 .2 6 3  A )  has led  to  a co n v e n tio n a l R in d ex  o f 0 .0 6 9 . S o d iu m  ions  
are d istr ib u te d  a m o n g  th ree  e q u ip o in ts  in th e  stru ctu re : e igh t o f  th e  tw elv e  ions o c cu p y  th reefo ld  axis  
p o sitio n s 0 .2 0  A  from  th e  p la n e  o f th ree  n earest n eigh b ors in th e  s ix -o x y g e n  ring; three m ore lie in the  
p la n e s  o f  th e  e ig h t-o x y g e n  rings, d isp la c e d  from  th e  cen ter b y  1 .23  A  a lo n g  a d iag on a l m irror lin e ; and  
th e  tw e lfth  ion is fou n d  on  a tw ofo ld  axis o p p o site  a fo u r-o x y g e n  w in d o w  in th e  large c a v ity . T h e  sh ortest  
approacrt d ista n c e s  to  fram ew ork  o x y g en  a to m s  are 2 .3 2 , 2 .4 , a n d  2 .5  A  resp ec tiv e ly . S m a ll  ch a n ges in 
c a tio n  p o sitio n s a n d  in th e  zeo lite  fra m ew o rk  are ob served  u p on  d e h y c r a tio n . T h e  ch a n ges d u e  to  d e h y ­
d ra tio n  in fra m ew o rk  an g les at th e  three n o n eq u iv a le n t ox y g en  a to m s , co rresp on d in g to  ro ta tio n s o f  
a lu m in o s ilio a te  te tra h e d ra , are m u c h  less th a n  th o se  o b serv e d  for th e  T l-e x c h a n g e d  form  o f  zeo lite  A . A n  
a tte m p t to  sorb  C 2C U , a lth o u g h  u n su c c e ssfu l, y ie ld e d  a stru ctu re  in w h ich  th e  tw e lfth  so d iu m  ion is 
a b o u t 1 . 1  A  fu rth er fro m  its n earest n e igh b ors in th e  zeo lite  fra m ew o rk , p re su m a b ly  b e ca u se  an  im p u rity  
or d e c o m p o sit io n  p ro d u c t w h ich  a sso c ia te s  w ith  th a t so d iu m  ion w as sorb ed  to  a sm a ll e x te n t.

I n tr o d u c tio n

A s  a test o f  th e  s u ita b ility  o f  c o n v e n tio n a l c r y sta llo ­
grap h ic p ro ced u res a p p lied  to  th e s m a ll  X -r a y  d iffra ctio n  
d a ta  se ts  w h ich  are cu rren tly  a v a ila b le  for th e  d e te r m in a ­
tion  o f th e  stru ctu re s  o f organ ic c o m p le x e s  o f  zeo lite  A , 
the stru ctu re  o f fu lly  d eh y d ra ted  (a c t iv a te d )  zeo lite  4 A  
w as re d eterm in ed  w ith  greater p recisio n  th a n  h ad  been  
d on e b e fo re . 1 -2 In  su c h  o c c lu sio n  c o m p le x e s  th e  sorb ed  
m o lecu les  are u su a lly  c o m p a ra tiv e ly  w eak  sca tterers an d  
the adverse  e ffec ts  o f  d isord er an d  th e r m a l m o tio n  are 
b o th  ex p ec te d  to  be  great. In th is  te st , th e  th r e e -d im e n ­
sion al F ourier sy n th e sis  w as s tu d ie d  an d  re fin e m e n ts  w ere  
a tte m p te d  on  m a n y  sm a ll p ea k s . F or th e  p ro ced u res3 to  be  
su b sta n tia te d , n o su cc essfu l le a st-sq u a r e s  re fin e m en t o f  
p osition s, o th er th a n  th o se  w h ich  c o u ld  re a so n a b ly  be a s ­
cribed  to  ca tio n s an d  fra m ew o rk  a to m s , m u st occu r, even  
at o c c u p a n c ies  c o rresp o n d in g  to as few  as one or tw o c a r ­
bon  a to m s  per u n it ce ll, w h ose g en era l eq u ip o in t is 4 8 -  
fo ld .

M e a n in g fu l c o m p a riso n s  can  be m a d e  b etw een  this  
stru ctu re  an d  th o se  o f  h y d ra te d  4 A 4 a n d  d eh y d ra ted  T 1 (I )-  
ex ch a n g e d  zeo lite  A 5 ir. w h ich  th e  stru ctu ra l ch a n g e s u p on  
d eh y d ra tio n  or ion ex ch a n g e  ca n  b e  d isc u sse d . S im ila r  
c o m p a riso n s w ith  oth er va rio u sly  io n -e x c h a n g e d , d e h y ­
d ra ted , or c o m p le x e d  zeo lite  A  stru ctu res  sh o u ld  log ica lly  
be m a d e  as th ese  la tte r  stru ctu res are d e te r m in e d . P re s­
en tly  a v a ila b le 2 resu lts  are in a d e q u a te  for d eta ile d  c o m ­
p arison s.

D e s c r ip t io n  o f  th e  S t r u c tu r e

T h e  stru ctu re  o f zeo lite  A  h as b een  p revio u sly  d escrib ed  
w h en  it w as d e te r m in e d 6 -7 a n d  in m ore recen t w o rk .4 A  
stereo d raw in g  o f  e igh t u n it ce lls , c lea rly  illu str a tin g  how  a 
cu b ic  a rra n g e m e n t o f  eigh t so d a lite  u n its  g en era tes  the  
large c a v ity , is a v a ila b le . 8

Z eo lite  A  ca n  be co n sid ered  to  be  c o m p o se d  o f three  
d istin c t c o m p o n e n ts . T h e  a lu m in o s ilic a te  fram ew ork  is 
an ion ic , p ossesses  th e  fu ll s y m m e tr y  o f a cu b e  if  th e A l3 + 
and S i4+ ions are d isord ered , h as large ch a n n e ls  o f  tw o  
kin d s an d  tw o k in d s o f a p p ro x im a te ly  sp h erica l v o id s , an d

is re la tiv e ly  rigid . T h e  p rin c ip a l ch a n n els  h av e  e ig h t -o x y ­
gen  (s ix te e n -m e m b e r e d )  rings as th eir m in im u m  co n str ic ­
tio n ; th ese  e ig h t-o x v g e n  rings are sh ared  b y  th e  large c a v i­
ties  an d  allow  m a te ria l to p a ss  to  the interior o f  a zeolite  
cry sta l. T h e  m in o r ca v ity  (th e  so d a lite  u n it)  c a n  be a c ­
cessed  on ly  th rou g h  th e  m in o r (s ix -o x y g e n  or tw e lv e -m e m -  
b ered ) c h a n n e ls . I f  a s im p le  c u b ic  a rra n g e m e n t o f  e q u iv a ­
len t h ollow  sp h eres (p in g -p o n g  b a lls ) w ere a sse m b le d , the  
s y m m e tr y  w ou ld  be p recise ly  th a t o f  zeo lite  A ; th e  sphere  
ca v ities  w ou ld  corresp on d  to  th e  large zeo lite  c a v it ie s ; th e  
sm a lle r  ca v ity  at th e  cen ter o f  each  cu b e  o f  e ig h t sph eres  
w ou ld  be th e  so d a lite  c a v ity  a t th e  cen ter o f  th e  so d a lite  
u n it, an d  a s ix -o x y g e n  w in dow  w ou ld  face in to  e a ch  large  
c a v ity ; th e e ig h t-o x y g e n  w in d o w s w ou ld  exist a t each  
p o in t tw o sp h eres to u c h e d , n o rm a l to  th eir line  o f  cen ters  
an d  c o n n ec tin g  th e m .

T h e  ca tio n s w h ich  b a la n c e  th e fra m ew o rk  ch a rg e  are 
e x c h a n g e a b le  a n d  o c c u p y  sites w ith in  th e  zeo lite  ca v ities  
an d  ch a n n e ls . T h e y  co ord in a te  to  th e  zeo lite  fram ew ork  
a n d /o r  to sorb ed  m o le c u le s . T h e  n u m b e r  o f ion s w ill, in 
gen era l, n ot be e q u a l to  th e n u m b e r  o f e q u iv a le n t p o s i­
tio n s a v a ila b le  a t th e  m o st favo red  s ite ; a c c o rd in g ly , as 
so m e  e q u ip o in ts  are fille d , oth er less fa v o ra b le  sites w ill 
a c ce p t ions u n til all ions are p la c e d . For th is  reason  zeo li- 
tic  so d iu m  io n s, for e x a m p le , m a y  be n o n eq u iv a le n t and  
so m e  m a n y -fo ld  se ts  o f  e q u iv a len t p o sitio n s m a y  be on ly  
p a r tia lly  (s ta t is tic a lly )  o c c u p ie d . O fte n  a s ite , m e a n in g  a 
set o f  e q u iv a le n t p o sitio n s , ca n n o t b e  m o re  th a n  y2 or y4 

filled  b eca u se  a greater fillin g  w ou ld  requ ire  s te ric a lly  u n ­
rea son ab le  a p p ro a ch es .
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S o rb ed  m o le c u le s  are a p p ro p ria te ly  co n sid ered  last. 
T h e y  m a y  in te r a c t w ith  th e zeo lite  fra m ew o rk , w ith  th e  
c a tio n s , a n d /o r  w ith  each  oth er. U s u a lly  th e y  m a y  be re ­
versib ly  so rb e d  a n d  d eso rb ed  b y  v a ry in g  th e  tem p e ra tu re  
and p ressu re o f  th e  sy s te m . T h e  s ite s  a v a ila b le  to  th e  
sorb ed  m o le c u le s  are m o re  co m p le x  th a n  th o se  fou n d  b y  
ions for sev era l rea son s. T h e  s y m m e tr y  o f  th e  zeo lite  b e ­
fore so rp tio n  is m u c h  low er, u su a lly , th a n  it is b efore  th e  
ion s are p la c e d  b e ca u se  o f th e  p a r tia lly  o c c u p ie d  ca tio n  
s ite s . A ls o  sm a ll m o le c u le s  c a n n o t h av e  th e  Oh s y m m e tr y  
th a t m o n a to m ic  ion s h a v e ; a c co rd in g ly , th e ir  s y m m e tr y  
m a y  be in c o m p a tib le  w ith  th a t  o f  th e  m o s t  fa v o red  so rp ­
tio n  site , an d  a su b s ta n tia l d egree o f d isord er m a y  be in ­
tr o d u c e d . F u rth erm o re , n o n eq u iv a le n t ion s m a y  asso cia te  
w ith  so rb ed  m o le c u le s , m a k in g  th e  la tte r  n o n eq u iv a le n t  
a lso . U s u a lly  a to m s  in sorb ed  m o le c u le s  o c c u p y  sites o f  
low  s y m m e tr y  w ith , d u e  to  th e  fin ite  so rp tio n  v o lu m e s  o f  
th e  zeo lite , sm a ll o c c u p a n c y  p a ra m e te rs , lea d in g  to  g re a t­
er c ry sta llo g ra p h ic  in d e te rm in a c ie s . A ls o  sorb ed  m o lecu les  
are lik ely  to  h av e  sm a lle r  sc a tte r in g  fa cto rs  a n d  larger  
th e r m a l p a r a m e te rs . U s u a lly , th e n , sorb ed  m o le c u le s  are 
m o re d iffic u lt to  lo ca te  th a n  ions w ith in  th e  zeo lite  fr a m e ­
w ork.

E x p e r im e n ta l  S e c t io n

C ry sta ls  o f  zeo lite  4 A  w ere p rep a red  b y  C h a r n e ll ’s 9 

m e th o d , m o d ifie d  to  in c lu d e  a secon d  c r y sta lliza tio n  u sin g  
seed  cry sta ls  from  th e  first p rep a ra tio n . T h is  sa m p le  w as  
fo u n d  b y  re p ea ted  w et c h e m ic a l a n a ly sis  to  h a v e  an  a p ­
p ro x im a te  fram ew ork  fo rm u la  o f  A l n . 3S i 1 2 .7O 4s 11-3 '  per  
u n it ce ll. A lth o u g h  th e  v a lu es  in th is  s to ic h io m e tric  fo r­
m u la  have b een  ro u n d ed  fu rth er to  th e  n ea rest in teger in 
p revio u s re p o rts , 5 1 0 1 1  th e  p recision  o f th e  a n a ly sis  does  
n ot e x c lu d e  th e  p o ssib ility  th a t th e  correct fram ew ork  fo r­
m u la  m ig h t be  A ln S i n C U s 12' ,  w h ich  is m ore id ea l an d  
w h ich  has b een  u sed  e x te n siv e ly  in p revio u s in v e stig a ­
tio n s . S u c h  in co n siste n cies  h av e  b een  n oted  p re v io u s ly .6

O n e  c ry sta l, a cu b e  a p p ro x im a te ly  67  n on  an  ed g e, w as  
c a u tio u sly  d e h y d ra te d  b y  slo w ly  ra isin g  its te m p e ra tu re  to  
2 0 0 ° over th e course o f  a few  hou rs at a tm o sp h e ric  p res­
sure, an d  th e n  m a in ta in in g  it a t 3 50 ° a n d  1 0 - 5  T o rr  for 24  
hr. T h e  c a p illa ry  tu b e  co n ta in in g  th is  cry sta l w as th en  
sea led  o ff  u n d er v a c u u m  an d  m o u n te d  on  a g o n io m eter  
h e a d . D iffra c tio n  in ten sities  w ere co lle c te d  a t  1 9 .5 °  for 0  
< 2 0  <  7 0 ° . A  S y n te x  fou r-circle  c o m p u te r -c o n tro lle d  d if ­
fra c to m eter  w ith  g r a p h ite -m c n o c h ro m a tiz e d  M o  K a  ra ­
d ia tio n  ( K « i ,  X 0 .7 0 9 2 6  A ; K « 2 , X 0 .7 1 3 5 4  A )  a n d  a p u lse - 
h eig h t a n a ly ze r  w as u sed  th ro u g h o u t for p re lim in a ry  e x ­
p er im e n ts  an d  for th e  co lle ctio n  o f d iffra c tio n  in ten sities . 
T h e  sp a ce  grou p  Pm3m (n o  s y s te m a tic  a b sen c es) w as  
u sed  in stea d  o f Fm3c b e ca u se  n o  s ig n ific a n t c o u n ts  cou ld  
be ob served  for e x p ec te d  m a ;o r  su p erstru ctu re  ( “ b ” ) re­
f le c t io n s ,4 a n d  b e ca u se  G r a m lic h  a n d  M e ie r 4 h av e  sh ow n  
th a t fram ew ork  d ev ia tio n s  from  th e  fo rm er sp a ce  group  
are sm a ll even  w h en  a p p ro p ria te . S til l , Pm3m h as on ly  
one te tra h e d ra l fra m ew o rk  site  a n d  a c co rd in g ly  trea ts  A1 
a n d  S i a to m s  a n d  th eir im m e d ia te  e n v ir o n m e n ts  as e n ­
tire ly  e q u iv a le n t . T h erefo re  so m e  m in o r b u t  e x te n siv e  d is ­
order is im p lic it  in  th is  ch o ice  o f  sp a ce  g rou p . T h e  cry s­
ta ls  sy n th e size d  here a p p ea r n ot to  h a v e  lo n g -ra n g e  S i ,A l  
ord erin g . T h e  cu b ic  cell c o n sta n t for th e  Pm3m u n it cell 
(a  =  1 2 .2 6 3 (2 )  A )  w as d ete r m in e d  b y  a le a st-sq u a r e s  tr e a t ­
m e n t  o f  15 in ten se  re flectio n s w ith  20 v a lu es  b e tw ee n  20  
a n d  2 4 °.

T h e  6-26 sc a n  te c h n iq u e  w as e m p lo y e d  at a sca n  rate  
w h ich  varied  fro m  0 .5  (in  26) to  2 4 ° /m i n  in su c h  a w ay

th a t m ore t im e  w as sp en t on  w ea k er re flectio n s to  im ­
p rove th eir s ta n d a rd  d ev ia tio n s . M o s t  re flectio n s w ere o b ­
serv ed  at th e  s lo w est sc a n  ra te . T h e  sc a n  ra n ge  va ried  
fro m  2 .0 °  a t 26 =  3 ° to  2 .5 °  a t  26 = 7 0 ° . A ll  881  u n iq u e  re­
cip ro ca l la ttic e  p o in ts  b e low  th e  m a x im u m  20 .v a lu e  (7 0 ° )  
w ere e x a m in e d . (T h is  h igh  u p p er lim it  w as ch o sen  for 20  
to  m a x im iz e  th e  size  o f  th e  d a ta  se t, even  th o u g h  few  re ­
fle c tio n s  w ith  large 20  v a lu es  sh ow ed  s ig n ific a n t in te n s i­
ty .)  A  tim e  e q u a l to  o n e -h a lf  o f  th e  sc a n  t im e  for e a ch  re ­
fle ctio n  w as sp e n t co u n tin g  b a ck g ro u n d  a t  each  en d  o f th e  
scan  ran ge . T w o  ch eck  re flection s w h ich  w ere m ea su red  
p erio d ica lly  d u rin g  th e  co llection  o f  each  d a ta  se t sh ow ed  
n o s ig n ific a n t tren d  in  in te n sity . T h e  e ffe c ts  o f  R en n in g er  
re flection  w ere a ssu m e d  to  be  a b se n t b e c a u se  th e  p reviou s  
e x a m in a tio n 5 o f  a re lated  m a te ria l sh o w ed  th ese  to  b e  e n ­

tire ly  a b sen t.
S ta n d a rd  d ev ia tio n s  w ere assign ed  acco rd in g  to  th e  fo r ­

m u la

a(D = [C T  +  0 .2 5 ( i c/t b ) 2( B i  +  Ba) + (pi)2]1'2

w here C T  is th e  to ta l in teg ra ted  c o u n t o b ta in e d  in a sc a n  
tim e  o f tc, an d  B2 are th e  b a ck g ro u n d  co u n ts  e a ch  o b ­
ta in e d  in tim e  tb, an d  /  =  C T  -  0 .5 ( f c/ f b ) ( B i  +  B2). A  
v a lu e  o f  0 .0 2  w as a ssign ed  to  th e  e m p iric a l p a r a m e te r  p  to  
a c c o u n t for in s tru m e n t in s ta b ility . T h e  n e t c o u n ts  w ere  
th en  corrected  for L o ren tz  a n d  p o la r iz a tio n  e ffe c ts ; an  a b ­
so rp tio n  co rrection  (u R  =  0 .0 1 7 )  w as u n n e c e ssa ry . A ll  154  
u n iq u e  re flection s for w h ich  th e  n e t in te n sity  exceed ed  
th ree  tim e s  its  s ta n d a rd  d ev ia tio n  w ere u sed  th ro u g h o u t.

S t r u c tu r e  D e t e r m in a t io n

In itia l fu ll -m a tr ix , le a st-sq u a r e s  re fin e m e n t o f  th e  s tr u c ­
tu re w as carried  o u t u sin g  p a ra m e te rs  for th e  fram ew ork  
a n d  N a ( l )  a n d  N a (2 )  p o sitio n s w h ich  h a d  b een  d e te r ­
m in e d  a n d  re fin e d 10 for th e  32  N H 3 c o m p le x  o f  zeo lite  4 A .  
O n ly  th e  N a ( l )  p o sitio n , near ce n te r  o f  th e  s ix -o x y g e n  
w in d o w , w as a llow ed  to  refine w ith  a n iso tro p ic  th e r m a l  
p a ra m e te rs . T h is  m o d e l, w h ich  a llow ed  for e lev en  so d iu m  
ion s a n d  w h ich  p u t th e  three N a (2 )  ion s a t  p o sitio n s  d if ­
feren t b y  s y m m e tr y  fro m  th o se  p re v io u sly  re p o rte d , 2 re ­
fin ed  to  an  R1 in d e x , ( 2 1 F<> -  |FC| | ) /2 F (>, o f  0 .0 6 9  a n d  a 
w eig h ted  F 2 in d e x , ( 2 t e ( F 0 -  |Fc |)2 /2 t e F o 2) 1 /2 , o f  0 .0 8 8 .

A  th r e e -d im e n sio n a l d ifferen ce  F ou rier fu n c tio n  w as  
p rep ared  u sin g  stru ctu re  fa ctors c a lc u la te d  fro m  th e  ju s t -  
refin ed  p a r a m e te rs . F ro m  th is  sy n th e sis , se v e n  sm a ll b u t  
p re d o m in a n t p ea k s w ere se le c ted  for le a st-sq u a r e s  re fin e ­
m e n t . N o n e  w ere u n rea so n a b ly  close to  th e  a to m ic  p o s i­
tio n s a lrea d y  in c lu d e d  in th e  c a lc u la tio n s . S ix  o f  th e  n ew  
p o sitio n s w ou ld  n ot refine w ith  co n v erg en t th e r m a l p a ­
ra m e te rs  a t  or near th eir ob served  c o o rd in a te s . T h e  s e v ­
e n th  p o sitio n  refin ed  q u ic k ly  to  th e  fra c tio n a l co o rd in a te s  
0 .2 0 4 , 0 .2 0 4 , 0 .5 0 0  w ith  an  iso tro p ic  th e r m a l p a r a m e te r  o f

1 .6  A 2 , a n d  th e  error in d ices d ec rea sed  s lig h tly  to  Ri = 
0 .0 6 9  an d  R2 =  0 .0 8 6 . T h is  p o sitio n  w as ju d g e d  to  be  a p ­
p ro p riate  for a so d iu m  ion , b u t  less so for one or m ore  
w ater m o le c u le s , w h ich  m ig h t b e  e x p e c te d  to  b e  closer to  
e ith er th e  N a ( l )  or th e  N a (2 )  p o s it io n . T h e  o c c u p a n c y  w as  
lim ite d  to  on e  ion per u n it  cell a t  th is , th e  N a ( 3 ) ,  p o sitio n  
b e ca u se  e lev en  ion s h a d  b een  p re v io u sly  p la c e d  a n d  b e ­
ca u se  L o e w e n ste in ’s ru le 12 in d ic a te s  th a t  th e  m a x im u m  
n u m b e r  o f  a lu m in u m  a to m s , a n d  th erefore  o f  so d iu m  io n s,

(9) J. F. Charnell, J . C ry s t .  G ro w th .  8, 291 (1971).
(10) R. Y. Yanagida and K. Seff, J . P h y s . C h e m ..  76, 2597 (1972).
(11) K. Seff, J. P h y s . C h e m ..  76, 2601 (1972).
(12) W. Loewenstein, A m e r .  M in e r a l . .  39, 92 (1954).
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Crystal Structure of Dehydrated Zeolite 4A 807

TABLE i: Positional, Thermal and Occupancy Parameters“

Wyckoff
position X y Z

B. A2 or 
anisotropic it's

Occupancy
factor

(Si, Al) 24(A) 0 0.185(1) 0.372(1) 1.4(6) 1
0(1) 12(h) 0 0.225(1) 'h 2.3(4) 1
0(2) 12 ( / ') 0 0.290(1) 0.290(1) 2.6(4) 1

0(3) 24 (m) 0.114(1) 0.114(1) 0.345(1) 2.7(3) 1
Na(1) 8 ( g ) 0.200(1) 0.200(1) 0.200(1) 0.007(1)*

0.002(1)
1

Na(2) 12 ( / ) 0 0.429(3) 0.429(3) 0.012(6)c 
0.005(3)

’A

Na(3) 12 (/) 0.204(7) 0.204(7) 'h 2(2) %2 (0.03)

“ S tandard devia tions are in the units o f the least s ign ifican t d ig it g iven fo r the corresponding  param eter. See Figures 1 and 2 for the iden tities  of the 
atom s. 6 For N a (1 ), the  an iso trop ic  tem pera ture  fa c to r =  e x p [ - ib t1 ( h 2 +  k2 +  I2) -  b i 2 (h k  + h i  +  k l ) ] .  c For N a(2 ), it is e x p [ - b n  (tr2) -  b22(k2 +  72) ].

per u n it cell is tw e lv e . A  re fin e m en t o f  th e  o c c u p a n c y  p a ­
ra m eter o f  N a (3 )  co n verg ed  at 0 .8  ions per u n it ce ll, a 
va lu e  in sig n ific a n tly  d iffe re n t from  1 .0 . W h e n  N a (2 )  w as  
allow ed  to  refine a n iso tro p ic a lly , th e  error in d ices re ­
m a in ed  th e  s a m e . D e crea sin g  th e  o c c u p a n c y  o f th is  N a (2 )  
p osition  to  2 .0  ions per u n it cell c a u sed  one o f  th ese  th e r ­
m a l p a ra m e te rs  to  b e c o m e  s ig n ific a n tly  n e g a tiv e . R e sto r ­
ing th e  N a (2 )  o c c u p a n c y  p a r a m e te r  an d  d ecreasin g  the  
o c c u p a n c y  o f  N a ( l )  to  7 .0  ions per u n it cell c a u sed  each  
error in d ex , Ri an d  F 2, to  in crease  b y  0 .0 0 2  at co n v e r­
g en ce . A c c o rd in g ly  th e  so d iu m  ion a t N a (3 )  ap p ea rs  to  he  
th e  tw e lfth  ion in th e  u n it ce ll, a n d  th e  b e st in teg ral rep ­
resen ta tio n  o f  th e  fo rm u la  o f  th e  u n it cell is N a i 2- 
A l i 2S i 12 0 4 8 - T h e  g o o d n e s s -o f -f it , (2w(F0 -  |Fc|)2 / ( m  -  
s ) ) 1 /2 , is 1 .1 4 , w here m is th e  n u m b e r  o f o b serv a tio n s  

(1 5 4 ) , an d  s (19 ) is th e  n u m b e r  o f  v a r ia b le s  in th e  lea st- 
sq u a res re fin e m e n t. A  ta b le  o f  ob served  an d  c a lc u la te d  
stru ctu re  factors is a v a ila b le ; 13 th e  fin a l stru ctu ra l p a r a m ­
eters are p resen ted  in T a b le  I.

T h e  fu ll-m a tr ix , le a st-sq u a r e s  p ro gra m  u se d 14 m in im iz ­
es 2tii(A |F |)2 ; the w eig h ts were th e  reciprocal sq u a res o f  
a, th e  s ta n d a rd  d e v ia tio n  o f e a ch  o b serv a tio n . A to m ic  
sca tterin g  fa c to rs 15  for N a * ,  S i 2- ,  A l 1 5 + , a n d  0 ~  were  
u sed . In  th e  la st  cy c le  o f  le a s t-sq u a r e s  re fin e m en t all sh ifts  
w ere less th a n  1 %  o f th e ir  co rresp on d in g  e s d ’s e x ce p t  
th ose in v o lv in g  th e  an iso tro p ic  th e r m a l p a ra m e te rs  
o f N a ( 2 ) .  w h ose sh ifts  w ere less th a n  1 0 %  o f  th eir e s d ’s.

D is c u s s io n

T h e  test o f  th e  a d e q u a c y  o f d a ta  se ts  as sm a ll as th o se  
reported  here for th e  d e te r m in a tio n  o f  th e  p o sitio n s o f  
sm a ll a to m s  su ch  as ca rb o n , o x y g en , or so d iu m  even  at  
low  o c c u p a n c ie s , h as b een  su c c e ssfu l. O f  th e  seven  p osition s  
w h ich  w ere as m u c h  as w ea k ly  su g g e ste d  b y  a F ou rier d i f ­
ference fu n c tio n , six  w ere e n tire ly  d iverg en t in le a st-  
sq u a res re fin e m e n t; th e  se v e n th  co n v erg ed  q u ic k ly ; n o a m ­
b ig u ity  w as e n c o u n te re d . T h is  in d ic a te s  th a t  a c c e p ta b le  re­
fin e m e n t, w h en  it o c cu rs, su c c e ssfu lly  d esc rib es th e  p o s i­
tio n s o f  p rev io u sly  u n lo c a te d  a to m s . T h e  inverse  is n ot 
co n sid ered  d e m o n str a te d ; u n a c c e p ta b le  re fin e m en t does  
not n ecessa rily  in d ic a te  th a t th e  a to m s  u n d er co n sid er­

ation  are a b se n t .
T h e  a lu m in o s ilic a te  fram ew ork  o f  th e  zeo lite  is q u ite  

s im ila r  to  th a t fou n d  b y  oth er w ork ers , 1 - 7 1 0 1 1  an d  is p re ­
sen ted  in T a b le s  II a n d  III. T h e  m o st m e a n in g fu l c o m p a ri­
son s, w ith in  stru ctu re s  o f  c o m p a ra b le  or greater p recision , 
are w ith  h y d r a te d  zeo lite  4 A ,4 a n d  w ith  h y d r a te d  a n d  d e ­
h yd rated  T 1 (I )-e x c h a n g e d  zeo lite  A . 5 S u rp ris in g ly , sin ce  
ch a n ges in fra m ew o rk  a n g les of up to  17° occu rred  u pon

TABLE II: Interatomic Distances(Á) and Angles (degrees)“

(Si, Al) — O (1 ) 1.65(1) 0(1)—(Si.AI)—0(2) 110.4 (8)
(Si, Al)—O (2) 1.63(1) 0(1) — (Si.AI)—0(3) 110.3 (8)
(Si.AI)—0(3) 1.68(1) 0(2) — (Si.AI)—0(3) 106.8 (9)
Na(1 )-0  (3) 2.32(1) 0(3) — (Si.AI)—0(3) 112.1 (9)
Na(1 )-0  (2) 2.90(1) (Si.AI)—0(1) — (SI.AI) 145.1 (7)
Na(2)-0 (2) 2.40(6) (Si.AI)—0(2) — (Si.AI) 165.6 (15)
Na(2)-0 (1 ) 2.64(3) (Si.AI)—0(3) — (Si.AI) 145.5 (10)
Na(3)-0(1) 2.51(7) Na(3)—0(1 ) — (Si.AI) 88.2 (4)
Na(3)-0(3) 2.47(7) Na(3)—0(3)- (Si.AI) 89 (2)
Na(3)-Na(1) 3.68(7) 0(1)—Na(3)—0(1) 102 (2)

0(3)-Na(3)-0(3) 101 (2)
Na(1)-Na(3)-Na(1) 178 (2)

“ S tandard devia tions are in the units o f the least s ign ifican t d ig it given 
fo r the corresponding  param eter.

TABLE III: Aluminosilicate Framework Angles (degrees)“

4A hy­
drated b

4A dehy­
drated

Tl-ex- 
changed 
A hydra t­

ed0

Tl-ex- 
changed 
A dehy­
d ra ted0

O (1 ) — (Si.AI)—O (2) 138(1) 110(1) 110(1) 108(1)
0(1 ) — (Si.AI)—O (3) 111(1) 110(1) 110(1) 110(2)
O (2)-(Si ,AI)-0 (3) 138(1) 107(1) 107(1) 109(1)
0(3) — (Si.AI)—0(3) 111(1) 112(1) 111(1) 111(2)
(Si, Al)—O ( 1 ) — (Si, Al) 146(0.5) 145(1) 148(1) 162(2)
(Si.AI) —0(2) — (Si.AI) 160(0.5) 166(1.5) 161(2) 144(2)
(Si.AI)—0(3) — (SI.AI) 144(0.5) 146(1) 144(2) 138(2)

“ S tandard devia tions have the units of degrees . 6 Reference 4. The
approxim ate  standard devia tions given here are larger than those repo rt­
ed in re f 4 because averages over Si and Al positions have been taken. 
0 Reference 5.

d eh y d ra tio n  in th e  T l(I ) -e x c h a n g e d  m a te ria l, th e  on ly  s ig ­
n ific a n t ch a n ge  in th e  so d iu m  form  is at 0 ( 2 ) an d  is on ly  
+ 6 ° (see  T a b le  III ) . In fa c t , th e  s ig n  o f  th e  c h a n g e  at 0 ( 2 )

(13) L istings of the observed and ca lcu la ted  struc tu re  fa c to rs  for the de ­
hydrated s tructu re  and the corresponding  s truc tu re  fa c to r table for 
the second struc tu re  (nearly dehydra ted) d iscussed above, as well 
as tab les of its s truc tu ra l param eters, bond lengths and angles, will 
appear fo llow ing these pages in the m ic ro film  edition  of th is volum e 
of the jou rna l. S ingle copies may be obtained from  the Business 
O pera tions O ffice, Books and Journa ls  D iv is ion. A m erican  Chem ical 
Socie ty, 1155 S ixteenth St.. N .W ., W ashington. D. C. 20036. Rem it 
check or m oney order -or $3.00 fo r photocopy or $2.00 for m ic ro ­
fiche , re fe rring  to code num ber JPC-73-805.

(14) P. K. Gantzel, R. A. Sparks, and K. N. T rueblood. UCLALS4, Am er­
ican C rysta llograph ic  Associa tion  Program  L ibrary (old) No. 317, 
m odified.

(15) “ In te rna tiona l Tables fo r X-Ray C rys ta llo g ra p h y /' Vol. II I. Kynoch 
Press, B irm ingham , England. 1962, p 212.
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Figure 1 .  The dehydrated zeolite 4A unit ce ll16 is shown with 
sodium Ions placed statistically within each of the three kinds of 
sites. Positions of partial occupancy are represented so as to 
maximize the approach distances between sodium ions. Closest 
ionic approaches to framework oxygens are indicated. Ellipsoids 
of 1 0 %  probability are shown.

w as n eg a tiv e  in th e form er stru ctu re , in d ic a tin g  th a t  th e  
fram ew ork  d isto rtio n s are q u a lita tiv e ly  d iffe re n t. (T h e  
fram ew ork  a n g les in th e  h y d ra ted  form  a p p ea r to  be  in d e ­
p e n d e n t o f  th e  sta te  o f  ion  e x c h a n g e .)  A s  an  in tern al 
ch e ck , it  m a y  be n oted  th a t in all fou r o f  th ese  stru ctu res  
th e  an g les at th e  a lu m in u m  a n d  silico n  ion s are all very  
close to  te tra h e d ra l a n d  sh ow  in tern a l c o n siste n c y  in their  
d e v ia tio n s  from  th a t  a n g le . T h e  ch a n g e  in th e  cell c o n ­
s ta n t u p on  d e h y d ra tio n  is a lso  c o rresp o n d in g ly  less for th e  
so d iu m  fo rm  o f  zeo lite  A  ( - 0 . 0 4  A  c o m p a re d  to  - 0 . 1 5  A ) .

E ig h t N a + ions, a t N a ( l ) ,  are lo c a te d  on th re efo ld  axis  
p o sitio n s (F ig u res  1 an d  2 ) 16 near th e  cen ters o f  th e  six - 
ox y g en  w in d o w s. E a c h  N a ( l )  is d isp la c e d  in to  th e  large  
ca v ity  from  th e p la n e  o f  its  three n ea rest n e ig h b o rs  ( 0 ( 3 )  
a t 2 .3 2  A )  b y  0 .2 0  A  (see  T a b le  I V ) . T h e  su m  o f  th e  ionic  
ra d ii17  o f  N a + an d  0 2 ~ is 2 .3 5  (P a u lin g ) or 2 .3 0  A  
(G o ld s c h m id t) , in  a g re e m en t w ith  th e  ob served  d ista n c e . 
S in ce  m o v in g  N a ( l )  in to  th e  p la n e  o f its 0 ( 3 )  n eigh b ors  
w ould d ec rea se  th is  d ista n c e  b y  on ly  0 .0 0 9  A  a n d  sin ce  th e  
zeolite  fra m ew o rk  has been  sh ow n  to  be s o m e w h a t flex ib le  
in oth er s tr u c tu re s , 5 it is lik ely  th a t  in terio n ic  N a ( l ) -  
N a ( l )  rep u lsive  forces are p re d o m in a n tly  resp on sib le  for  
th e d is p la c e m e n t o f  th e se  ions o u t o f  th e  so d a lite  u n it . 
(E a c h  N a ( l )  “ se e s”  se v e n  oth ers th ro u g h  th e  so d a lite  
u n it .)  T h e  a n iso tro p ic  th e r m a l p a ra m e te rs  in d ica te  th a t  
th e  p rin c ip le  ax is  o f  th e r m a l m o tio n  (1 1 1 ) for N a ( l )  is, 
q u ite  re a so n a b ly , n o rm a l to  th e  p la n e  o f  its c lo se st a p ­
p ro a ch es , th e  s ix -o x y g e n  w in d o w  (see  F igu res 1 a n d  2 ) .

T h re e  N a + io n s, a t N a ( 2 ), are d istr ib u te d  over a 1 2 -fo ld  
e q u ip o in t near th e  cen ters o f  th e  e ig h t-o x y g e n  w in d o w s. 
T h e  n u m b e r  o f ions in th is  p osition  is lim ite d  to  th ree  b e ­
cau se a fou rth  ion w ou ld  be required  to  be  to o  c lose  (2 .4 5  
A ) to  an o th er N a (2 )  ion . A lth o u g h  th e  d is ta n c e s  o f  th ese  
ions fro m  N a ( l )  w ou ld  be greatest w ere th e y  to  ch o ose  th e  
p o sitio n  O .x ,1̂ ,  th is  d oes n o t occu r; N a (2 )  ion s lie on  d ia g ­
on al m irror p la n e s  at 0 ,x ,x  n earest to  0 ( 2 ) .  In  th is  p o si­
tion  irregu lar but nore rea so n a b le  a p p ro a ch es ca n  be 
m a d e  to  tw o 0 ( 1 ) a to m s , w h ich  p ro tru d e  m ore in to  the  
e ig h t -o x y g e n  w in d o w  (T a b le  II, an gle  a t  0 ( 1 ) ) ,  a n d  to  one  
0 ( 2 )  a to m . In th is  w ay th e  an gle  su b te n d e d  b y  th e  three  
n e a rest n e igh b ors o f  N a (2 )  is s o m e w h a t greater a n d  the

DEHYDRATED ZEOLITE HA

Figure 2. Stereoview16 of dehydrated zeolite 4A. Ellipsoids of 
2 0 %  probability are shown.

TABLE IV: Deviations“ of Atoms From Least-Squares 
Planes at 0(3) (Á)

Piane

1 11  110

0(1) -0.02
0(2) 0.06
0(3) 0 0
Na(1) 0.20
Na(3) 1.56

°  A negative deviation indicates that the atom lies on the same side of 
the plane as the origin.

th ree  c losest a p p ro a ch e s (2 .6 4 , 2 .4 0 , a n d  2 .6 4  A )  are m ore  
n e a r ly  e q u a l. T h is  site  d oes n ot a p p ea r  to  be  as en erg e ti­
c a lly  fa v o ra b le  as th e  N a ( l )  p o sitio n  b e c a u se  o f th e  lon g er  
a n d  less sy m m e tr ic a l a p p ro a ch es to  th e  fra m ew o rk . A s  
w as tru e  for N a ( l ) ,  th e  p rin c ip a l ax is  o f  a n iso tro p ic  th e r ­

m a l m o tio n  (1 0 0 ) for N a (2 )  is n o rm a l to  th e  p la n e  o f its  
clo sest a p p ro a ch e s , in th is  case  th e  e ig h t-o x y g e n  w in d o w  
(see  F igu res 1 an d  2 ) .

T h e  tw e lfth  N a + io n , N a (3 ) , is s ta tis t ic a lly  d is tr ib u te d  
over a 12 -fo ld  e q u ip o in t . T h is  p o sitio n  is in th e  large  c a v i­
ty  a n d  lies on  a tw o fo ld  axis w h ich  is n o r m a l to  a fou r- 
ox y g en  w in d o w . T h e  N a (3 )  ion has. fou r n e a rest n e ig h b o rs , 
all a t  d ista n c e s  o f  2 .5  A , a n d  lies a p p r o x im a te ly  1 .5 7  A  
from  th e ir  le a st-sq u a r e s  ( 1 1 0 ) p la n e . N a (3 )  is 3 .6 8  A  fro m  
tw o N a ( l )  io n s, w h ich  is a p p re c ia b ly  less th a n  th e  N a ( 2 ) -  
N a ( l )  d ista n ce  o f a t lea st 4 .6 7  A . T h e  N a (3 )  p o sitio n , 
th e n , ap p ea rs  to  be th e  lea st fa v o ra b le  en erg e tic a lly  b e ­
ca u se  its a ttr a c tiv e  a p p ro a ch e s are lo n g  a n d  its rep u lsive  
on es are sh o rt. T h e  tw e lfth  ion is fo u n d  at su ch  a site  b e ­
cau se th e tw o m ore fa v o ra b le  ones are fille d .

T h e  fo llo w in g  ch a n g e s h ave  occu rred  in th e  so d iu m  ion  
p o sitio n s u p o n  d e h y d ra tio n . N a ( l )  has m o v e d  in s ig n ifi­
c a n tly  closer to  its  n earest n e ig h b o r , 0 ( 3 ) ,  b y  0 .0 4  A  
( 2 .3 6 (4 )  to  2 .3 2 (1 )  A )  a n d  it has m o v e d  m u c h  closer to  th e  
0 ( 3 )  p la n e  (0 .5 2  to  0 .2 0  A ) ;  th a t is, fu rth er  from  th e  m ore  
te tra h ed ra l p o sitio n  it o c c u p ie d , w ith  th e aid  o f  a th re e ­
fo ld  ax is  w ater m o le c u le , in th e h y d ra te d  stru c tu re . P o s i­
tio n  I V , 4 w h ich  ca n  be id en tified  w ith  N a (2 )  in  th e  p resen t  
stru ctu re , h as m o v e d  1 .0  A  in to  th e  p la n e  o f th e  e ig h t- 
ox yg en  w in d o w , a n d  h as m o v e d  closer to  0 (2 ) b y  0 .4 6  A  
( 2 .8 6 (8 ) to  2 .4 0 (6 )  A ) .  It h as m a in ta in e d  its d ista n c e  from  
0 ( 1 )  ( 2 .6 3 (4 )  to  2 .6 4 (3 )  A ) .  In  th e  h y d ra te d  stru ctu re , a 
p o sitio n  a n a lo g o u s to th e  N a (3 )  p o sitio n  c a n n o t be fo u n d ,

(16) C. K. Johnson, ORTEP, Report No. ORNL-3794, Oak Ridge National 
Laboratory, Oak Ridge, Tenn., 1965.

(17) L. Pauling, “The Nature of the Chemical Bond," 3rd ed, Cornell Uni­
versity Press, Ithaca. N. Y., 1960, p 518.
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p re su m a b ly  b e ca u se  th is  tw e lfth  ion b e c o m es  e n tire ly  h y ­
d ra ted  an d  is fo u n d  near th e  cen ter o f  th e  large c a v it y .4 In  
gen era l, u p o n  d e h y d ra tio n , th e  N a +  ion s h ave  m o v e d  c lo s ­
er to  th eir fra m ew o rk  ox y g en  nearest n e ig h b o rs.

It h as been  su g g e ste d  th a t  th e  len g th s  o f  S i - 0  a n d  A l - 0  
b o n d s in h yg ro scop ic  a lu m in o s ilic a te s  sh o u ld  in crease  
u pon h y d ra tio n  b e c a u se , d u e  to  th e  fo rm a tio n  o f  h yd rogen  
b o n d s (to  w h ich  a sm a ll a m o u n t o f  b o n d  order is a s ­
s ig n ed ), th e  v a le n c y  o f  ox y g en  w ith  re sp ec t to  S i or A1 
w ould  be so m e w h a t re d u c e d . 18 T h is  rea son in g  has been  
su cc essfu lly  u sed  to  lo ca te  h yd rogen  b o n d s w ith in  h y d r a t­
ed  a lu m in o s ilic a te s . 18 T h e  a v erag e  ( S i , A l ) - 0  d ista n ce  
(1 .6 7  A )  in  h y d ra te d  4 A  is longer th a n  th e  average  fou n d  
here (1 .6 5  A ) ;  th e  c o rresp o n d in g  v a lu e s  for T l ( I ) -e x -  
ch a n g ed  zeo lite  A  are 1 .67  an d  1 .6 6  A . B o th  pairs o f  s tru c ­
tu res, th e n , d e m o n str a te  th is  e ffect in  a gen eral m a n n e r .

A n  A tte m p te d  C 2C I 4 C o m p le x

A n  a t te m p t  w as m a d e  to  sorb  te tra c h lo ro eth y ie n e  ( A l ­
drich  C h e m . C o ., 9 9 %  p u rity ) at 2 8 ° on to  zeo lite  4 A , even  
th o u g h  c a lc u la tio n s  in d ic a te d  th a t C 2 C I 4  w ou ld  b e  to o  
large to  fit  in to  th e  zeo lite . In te n s ity  d a ta  w ere c o lle cted  
(171  sig n ific a n t re fle c tio n s) u s in g  a sin g le  cry sta l 81  g 
on an e d g e , a n d  w ere red u ced  a n d  re fin ed  as d esc rib ed  
for th e  p rin c ip a l stru ctu re  rep o rted  h ere . A ll  fram ew ork  
a n d  so d iu m  ion p o sitio n s  an d  th e r m a l p a r a m e te rs  re ­
fin ed  to  v a lu es  in sig n ific a n tly  d iffe re n t from  th o se  o f th e  
form er stru ctu re  e x ce p t for th o se  in v o lv in g  N a ( 3 ) ,  w hose  
p osition s a n d  sta n d a rd  d e v ia tio n s  are x =  y =  0 .2 7 ( 2 ) ,  z =  
% . T h e  fin a l error in d ice s  are f l i  =  0 .0 5 8 , R2 = 0 .0 6 7 , a n d

th e  go od n ess o f  fit  =  0 .9 9 . T h e s e  low  v a lu es , for su c h  w ork, 
su g g e st th a t little  m a te ria l h as b een  so rb ed , su rely  m u c h  
less th a n  a sin g le  m o le c u le  o f  C 2 C I 4 .  T a b le s  o f  stru ctu re  
fa cto rs , o f  refin ed  a to m ic  co o rd in a te s , an d  o f  th e  corre ­
sp o n d in g  d ista n c e s  a n d  a n g les are a v a ila b le . 10

T h e s e  resu lts  d o  in d ic a te , h ow ever, th a t  so m e  sorp tion  
h as occu rred  an d  th a t  on ly  N a (3 )  is a ffe c te d . Its  x c o o rd i­
n a te  (eq u iv a le n t to  y) h as in creased  fro m  0 .2 0 4 (7 )  for th e  
d eh y d ra ted  stru ctu re  to  0 .2 7 ( 2 ) , th e  sa m e  v a lu e  fo u n d  in 
th e  a c ety le n e  so rp tio n  c o m p le x 19  o f  zeo lite  4 A . T h e  N a (3 )  
ion h as in creased  its d ista n c e  fro m  th e  p la n e  o f  th e  fou r- 
ox y g en  ring from  1 .5 6  to  2 .7  A . E v id e n tly , a site  near the  
N a (3 )  p osition  is th e  first to  b e  o c cu p ie d  u p on  sorp tion . 
A lth o u g h  th e  C 2 C I 4  to  he sorbed  w as first p a ssed  th rou gh  
a b ed  o f d e h y d ra te d  zeo lite  4 A , an  im p u r ity  or a d e c o m ­
p o sitio n  p ro d u c t m ig h t h av e  been  sorb ed  in ste a d . A  single  
w ater m o le cu le  per u n it cell d istr ib u te d  over a low  s y m ­
m e tr y  e q u ip o in t an d  w ith  a large a p p a r e n t th e r m a l p a ­
ra m e te r is p la u s ib le , w ou ld  be co n siste n t w ith  ou r o b se r ­
v a tio n s , a n d  w ou ld  be u n lo c a ta b le  b y  our m e th o d s .
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A d so rp tio n  iso th e rm s at 2 5 °  from  m e th a n o l so lu tio n  on a p rev io u sly  s tu d ie d  a c tiv a te d  ca rb o n  h a v e  been  
d e te r m in e d  for th e  fo llo w in g  a c e ty la c e to n a te  ( A A )  c o m p le x e s : C o ( I I I ) ( A A ) 3 , F e (I I I ) (A A ) 3 , A U A A H ,  
C u ( I I ) ( A A ) 2 , P t ( A A ) 2 , a n d  P d ( A A ) 2 . T h e  a d so rp tio n  iso th erm s o f th e  p la tin u m , p a lla d iu m , an d  c o b a lt  
c o m p le x e s  h av e  in a d d itio n  b een  d e te r m in e d  on  a gra p h itize d  ca rb o n  b la c k . A n a ly s is  o f  th e  resu lts  by  
a p p lic a tio n  o f  th e  P o la n y i th eory  in d ic a te s  a strik in g  w ea k en in g  o f th e  a d so rp tio n  o f th e  oc ta h ed ra l c o m ­
p lex es  re la tiv e  to  th a t  o f  th e  p la n a r  c o m p le x e s ; th e  e ffec t is a sc rib ed  to  th e  p ro n o u n ced  steric  in a b ility  o f  
th e  o c ta h ed ra l c o m p le x e s  to  a c h ie v e  c lose  a p p ro a c h  to th e  p r e s u m a b ly  p la n a r  a d so rb e n t su rfa ces . T h e  
s im ila r ity  o f  th e  resu lts  on b o th  th e  a c tiv a te d  ca rb o n  a n d  on th e  g ra p h itize d  ca rb o n  b la c k  d em o n stra tes  
th a t  th e  e ffec t is to  be d istin g u ish e d  fro m  m o le c u la r  siev in g .

I n tr o d u c tio n

T h e  P o la n y i a d so rp tio n  p o te n tia l th e o ry 2 lea d s to  th e  
e x p ec ta tio n  th a t th e  p h y s ic a l a d so rp tio n  o f  a g iven  solid  
a d so rb a te  from  so lu tio n  o n to  a given  a d so rb e n t w ill ten d  

to  be  w ea k est (a s s u m in g  c o m p a ra b le  so lu b ilit ie s )  in th ose

so lv en ts  th a t  c o m p e te  m o st stro n g ly  for th e  lim ite d  a v a il­
a b le  ad so rp tio n  sp a c e . M a n e s  an d  H o fe r3 n o ted  th a t  if  th e

(1) Based on a thesis submitted by C. C. T. Chiou to Kent State Univer­
sity in partial fulfillment of the requirements for the M.S. degree.
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a d so rp tio n  p o te n tia ls  o f  so lv en t a n d  so lu te  m o le c u le s  are  
a p p ro x im a te ly  p ro p o rtio n a l to  th eir m o la r  p o la r iz a b ilit ie s , 
th en  th e  c o m p e titiv e  te n d e n c y  o f  a so lv e n t sh o u ld  b e  d e ­
te rm in ed  b y  its p o la r iz a b ility  per u n it  v o lu m e , w h ich  in  
turn  is a m o n o to n ic  fu n c tio n  o f its  refra ctiv e  in d e x . T h e  
c o n seq u en t e x p ec ta tio n  th a t  th e  a d so rp tio n  o f a sin gle  
so lid  ad so rb a te  o n to  an  a c tiv a te d  ca rb o n  sh o u ld  d ecrease  
w ith  in creasin g  s o lv e n t refra ctiv e  in d ex  w as e x p e r im e n ta l­
ly  v e r ifie d  for a v a rie ty  o f  so lv e n ts , w ith  th e  str ik in g  e x ­
c e p tio n  o f  ca rb o n  te tra c h lo rid e  a n d  o f c y c lo h e x a n e ; a d ­
so rp tio n  fro m  th e se  tw o  w as a n o m a lo u s ly  h ig h . S in ce  
th e se  so lv en ts  w ere th e  o n ly  on es for w h ich  th e  ca rb o n  
sk e le to n s o f  m o le c u la r  m o d e ls  c o u ld  n o t be  m a d e  to  a s ­
su m e  a p la n a r  co n fig u ra tio n , a n d  sin ce th e  ad so rp tio n  
force fie ld  m a y  be e x p e c te d  to  be stro n g ly  d e p e n d e n t on  
d ista n c e  fro m  th e  su rfa ce , th e  a n o m a lo u s  b e h a v io r  w as  
a ttr ib u te d  to  steric  in a b ility  o f  a s ig n ific a n t p a rt o f  th e  
solven t m o le c u le  to  a c h iev e  close a p p ro a c h  to  th e  (p re ­
su m ed  p la n a r) a d so rb e n t su rfa ce . H o fe r  a n d  M a n e s 4 s u g ­
gested  s u b se q u e n tly  th a t  p red ictio n s o f  so lu te  ad so rp tio n  
isoth erm s fro m  th e  c o m p a ra tiv e  p o la r iz a b ilit ie s  p er u n it  
v o lu m e  o f s o lv e n t a n d  so lu te  w ou ld  b e  m o s t  a ccu rate  
w h en  th ey  w ere o f c o m p a ra b le  m o le c u la r  th ic k n e ss . I f  th e  
p re su m e d  steric  e ffec t is rea l, a n d  if  s o lv e n t n o n p la n a rity  
stren g th en s so lu te  a d so rp tio n , th e n  so lu te  n o n p la n a rity  
m a y  b e  e x p ec te d  to  w ea k en  its  a d so rp tio n . T h is  n o n p la n ­
a r ity  sh o u ld  be p a r tic u la rly  severe in o c ta h ed ra l c o m p le x ­
es o f  orga n ic  lig a n d s . M o re o v e r , a c o m p a riso n  o f th e  a d ­
so rp tio n  o f  p la n a r  a n d  oc ta h ed ra l c o m p le x e s  o f  th e  sa m e  
lig a n d  sh o u ld  p ro vid e  a co n v e n ie n t m e a n s  o f  a ssa y in g  th e  
m a g n itu d e  o f  th e  steric  e ffec t on  a d so rp tio n .

T h is  artic le  d ea ls  w ith  th e  e ffe c t o f  steric  fa cto rs  on  th e  
a d so rp tio n  o f  so lid  so lu tes , as e x e m p lifie d  b y  th e  a d so rp ­
tion  b e h a v io r , fro m  m e th a n o l so lu tio n  o n to  an  a c tiv a te d  
c a rb o n , o f  a series o f  m e ta l a c e ty la c e to n a te s  th a t  in c lu d e d  
b o th  p la n a r  a n d  o c ta h ed ra l stru ctu re s . A lth o u g h  so m e  
c o m p lic a tio n s  tu r n e d  u p , th e  ad so rp tio n  o f  th e  o c ta h ed ra l  
a c e ty la c e to n a te s  w as in d eed  co n sid era b ly  w eaker th a n  one  
w ou ld  e x p e c t for p la n a r  co m p le x e s  o f  c o m p a ra b le  m o le c u ­
lar v o lu m e . F or e x a m p le , a t low  c o n c e n tra tio n s th e  a d ­
so rp tio n  p o te n tia ls  per u n it v o lu m e  o f  th e  (p la n a r) p la ti­
n u m  an d  p a lla d iu m  c o m p le x e s  on  th e  a c tiv a te d  carb on  
w ere c o m p a ra b le  to  e a ch  oth er a n d  a p p ro x im a te ly  1 6 0 %  o f  
th e  co rresp on d in g  v a lu es  for th e  oc ta h ed ra l c o b a lt  c o m ­
p le x . F in a lly , a sh o rt series o f  e x p e r im e n ts  w ith  a g ra p h i- 
tize d  ca rb o n  b la c k  as th e  a d so rb e n t verified  th a t  th e  o b ­
served  d ifferen ces b etw een  th e  p la n a r  a n d  th e  o c ta h ed ra l  
co m p le x e s  w ere s im ila r ly  m a n ife s te d  on  an  essen tia lly  
n on po ro u s c a rb o n , a n d  th erefore  n o t a sc rib a b le  to  m o le c u ­
lar s iev in g  o f  th e  o c ta h ed ra l c o m p le x e s  in sm a ll p ores.

T h e o r e t ic a l  C o n s id e r a t io n s

T h e  u n d er ly in g  th eo ry  for th e  a d so rp tio n  o f  so lu tes  from  
so lu tio n , w h ich  is su m m a r iz e d  b e low , is an  a d a p ta tio n  o f  
th e  P o la n y i a d so rp tio n  p o te n tia l th e o r y ;2 it  is g iven  in  fu r ­
th er d e ta il b y  M a n e s  an d  H o fe r .3

In  th e  P o la n y i th ep ry  th e  d riv in g  force for p h y s ic a l a d ­
so rp tio n  on  an y  p art o f  th e  en erg e tic a lly  h etero gen eo u s  
ad so rp tio n  su rfa ce  (or “ ad so rp tio n  s p a c e ” ) is m e a su red  b y  
th e a d so rp tio n  p o te n tia l, w h ich  for a g iven  a d so rb e n t an d  
a d so rb a te  is a fu n c tio n  o f  th e  d ista n c e  fro m  th e  su rfa ce . 
P h y sic a l a d so rp tio n  co n sists  o f  th e  c o n d e n sa tio n  from  
v a p o r (or so lu tio n ) o f  liq u id  (or so lid ) in  th o se  p ortion s o f  
the a d so rp tio n  sp a c e  in w h ich  th e  a d so rp tio n  p o te n tia l  
eq u a ls  or e x ce e d s th e  w ork req u ired  to  co n ce n tra te  th e  a d ­
so rb a te  to  sa tu ra tio n  c o n c e n tra tio n . A t  th e  p o stu la te d  in ­

terface  b e tw ee n  th e  b u lk  p h a se  a n d  th e  (c o n d e n se d ) a d ­
sorb ed  p h a se  a t  e q u ilib r iu m , th e  a d so rp tio n  p o te n tia l is 

given  as

t =  RT In {p jp)  (1)

in  v a p o r -p h a se  a d so rp tio n  a n d  as

i 8i = RT In (cjc) (2)

in so lu te  a d so rp tio n , w here p s a n d  c s are th e  sa tu ra tio n  
pressure a n d  co n c e n tra tio n  a n d  p  a n d  c are th e  e q u ilib r i­
u m  p ressu re  a n d  co n ce n tra tio n  in th e  v a p o r  or su p e r n a ­
ta n t  liq u id , as th e  ca se  m a y  b e . A  p lo t  o f  th e  ( liq u id  or 
so lid ) ad so rb a te  v o lu m e  a g a in st t/V (w h ere V is th e  m o la r  
v o lu m e  o f th e  a d so rb a te ) is c a lle d  a “ co rrela tio n  c u r v e .”  
T h e  v a p o r -p h a se  a d so rp tio n  d a ta  for th e  n o r m a l p a ra ffin s  
fro m  m e th a n e  to  n -h e x a n e  on  a c tiv a te d  ca rb o n  fit  a sin g le  
co rrelation  c u r v e .5 In  th e  a b sen c e  o f m o le c u la r  s iev in g  or 
oth er ge o m etric  e ffe c ts , a  p lo t  o f  so lu te  a d so rp tio n  v o lu m e  
a g a in st ( 7 siesi ) / V  (w h ere  7 sl is a c o n sta n t to  b e  d e te r ­
m in e d  for each  s o lu te -s o lv e n t  c o m b in a tio n , a n d  th e  s u b ­
scr ip t in egl d en o te s  th a t  th e  a d so rp tio n  p o te n tia l o f  th e  
so lu te  h a s  b een  co rrected  for th e  c o m p e titio n  o f  th e  s o l­
ve n t) sh o u ld  c o in cid e  w ith  th e  (g a s -p h a se )  h y d ro ca rb o n  
co rrelation  cu rve  if  th e  P o la n y i th e o ry  h o ld s  e x a c tly . 
M a n e s  a n d  H o fe r  e s tim a te d  th e  m a g n itu d e  o f 7 S, as

Yal =  (Ps -  P l)/P h  (3)

w h ere

Pi = [R]IV = (n? -  l ) ( n ,2 +  2 ) (4)

ni is th e  re fra ctiv e  in d e x  o f  th e  ith  c o m p o n e n t , R is th e  
m o la r  re fra c tiv ity , an d  s , 1 , a n d  h  refer re sp ec tiv e ly  to  th e  
so lid , so lv e n t, a n d  h e p ta n e  (th e  la s t  b e in g  ty p ic a l o f  th e  
h y d ro ca rb o n  co rrelation  c u rv e ). F or th e  so lid , p s m a y  be  
e stim a te d  fro m  [if] , w h ich  in tu rn  m a y  b e  c a lc u la te d  from  
a  ta b le  o f  b o n d  re fra c tiv itie s . T o  th e  e x te n t th a t  th e  th e o ­
ry  a n d  th e  a p p ro x im a tio n s  h o ld  tru e , on e  ca n  e s tim a te  th e  
a d so rp tio n  iso th erm  o f  a g iven  so lid  so lu te  in a g iv en  s o l­
v e n t on  a  g iven  a d so rb e n t (e.g., on  a g iven  a c tiv a te d  c a r ­
b o n ) fro m  th e  h y d ro ca rb o n  co rrelation  cu rve  (or, m o re  re ­
c e n tly , fro m  a co rrelation  curve d e te r m in e d  fro m  a d so r p ­
tion  o f  se lected  organ ic a d so rb a tes  fro m  w a ter s o lu t io n ) , 6 

to g eth er w ith  th e  p f o f  th e  so lu te  an d  s o lv e n t a n d  th e  s o l­
u b ility  o f  th e  so lu te . T h e  e x te n t to  w h ich  th e  a p p r o x im a ­
tio n  h o ld s  is illu str a te d  b y  th e  resu lts  o f  M a n e s  a n d  
H o fe r ;3 th e ir  a d so rp tio n  d a ta  on  tw o  so lid  d y e s  sh o w ed  
s ig n ific a n t d ifferen ces b etw een  th e  g a s -p h a se  a n d  th e  s o ­
lu te  co rrelation  cu rves, p a rtic u la rly  a t  th e  h ig h e st c a p a c i­
tie s . T h e s e  d ev ia tio n s  are p re su m a b ly  d u e  to  in e ffic ien t  
p a c k in g  o f  th e  a d so rp tio n  sp a ce  w ith  so lid s . T h e y  d id  not  
tu rn  u p  in th e  w ork o f  W o h le b e r  a n d  M a n e s 6 on  th e  a d ­
sorp tion  o f  p a r tia lly  m isc ib le  liq u id s  fro m  w ater.

I f  th e  a ttr a c tiv e  forces are p rim a rily  L o n d o n  fo rces, a n d  
if  tw o  so lu tes  h a v e  a b o u t th e  sa m e  v a lu e  o f p s, th e n  th e  
m o d ifie d  P o la n y i th e o ry  (w ith o u t co n sid era tio n  o f  steric  
effec ts) le a d s  to  th e  e x p e c ta tio n  th a t  th e ir  e x p e r im e n ta l  
correlation  cu rves fro m  th e  sa m e  so lv e n t sh o u ld  e x h ib it  
th e  sa m e  v a lu es  o f  7 sl. H o w e v e r, i f  one o f  th e  so lu tes  has a 
severe n o n p la n a r  co n stra in t, w e w ou ld  e x p e c t th is  c o n -

12) (a) M. Polanyi, Verh. Deut. Phys. Ges.. 16. 1012  (1914); 18, 55
(1916); Z. Elektrochem.. 26, 370 (1920); (b) M. Polanyi, Z. Phys..
2, 1 1 1  (1920).

(3) M. Manes and L. J. E. Hofer, J. Phys. Chem.. 73, 584 (1969).
(4) L. J. E. Hofer and M. Manes, Chem. Eng. Progr.. 65, 84 (1969).
(5) R. J. Grant, M. Manes, and S. B. Smith, AlChEJ.. 8, 403 (1962).
(6) D. A. Wohleber and M. Manes, J. Phys. Chem.. 75, 61 (1971).
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stra in t to  m a n ife s t  its e lf  as a red u ced  v a lu e  o f  7 sl. T h e  e x ­
p er im e n ts  carried  o u t in th is  w ork c o n siste d  e sse n tia lly  o f  
d eterm in in g  th e  a d so rp tio n  iso th e rm s o f th e  v a rio u s  
a c e ty la c e to n a te s  an d  p lo tt in g  th e ir  co rrelation  cu rves. T o  
th e e x te n t th a t  steric  fa ctors are s ig n ific a n t on e  w o u ld  e x ­
p ec t th e  a d so rp tio n  o f  th e  p la n a r c o m p le x e s  to  fit  on e  co r­
re lation  cu rve  a n d  th a t  o f  th e  o c ta h e d ra l c o m p le x e s  to  fit  
an o th er co rrelation  cu rve  w ith  a s ig n ific a n tly  red u ced  
valu e  o f  7 sl. M o re o v e r , if  th e  p la n a r  c o m p le x e s  are a s ­
su m e d  to  be ste ric a lly  u n h in d e re d , one sh o u ld  be a b le  to  
use eq  3 to  p re d ic t th e  v a lu e  o f  7 S, for th e  p la n a r  c o m p le x ­
es. H o w e v e r, b o n d  re fra ctiv itie s  w ere n o t a v a ila b le  for th e  
m e ta l- lig a n d  b o n d s . In  th e  a b sen c e  o f  th is  in fo rm a tio n  th e  
m o la r re fra ctiv ities  w ere e s tim a te d  b y  a ssu m in g  th a t  
th ese  b o n d s  m a k e  a n e g lig ib le  c o n tr ib u tio n  to  th e  overall 
p o la r iz a b ility  o f  th e  c o m p le x .

E x p e r im e n t a l  S e c t io n

T h e  a c tiv a te d  ca rb o n  (P ittsb u r g h  A c t iv a te d  C a rb o n  
D iv ., C a lg o n  C o . grad e  C A L  a c tiv a te d  c a rb o n ), a p p a ra tu s , 
and e x p e r im e n ta l te c h n iq u e s  w ere th e  sa m e  as d esc rib ed  
in  p rev io u s artic les in th is  se rie s ,4 6 7 e x c e p t th a t th e  s u ­
p ern a ta n t liq u id s  w ere a n a ly z e d  (a fte r  a p p ro p ria te  d ilu ­
tio n  w h en  n e ce ssa ry ) b y  u ltr a v io le t  sp e c tro p h o to m e try . 
T h e  ca rb o n  b la c k  w as a g ra p h itize d  ca rb o n  b la c k  d e s ig ­
n a ted  V u lc a n -6  th a t  c a m e  as a g ift fro m  th e  G o d frey  
C a b o t C o r p ., B ille r ic a , M a s s .

M e th a n o l w as th e  s o lv e n t in all o f  th e  e x p e r im e n ts . Its  
ad so rp tio n  on  a c tiv a te d  ca rb o n s is re la tiv e ly  w ea k ; all o f  
th e  a c e ty la c e to n a te s  in v estig a te d  are co n v e n ie n tly  so lu b le  
in  it ; a n d  it  is a su ita b le  so lv en t for th e  d e te r m in a tio n  o f  
th e  a c e ty la c e to n a te s  b y  u ltr a v io le t  s p e c tro p h o to m e try . 
R ea g en t grad e a b so lu te  m e th a n o l w as u se d  as rece iv ed .

T h e  m e ta l a c e ty la c e to n a te s  w ere a ll p u rc h a se d  from  
c o m m e rc ia l sou rces a n d  re cry sta llized  to  a m in im u m  p u ­
rity  o f  9 9 %  as d e te r m in e d  b y  c o m p a riso n  o f  th e  m o la r  a b -  
so rp tiv itie s  w ith  v a lu e s  fro m  th e  lite ra tu r e .8

T h e  so lu b ilit ie s  ( c j  o f  th e  a c e ty la c e to n a te s  a t  2 5 ° w ere  
d e te r m in e d  b y  s a tu ra tio n  o f  m e th a n o l so lu tio n s in th e  
sh ak er b a th , fo llo w ed  b y  sp e c tro p h o to m e tr ic  d e te r m in a ­
tion  o f th e  c o n c e n tra tio n s  o f  th e  sa tu ra te d  so lu tio n s . T h e  
d en sitie s  o f  th e  p la t in u m  a n d  p a lla d iu m  a c e ty la c e to n a te s  
were d e te r m in e d  b y  a f lo a t -a n d -s in k  m e th o d  on  in d iv id u a l  
cry sta ls . T h e  d e n sitie s  o f  th e  oth er c o m p o u n d s  w ere a v a il ­
ab le  in  th e  lite ra tu r e .9 T h e  so lu b ilit ie s , in g /1 0 0  m l o f  
m e th a n o l, a n d  th e  m o la r  v o lu m e s , in  c c /m o le ,  w ere as fo l ­
low s (w h ere (A A )  rep resen ts  th e  a c ety la c e to n a te  grou p , 
C 5 H 7 O 2 ) :  C o ( I I I ) ( A A ) 3, 3 .2 1 , 2 4 9 ; F e (I I I ) (A A ) 3, 1 0 .2 , 2 6 3 ; 
A 1 (A A )3, 1 0 .5 , 2 6 9 ; P t ( A A ) 2, 0 .2 7 3 , 1 7 9 ; P d ( A A ) 2, 0 .1 4 1 ,  
173 ; C u ( I I ) ( A A ) 2, 0 .2 7 0 ,1 6 6 .5 .

R e s u lt s  a n d  D is c u s s io n

A ll  o f  th e  a d so rp tio n  d a ta  on  th e  a c tiv a te d  ca rb o n  are 
sh ow n  in F igu re 1, w here th e  o rd in a te  is th e  ad so rb a te  
v o lu m e  in c c /1 0 0  g o f  ca rb o n , an d  th e  a b sc issa  is £S|/4 .6 V .  
(T h e  fa c to r  o f  4 .6  is to  co n fo rm  w ith  th e  n o ta tio n  o f  e a r ­
lier p u b lic a tio n s2 ). T h e  orig in al iso th e rm s m a y  b e  c a lc u ­
la ted  fro m  th e  d a ta  o f  F igu re 1 b y  u se  o f  th e  so lu b ility  
an d  m o la r  v o lu m e  d a ta  g iv en  earlier . F igu re  1 a lso  c o n ­
ta in s  th e  (v a p o r -p h a se )  h y d ro ca rb o n  co rrelation  lin e  for  
th e ca rb o n , ta k e n  fro m  earlier w ork 2 a n d  p lo tte d  a g a in st  
th e a b sc issa  on th e  u p p er sca le . T h e  a d so rp tio n  d a ta  for  
the ca rb o n  b la c k  are sh ow n  in F igu re  2 , p lo tte d  in th e  
sam e m a n n er  as in F igu re 1 .

A s  F igure 1 sh o w s, th e  co rrelation  cu rves for th e  tw o  
sta b le  p la n a r  c o m p le x e s  (o f  P t a n d  P d ) are q u ite  s im ila r

Figure 1 .  Volume adsorbed as a function of e /4 .6 V  ( =  T / V  log 
c s/c )  for six metal acetylacetonates on activated carbon. The 
solid line with no data points Is the hydrocarbon correlation line 
(note the upper abscissa s c a le ).

to  e a ch  o th er , a n d  d iffer  q u ite  sh a rp ly  from  all th e  oth ers. 
T h e  u p p er lim its  for th e  v o lu m e  ad so rb ed  (a p p r o x im a te ly  
2 0  c c / 1 0 0  g o f  ca rb o n ) are o f  th e  sa m e  m a g n itu d e  as th ose  
p rev io u sly  rep orted  b y  M a n e s  a n d  H o fe r2 for th e  p la n ar  
d y es , B u tte r  Y e llo w  a n d  S u d a n  III, a lth o u g h  th e y  are 
so m e w h a t low er. T h e  co rrelation  curve for th e  sta b le  c o ­
b a lt  c o m p le x  is str ik in g ly  low er th a n  th o se  o f th e  p la ti­
n u m  an d  p a lla d iu m  c o m p le x e s , w h ich  is in k ee p in g  w ith  
our origin al e x p e c ta tio n s . T h e  d ifferen ce  is e q u a lly  s tr ik ­
ing on  th e  g ra p h itize d  ca rb o n  b la c k  (F ig u re  2 ) , w here only  
th e ad so rp tio n  o f  th e  p la tin u m , p a lla d iu m , a n d  c o b a lt  
c o m p le x e s  w ere d e te r m in e d . A lth o u g h  th e  c a p a c it ie s  on  
th e  ca rb o n  b la c k  are low er b y  a b o u t an  order o f  m a g n i­
tu d e  re lative  to  th e  a c tiv a te d  c a rb o n , th e  s lig h tly  stronger  
ad so rp tio n  o f  th e  p la tin u m  re la tiv e  to  th e  p a lla d iu m  c o m ­
p le x  still p ersists . T h e  in v estig a tio n  w as orig in ally  
p la n n e d  for th e  a c tiv a te d  ca rb o n  a lo n e , on  th e  a ssu m p tio n  
th a t its pore stru ctu re  w as su ffic ie n tly  o p en  to  a c c o m m o ­
d a te  b o th  th e  p la n a r  a n d  th e  o c ta h e d ra l c o m p le x e s , and  
th erefore  to  p rec lu d e  c o m p lic a tio n  o f  th e  in terp reta tio n  o f  
th e  resu lts  b y  th e  p o ss ib ility  o f  m o le c u la r  s ie v in g . T h e  re­
su lts  w ere rea son ed  to  be  th u s  u n c o m p lic a te d , b e ca u se  th e  
correlation  cu rves for th e  oc ta h ed ra l c o m p le x e s  sh ou ld  
have sh ow n  a m u c h  ste e p e r d esc en t in th e  p resen ce  o f  
m o le c u la r  siev in g  th a n  th e y  in fa c t  d id . N e v e rth e le ss , it 
s e e m e d  b e tte r  to  reso lv e  th is  q u e stio n  b y  ca rryin g  o u t  
so m e  a d d itio n a l e x p e r im e n ts  w ith  a g ra p h itize d  carbon  
b la c k  o f low  p o ro sity , w here m o le c u la r  s iev in g  c o u ld  n ot

(7) D. A. Wohleber and M. Manes, J . P h y s . C h e m ..  75, 3720 (1971).
(8) R. H. Holm and F. A. Cotton, J. A m e r .  C h e m . S a c ..  80, 5658 

(1958).
(9) “Inorganic Syntheses," Vol. 2 and 5, McGraw-Hill, New York, N.Y.
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Figure 2. Volume adsorbed as a function of t j 4.6V ( =  T / V  log 
c s/c )  for the acetylacetonates of cobalt, platinum, and palladi­
um on graphitized carbon black.

be s ig n ific a n t . T h e  resu lts  c a m e  o u t, if  a n y th in g , s o m e ­
w h a t n eater  th a n  th e  orig in al resu lts  on  th e  a c tiv a te d  c a r ­
b o n . (O n  a fin er -p o red  c a rb o n , o f  cou rse , th e  resu lts  cou ld  
h av e  b een  q u ite  d iffe re n t.)

A lth o u g h  th e  d istin c tio n  b e tw ee n  th e  co rrelation  curve  
o f  c o b a lt  a n d  th o se  o f  p la tin u m  a n d  p a lla d iu m  w as a b o u t  
as e x p e c te d  (a n d , in fa c t , th e  e ffec t we w ere loo k in g  for), 
th e  b e h a v io r  o f  th e  co rrelation  cu rves for th e  c o m p le x e s  o f  
iron an d  a lu m in u m  w as so m e w h a t p u z z lin g , in th a t  th e y  
w ere rath er close to  th e  c o b a lt  co rrelation  cu rve  a t th e  low  
a d so rp tio n  p o te n tia ls  (h igh er lo a d in g s), b u t  d e v ia te d  s ig ­
n ific a n tly  at d ec rea sin g  loa d in g s in the d irectio n  o f h igher  
ad so rp tio n  p o te n tia ls  th a n  e x p e c te d . A  search  o f  th e  lite r ­
ature sh ow ed  th a t  th e se  co m p le x e s  are o f  re la tiv e ly  low  
s ta b ility  as c o m p a re d  w ith  th e  s ta b ility  o f  th e  c o b a lt  c o m ­
p le x , 1 0 ' 11  a n d  th a t  th e y  c o u ld  be e x p ec te d  to  d isso c ia te  
re la tiv e ly  e a s ily . A lth o u g h  th eir a b so rp tio n  sp ec tra  in  
m e th a n o l so lu tio n  d id  n ot sh ow  e v id en ce  o f  s ig n ific a n t  
d isso c ia tio n , it is re a so n a b le  to  e x p e c t th a t  u n d er th e  fo rc ­
es o f  a d so rp tiv e  a ttra c tio n  th e  c o m p le x  m a y  b rea k  one o f  
th e  s ix  m e ta l-o x y g e n  lin k s , w h ich  w o u ld  th e n  a llow  th e e n ­
tire lig a n d  to  a ssu m e  a p o sitio n  o f  low er p o te n tia l en ergy , 
closer to  th e  su rfa ce . A n  a p p ro x im a te  c a lc u la tio n  u sin g  
th e d isso c ia tio n  c o n sta n ts  K3 for th e  ferric a n d  a lu m in u m  
a c e ty la c e to n a te s , a n d  a ssu m in g  th a t  th e  h e a t o f  d e ta c h ­
m e n t o f  on e o f th e  b o n d s  w ou ld  b e  a b o u t h a lf  o f  th e  h eat  
o f  d isso c ia tio n  o f  on e lig a n d , su g g e sts  th a t th e  en ergies o f  
a d so rp tio n  w ou ld  su ffic e  to  brin g a b o u t th e  b rea k in g  o f  
one b o n d  a n d  th e  s u b se q u e n t re a lig n m e n t o f  th e  oth erw ise  
d is ta n t  lig a n d . It is o f  fu rth er in terest th a t  th e  ad so rp tio n  
iso th e rm s for th e  iron an d  th e  a lu m in u m  c o m p le x e s  w ere  
stro n g ly  t im e  d e p e n d e n t an d  n ot c o m p le te  w ith in  th e  16  
hr th a t  su ffic e d  for th e  oth ers (th e  co rrelation  cu rves are

d o tted  to  in d ica te  th a t  e q u ilib r iu m  w as n o t w ell e s ta b ­
lish e d ) . T h is  w o u ld  su g g e st th a t  th e  p o stu la te d  b rea k in g  
o f on e  o f th e  a tta c h m e n ts  is asso cia ted  w ith  an  a c tiv a tio n  
en ergy .

T h e  oth er a n o m a ly  is in th e  co p p er c o m p le x , w h ich  h as  
been  rep orted  as b e in g  p la n a r .12 H o w e v e r, it m a y  a lso  be  
ex p ec te d  to  so lv a te  in m e th a n o l s o lu t io n , 13 in  w h ich  case  
the so lv a te d  m e th a n o l w ou ld  interfere w ith  c lose  a p p ro a ch  
to  th e  su rfa ce . O n e  w ou ld  ex p ec t th e  so lv a tio n  to  a p ­
p ro ach  th e  b u lk  so lu tio n  v a lu e  a t low  a d so rp tio n  p o te n tia ls ; 
a t th e  h igh er a d so rp tio n  p o te n tia ls  one w o u ld  e x p e c t  th e  
so lv a te d  m e th a n o l to  be forced  o u t fro m  b e tw ee n  th e  c o m ­
p lex  a n d  th e  ca rb o n  su rfa ce . T h is  w ou ld  ca u se  th e  co rrela ­
tion  curve to  lea n  m o re  to w a rd  th e  oc ta h ed ra l co rrelation  
curve at low  a d so rp tio n  p o te n tia ls  a n d  to  a p p ro a ch  th e  
p la n a r correlation  curve a t h igh  a d so rp tio n  p o te n tia ls , a n d  
th is  is w h at is ob serv e d .

F in a lly , h a v in g  co n sid ered  the co m p a riso n  b e tw ee n  th e  
ad so rp tio n  o f  th e  sq u a re  a n d  the o c ta h ed ra l c o m p le x e s , let  
u s n ow  see w h eth er or n ot th e  a d so rp tio n  o f  th e  p r e s u m ­
ab ly  u n h in d ered  p la n a r  co m p le x e s  on  th e  a c tiv a te d  c a r ­
b o n  is c o n siste n t w ith  th e  earlier w ork o f  M a n e s  a n d  
H o fe r3 on th e  a d so rp tio n  o f  tw o p la n a r  d y es  fro m  a n u m ­
ber o f  so lv en ts , in c lu d in g  one d ye  (B u tte r  Y e llo w ) from  
m e th a n o l, on  th e  sa m e  a c tiv a te d  ca rb o n  th a t  w as u sed  
here. M a n e s  a n d  H o fe r  rep orted  (a ) th a t  th e  co rrelation  
cu rves for th e  so lid  a d so rb a te s  c o u ld  b e  m a d e  to  co in cid e  
w ith  th e  (v a p o r -p h a se ) h yd roca rb o n  co rrelation  cu rv e  in  
the lo w -c a p a c ity  region  b y  a p p lic a tio n  o f  an  e m p ir ic a l a b ­
scissa  sca le  fa c to r ; an d  (b )  th a t th e  e m p iric a l sca le  fa cto r  
co u ld  be e s tim a te d  fro m  th e  m o la r  re fra ctiv ities  o f  th e  s o ­
lu te , so lv e n t , a n d  h e p ta n e  sta n d a rd . T h e  resu lts  sh ow n  in  
F igu re 1 on th e c o m p le x e s  o f  p la tin u m  a n d  p a lla d iu m  are  
re a so n a b ly  in a g re e m en t w ith  b o th  o f  th e se  fin d in g s . T h e  
correlation  curve ca n  be m a d e  to  c o in cid e  re a so n a b ly  w ell 
w ith  th e  h y d ro ca rb o n  co rrelation  cu rve  b y  a p p lic a tio n  o f  
th e e m p ir ic a l y sl v a lu e  o f 0 .3 1  to  th e  h y d ro ca rb o n  curve  
(i.e., th e  a d so rp tio n  p o te n tia l for th e  c o m p le x  ad so rb in g  
from  m e th a n o l so lu tio n  is 0 .3 1  tim e s  th e  a d so rp tio n  p o ­
te n tia l o f  a h y d ro ca rb o n  o f  th e  sa m e  m o la r  v o lu m e  a d ­
sorb in g  fro m  th e  ga s p h a se ). If, as n o te d  earlier , on e  
m a k e s th e  a ssu m p tio n  th a t th e  m e ta l ion m a k e s  a n e g lig i­
ble co n tr ib u tio n  to  th e  overall m o la r p o la r iz a b ility , th en  
th e e s tim a te d  sca le  fa cto r  y s1 is e sse n tia lly  w h a t one  
w ou ld  c a lc u la te  for a so lid  d im e r  o f a c e ty la c e to n e  (m in u s  
tw o  o f  its h y d ro g en s) w ith  a m o la r  v o lu m e  e q u a l to  th e  
m o la r  v o lu m e  o f th e  c o m p le x . T h e  sca le  fa c to r  th u s  c a lc u ­
la ted  c o m e s  o u t to  0 .2 9 , w h ich  is in  q u ite  good  a g re e m en t  
w ith  th e  e m p iric a l v a lu e . T h e  a g re e m en t is p r o b a b ly  b e t ­
ter  th a n  on e h as an y  righ t to  e x p e c t, a n d  on e  sh o u ld  n o t  
a ssu m e  th a t  it is ty p ic a l, p a rtic u la rly  s in c e  th e  a g re e m e n t  
is b e tter  th a n  M a n e s  an d  H o fer  fo u n d  b e tw ee n  th e c a lc u ­
la ted  a n d  o b served  v a lu es  for B u tte r  Y e llo w  fro m  m e t h a ­
n ol. N e v e rth e le ss , th e  p la n a r  c o m p o u n d s  b e c o m e  a d d i­
tio n a l so lid s th a t  ca n  be a p p r o x im a te ly  trea te d  b y  th e  
m e th o d s  rep orted  in th e  earlier w ork . A s  n o ted  earlier , th e  
lim itin g  a d so rp tio n  c a p a c ity  is s o m e w h a t low er th a n  w as  
fou n d  for th e  d y e s . W e  d o  n o t y et h ave  e n o u g h  ex p erien ce  
to  ju d g e  w h eth er or n o t th is  d ifferen ce  is ty p ic a l o f  w h a t  
one m ig h t ex p ec t w h en  in v estig a tin g  th e  a d so rp tio n  o f  a

(10) F. Basolo and R. G. Pearson. "Mechanisms of Inorganic Reac­
tions." Wiley, New York, N.Y., 1958, p 16.

(11) J. Bjerrum, ef a/.. "Stability Constants of Metal-Ion Complexes," 
Part I, The Chemical Society, London, 1957.

(12) E. G. Cox and K. C. Webster, J. C h e m . S o c . .  731 (1935).
(13) W. Partenheimer and R. S. Drago, In o rg .  C h e m ..  9, 47 (1970).
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large n u m b e r  o f  so lid  so lu te s . N e v e r th e le s s , th e  rath er  
rough a g re e m en t d oes in d ic a te  th a t  th e  m o d ifie d  P o la n y i  
th eory  is c a p a b le  o f  p re d ic tin g  th e  a d so rp tio n , a t  lea st a p ­
p ro x im a te ly , w h en  th e re  are n o  c o m p lic a tio n s  fro m  steric  
e ffec ts . A s  w e h a v e  se en , h ow ever, severe  steric  h in d ra n ce  
in  th e  so lu te  ca n  m a k e  a co n sid era b le  d ifferen ce  in  th e  
ad so rp tio n  p o te n tia l, an d  on e  sh o u ld  th erefore  exercise  
c a u tio n  in  a p p ly in g  th e  P o la n y i tr e a tm e n t to  th e  a d so rp ­
tion  o f  so lu tes  th a t  sh o w  severe sceric h in d ra n ce  to  a c h ie v ­
ing p la n a r ity .
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S o lu te s  th a t  h av e  steric  h in d ra n ce  to  a ssu m in g  a p la n a r  
c o n fig u ra tio n  m a y  b e  e x p e c te d  to  sh ow  a n o m a lo u s ly  w eak  
ad so rp tio n  (b y  th e  criteria  o f  th e  m o d ifie d  P o la n y i a d so rp ­

tion  p o te n tia l th e o r y ) . W h e n  th e  steric  fa c to r  is severe , 
th e  d ifferen ce  in a d so rp tio n  ca n  b e  q u ite  s tr ik in g . T h a t  
the e ffe c t sh ow n  here is a tru e  steric  e ffec t o f  th e  solu te  
an d  n o t s im p ly  on e  o f  m o le c u la r  s iev in g  is sh ow n  b y  the  
essen tia lly  s im ila r  r e su h s  on  th e  a c tiv a te d  ca rb o n  an d  on  
an e sse n tia lly  n o n p o ro u s g ra p h itize d  ca rb o n  b la c k .

Acknowledgments. W e  w ish  to  a c k n o w le d g e  th e  te c h n i­
ca l a ssista n c e  o f  M r . J a c k  P . M a n n , w ho ca rried  o u t som e  
o f  th e  m e a su r e m e n ts  on  th e  ca rb o n  b la c k , a n d  th e  b e n e fit  
o f  h e lp fu l d iscu ssio n s w ith  P rofessors E . S . G o u ld , W .  G . 
M o v iu s , a n d  N .  V . D u ffy  on  th e  c h e m istry  o f  th e  a c e ty la c -  
e to n a te s . W e  th a n k  th e  C a lg o n  C o rp . for th e  gift o f  th e  
a c tiv a te d  c a rb o n , a n d  th e  G o d frey  C a b o t  C o rp . for th e  gift  
o f  th e  gra p h itize d  ca rb o n  b la c k .

U s e  o f  t h e  N o n p o l a r  A n a l o g  M o d e l  in  P r e d i c t i n g  t h e  E f f e c t s  o f  S o l v e n t s  o n  M o l e c u l a r  

C o m p l e x  F o r m a t i o n  E q u i l i b r i a

Sherril D . C h ristia n ,*  R o g e r  F re e h , and  K w an g O k Y e o

D e p a r tm e n t  o f  C h e m is t r y .  T h e  U n iv e r s i t y  o f  O k la h o m a .  N o rm a n .  O k la h o m a  7 3 0 6 9  ( R e c e iv e d  M a r c h  6 . 19721  

P u b lic a t io n  c o s ts  a s s is te d  b y  T h e  P e t r o le u m  R e s e a r c h  F u n d

T h e  n o n p o la r  a n a lo g  ( N P A )  m o d e l is e x a m in e d  th e o re tic a lly  an d  m e th o d s  are d ev e lo p e d  for u sin g  it to  
p re d ic t th e r m o d y n a m ic  p ro p erties o f  th e  tra n sfe r  o f  d on o r, a c ce p to r , a n d  c o m p le x  m o le c u le s  fro m  th e  gas  
p h a se  in to  d ilu te  so lu tio n s  in  n o n p o la r so lv e n ts . T h e  general p ro b le m  o f  in ferrin g free en ergies o f tran sfer  
o f  p o la r  so lu tes  fro m  e x p e r im e n ta l v a lu e s  o f  in tern a l en ergies o f  tran sfer  is c o n sid ered . T h e r m o d y n a m ic  
re su lts  c a lc u la te d  b y  u sin g  th e  N P A  m o d e l, in  co n ju n c tio n  w ith  so lu b ility  p a r a m e te r  th eory  a n d  w ith  th e  
P rig ogin e  refin ed  a v e r a g e -p o te n tia l cell m o d e l th eo ry , are c o m p a re d  w ith  e x p e r im e n ta l resu lts  for p o lar  
c o m p o n e n ts  in v o lv e d  in severa l m o le c u la r  c o m p le x  fo rm a tio n  eq u ilib r ia . F or in d iv id u a l so lu tes , in c lu d in g  
c o m p le x e s , c a lc u la te d  a n d  e x p e r im e n ta l free en ergies o f  tra n sfer  in to  h e x a d e c a n e  a n d  d ip h e n y lm e th a n e  
g en era lly  agree to  w ith in  0 .1 - 0 .7  k c a l /m o l .

I n tr o d u c tio n

A s  e x ten siv e  th e r m o d y n a m ic  a n d  sp ec tra l in fo rm a tio n  
a b o u t m o le c u la r  c o m p le x e s  h as b e c o m e  a v a ila b le , n u m e r ­
ous in v estig a to rs  h av e  n o te d  th e  im p o r ta n t  role p la y e d  b y  
so lv en ts  in m o d ify in g  th e  p h y s ic a l a n d  c h e m ic a l p ro p e r­
ties o f  c o m p le x e s .1-5  T h is  k n o w led g e  h a s  p ro v id ed  th e  in ­
cen tiv e  for a t te m p ts  to  o b ta in  a c cu ra te  e x p e r im e n ta l re ­
su lts for e lectro n  d o n o r -a c c e p to r  ( E D A )  c o m p le x e s  in th e  
v a p or p h a s e , 2 -3 5 w here th e  c o m p lic a t in g  e ffec ts  o f  s o l­
v en ts  are a b se n t , an d  for w h ich  th e o re tic a l tr e a tm e n ts  o f  
th e stru ctu re  a n d  en ergy  o f  c o m p le x e s  are b e c o m in g  fe a s i­
b le . U n fo r tu n a te ly , lim ita tio n s  on  th e  v o la tility  a n d  s t a ­
b ility  o f  E D A  c o m p le x e s  a n d  th e  u n iq u e  e x p e r im e n ta l  
p ro b le m s c o n n e c te d  w ith  in v e stig a tio n s  o f  asso cia tin g  
gases h av e  re str icted  th e  n u m b e r  an d  re lia b ility  o f  s tu d ie s  
o f ga seo u s c o m p le x e s . 1-6

T h e r e  are tw o  p r im a ry  rea so n s, th erefore , w h y  m e th o d s  
for p re d ic tin g  th e  e ffe c ts  o f  m e d ia  on  c o m p le x  fo rm a tio n  
rea ctio n s are p o te n tia lly  v a lu a b le : ( 1 ) c o m p a riso n  w ith  
th eory  w ill b e  fa c ilita te d  if  re liab le  te c h n iq u e s  ev o lv e  for

co n vertin g  th e r m o d y n a m ic  in fo r m a tio n  a b o u t  co m p le x  
fo rm a tio n  in co n d e n se d  p h a se s  in to  in fo rm a tio n  a b o u t th e  
co rresp o n d in g  ga seo u s s y s te m s ; a n d  ( 2 ) an  u n d ersta n d in g  
o f  th e  role o f  so lv e n ts  in a lterin g  p ro p erties o f  c o m p le x e s  
w ill b e  essen tia l in  fu tu re  a t te m p ts  to p ro v id e  a m o le cu la r  
e x p la n a tio n  o f  b io lo g ic a l a n d  in d u str ia l s y s te m s  in  w h ich  
E D A  c o m p le x e s  are im p o r ta n t.

A t te m p ts  to  tr e a t th e  in flu en c e  o f  so lv e n ts  on  th e  e n er­
g etics o f  c o m p le x  fo rm a tio n  h av e  g e n e ra lly  fa lle n  in to  tw o

(1) W. B. Person and R. S. Mulliken, “Molecular Complexes. A Lecture 
and Reprint Volume," Wiley, New York, N. Y„ 1969, Chapter 7.

(2) R. Foster, “Organic Charge-Transfer Complexes,” Academic Press, 
New York, N. Y., 1970, Chapter 7.

(3) M. Tamres and J. M. Gcodenow, J . P h y s . C h e m ..  71. 1982 (1967); 
W. K. Duerksen and M. Tamres, J. A m e r .  C h e m . S o c . .  90, 1379
(1968) .

(n) R. L. Scott and D. V. Fenby, A n n u .  R e v . P h y s . C h e m ..  20, 126
(1969) .

(5) S. D. Christian, A. A. Taha, and B. W. Gash, Q u a r t .  R e v ..  C h e m .  
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cla sse s : m e th o d s  in w h ich  th e  so lv e n t is tr e a te d  as a 
c h e m ic a l re a c ta n t, w h ich  fo rm s d iscrete  c o m p le x e s  w ith  
don or ( D ) ,  a c cep to r ( A ) , or th e  a d d u c t ( D A ) ; 7 a n d  te c h ­
n iq u es for in ferrin g  th e  e ffec ts  o f  n o n -sp e c ific  s o lv e n t -s o ­
lu te  in te r a c tio n s .5 -8 A lth o u g h  it is c lear th a t  sp ec ific  c o m ­
p le x es  b etw een  s o lv e n t an d  so lu te  ca n  b e  im p o r ta n t in  
c o n d e n sé e  p h a se  s y s te m s  o f  a sso c ia tin g  so lu te s , th ere  a p ­
pea rs to  b e  no u n iq u e  w ay  to  d eterm in e  sto ic h io m e trie s  
an d  sp ec ific  th e r m o d y n a m ic  c o n sta n ts  for th e  s o lv e n t -s o ­
lu te  c o m p le x e s  w h ich  are p re su m e d  to  e x ist in  d ilu te  so lu ­
t io n .5 -8d P rogress h a s  b een  m a d e  in p re d ic tin g  en ergies  
an d  free en ergies o f  tran sfer rea ctio n s o f  th e  ty p e  

X (i d e a l  ga s at u n it  m o la rity ) =

X ( i d e a l  d ilu te  so lu tio n  in so lv e n t S  a t  u n it  m o la r ity )  (1 )

for p o lar so lu tes  in v o lv ed  in re p re se n ta tiv e  m o le c u la r  
c o m p le x  fo rm a tio n  re a c tio n s .5 -9 It h as b e e n  o b serv e d  th a t  
the en ergies a n d  free en ergies o f  tra n sfer  o f  a series o f  
p olar so lu tes  in to  a given  n o n p o la r s o lv e n t ( A E°xv~-*s a n d  
A a r e  lin ea rly  re la te d ; e m p iric a l co rrelation s a n d  
se m ie m p ir ic a l la ttic e  or cell m o d e l c a lc u la tio n s  p ro v id e  a  
c o n v e n ie n t b a sis  for p re d ictin g  ch a n g es w h ich  o c cu r in th e  
e q u ilib r iu m  c o n sta n ts  (Kc) an d  en ergies ( A E) o f  c o m p le x  
fo rm a tio n  rea ctio n s as va rio u s n o n p o la r a n d  s lig h tly  p olar  
so lv en ts  are e m p lo y e d .9 a -10

T h e  general p ro b le m  o f d e v e lo p in g  a th e o ry  o f  n o n e le c ­
tro lyte  so lu tio n s in v o lv in g  p olar c o m p o n e n ts  re m a in s  u n ­
s o lv e d .11  A t te m p ts  h a v e  b een  m a d e  to  c o m p a re  p ro p erties  
o f  so lu tio n s  o f  p olar so lu tes  w ith  th o se  o f  h o m o m o rp h ic  
n o n p o la r so lu tes , i.e., w ith  n o n p o la r m o le c u le s  s im ila r  in  
m o le c u la r  size  an d  stru ctu re  to  th e  p olar s o lu te s .1 1 “13 T h e  
h o m o m o rp h s  h av e  fre q u e n tly  b e e n  ch o sen  to  h av e  th e  
sa m e  m o le cu la r  v o lu m e  a n d  p o la r iz a b ility  as th e  p olar  
m o le c u le s  o f  in terest . D ifferen c es  b e tw ee n  p ro p erties  o f  
m ix tu res  in c lu d in g  a p o la r  c o m p o n e n t a n d  an a lo g o u s  
m ix tu res  in w h ich  th e  p olar sp ec ies is re p la ce d  b y  its h o -  
m o m o r p h  are a sc rib ed  to  in d u c tiv e  in tera c tio n s  or th e  fo r ­
m a tio n  o f  m o le c u la r  c o m p le x e s  in v o lv in g  th e  p o la r  s o ­
lu te .13 E s t im a te s  h av e  b een  m a d e  o f  th e  se p a ra te  c o n tr i­
b u tio n s  o f  d isp ersive  a n d  in d u c tiv e  in tera c tio n s to  th e  s o l­
u b ility  p a ra m e te rs  o f  p olar liq u id s , a n d  th e se  p a ra m e te rs  
have fo u n d  so m e  u tility  in tr e a tm e n ts  o f  b in a ry  m ix tu res  
o f  p o la r  an d  n o n p o la r c o m p o u n d s . 14 H o w e v e r , it  is a p p a r ­
en t th a t th e  to ta l e ffec t o f  in tera ctio n s b e tw ee n  p o la r  a n d  
n on p o la r m o le c u le s , th ro u g h o u t a w ide ra n ge  o f c o n c e n ­
tra tio n s , c a n n o t b e  rigorou sly  a c c o u n te d  for in te rm s o f  a 
sin gle  in d u c tio n  en ergy d en sity  p a r a m e te r  w h ich  is co n ­
cen tration  in d e p e n d e n t .11

T h e  tra n sfer  rea ctio n s (eq  1) for th e  c o m p o n e n ts  p a r tic ­
ip a tin g  in a m o le c u la r  c o m p le x  fo rm a tio n  re a ctio n  p erta in  
to  th e  fo rm a tio n  o f in fin ite ly  d ilu te  so lu tio n s  o f  p o la r  s o ­
lu tes in a g iven  so lv e n t , S . F or p u rp o ses  o f  th e  p resen t  
d iscu ssio n , S  w ill ,b e  ta k e n  to  be  n o n p o la r . S o lu te  m o le ­
cu les are in c o n ta c t o n ly  w ith  so lv e n t m o le c u le s , a n d  th e  
s o lv e n t -s o lu te  in tera c tio n s  in v olve  o n ly  n o n sp e c ific  d is ­
persion  a n d  in d u c tio n  forces. T h e re fo re , it  sh o u ld  be  
m u c h  s im p le r  to  d ev elo p  a d e q u a te  th eories for p re d ictin g  
tran sfer en ergies a n d  free en ergies o f  p o la r  so lu tes  th a n  to  
fo rm u la te  th eories o f  pure p olar liq u id s  a n d  o f  c o n c e n tr a t­
ed  so lu tio n s o f  p o la r  a n d  n o n p o la r m o le c u le s , in  w h ich  
o rien ta tio n  en ergy an d  en tro p y  e ffe c ts  m u st  b e  c o n sid ered .

A  p revio u s artic le 95 in tro d u ce d  a gen eral m o d e l for d i ­
lu te  so lu tio n s o f  p o la r  c o m p o u n d s  d isso lv e d  in n on p o la r  
m e d ia . T h e  m o d e l in v o lv es  use o f  a n o n p o la r a n a lo g  
( N P A )  o f  th e  p olar so lu te  (P ) in p la ce  o f  th e  p o la r  so lu te  
in c a lc u la tin g  p ro p erties o f  th e  so lu tio n s ; th e  N P A  m o le ­

cu le  is ch o sen  to  h a v e  th e  sa m e  m o le c u la r  v o lu m e  a n d  th e  
sa m e  to ta l in tera ctio n  en ergy  w ith  th e  su rro u n d in g  so lv e n t  
m o le c u le s  as d o es  P . In  th is  m o d e l, th e  N P A  m o le c u le  
m u s t h av e  a v a lu e  o f  m o le c u la r  p o la r iz a b ility , a ,  large  
en ou g h  to  in te r a c t as stro n g ly  w ith  th e  s o lv e n t as d o e s  P , 
for w h ich  b o th  d isp ersion  an d  in d u c tiv e  in tera c tio n s  are  
im p o r ta n t. It is a ssu m e d  th a t  n o t o n ly  AE°PV~̂B, b u t  a lso  
A G ° pv“~'8, a S ° pv^ s , a n d  oth er th e r m o d y n a m ic  c o n sta n ts  
for th e  tran sfer rea ctio n s 1  w ill b e  th e  sa m e  as th e  corre ­
sp o n d in g  tran sfer  q u a n tit ie s  for th e  N P A  m o le c u le . N o  a t ­
te m p t  is m a d e  to  u tilize  or p re d ic t p ro p erties  o f  th e  pure  
p olar c o m p o n e n t in th is  tr e a tm e n t . T h e  th e o r e tic a l b a sis  
for th e  N P A  m o d e l a n d  m e th o d s  for a p p ly in g  it to  p re d ic t  
th e  e ffec ts  o f  so lv e n ts  on m o le c u la r  c o m p le x  fo rm a tio n  
e q u ilib ria  are p re sen te d  here.

J u s t i f ic a t io n  fo r  th e  N o n p o la r  A n a l o g  M o d e l

A n  iso la te d  p o la r  m o le c u le  d isso lv e d  in a n o n p o la r  m e ­
d iu m  m a y  in te r a c t w ith  th e  s o lv e n t th ro u g h  severa l ty p e s  
o f  forces, in c lu d in g  sh o rt-ra n g e  rep u lsiv e  fo rc es  a n d  v a n  
der W a a ls  a ttr a c tiv e  forces o f  th e  d ip o le -in d u c e d  d ip o le  
a n d  d isp ersiv e  ty p e s . 15 T h e  p o te n tia l en ergy  o f  in tera ctio n  
b etw een  th e  p o la r  m o le c u le  P  a n d  th e  s o lv e n t m o le c u le s  S  
resu ltin g  fro m  d ip o le -in d u c e d  d ip o le  forces is

V P.( d i p )  =  - ' / 2 Z-Rps (2 )

H ere  Rps is th e  rea ctio n  fie ld  a t th e  p o la r  m o le c u le  r e s u lt ­
ing fro m  th e  p o la r iz a tio n  o f  th e  so lv e n t m o le c u le s  b y  th e  
e lectric  m o m e n t  o f  th e  so lu te  m o le c u le , jup . I f  on e a d o p ts  
th e  d ie le ctric  c a v ity  m o d e l o f  a so lu tio n  (in  w h ich  th e  s o l­
u te  m o le c u le  is a t th e  cen ter o f  a c a v ity  w h ose  w a lls  c o n ­

sist o f  a c o n tin u u m  w ith  d ie le ctric  p ro p erties  id e n tic a l  
w ith  th e  b u lk  s o lv e n t) th e  re a ctio n  fie ld  is ta k e n  to  be  
p ro p o rtio n a l to  th e  e lectric  m o m e n t ; th e  c o e ffic ie n t o f  
p ro p o rtio n a lity  is g iven  in severa l s ta n d a rd  te x ts  on  d i ­
e lectric  th e o r y . 15 T h e  rea ctio n  fie ld  m a y  b e  w ritten  as a  
s u m m a tio n  over th e  co n tr ib u tio n s  o f  e a c h  s o lv e n t -s o lu te  
pair

V ps( d iP ) =  y2fip2 (3 )
s |r ps|

w here |rps| is th e  m a g n itu d e  o f  th e  v e c to r  d ista n c e  b e ­
tw een  a so lv e n t m o le c u le  a n d  th e  p olar m o le c u le , as is th e  
m o le c u la r  p o la r iz a b ility  o f  a so lv e n t m o le c u le , a n d  / ps is 
an o r ie n ta tio n  fa cto r  w h ich  a c c o u n ts  for th e  a n iso tro p y  o f
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the in te r a c tio n s . 1 5 -16  T h e  d isp ersiv e  in tera ctio n  m a y  be  
w ritten  as

V p s(d isp ) =  -  % Ipa p Ç  y —  ~  (4 )

w here 7p a n d  Is are th e  io n iza tio n  p o te n tia ls  o f  th e  so lu te  
an d  so lv e n t , re sp ec tiv e ly , an d  ap is th e  m o le c u la r  p o la r i­
z a b ility  o f  th e  so lu te .

T h e  N P A  m o le c u le  h a s  n o  p e r m a n e n t d ip o le  m o m e n t ; it 
in teracts w ith  th e  so lv e n t m o le c u le s  so le ly  th ro u g h  d isp er­
sive fo rc es .9b H o w e v e r , th e  m a g n itu d e  o f  th is  in tera ctio n  
m u st be large en ou g h  so  th a t  th e  total en ergy  o f  in te r a c ­
tion  o f  th e  N P A  m o le c u le  w ith  th e  so lv e n t e q u a ls  th e  to ta l  
en ergy o f in tera ctio n  o f  th e  orig in al p o la r  m o le c u le  w ith  
th e so lv e n t (th e  su m  o f  eq  3 a n d  4)

I 'npa =  ^pS(d ip ) +  P Ps(d isp ) (5 )

S in ce  th e  v ector d ista n c e s  b e tw ee n  th e  p olar so lu te  an d  
th e so lv en t m o le c u le s  are th e  sa m e  as th o se  b e tw ee n  N P A  
and S , an d  sin ce all o f  th e  te rm s in eq  5 h av e  th e  sa m e  
d ista n c e  d e p e n d e n c e , th e  en ergy c o m p e n sa tio n  required  
b y  eq  5 w ill be a c h ie v e d  w h en ever

-  / 2 / n p a O n p a  / n p a  +  j  =  -  /  f t W p  -

- ,  . /  sCVs
k  /,,« ,>  j  _|_ j  (6 )

for each  s o lu te -s o lv e n t  in tera c tio n . F or e x a m p le , i f  th e  
so lv en t p o la r iz a b ility  is sp h erica l, eq  6  m a y  be sa tis fie d  b y  
v a ry in g  o n ly  th e  m o le c u la r  p o la r iz a b ility  o f  th e  so lu te , 
w hile lea v in g  th e  io n iza tio n  p o te n tia l in v a ria n t. A n y  oth er  
c o m b in a tio n  o f  v a lu es  o f  / NPA a n d  a NPA sa tis fy in g  eq 6 

m a y  be ch o sen  for th e  h y p o th e tic a l so lu te  m o le c u le  N P A .
E q u a tio n  6  in d ic a te s  th e  m o le c u la r  re q u ire m en ts  for 

e q u a lity  o f  aE°pv-*s a n d  A jE ° n p a '7~*s for h o m o m o rp h ic  P  
an d  N P A  m o le c u le s . I t  ca n  be sh ow n  th a t va rio u s cell 
th eories o f  liq u id s  lea d  to  th e  resu lt th a t A S ° Pv-*s =  
A S ° NpAv_*s a n d  A G°Pv̂ a =  A G ° n p a v-* 8 p ro v id ed  th e  
en ergy c o m p e n sa tio n  req u ired  b y  eq  6  is a c h ie v e d .17 

H e n c e  th e  use o f  th e  N P A  m o d e l u n d er q u ite  gen eral c o n ­
d itio n s ap p ea rs  w a rra n ted .

A p p l ic a t io n  o f  th e  N o n p o la r  A n a l o g  M o d e l  in  
P r e d ic t in g  T h e r m o d y n a m i c  P r o p e r t ie s  o f  P o la r  S o lu te s

T h e  N P A  m o d e l d oes n o t b y  its e lf  p ro v id e  a b a sis  for  
p re d ictin g  th e r m o d y n a m ic  p ro p erties for th e  tran sfer  
rea ctio n s (eq  1) for p o la r  so lu tes . H o w e v e r , to  th e  e x te n t  
th a t th e  m o d e l a p p lies  it p e r m its  th e  use o f  th eories a n d  
p roperties o f  n o n p o la r  liq u id s  an d  liq u id  m ix tu res  in p re ­
d ictin g  p ro p erties o f  d ilu te  so lu tio n s o f  p o la r  so lu tes  in 
n on p o la r s o lv e n ts .911 T h e  m o d e l is b a se d  on th e  a s s u m p ­
tion  th a t A G ° PV— 8 is u n iq u e ly  d e te r m in e d  b y  A £ ° PV~-8 

and th e  m o le c u la r  v o lu m e  (m o re  co rrec tly , th e  m o le c u la r  
g eo m etry ) o f  P . U s in g  th e  n o n p o la r a n a lo g  c o n c e p t

A G V - S( A £ V ^  Vp) =  i G V , r s( A f i % P . r s- Ü NPA)

(7)

w here A -E °PV_- S =  AS0 NPAV—S a n d  V p =  V NPA.
T h e  N P A  m o d e l m a y  be m o st s im p ly  te s te d  b y  c o m p a r ­

ing e x p e r im e n ta l v a lu e s  o f  a G ° x v— 8 a n d  A E°xv~*s for  
variou s so lu tes  X  (p o la r  a n d  n on p o la r) o f  c o m p a ra b le  m o ­
lecu lar v o lu m e  d isso lv e d  in a given  so lv e n t . P re v io u s ly ,9 1 0  

w e o b served  th a t th e  e m p iric a l re lation

A G ° XV" S'=  PsAE°x'~'s +  3 0 0  c a l /m o l  (8 )

p ro vid es a good co rrelation  o f resu lts  for b o th  p olar an d  
n o n p o la r so lu tes  (w ith o u t regard for m o le c u la r  v o lu m e ) in 
a g iv en  so lv en t S  at 2 9 8 ° K .18 T h e  p a ra m e te r  /3S is ch a ra c ­
teristic  o f  th e  so lv e n t o n ly , an d  h a s  a v a lu e  o f  a b o u t 0 .6  

for m a n y  c o m m o n  n o n p o la r s o lv e n ts . C o rre la tio n s o f  th is  
ty p e  d e m o n str a te  th e  fe a s ib ility  o f  rep la cin g  P  b y  its n o n ­
p olar an a lo g  in th e r m o d y n a m ic  c a lc u la tio n s ; th e y  also  
sh ow  th a t  m o d e ra te  va ria tio n  in m o le c u la r  v o lu m e  does  
n ot stro n g ly  in flu en ce  th e  m a g n itu d e  o f  a G ° x v— 8 corre­
sp o n d in g  to  a given  v a lu e  o f A £ ° x v—s . (A c tu a lly , there is 
a re a so n a b ly  close  co rrelation  b etw een  a E ° x v_*b a n d  th e  
m o lecu la r v o lu m e  o f re la ted  so lu tes ; h e n ce , th e  e ffect o f  
va ria tio n  in so lu te  v o lu m e  is largely  h id d en  in the  
A G ° XV— 8 us. A £ ° x v— 8 co rrela tio n s .)

A t  a m ore fu n d a m e n ta l lev el, it w ou ld  b e  d esirab le  to  
d ev elo p  th eories for p re d ic tin g  A ¿ ’° PV— 8 an d  A G ° pv^*s 
fro m  m o le cu la r  p a ra m e te rs  o f  th e  P , S , a n d  N P A  m o le ­
cu les. In th is  d e v e lo p m e n t, it is co n v e n ie n t to  refer to th e  
fo llow in g  c o n c e p tu a l d ia g ra m  o f th e  en ergy  o f  P  an d  N P A  
in  va rio u s s ta te s

f  P (g ) — ..............................................  — N P A (g )

5  P ( s ) _ ..............................................  .....N P A (s )

. . . • • _ N P A ( 1 )
P ( l ) — - • • ............. '

T h e  sta te s  P (g ) a n d  N P A (g )  refer to  id ea l ga seo u s sta te s ; 
P (s ) a n d  N P A (s )  refer to  d ilu te  so lu tio n  s ta te s  in th e  n o n ­
p olar s o lv e n t ;19 an d  P (l)  an d  N P A ( l )  rep resen t pure liqu id  
P  an d  N P A . N o te  th a t  th e  en ergy  o f P (l)  w ill ord in a rily  be 
co n sid era b ly  low er th a n  th a t o f  N P A ( l )  a n d  th a t  th e  en er­
gy ch a n ge  for th e  tra n sfer  P (l)  —► P (s )  w ill be  corre­
sp o n d in g ly  greater th a n  th a t for th e  tra n sfer  N P A ( l )  —* 
N P A ( s ) ;  th e  reason  for th is  is th a t in th e  pure liqu id  
sta te , P  m o le c u le s  in teract re la tiv e ly  stro n g ly  w ith  each  
oth er th rou gh  o r ie n ta tio n  forces, w h ich  are a b se n t in l iq ­
uid N P A  a n d  in th e  sta te s  P (s )  a n d  N P A ( s ) .  T h e  m odel  
forces P (g ) an d  N P A (g )  to  be at th e  sa m e  lev el o f  energy  
(a n d  b y  a ssu m p tio n , free e n e r g y ); s im ila r ly , P (s )  an d  
N P A (s )  h av e  th e  sa m e  en ergy (a n d , p r e su m a b ly , free 
en ergy ).

G iv e n  th e  energy lev el d ia g ra m  (a b o v e ) th e  N P A  m odel 
requires th a t

(16) Ordinarily in systems consisting of a polar solute and a nonpolar 
solvent, orientation effec:s will not play an important role, and f,,s 
may realistically be taken to be unity. However, interactions be­
tween polar molecules capable of donating n  electrons and neutral 
acceptor molecules {e .g ..  halogens or aromatic hydrocarbons) may 
be highly specific.1 -2 Donor-acceptor interaction may therefore 
produce retardation effects even in systems where the solvent has 
no permanent dipole moment.

(17) A discussion of the relation between the NPA model and various 
cell theories of liquids will appear following these pages in the mi­
crofilm edition of this volume of the journal. Single copies may be 
obtained from the Business Operations Office, Books and Journals 
Division, American Chemical Society, 115 5  Sixteenth St., N.W.. 
Washington, D. C. 20036. Remit check or money order for $3.00 
for photocopy or $2.00 ~or microfiche, referring to code number 
JP C -73-8 13.

(18) In ref 9a the constant term in eq 15 was given erroneously as 450 
cal/mol. Incorrect terms were utilized to account for the thermal 
expansion of the solvent, and the reported A P '“*,S values are all 
too small (algebraically) ty 200-250 cal mol.

(19) Gaseous standard states are taken to be the unit molarity ideal gas: 
the infinitely dilute, unit molarity state is used for all solutes in con­
densed phases.
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A  T P °  v ~ * s    A  7 7 °  v —* s    T r io  __  D O¿A i!/ p —  IA £ j N pA — Hj MPArcl ■ C'NPA(s) ^  NPA(g)

A E ° p v - * s -  ( E ° n p a ( s;) £ ° n p a <i>) ( - ® ' ° n p a ( e ) n p a ( d )

(9)
a n d  s im ila r ly

A G °PV~*S -  (G°npA(s) G°npa(I)) (G °npa(k) G°npa(II)

( 1 0 )

E q u a tio n s  9 a n d  10 m a y  b e  rew ritten

( I D

AG°PV̂ S = A G °NpAdil -  A G °NPAvap... (12)

A  n o  V — s _  . n o  d i l  .  p o  v a pA £ . p -  a n , NPA — NPA

an d

w here A E ^ a 6 ' 1 a n d  A E ° NPAvap are, re sp ec tiv e ly , th e  
en ergy o f tran sfer o f  N P A  fro m  pu re liq u id  N P A  in to  th e  
in fin ite ly  d ilu te  so lu tio n  s ta te  in s o lv e n t S  a n d  th e  energy  
o f v a p o riza tio n  o f  liq u id  N P A , a n d  A G ° NpAdl1 an d  
A G 0 NPAvaP are th e  co rresp on d in g  free en ergy  c h a n g e s .

S ev era l cu rren t th eories o f  so lu tio n  p ro vid e  m e a n s  for 
re la tin g  A £ 0 N PAdil a n d  A £ ° NPAvap to  p a r a m e te rs  c h a ra c ­
te ristic  o f  th e  N P A  an d  S  m o le c u le s . F or e x a m p le , so lu ­

b ility  p a r a m e te r  th e o r y 11 p red icts  th a t

A E °NpAdi' = FP(<5S -<5npa)2 (13)
a n d

A E °npa 1 — dNPA2FP (14)

w here 6iS a n d  5 n p a  are th e  so lu b ility  p a r a m e te rs  o f  S  a n d  
N P A , re sp ec tiv e ly , a n d  w here for co n v e n ie n ce  we n eglect  
v o lu m e  ch a n g e s on  m ix in g  N P A  w ith  S . T h e  exp ression s  
for A £ °N P Adil an d  A E ° NPAvap m a y  be s u b s t itu te d  in to  eq  
13, w h ich  m a y  be rea rra n ged  to  give

¿ n p a  =  % ( ¿ s  -  A £ ° Pv^ 7 (5 s Vp) (1 5 )

T h u s , it is p o ssib le  to  in fer the s o lu b ility  p a ra m e te r  o f  th e  
n o n p o la r  a n a lo g  o f  a g iven  p olar so lu te  fro m  th e  so lu b ility  
p a r a m e te r  o f  th e  s o lv e n t a n d  th e  en ergy o f  tra n sfer  o f P  
fro m  th e  id ea l ga seo u s s ta te  in to  th e  in fin ite ly  d ilu te  sta te  
in  S . T h e  free en ergy  o f  tra n sfer  o f  N P A  fro m  v a p o r to  th e  
in fin ite ly  d ilu te  s ta te  in so lv e n t S  m a y  th e n  b e  re lated  to  
5 n pa an d  th e  v a p o r  pressure o f  pure liq u id  N P A  ( E ° n p a )- 
E q u a tio n  12 m a y  be rew ritten

A G ° r s = RT In (P°SPJ R T ) +  VP(6S -  <5NPA)2 +

RT  In Vs (16)

w here th e  first te rm  on  th e  right rep resen ts th e  free en er­
gy  ch a n ge  for c o n v e rtin g  N P A  v a p o r at u n it  m o la r ity  into  
pure liq u id  N P A  u n d er its ow n v a p o r  p ressu re ; th e  secon d  
term  is th e  free en ergy  o f  tra n sfer  o f  N P A  fro m  th e  pure  
liq u id  sta te  to  th e  id ea l d ilu te  so lu tio n  in S  (u sin g  th e  
u n it m o le  fra c tio n  sta n d a rd  sta te ) a n d  th e  la s t  te rm  is th e  
free en ergy c h a n g e  for c o n v ertin g  fro m  th e  m o le  fractio n  
sta n d a rd  s ta te  for th e  so lu te  to  th e  u n it m o la rity  s ta n d a rd  
s ta te .9b

In  order to  a p p ly  eq  16 to  c a lc u la te  A G°Pv̂ a it  is n e c ­
essary  to  o b ta in  th e  v a p o r  p ressu re o f p u re  liq u id  N P A ,  
eith er fro m  a th e o ry  o f  pure liq u id s  or fro m  e x p e r im e n ta l  
m e a su r e m e n ts  on  a c tu a l n o n p o la r  liq u id s  h a v in g  a p p ro x i­
m a te ly  th e  required  h e a t o f  v a p o riza tio n  a n d  m o lecu la r  
g e o m etry . F o r tu n a te ly , th e v a p o r pressu res o f  pure low

Figure 1 .  Correlation between vapor pressure and energy of va­
porization of nonpolar organic liquids at 25°. All A£298vap 
values were taken from J. H. Hildebrand, J. M. Prausnitz, and 
R. L. Scott, "Regular and Related Solutions,” Van Nostrand- 
Reinhold, New York, N. Y., 1970, except for propane, butane, 
and methylcyclopentane, for which AE298vap values were found 
in "Physical Properties of Chemical Substances,” The Dow 
Chemical Company, Midland, Mich., 1952. Vapor pressures 
were obtained from the latter publication. Numbers refer to 
compounds as follows: (1) propane, (2) butane, (3) neopen­
tane, (4) isopentane, (5) pentane, (6) cyclopentane, (7) 1-hex­
ene, (8) hexane, (9) methylcyclopentane, (10) carbon tetra­
chloride, (11) cyclohexane, (12) benzene, (13) isooctane, (14) 
methylcyclohexane, (15) heptane, (16) toluene, (17) 1-octene,
(18) octane, (19) ethylbenzene, (20) p-xylene, (21) m-xylene, 
(22) o-xylene, (23) stylene, (24) propylbenzene, (25) mesityl- 
ene.

m o le cu la r  w eig h t n on p o la r liq u id s  a t  2 5 °  va ry  s y s t e m a t i ­
c a lly  w ith  th eir en ergies o f  v a p o r iz a tio n .20 F igu re  1 is a 
p lo t o f  th e  lo g a rith m  o f  v a p o r p ressu re  a g a in st  A E ° 298vap 
for a  n u m b e r  o f  c o m m o n  n o n p o la r liq u id s  (e x c lu d in g  f lu o ­
ro c a rb o n s); th e  so lid  curve rep resen ts th e  le a st-sq u a r e s  
eq u a tio n

lo g  P ° ( T o r r ,  2 9 8 ° K )  = - 1 . 0 3 8  x  1 0 '4( A £ 298vap) 1 15 +

4 .8 8 9  (17 )

w h ich  m a y  be u se d  to  c a lc u la te  v a p o r  p ressu res o f  th ese  
liq u id s , w ith  a s ta n d a rd  error o f  a b o u t 9 % .  B y  e m p lo y in g  
A E NpAvap =  <5n p a 2 F p an d  eq 17 it  is p o ss ib le  to  o b ta in  a 
re liab le  v a lu e  o f  P ° NPA to  use in eq  16.

A n o th e r  th eory  o f  so lu tio n s w h ich  m a y  b e  m e ld e d  w ith  
th e N P A  m o d e l is th e  a v e r a g e -p o te n tia l cell m o d e l th e o ry  
o f  P rig o g in e ,21 w h ich  e x te n d s  th e  th e o r e m  o f  c o rresp o n d -

(20) E. A. Guggenheim, "Thermodynamics," North-Holland, Amsterdam, 
1950, pp 142 and 143; ref 1 1 , pp 40 and 41.

(21) I. Prigogine, "Molecular Theory of Solutions," North-Holland, Am­
sterdam, 1957, Chapters 9 and 10.
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ing sta te s  to  m ix tu r e s . In  th e  P rig ogin e  re fin ed  av era g e- 
p o te n tia l ce ll m o d e l, e x ce ss  th e r m o d y n a m ic  fu n c tio n s  for 
b in a ry  m ix tu res  are e x p ressed  in te rm s o f p a r a m e te rs  a 
an d  p d e fin e d  as

= ( eB* - « A * ) /« A * (18 )

=  (f b * -  rA*)lrA* (19 )

w here r* a n d  e* are th e  d ista n c e  o f  se p a ra tio n  a n d  in ter­
n al en ergy  sca le  fa cto rs  in th e  u n iv ersa l p o te n tia l fu n c ­
tio n , re sp ec tiv e ly , a n d  th e  su b sc r ip ts  A  a n d  B  d en o te  pure  
c o m p o n e n ts  A  a n d  B , re sp e c tiv e ly . H ere , A  is ta k e n  to  be  
th e  referen ce c o m p o n e n t a n d  B  is th e  so lu te  (e ith er  P  or 
N P A ) . W h e n  o n ly  d isp ersio n  forces o p era te  b e tw ee n  th e  
tw o c o m p o n e n ts  (e.g., w h en  th e  so lu te  is th e  N P A  m o le ­
c u le ), dn a n d  A G ° dil m a y  b e  e x p ressed  in te rm s  o f a, 
p, a n d  th e co n fig u ra tio n a l e n th a lp ie s  a n d  h e a t  ca p a c ities  
o f th e  n o n p o la r s o lv e n t (see  ref 2 1 ) . T h e n , b y  u sin g  th e  
relation s

A f f ovlp =  0.&7SZtA*lRT (2 0 )

a n d

eB* = e A* U + a )  (2 1 )

w here Z is th e  n u m b e r  o f  th e  n ea rest n e ig h b o rs  su rro u n d ­
ing a ce ll, one m a y  d erive  ex p ressio n s for a G ° v— 8 a n d  
A E° v— 8 for N P A ; b y  th e  a ssu m p tio n s  o f  th e  N P A  m o d e l, 
th ese re la tio n s w ill a p p ly  as w ell to  P  a t  in fin ite  d ilu tio n  
in  S .

T o  re late  a £’ ° pv— 9 a n d  A G ° PV-^ S, crNPA m a y  b e  c a lc u ­
la ted  e x p lic itly  for a g iven  va lu e  o f A -E ° PV_*8 a n d  a ch o sen  
va lu e  o f  p, w h ereu p o n  <rNPA a n d  P m a y  b e  u sed  to  c a lc u ­
late  a G V - 8. T h e  p a r a m e te r  p m a y  b e  e v a lu a te d  from  
m o le cu la r  v o lu m e s  o f  th e  so lu te  a n d  th e  s o lv e n t .22 A lte r ­
n a tiv e ly , it  is c o n v e n ie n t to  c o n stru c t p lo ts  o f  A G ° PV^ S us. 
A E ° pv- 's b y  u sin g  a rb itra rily  ch o sen  a v a lu e s  a n d  a fixed  
va lu e  o f p. K n o w in g  p, for a g iv en  so lu te  a n d  so lv en t, 
A G ° pv—® is e s tim a te d  fro m  A £ '3pv~*s b y  u sin g  th e  curve  
co rresp on d in g  m o st n e a r ly  to  th e  correct p v a lu e . F igu re 2 
show s sta n d a rd  A G ° pv~*8 us. A -E °PV~*S cu rves c o n stru cte d  
for p v a lu es  o f  zero a n d  ± 0 .2 ; it  m a y  be n o ted  th a t  th e  
p lo ts are n ot v ery  se n sitiv e  to  va ria tio n  in p. T h e  p re d ic ­
tio n s b a se d  on  th e  th e o ry  o f  P rig ogin e  are seen  to  b e  n e a r ­
ly  th e  sa m e  as th o se  d erived  fro m  s o lu b ility  p a ra m e te r  
th e o ry ; m o reov er , th e  re su lts  in  F igu re 2 are in rea so n a b le  
a g re e m en t w ith  tra n sfer  free en ergy  v a lu e  c a lc u la te d  from  
e m p iric a l eq  8 , u sin g  a v a lu e  o f  (¡s e q u a l to  0 .6 0 . T h e  c a l ­
c u la te d  in terc e p t ( A G ° P't- ' s c o rresp o n d in g  to  AE°p'^ s =
0 ) e q u a ls  241  cal b a se d  on  s o lu b ility  p a r a m e te r  c a lc u la ­
tio n s (eq  16) an d  2 8 4  c a l u sin g  P rig o g in e ’s th eory  w ith  p =  
- 0 . 2 7  a n d  p h y s ic a l p ro p erties o f  h e p ta n e  a t  2 9 8 ° K . (T h e  
va lu e  p =  —0 .2 7  is c o m p u te d  for a h y p o th e tic a l so lu te  
h a v in g  a  m o la r  v o lu m e  in te r m e d ia te  b e tw ee n  th o se  o f  A r  
an d  K r , for w h ich  A E° v—h p t  ¡ s n ea rly  zero at 2 9 8 ° K .)

T a b le  I illu stra te s  a  te s t  o f  eq  1 4 -1 7 ,  w h ich  are b a se d  on  
th e  N P A  m o d e l a n d  s o lu b ility  p a r a m e te r  th e o ry . V a lu e s  o f  
- A - E 0pv~*s g iven  in c o lu m n  3 are th e  e x p e r im e n ta l ones, 
an d  c o lu m n  4 lis ts  -A E °pv-̂ s v a lu e s  c a lc u la te d  w ith  th e  
q u a s i-la tt ic e  m o d e l o f  S te v e n s , et al.,10-23 w h ich  u tilizes  
energy p a r a m e te rs  ch a ra c te ristic  o f  in tera c tio n s  b e tw ee n  
sp ec ific  a to m ic  a n d  su b m o le c u la r  grou p s o f  th e  so lu te  a n d  
so lv en t m o le c u le s . In  th e  fifth  a n d  s ix th  c o lu m n s  are lis t ­
ed  v a lu es  o f  - A G ° PV^ S c o m p u te d  fro m  eq  1 3 -1 7 ,  u sin g  
th e  v a lu es  o f  A £ ° pv~*s lis te d  in c o lu m n s  3  a n d  4 , re sp e c ­
tiv e ly . B o th  se ts  o f  c a lc u la te d  A G ° PV'^ S v a lu es  are in re a ­

so n a b le  a g re e m en t w ith  th e  e x p e r im e n ta l re su lts , a n d

F ig u re  2 . Correlation of transfer free energies and internal ener­
gies for the solvent heptane. Calculated curves (AE°pv ~ *s vs. 
AG°PV~*S) are obtained using the Prigogine refined average-po­
tential cell model theory. Points (X ) are calculated from the 
Hlldebrand-Scott solubility parameter theory for the solvent 
heptane, using p = 0; points (O) are calculated in the same 
way using p = —0.2.

there is apparently nearly random deviation on the order 
of several tenths kcal between the experimental and cal­
culated free energy values. Similar calculations based on 
Prigogine’s cell model lead to results which are nearly 
equivalent to those in Table I.

A related useful application of the nonpolar analog 
model is the calculation of limiting activity coefficients of 
polar solutes (P) in nonpolar solvents, based on the pure 
liquid P standard state. a G°pv̂ s for the unit molarity 
solute state in S may be calculated for polar solutes from 
the value of Af?°Pv“*8 for a given solute (vide supra). But 
the mole fraction of P (in S) in equilibrium with P vapor 
at the vapor pressure of pure liquid P may be calculated 
from the equation

X P(s) =  (P0PVJRT ) e x p  (~AG°p'^slRT) (2 2 )

provided P ° P (the vapor pressure of pure liquid P) is 
known. Since the activity of P is unity under these condi­
tions, the limiting activity coefficient of P in S can be cal­
culated from

y p “ . =  l / X P(s) =  ( RT!P%VS) e x p ( A G ° Pv" s/ -R T ) ( 2 3 )

By using the calculated value AG°(H20)V—8 = — 189 0  cal 
for water dissolved in diphenylmethane (see Table I) and 
the known vapor pressure of H20  at 2 5 °  (2 3 .7  Torr) one 
may calculate the value y(H20 )“ = 192 , whereas the ex­
perimental value is 7(H20 “ = 2 27 .

Other, more elaborate theories of nonpolar binary 
mixtures (such as the recent theory of Flory,24 which em­
ploys a reduced partition function, formulated in terms of 
segment volumes and segment interaction energies) may 
be utilized to calculate A-E° dil and AG° dil in terms of mo-

122) The expressions used here in obtaining transfer energies and free 
energies apply, strictly speaking, only at zero pressure; however, in 
applications involving pressures not greater than 1 atm, the pres­
sure dependence of energy or free energy may ordinarily be ig­
nored. The parameter p  should be evaluated from the critical vol­
umes of A and the solute, but for the present calculations it is sat­
isfactory to estimate from the molar volumes of the pure compo­
nents at 298°K.

(23) T. L. Stevens, Ph.D. Dissertation. The University of Oklahoma, 
1968; J. R. Johnson, P. J. Kilpatrick, S. D. Christian, and H. E. 
Affsprung.J. Phys. Chem.. 72,3223 (1968).

(24) P. J. Flory, R. A. Orwoll, and A. Vrij, J. Amer. Chem. Soc.. 86, 
3507, 3515 (1964); P. J. Flory, ibid.. 87, 1833 (1965); P. J. Flory, 
Disc. Faraday Soc.. 49, 7 (1970), and references cited therein.
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TABLE I: Experimental and Calculated Transfer Energies and Free Energies of Polar Solutes from Vapor into Nonpolar Solvents

System — A£V"*S 
kcal/mol 
(exptl)

— A £ V V”*S,- 
kcal/mol6 
(caled)

- agV ~ *s,
kcal/mol«
(caled)

-AG°pv̂ s,
kcal/mol“

(caled)

-AG°pv̂
kcal/mol
(exptl)Solute Solvent“

H20 HXD 1.98t 2.60 0.72 0.87 0.45t
CH3OH HXD 2.75t 2.80 1.16 1.19 1.25t
(C2H5)2NH HXD 5.45t (5.45)« 2 . 6 6 (2 .6 6 ) 3.16t
(C2H5 )2NH-H20 HXD 7.501 6.80 3.93 3.49 3.80t
(C2H5 )2NH-CH3OH HXD 5.98t 7.00 2.89 3.57 4.15t
h2o DPM 4.02t 5.57 1.89 2.19 1.79 t
CH3 0 H DPM 5.11t 4.78 2.79 2.62 2.34t
(C2 H5)2NH DPM 6.14t (6.14)e 3.27 (3.27) 3.36t
(C2 h5)2n h -h2o DPM 8.621 8.26 4.88 4.63 5.20t
(C2H5 )2NH-CH3OH DPM 8 . 1  I t 7.46 4.40 4.38 5.08t
(CH3)3N HPT 4.60« 2.60 2.57«
s o 2 HPT 3.60« 1.98 1.40«
(CH3)3N-S02 HPT 1 0 .1 0 « 5.92 5.15«

a HXD =  hexadBcape, DPM =  diphenylmethane, HPT =  heptane. '’ Calculated from the lattice model of Stevens, e t  a/.23 c Calculated from experi­
mental -A£0p v̂ s values, using the NPA model and solubility perameter theory. “ Calculated from A £ 0pv “ *s values derived from the lattice model, using 
the NPA method in conjunction with solubility parameter theory. e Experimental A £ °p v_" i for diethylamine used in calculating lattice parameters for 
N---HXD and N---DPM interaction energy. < Data from E. E. Tucker, Ph.D. Dissertation, the University of Oklahoma, 1969. e Data from J. Grundnes and 
S. D. Christian, J . A m e r .  C h e m . S o c . ,  90, 2239 (1968).

lec u la r  p a r a m e te rs  o f  th e  so lv e n t a n d  th e  n o n p o la r  an a lo g  
o f  P . H o w ev er, s in ce  th e  d ifferen ces b e tw e e n  AEa dil a n d  
A G °  dil o b ta in e d  fro m  va rio u s s ta tis t ic a l th eories are sm a ll  
c o m p a re d  w ith  u n c e rta in tie s  in th ese  q u a n tit ie s  for m o st  
p olar so lu te s , th e  eq u a tio n s  w h ich  ca n  b e  d er iv e d  for u t i ­
liz in g  th ese  th eories w ith  th e  N P A  m o d e l are n o t g iven  
h ere.

P r e d ic t io n  o f  th e  E f f e c t s  o f  S o lv e n t s  o n  F r e e  E n e r g ie s  
o f  F o r m a t io n  o f  M o le c u la r  C o m p le x e s

A p p lic a tio n s  o f  th e  n o n p o la r a n a lo g  m o d e l m e th o d  for  
c a lc u la tin g  A G °  v~*a fro m  A E° v~*s for c o m p o n e n ts  w h ich  
p a rtic ip a te  in c o m p le x  fo rm a tio n  rea ctio n s s h o u ld  b e  u se ­
fu l in  p re d ic tin g  s o lv e n t e ffec ts  on  th e  c o m p le x  fo rm a tio n  
c o n sta n ts . C o n sid e r th e  e q u ilib r iu m  cy cle  sh ow n  in  
sc h e m e  I  w here D  is an  e lectro n  d on o r m o le c u le , A  is an

S c h e m e  I

A G° (v)
D  (v a p o r )  +  A  (v a p o r )  . D A  (v a p o r )  (2 4 )

A £° (v)

AG°d A £ * . - S <<

a £°da

A G° (s)
D  (s o lv e n t )  +  A  ( s o lv e n t )  ~ . .  v D A  ( s o lv e n t ) (2 5 )

A£°(s)

e lectro n  a c c e p to r  m o le c u le , a n d  D A  is an  E D A  c o m p le x . 
T h e  c h a n g e s .in  s ta n d a rd  free energies ( A G ° )  a n d  in tern al 
en ergies ( A E°) for th e  ste p s  in th e  cy cle  are in terre lated  
b y  th e  eq u a tio n s

AE° (s) =  A Z ?°(v ) +  A JE°d a v_>s -  A E°D̂ 3 -  A E0Â S
(26 )

a n d

A G ° ( s )  =  A G° (v) +  A G ° d a v^ s -

A G ° dv^ s -  A G V " 1 (27 )

H o w e v e r, th e  v a lu es  A G ° ( s )  a n d  A G ° ( v )  m a y  b e  re la ted  to  
th e  c o m p le x  fo rm a tio n  e q u ilib r iu m  c o n sta n ts  in s an d  v  
b y  A G ” =  —R T  In Kc so th a t  eq  27 m a y  b e  rearran ged  to  
give

A c( v ) /X c(s) =  e x p [ ( A G ° d a v~*s - A G ° d v_>s - A G °^ )lR T ]

TABLE II: Effects of Media on Molecular Complex Formation 
Equilibria (Comparison of Experimental and Calculated Gibbs 
Free Energy Values for Formation of Complexes from Monomers)

Medium

Complex
-  AG°, 

kcal/mol Vapor
Hexa-

decane

Di-
phenyl-
meth-
ane

Hep­
tane

(C2H5)2NH-H20 Calcd“ 1 . 7 7 0 . 9 4

Caled" 1.18 0 . 3 9

Exptl« 1.22 1.41 1.27
ch3o h -h2o Calcd“ 0.61 -0.12

Caled" 1.26 0.03
Exptl« 1.54 1.28 0.92

(CH3)3N-S02 Calcd“ 4.74
Exptld 3.40 4.58

“ Free energy of formation of complex predicted from experimental 
A£° v̂ s; values. 6 Free energy of formation predicted from values of 
A£° v̂ s obtained from the lattice model. «Table I, footnote f. d Table I, 
footnote g .

T h e  ra tio  o f  K c v a lu es  m a y  th erefore  be p re d ic te d  b y  
u sin g  m e th o d s  d esc rib e d  in th e  p re ce d in g  se c tio n  to  c a lc u ­
late  A G °  v- - 8 for D , A , a n d  D A  in d iv id u a lly .

T h e  resu lts  o f  a p p lic a tio n  o f  th e  n o n p o la r  a n a lo g  m o d e l  
m e th o d  to  a c tu a l E D A  c o m p le x  fo rm a tio n  re a ctio n s are  
given  in  th e  T a b le  II. T h e  p re d ic te d  v a lu e s  o f  ch a n g e s in  
A G °  for c o m p le x  fo rm a tio n  rea ctio n s g e n e ra lly  agree w ith  
e x p e r im e n ta l v a lu e s  to  w ith in  a few  h u n d re d  ca lo ries , a l ­
th o u g h  for th e  M e O H -D E A  fo rm a tio n  rea ctio n  in D P M ,  
th e d isc rep a n c y  is a b o u t 1 k c a l. T h e  a g re e m e n t is p r o b a ­
b ly  sa tis fa c to ry , co n sid erin g  th e  fa c t  th a t  severa l e x p e r i­
m e n ta l A E° v~  ̂ v a lu e s , e a ch  o f  w h ich  is u n c e rta in  b y  s e v ­
eral te n th s  o f  a k iloca lo rie , are in v o lv e d  in c a lc u la tin g  a 
sin g le  A G ° ( s ) v a lu e . W h e n  th e  q u a s i-la tt ic e  m o d e l m e th o d  
is e m p lo y e d  for c a lc u la tio n  o f  A E° for th e  c o m p le x  D A , n o  
en ergy  o f s ta b iliz a tio n  is in tro d u c e d  to  a c c o u n t for th e  in ­
te ra ctio n  b e tw ee n  th e  excess d ip o le  m o m e n t  o f  th e  c o m ­
p lex  a n d  th e  s o lv e n t . T h is  e ffe c t h as b e e n  d isc u sse d  in  
ra tio n a liz in g  th e  a b n o r m a lly  large (n e g a tiv e ) v a lu e  o f  th e  
en ergy a n d  free en ergy o f  so lv a tio n  o f  ( C H 3 ) 3N - S 0 2 . O n e
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w ou ld , th erefore , e x p e c t th e  la ttic e  m o d e l to  le a d  to  
va lu es o f  a G ° s m a lle r  th a n  e x p e r im e n ta l v a lu es  b e ca u se  o f  
th e  c o m p le x  d ip o le -s o lv e n t  in te r a c tio n ; th e  e ffec t is a p ­

p a ren tly  m o s t  im p o r ta n t  in th e  case  o f  m e th a n o l-d ie th y l-  
a m in e  in  d ip h e n y lm e th a n e , w here th e  c a lc u la te d  A G° is 
a b o u t 1 k c a l less  th a n  th e  o b serv ed  v a lu e . I t  is k n ow n  th a t  
c o m p le x e s  o f  a lip h a tic  a m in e s  w ith  w a ter a n d  a lco h ols  
p ossess d ip o le  m o m e n ts  w h ich  are s ig n ific a n tly  greater  
th a n  th e  v e cto r s u m s  o f  th e  d ip o le  m o m e n ts  o f  th e  m o n o ­
m ers. A ls o , th e  p o ss ib ility  ex ist th a t  re ta rd a tio n  e ffec ts  
are n o t in sig n ific a n t in sy s te m s  w here h ig h ly  p o la r  m o le ­
cu le s , w ith  e x p o se d  n -e le c tr o n  p airs , in tera c t w ith  an  a ro ­
m a tic  s o lv e n t .1 .2

C o n c lu s io n

T h e  n o n p o la r a n a lo g  m o d e l, c o m b in e d  w ith  variou s  
th eories o f  n o n p o la r  liq u id s , m a y  be u sed  to  c a lc u la te  
th e r m o d y n a m ic  p ro p erties  o f  p o la r  so lu tes  in n o n p o la r s o l­

v e n ts . T h e o r e tic a lly , th e  N P A  m o d e l sh o u ld  a p p ly  u n d er a

Io n  P a ir  F o r m a t io n  o f  B is ( 2 , 9 - d im e t h y l - 1 , 1 0 - p h e n a n t h r o l in e )

w ide ran ge o f  c o n d itio n s . T h e  m e th o d s  d ev e lo p e d  here  
p erm it m a p p in g  o f  th e  th e r m o d y n a m ic  p ro p erties o f  th e  
re la tiv e ly  s im p le  n o n p o la r s o lu te -n o n p o la r  so lv e n t s y s ­
te m s  in to  th o se  o f  th e  in h eren tly  m o re  c o m p lic a te d  polar  
s o lu te -n o n p o la r  so lv e n t sy s te m s . B y  k n o w in g  th e  energy  
o f  tra n sfer  o f  a p o la r  so lu te , it is p o ssib le  to  m a k e  a re li­
ab le  e s tim a te  o f  th e  free en erg y  o f  tra n sfer . A n  im p o rta n t  
a p p lic a tio n  o f  th e  N P A  m o d e l is th e  p re d ic tio n  o f  so lv en t  
effec ts  on m o le c u la r  c o m p le x  fo rm a tio n  e q u ilib r ia ; such  
effec ts  are n o t w ell u n d ersto o d , an d  th e  te c h n iq u e s  p re ­
sen ted  here sh o u ld  b e  q u ite  g en era lly  a p p lic a b le  in  p re ­
d ic tin g  th e m .
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C o n d u c ta n c e  of b is (2 ,9 -d im e t h y l -l ,1 0 -p h e n a n th r o lin e )C u (I )  p erch lorate  w as m e a su red  a t  25° in 
C H 3C N - C C I 4 (11  <  D < 36 ) a n d  w a te r -d io x a n e  (1 0  <  D < 19) m ix tu r e s . T h e  c o n d u c ta n c e  p a ra m eters  
d eriv ed  fro m  th e  a n a ly sis  w ith  th e  F u o s s -O n s a g e r -S k in n e r  1965  c o n d u c ta n c e  th eo ry  in d ic a te d  th a t the  
c h e la te  s a lt  is m o re  d isso c ia te d  in th e  fo rm er m ix tu res  th a n  in th e  la tte r  a n d  th a t  th e  p lo t  o f  log  Ka u s . 

1/D sh ow s a co n c a v e -d o w n w a rd  cu rva tu re  in w a te r -d io x a n e  m ix tu r e s . T h e s e  a sso c ia tio n  b eh a v io rs  were 
d isc u sse d  in te rm s o f  th e  in tera ctio n  o f  th e  c h e la te  s a lt  w ith  p o la r  so lv e n t c o m p o n e n ts .

I n tr o d u c tio n

In  a series o f  our c o n d u c ta n c e  stu d ie s  on  th e  b u lk y  an d  
s y m m e tr ic a l e le c tro ly te , b is ( 2 ,9 -d im e t h y l - l ,1 0 -p h e n a n -  
th r o lin e )C u (I )  p erch lorate  in n o n a q u e o u s  a n d  b in a ry  
m ix e d  so lv e n ts , it w as fo u n d  th a t  th e  c h e la te  s a lt  is m ore  
d isso c ia te d  in  th e se  so lv e n ts  th a n  th e  te tr a b u ty la m m o -  
n iu m  p erch lo ra te  a n d  b r o m id e , 1 th e  c a tio n  o f  w h ich  w as  
c o n firm e d  to  b e  h y d r o d y n a m ic a lly  e q u iv a le n t to  th e  c h e ­
late  c a tio n  fro m  th e  co m p a riso n  o f th e  W a ld e n  p ro d u c ts  
in  severa l a lc o h o ls .2 T w o  fa cto rs  w ere a ssu m e d  th a t  gave  
rise to  sm a lle r  a sso c ia tio n  c o n sta n ts  for th e  c h e la te  sa lt . 
T h e  first is th e  s ta b iliz a t io n  o f  th e  c h e la te  c a tio n  b y  d ip o ­
lar ap rotic  so lv e n ts  su ch  as n itro b e n z e n e , 1  a c e to n e , an d  
m e th y l e th y l k e to n e .2 T h e  seco n d  is th e  d ec rea se  in  
charge d en sity  on  th e  c h e la te  c a tio n  arisin g  fro m  th e  co or­
d in a tio n  b o n d  b e tw ee n  C u (I)  a n d  th e  a r o m a tic  lig a n d s . In  
order to  fu rth er a sc erta in  th e  a b o v e  a s s u m p tio n s , c o n d u c ­
ta n ce  o f  th e  c h e la te  s a lt  w as m e a su r e d  a t  2 5 ° in  C H 3 C N -  

C C I 4  a n d  w a te r -d io x a n e  m ix tu r e s . T h e  fo rm er m ix tu res  
are c o m p o se d  o f  d ip o la r  a p ro tic  an d  n o n p o la r  so lv e n ts  a n d

th e  la tte r  o f  d ip o la r  p ro tic  a n d  n o n p o la r s o lv e n ts . T h e r e ­
fore th ese  m ix tu r e s  co rresp on d  to  P h N O a -C C U  an d  
M e O H -C C U  m ix tu res  e x a m in e d  p re v io u sly , 1 resp ec tiv e ly .

E x p e r im e n t a l  S e c t io n

Materials. B is (2 ,9 -d im e t h y l -l ,1 0 -p h e n a n t h r o lin e )C u (I )  
p erch lorate  (D o jin  C h e m ic a ls  L t d .)  w as re cry sta llized  
fro m  a c eto n e  so lu tio n  a n d  its  a n a ly tic a l d a ta  w ere as fo l­
low s: f o u n d (% ) : H , 4 .1 1 ; C , 5 8 .0 5 ; N , 9 .6 7  ( c a lc d ( % ) : H , 
4 .1 7 ; C , 5 8 .0 3 ; N ,  9 .6 7 ) . A c e to n itr ile  a n d  d io x a n e  w ere p u ri­
fied  b y  th e  B e rn s a n d  F u o ss 3 a n d  L in d  an d  F u o ss 4 m e th ­
o d s , re sp ec tiv e ly . S p e c ific  c o n d u c ta n c e  w as 3 .3  X  1 0 - 8  

m h o  c m - 1  for th e  fo rm er a n d  w as n e g lig ib le  for th e  la tter . 
C o n d u c tiv ity  w ater w as p rep a red  b y  p a ssin g  d istilled  
w a ter th ro u g h  m ix e d -b e d  ion ex ch a n g e  resin  ju s t  before  
use a n d  its  sp ec ific  c o n d u c ta n c e  w as u su a lly  less th a n  8 X

(1) K. M iyoshi and T. Tom inaga, J. Phys. Chem.. in press.
(2) K. M iyoshi. J. Phys. Chen.. 76, 3029 (1972).
(3) D. S. Berns and R. IV'. Fuoss, J. Amer. Chem. Soc.. 82, 5585

(1960).
(4) J. E. Lind and R. M. Fuoss, J. Phys. Chem.. 65, 999 (1961).
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TABLE I: Derived Parameters

No. Ao a, A Ka L <xA

1 ° 159 .4 3  ±  0.04 4 .22  ±  0.04 0 12 4 7  ±  16, 0.046
2 14 2.4 6 ±  0.03 4.36 ±  0.06 0 14 3 3  ±  27 0.036
3 117 .4 8  ±  0.05 5.27  ±  0.05 0 2234 ±  42 0.059
4 10 7 .5 4  ±  0.05 5.58 ±  0.04 0 2 5 1 7  ±  45 0.055
5 96.29 ±  0.03 5.87 ±  0.03 0 2569 ±  33 0.029
6 89.68 ±  0.09 6.25 ±  0 .15 41 ±  1 1 2600 ±  240 0.009
7 8 7 .18  ±  0.04 6 .12  ±  0.05 59 ±  5 2030 ± 100 0.006
8 83.33  ±  0 .16 6 .71 ±  0.28 16 5  ±  29 2480 ±  570 0 .0 17
9 83.23 ±  0.02 6.75 ±  0.06 190 ±  7 2330 ±  140 0.009

10 80.42 ±  0.07 7 .16  ±  0 .15 332  ±  19 2640 ±  340 0.035
1 1 36.36 ±  0.04 6.21 ±  0.31 63 ±  7 3220 ±  90 0.009
12 36.58 ±  0.06 6.48 ±  0.36 82 ±  10 3640 ± 120 0.008
13 36.68 ±  0.08 6.85 ±  0.40 149 ±  19 130 0  ±  190 0 .0 15
14 36.61 ±  0.01 6.83 ±  0.21 303 ±  23 12400 ± 180 0.012
15 34.99 ±  0.08 6.48 ±  0 .10 453 ±  22 19 7 10  ± 1 20 0.008

a Parameters in mixture no. 1 are quoted from the paper by K. Miyoshi, Bull. C h em . S o c .  Jap ., in press.

1 0 - 7  m h o  c m - 1 . C a rb o n  te tra c h lo rid e  w a s w a sh e d  w ith  
c o n d u c tiv ity  w ater a n d  w as k ep t ov er a n h y d ro u s c a lc iu m  
ch lorid e  for severa l d a y s . T h e  filtra te  w as d istilled  
th rou g h  a 5 0 -c m  c o lu m n  p a ck e d  w ith  g la ss  b e a d s . Its  s p e ­
cific  c o n d u c ta n c e  w a s n e g lig ib ly  s m a ll . W a te r  c o n te n t w as  
fo u n d  to  b e  less  th a n  0 .0 1  an d  0 .0 0 5  w t %  for C H 3C N  an d  
C C U , re sp ec tiv e ly , b y  titra tio n  w ith  K a r l F isc h e r  rea gen t. 
S o lv e n t  m ix tu r e s  w ere p rep ared  in d iv id u a lly  b y  w eig h t  
ju s t  b efore  th e  m e a su r e m e n ts . D e n s itie s  o f  th e  m ix tu res  
w ere d e te r m in e d  in a 5 0 -m l , s in g le -n e c k  c a p illa ry  tu b e  
p y c n o m e te r  b y  c a lib ra tio n  w ith  w a ter at 2 5 ° . O b serv e d  
v a lu es  w ere in go od  a g re e m en t w ith  th o se  in terp o la te d  
fro m  th e  d a ta  b y  B e rn s a n d  F u o ss 3 for C H 3C N - C C I 4 

m ix tu r e s  an d  b y  L in d  a n d  F u o ss , 4 F a b ry  a n d  F u o s s , 5 a n d  
A c c a sc in a , et al.,6 for w a te r -d io x a n e  m ix tu r e s . T h u s  other  
p h y sic a l c o n sta n ts  w ere in terp o la te d  fro m  th e ir  v a lu e s .

Apparatus and Procedure. A ll  th e  e q u ip m e n t, ce lls , an d  
gen eral te c h n iq u e s  u sed  for c o n d u c ta n c e  m e a su r e m e n ts  
w ere th e sa m e  as th o se  d esc rib ed  p r e v io u s ly .2 C e ll so lu ­
tio n s w ere th e r m o sta te d  to  25  ±  0 .0 1 °  in  a d o u b le  w ater  
b a th  w ith  a m e r c u r y -in -g la ss  th e rm o reg u la to r . D ilu tio n  
te c h n iq u e  s im ila r  to  th a t  u se d  b y  P isto ia  a n d  P e c c i7 w as  
a p p lie d  to  v a ry  th e  sa lt  c o n c e n tra tio n . H o w e v e r , in  th e  
ca ses o f  C H 3C N - C C I 4 m ix tu res  w ith  low er d ie le c tr ic  c o n ­
s ta n t , so lu tio n  a d d itio n  te c h n iq u e 1 w a s u se d  b e c a u se  m e a ­
su r e m e n ts  m u s t  b e  m a d e  a t  low  s a lt  c o n c e n tra tio n s  ow in g  
to  th e  l im ita tio n  o f th e  a p p lic a b ilty  o f  th e  c o n d u c ta n c e  
th eory  a n d  b e c a u se  th e  v a lu e  o f  resista n ce  w as c h a n g ed  
s lig h tly  w ith  t im e , p ro b a b ly  d u e  to  th e  s lig h t d e c o m p o s i­
tio n  o f  th e  c h e la te  c a tio n . For e x a m p le , in  m ix tu re  n o . 10  
w ith  th e  lo w est D v a lu e , th e  in crease  w as a t  th e  rate  o f  
0 .0 4 5 % /h r .  T h e re fo re  a sm a ll co rrection  for re sista n ce  w as  
m a d e  b y  e x tr a p o la tin g  th e  o b served  re s ista n c e s  to  t = 0 .

R e s u lt s  a n d  D is c u s s io n

P h y sic a l c o n sta n ts  o f  th e  so lv e n t m ix tu res  (w e ig h t per  
ce n t o f  n o n p o la r c o m p o n e n ts  w, d ie le ctric  c o n sta n t D, v is ­
c o sity  in c e n tip o ise  77, an d  d en sity  d ) are g iven  in th e  m i ­
cro film  e d itio n  o f th is  jo u r n a l . 8 C o d e  n u m b e r s  are a d d ed  
for th e  id en tific a tio n  o f  th e  m ix tu r e s . T h e  o b serv e d  e q u iv ­
a le n t c o n d u c ta n c e  A  a n d  th e  c o rresp o n d in g  co n ce n tra tio n  
C in  e q u iv a le n ts  per liter are a lso  g iv en  in th e  m ic ro film  
e d it io n . 8 T h e s e  d a ta  w ere a n a ly z e d  w ith  th e  F u o s s -O n -  
s a g e r -S k in n e r  1965  c o n d u c ta n c e  th e o r y . 9 N o  v isc o sity  co r­

rectio n  w as m a d e . A ll  ca lc u la tio n s  w ere p erfo rm e d  on  a 
T O S B A C  3 4 0 0  e lectro n ic  c o m p u te r  u sin g  th e  le a s t -s q u a r e s  
m e th o d  p ro p o sed  b y  K a y .10

In  T a b le  I are su m m a r iz e d  th e  d er iv e d  c o n d u c ta n c e  p a ­
ra m e te rs  w here <tA  is a s ta n d a rd  d e v ia tio n . F igu re  1 sh o w s  
th e  d ep e n d e n c e  o f K a  on  D  o f th e  m e d iu m . I t  is c le a r ly  
seen  in th e  figu re th a t  th e  ch e la te  sa lt  is m o re  d isso c ia te d  
in  C H 3C N - C C I 4 m ix tu res  th a n  in  w a te r -d io x a n e  m ix tu res  
a t a g iven  D  w h en  D  is re la tiv e ly  h ig h . H o w e v e r , th e  p lo t  
o f  log  K \  v s . 1  /D sh ow s a c o n c a v e -d o w n w a rd  cu rva tu re  in  
w a te r -d io x a n e  m ix tu r e s . A  s im ila r  cu rva tu re  is o b serv ed  
for th e  c h e la te  sa lt  in  d ip o la r  p rotic  so lv e n ts  su c h  as n or­
m a l a lco h o ls  a n d  M e O H -C C U  m ix tu res  as seen  in  th e  f ig ­
ure w here th e  d a ta  o f  th e  ch e la te  s a lt  in  M E K ,  n o r m a l a l ­

c o h o ls , 2 a n d  M e O H -C C U  a n d  P h N C ^ -C C U  m ix tu r e s 1 are  
in c lu d e d  for co m p a riso n . R e c o m p u ta tio n  o f  th e  c o n d u c ­
ta n c e  d a ta  o f  B u 4N B r  in w a te r -d io x a n e  m ix tu r e s  o b ta in e d  
b y  M e r r ie r  a n d  K r a u s 1 1  w ith  th e  196 5  th e o ry  in d ic a te d  
th a t  B u 4N B r  h a s a b o u t  th e  sa m e  m a g n itu d e  o f  K a as th a t  
o f  th e  c h e la te  s a lt  in  th ese  m ix tu res  d esp ite  th e  fa c ts  th a t  
B r ~  ion  is m u c h  sm a lle r  th a n  C IO 4 “  ion  in  size  an d  th a t  
th e  te n d e n c y  o f  ca tio n s to  form  ion p airs w ith  a n io n s is 
e x p e c te d  to  b e  stro n g er for B u 4N +  ion  th a n  for th e  c h e ­
la te  c a tio n  o w in g  to  th e  d ifferen ce  in  ch a rg e  d e n s ity  on  
th e  tw o  c a tio n s . T h u s  it  is a ssu m e d  th a t  so lv a tio n  o f  
w a ter m o le c u le s  to  B r ~  ion d ecreases th e  io n ic  a sso c ia tio n  
o f  B u 4N B r  in  w a te r -d io x a n e  m ix tu r e s . T h is  so lv a tio n  p h e ­
n o m e n o n  is q u ite  s im ila r  to  th a t  o b serv e d  for B u 4N B r  in  
M e O H -C C U  m ix tu r e s .1  T h a t  is, in  th ese  m ix tu r e s  th e  
so lv a tio n  o f m e th a n o l to  B r _  ion  is a ssu m e d  to  d ecrease  
th e  e x te n t o f  ion ic a sso cia tio n  o f  B u 4N B r  to  th a t  o f  th e  
c h e la te  sa lt . H o w e v e r , in P h N 0 2 - C C U  m ix tu r e s , B u 4N B r  
h a s m u c h  larger a sso c ia tio n  c o n sta n t th a n  th e  c h e la te  sa lt

(5) T. L. Fabry and R. M. Fuoss, J. Phys. C hem .. 68, 971 (1964).
(6) F. Accascina, A. D'Aprano, and R. Triolo, J. Phys. C hem .. 71, 

3469 (1967).
(7) G. Pistoia and G. Pecci, J. P h ys. C hem .. 74, 1450 (1970).
(8) The data will appear following these pages in the microfilm edition 

of this volume of the journal. Single copies may be obtained from 
the Business Operations Office, Books and Journals Division, Ameri­
can Chemical Society, 1155 Sixteenth St., N.W., Washington, D. C. 
20036. Remit check or money order for $3.00 for photocopy or 
$2.00 for microfiche, referring to code number JPC-73-819.

(9) R. M. Fuoss, L. Onsager, and J. F. Skinner, J. Ph ys. C h em .. 69, 
2581 (1965).

(10) R. L. Kay, J. A m er. C h em . S o c .. 82, 2099 (1960).
(11) P. L. Mercier and C. A. Kraus, Proc. Nat. A ca d .  S c i.. U. S.. 41, 

1033 (1955).
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Ion Pair Formation of Bis(2,9-dimethyl-1,'l0-phenanthrollne) 821

Figure 1. The dependence of association constant on D: O, in 
CH3CN-CCI4 ; • ,  in PhN0 2 -CCI4; 0 , in MEK; ©, in normal alco­
hols; ▲ , in water-dioxane; A, in MeOH-CCI4.

TABLE II: Derived Distances in A and Values of E s/kT

MeOH-CCU PhN02-CCI4 CH3CN-CCI.

ak 4.4 (4.4) 4.2
Rœ + 3.3 3.2 4.0“

- 1.7 1.7 2 .1 “
R  =  R  „ + + flco 5.0 4.9 6 . 1

a 3.5-5.5 4.3-6.3 4.2-6.7
E S/KT + 0.09 + 3.1 +4.2

“  L im iting  equ iva len t conductances w ere sp lit accord ing  to the tra n s ­
port num bers obta ined by Kay, et a!., J. Phys. Chem.. 73, 471 (1969).

ow in g  to  th e  c o m p le te  la c k  o f  so lv a tio n  to  B r ~  ion a n d  to  
th e  d ifferen ce  o f  a n io n  size  a n d  o f  ch a rg e  d e n s ity  on th e  
c a tio n s . In  a d d itio n , th e  ch e la te  c a tio n  se e m s  to  b e  s ta b i ­
lized  b y  io n -d ip o le  in tera c tio n s in  P h N O i - C C U  m ix tu res .

T h e  d erived  d is ta n c e s  fro m  severa l sou rces are g iven  in  
T a b le  II to g e th e r  w ith  th o se  o b ta in e d  p re v io u s ly . 1 In  a d d i­
tio n , th e  v a lu e s  o f  th e  G ilk e rso n ’s te r m 12 c a lc u la te d  w ith  
th e  c o rresp o n d in g  ak v a lu e s  are in c lu d e d .

In Ka = In Ka° +  e2/akDkT -  Es/kT

T h e  co rresp o n d in g  v a lu e s  in w a te r -d io x a n e  m ix tu res  
c o u ld  n o t b e  o b ta in e d  b e c a u se  o f  e x tr e m e ly  low  so lu b ility  
o f th e  ch e la te  sa lt  in  b o th  w ater a n d  d io x a n e  a n d  o f  th e  
m a rk e d  c o n c a v e -d o w n w a rd  cu rva tu re  in  th e  p lo t o f  log  Ka 
os. 1/D. I t  is seen  in  th e  ta b le  th a t  ay. fro m  th e  slop e  in  
F igu re  1 is n e a r ly  e q u a l in  M e O H - C C l 4 , P h N 0 2 - C C l 4 , 
a n d  C H 3C N - C C I 4 m ix tu r e s , w h ereas jR „ + , th e  h y d r o d y ­
n a m ic  ra d iu s o f  th e  c a tio n  corrected  for th e  d ip o le  r e la x a ­
tio n 13  o f  th e  p olar c o m p o n e n ts , a n d  th e  Es/kT v a lu e  are  
th e  la rg est in  C H 3C N - C C I 4 m ix tu r e s . T h e re fo re  th e  c h e ­
late  sa lt  se e m s to  b e  m o re  d isso c ia te d  in C H 3C N - C C I 4 

m ix tu res  th a n  in d ip o la r  p r o tic -n o n p o la r  s o lv e n t m ix tu res  
su ch  as M e O H - C C B  a n d  w a te r -d io x a n e  m ix tu r e s , b y  th e  
so lv a tio n  o f  C H 3C N  m o le c u le s  to  th e  c h e la te  ca tio n  
(R„+) a n d  b y  io n -d ip o le  in tera c tio n s (Es/kT) b e tw een  
th e  c h e la te  c a tio n  a n d  C H 3C N  m o le c u le s . O n  th e  oth er  
h a n d , in  P h N 0 2 - C C l 4 m ix tu r e s , th e  c h e la te  c a tio n  is s t a ­
b ilize d  c h ie fly  b y  io n -d ip o le  in tera c tio n s  sin ce  Rm +  in  
th ese  m ix tu res  is n e a r ly  e q u a l to  th a t  o b ta in e d  in M e O H -

Figure 2. The dependence of the Walden products on D: large 
circles, lower abscissa scale; small circles, upper abscissa 
scale.

C C 14 m ix tu res  in w h ich  th e  c h e la te  sa lt  is th o u g h t  to  form  
a c o n ta c t ion  p a ir . 1 -2

S in c e  th e  c o n d u c ta n c e  d a ta  o f  B u 4N C 1 0 4 an d  B u 4N B r  
in  C H 3C N - C C I 4 m ix tu r e s  are n o t a v a ila b le  in litera tu re , 
th e  d ire ct co m p a riso n  w ith  th e  c h e la te  c a tio n  w ith  regard  
to  ion ic a sso c ia tio n  :s  im p o ss ib le . In s te a d , B e rn s and  
F u o ss 3 m e a su red  th e  c o n d u c ta n c e  o f  M e 4N B P h 4 in th ese  
m ix tu res  a n d  e s tim a te d  th e  ak a n d  R v a lu es  to  be  6.96 
a n d  6 .2 1 , resp ec tiv e ly , w h ich  are a litt le  larger th a n  th e  
co rresp on d in g  v a lu es  o f  th e  ch e late  sa lt . T h e  a sso cia tio n  
c o n sta n t is, h ow ever, larger b y  th e  ord er o f  0 .5  for 
M e 4N B P h 4 th a n  for th e  c h e la te  sa lt . T h is  d ifferen ce  in K a 
m a y  be re sp o n sib le  la rg e ly  for th e  d iffe re n ce  in th e  G ilk e r ­
so n ’s te rm  b e tw ee n  th e  tw o  sa lts  w ith  a p p ro x im a te ly  
e q u a l-s ize  h y d r o d y n a m ic  d ia m e te r  (th e  Es/kT v a lu e  is e s ­
t im a te d  to  be  zero for M e 4N B P h 4 in  th ese  m ix tu r e s ) . It 
sh o u ld  be n o ted  th a t  th e  Es/kT te rm  for th e  c h e la te  sa lt  
rep resen ts n o t o n ly  th e  io n -d ip o le  in tera c tio n s  b u t also  
th e  co n tr ib u tio n  fro m  th e  d ecrease  in  ch arge  d en sity  on  
th e  ch e late  c a tio n  arisin g  fro m  th e  co o rd in a tio n  b o n d  b e ­

tw een  C u (I)  a n d  th e  a r o m a tic  lig a n d s.
In  F igu re 2 , th e  W a ld e n  p ro d u c ts  in  severa l so lv en t  

m ix tu res  are p lo tte d  a g a in st D. L arge  circles refer to  the  
ch e la te  sa lt  a n d  sm a ll to  B u 4N B r  e x c e p t in  C H 3C N - C C I 4 

m ix tu r e s , in  w h ich  A rep resen ts th e  p lo t  o f  B U 4N N O 314 

a n d  B , o f  M e 4N B P h 4 . I t  is seen  in F igu re  2 th a t  th ese  
sa lts  sh ow  a s im ila r  d ep e n d e n c e  o f  th e  W a ld e n  p ro d u c t on  

D in  C H 3C H - C C I 4 a n d  P h N 0 2- C C l 4 m ix tu r e s . O n  th e  
oth er h a n d , in  w a te r -d io x a n e  a n d  M e O H - C C l 4 m ix tu res , 
th e  p lo t  h as larger c o n c a v e -d o w n w a rd  cu rva tu re  for th e  
c h e la te  sa lt  th a n  for B u 4N B r . T h u s  it is a ssu m e d  th a t so l­
v a tio n  o f w a ter a n d  m e th a n o l m o le c u le s  to  B r ion in ­
creases th e  h y d r o d y n a m ic  ra d iu s o f  th e  B r  ion a n d  th e re ­
b y  w ea k en s th e  e ffec t o f  th e  d ip o le  re la x a tio n  o f  th e  p olar  
c o m p o n e n ts  on  th e  W a ld e n  p ro d u c t.

It m a y  b e  c o n c lu d e d  th a t  th e  co n sid era tio n s d escrib ed  
a b o v e  a c c o u n t sa tis fa c to r ily  for th e  d ifferen ce  o f  th e  io n -  
ion  in tera ctio n s a n d  io n -s o lv e n t  in tera c tio n s  b e tw ee n  th e  
c h e la te  sa lt  a n d  B u 4N B r  in  d ip o la r  p r o tic -n o n p o la r  an d  
d ip o la r  a p r o tic -n o n p o la r  so lv e n t m ix tu r e s .

(12) W. Gilkerson, J. Chem. Phys.. 25, 1199 (1956); H. Sadek and R.
M. Fuoss, J. Amer. Chem. Soc.. 81,4507 (1959).

(13) R. M. Fuoss, Proc. Nat. Acad. Sci. U . S.. 45, 807 (1959).
(14) D. S. Berns and R. M. Fuoss, J. Amer. Chem. Soc.. 83, 1321

(1961).
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S o l v e n t  I s o t o p e  E f f e c t s  o n  t h e  I o n i z a t i o n  o f  H y d r o f l u o r i c  A c i d 1

A . J. K r e s g e *  and  Y . C h ia n g

D e p a r tm e n t  o f  C h e m is t r y ,  I l l in o is  I n s t i tu t e  o f  T e c h n o lo g y ,  C h ic a g o .  I l l in o is  6 0 6 1 6  ( R e c e iv e d  O c to b e r  6, 1 9 7 2 )

M e a s u r e m e n ts  o f  flu o rid e  ion a c tiv itie s  u sin g  a se le c tiv e -io n  e lectro d e  a n d  h y d rogen  ion a c tiv itie s  u sin g  a 
q u in h y d ro n e  e lectro d e  w ere p erfo rm e d  on  d ilu te  h yd ro flu o ric  a c id  a n d  h yd rogen  f lu o r id e -s o d iu m  flu o rid e  
b u ffe r  so lu tio n s in  H 2O  a n d  D 2O . T h e s e  d e te r m in a tio n s  le a d  to  p A ( H 20 )  =  3 .1 6 5  ±  0 .0 0 7 , i£X H 20 ) /  
K ( D 20 )  =  2 .0 5  ±  0 .0 4  for H F  =  H +  +  F ~ ,  a n d  p K ( H 20 )  =  - 0 . 5 9 8  ±  0 .0 1 0 , K ( H 20 ) / K ( D 20 )  =  1 .1 3  ±  
0 .0 3  for H F  +  F _  =  H F 2 " .  C a lc u la tio n s  sh ow  th a t  th e  d o m in a n t  co n tr ib u tio n  to  e a c h  iso to p e  e ffec t  
c o m e s  fro m  th e  tw o fo ld  c h a n g e  in th e  m o m e n ts  o f  in ertia  o f  h y d rogen  flu o rid e  p ro d u c ed  b y  iso to p ic  s u b ­
s titu tio n ; z e r o -p o in t en ergy  e ffe c ts  are s m a ll , p r in c ip a lly  b e c a u se  h yd rogen  flu o rid e , b e in g  a d ia to m ic  
m o le c u le , h as n o  b e n d in g  v ib ra tio n s .

H y d r o g e n  flu o rid e  is th e  o n ly  d ia to m ic  ac id  a v a ila b le  in  
a q u eo u s  so lu tio n  w ith  w h ich  acid  c a ta ly s is  m a y  b e  stu d ie d  
c o n v e n ie n tly . A s  su c h , it  p resen ts a n u m b e r  o f  u n iq u e  o p ­
p o rtu n ities  for in v e stig a tin g  a c id -b a s e  c a ta ly s is 2 a n d  iso ­

to p e  e ffe c ts .3

In  th is  p a p e r , w e d eterm in e  th e  s o lv e n t iso to p e  e ffe c t on  
th e  a c id  io n iz a tio n  o f  h yd rogen  flu o rid e  (eq  1 ) as  w ell as  
on th e  oth er io n iz a tio n  rea ctio n  w h ich  it  u n d ergo es in  
a q u eo u s  so lu tio n : a sso c ia tio n  w ith  flu o rid e  ion  to  give  h y ­
d ro g en  b iflu o rid e  (eq  2 ) . T h e s e  are q u a n tit ie s  w ith o u t  
w h ich  a c cu ra te  e v a lu a tio n  o f k in e tic  iso to p e  e ffe c ts  on  
p ro to n  tra n sfer  fro m  h yd roflu o ric  a c id  is n o t p o ssib le . 
H o w e v e r , th e  e q u ilib r iu m  iso to p e  e ffec ts  are o f  co n sid er­
a b le  in terest in  th e m se lv e s , for th e y  are co n tro lled  b y  the  
sa m e  fa cto rs  w h ich  m a k e  th e  k in e tic  iso to p e  e ffe c ts  u n ­

u su a l.

H F  +  H zO  =  H 30 + +  F ~  (1)

H F  +  F  =  H F 2~ (2 )

T h e  fa c t  th a t  h yd rogen  flu o rid e  a sso c ia te s  w ith  flu orid e  
ion  in  a d d itio n  to  io n izin g  as an  a c id  is a c o m p lic a tio n  
w h ich  red u ces th e  a c cu ra cy  w ith  w h ich  th e  e q u ilib r iu m  
c o n sta n t o f  e ith er rea ctio n  m a y  be d e te r m in e d . In  order to  
c o m p e n sa te  for th is , an  a d d itio n a l q u a n tity  w as m e a su red  
in  th e  p re sen t w ork ; h yd rogen  ion a c tiv itie s  w ere d e te r ­
m in e d  in th e  u su a l w a y  w ith  a p H  se n sitiv e  e le ctro d e  an d  
flu o rid e  ion  a c tiv itie s  w ere m e a su red  w ith  a flu o rid e  ion  
se le c tiv e -io n  e lectro d e . S in c e  h yd ro g en  flu o rid e  a tta c k s  
g la ss , a q u in h y d ro n e  e lectro de  w as s u b s t itu te d  for th e  
m o re u su a l g la ss  e lectro d e  in  m a k in g  th e  p H  d e te r m in a ­
tio n s.

E x p e r im e n t a l  S e c t io n

S to c k  so lu tio n s o f  h yd ro g en  flu o rid e  (B a k e r , A R ) ,  so d i­
u m  flu o rid e  (M a llin c k r o d t , A R , d ried  a t  110 ° for 24  h r), 
a n d  h yd rogen  ch lo rid e  (M a th e s o n , R e a g e n t) w ere m a d e  
fro m  d e io n iz e d  H 20 ,  p u rified  fu rth er b y  d is tilla tio n  from  
p o ta ss iu m  p e r m a n g a n a te  a n d  so d iu m  h y d r o x id e , or D 20  
(B io -R a d  L a b o ra to rie s , 9 9 .8  a to m  %  d e u te r iu m ) as re ­
ce iv e d . A ll  so lu tio n s w ere p rep ared  a n d  d ilu te d  b y  w eig h t, 
an d  p o ly e th y le n e  v e sse ls  (b ea k ers  w ith  fitte d  c a p s or 
sc rew -c a p  d ro p p in g  b o ttle s )  w ere u sed  e x c lu siv e ly  for all 
flu o rid e  so lu tio n s . A c id  co n ce n tra tio n s w ere v erified  b y  
titra tio n  w ith  sta n d a rd  b a se , a n d  so d iu m  flu o rid e  so lu ­

tio n s w ere ch e ck e d  p o te n tio m e tr ic a lly  a g a in st  flu orid e

sta n d a rd s  (O rio n  R e sea rch , I n c .) . F resh  h y d ro g en  flu o rid e  
a n d  so d iu m  flu o rid e  sto ck  so lu tio n s w ere p rep ared  d a ily .

E le c tro d e  p o te n tia ls  w ere m e a su red  w ith  a B e c k m a n  
R esea rch  p H  m e te r  (M o d e l 1019) a g a in st  an  O rio n  s in g le ­
ju n c tio n  referen ce e lectro d e  (M o d e l 9 0 -0 1 )  w h ic h  h as a 
fib e r  tip  a n d  p la s tic  b o d y . T h e  se le c tiv e -io n  e le ctro d e  w as  
a B e c k m a n  la n th a n u m  flu orid e m e m b r a n e  a s s e m b ly  
(M o d e l  3 9 6 0 0 ) , a n d  a le n g th  o f s t if f  p la tin u m  w ire served  
as th e  q u in h y d ro n e  e le ctro d e ; so lu tio n s to  b e  m e a su red  
w ere sa tu ra te d  w ith  q u in h y d ro n e  (F ish er , R e a g e n t) .

A ll  th ree  e lectro d es  w ere su p p o rted  in  a sn u g ly  f ittin g  
T e flo n  ca p  s p e c ia lly  c o n stru cte d  for th e  p la s tic  b ea k ers  in  
w h ich  th e  m e a su r e m e n ts  w ere m a d e . T h e s e  b eak ers w ere  
c la m p e d  in a c o n sta n t te m p e ra tu re  b a th  o p e ra tin g  a t  2 5 .0  
±  0 .0 1 ° , a n d  a t  le a st 3 0  m in  w as a llo w ed  for th eir co n te n ts  
to  rea ch  b a th  te m p e ra tu re . P o te n tia ls  w ere m e a su r e d  a t  
le a st in  d u p lic a te  a n d  w ere re p ro d u c ib le  to  0 .1  m V . B o th  
ce lls  w ere c a lib ra te d  a g a in st referen ce so d iu m  flu o rid e  or 
h yd ro g en  ch lo rid e  so lu tio n s im m e d ia te ly  b efore  e a ch  s e ­
ries o f  m e a su r e m e n ts .

R e s u lt s

P o te n tia ls  o f  th e  tw o  ce lls  w ere tr a n sla te d  in to  h y d rogen  
an d  flu o rid e  ion a c tiv itie s  w ith  th e  a id  o f  re la tio n sh ip s  b e ­
tw een  E a n d  A ( H + ) or A ( F ~ )  o b ta in e d  fro m  c a lib ra tio n  
m e a su r e m e n ts  on  referen ce so lu tio n s . T h e s e  ca lib ra tio n  
cu rves w ere d e te r m in e d  d a ily ; e a ch  w as b a s e d  u p o n  m e a ­
su r e m e n ts  on  six  to  e ig h t so lu tio n s o f  d iffe re n t c o n c e n tr a ­
tio n  d esig n e d  to  p ro v id e  a range o f E a p p ro p ria te  to  th e  
u n k n o w n s b e in g  e x a m in e d  a t  th e  t im e . C o n c e n tra tio n s  o f  
th ese  referen ce so lu tio n s  w ere co n v e rted  in to  a c tiv itie s  
u sin g  a c tiv ity  co e ffic ie n ts  e s tim a te d  b y  th e  D e b y e -H iic k e l  
fo rm u la  w ith  an  io n -s iz e  p a ra m e te r  o f  4 .5  A . In  a ll ca ses , 
th e  re la tio n sh ip  b e tw ee n  E a n d  log  A  w as a c c u r a te ly  l in ­

ear, a n d  s lop es w ere gen era lly  w ell w ith in  1 %  o f th e  th e o ­
re tic a lly  e x p e c te d  v a lu e . B e s t  v a lu es  o f  th e  slo p e  a n d  in ­

te rc ep t p a r a m e te rs  w ere o b ta in e d  b y  le a st-sq u a r e s  a n a ly ­
sis , a n d  th ese  w ere th e n  u sed  to  c a lc u la te  a c tiv itie s  fro m  
th e  p o te n tia ls  o f  th e  u n k n ow n  so lu tio n s . R e fe re n ce  so lu -
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TABLE I: Summary of Experimental Results

102[HF]sa 102[NaF]sa
No. of solutions 

measured pKi6 P K26

H20
5.4-0.58 8 3.164 ±  0.002
3.1-0.33 7 3.156 ±  0.003
8.7-0.78 8 3.166 ±  0.005

10.9-0.92 8 3.157 ±  0.001
6.0-0.63 8 3.159 ±  0.003
2.7-0.30 7 3.161 ±  0.003
2.1-0.21 7 3.167 ±  0.005

A v 3.161 ±  0.004
53-22 10 5 3.181 ±  0.004 -0.589 ±  0.011
45-18 8.5 5 3.169 ±  0.004 -0.605 ±  0.003
45-8.7 5.^ 7 '3.164 ±  0.003 -0.587 ±  0.005
38-12 6.£ 6 3.171 ±  0.005 -0.605 ±  0.001
45-10 3.5 6 3.172 ±  0.003 -0.606 ±  0.005

Av 3.171 ±  0.006 -0.598 ±  0.010
K 1 = (6.85 ±0.11) X 10-4; K 2 =  3.96 ±  0.09

D20
44-8.7 7.8-5.3 5 3.474 ±  0.002 -0.541 ±  0.003
47-16 6.5 6 3.475 ±  0.007 -0.540 ±  0.002
50-15 4.6 6 3.475 ±  0.007 -0.547 ±  0.003
49-15 8.4 6 3.476 ±  0.006 -0.548 ±  0.003
49-16 4.5 6 3.480 ±  0.003 -0.545 ±  0.001

Av 3.476 ±  0.006 -0.545 ±  0.004
K, = (3.34 ±  0.04) X  1 0 - 4; K 2 =  3.50 db 0.03 

K ì i_H20 ) / K ì (D 20 )  = 2.05 ±  0.04; K2(H20 )/K 2(D20) = 1.13 ±  0.03

a Stoichiometric concentrations. 6 Error limits are standard deviations.

tio n s p rep a red  fro m  H 2O  w ere u sed  for th e  w ork in  D 2O  as  
w ell as th a t  in H 20 ,  a fte r  it  w as e s ta b lish e d  th a t  £ ° ( D 2 0 ) 
-  £ ° ( H 20 )  is c o n sta n t for b o th  e le c tro d e s ; th e  v a lu e  o f  
th is  q u a n tity  w a s 2 9 .6 5  ±  0 .2 5  m V  for th e  q u in h y d ro n e  
e lectro d e  a n d  - 0 . 3 1  ±  0 .0 4  m V  for th e  flu o rid e  ion e le c ­
trod e .

H y d ro g en  ion  a n d  flu o rid e  ion  a c tiv itie s  e v a lu a te d  in  
th is  w a y  w ere u sed  d ire c tly  in  th e  e x p re ssio n s for pK± a n d  
pK2 (eq  3 a n d  4 ) .  T h e y  w ere a lso  co n v e rted  in to  h yd rogen  
ion  a n d  flu o rid e  ion  co n c e n tra tio n s , fro m  w h ich , b y  s im p le  
s to ic h io m e try , th e  c o n c e n tra tio n s o f  th e  o th er so lu te  
sp ec ies c o u ld  b e  c a lc u la te d ; th is  led  to  th e  oth er activ itie s  
n eed ed  to  e v a lu a te  p A i  a n d  pK2. In  th e se  c a lc u la tio n s  th e  
a c tiv ity  co e ffic ie n t o f  H F  w as ta k e n  to  be  u n ity , a n d  th ose  
for th e  ion ic sp ec ies  w ere e s tim a te d  a s  for th e  referen ce  
so lu tio n s , i.e., b y  th e  D e b y e -H u c k e l  fo rm u la  w ith  an  io n - 
size  p a ra m e te r  o f  4 .5  A . In  th is  ca se , h ow ever, th e  ionic  
stren g th  w as n o t k n o w n  in  a d v a n c e , a n d  th e  c a lc u la tio n s  
h a d  to  b e  d on e  in  an  in tera tiv e  fa sh io n ; th e y  w ere p er ­
fo rm ed  on  a p ro g ra m m a b le  d esk  c a lc u la to r  ( W a n g  M o d e l  
3 6 2 ) .

pK, =  - l o g  A ( H + ) A ( F ~ ) /A ( H F )  ( 3 )

PK2 = - l o g  A ( H F 2- ) / A ( H F ) A ( F “ ) (4 )

M e a s u r e m e n ts  in  H 2O  w ere m a d e  on  u n b u ffered  so lu ­
tio n s  p rep a red  fro m  h yd ro flu o ric  a c id  a lo n e  a n d  a lso  on  
so lu tio n s w ith  a d d e d  flu o rid e  ion  (T a b le  I ) .  T h e  u n b u f­
fered  so lu tio n s c o n ta in ed  litt le  H F 2 a n d  w ere th u s  o f  l i t ­
tle  v a lu e  in d e te r m in in g  pK2; th e ir  io n ic  stren g th s , h o w ­
ever, w ere very  low  (I = 0 .0 0 0 1 -0 .0 0 1  M), a n d  e s tim a te s  o f  
a c tiv ity  c o e ffic ie n ts  c o u ld  th erefore  b e  e x p e c te d  to  b e  very  
go od . S in c e  th ese  so lu tio n s ga ve  e sse n tia lly  th e  sa m e

v a lu e  o f  pKi as th e  b u ffers w h ose io n ic  stren g th s w ere  
co n sid era b ly  h ig h er (I =  0 .0 3 -0 .0 1  M ) ,  it  w as co n clu d ed  
th a t  a c tiv ity  c o e ffic ie n ts  w ere e s tim a te d  co rrectly  in  th e  
la tte r  cases as w ell. M e a s u r e m e n ts  in  D 20  w ere therefore  
p erfo rm ed  in  b u ffe r  so lu tio n s  a lo n e . In  no case  co u ld  co n ­
s iste n t tren d s in  pKi or pK2 w ith  io n ic  s tren g th  b e  d e ­
te c te d , a n d  th e  resu lts  w ere th erefore  s im p ly  averaged  
ra th er th a n  e x tr a p o la te d  to  I  =  0 . A v e ra g e s  for se ts  o f  e x ­
p e r im e n ts  p erfo rm e d  on  a sin g le  d a y  as w ell as  o v erall a v ­
erages are p re sen te d  in  T a b le  I.

T h e  w eig h te d  average  v a lu e  o f  pK-i o b ta in e d  h ere , 3 .1 6 5  
±  0 .0 0 7 , is in  go od  a g re e m e n t w ith  th e  e a rly  p o te n tio m e t-  
ric w ork  o f B ro e n e  a n d  D e  V r ie s , 4 w h o  rep ort 3 .1 7 , as  w ell 
as th a t  o f  E ll is , 5 w h o  u se d  a  c o n d u c to m e tr ic  m e th o d  to  
g et 3 .1 8  ±  0 .0 1 . S ev era l m o re  re c e n t in v estig a tio n s  h ave  
u sed  a flu o rid e  ion e lectro d e  s im ila r  to  th e  on e e m p lo y e d  
h ere. B a u m a n n ’s6 resu lt, 3 .1 6 4  ±  0 .0 1 0 , is in  ex ce llen t  
a g re e m en t w ith  ou rs, an d  V a n d e r b o r g h ’.s7 v a lu e , as  re c a l­
c u la te d  b y  P a te l, M o r e n o , a n d  P a te l , 8 3 .2 1  ±  0 .0 3 , is n ot 
s ig n ific a n tly  d iffe re n t. P a te l, M o r e n o , a n d  P a te l th e m ­
se lv es rep ort 3 .2 3 3  ±  3 .0 0 2 , in poor a g re e m en t w ith  the  
p resen t w ork. T h e  v a lu e  o f  pK\ o b ta in e d  here a lso  gives a 
se lf-c o n s is te n t k in e tic  a n a ly sis  o f  ra tes  o f  h y d ro ly sis  o f  
e th y l v in y l eth er m e a su red  in b u ffe r e d  an d  u n b u ffe r e d  h y ­
d roflu oric a c id  so lu tio n s , a n d  it  is in  good  a g re e m en t w ith  
th e  resu lts  o f  in d ica to r  e x p e r im e n ts  carried  o u t in  c o n ­
ju n c tio n  w ith  th a t  k in e tic  w o rk .2b T h e  P a te l, M o r e n o , and

(4) H. H. Broene and T. J. De Vries, J .  A m e r .  C h e m . S o c . .  69, 1644 
(1947).

(5) A. J. Ellis, J. C h e m . S o c . .  4300 (1966).
(6) E. W. Baumann, J .  In o r g .  N u c l.  C h e m ..  31, 3155 (1969).
(7) N. F. Vanderborgh, T a la n ta .  15, 1009 (1968).
(8) P. R. Patel, E. C. Moreno, and J. M. Patel, J . R e s . N a t l .  B u r .  

S ta n d . .  S e c t.  A . 75, 205 (1971).
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TABLE II: Results of Isotope Effect Calculations"

Reaction M M IplusLIBR EXC ZPE K(H20 )/K (D 20)

HF +  H20 = H30+ +  F- 1.012 2.009 0.985 0.803 1.607
HF + F”  = HF2”  1.036 1.903 0.971 0.663 1.268

Q(HF)/Q(DF) = 0.04946 Q(HF2” ) /Q(DF2” ) = 0.06273

a T =  25°.

P a te l v a lu e , on  th e  oth er h a n d , agrees less w ell w ith  th e  
in d ic a to r  d e te r m in a tio n s  a n d  gives an  in c o n siste n t k in etic  
a n a ly s is ; w h en  th e  sp ec ific  rate for c a ta ly s is  b y  H F  e v a lu ­
a te d  fro m  th e  e x p e r im e n ts  in  u n b u ffered  so lu tio n s  is u sed  
to  c a lc u la te  ra tes  for th e  b u ffers , v a lu e s  so m e  1 0 %  greater  
th a n  o b serv ed  ra tes are o b ta in e d . T h is  d isc r e p a n c y  is w ell 
b e y o n d  th e  a c c u ra c y  o f  th e  k in e tic  m e th o d  a n d  is, m o re ­
over, in  a d irectio n  o p p o site  to  th a t  e x p e c te d  for a d d itio n ­
a l c a ta ly s is  b y  th e  b iflu o rid e  ion .

T h e  average  va lu e  o f p X 2 o b ta in e d  h ere , —0 .5 9 8  ±  
0 .0 1 0 , is in  good  a g re e m en t w ith  a ll p rev io u s rep orts o f  
th is  q u a n tity : —0 .5 9 , 4 —0 .5 3  ±  0 .0 6 ,5 a n d  —0 .7  ±  0 .2 . 6

D is c u s s io n

Isotope Effect on the Acid Dissociation of Hydrogen 
Fluoride. S o lv e n t iso to p e  e ffec ts  on  a c id  d isso c ia tio n  co n ­
s ta n ts  orig in ate  for th e  m o st p a rt in  z e r o -p o in t en ergy  d if ­
feren ces b e tw ee n  re a c ta n ts  an d  p ro d u c ts , a n d , for ac id s  
s im ila r  in s tren g th  to  h yd rogen  flu o rid e , g e n e ra lly  a m o u n t  
to  a b o u t  a fa c to r  o f  3 ( .K fH 20 ) / .K X D 20 ) ) . 9 T h e  e ffec t o b ­
serv ed  h ere, 2 .0 5  ±  0 .0 4 , is th erefore  s o m e w h a t w eaker  
th a n  co u ld  h a v e  b e e n  a n tic ip a te d . I t  m ig h t , m o reov er , b e  
u n u su a l in a n o th er re sp ec t, for h y d ro g e n  flu o rid e  is a 
s m a ll  d ia to m ic  m o le c u le  a n d  p ro p erties oth er th a n  its  
z e r o -p o in t en ergy  c o u ld  b e  a ffec te d  a p p re c ia b ly  b y  iso to ­
p ic  s u b s t itu t io n . In  order to  in v estig a te  th is  p o in t , as  w ell 
as to  a t te m p t  to  a c c o u n t for its  m a g n itu d e , w e p erfo rm ed  
a th e o re tica l c a lc u la tio n  o f  th is  iso to p e  e ffec t.

T h e  c a lc u la tio n  w as carried  o u t in  th e  u su a l w a y  b y  fo r ­
m u la tin g  th e  iso to p e  e ffec t in te rm s o f  ra tio s  o f  p a rtitio n  
fu n c tio n s  o f  iso to p ic a lly  su b st itu te d  m o le c u le s  (eq  5 ) . 10 

T h e  p a r titio n  fu n c tio n  ra tio s for h y d r o n iu m  ion  a n d  w ater  
are a v a ila b le  fro m  a re c e n t se m ith e o r e tic a l d e te r m in a tio n .1 1  

T h a t  for h yd ro g en  flu o rid e  w a s e v a lu a te d  u sin g  th e  v ib r a ­
tio n a l fre q u e n c y  m e a su r e d  for H F  in  H 20  so lu tio n 12  a n d  th e  
th e o r e tic a lly  e x p e c te d  iso to p ic  sh ift , i.e., c (D F )  =  H H F j  
( ^ ( H F ) / /z ( D F ) ) l /2 , w here ¿¿(H F ) a n d  fi(D F )  are th e  re d u ce d  
m a sse s  o f  H F  a n d  D F , re sp ec tiv e ly .

^ ( H 20 ) /F T ( D 20 )  =

( Q ( H 30 + ) /Q ( D 30 + ) ) / ( Q ( H 20 ) / Q ( D 20 ) ) ( Q ( H F ) /Q ( D F ) )

( 5 )

T h e  resu lt, / i ( H 20 ) / / C ( D 20 )  =  1 .6 1 , is in  re a so n a b ly  
go od  a g re e m en t w ith  th e  e x p e r im e n ta l v a lu e , co n sid erin g  
th e  ill-d e fin e d  n a tu re  o f th e  v ib ra tio n a l b a n d  o f  h yd rogen  
flu o rid e  in  a q u eo u s s o lu t io n . 12  U se  o f  th e  g a s -p h a se  v ib r a ­
tio n a l freq u en cy , w h ich  is k n ow n  w ith  m u c h  g reater a c c u ­
r a c y , 13 g ives a re su lt ( / f ( H 20 ) / i C ( D 20 )  =  2 .2 5 )  in  even  
b e tter  a g re e m en t w ith  e x p e r im e n t, b u t  th is  w o u ld  se em  to  
b e  u n ju stifie d  in  v iew  o f  th e  fa c t  th a t  th e  e x p e r im e n ta l  
va lu e  refers to  a q u eo u s so lu tio n .

T h e s e  c a lc u la tio n s  in c lu d e  m e d iu m  e ffe c ts  on  th e  tr a n s­
fer o f  h y d ro n iu m  ion  a n d  w ater sp ec ies  fro m  H 20  to  D 20  
(a s  lib ra tio n a l fre q u e n cy  c o n tr ib u tio n s to  Q ( H 30 + ) /

Q ( D 30 + )  a n d  Q ( H 20 ) / Q ( D 20 ) ) ,  b u t  th e y  d o  n o t a llo w  for  
s im ila r  e ffec ts  on  h yd rogen  flu o rid e  or th e  flu o rid e  io n . 
T w o  d iffe re n t e s tim a te s  o f  th e  free en ergy  o f  tra n sfer  o f  
flu o rid e  io n 14  b o th  p re d ict a m e d iu m  e ffec t for th is  
sp ec ies w h ich  c o n tr ib u te s  a fa cto r  o f  0 .8 5  to  K(H 20 ) /  
X ( D 20 ) .  T h e  m e d iu m  e ffec t on  h y d ro g en  flu o rid e  is m o re  
d iffic u lt  to  a sse ss ; it  is , h ow ever, lik e ly  to  b e  s m a ll .

F o r tu n a te ly , m u c h  o f  th e  in sig h t w h ich  th ese  c a lc u la ­
tio n s p ro v id e  in to  th e  n atu re  o f  th is  iso to p e  e ffe c t  d o es  n o t  
d e p e n d  a t all stro n g ly  u p on  m e d iu m  co rrection s or th e  
ch o ice  o f  v ib ra tio n a l freq u en cy . T a b le  II lis ts  se p a ra te ly  

th e  c o n tr ib u tio n s  to  th e  overall e ffe c t m a d e  b y  th e  tr a n s ­
la t io n a l ( M ) ,  ro ta tio n a l ( M I  p lu s  L I B R ) , B o lt z m a n n  e x c i ­
ta tio n  o f  v ib ra tio n a l lev els  ( E X C ) ,  a n d  z e r o -p o in t en ergy  
( Z P E )  p a rts  o f  th e  p a rtitio n  fu n c tio n  ra tio s . I t  m a y  be  
seen  th a t  th e  d o m in a n t  fa cto r  is p ro v id ed  b y  M I  p lu s  
L I B R . M u c h  o f  th a t , m o reov er, m a y  be tra c ed  to  th e  e f ­

fe c t  o f  iso to p ic  su b st itu t io n  on th e  tw o  p rin c ip a l m o m e n ts  
o f  in ertia  o f  h y d ro g e n  flu o rid e ; th is  a lo n e  c o n tr ib u te s  1 .9 0  
to  X ( H 20 ) / H ( D 20 ) .  T h e  lib ra tio n a l m o tio n s  o f  w ater a n d  
th e  h y d ro n iu m  ion , w h ich  rep la ce  free ro ta tio n  in  th ese  
sp ec ies , a d d  a n o th er fa c to r  o f  1 .0 6  to  b rin g  th e  overall 
ro ta tio n a l c o n tr ib u tio n  u p  to  2 .0 1 .

In  co n tra st to  th is , th e  z e r o -p o in t en ergy e ffe c t  is sm a ll  
an d  a c tu a lly  in v erse . T h is  is a d ire c t co n seq u en c e  o f  th e  
fa c t  th a t  h yd rogen  flu o rid e  h as n o  b e n d in g  v ib ra tio n s . 
E v e n  th o u g h  its  sin g le  stre tch in g  fre q u e n cy  is h ig h , i»(H F) 
=  3 4 5 0  c m ' 1 , 12  th a t  a lon e  is n o t e n o u g h  to  o ffse t th e  d if ­
feren ce  b e tw ee n  th e  freq u en cy  s u m s  for h y d ro n iu m  ion  
a n d  w ater, 2 k ( H 30 + )  -  2 i/ ( H 20 )  =  1 2 ,3 2 0  -  8 5 5 0  =  3 7 7 0  
c m - 1 . 1 1  A s  a re su lt, th e  p ro d u c t o f  th is  re a c tio n  ( H 30 + )  
h a s n ea rly  0 .5  k c a l m ore zero -p o in t en ergy  th a n  th e  to ta l  
for b o th  re a c ta n ts  ( H F  a n d  H 20 ) ,  a n d  th e  z e r o -p o in t e n er­
g y  fa cto r  in  th e  iso to p e  e ffec t is th erefore  less th a n  u n ity .

It is o f  in terest to  c o m p a re  th is  s itu a tio n  w ith  th e  s o l­

v e n t  iso to p e  e ffe c t  on  th e  acid  io n iza tio n  o f  a less  u n u su a l  
su b stra te . A  ty p ic a l ca rb o x y lic  a c id , for e x a m p le , h a s  one  
stretc h in g , p (O H ) = : 3 0 0 0  c m ” 1, a n d  tw o  b e n d in g  v ib r a ­
tio n s , ¡»(O H ) ^  140 0  a n d  9 0 0  c m ” 1 , 15  w h ich  are se n sitiv e  
to  iso to p ic  s u b s t itu t io n . T h e  su m  o f  th e se  freq u en cies , 
5 3 0 0  c m - 1 , is co n sid era b ly  greater th a n  th e  d ifferen ce  b e ­
tw een  th e  s u m s  for h y d ro n iu m  ion  a n d  w ater , 3 7 7 0  c m ” 1,

(9) P. M. Laughton and R. E. Robertson in “Solute-Solvent Interac­
tions," J. F. Coetzee and C. D. Ritchie, Ed., Marcell Dekker, New 
York, N. Y., 1969. p 407.

(10) L. Melander, "Isotope Effects on Reaction Rates,” Ronald Press, 
New York, N. Y., 1960; W. A. Van Hook in “Isotope Effects in 
Chemical Reactions,” C. J. Collins and N. S. Bowman, Ed., Van 
Nostrand-Reinhold, New York, N. Y., 1970, Chapter 1.

(11) R. A. More O’Ferrall, G. W. Koeppl, and A. J. Kresge, J. A m e r. 
C hem . S o c ., 93, 1 ,9  (1971).

(12) H. H. Hyman, M. Kilpatrick, and J. J. Katz, J. A m e r. C he m . S o c .. 
79, 3668 (1957).

(13) K. Nakamoto, "Infrared Spectra of Inorganic and Coordination 
Compounds," 2nd ed, Wiley-lnterscience, New York, N. Y., 1970, p 
78.

(14) C. G. Swain and R. W. Bader, T e tra h e d ro n , 10, 182 (1960); E. M. 
Arnett and D. R. McKelvey in ref 9, p 407.

(15) L. J. Bellamy, “The Infrared Spectra of Complex Molecules," Wiley, 
New York, N. Y., 1960, Chapter 10.
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an d  th a t m a k e s  th e  iso to p ic a lly  se n sitiv e  z e r o -p o in t en er­
gy  o f  th e  rea ctio n  p ro d u c t in th is  c a se  so m e  2 .2  k ca l less 
th a n  th e  to ta l for th e  re a c ta n ts . T h is  c o n tr ib u te s  a factor  
o f  a p p ro x im a te ly  3 .0  to  Fl( H 20 ) / .K X D 20 ) .  It is lik ely , 
m o reov er, th a t  th is  w ill b e  th e  o n ly  s ig n ific a n t c o n tr ib u ­
tio n  to  th is  iso to p e  e ffe c t, for th e  m o m e n ts  o f  in ertia  o f  
th e  ca rb o x y lic  a c id  w ill be re la tiv e ly  in se n sitiv e  to  iso to p ic  
su b stitu tio n , an d  M  a n d  E X C  w ill p r o b a b ly  c o n tr ib u te  
litt le  as w ell.

O th er  w ea k  p o ly a to m ic  a c id s  w ill b e h a v e  s im ila r ily , i.e., 
w ill receive m in o r  to  n e g lig ib le  c o n tr ib u tio n s  fro m  M ,  M I  
p lu s L IB R , a n d  E X C  to  so lv en t iso to p e  e ffec ts  on  th eir  
a c id  io n iza tio n  eq u ilib r ia , w h ich  lea v e s  z e r o -p o in t en ergy  
effec ts  as th e  o n ly  im p o r ta n t  fa c to r . T h e  iso to p e  e ffec t on  
th e  io n iz a tio n  o f  h y d ro g e n  flu o rid e  is th erefore  ex tra o rd i­
n ary  in  b e in g  p r in c ip a lly  ro ta tio n a l a n d  n o t v ib ra tio n a l  
( Z P E )  in  origin .

Isotope Effect on the Association of Hydrogen Fluoride 
with Fluoride Ion. T h e  p ro p erties o f  h yd ro g en  flu o rid e  
w h ich  m a k e  th e  iso to p e  e ffe c t  on  its  a c id  io n iz a tio n  e x c e p ­
tio n a l also  in flu en c e  th e  e ffe c t on  its  a sso c ia tio n  w ith  f lu o ­
ride ion . A g a in , th is  b e c o m e s  a p p a r e n t w h en  a th eo retica l  
c a lc u la tio n  o f th e  iso to p e  e ffe c t is carried  o u t. T h is  c a lc u ­
la tio n  w as p erfo rm e d  on  th e  b a s is  o f  eq  6  u sin g  th e  va lu e  
o f Q ( H F ) /Q ( D F )  o b ta in e d  as d esc rib e d  a b o v e  fro m  th e

X ( H 20 ) / .K ( D 20 )  =  ( Q ( H F 2- ) / Q ( D F 2 - ) ) / ( Q ( H F ) /Q ( D F ) )

( 6 )

v ib ra tio n a l fre q u e n c y  o f  H F  m e a su r e d  in a q u eo u s so lu tio n . 
A q u e o u s  so lu tio n  v ib ra tio n a l fre q u e n cie s  w ere a lso  u se d  to  
e v a lu a te  Q ( H F 2 _ ) /Q ( D F 2 ~ ) .  In  th is  ca se , v a lu e s  for D F 2 -  
as w ell as  H F 2 ~ are a v a ila b le , 16  b u t , for th e  sa k e  o f  c o n sis ­
te n c y  w ith  th e  h y d ro g e n  flu o rid e  c a lc u la tio n , e x p e r im e n ta l  
n u m b e r s  for H F 2 _ o n ly  w ere u se d . F req u en cies  for D F 2 _  
w ere c a lc u la te d  fro m  th ese  u sin g  th e  th e o r e tic a lly  e x p ec te d  
iso to p ic  sh ift , w h ic h  a g a in  w as e q u a l to  th e  sq u a re  ro ot o f  
th e  ra tio  o f  th e  re d u c e d  m a sse s  o f  th e  tw o  m o le c u le s .17  T h e  
D  F2 fre q u e n cie s  o b ta in e d  in  th is  w a y  w ere a c tu a lly  in good  
a g re e m en t w ith  th e  e x p e r im e n ta lly  o b serv ed  v a lu e s , an d  
use o f  th e  la tte r  w o u ld  h av e  ra ised  K f H 20 ) /K( D 20 )  b y  o n ly  
5 % .

T h e  c a lc u la te d  iso to p e  e ffe c t, X ( H 20 ) / X ( D 20 )  =  1 .2 7 , 
is in  ev en  b e tte r  a g re e m en t w ith  th e  e x p e r im e n ta l v a lu e , 
1 .1 3  ±  0 .0 3 , th a n  w a s th e  ca se  for th e  a c id  io n iza tio n  
rea ctio n . T h is  t im e , h ow ever, u se  o f  th e  g a s -p h a se  fre ­
q u e n c y  for H F  sh ifts  th e  resu lt a w a y  fro m  th e  ob served  
v a lu e  b y  a c o n sid era b le  a m o u n t, X ( H 20 ) / i < ' ( D 20 )  =  1 .7 8 , 
a n d  th a t  te n d s  to  rein force th e  id ea  th a t  so lu tio n  fre q u e n ­
cies are m ore a p p ro p ria te  th a n  g a s -p h a se  v a lu e s  for c a lc u ­

la tin g  so lu tio n  iso to p e  e ffec ts .
N o  m e d iu m  e ffe c ts  are in c lu d e d  in  th ese  c a lc u la tio n s . 

T h e  e ffec t on  flu o rid e  io n , e v a lu a te d  as b e fo re , w o u ld  raise  
X ( H 20 ) / A ( D 20 )  b y  1 /0 .8 5 .  T h a t  on  h yd ro g en  b iflu orid e  
is m u c h  m o re  d iff ic u lt  to  e s tim a te , a n d  th ere  is ev en  so m e

u n c e r ta in ty  a b o u t  its  d ire ctio n . H a lid e  io n s h a v e  m e d iu m  
e ffe c ts  w h ich  in crease  w ith  in creasin g  ion size , w ith  f lu o ­
ride ion  b e in g  th e  o n ly  m e m b e r  o f  the series sh o w in g  an  
inverse  e ffe c t; th is  su g g e sts  th a t  th e  e ffec t on  h y d ro g e n  b i-  
flu o rid e  m ig h t  b e  in th e  n o rm a l d irectio n . M e t h y l  f lu o ­
rid e , on  th e  oth er h a n d , a lth o u g h  a lso  larger th a n  flu o rid e  
io n , h as an  inverse  m e d iu m  e ffe c t ; 18 th is  su g g e sts  th a t  th e  
e ffe c t on  h y d rogen  b iflu o rid e  co u ld  be in v erse .

H ere  a g a in , h ow ever, m e d iu m  e ffe c ts  d o  n o t a lter  the  
m a jo r  c o n clu sio n s w h ich  ca n  b e  d ra w n  fro m  th e se  c a lc u la ­
tio n s . A s  T a b le  II sh ow s, th e  ro ta tio n a l p a rts  o f  th e  p a r ti­
tio n  fu n c tio n  ratios o n ce  m o re  m a k e  th e  la rg e st c o n tr ib u ­
tio n  to  th e  iso top e  e ffe c t . T h is  t im e , m o reov er , th e  entire  
M I  p lu s  L I B R  fa c to r  o f  1 .9 0  c o m e s  fro m  th e  m o m e n ts  o f  
in ertia  o f  h yd ro g en  flu o rid e , for th e  on ly  oth er iso to p ic a lly  
su b stitu te d  sp ec ies  in v o lv e d , b iflu orid e  io n , is a lin ear  
s y m m e tr ic a l m o le c u le 19  w h ose p rin c ip a l m o m e n ts  o f  in er­
tia  are n ot a ffec te d  b y  iso tro p ic  su b stitu tio n .

T h e  z e r o -p o in t en ergy  e ffe c t is a g a in  in v erse  an d  re la ­
tiv e ly  w ea k , o n ce  m o re  b e c a u se  h yd rogen  flu o rid e  h a s  no  
b e n d in g  v ib ra tio n s . I t  is in terestin g  th a t  th is  fa cto r  w ou ld  
h av e  b een  e v e n  m o re  stro n g ly  in v erse , p erh a p s e n o u g h  to  
m a k e  th e  o v erall iso to p e  e ffe c t  less  th a n  u n ity , w ere it  n ot  
for th e  fa c t  th a t  on e o f  th e  fou r n o r m a l v ib ra tio n s  o f  h y ­
d rogen  b iflu o r id e  (th e  s y m m e tr ic a l stre tch ) is n o t iso to p i­

c a lly  se n sitiv e . T h e  in v erse  n atu re  o f  th e  Z P E  fa c to r  is o f  
s ig n ific a n ce  in  co n n ec tio n  w ith  k in e tic  iso to p e  e ffec ts  on  
p ro to n  tran sfer fro m  h yd ro g en  flu o rid e , w h ic h  are a lso  u n ­
u su a lly  w ea k , a p h e n o m e n o n  asc rib ed  to  stro n g  b en d in g  
v ib ra tio n s  in th e  tra n sitio n  sta te  w h ich  are u n c o m p e n s a t­
ed  for in th e  d ia to m ic  p ro to n  d o n o r .3 T h e  p re se n t reaction  
is in  fa c t  c lo se ly  a n a lo g o u s  to  th e  k in e tic  s itu a tio n , for th e  
tw o  d eg en era te  b e n d in g  v ib ra tio n s  o f  h yd ro g en  b iflu o rid e , 
i/(H F ) =  120 6  c m - 1 , here p ro vid e  m o re  th a n  h a lf  o f  th e  
p ro d u c t z e r o -p o in t en ergy .

Hindered Rotation of Hydrogen Fluoride Species. B o th  
a referee a n d  P rofessor R . P . B e ll  (p e rso n a l c o m m u n ic a ­

tio n ) h ave  p o in ted  o u t th a t  h y d ro g e n  flu o rid e  w ill b e  h y ­
d rogen  b o n d e d  in a q u eo u s so lu tio n , a n d  th a t  its  rotation s  
w ill th u s be h in d ered  rath er th a n  free. I t  w ou ld  therefore  
be m o re  a p p ro p ria te  to  re p la ce  th e  m o m e n t o f  in ertia  fa c ­
tors in  th e  p resen t c a lc u la tio n s  b y  z e r o -p o in t en ergy a n d  
B o ltz m a n n  e x c ita tio n  c o n tr ib u tio n s  fro m  lib r a tio n a l v ib r a ­
tio n s . T h e  n e cessary  fre q u e n cie s , u n fo r tu n a te ly , are n o t  
k n ow n , b u t  our w ork  on  w ater a n d  h y d r o n iu m  ion  
sp ec ies 1 1  su g g ests  th a t  su ch  a s u b s t itu t io n  w o u ld , if  a n y ­
th in g , rein force th e  c o n clu sio n  th a t  th e  iso to p e  e ffe c ts  re ­

p orted  here are large ly  ro ta tio n a l (or lib r a tio n a l)  in origin .

(16) L. H. Jones and R. A. Penneman, J . C h e m . P h y s .,  22, 281 (1954).
(17) G. Herzberg, “Molecular Spectra and Molecular Structure," Van 

Nostrand, New York, N. Y., 1945, p 145.
(18) C. G. Swain and E. R. Thornton, J . A m e r .  C h e m  S o c ..  84, 822

(1962).
(19) W. C. Hamilton and J. A. Ibers, "Hydrogen Bonding in Solids," W. 

A. Benjamin, New York, N. Y., 1968, p 108.
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E f f e c t  o f  V a r i o u s  G a s e s  o n  t h e  p H  o f  W a t e r

G o rd o n  H . F ric k e , R ick  L. C a rp en ter , and  Rubin B attin o*

D e p a r tm e n t  o f  C h e m is t r y ,  W r ig h t  S ta te  U n iv e r s it y ,  D a y to n ,  O h io  4 5 4 3 1  ( R e c e iv e d  S e p te m b e r  2 5 , 1 9 7 2 )  

P u b lic a t io n  c o s ts  a s s is te d  b y  T h e  P e t r o le u m  R e s e a r c h  F u n d

U ltra p u re  w ater ( > 1 5  m e g o h m  c m , 2 5 °)  w as sa tu ra te d  w ith  va rio u s “ in e rt”  g a ses: H 2, 0 2, N 2 , H e , A r , C H 4, 
a n d  C O . T h e  p H  d ifferen ce  b e tw ee n  d eg a sse d  w a ter a n d  w a ter sa tu ra te d  w ith  a gas w as fo u n d  to  b e  ± 0 .0 6  
(£90) for in d iv id u a l m e a su r e m e n ts  a n d  ± 0 .0 1  ( f 9o) for th e  a v era g e  o f a series o f  m e a su r e m e n ts . T h e s e  d if ­
feren ces are co n sid ered  to  b e  w ith in  e x p e r im e n ta l error a t  a p H  o f 7 .0 0 . T h u s , p re v io u sly  rep o rted  “ a n o m a ­
lo u s”  p H  e ffec ts  are e ith e r  d u e  to  im p u r itie s  in m a te r ia ls  or a rtifa c ts  in  th e  e x p er im e n t.

I n tr o d u c t io n

T h e  p H  o f  re la tiv e ly  pure d eg assed  w ater w as fo u n d 1  to  
s h ift  fro m  a v a lu e  o f  7 .0 0  for pure w ater to  v a lu es  b etw een  
7 .5 0  a n d  8 .0 0  w h en  th e  w ater w as sa tu ra te d  w ith  s u p p o s ­
e d ly  “ in e rt”  ga ses su ch  as H e , N 2, A r , a n d  N e . In  w h a t  
fo llow s w e rep ort on  our in v estig a tio n  o f  th is  p h e n o m e n o n .

O u r early  e x p e r im e n ts  se em e d  to  c o n firm  th e se  resu lts , 
b u t  w e fo u n d  th a t  e a ch  im p ro v e m e n t in th e  p u rific a tio n  o f  
w ater, in  th e  p u rifica tio n  o f th e  g a ses, a n d  in th e  e x p e r i­

m e n ta l d esig n  re su lte d  in a d ecrease  in  th e  d ifferen ce  b e ­
tw e en  th e  p H  o b serv e d  for d eg assed  w ater a n d  th e  p H  o b ­
serv ed  for w a ter sa tu ra te d  w ith  one o f  th e  g a se s . 2 T h e  re ­
s u lt  o f  our m o s t  recen t e x p e r im e n ts  u sin g  ou r m o s t  refin ed  
p ro ced u res is th a t  th e  p H  sh ifts  are zero w ith in  th e  e x p e r­
im e n ta l error o b ta in a b le  w ith  our in s tru m e n ts .

I f  th e  p H  s h ift  h a d  b e e n  rea l, it  w as p ro p o sed  th a t  th e  
d ecrease  in  th e  a c tiv ity  o f  th e  h y d ro g en  ion s m a y  h ave  
b een  d u e  to  an  a lter in g  o f  th e  w a ter stru ctu re  or to  th e  
fo rm a tio n  o f  w ea k  co o rd in a te  b o n d s  b e tw ee n  th e  ga s a n d  
h yd ro g en  io n s , c a u sin g  th e  gas to  a c t like a L e w is  b a s e . 1 -2 

I t  h as b een  su g g e ste d  th a t  ca tio n s su c h  as H N e + are lik e ­
ly  to  e x ist in w ater ow in g  to  th e  large e le c tro n e g a tiv ity  o f  
n e o n . 3 T h is  w o u ld  ca u se  an  e ffec tiv e  d ecrease  in  th e  h y ­
d ro gen  ion co n c e n tra tio n  w h ich  w o u ld  b e  o b serv ed  as a 
sh ift to  a greater p H  v a lu e . A lth o u g h  th is  p re d ictio n  m a y  
be v a lid , a p p a r e n tly  th e  co n ce n tra tio n  o f  th e  c a tio n  p res­
e n t a t  a tm o sp h e ric  p ressu re  is to o  low  to  b e  d e te c te d  b y  
c o n v e n tio n a l p H  m e a su r e m e n ts  su ch  as th o se  e m p lo y e d  in  
th is  research .

E x p e r im e n t a l  S e c t io n

T a p  d istilled  w a ter w as re d istille d  in  a C o rn in g  all 
P y rex  still a n d  th e n  tran sferred  to  a se lf-c o n ta in e d  recir­
c u la tin g  “ w ater s y s t e m .”  T h e  w ater sy s te m  c o n siste d  o f  
fou r m ix e d -b e d  ion  ex ch a n g e  c o lu m n s , an  a c tiv a te d  ch a r­
co al c o lu m n , a su b m ic ro n  M illip o r e  filter , a c o n d u c tiv ity  
ce ll, a n d  a p e r ista lt ic  p u m p . T y g o n  tu b in g  w as u se d  in  the  
p erista ltic  p u m p . T h e  fou r Illin o is  W a te r  T r e a tm e n t  C o . 
ion  e x ch a n g e  c o lu m n s  w ere u sed  in th e  fo llo w in g  order: 
on e U n iv e rsa l G r a d e , tw o R e sea rch  G ra d e , a n d  one P u r i­
ta n  G ra d e . A ll  c o lu m n s  w ere w ra p p ed  w ith  a lu m in iu m  foil 
to  retard  d eg ra d a tio n  o f  th e  ion e x c h a n g e  m a te r ia l b y  
lig h t . A ll  c o n n ec tio n s in  th e  sy ste m  w ere m a d e  b y  gla ss  
(P y re x ) a n d  T e flo n . A  p ro cedu re  s im ila r  to  th is  w as re ­
c o m m e n d e d  b y  H u g h e s , et al.,* a n d  Iv e rso n 5 for th e  a t ­
ta in m e n t o f  u ltra p u re  w ater.

T h e  gases w ere p u rified  b efore  th e y  w ere d isp ersed  in to  
th e  w ater in th e  re a ctio n  v e sse l. E a c h  ga s w as p a sse d  
th ro u g h  a series o f  liq u id  scru b b ers w h ich  w ere se p a ra te d  
b y  K je ld a h l tr a p s . T h e  scru b b ers w ere a rra n ged  in  th e  fo l ­

low in g  order: b a se , ac id , b a se , ac id , p H  7 .0 0  p h o sp h a te  
b u ffe r , w ater , an d  w a te r . T h e  acid  w as 5 %  H 2S 0 4  a n d  th e  
b á se  w as sa tu ra te d  C a ( O H ) 2 . A fte r  th e  scru b b e rs , th e  gas  
p a sse d  th ro u g h  th ree  co ld  tra p s (m a in ta in e d  a t  ca. - 7 8 ° )  
p a c k e d  w ith  g la ss  b e a d s , m o le c u la r  s iev es , a n d  g la ss  
b e a d s , re sp e c tiv e ly . W e  u sed  three co ld  tra p s  in  series b e ­

ca u se  we fo u n d  th a t  th e  m ic ro sc o p ic  m is t  crea ted  b y  th e  
scru b b e rs  w as n o t re m o v e d  b y  a sin gle  tra p .

T h e  a ll P y rex  g la ss  1-1. re a ctio n  v essel w ith  R o ta flo  T e f ­

lon  sto p c o c k s w as d esig n ed  so th a t  o n ly  a T e flo n -c o a te d  
m a g n e tic  stirrin g  b a r a n d  th e  gas d isp ersio n  tu b e  c a m e  in  
c o n ta c t w ith  th e  w a ter after th e w a ter en tered  th e  v e sse l. 
T h e  rea ctio n  fu n c tio n  w as se p a ra te d  fro m  th e  m ea su rin g  
fu n c tio n . A  sto p c o c k  lo c a te d  a t th e  b o tto m  o f  th e  rea ctio n  
v esse l w as o p e n ed  to  a llow  w ater to  flo w  fro m  th e  v essel so  
th a t  m e a su r e m e n ts  c o u ld  be m a d e  a t  v a rio u s t im e s  w ith ­
o u t d istu r b in g  th e  re a ctio n . W a te r  flo w ed  th ro u g h  th e  
c o n d u c tiv ity  c e ll, th ro u g h  th e  p H  c e ll, a n d  w as th e n  d is ­
c a rd e d . T h e  rea ctio n  v esse l w as d ire c tly  a tta c h e d  b y  
P y rex  tu b in g  to  th e  u ltrap u re  w ater sy s te m  a n d  to  th e  
v a c u u m  sy s te m  w h ich  w as u sed  to  d eg a s th e  w a te r . T h e  
re a ctio n  v esse l h a d  b e e n  s te a m e d  w ith  a b o u t  4 0  1. o f  w ater  
b efore it  w a s g la ss  b lo w n  in to  th e  s y s te m . F igu re  1  sh ow s  
th e  rea ctio n  v e sse l w ith  th e  lo ca tio n  o f  th e  flo w -th r o u g h  
c o n d u c tiv ity  cell a n d  th e  flo w -th ro u g h  p H  cell.

F or m o s t  o f  th e  ru n s, th e  p H  o f  th e  w ater a n d  th e  a q u e ­
ou s so lu tio n s w as m e a su red  w ith  a S a r g e n t M o d e l  3 0 0 7 0 -  
1 0  c o m b in a tio n  e lectro d e  w h ich  c o n ta in e d  a p la tin u m  
rope ju n c tio n  for th e  referen ce e le ctro d e . T w o  n itro g en  
ru n s a n d  a ll o f  th e  h y d rogen  ru n s w ere p erfo rm e d  w ith  a 
F ish er M o d e l  E -5  c o m b in a tio n  e lectro d e  w h ich  c o n ta in ed  
a c e ra m ic  d isk  ju n c t io n . T h e  la tte r  e lectro d e  w a s  n e c e s ­
sary  for th e  h y d rogen  ru n s b e ca u se  th e  p la t in u m  rope o f  
th e  S a rg e n t e lectro d e  a p p a r e n tly  e s ta b lish e d  a p la t in u m -  
h y d rogen  e le c tro d e . 2 T h e  referen ce p o te n tia l o f  th e  p la t i ­
n u m  rope e lectro d e  w as a ltered  g re a tly . T h e  c e ra m ic  d isk  
e lectro d e  e lim in a te d  th is  p ro b lem .

(1) E. M. Holleran, J. T. Hennesy, and F. R: LaPietra, J .  P h y s .  C h e m .,  
71,30 8 1 (1967).

(2) R. L. Carpenter, M.S. Thesis, Wright State University, Dayton, Ohio, 
1972.

(3) B. Fung, J. P h y s . C h e m .,  69, 596 (1965).
(4) R. C. Hughes, P. C. Miirau, and G. Gundersen, A n a l.  C h e m ..  43, 

691 (1971).
(5) A. Iverson, J. P h y s . C h e m .,  68, 515 (1964).
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T h e  c o m b in a tio n  e lectro d e  w as lo c a te d  b e lo w  th e  level 
o f  th e liq u id  in  th e  re a ctio n  v esse l (see  F igu re  1 ) . A  ty g o n  
tu b e , w h ich  w as p a r tia lly  fille d  w ith  w ater , w as c o n n ec te d  
to  th e  v e n t in  th e  e le ctro d e . T h is  p re ssu re -c o m p e n sa tin g  
tu b e  w as ra ised  to  th e  p ro per lev el to  b a la n c e  th e  pressure  
h e a d  o f  th e  liq u id  in th e  re a ctio n  v e sse l.

T h e  p H  re a d in g s w ere o b ta in e d  w ith  an  O rio n  Io n a n a - 
lyzer M o d e l 8 0 1  d ig ita l pH/mV m e te r . S im u lta n e o u s ly , 
th e  p H  w as m o n ito re d  w ith  a  T e x a s  In str u m e n ts  S erv o - 
R iter  II record er. T h e  p H  m e te r  a n d  recorder w ere a d ju s t ­
ed  w ith  p H  7 .0 0  a n d  4 .0 1  b u ffers b efo re  e a ch  ru n . A fte r  
th e  b u ffer  a d ju s tm e n t , th e  e lectro d e  w as rin sed  an d  
so a k ed  in d e io n ize d  w ater for a m in im u m  o f  20  m in  before  
it w as p la c e d  in th e  flo w -th r o u g h  p H  ce ll. T h e  e lectro de  
w as ch e ck e d  w ith  th e  b u ffe rs  a fter  e a c h  ru n .

A t one p o in t , erratic  p H  rea d in g s w ere o b serv ed  w h ich  
se em e d  to  be  c a u sed  b y  th e  m a g n e tic  stirrin g  m o to r  used  
to  rotate  th e  stirrin g  b a r. T h e  m a g n e t  u sed  to  tu rn  the  
m a g n e tic  stirrin g  b a r in  th e  re a ctio n  v esse l w as th en  
m o u n te d  on  th e  e n d  o f  a 7 -in . rod  w h ich  w a s d riv en  b y  a 
h ig h -to rq u e  m o to r  (see  F igu re  1 ) . N o  fu rth er p ro b lem s  
w ere ob served  w ith  th e  m o to r .

S in c e  th e  re sista n ce  o f  pure w a ter varies fro m  3 1 .8  m e g ­
o h m  c m  a t 15° to  1 1 .1  m e g o h m  c m  a t 3 5 ° 5 -6 a n d  sin ce  
p o ssib le  re sista n ce  c h a n g e s  w ere a n tic ip a te d , th e  resis­
ta n c e  o f  th e  w ater w a s m o n ito re d  w h en ev er p H  m e a su r e ­
m e n ts  w ere m a d e . T h e  re sista n ce  w a s m e a su red  w ith  a 
new  d esig n  f lo w -th r o u g h  c o n d u c tiv ity  c e ll7 a n d  an  In d u s ­
tria l In str u m e n ts  M o d e l  R C -1 6 B 2  c o n d u c tiv ity  b rid ge . 
T h e  c o n d u c tiv ity  ce ll h a d  a cell c o n sta n t o f  a p p ro x im a te ly  
0 .0 0 5  c m " 1.

T h e  te m p e ra tu re  o f  th e  w ater in th e  rea ctio n  vesse l w as  
m e a su red  w ith  a c o p p e r -c o n s ta n ta n  th e r m o c o u p le  w h ich  
w as a tta c h e d  to  th e  o u tsid e  o f th e  rea ctio n  v e sse l. T h e  
th e r m o c o u p le  w as th e r m a lly  in su la te d  fro m  th e  su rro u n d ­
in g s.

T h e  w ater in  th e  re a c tio n  v esse l w as d eg a sse d  b y  th e  
e x tra c tio n  p ro ced u re  o f  B a ttin o , et al.s T h e  fin a l resid u al 
pressure in all cases w as less th a n  a b o u t  100  ¡x. T h e  p re s ­
sure w as m e a su red  w ith  a C o n so lid a te d  V a c u u m  C o rp . 
th e rm o c o u p le  v a c u u m  ga u ge  T y p e  G T C -1 0 0 .

M e a s u r e m e n ts  w ere carried  o u t in th e  fo llo w in g  m a n ­
ner. T h e  re a c tio n  v esse l w as flu sh e d  w ith  gas, a n d  w ith  
th e  gas still  flo w in g  in to  th e  v e sse l, th e  pure w ater w as  
allo w ed  to  flo w  in to  th e  vesse l th ro u g h  th e  c o n d u c tiv ity  
ce ll. T h e  vesse l w a s rin sed  tw ice  b y  th is  p ro ced u re  w ith  
a b o u t 8 0 0  m l o f  w a ter e a ch  t im g  b efo re  in tro d u c in g  th e  
te s t  w ater in to  th e  v e sse l. T h e  p H , re s ista n c e , a n d  t e m ­
p eratu re  o f  th e  fin a l in c o m in g  w aters w ere reco rd ed . T h e  
w ater w as p u rg ed  for a b o u t 10  m in  a n d  d eg a sse d . T h e  
m a g n e tic  stirrin g  b a r  w as ro ta tin g  a t  a fa ir ly  h ig h  sp eed  
d u rin g  th is  p ro ce d u re . T h e  p u rg in g  a n d  d eg a ssin g  p ro c e ­
du re w ere re p e a te d . T h e  seco n d  t im e  th e  e x tr a c tio n  w as  
co n tin u e d  u n til  th e  re sid u a l p ressu re  w as a b o u t  1 0 0  p. 
T h e n , w ith  th e  stirrer s to p p e d , ga s w a s a llo w ed  to  en ter  
th e  re a ctio n  vesse l a b o v e  th e  w a te r . T h e  b o tto m  sto p c o ck  
w as o p e n ed . T h e  re s ista n c e , p H , a n d  te m p e ra tu re  o f  th e  
d eg a sse d  w a ter w ere m e a su re d , a fter  w h ich  th e  w ater w as  
p u rged  w ith  th e  stirrer ro ta tin g . A t  v a rio u s t im e s  a b o u t  
1 0 0  m l o f  w ater w ere w ith d ra w n  fro m  th e  v esse l a n d  th e  
resista n ce , p H , a n d  te m p e ra tu re  w ere reco rd ed . A l l  gases  
w ere p u rg ed  for a m in im u m  o f 1  hr b efore  th e  fin a l re a d ­
ings w ere m a d e . N o  a d d itio n a l re sista n ce  or p H  ch a n ges  
w ere fo u n d  fo r  w ater w h ich  h a d  b e e n  p u rg ed  for u p  to  24  
hr.

Figure 1. Reaction vessel for measurements showing pH elec­
trode flow-through conductivity cell, stopcocks, gas dispersion 
tube, stirring apparatus, and flow patterns.

T h e  w ater w as b ro u g h t in to  th e  re a c tio n  vesse l fro m  th e  
re circu la tin g  w ater sy s te m  u n d er  an  a tm o sp h e re  o f  th e  gas  
in  q u e stio n . F ro m  th e  t im e  th e  w a ter en tered  th e  reaction  
v esse l u n til th e  fin a l m e a su r e m e n ts  w ere m a d e  w as a 
m a x im u m  6  h r. T h e re  ap p ea rs  to  b e  n eg lig ib le  c o n d u c tiv i­
ty  ch a n g es (less  th a n  a few  per c e n t) in  th e  w a ter if  it re­
m a in s  in c o n ta c t w ith  P y rex  g la ss  for less  th a n  24  hr.

T h e  u n sta b le  p H  resp on se  in  an  u n b u ffe r e d  flow in g  
w ater sy s te m  w h ich  w as rep orted  b y  B a te s 9 a n d  Q u ic k e n -  
d e n 10 w as a lso  o b serv e d  in th is  research . T h e  p H  d iffe r­
en ces  rep orted  in th is  p a p er  w ere for a s ta tic  co n d itio n . 
T h e  electro d e  re sp o n d e d  w ith  a s ta b le , c o n sta n t p H  valu e  
w ith in  1 m in  o f  th e  t im e  th e  flo w  w a s s to p p e d . T h e  re a d ­
in g  rem a in e d  c o n sta n t for a m in im u m  o f  2 m in . O c c a s io n ­
al d riftin g  w as o b served  for lon ger tim e  in terv a ls .

R e s u lt s  a n d  D is c u s s io n

T h e  resu lt o f  p u rg in g  u ltra p u re  w a ter w ith  v a rio u s gases  
w as m e a su red  b y  a ch a n ge  in p H  fro m  d eg a sse d  w ater to  
w ater sa tu ra te d  w ith  a ga s : A p H  =  p H  o f  sa tu ra te d  w ater  
-  p H  o f d eg a sse d  w ater . T h e  re su lts  for th e  sev en  gases  
are p resen ted  in  T a b le  I . T h e  rep orted  a v erag e  d ev ia tio n  
o f  A p H  is for a b so lu te  v a lu es  o f  th e  d ev ia tio n s

T h e  rea ctio n  v esse l w as n o t th e r m o s ta te d . I t  w as o b ­
serv ed  th a t, in  so m e  ca ses , th e  re sista n ce  o f  th e  w ater in -

(6) G. Otten, A m e r .  L a b .,  41, July, 1972.
(7) G. H. Fricke and R. Battino, to be submitted for publication.
(8) R. Battino, M. Banzhof, M. Bogan, and E. Wilhelm, A n a l.  C h e m ..  

43, 806 (1971).
(9) R. G. Bates, “Determination of pH: Theory and Practice," Wiiey, 

New York, N. Y., 1964.
(10) T. I, Quickenden, D. M. Betts, B. Cole, and M. Noble, J . P h y s . 

C h e m ..  75, 2830 (1971).
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TABLE I: Temperature Corrected ApH Values“

Gas
No. of 
runs

Absolute average 
deviation, ApH

Standard 
deviation, ApH

n2 7 0.03 0.04
o 2 4 0.04 0.05
h2 2 0.03 0.04
He 2 0.03 0.04
Ar 4 0.03 0.04
ch4 2 0.03 0.04
CO 1 0.06

Total 2 2 0.030 0.038

“ Confidence interval (f90) mean =  7.00 ±  0.014. Confidence interval 
(f9o) individual =  7.00 ±  0.065.

crea sed  d u rin g  th e  course o f  th e  re a c tio n . T h is  w as a ttr ib ­
u te d , in  th o se  ca ses , to  a low erin g o f  th e  te m p e ra tu re  o f  
th e  w ater b y  as m u c h  as 3 ° . T h e  w ater te m p e ra tu re  w as  
low ered  b y  th e  gas w h ich  h a d  ju s t  gone th ro u g h  th ree  cold  
tra p s  a t —7 8 ° . T h e  p H  is a lso  te m p e ra tu re  d e p e n d e n t b y  
a b o u t  0 .0 1 7  p H / ° C  a t  2 5 ° .9 T h e  p H  v a lu es  in  T a b le  I h ave  
b een  corrected  for te m p e ra tu re  d ifferen ces b e tw ee n  d e ­
g a ssed  an d  sa tu ra te d  w ater .

T h e  v a lu e  o f  th e  p H  o f pure w ater w as as low  as a b o u t
6 .9  w ith  e a ch  ru n . T h e  b u ffe r  w h ich  w as in it ia lly  p H  7 .0 0  
a lso  sh ow ed  th is  low  p H  v a lu e  a t  th e  en d  o f  a ru n . A fte r  a 
few  m in u te s  in  th e  h igh  ion ic s tren g th  b u ffe r  so lu tio n  th e  
e lectro d e  re sp o n d e d  p ro p erly  to  th e  b u ffe r  w ith  th e  orig i­
n a l v a lu e  o f  p H  7 .0 0 . A p p a r e n tly , th e  low  p H  resp on se  o f  
th e  e lectro d e  in  pure w ater w as d u e  to  th e  great d ifferen ce  
in  io n ic  s tren g th  b e tw ee n  pure w ater a n d  th e  b u ffe r  s y s ­
te m  in w h ich  it  w a s o rig in a lly  ca lib ra te d .

I t  w as sh ow n  in a se p a ra te  s tu d y 1 1  w ith  C O 2 th a t it is 
e x tr e m e ly  d iff ic u lt  to  d eg a s w ater w h ich  is k n ow n  to  c o n ­

ta in  C O 2 . In  a n y  ca se , th e  d ifferen ce  in p H  b e tw e e n  th e  
in it ia l d eg a sse d  w ater a n d  th e  fin a l g a s -sa tu r a te d  w ater is

th e  v a lu e  w h ich  sh ow s th e  e ffec ts  o f  sa tu ra tin g  w a te r  w ith  
a g a s . I t  is o b served  fro m  th e  c o n fid en ce  in terv a l resu lts  
th a t  th e  p H  sh ifts  are n e g lig ib le . T h e s e  sh ifts  are w ith in  
e x p e r im e n ta l error for a pure u n b u ffered  w ater s y s te m .

In  c o n c lu sio n , w e fo u n d  th a t th e  p H  ch a n g es o b serv e d  
in  th e  early  sta g e s  o f  th is  research  c o m p le m e n t th o se  o f  
H o lle ra n , et al. 1 In  v iew  o f  th e  la test d a ta  it  a p p ea rs  th a t, 
w ith  th e  p ro per p re c a u tio n s , u ltra p u re  w a ter m a y  be  
p u rg ed  w ith  v a rio u s ga ses w ith  n o p H  sh ift . T h e re fo re , i f  a 
p H  sh ift is o b served  u p on  p u rg in g w a ter w ith  on e  o f  th e  
ga ses w h ich  w e h av e  c h eck ed , we su g g e st th a t  th e  e ffe c t is 
d u e  to  im p u re  w ater , im p u re  gas, or so m e  ex tr in sic  p r o p ­
erty  o f  th e  a p p a r a tu s .

D r o s t -H a n s e n 12  fo u n d  s im ila r  a n o m a lo u s  e ffe c ts  in  d e ­
te rm in in g  th e  c o n d u c tiv ity  (to  a few  p a rts  in  1 0 0 ,0 0 0 ) in  
d ilu te  so lu tio n s  o f  p o ta ss iu m  ch lo rid e  ( 1 0 ~ 3- 1 0 ~ 5 M) or 
te tr a e th y la m m o n iu m  b ro m id e  ( 1 0  5 M). S o lu tio n s  w h ich  
h a d  b een  sa tu ra te d  w ith  h e liu m  w ere th e n  sa tu ra te d  w ith  
argon  or m e th a n e  w ith  a su b se q u e n t in crease  (sev eral  
te n th s  o f  a per c e n t) in  c o n d u c tiv ity . T h is  e ffe c t  d is a p ­
p ea red  w h en  th e  argon or m e th a n e  w as th o ro u g h ly  
sc ru b b e d  (th ree  a c id  w ash es, th ree  b a se  w ash es, a n d  three  
d istille d  w ater a t  th e  e n d ) . D r o s t -H a n s e n  tra c ed  th e  in i ­
tia l a n o m a lo u s  e ffe c t  to  ca rb o n  d io x id e  c o n ta m in a tio n  o f  
th e  order o f  a few  p arts per b illio n  in th e  c o m p re sse d  
gases.

Acknowledgments. T h e  au th ors w ish  to  th a n k  D r . E m ­
m e ric h  W ilh e lm  a n d  M r . D a n ie l R . G rov e  for th e ir  a ss is ­
ta n c e  a t  v a rio u s sta g e s  o f  th is  research . A c k n o w le d g m e n t  
is m a d e  to  th e  d on ors o f  T h e  P e tro le u m  R e sea rc h  F u n d , 
a d m in is te re d  b y  T h e  A m e r ic a n  C h e m ic a l S o c ie ty , for s u p ­
p ort o f  th is  research .

(11) The average pH of three runs of pure water saturated with C 0 2 was 
3.94 ±  0.00 at 27.6° and 740 mm.

(12) W. Drost-Hansen, University of Miami, personal communication, 
1972. Work done in 1962.
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P u b lic a tio n  c o s ts  a s s is te d  b y  The U n iv e rs ity  o f D a y to n

T h e  h e a t for th e  D ie ls -A ld e r  a d d itio n  o f c y c lo p e n ta d ie n e  to  m a le ic  an h y d rid e  h as b een  d e te r m in e d  b y  
so lu tio n  c a lo rim etry . C o rrection s for th e  h e a ts  o f  so lu tio n  a n d  v a p o riza tio n  give th e  h e a t o f  th e  g a s -p h a se  
rea ctio n  a t  2 5 ° . Im p lic a t io n s  o f  th ese  re su lts  are d isc u sse d .

In tr o d u c t io n

T h e  D ie ls -A ld e r  ( D -A )  rea ctio n  is an  e x tr e m e ly  u sefu l 
re a ctio n  for th e  fo rm a tio n  o f ca rb o c y c lic  or h etero cyc lic  
c o m p o u n d s  o f on e  or m o re  r in g s .2 O v er th e  y e a rs , th e  
rea ctio n  h a s  rece iv ed  c o n sid era b le  s y n th e tic  a n d  th e o r e ti­

ca l a tte n tio n 3 a n d  our p revio u s p a p e r s 1 -4 h av e  d e a lt  w ith  
th e  th e r m o c h e m istry  o f  th e  D - A  re a c tio n . W e  rep orted  
th e  h ea ts  o f  a d d itio n  o f te tr a c y a n o e th y le n e  to  fiv e  a c y c lic

(1) For Part II of this series see F. E. Rogers, J. P hys. C h e m .. 76 106 
(1972).
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TABLE I: Heats of Solution, Vaporization, and Reaction (kcal/mol, 25°)

______________________________ AHsoin______________ AHv_____________ AHr (exptl)__________ AHr (soin) AHr AHr (g)

Maleic anhydride 3.76 ±  C.08 17.1 ±  1.2e
<0 . 1 0 0 i°

Cyclopentadiene 0.16 6.9°
(0.0801°

Endo adduct (N) 3.43 ±  C.05 23.19 -22.45 ±0.03 -26.21 -25.78 -26.59
(0 . 1 0 0 )°

a Average amount of component (grams) used. h Reference 1. c Reference 16. d  R. Stull, E. F. Westrum, Jr., and G. C. Sinke. "The Chemical Thermo­
dynamics of Organic Compounds," Wiley, New York, N.Y., 1969.

a n d  cy clic  d ien es  in th e  so lu tio n  s ta n d a rd  s ta te , a n d  gas  
p h a se . C o m p a riso n  o f th ese  resu lts  w ith  th e  an a lo g o u s  
e th y le n e  re a ctio n s y ie ld e d  th e  e m p ir ic a l e q u a tio n  for the  
e stim a tio n  o f th e  h e a t o f  a n y  D - A  re a c tio n .

A H rd(g) -  A H r*(g ) = A H h a + 3 2 .8  ( l )

T o  a first a p p ro x im a tio n , th e  d iffe re n ce  in  th e  g a s- 
p h a se  h e a t o f  a d d itio n  o f  a n y  d ien e  to  d ien o p h ile  (d ) a n d  
e th y le n e  is g iv en  b y  th e  d ifferen ce  in  th e  h e a t o f  h y d ro g e ­
n a tio n  o f d ien o p h ile  (d ) a n d  e th y le n e  ( - 3 2 . 8  k c a l /m o l) .  
S in ce  v a lu es  o f  A f f re(g ) a n d  A H h  are re a d ily  a v a ila b le  
from  e x istin g  lite ra tu re , A H rd ( g ) ca n  ea sily  b e  d e te r ­
m in e d . T h is  e q u a tio n  h a s  b een  te s te d  fu rth er a n d  w e n ow  
w ish  to  rep ort th e  h e a t o f  a d d itio n  o f  c y c lo p e n ta d ie n e  to  
m a le ic  an h y d rid e  to  fo rm  e n d o -5 -n o r b o r n e n e -2 ,3 -d ic a r b o x -  
y lic  an h y d rid e  ( N ) .  C o rrection s for th e  h e a ts  o f  so lu tion  
a n d  v a p o riza tio n  ga ve  th e  h e a t o f  th e  D - A  rea ctio n  in th e  
so lu tio n , s ta n d a rd  s ta te , a n d  ga s p h a se . S in c e  th e  en d o
( N )  c o m p o u n d  is th e  m a jo r  p ro d u c t ( ~ 9 9 % )  o f  th e  re a c ­

tio n * it  w a s n e ce ssa ry  to  e s tim a te  th e  h e a t lea d in g  to  th e  
exo  p ro d u c t fro m  o th er  d a ta . T h e  k in e tic  im p lic a tio n s  o f  
th ese  resu lts  are d isc u sse d .

E x p e r im e n t a l  S e c t io n

M a le ic  a n h y d rid e  (E a s tm a n  O rg a n ic  C h e m ic a ls )  p u ri­
fied  three tim e s  b y  v a c u u m  su b lim a tio n  a t  3 5 °  m e lte d  a t  
5 2 ° (lit.®  m p  5 2 ° ) .  T h e  p u rifie d  c o m p o u n d  w as sto red  in  a 
d esic c a to r . C y c lo p e n ta d ie n e  w as o b ta in e d  b y  cra ck in g  d i-  
c y c lo p e n ta d ie n e  (A ld r ic h  C h e m ic a l C o .)  a b o v e  1 6 4 ° . T h e  
a d d u c t , e n d o -5 -n o r b o r n e n e -2 ,3 -d i :a r b o x y lic  a n h y d rid e  w as  
p rep ared  b y  a d d in g  an  excess  o f  fre sh ly  p rep a red  c y c lo ­
p en ta d ie n e  to  a b e n z e n e  so lu tio n  o f  m a le ic  a n h y d rid e  at  
ro o m  te m p e ra tu re . T h e  so lv e n t w as re m o v e d  in vacuo\ th e  
cru d e p ro d u c t w as w a sh e d  w ith  co ld  e th e r  a n d  su b lim e d  
th ree  tim e s  a t  8 8 -9 0 ° ,  m p  1 6 4 -1 6 5 °  ( li t . m p  1 6 4 ° ,7 1 6 5 °8). 
T h e  n m r sp e c tru m  is th e  sa m e  as th a t  rep orted  b y  W ild e r  
a n d  G r a t z .9

T h e  a d d itio n  re a ctio n  w a s ru n  a t  2 5  ±  0 .5 °  in  a so lu tio n  
ca lo rim eter b y  p re v io u sly  d esc rib e d  te c h n iq u e s .4 T h e  
re a ctio n  is q u a n tita tiv e  a n d  c o m p le te  in  less th a n  1 0  m in  
as sh ow n  b y  u v  sp ec tro sc o p y  w h en  an  excess  o f  c y c lo p e n ­
ta d ien e  is u se d . T o  c o m p e n sa te  for th e  slow  d im e riz a tio n  
rea ctio n  o f  c y c lo p e n ta d ie n e  b o th  referen ce  a n d  reaction  
ca lo rim eter c o n ta in e d  th e  sa m e  a m o u n t o f  th e  d ie n e . T h e

rea ctio n  w as in it ia te d  b y  th e  in je ctio n  o f  a b o u t  1  m m o l o f  
m a le ic  a n h y d rid e  in to  2 0 0  m l o f  d ic h lo r o m e th a n e  c o n ta in ­
in g  a te n fo ld  ex cess  o f  c y c lo p e n ta d ie n e . T h e  re su lts  in  
T a b le  I are th e  average  o f  fiv e  ru n s.

T h e  h ea ts  o f  v a p o riza tio n  o f  th e  re a c ta n ts  are know n  
a n d  th e  h e a t o f  su b lim a tio n  o f  th e  a d d u c t  ( N )  w as d eter­
m in e d  b y  th e  M c L e o d  ga u ge  m e th o d  p re v io u sly  d e ­

sc r ib e d . 1 -4 T h e  v a p o r  p ressu re  (V P )  o f  th e  e n d o  a d d u c t  
w as m e a su red  over th e  te m p e ra tu re  ra n ge  7 4 .4 -9 4 .2 °  a t  4 °  
in terv a ls . A  le a st-sq u a r e s  slop e  o f  a p lo t o f  log  (V P )  
a g a in st 1 / T  ga ve  a h e a t o f  s u b lim a tio n  a t  8 4 .3 °  o f  2 3 .2 0  
k c a l /m o l . T h e  v a lu e  corrected  to  2 5 ° is 2 3 .1 9  k c a l /m o l .

T h e  h eat o f  so lu tio n  o f  c y c lo p e n ta d ie n e  is k n o w n  from  
our p revio u s w o rk . 1 T h e  h e a ts  o f  so lu tio n  o f  m a le ic  a n h y ­
drid e w ere m e a su red  b y  in tro d u cin g  ca. 0 . 1 -g  sa m p le s  o f  
e a ch  c o m p o u n d  in to  th e  c a lo rim eter c o n ta in in g  20 0  m l o f  
d ic h lo r o m e th a n e  a t  2 5 .0  ±  0 .5 ° .  T h e  v a lu e s  rep orted  in 
T a b le  I are th e  av erag e  o f  a t  lea st th ree  ru n s.

D is c u s s io n

T h e  h e a t o f  th e  D ie ls -A ld e r  re a ctio n  in  th e  so lu tio n  
sta n d a rd  sta te  a n d  ga s p h a se  w ere c a lc u la te d  a c co rd in g  to  
th e  cycle  sh ow n  in S c h e m e  I. T h e  v a lu es  o f  A H i ,  A H 2 ,  

a n d  AHi are a lrea d y  k n ow n  so  th a t  a c o m p le te  e n th a lp y  
d esc rip tio n  o f th e  c y c le  c o m e s  w ith  a k n o w led g e  o f  A H3, 
A H 5 ,  A H e , a n d  th e  h e a t o f  th e  re a ctio n  in a n y  on e  p h a se . 
W h e n  m a le ic  a n h y d rid e  w as a d d e d  to  th e  d ien e  so lu tion  
th e  m e a su red  e x p e r im e n ta l e n th a lp y  is g iv en  b y  th e  re la ­
tio n , A i M e x p t l )  =  A  Hr, +  A H r(s o ln ) . S u b s e q u e n t  tr e a t­
m e n t o f  th e  d a ta  in th e  m a n n er  p re v io u sly  d e sc r ib e d 1 -4 a l ­

low s th e  c a lc u la tio n  o f  A  H r  a n d  A f lr ( g ) .  T h e s e  resu lts  are 
sh ow n  w ith  th e  a n a lo g o u s e th y le n e  re a ctio n  in T a b le  I. 
T h e  d a ta  sh ow  th e  h eat o f  th e  D - A  rea ctio n  is a b o u t th e  
sa m e  in a n y  s ta te ; th e  h e a t o f  re a c tio n  in th e  g a s  a n d  so ­
lu tio n  p h ase  d iffer  b y  o n ly  0 .4  k c a l /m o l .  T h is  d ifferen ce  is 
given  b y  th e  exp ression

A H r(g)  -  A t f r(so ln ) =

2  A i i solv(r e a c ta n ts )  -  A i7 so]v(a d d u c t)

(2) The following reviews summarize our knowledge of the Diels-Alder 
reaction: (a) A. Wasserman, "Diels-Alder Reaction," Elsevier, New 
York, N. Y., 1965; (b) J. Hamer, "1,4-Cycloaddition Reactions; The 
Diels-Alder Reaction in Heterocyclic Synthesis," Academic Press, 
New York, N. Y., 1967; (c) J. Sauer, A n g e w . C he m ., In t. Ed. E ng l.. 
5, 2 11 (1966); 6, 16 (1967).

(3) See W. C. Herndon, C hem . R ev.. 72, 157 (1974), and references 
therein.

(4) F. E. Rogers, J. P hys. C h e m .. 75, 1734 (1971).
(5) O. Diels and K. Alder, Ann.. 460,98 (1928).
(6) R. C. Weast, “Handbook of Chemistry and Physics,” 47th ed, 

Chemical Rubber Publishing Co., Cleveland, Ohio, 1966.
(7) R. E. Pincock, K. R. Wilson, and T. E. Kiovsky, J. A m e r. C hem . 

S o c .. 89, 6890 (1967).
(8) D. Craig, J. A m e r. C hem . S o c .. 73, 4889 (1951 ).
(9) P. Wilder, Jr., and R. F. Gratz, J. O rg. C h e m .. 35, 3269 (1970).
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w here th e  h e a ts  o f  so lv a tio n  are d e fin e d  as A iiso iv (a d d u c t)  
=  AH6 -  AH3 an d  Z A F /so iv G e a c ta n ts)  =  A  Hi +  A H 5 — 
(AjF/i +  A H 2) . T h e  n ear e q u a lity  o f  th e  so lu tio n  a n d  g a s- 
p h a se  rea ctio n  h e a ts  req u ires th a t  th e  h e a ts  o f  so lv a tio n  o f  
th e  re a c ta n ts  a n d  p ro d u c ts  a p p ro x im a te  e a ch  oth er . S in ce  
th e  to ta l m o la r  v o lu m e  is greater for th e  re a c ta n ts  th a n  
th e  a d d u c t  th e  so lv a tio n  p o ssib ilitie s  are greater h en ce  
A H so in (re a c ta n t) >  A i / So m (a d d u c t). T h e s e  o b serv a tio n s  
w o u ld  requ ire  th e  so lu tio n  h e a t o f  re a c tio n  to  b e  e q u a l to  
or s lig h tly  greater th a n  th e  v a lu e  for th e  g a s -p h a se  re a c ­
tio n . T h e  a v a ila b le  d a ta , a lb e it lim ite d , su g g e sts  th is  is

S c h e m e

diene (g) + maleic anhyd (g) -
if/,

diene (!) + maleic anhyd (c)

diene (soin) + maleic anhyd (soin)
A//r(soln)

endo adduct (g)

I AH,

endo adduct (c)

A H,
endo adduct (soin)

I f  th e  so lu tio n  h e a t o f  rea ctio n  is c lose  to  th e  g a s -p h a se  
re a ctio n  h e a t th e  n e x t ste p  th en  is to  e s tim a te  th e  la tter  
v a lu e  u sin g  eq  1. T h e  h e a t o f  th e  a n a lo g o u s e th y le n e  re a c ­
tio n , AHre(g), is - 2 3 . 8  k c a l /m o l ;  th e  h e a t o f  h y d r o g e n a ­
tio n  o f  m a le ic  a n h y d rid e  to  su cc in ic  a n h y d rid e  is - 3 3 . 0 2  
k c a l /m o l .  S u b s titu tio n  gives AHrd(g) =  - 2 4 . 0 2  k c a l /m o l ,  
w h ic h  is sm a lle r  th a n  th e  e x p er im e n ta l v a lu e  b y  2 .5 7  k ca l. 
C o n sid e r in g  th e  s im p lic ity  o f  th e  m e th o d  th e  a g re e m en t  
m u s t  be  co n sid ered  sa tis fa c to ry .

E x p e r im e n ta lly  it  is on ly  p o ssib le  to  m e a su re  th e  re a c ­

tio n  h e a t le a d in g  to  th e  e n d o  a d d u c t ( N ) .  F ro m  o th er  d a ta  
it  is p o ss ib le  to  e s tim a te  th e  re a ctio n  h e a t le a d in g  to  th e  
ex o  a d d u c t ( X )  acco rd in g  to  th e  fo llo w in g  cy cle

, ,• , • AH, 
c y c lo p e n ta d ie n e  +  m a le ic  a n h y d -------*- e n d o  a d d u c t

e x o  a d d u c t

w here A Hr is our e x p e r im e n ta l h e a t ; AH\S0, th e  h e a t o f  
iso m e r iz a tio n ; a n d  A Hx, th e  rea ctio n  h e a t le a d in g  to  exo . 
T h e  e q u ilib ra tio n  o f  pure N or X  a t 170° lea d  to  an  e q u i­
lib r iu m  m ix tu re  o f 55% X a n d  45% N . 7  It is re a so n a b le  to  
a ssu m e  th a t  Cp for iso m eriza tio n  is n e a r ly  zero , hence  
A_Hlso(170°) ^  AHiSO(25°). F ro m  th e  e q u ilib r iu m  c o n ­

s ta n t , K iso  = X/N a n d  AGiso = —R T  In K i SO, w e c a lc u ­
late  AGiso = —0.177 k c a l /m o l .  F ro m  th e  re la tio n sh ip , 
A G iso  =  A H iso  — T A S iso  w here A Siso  is ta k e n  as 2 e u , 10 

AF/iso =  0.709 k c a l /m o l  or th e  e n d o  a d d u c t is s lig h tly  
m o re s ta b le . S u b s titu tio n  in  th e  e q u a tio n  A Hx = A Hr +  
A ifiso  w here A Hr =  —26.21 gives A Hx = —25.5 k c a l /m o l ,  
or th e  rea ctio n  le a d in g  to  th e  e x o  iso m er is less e x o th e r­
m ic  b y  0.7 k c a l /m o l .  T h is  v a lu e  is in  ev en  closer a g ree ­
m e n t w ith  th a t  p re d ic te d  b y  eq  1, -24.0 k c a l /m o l .  S in ce  
th e  e q u a tio n  m a k e s  n o  p ro visio n  for th e  d e v e lo p m e n t o f  
new  sta b iliz in g  in tera c tio n s it is re a so n a b le  to  a ssu m e  
b e tte r  a g re e m en t for th e  less s ta b le  iso m er .

T h e  e n h a n c ed  s ta b ility  o f  th e  en d o  iso m er is a lso  c o n ­
s is te n t w ith  so m e  re la ted  w ork . W h ile  th is  re a ctio n  has  
b e e n  stu d ie d  re p ea te d ly  a n d  fo u n d  to  y ie ld  th e  e n d o  iso ­
m er “ e x c lu s iv e ly ,”  W ild e r  a n d  G r a tz  fra c tio n a lly  c r y sta l­
liz ed  a k in e tic a lly  d e te r m in e d  re a ctio n  m ix tu re  a n d  fo u n d  
1.4% e x o .9 I f  it  is a ssu m e d  th a t th e  fo rm a tio n  o f  e n d o  (N)

Reaction Coordinate

Figure 1. Energy profile' for the reaction of cyclopentadiene and 
maleic anhydride.
a n d  ex o  ( X )  a d d u c ts  fo llo w  rate  la w s o f  th e  s a m e  fo rm , 
th e  p ro d u c t ra tio  N / X  is eq u al to  th e  ra tio  o f  th e  sp ec ific  
rate  co e ffic ie n ts  kn/kx- F u rth erm o re , th e  g r o u n d -sta te  
re a c ta n ts  le a d in g  to  a p air  o f  e n d o -e x o  iso m eric  tra n sitio n  
s ta te s  are id e n tic a l, so  th a t  log ( & n / & x ) is d ire c tly  p ro p o r­
tio n a l to  th e  free en ergy  d ifferen ce  b e tw ee n  th e  tw o  tr a n ­
sitio n  sta te s . F ro m  th e  A rrh en iu s e q u a tio n  th e n , it  a p ­
p ea rs th a t th e  e n d o  tra n sitio n  sta te  is 2 .5  k c a l m o re  sta b le  
th a n  th e  e x o  tra n sitio n  s ta te . T h e  e n h a n c e d  s ta b ility  o f  
th e  en d o  tr a n sit io n  s ta te  d e p e n d s , a c co rd in g  to  S te in  an d  
A ld e r , 1 1  on  th e  p o ss ib ility  for th e  “ m a x im u m  a c c u m u la ­

tio n  o f  u n s a tu r a tio n .”  In  m o re  re ce n t tim e s  th is  co n c e p t  
h a s b een  re sta te d  in q u a n tu m  c h e m ic a l te r m s .3 In  goin g  
fro m  an  a lm o s t  c o p la n a r  tra n sitio n  s ta te  to  p ro d u c t there  
is an  in crease in  v o lu m e 12  w h ich  p r e s u m a b ly  red u ces  th e  
sta b iliz in g  in tera c tio n  o f th e  en d o  sp ec ies  fro m  2 .5  to  th e  
p o in t w here th e  e n d o  iso m er is o n ly  0 .7  k c a l m o re  sta b le  
th a n  th e  e x o  iso m er . T h erefo re , th e  en d o  tr a n sit io n  s ta te  
a n d  en d o  iso m er are m o re  sta b le  th a n  th e  exo  a ltern a tiv e  
a lth o u g h  th e  m a rg in  o f  s ta b ility  is re d u c e d  in  th e  p ro d ­
u c ts . T h e se  re su lts  are su m m a riz e d  in  th e  re a c tio n  p rofile  
sh ow n  in  F igu re  1.

T h e  a c tiv a tio n  en ergy  o f th e  forw ard  re a ctio n  Ei\ le a d ­
in g  to  th e  e n d o  iso m e r  is so lv en t d e p e n d e n t , d ec re a sin g  
w ith  in crea sin g  s o lv e n t p o la r ity .13 W e  h a v e  a d o p te d  th e  
v a lu e  for d e c a lin , Et% =  1 2 .3  k c a l /m o l .  T h e  h e a t a n d  
en ergy  o f th e  re a ctio n  are re la ted  b y  th e  e x p re ssio n , A H =  
A E — PA V. A lth o u g h  th e  v o lu m e  d ecrease  in  a ty p ic a l  
D - A  re a c tio n 12  is on  th e  order o f  30  c c /m o l ,  th e  P A  V  te rm  
for a so lu tio n  re a ctio n  is n everth eless n e g lig ib le . H e n c e  w e  
a ssu m e  th a t  AH ~  A E a n d  th e  a c tiv a tio n  en ergy  for th e  
retrorea ction , Erl, is 3 7 .5  k c a l /m o l .  G a n te r , S ch e id eg g e r, 
a n d  R o b e r ts 14  h av e  sh ow n  q u ite  c o n c lu siv e ly  th a t  th e  
th e r m a l iso m e r iz a tio n  o f  th e  e n d o  to  e x o  iso m e r occu rs b y  a

(10) M. P. Kozina, L. P. Timofeeva, S. M. Skuratov, N. A. Belikova, E.
M. Milvitskaya, and A. F. Plate, J. C hem . T h e rm o d y n a m . . 3, 563 
(1971), give 2 eu for the entropy of isomerization of encfo-2-methyl- 
5-norbornene to the exo isomer.

(11) K. Alder and G. Stein, A n g e w  C he m .. 50, 510 (1937).
(12) R. A. Grieger and C. A. Eckert, J. A m e r. C hem . S o c .. 92, 2918 

(1970).
(13) A. Wasserman, “Diels-Alder Reactions,” Elsevier, Amsterdam, 

1965.
(14) C. Ganter, U. Scheidegger, and J. D. Roberts, J. A m e r. C hem . 

S o c .. 87, 2271 (1965).
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d is s o c ia tio n -r e c o m b in a tio n  m e c h a n is m  ra th er th a n  a 
step w ise  p ro cess . T h e  m e c h a n is m  a p p ea rs  to  b e  a reverse  
o f  th e  fo rm a tio n  o f  th e  e n d o  a d d u c t  fo llo w ed  b y  r e c o m b i­
n a tio n  co n tra ry  to  th e  A ld e r  r u le .1 1  F ro m  th e  earlier k i­
n e tic  d a ta  o f  B a ld w in  a n d  R o b e r ts 15  on  th e  th e r m a l is o m ­
eriza tio n  o f e n d o  to  e x o  iso m er in  d e c a lin  we c a lc u la te  th e  
a c tiv a tio n  en ergy  for th e  reverse p ro cess , Ert, as  35  k c a l /  
m o l. T h is  v a lu e  is in  sa tis fa c to ry  a g re e m e n t w ith  th e  a c ti­
v a tio n  en ergy , Eft ( 3 7 .5 ) ,  d erived  fro m  ou r th e r m o c h e m i­
ca l d a ta .

A s  th e  a c c u m u la t io n  o f  th e r m o c h e m ic a l d a ta  lag s, it 
h as b e c o m e  n ecessa ry  to  d ev e lo p  e m p ir ic a l m e th o d s  for  
th e  e s tim a tio n  o f  th e r m o d y n a m ic  p a r a m e te rs . W h ile  eq  1 
is sa tis fa c to ry  in  d e a lin g  w ith  th is  p a r tic u la r  D - A  rea ctio n  
w e h ave  e x p lo re d  a n o th e r  a p p ro a c h  for e s tim a tio n  o f  th e  
g a s-p h a se  rea ctio n  h e a t w h ich  is so m e w h a t s im p lie r  a n d  
e q u a lly  sa tis fa c to ry . F ro m  th e  g a s -p h a se  h e a ts  o f  fo r m a ­
tio n  o f e th a n e  ( - 2 0 . 2 4  k c a l /m o l ) 16  a n d  su cc in ic  a n h y d rid e  
( - 1 2 8  k c a l /m o l)  it  a p p ea rs  th a t  th e  re p la c e m e n t o f  tw o  
h yd rogen s b y  an  a n h y d rid e  grou p  ch a n g e s th e  h e a t o f  fo r ­
m a tio n  b y  — 108  k c a l /m o l .  C o m b in in g  th is  v a lu e  w ith  th e  
h e a t o f  fo rm a tio n  o f  n orb o rn en e  ( 2 0 .6  k c a l /m o l ) 1  gives  
A //f ( a d d u c t )  =  - 8 8  k c a l /m o l .  W i t h  th is  v a lu e  a n d  th e  
h ea ts  o f  fo rm a tio n  o f  cy c lo p e r .ta d ien e  (3 1 .9 5  k c a l /m o l)  
an d  m a le ic  a n h y d rid e  ( - 9 5 . 2  k c a l /m o l ) ,  th e  g a s -p h a se

h e a t o f  rea ctio n  is c a lc u la te d  as A H r(g) =  - 2 5  k c a l /m o l  
c o m p a re d  to  th e  e x p e r im e n ta l v a lu e  o f  - 2 6 . 6  (e n d o ) k c a l /  
m o l. T h u s , th is  s im p le  grou p  a p p ro a ch  a lso  y ie ld s  good  
re su lts .

T h e  h e a t o f  fo rm a tio n  o f th e  e n d o  a d d u c t  c a lc u la te d  
fro m  th e  h e a ts  o f  fo rm a tio n  o f th e  re a c ta n ts  a n d  AJir(g) is 
—8 9 .8  k c a l /m o l .  T h e  stra in  en ergy in  a m o le c u le  is gen er­

a lly  a ssign ed  as th e  d ifferen ce  b e tw ee n  th is  e x p er im e n ta l  
v a lu e  an d  th e  h e a t  o f  fo rm a tio n  p re d ic te d  on  th e  b a sis  o f  
so m e  e m p iric a l s c h e m e . W e  h av e  a d o p te d  th e  o le fin ic  an d  
ca rb o n y l in c re m en ts  o f  B e n s o n 1 7  a n d  th e  “ sin g le  co n fo r­
m a tio n ”  v a lu es  o f  th e  sa tu ra te d  C H  a n d  C H 2 g rou p s from  
S c h le y e r . 18 T h e  p re d ic te d  fo rm a tio n  h e a t a n d  stra in  en er­
g y  are — 1 1 3 .5 7  a n d  2 3 .7  k c a l /m o l ,  r e sp e c tiv e ly . T h e  strain  
en ergy  o f  n orb o rn en e its e lf  is 23  k c a l /m o l  w h ich  im p lie s  a 
sm a ll co n tr ib u tio n  fro m  th e  su cc in ic  a n h y d rid e  m o iety . 
B e n so n  e s tim a te s  th e  stra in  is th is  rin g  sy s te m  at 1 .1  
k c a l /m o l . 17

(15) J. E. Baldwin and j. D. Roberts, J. Am er. Chem. Soc., 85, 115 
(1963).

(16) Unless otherwise notec all heat of formation data are from J. D. 
Cox and G. Pilcher, “Thermochemistry of Organic and Organome- 
talllc Compounds,” Academic Press, New York, N. Y., 1970.

(17) S. W. Benson, "Thermochemical Kinetics,” Wiley, New York, N. Y., 
1968.

(18) P. v. R. Schleyer, J. E. Williams, and K. R. Blanchard, J. Amer. 
Chem. Soc.. 92, 2377 (1970).
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T h e  a b so rp tio n  sp e c tra  o f  th e  cis a n d  tr a n s  iso m ers  o f  th io in d ig o , 6 ,6 '-d ie th o x y th io in d ig o , se len o in d ig o , 
an d  3 ,3 , -d i o x o -4 ,4 ,4 , '4 , -t e t r a m e t h y l -2 ,2 , -b ith io la n y lid e n e  w ere d e te r m in e d  b y  a c o m b in a tio n  o f  a b so rp ­
tio n  an d  flu o re sce n ce  sp ec tro sc o p y  in th e  v is ib le  region . Q u a n tu m  y ie ld s  o f  f lu o rescen ce  (for th e  tran s  
iso m ers) a n d  for th e  p h o to c h e m ic a l c is  —► tra n s an d  tra n s —*• cis iso m eriza tio n s  w ere m e a su r e d . T h e  e f­
fe c t  o f  s tru c tu ra l p a r a m e te rs  on  th e  a b so rp tio n  sp ec tra  a n d  on  th e  ra tes o f  th e  e x c ite d  sta te  processes  
(flu o re scen ce , tw istin g , a n d  n o n ra d ia tiv e  d ec a y ) o f  in d igo id  d y e s  is d isc u sse d .

I n tr o d u c tio n

In  c o n ju n c tio n  w ith  s tu d ie s  on  th e  q u e n c h in g  o f  th e  f lu ­
orescen ce  a n d  th e  p h o to c h e m ic a l c is -t r a n s  iso m eriza tio n  
o f  so m e  in d ig o id  d y e s , 2 it w a s n e ce ssa ry  to  d eterm in e  
th e ir  a b so rp tio n  sp e c tra  a c c u ra te ly  in  th e  v is ib le  region . 
A lth o u g h  th e  e x isten c e  o f  cis an d  tra n s iso m ers h a s  been  
k n ow n  for so m e  t im e , 3-6 th e ir  fa c ile  in terco n v ersio n  h a d  
m a d e  an  a c c u ra te  m e a su r e m e n t o f  th e  sp e c tru m  o f  each  
iso m er d iff ic u lt . R e a s o n a b ly  a c cu ra te  sp e c tra  h a v e  been  
d e te r m in e d  for  th e  c h r o m a to g ra p h ic a lly  se p a ra te d  iso m ers  
o f  tw o th io in d ig o  d y e s , 3 w h ile  "h e  sp e c tra  o f  o th ers  h av e  
b een  c a lc u la te d  fro m  p h o to sta tio n a r y  m ix tu r e s , b a se d  on  
certa in  re a so n a b le  a s s u m p tio n s , 3 ' 7 th e  co rrectn ess o f  
w h ich  m a y  be s u b je c t  to  so m e  d o u b ts .

R e c e n tly  B la n c  a n d  R o ss  d ev e lo p e d  an  in g en io u s m e th ­
o d  for d e te r m in in g  a c c u r a te ly  th e  sp ec tra l a b so rp tio n  
cu rve  o f  th e  cis  iso m er fro m  th e  c o m p o site  sp e c tru m  o f a 
m ix tu re  o f  cis an d  tra n s iso m ers  b y  a c o m b in a tio n  o f  flu o -

(1) Presented at the IVth IUPAC Conference on Photochemistry, 
Baden-Baden, July 1972.

(2) G. M. Wyman, Chem. Com m un. 1332 (1971).
(3) G. M. Wyman and W. R. Brode, J. Am er. Chem. Soc.. 73, 1487 

(1951).
(4) W. R. Brode, E. G. Pearson, and G. M. Wyman. J. Am er. Chem. 

Soc., 76, 1034 (1954).
(5) J. Weinstein and G. M. Wyman, J. Am er. Chem. Soc., 78, 4007 

(1956).
(6) R. Pummerer and G. Marondel, Chem. Ber., 93, 2834 (1960).
(7) I. Y. Bershtein and Y. L  Kaminskii, Opt. Spektrosk., 15, 381 

(1963).
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rescen ce  a n d  a b so rp tio n  sp ec tro sc o p y , p ro v id ed  th a t  on ly  
th e  tra n s iso m er e x h ib ite d  flu o re sc e n c e . 8 S in c e  th io in d ig o 9 

a n d  N, /V '-d  ia c ety lin d ig o  sa tis fy  th is  re q u ire m e n t, th e y  
c a lc u la te d  th e  a b so rp tio n  cu rves for th e  cis  iso m ers o f  
th e se  c o m p o u n d s  a n d , in  a la ter c o m m u n ic a t io n , 10 e x ­
te n d e d  th is  to  se le n o in d ig o . U n fo r tu n a te ly , d u e  a p p a r e n t­
ly  to  an  in stru m e n ta l a rtifa c t in th e ir  flu o re sce n ce  m e a ­
s u r e m e n ts 1 1  th e  cu rves th e y  o b ta in e d  for th e  c is  c o m ­
p o u n d s  w ere in error. T h e y  also  c a lc u la te d  th e  tra n s a b ­
so rp tio n  cu rves, e x tin c tio n  c o effic ien ts , a n d  q u a n tu m  
y ie ld s  for p h o to iso m e r iz a tio n  b a sed  on  th e  c o m p u te d  cis  
cu rves.

la, thioindigo: X = S, R = H
lb, 6,6'-diethoxythioindigo: X = S, R = OC2H5
lc, selenoindigo: X = Se, R = H
ld, oxindigo: X = 0, R = H

0  0

o  o

II III

T h e  v isib le  a b so rp tio n  sp ec tra  for b o th  th e  cis  a n d  th e  
tra n s iso m ers , th e  q u a n tu m  y ie ld s  o f  flu o re sce n ce , an d  o f  
cis —► tra n s a n d  tra n s -  cis p h o to iso m e r iz a tio n  w ere d e ­
te rm in ed  for fou r in d igo id  d y es  (Ia , l b ,  Ic , a n d  II) in  th e  
p re sen t s tu d y . T h e  e x cited  sta te  b e h a v io r  o f  th e se  c o m ­
p o u n d s  w as c o m p a re d  w ith  th a t  rep orted  for o x in d ig o  
( I d ) 12  a n d , to  a lim ite d  e x te n t, w ith  th io p h en e in d ig o
(II I ) . 13

E x p e r im e n t a l  S e c t io n

Materials. T h e  3 ,3 ' -d i o x o -4 ,4 ,4 ',4 '- t e t r a m e t h y l -2 ,2 , -b i -  
th io a n y lid e n e  (II) a n d  th io p h en e in d ig o  (III) w ere research  
sa m p le s  p ro v id ed  th ro u g h  th e  c o u rtesy  o f  P ro fessor W .  
L u e ttk e  o f th e  O rg a n ic  C h e m istr y  In stitu te , U n iv e rs ity  o f  
G o e ttin g e n ; se le n o in d ig o  w as a research  s a m p le  k in d ly  
p ro v id ed  b y  D r . D . L . R o ss  o f  R C A  L a b o ra to r ie s , P rin c e ­
to n , N .  J . T h io in d ig o  (fu rth e r p u rified  b y  re c ry sta lliz a tio n  
fro m  c h lo ro fo rm ) an d  6 ,6 '-d ie th o x y th io in d ig o  w ere re ­
search  sa m p le s  k in d ly  fu rn ish ed  b y  th e  d u P o n t C o . an d  
C ib a -G e ig y  S . A . (B a s e l) , re sp ec tiv e ly . R h o d a m in e  B  w as  
p u rc h a se d  fro m  M a th e s o n  C o le m a n  a n d  B e ll . P h en o l w as  
rea gen t grade fro m  B a k e r  an d  A d a m s o n . R e a g e n t grade  
b e n zen e  w ith  n o  fu rth er p u rifica tio n  w as u se d  for all m e a ­
su rem e n ts .

Spectroscopic Measurements. A b s o r p tio n  sp ec tra  w ere  
m e a su red  on  a C a ry  M o d e l  17 sp e c tro p h o to m e te r  a n d  f lu ­
orescen ce  in ten sities  d e te r m in e d  u sin g  a H ita c h i P erk in - 
E lm e r  M P F -2 A  flu o rescen ce  sp e c tro p h o to m e te r  on  th e  
sa m e  so lu tio n s  (c o n c e n tra tio n  ~ 1 0 ~ 5 M )  c o n ta in ed  in 
fu sed  q u a rtz  c e lls . T h e  h ig h  se n s itiv ity  o f  th e  C a ry  in stru ­
m e n t p e r m itte d  ac cu ra te  m e a su r e m e n ts  o f  a b so rp tio n  
sp e c tra  on  th e  w e a k ly  a b so r b in g  so lu tio n s th a t  are re ­
q u ired  for flu o re sce n ce  s tu d ie s .

Irradiation of Dye Solutions. T h e  d y e  so lu tio n  co n ta in ed  
in  a 1 -c m  a b so rp tio n  ce ll w a s p reirrad ia ted  for 5 m in  to

o b ta in  a tr a n s - or c is -r ic h  so lu tio n  in an a p p a r a tu s  d e ­
scrib ed  p re v io u sly , u sin g  ap p ro p ria te  C o rn in g  g la ss  filters  
to  iso la te  th e  req u ired  w a v e le n g th s . 14  A  re c ta n g u la r  w ater  
b a th  w as in serted  b etw een  th e  la m p  a n d  th e  so lu tio n s  in  
ord er to  e lim in a te  h e a t e ffec ts .

Quantum Yield Measurements. T h e  q u a n tu m  e ffic ie n cy  
o f  flu o rescen ce  o f th io in d ig o  w as d e te r m in e d  re la tiv e  to  a 
corrected  flu o rescen ce  sp e c tru m  o f  R h o d a m in e  B  ((ft = 
0 .6 9 ) 15 k in d ly  p ro v id ed  b y  D r . R . N .  K e lle r  o f  N B S . U n  
d eg a sse d  so lu tio n s  o f  th io in d ig o  in b e n z e n e  a n d  R h o d a ­
m in e  B  in e th a n o l w ere p rep ared  w ith  an  o p tic a l d en sity  
o f  0 .0 2  at 5 0 0  n m . T h e  “ c u t an d  w e ig h ”  m e th o d  w as u sed  
to  d eterm in e  th e  area o f  th e  flu o rescen ce  e m iss io n  a n d  th e  
ap p ro p ria te  correction  w as m a d e  for th e  d ifferen ce  in th e  
refra ctiv e  in d ices  o f  th e  tw o so lv e n ts . 15  T h e  q u a n tu m  e f ­
fic ien cies  o f  l b ,  Ic , a n d  II in  b en zen e  w ere d e te r m in e d  re l­
a tiv e  to  th io in d ig o . A l l  th e  d e te r m in a tio n s  for th e  in d igo id  
d y es w ere m a d e  on  tr a n s-r ic h  so lu tio n s an d  n o r m a liz e d  to  
1 0 0 %  tra n s c o n c e n tra tio n .

T h e  q u a n tu m  y ie ld  o f  tra n s to  cis p h o to iso m e r iz a tio n  o f  
th io in d ig o  w a s d eterm in e d  in a “ m e r r y -g o -r o u n d ”  a p p a r a ­
t u s 16  w ith  C o rn in g  gla ss filters u se d  to  iso la te  th e  5 4 6 -  
a n d  5 7 7 -5 7 9 -n m  lin es fro m  a 4 5 0 -W  H a n o v ia  m e d iu m -  
p ressu re  la m p . F erric  o x a la te  a c tin o m e try  w as u sed  to  
m o n ito r  th e  in te n s ity  o f  th e  e x c itin g  l ig h t . 17  T h e  q u a n tu m  
y ie ld s  o f  p h o to iso m e r iz a tio n  for l b ,  Ic , a n d  II w ere d e te r ­
m in e d  u sin g  e x c it in g  lig h t fro m  a B a u s c h  &  L o m b  m o n o ­
c h r o m a to r ; e lim in a tio n  o f  s tra y  lig h t o f  h ig h er ord ers w as  
a c c o m p lish e d  b y  th e  use  o f  a p p ro p ria te  filters . T h io in d ig o  
w as u sed  as a se co n d a ry  a c tin o m e te r  in th e  d e te r m in a tio n  
o f  th e  lit for lb  a n d  Ic . S in c e  ferric o x a la te  a c tin o m e tr y  
is re la tiv e ly  in se n sitiv e  to  v isib le  lig h t 1 7  a n d  th e  lo n g  irra ­
d ia tio n  tim e s  a n d  c o n cu rren t low  co n versio n s m ig h t  in tro ­
d u ce  large errors in th e  d e te r m in a tio n  o f  th e  la m p  in te n s i­
ty , th e  «it— c for th io in d ig o  w as re d eterm in e d  u sin g  th e  
B a u sc h  &  L o m b  m o n o c h r o m a to r  a n d  an  a c tin o m e te r  d e ­
v e lo p e d  b y  W e g n e r  a n d  A d a m s o n . 18 T h e  4>t— c v a lu e  d e ­
te rm in ed  in  th is  m a n n e r  agreed  w ith in  e x p e r im e n ta l error 
w ith  th e  <it— c v a lu e  o b ta in e d  u sin g  ferric o x a la te  a c ti­
n o m e try . Irra d ia tio n s w ere carried  o u t to  low  co n versio n s  
( ~ 3 —7 % ) . A n a ly s is  w a s b y  a b so rp tio n  sp e c tro sc o p y ; a p ­
p ro p riate  co rrection s fro m  th e  c a lc u la te d  cu rv es  w ere  
m a d e  to  o b ta in  th e  a m o u n ts  o f  cis a n d  tra n s iso m er p re s­
e n t.

Flash Photolysis. F la sh  p h o to ly sis  e x p e r im e n ts  w ere  
carried  o u t in d eg a sse d  so lu tio n s c o n ta in e d  in c y lin d ric a l  
c e lls . A  m e r c u r y -x e n o n  fla sh  h a v in g  a fa ll t im e  o f  ca. 10  
Msec w as u sed  w ith  C o rn in g  gla ss filters  to  a c tiv a te  th e  d ye

(8) J. Blanc and D. L. Ross, J. Phys. Chem.. 72, 2817 (1968).
(9) D. A. Rogers, J. D. Margerum, and G. M. Wyman, J. Am er. Chem. 

Soc., 79, 2464 (1957).
(10) D. L. Ross, J. Blanc, and F. J. Mattlcoli, J. Am er. Chem. Soc., 92, 

5750 (1970).
(11) Their fluorescence spectra showed double emission maxima with 

the long wavelength peak at ca. 620 nm, the wavelength at which 
their intensity measurements were made. This second peak ap­
pears to have been in error since it had not been observed in the 
earlier work9 nor was it found in this investigation or in a third labo­
ratory (U. Wild, Federal Institute of Technology, Zuerich, private 
communication), using three different types of instruments.

(12) H. Guesten, Chem. Com m un.. 133 (1969).
(13) H. Herrmann and W. Luettke, Chem. Ber., 101, 1715 (1968).
(14) G. M. Wyman and A. F. Zenhausern, J. Org. Chem., 30, 2348

(1965) .
(15) C. A. Parker and W. T. Rees, Analyst, 85, 587 (1960).
(16) F. G. Moses, R. S. H. Liu, and B. M. Monroe, Mol. Photochem ., 1, 

245 (1969).
(17) C. G. Hatchard and C. A. Parker, Proc. Roy. Soc., Ser. A. 235, 518 

(1956).
(18) E. E. Wegner and A. W. Adamson, J. Am er. Chem. Soc.. 88, 394

(1966) .
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v isib le  b a n d . A  tu n g ste n  s te a d y -s ta te  la m p  w a s u sed  to  
m o n ito r  tr a n sie n ts  ov er th e  en tire  ran ge o f  th e  v isib le  
sp ec tru m .

R e s u lt s

Calculation of Cis Absorption Curves. T h e s e  w ere c a l­
c u la te d  b y  th e  m e th o d  o f  B la n c  a n d  R o ss  a n d  are sh ow n  
in  F igu res 1 - 4 ;  th e  m o le c u la r  e x tin c tio n  c o effic ie n ts  a t th e  
a b so rp tio n  p ea k s  are lis te d  in T a b le  I . T h e  o b serv e d  very  
gra d u a l ta p e r in g  o ff  o f  th e  cu rves for l a  a n d  Ic  a t  th e  lo n g -  
w a v e len g th  s id e  is in  c o n tr a st  w ith  cu rves p re v io u sly  c a l­
c u la te d  for th e se  c o m p o u n d s . 3 ' 7 -8 T h e  co rrectn ess o f  th e  
curve for c is -Ia  w as v erified  b y  ( 1 ) se p a ra tin g  th e  cis iso ­
m er (c o n ta in in g  ca. 2 %  tr a n s ) 3 c h r o m a to g ra p h ic a lly  an d  
o b serv in g  th a t  its  a b so r p tio n  in  th e  5 3 0 -5 6 0 -n m  region  
w as less th a n  th a t  rep o rted  b y  B la n c  a n d  R o s s 8 a n d  (2 )  b y  
ob serv in g  cis  —► tra n s iso m eriz a tio n  u p o n  irra d ia tin g  a cis- 
rich  so lu tio n  w ith  lig h t o f  w a v e le n g th s  > 5 7 5  n m , as sh ow n  
in F igu re 5 .

Calculation of Trans Absorption Curves. F isch e r  h a s  
sh ow n  th a t , i f  tc is k n ow n  as a  fu n c tio n  o f  A, et ca n  be c a l­

c u la te d  b a se d  on  th e  a ssu m p tio n  th a t  0 C— t / $ t — c is c o n ­
s ta n t a n d  in d e p e n d e n t o f  th e  w a v e len g th  u se d  for th e  
p h o to c h e m ic a l iso m e r iz a t io n . 19  In  u sin g  F isc h e r ’s m e th o d

Figure 1. Visible absorption spectra for c is -  (------) and t r a n s -

(------- ) thioindigo (la) in benzene.

480 500 550 600

A ( n m )

Figure 3. Visible absorption spectra for c is -  (----- ) and t r a n s -
(------- ) selenoindigo (Ic) in benzene.

Figure 4. Visible absorption spectra for c is -  (----- ) and t r a n s -
(------- ) 11 in benzene.

A ( n m )

TABLE I: Molecular Extinction Coefficients at the Wavelengths 
of the Absorption Maxima (nm)

Compd X t Amax it ^maxC ic it

la 543 17,C00 800 484 13,700 4050

lb 516 14,600 760 460 1 2 , 0 0 0 5400

!c 562 14,100 90 485 10,400 2 2 0 0

N 452 12,700 540 397 13,400 4100

it is n ecessary  to  o b ta in  a b so rp tio n  cu rves ch a ra cteristic  
o f  tw o  d iffe re n t p h o to sta tio n a r y  s ta te s  b y  ir ra d ia tin g  th e  
sa m e  so lu tio n  at w a v e len g th s , X ( l )  a n d  A (2 ). In  th eir  
p a p er  B la n c  a n d  R o ss  h a v e  p o in te d  to  th e  s im p lific a tio n  
in tro d u ced  in to  th is  ty p e  o f  c a lc u la tio n  fro m  k n o w led g e  o f  
th e  ra tio  o f  c o n c e n tra tio n s  (R) o f  th e  tra n s iso m er p resen t  
in  th e  tw o  p h o to sta tio n a r y  s ta te s ; u n fo r tu n a te ly  it  ap p ea rs  
th a t  th e  eq  A 5  th e y  d eriv ed  is n o t in  th e  co rrect fo r m . 8

L e t  a i  a n d  a2 rep resen t ( t r a n s ) /( t o t a l)  in  th e  p h o to s ta ­
tio n a ry  s ta te s  re su ltin g  fro m  ir ra d ia tin g  a t  A ( l )  a n d  A (2 ),

Figure 2. Visible absoration spectra for c is -  (---- -) and t r a n s -
(------- ) 6 ,6 '-diethoxythioindigo (lb) in benzene. (19) E. Fischer, J. Phys. Chem .. 71,3704 (1967).
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TABLE II: Quantum Yields and Rate Constants for Excited State Processes

Compd r,nsec <t> f 4> t-*c C-*t 4>c/<t>te 0tp <Pt6
ftf (calcd)>

X107
ftf(obsd)1

X107
fttp.
X108

fttd,
X108

Decay ratio 
cis/trans

la 13.4° 0.56e 0.041 0.45f 1 1 0.075 0.37 3.6 4.1 0.056 0.27 1 . 2 2

lb 0.9° 0.03d 0.19 0.37 2 . 0 0.30 0.67 3.8 3.3 3.3 7.4 1.70
Ic 1.76 0.03d 0.032 0.81 25.5 0.17 0.80 2 . 6 1 . 8 1 . 1 4.7 0.24
II 0.7° 0 .0 2 d 0.34 0.41 1 . 2 0.58 0.40 2 . 8 2.9 8.3 5.7 1.44

Id 0.63 0.35 0.55 0.98 0 . 0 2 6.7 1.85

“ Determined through the kindness of Professor W. R. Ware by the single-photon technique. b Determined by the Stern-Volmer method using phenol 
as the quencher. c Vs. Rhodamine B as reference (0f = 0.69). d Vs. Thioindigo (la) as reference. e From photostationary state concentration measure­
ments. t  Determined indirectly by applying the factor from quantum yield ratios to 0 t— ir­

re sp ec tiv e ly , a n d  th e  (k n o w n ) m o le c u la r  e x tin c tio n  c o e ffi­

c ie n ts  for th e  cis iso m er b e  ecX(1) a n d  f cX(2). I f  th e  ob served  
o p tic a l d e n sitie s  in  th e  tw o  p h o to sta tio n a r y  s ta te s  are d e s ­
ig n a te d  as D i(m e a s u r e d  a t X ( l ) ) a n d  D 2 (m e a su re d  at  
X (2 )) , th en

R  =  a i/ 0 2 ; a i  -  R a 2 (1)

4 > c - * t / =  a i£ t M 1)/ ( l  -  a i ) e cM1) =

R a 2f t x a ) / ( l  -  R a 2) ( c M1) =  a 2i t x(27 ( l  -  a 2 ) f cX(2> ( 2 )

w here eq  2 is eq  1 in  re f 19

Di =  f W a ) (A )  +  ( 1  -  =
R a 2ctM l ] ( A )  +  (1  -  R a 2 ) f cA ll)( A )  (3 )

w here A  = to ta l co n ce n tra tio n

D2 = a 2f t x<2, ( A )  +  (1  -  a 2 ) f cX(2)C<4) (4 )

w here eq  3 a n d  4 are d erived  fro m  B e e r ’s law .
B y  ap p ro p ria te  s u b stitu tio n  on e o b ta in s  th e  fo llow in g  

so lu tio n s for th e  u n k n o w n  q u a n tities

Oi2 =  ( e c X(1)D 2 -  £cX(2)D l ) / ( f l £ c X l l ) i l 2 “  i c X(2)I> l)

an d

(1  -  a2) = ( R -  l ) £ CX(1 , D 2 / ( I i i i X(1 )D 2 -  (5 )

£tX(1) = |D i/[(A ) -  ecX(1)]/I?a2) +  £cX(1) (6)

f t X(2) =  [ D 2/ ( A )  -  (1  -  a 2) t c M2)] / a 2 (7 )

(In  a c tu a l p ra ctic e  eq  6  an d  7 are n o t n e ed e d , sin ce  once  
« i  a n d  a2 are k n o w n , th e  tra n s cu rves ca n  b e  c a lc u la te d  
b y  su b stra c tio n  fro m  th e  c o m p o site  c u rv e s .)  In  order to  
te s t  th e  v a lid ity  o f  th ese  e q u a tio n s , c a lc u la te d  v a lu es  for  
ct fro m  p h o to sta tio n a r y  sta te s  w ere co m p a re d  w ith  m e a ­
su red  v a lu e s  for t t fro m  ch r o m a to g ra p h ic a lly  se p a ra te d  all 
tra n s th io in d ig o  w ith  e x c e lle n t a g re e m en t.

S o lu tio n s  c o n ta in in g  o n ly  th e  tra n s iso m ers ca n  b e  re a d ­
ily  o b ta in e d  for la , Ic , a n d  II b y  c o lu m n  c h ro m a to g ra p h y  
o f tra n s-r ic h  so lu tio n s  o f  th ese  d y e s  in b e n z en e  in the  
d a rk . T h e  se p a ra tio n  o f  th e  tra n s iso m ers  o f  la  a n d  Ic w as  
also  h e lp ed  b y  th e  h igh  <t>c t̂/<t>t~c ra tio  (vide infra), 
m in im iz in g  th e  e ffe c t o f  s tra y  lig h t d u rin g  th e  se p a ra tio n . 
U n fo r tu n a te ly , c o lu m n  c h r o m a to g ra p h y  o f  lb  req u ires a 
m o re  p o la r  so lv e n t m ix tu r e  for e lu t io n .3 T h u s , in  order to  
o b ta in  th e  tra n s cu rve  for lb  in b e n z e n e , it  w as n ecessary  
to  c a lc u la te  it  b y  eq 5 . T h e  v isib le  a b so rp tio n  cu rves for  
th e  tra n s iso m ers  are a lso  sh ow n  in F igu res 1 -4  an d  th e  
m o le c u la r  e x tin c tio n  co effic ie n ts  ( ft )  are ta b u la te d  in  
T a b le  I. (It  sh o u ld  b e  n o te d  th a t  our a b so rp tio n  cu rves for  
lb  are s im ila r  to  th e  cu rves rep orted  for 6 ,6 '-d iis o p r o p o x y -  
th io in d ig o  b y  R o s s , 20 e x c e p t th a t c ts-Ib  sh o w s w ea k er a b ­
sorp tion  on  th e  lo n g -w a v e le n g th  sid e  o f th e  a b so rp tio n  
p e a k  th a n  R o ss  rep orted  for h is c o m p o u n d .)

480 540 600

A(nm)

Figure 5. Photochemical activity of c is-la at long wavelengths:
(------- ) photostationary state obtained by irradiating with
Corning filter No. 3-67; (........) photostationary state ob­
tained by irradiating with Corning filter 2-63. Shaded area in in­
sert shows wavelengths transmitted by filter No. 3-67; cross- 
hatched area indicates wavelengths transmitted by both filters.
Cis (------) and trans (----- ) curves are included for reference
purposes.

Quantum Yields, Excited State Lifetimes, and Rate 
Constants. T h e  en ergy  d ia g ra m  a n d  re a ctio n  sc h e m e  
sh ow n  in F ig u re  6  w as d ev ised  in order to  a llo w  u s to  a n a ­
ly ze  an d  in terp ret th e  e x c ite d  sta te  p ro cesses e x h ib ite d  in  
th ese  sy s te m s . A lth o u g h  th e  in te r m e d ia c y  o f  a tr ip le t  can  
n o t be  ru led  o u t a lto g eth er , a t te m p ts  to  d e te c t  tr a n sie n ts  
( r  >  2 0  psec) u sin g  fla sh  p h o to ly sis  te c h n iq u e s  w ere u n ­
su c c essfu l for e a c h  o f  th e  fou r d y es  s tu d ie d . S in c e  cis- 
th io in d ig o  in  th e  S i  s ta te  d oes n o t flu o re sc e 9 a n d  th e  rate  
of its  c is -tr a n s  iso m eriz a tio n  is n o t a ffe c te d  b y  q u e n c h ­
e rs , 2 it w as a ssu m e d  for all o f  th ese  d y es  th a t  th e  c i *  —*• 
p *  (tw iste d  fo rm ) s te p  occu rs w ith  1 0 0 %  e ffic ie n c y . T h e  
v a rio u s p a r a m e te rs  o b ta in e d  a n d /o r  c a lc u la te d  for th e  
fou r d y e s  s tu d ie d  in th is  w ork ( la , lb ,  Ic , a n d  II) are ta b u ­
la ted  in  T a b le  II, a lo n g  w ith  d a ta  rep o rted  for o x in d ig o  
( I d ) . 12  S in c e  th io p h e n e in d ig o  (III) d oes n o t flu o resce  a t  
ro om  te m p e ra tu re , its  a b so rp tio n  sp e c tra  c o u ld  n o t be  o b ­
ta in e d  w ith  a n y  degree o f  c e rta in ty ; for th is  reason  we 
h av e  n o t o b ta in e d  q u a n tu m  y ie ld  d a ta  o n  th is  d y e . E x c it ­
ed  s ta te  life tim e s  ( r) for la , lb , an d  II w ere d e te r m in e d  b y  
th e  sin g le  p h o to n  c o u n tin g  te c h n iq u e  b y  P ro fessor W .  R . 
W a r e ; b eca u se  o f  th e  v ery  sh o rt o b serv ed  life t im e s  th e  
v a lu es  for lb  a n d  II are on ly  a p p ro x im a te  ( ± 3 5 % ) .  T h e  e x ­
c ite d  sta te  life tim e  for Ic  w as o b ta in e d  b y  S te r n -V o lm e r  
tr e a tm e n t o f  f lu o rescen ce  q u e n c h in g  re su lts , u sin g  p h en o l

(20) D. L. Ross, Appl. Opt., 10, 571 (1971).
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Figure 6. Schematic representation of the photochemical and 
photophysical processes.

as th e  q u e n ch e r , a ssu m in g  a d iffu sio n -c o n tr o lle d  ra te . 2 

T h e  c a lc u la te d  rate  c o n sta n t for flu o rescen ce  (fericaiccn) 
w as e s tim a te d  fro m  th e  a b so rp tio n  sp ec tra  b y  m e a n s  o f eq
8 .21 T h e  q u a n tu m  y ie ld  o f  flu o re sce n ce  ( 0 t) for trans-la

tio n  o f  cis a b so rp tio n  cu rves for su ch  s y s te m s  w ith o u t  
h a v in g  to  resort to  a n y  arb itrary  a ssu m p tio n s .

A s  can  be seen  fro m  F igu res 1 -4 ,  th e  c a lc u la te d  a b so r p ­
tio n  cu rves o b ta in e d  for th e  cis iso m ers h ave  on e  u n u su a l  
fea tu re  in c o m m o n : th e c o n tin u o u s  g ra d u a l ta p erin g  o ff  o f  
a b so rp tio n  in th e  w a v e le n g th  region  o f Xmax1. T h is  is in 
sh arp  co n tra st w ith  th e  resu lts  o f  B la n c , et al. , &'10 w hose  
cu rves h a d  d is tin c t “ sh o u ld e rs”  in  th is  reg ion . T h e  existen ce  
o f  th is  a lm o s t  im p e r c e p tib le  a b so rp tio n  “ t a i l”  w as verified  
b y  ob serv in g  cis ► tra n s iso m eriza tio n  u p o n  irra d ia tin g  a 
c is -r ic h  so lu tio n  o f  l a  w ith  lig h t X > 5 7 5  n m  (cf. F igure 5 ) ;  
th e  h ig h  0 C— t / 0 t —c ra tio  (cf. T a b le  II) su g g e ste d  th is  as a 
d ia g n o stic  to o l for th is  p u rp o se . M o re o v e r , it  is th e se  w eak  
lo n g -w a v e le n g th  a b so rp tio n s  th a t e x te n d  th ro u g h  a lm o st  
th e  entire len g th  o f  th e  tra n s a b so rp tio n  b a n d s  (w h en  c o u ­
p le d  w ith  h ig h  0 c— t / 0 t — c r a tio s !)  th a t  m a k e  it  im p o ss i­
b le  to  o b ta in  h igh  tra n s —* cis co n versio n s b y  p h o to c h e m i­
ca l m e a n s .

B a se d  on  b o th  sp e c tro sc o p ic 3 a n d  q u a n tu m  m e c h a n i­
c a l23 ev id en ce  th e  first e x c ited  s in g le t ( S i )  s ta te  o f  in d i- 
goid  d yes is b e liev ed  to  be  a charge tra n sfer  s ta te , re su lt­
in g  fro m  th e  p a r tia l tra n sfer  o f  a “ lo n e  p a ir ”  o f  e lectro n s  
fro m  th e  h e te ro a to m  to  th e  ca rb o n y l o x y g e n , as sh ow n  in  
stru ctu res I V . S in c e  th e  electro n  tran sfer  occu rs b etw een

k f  = 1 /Tf; Tf = (3.5 X  108)/V2€maxAi'i/2 (8)

w as d e te r m in e d  a g a in st  R h o d a m in e  B  as th e  referen ce  (4>r 
= 0.69) a c co rd in g  to  P a r k e r ’s p ro c e d u r e ;15  <pt v a lu e s  for 
th e  oth er c o m p o u n d s  w ere m e a su r e d  a g a in st l a  as th e  se c ­
o n d a ry  s ta n d a rd . In  a d d itio n  to  m e a su rin g  th e  q u a n tu m  
y ie ld s  for th e  c is -t r a n s  iso m eriz a tio n s  ( 0 C— t a n d  0 1— c), 
0c—t / 0 t—c ra tio s  w ere a lso  d e te r m in e d  from  p h o to sta tio n -  
ary sta te  c o n c e n tra tio n s , a c co rd in g  to  eq  2 , u s in g  ex c itin g  
lig h t fro m  a  B a u s c h  &  L o m b  m o n o c h r o m a to r . 0 C— t w as  
n o t d e te r m in e d  d ire c tly  for la ,  b e c a u se  o f  th e  u n fa v o ra b le  
( 7 /3 )  ( c is ) /( t r a n s )  ra tio  in th e  c is -r ic h  p h o to sta tio n a r y  
s ta te . T h e  ra te  c o n sta n ts  for th e  v a rio u s e x c ited  sta te  p ro ­
cesses w ere c a lc u la te d  fro m  eq  9.

k*  = 0x/r (9)

D is c u s s io n

Absorption Spectra. T h e  a b so rp tio n  cu rves o b ta in e d  in 
th is  w ork for th e  tra n s iso m ers  are n o t s ig n ific a n tly  d iffe r­
e n t fro m  th o se  th a t  h a d  b e e n  o b se r v e d 3 7 ’ 8 ' 13  w ith  th e  e x ­
cep tio n  o f  trans-lb, w here th e  in te n s ity  o f  th e  a b so rp tio n  
p ea k  re la tiv e  to  th e  iso sb estic  p o in t w as fo u n d  to  be  c o n ­
s id era b ly  low er th a n  h a d  b e e n  rep o rted  p r e v io u s ly . 3 T h is  
is n o t su rp risin g , b e c a u se  th e  tr a n s -r ic h  p h o to sta tio n a r y  
s ta te  th a t  ca n  be o b ta in e d  for th is  d ye  c o n ta in s  a larger  
fra c tio n  o f  th e  cis  iso m e r th a n  is th e  ca se  for th e  o t h ­
ers; fu rth erm o re  its  tw o  iso m ers  c o u ld  n o t b e  co n v e n ie n tly  
se p a ra te d  c h r o m a to g ra p h ic a lly , h en ce  th e  m e th o d  o f  c a l­
c u la tio n  u sed  earlier w as su b je c t  to  error. T h e  a b so rp tio n  
cu rves a lso  agree w ith  th e  co rresp o n d in g  e x c ita tio n  s p e c ­
tra  w ith in  th e  error o f  th e  m e a s u r e m e n t . 22

O n  th e  oth er h a n d  th e  cu rves o b ta in e d  for th e  cis is o ­
m e rs  d iffer in m a n y  re sp ec ts  fro m  th o se  rep orted  in th e  
litera tu re . In  tw o  o f  th e  earlier p a p e r s 3 ’ 7 arb itra ry  a s ­
s u m p tio n s  w ere m a d e  w ith  re sp ec t to  th e  e x tin c tio n  c o e f­
f ic ie n t o f  on e o f  th e  iso m ers in  reg ion s o f  in ten se  a b so r p ­
tio n  b y  th e  o th e r ; e.g., W y m a n  a n d  B ro d e  a ssu m e d  from  
th e  sh a p e s o f  th e  a b so rp tio n  cu rves th a t  «c =  0  a t  a w a v e ­
len g th  (Xmax1 + 25) n m . A p p lic a tio n  o f  th e  m e th o d  o f  
B la n c  a n d  R o s s 8 p e r m itte d  for th e  first t im e  th e  c a lc u la ­

IV

th e  tw o  fiv e -m e m b e r e d  rings th a t  are co n n ec te d  b y  th e  
cen tra l d o u b le  b o n d , th e  en ergy lev e l o f  th e  S i  s ta te  w ill 
b e  a ffec te d  n o t o n ly  b y  e le ctro n ic , b u t  a lso  b y  steric  fa c ­
to rs. T h is  ca n  be re a d ily  seen  fro m  a c o m p a riso n  o f  th e  
sp ec tra  o f  th e  p la n a r  tran s w ith  th e  n o n c o p la n a r  cis iso ­
m e rs ; in  every  in sta n ce  th e  first a b so rp tio n  p ea k s  o f th e  
la tte r  are sh ifte d  to  h igh er fre q u e n c ie s . 3 ’8 ’ 10 F u rth er e v i­
d en c e  for th e  n o n c o p la n a rity  o f  th e  c is  iso m ers  co m es  
fro m  c o m p a rin g  th e  nn ax for th e  series Id , la , a n d  Ic . For  
th e  tra n s iso m ers  th e  order e x p e c te d  on  th e  b a sis  o f  
e le c tro n eg a tiv ity  (viz., 0  >  S  >  S e ) is o b serv e d , w hile  
a m o n g  th e cis c o m p o u n d s  la  a n d  Ic a b so r b  a t th e  sa m e  
fre q u e n c y . 24 T h is  in d ic a te s  th a t  th e  a d d itio n a l e lectron  
release  e ffec t ( + M )  n o r m a lly  a sso c ia te d  w ith  h eavier  
a to m s  in th e  sa m e  grou p  o f th e  p erio d ic  ta b le  is e ffe c tiv e ­
ly  b lo c k e d  fro m  th e  c h ro m o p h o re  b y  th e  n o n c o p la n a rity  o f  
cts-Ic . It is a lso  in terestin g  to  n o te  th a t  Armax(cis vs. 
tra n s) in creases in th e  order 0  <  S  <  S e  viz., w ith  in ­
crea sin g  size  o f  th e  h e te ro a to m s.

T h e  n o n c o p la n a rity  o f  th e  cis iso m ers in th e  ground  
sta te  an d  th e  a ssu m p tio n  th a t  in  th e  S i  s ta te  a tw isted  
(p * )  fo rm  rep resen ts  m in im u m  en ergy  su g g e sts  tw o  p o ssi­
b le  e x p la n a tio n s  for th e  lo n g -w a v e le n g th  a b sorp tion  
“ t a i ls ”  seen  in th eir sp ec tra . I t  is p o ss ib le  th a t , in  v iew  o f  
th e  d ifferen ces in th e  g e o m e try  b e tw ee n  So a n d  S i ,  th ese  
m a y  rep resen t w ea k  n o n v e rtic a l tra n sitio n s  fo rb id d e n  by

(21) N. J. Turro, “Molecular Photochemistry," W. A. Benjamin, Amster­
dam, 1967, p 48.

(22) This comparison was suggested by one of the referees. Unfortu­
nately the precision obtainable in excitation spectra determinations 
is not as good as in absorption measurements, hence only a quali­
tative comparison is pcssibie.

(23) M. Klessinger, T e t ra h e d ro n ,  2 2 ,  3355 (1966).
(24) M. Klessinger and W. Luettke, C h e m . B e r . .  99, 2136 (1966).
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Figure 7. Energy diagram for cis and twisted forms showing 
possible Franck-Condon forbidden (--------) and "hot-band” tran­
sitions. The double minimum in the ground state is indicated by 
the probable noncoplanarity of the cis isomers.

th e  F r a n c k -C o n d o n  p rin c ip le , 25 (a s  sh ow n  b y  d o tte d  lin es  
in  F igu re 7 ) . A n  a ltern a tiv e  e x p la n a tio n  m ig h t  in v olve  
“ h o t -b a n d ”  v e rtic a l tra n sitio n s fro m  an  u p p e r  v ib ra tio n a l  
Co le v e l; su ch  Co —*• c i *  tra n sitio n s w o u ld  o c cu r a t a v a r i­
e ty  o f  low er freq u en cies  d u e  to  th e  ste e p  d o w n w a rd  slope  
o f  th e  en ergy curve o f  th e  S i  s ta te . (S u c h  tr a n sit io n s  are 
sh ow n  b y  th e  so lid  lin es in F igu re 7 .)

Excited State Chemistry. I t  is k n ow n  th a t  in  th e  grou n d  
s ta te  th e  tra n s iso m ers p o ssess  th e  greater s ta b ility . T h e  
h y p so c h ro m ic  sh ifts  ob served  in th e  sp e c tra  o f  th e  cis iso ­
m ers in d ic a te  th a t  th e  en ergy d ifferen ce  b e tw ee n  th e  cis  
a n d  th e  tra n s iso m ers is even  greater in th e  S i  s ta te  th a n  
in th e  grou n d  s ta te . A  c o n seq u en c e  o f  th e  h ig h  p o te n tia l  
en erg y  o f C i*  ap p ea rs  to  b e  its  sh ort l ife t im e , as sh ow n  b y  
its  la c k  o f  flu o re sce n ce  a n d  failu re  to  u n d erg o  q u e n c h in g . 2 

T h u s  th e  a ssu m p tio n  (see  a b o v e ) th a t  C i*  u n d ergo es e x ­
c lu s iv e ly  fa s t  ra d ia tio n less  d e a c tiv a tio n  to  th e  tw iste d  p *  
fo rm  sh o u ld  be c o n siste n t w ith  th ese  o b serv a tio n s .

S in c e  th e  tra n s iso m er o f  each  o f  th e  fou r d y e s  stu d ie d  
flu o resces, it is p o ssib le  to  arrive a t  so m e  co rrelation s  
(fro m  th e  d a ta  c o n ta in ed  in T a b le  II) b e tw ee n  th e ir  e x c it ­
ed s ta te  p ro cesses a n d  stru ctu ra l p a r a m e te rs . I t  is im m e ­
d ia te ly  a p p a r e n t fro m  th e  d a ta  th a t  th e  ra tes  o f  flu o res­

cen ce  (fef(obsdi) d iffer  litt le  fro m  e a ch  oth er for th e  four  
d y e s ; th e y  co rresp on d  to  a ra n ge  o f ra d ia tiv e  life t im e s  o f  
3 4 -5 5  n se c . In  v iew  o f  th e  u n ce rta in tie s  in v o lv e d  in th e  
m e a su r e m e n t o f  flu o re sce n t q u a n tu m  y ie ld s 15  a n d  in th e  
d e te r m in a tio n  o f  th e  e x c ite d  s ta te  life tim e s  o f  th e  sh o r t­
liv e d  lb  a n d  II, it  is re a so n a b le  to  loo k  u p o n  th e se  rate  
c o n sta n ts  as su b s ta n tia lly  id e n tic a l. T h is  is n o t to o  su r ­
p risin g , sin ce  ra d ia tiv e  life tim e s  are re la ted  to  a b so rp tio n  
sp e c tra  b y  eq  8  a n d  th e  v isib le  a b so rp tio n  cu rves o f  th e  
fou r d y es  are q u ite  s im ila r , e x c e p t for d ifferen ces  in th e  
fre q u e n cy  o f  th e ir  a b so rp tio n  m a x im a . T h e  a g re e m e n t b e ­
tw een  the o b serv ed  a n d  c a lc u la te d  v a lu es  for k t  is also  
q u ite  sa tis fa c to ry ; th is  co n firm s th a t  th e  lo n g -w a v e le n g th  
a b so rp tio n  b a n d s  co rresp on d  to  th e  So -*• S i  tr a n s it io n s . 26 

S in c e  th e  ra d ia tiv e  life tim e s  for th e  fou r d y e s  are s u b s ta n ­
t ia lly  id e n tic a l, th e  large d ifferen ces seen  in th eir e x cited  
s ta te  life tim e s  (r )  m u st  b e  a ttr ib u ta b le  to  ch a n g es in th e  
re lative  ra tes o f  th e  c o m p e tin g  n o n ra d ia tiv e  p ro cesses o f  
tw istin g  a n d  d e a c tiv a tio n .

A lth o u g h  a n u m b e r  o f  th e o re tica l d isc u ssio n s h av e  a p ­
p ea red  in th e  litera tu re  re c e n tly  on  th e  s u b je c t  o f  n o n ra d i­
a tiv e  tr a n s it io n s , 27 th e  c o m p o u n d s  s tu d ie d  in th e  p resen t

w ork are to o  c o m p le x  to  be  tr ea te d  b y  a n y  o f  th e  a p ­
p ro a ch es p ro p o sed . H o w e v e r , it is in terestin g  to  n o te  th a t  
for all o f  th e  d y e s  s tu d ie d  th e  ra tes o f  tw istin g  a n d  o f  n o n ­
ra d ia tiv e  d e c a y  sh ow  a close p a r a lle lism  w h en  v iew ed  as  
fu n c tio n s  o f  c h e m ic a l stru ctu re . T h is  te n d s  to  su p p o rt th e  
v iew  o f  N o y e s , et al., w h o recen tly  su g g e ste d  th a t  iso m eri- 
za tio n s m a y  b e  an  im p o r ta n t rou te  for ra d ia tio n le ss  tr a n ­
s it io n s . 28

W h ile  it  is n o t p o ssib le  to  arrive a t  q u a n tita tiv e  c o rrela ­
tio n s  b e tw ee n  c h e m ic a l stru ctu re  a n d  th e  ra tes  o f  th e  r a ­
d ia tio n le ss  p ro cesses fro m  our d a ta , it  is p o ss ib le  to  co rre ­
la te  th e  la tte r  w ith  w h a t m a y  su rm ised  c o n ce rn in g  th e  p o ­
te n tia l en ergy o f  th e  t i *  m o lecu le  on  th e  b a sis  o f  e le c tro n ­
ic a n d  steric  co n sid era tio n s . T h u s , in  a sse ssin g  th e  e ffec t  
o f  th e  h e te ro a to m  on  th ese  ra tes in  th e  series I d - I a - I c ,  it 
is c lear th a t  th io in d ig o  ( la )  o c cu p ies  a u n iq u e  p o sitio n  
w ith  th e  lo w est ra tes  for b o th  tw istin g  ( ktp) a n d  d ec a y  
(feta)- S u b s titu tio n  o f  e ith er ox yg en  or se le n iu m  for th e  
su lfu r  a to m s  re su lts  in  a d ra stic  d ro p  in th e  flu o rescen ce  
q u a n tu m  y ie ld s  d u e  to  th e  e n h a n c e m e n t o f  th e  ra tes  o f  
th e  n o n ra d ia tiv e  p ro c e sses . 29 In  o x in d ig o  (Id )  th e  h igh  
e le c tro n e g a tiv ity  o f  th e  ox y g en  a to m s  m in im iz e s  th e  reso ­
n a n c e  in tera ctio n  b e tw ee n  th e  h e te ro a to m s a n d  th e  c a r ­
b o n y l grou p s ( c /.  s tru ctu re  I V ) , h en ce  th e  t i *  s ta te  w ill 
p ossess re la tiv e ly  h ig h  p o te n tia l en erg y ; th is  is a lso  e v i­
d e n t fro m  th e  p o sitio n  o f  its first lo n g -w a v e le n g th  b a n d  
(4 1 3  n m ) . 12  C o n se q u e n tly , in th e  e x c ite d  sta te  it  a p p ea rs  
to  b e h a v e  m o re  lik e  a co n ju g a ted  o le fin  (cf. s t i lb e n e ) 30 

th a n  an  in d ig o id  d y e . O n  th e  oth er h a n d , in  se le n o in d ig o  
(Ic ) th e  h ig h  d egree o f  charge tra n sfer  e x p e c te d  on  th e  
b a sis  o f  th e  low  e le c tro n e g a tiv ity  o f  th e  se le n iu m  a to m s  
a p p ea rs  to  be  c o u n te rb a la n c e d  b y  steric  fa c to r s ; th e  large  
size  o f  th e  se le n iu m  a to m s  m a k e s  c o p la n a r ity  d iff ic u lt  to  
a c h iev e  ev en  in th e  tra n s c o n fig u ra tio n  w ith o u t in tro d u c ­
in g  so m e  rin g  s tr a in , 31 h en ce  reso n a n ce  s ta b iliz a t io n  o f  
th e  ch arge tra n sfer  S i  s ta te  is re d u c e d . F u rth er ev id en ce  
for th e  steric  e ffe c ts  o f  th e  se le n iu m  a to m s  m a y  b e  seen  in  
th e  d ec a y  ra tio s  ta b u la te d  in  T a b le  II. Ic  is th e  o n ly  c o m ­
p o u n d  for w h ich  th e  cis iso m er is n o t  fa v o re d  d u rin g  th e  
d e c a y  o f th e  tw iste d  in term ed ia te  ( p * ) .  T h is  su g g e sts  th a t  
for Ic th ere  m a y  w ell b e  steric  h in d e ra n c e  ev en  in th is  
sta te  a n d  th a t  th e  in te r m e d ia te  m a y  h av e  a tra n so id  c o n ­
fig u ra tio n  fro m  w h ich  it ca n  d e c a y  to  t 0 a p p ro x im a te ly  
fou r tim e s  fa ste r  th a n  to  Co. A  d ire c t co ro lla ry  o f  th is  is 
th e  e x c e p tio n a lly  h ig h  v a lu e  for <f>c~  t.

T h e  h igh  flu o rescen ce  q u a n tu m  y ie ld  an d  th e  lo w  v a lu es  
for th e  ra tes o f  th e  tw o  ra d ia tio n less  p ro cesses fo r  th io in ­
d igo  su g g e st th a t  th e  h e te ro a to m s in th is  c o m p o u n d  p o s ­
sess th e  m a x im u m  in  e le c tro n -d o n a tin g  p o w er th a t  is 
c o m p a tib le  w ith  c o p la n a r ity , a c o m b in a tio n  th a t  is e x ­
p ec te d  to  e n d o w  t i *  w ith  g rea test s ta b ility . F u rth erm o re , 
X -r a y  d iffra ctio n  stu d ie s  on  th e  cry sta l h a v e  sh o w n  e v i­
d en c e  o f  se co n d a ry  v a len c e  forces b etw een  th e  su lfu r  a n d  
ox y g en  a to m s  in a d ja c e n t rings h o ld in g  th is  m o le c u le  in a

(25) The authors are indebted to Professor Dr. Th. Foerster for this 
suggestion.

(26) W. R. Ware in “Creation and Detection of the Excited State," Vol. 
1A, A. A. Lamola, Ed., Marcel Dekker, New York, N. Y., 1971, p 
215.

(27) For a review c f .  D. Phillips in "Photochemistry," Vol. 2, D. Bryce- 
Smith, Senior Reporter, The Chemical Society, London, 1971, pp 
18-43.

(28) D. Phillips, J. Lemaire, C. S. Burton, and W. A. Noyes, Jr., A d v a n .  
P h o to c h e m . ,  5, 329 (1968).

(29) Since Id is reported not to fluoresce (ref 12), our observations con­
cerning this compound can only be qualitative.

(30) C f. D. Gegiou, K. A. Muszkat, and E. Fischer. J .  A m e r .  C h e m .  
Soc.. 90, 3907 (1968).

(31) H. v. Eller, B u ll.  S o c .  C h im .  F r ..  106, 1444 (1955).
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tig h t c o p la n a r c o n fig u ra tio n . 31 I t  is p o ss ib le  th a t , i f  th is  
b o n d in g  sh o u ld  p ersist in  so lu tio n , it m a y  s ta b iliz e  th e  t i *  
sta te  s till fu rth er an d  e x p la in  th e  u n iq u e ly  low  v a lu es  
fo u n d  for tw istin g  a n d  for ra d ia tio n less  d e c a y .

E le c tro n ic  e ffe c ts  d u e  to  th e  in tro d u c tio n  o f s u b s t itu ­
en ts  in th e  th io in d ig o  fra m ew o rk  c a n  a lso  be  e v a lu a te d  to  
so m e  e x te n t b y  a c o m p a riso n  o f th e  d a ta  on  la  w ith  th o se  
on lb  a n d  II. In  lb  th e  “ o u t -o f -p h a s e ”  c o n ju g a tio n  o f  th e  
e le c tro n -d o n a tin g  e th o x y  grou p s w ith  th e  c a rb o n y ls  w ou ld  
b e  e x p e c te d  to  raise  th e  en erg y  o f  th e  S i  s ta te , le a d in g  to  
an e n h a n c e m e n t o f  th e  n o n ra d ia tiv e  p ro cesses , low  f lu o ­
rescen ce  q u a n tu m  y ie ld , a n d  a sh o rt life t im e . C o m p o u n d  
II d iffers fro m  la  b y  th e  e lim in a tio n  o f  th e  tw o  fu sed  b e n ­
zen e rings a n d  th e  reso n a n ce  s ta b iliz a t io n  a sso c ia te d  
th e rew ith . H e re  a g a in  th e  ra d ia tio n less  p ro cesses  d o m i­
n a te , a lth o u g h  a w ea k  flu o re sce n ce  ca n  s till be  ob serv e d . 
F u rth er s tu d ie s  on  oth er s u b s t itu te d  th io in d ig o  d y e s  w ill 
h a v e  to  be  u n d erta k e n  to  c o n firm  th e se  te n ta tiv e  c o n c lu ­
sio n s.

F ro m  a c o m p a riso n  o f  th e  c h e m ic a l b e h a v io r  (in  th e  
ground s ta te ) , th e  sp ec tro sc o p ic  p ro p erties , an d  q u a n tu m  
m e c h a n ic a l c a lc u la tio n s  o f  II w ith  la , H e rr m a n n  a n d  
L u e ttk e  c o n c lu d e d  th a t  th e  c o n ju g a te d  sy ste m  in  th e  fo r ­
m er rep resen ts  th e  b a s ic  c h ro m o p h o re  ( “ G r u n d c h ro m o -  
p h o r ” ) o f  in d ig o 13  a n d  th a t  it ca n  n o t b e  co n sid ered  to  
b elo n g  to  th e  fa m ily  o f  m e ro c y a n in e s , as h a d  b e e n  p ro ­

p o se d  b y  L e u p o ld  a n d  D a e h n e . 32 O u r  stu d ie s  su p p o rt  
L u e ttk e ’s c o n te n tio n , s in ce  a lth o u g h  w e w ere a b le  to  o b ­
serve  flu o re sce n ce  fro m  trans-Il, w e w ere u n a b le  to  d e te c t  
a n y  em iss io n  fro m  trans-lH in  b en zen e  so lu tio n  a t  ro om  
te m p e ra tu re . B a se d  on  th e ir  M O  c a lc u la tio n s  H e rr m a n n  
a n d  L u e ttk e  c o n c lu d e d  th a t th e  c o n ju g a tio n  b e tw ee n  th e  
cy clic  d o u b le  b o n d s  a n d  th e  ca rb o n y l ox y g en  a to m s  a c tu ­
a lly  lessen s th e  in d ig o id  ch a ra cter o f  I I I . 33 S u c h  o u t -o f ­
p h a se  c o n ju g a tio n  in  th e  S i  sta te  w o u ld  b e  e x p e c te d  to  
h a v e  an e ffec t s im ila r  to  th a t  ca u sed  b y  th e  in tro d u ctio n  
o f  th e  6 ,6 '-d ie th o x y  grou p s in to  th e  th io in d ig o  stru ctu re . 
S in c e  th e  q u a n tu m  y ie ld  o f  flu o rescen ce  is  o n ly  0 .0 2  for 
trans-Il, th e  la c k  o f  f lu o rescen ce  fo u n d  for fra n s-III  a p ­
p ea rs  to  b e  c o n siste n t w ith  th e ir  v iew s.
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P u b l ic a t io n  c o s ts  a s s is te d  b y  th e  X e ro x  C o rp o ra t io n

T h e  p o sitio n , n u m b e r , a n d  le n g th  o f  b ra n ch es in  th e  a lk a n o a te  p o rtio n  o f  c h o lestery l a lk a n o a te s  p ro ­
fo u n d ly  e ffec t th e ir  m e so m o rp h ic  b e h a v io r . In te ra c tio n s  o f  th e  c a rb o n y l m o ie tie s  are b e lie v e d  to  be m a jo r  
co h esive  forces in th e  h elix  o f  th e  ch o lesteric  m e so p h a se . W e  p o stu la te  th a t  b ra n c h in g  in th e  n e ig h b o r­
h oo d  o f th e  c a rb o n y l a lters th e se  b o n d in g  forces a n d  th e reb y  lea d s to  s m e c tic  b e h a v io r . B ra n c h in g  also  
d ecreases co n fo rm a tio n a l m o b ility  o f  th e  a lk a n o a te  c h a in  le a d in g  to  m o re  o rg a n iza tio n  in  th e  crysta llin e  
s ta te ; th is  ca n  to  so m e  e x te n t be o ffse t b y  in crea sin g  th e  b ra n c h  le n g th . T h e s e  la tte r  fa c to rs  con trol A Hf 
an d  th e  m e ltin g  p o in t . T h e  b in a ry  p h a se  d ia g ra m s are e x p lic a b le  in te rm s o f  m u tu a l d isru p tio n  o f  th e  
c ry sta l la ttic e s  o f  th e  tw o  c o m p o n e n ts . M a te r ia ls  s im ila r  in size  a n d  sh a p e  b e h a v e  m o re  id ea lly  in a d ­
m ix tu r e  th a n  d iss im ila r  m a te r ia ls . S m a ll  a m o u n ts  o f  a lo n g -c h a in  a lk a n o a te  in a sh o rt on e h a v e  a greater  
d isru p tiv e  e ffe c t  on  th e  c ry sta l stru ctu re  th a n  vice versa. In  so m e  ca ses e u te c tic s  are ob serv e d .

S u b s titu e n t  e ffe c ts  o f  th e  a r o m a tic  p o rtio n  o f  ch o lester ­
y l b e n z o a te s  on th e  m e so m o rp h ic  tra n sitio n  te m p e ra tu re s  
an d  th e r m o d y n a m ic s  h a v e  b e e n  e x a m in e d .1 -3  T h e  e ffe c t  o f  
alterin g  c h a in  le n g th  in  c h o lestery l n -a lk a n o a te s  h a s  a lso  
receiv ed  a great d e a l o f  a t te n tio n .4

In  co n tra st, th e  e ffec t o f  a lk a n o a te  c h a in  b ra n c h in g  
(len g h , d eg ree , a n d  p o sit io n ) or. th e  m e so m o rp h ic  tr a n s i­
tion  te m p e ra tu re s  a n d  th e r m o d y n a m ic s  o f  c h o lestery l a l ­
k a n o a te s  h as n o t b een  re p o rted . In  th is  p a p er  we d iscu ss

th e  resu lts  o f  su c h  a s tu d y . T h e  e ffe c t o f  th ese  stru ctu ra l  
v a ria tio n s on  th e  b e h a v io r  o f  b in a ry  m ix tu r e s 5 is a lso  e x ­
a m in e d .

(1) C. Wiegand, Z. N a tu r to r s c h .  B , 3, 3 13  (1954).
(2) C. Earborn and N. H. Hartshorne, J . C h e m . S o c . ,  549 (1955).
(3) E. M. Barrall, II, K. E. Bredfeldt, and M. Vogel, M o l.  C ry s t .  L iq .  

C ry s t . ,  In press.
(4) G. J. Davis, R. S. Porter, and E. M. Barrall, II, M o l.  C ry s t .  L iq u id  

C ry s t . ,  1 1 ,3 1 9  (1970), and references therein.
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E x p e r im e n t a l  S e c t io n

C h o le ste ry l h e x a n o a te  a n d  n o n a n o a te  w ere p u rc h a se d  
from  E a s tm a n  C h e m ic a l  C o . T h e  oth er ch o lestery l a lk a -  
n o a te s  w ere p re p a re d  b y  e sterifica tio n  o f  ch o lestero l 
(E a s tm a n  C h e m ic a l C o ., p r im a ry  sta n d a rd  g rad e) w ith  
th e  req u isite  a c id  ch lo rid es, g en era lly  in  9 5 - 1 0 0 %  y ie ld . 
A ll  sa m p le s  w ere p u rified  b y  rep ea ted  c r y sta lliza tio n  from  
1 -p e n ta n o l-e th a n o l a n d /o r  e th y l a c e t a te -e th a n o l . E le m e n ­
ta l a n a ly se s  w ere c o n siste n t w ith  c h e m ic a l stru ctu res . 
T h in  la y er c h r o m a to g ra p h y  rev ea led  n o  im p u r itie s . P u rity  
a n a ly sis  b y  th e  m e th o d  o f D a v id  an d  P orter6 y ie ld e d  p u ­

r ity  o f  9 9 .5  m o l %  or greater.
T h e  c a lo rim etic  d a ta  a n d  th e  p h a se  d ia g ra m s w ere p r i­

m a rily  gen era ted  b y  u se  o f  a  P e r k in -E lm e r  D S C -1 B  d iffe r ­
e n tia l sc a n n in g  c a lo rim eter  a t  a sca n  rate  o f  1 0 ° /m i n .  T h e  
o b serv a tio n s  w ere a u g m e n te d  b y  m ic ro sc o p ic  e x a m in a tio n  
(see  b e lo w ) at a sc a n n in g  rate  o f  0 .2 ° /m i n .  T e m p e r a tu r e  
re a d o u t w as c a lib ra te d  a t 1 0 ° /m i n  th ro u g h  u se  o f  s ta n ­
d a rd s , as w as th e  e n th a lp ic  rea d o u t, w h ich  w as o b ta in e d  
b y  p la n im e tr y . T r a n s itio n  te m p e ra tu re s  w ere ta k e n  as th e  
m a x im a  in th e  D S C  tra c es  a n d  as th e  m id p o in t  o f  th e  
tra n sitio n  ran ge  in th e  m ic ro sc o p ic  o b se r v a tio n s . E a c h  
sa m p le  w as e x a m in e d  on  h e a tin g  an d  c o o lin g ; w ith in  e x ­
p e r im e n ta l error a ll m e s o p h a s e -m e s o p h a s e  a n d  m e so -  
p h a s e -is o tr o p ic  tra n sitio n s  w ere in a g re e m e n t. G e n e ra lly , 
a t  le a st  tw o  in d e p e n d e n t m e a su r e m e n ts  w ere m a d e . In  
c a ses  w here th e  id e n tity  o f  th e  m e so p h a se  w a s in d o u b t , 
o p tic a l m ic ro sc o p y  (O rth o lu x  L e itz  p o la r iz in g  m ic ro sc o p e  
w ith  c a lib ra te d  M e t t le r  h o t sta g e , 0 .2 ° /m i n )  w as e m ­
p lo y e d .

B in a ry  sa m p le s  for D S C  m e a su r e m e n t w ere p re p a re d  b y  
tw o  m e th o d s . T h e  first m e th o d  in v o lv e d  m e ltin g  th e  
w eig h ed  m ix tu re  to  th e  fu lly  iso tro pic  liq u id  a n d  co o lin g  it 
q u ic k ly , a llo w in g  re c ry sta lliza tio n  to  ta k e  p la c e  a t  th e  
low er te m p e ra tu re . T h e  secon d  m e th o d  w as to  ev a p o ra te  
ch lo roform  so lu tio n s o f  th e  m ix tu r e s . T h e  tw o m e th o d s  
gave th e  sa m e  re su lts  for all tra n sitio n s  e x c e p t in som e  
cases th e  sh a p e  o f  th e  m e ltin g  tra n sitio n s . T h e  m e ltin g  
te c h n iq u e  resu lted  in p h a se  sep a ra tio n  in a few  c a ses  an d  
co u ld  n ot b e  a p p lie d  to  h ig h  m e ltin g  p o in t  c o m p o u n d s  
w ith o u t ca u sin g  so m e  d e c o m p o sit io n . M ic r o s c o p ic  e x a m i­

n a tio n  w ith  p o la rized  lig h t, w h ile  n ot q u a n tita tiv e , in d i­
ca te d  th a t  all sa m p le s  w ere cry sta llin e  w ith  v ery  litt le  
a m o rp h o u s ch a ra cter  prior to  m e a su r e m e n t.

A ll  m ix tu res  w ere e x a m in e d  m ic ro sc o p ic a lly  for gross  
p h a se  sep a ra tio n  as m a n ife ste d  b y  in c o m p le te  crysta l  
m e ltin g , i.e., p resen ce  o f  c ry sta ls  in  m e so p h a se s  or iso tro ­
p ic p h a se s . E x c e p t  for th o se  m ix tu res  y ie ld in g  e u te c tic s  
su ch  b e h a v io r  w as n o t o b serv e d .

F or pu re m a te r ia ls  all tra n sitio n s are b e liev ed  to  b e  a c ­
cu rate  to  b e tter  th a n  ± 1 . 0 ° .  F or th e  b in a ry  m ix tu r e s  cry s­
ta l m e ltin g  p o in ts  are b e liev ed  to  be  a c cu ra te  to  ± 2 ° , th e  
low er p recisio n  b e in g  d u e  to  p e a k  b ro a d n e ss , a n d  th e  
oth er tra n sitio n s to  ± 1 °.

R e s u lt s

S ev era l d is tin c t s tru c tu ra l v a ria tio n s w ere e m p lo y e d . In  
series 1  th e  p o sitio n  o f  a one ca rb o n  fr a g m e n t w as va ried  
alo n g  a c h a in  o f  th e  a lk a n o a te  p o rtio n  o f  esters o f  c h o les ­
tero l. In  series 2 th e  len g th  o f  th e  b ra n ch  a t  th e  p o sitio n  
a d ja c e n t to  th e  ca rb o n y l w as v a rie d . T h e  d egree  o f  
b ra n ch in g  in iso m eric  s y s te m s  w as e x a m in e d  in series 3 

an d  fin a lly  th e  e ffe c t  o f  steric  b u lk  w as s tu d ie d  in series 4 . 
A  to ta l o f  e leven  ch o lestery l a lk a n o a tes  w ere u se d .

I. Pure Esters. T h e  tra n sitio n  te m p e ra tu re s , e n th a lp ie s , 
an d  e n tro p ies  o f  fu s io n  for th e  p u re  esters  are lis te d  in  
T a b le  I a c co rd in g  to  th e  stru ctu ra l series d esig n a tio n s  
given  a b o v e .

A. Position of Branch. In  series l a  a o n e -c a r b o n  u n it  is 
m o v e d  fro m  th e  te rm in a l p o sitio n  o f  an  a lk a n o a te  c h a in  to  
a p o sitio n  a d ja c e n t  to  th e  ca rb o n y l. In  th is  iso m eric  p en - 
ta n o a te  series as th e  sin g le  ca rb o n  u n it  a p p ro a c h e s  th e  
ca rb o n y l b o th  A Ht a n d  A S f in crease . A d d it io n a lly , in tro ­
d u c tio n  o f  b ra n c h in g  ca u ses loss o f  e n a n tio tr o p ic  m e so -  
m o r p h ism . L ik ew ise  in  th e  a n a lo g o u s iso m eric  b u ty r a te  
series l b ,  A H( a n d  A S f b o th  in crease  as th e  ca rb o n  is 
m o v e d  fro m  th e  en d  o f  th e  ch a in  to w a rd  th e  c a rb o n y l; 
on ce m o re , e n a n tio tro p ic  m e so m o rp h ism  d isa p p e a rs  in  th e  
b ra n ch ed  ester.

B. Length of Branch. In  series 2a  th e le n g th  o f a b ra n ch  
at th e  a p o sitio n  o f  ch o lestery l 2 -m e th y lb u ty r a te  is in ­
crea sed  fro m  on e  to  tw o  to  fou r . A s  a  re su lt b o th  A Ht an d  
A S r d ec rea se , th o u g h  n o t m a rk e d ly . H o w e v e r , th e  c h o le s t ­
eric m e so p h a se  d isa p p ea rs  w ith  th e  a d d itio n  o f  th e  on e - 
ca rb o n  b ra n ch , th ere  b e in g  no o b serv a b le  e n a n tio tro p ic  
m e so p h a se  in th e  2 -m e th y lb u ty r a te . A d d it io n  o f  y e t  a n ­
oth er ca rb o n  b rin gs a b o u t  th e  a p p ea ra n ce  o f  a m o n o tr o p ic  
sm e c tic  p h a se . A d d it io n  o f  a fo u r -c a rb o n  sid e  c h a in  ca u ses  
th e  a p p ea ra n c e  o f  an  en a n tio tro p ic  s m e c tic  p h a se . In  th is  
series th ere  is a p ro gressiv e  low erin g o f  th e  iso tro p ic  tr a n ­
sitio n  a n d  th e  te m p e ra tu re  a t  w h ich  th e  m e so p h a se  a p ­
p ears.

S eries 2b  a n d  2c sh ow  b e h a v io r  a n a lo g o u s to  2 a . L ik e ­
w ise, th e  d a ta  for series 2 c are in a g re e m en t w ith  th o se  for  
series 2 a a n d  2b .

C. Degree of Branching. T h e  e ffe c t o f  degree o f b r a n c h ­

ing is e x a m in e d  b y  m e a n s  o f  series 3 , a se t o f  iso m eric  
p e n ta n o a te s . A s  th e  d egree o f  b ra n c h in g  in crea ses  A H{ 
a n d  A S f a lso  in crea se , e n a n tio tro p ic  m e s o m o r p h is m  d is ­
a p p ea rs , a n d  th e  iso tro p ic  tra n sitio n  te m p e ra tu re  in ­
creases, m o s t  m a r k e d ly  on  ch a n g in g  fro m  2 -m e th y lb u ty r ­
ate  to  p iv a la te . T h e  e x p ec te d  m o n o tro p ic  tr a n sit io n  t e m ­

p eratu re  (T a b le  I) a lso  d ecreases as th e  degree o f  b r a n c h ­
ing in creases.

D. Rigidity. F in a lly , in  series 4  tw o  esters c o n ta in in g  
q u a te rn a ry  ca rb o n s a d ja c e n t to  th e  ca rb o n y l, p iv a la te  a n d  
1 -a d a m a n ta n e  c a rb o x y la te , are c o m p a re d . T h e  a d a m a n ty l  
u n it  is m o re  rigid  a n d  larger th a n  th e  p iv a ly l g rou p . N e i ­
th er are e n a n tio tr o p ic a lly  m e so m o rp h ic  b u t  m a y  be  
m o n o tro p ic  in  c h a ra c te r . T h e  m e ltin g  p o in t  o f  th e  a d a m ­
a n ty l d er iv a tiv e  is m u c h  h ig h er, w h ile  A H{ is a b o u t eq u al  
to  th a t  o f  p iv a la te . O f  course A S f re flects  th e  d ifferen ce  in  
m e ltin g  p o in t , i.e., A St for p iv a la te  is h igh er.

II. Binary Mixture with Cholesteryl Nonanoate. In  a d ­

d itio n  to  stu d ie s  o f  p u re  m a te ria ls , m ix tu res  o f  th e  va rio u s  
esters w ith  c h o lestery l n o n a n o a te  w ere e x a m in e d  in order  
to  ga in  in sig h t in to  th e  e ffec t o f  v a rio u s s tru c tu ra l p a r a m ­
eters on  th e  in tera ctio n  o f th e  tw o  c o n stitu e n ts  as m a n i­
fested  b y  th e r m a l a n d  ca lo rim etric  b e h a v io r . C ry sta llin e  
m e ltin g  p o in ts  o f  th e  sa m p le s  are less a c c u ra te  th a n  u su a l 
D S C  d e te r m in a tio n s  b e ca u se  o f  th e  b ro a d  tra n sitio n  
p ea k s . M ic r o sc o p ic  e x a m in a tio n  re v ea ls  th is  p ea k  b r o a d ­
n ess is d u e  to  p a rtia l p h a se  sep a ra tio n  o f th e  m ix tu res  
u p on  re c ry sta lliz a tio n . In  a few  ca ses , tw o  m e ltin g  p ea k s  
w ere o b serv ed  (on e  u su a lly  m u c h  larger) a n d  th e  A H  lis t -

15) A study of crystal nucléation in binary mixtures has been reported: 
J. M. Pochan and H. W. Gibson, J . A m e r .  C h e m . S o c . .  93, 1279 
(1971).

(6) G. J. Davis and R. S. Porter, J. T h e rm . A n a l. .  1,449 (1969).
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TABLE I: Thermal Behavior of Cholesteryl Esters

Series Alkanoate
Structural"2

formula
Transitions,6

°C

Predictedr 
monotropic 

transitions, °C
Figure

no.
AHf,d

kcal/mol
A S f,e

eu

1a Pentanoate ChOCO(CH2)3CH3 K 93 C 97 \t 1 4.50 12.4
Isopentanoate ChOCOCH2CH(CH3)2 K 109 I (C 93) 2 4.90 12.8
2-Methylbutyrate ChOCOCH(CH3)CH2CH3 K 108 I (S 89) 3 4.98 13.0

1b Butyrate ChOCO(CH2)2CH3 K 97 C 108 1« 4 5.07 13.7
Isobutyrate ChOCOCH(CH3)2 K 131 I (C 95) 5 6.36 15.8

2a 2-Methylbutyrate ChOCOCH(CH3)CH2CH3 L 108 I (S 89) 3 4.98 13.0
2-Ethylbutyrate ChOCOCH (CH2CH3)2 K 89 I (71 S)" (S 66) 6 4.26 11.8
2-Ethylhexanoate ChOCOCH(CH2CH3)(CH2)3CH3 K 44 S 50 I 7 3.13 8.22

2b Isobutyrate ChOCOCH(CH3)2 K 131 I (C 95) 5 6.36 15.8
2-Methylbutyrate ChOCOCH (CH3)CH2CH3 K 108 I (C 89) 3 4.98 13.0
2-Methylhexanoate ChOCOCH(CH3)(CH2)3CH3 K 44 S 52 I 8

2c 2-Methylhexanoate ChOCOCH(CH3) (CH2)3GH3 K 44 S 52 I 8
2-Ethylhexanoate ChOCOCH (CH2CH3)(CH2)3CH3 K 44 S 50 I 7 3.13 8.22

3 Pentanoate ChOCO(CH2)3CH3 K 93 C 97 I 1 4.50 12.4
2-Methylbutyrate ChOCOCH (CH3)CH2CH3 K 108 I (C 89) 3 4.98 13.0
Plvalate ChOCOC(CH3)3 K 164 I 7.80 17.9

4 Pivalate ChOCOC(CH3)3 K 164 I 7.80 17.9
1-Adamantane ChOCOAd' K 235 I 7.87 15.5

carboxylate

“ Ch =  cholesteryl. b Notation of L. Verbit, M o l.  C ry s l.  L iq u id  C ry s t . ,  15, 89 <1971). c By extrapolation o~ transition lines in phase diagram indicated. 
a Standard deviation less than 0.1 kcal/nol. e Standard deviation less than 0.2 eu. f  A H c n  =  0.11 kcal/mol. s A H c -i =  0.155 kcal/mol. h A H[/s = 0.591 
kcal/mol. ‘ Ad =  adamantane.

Figure 1. Phase diagram for cholesteryl pentanoate-cholesteryl 
nonanoate.

ed  in  T a b le  I is th e  to ta l o f  b o th ; th e  m e ltin g  te m p e ra tu re  
is th a t  a sso c ia te d  w ith  th e  larger e n th a lp y  tr a n sit io n . In  
the ca ses w here tw o  su c h  p ea k s  w ere o b serv e d , b o th  w ere  
m u c h  low er th a n  e ith er pu re c o m p o n e n t m e ltin g  p o in ts , 
in d ic a tin g , as  in  th e  m ic ro sc o p ic  o b serv a tio n s , m ix e d  
cry sta llin e  s ta te s . T h is  d oes n o t, h ow ever, ru le o u t th e  
p o ss ib ility  o f  so lid  so lu tio n s , th o u g h  w e h ave  n o  evid en ce  
for th is . In  ca ses w here tw o D S C  p ea k s w ere ob serv e d , o f  
cou rse , c o m p o sitio n  ch a n g es occu r d u rin g  m e ltin g ; in  
oth er in sta n ce s  th is  m a y  or m a y  n o t occu r.

M e s o m o r p h ic -m e s o m o r p h ic  a n d  m e s o m o r p h ic -is o tr o p ic  
tra n sitio n s o f  th e  m ix tu r e s , h ow ever, w ere as sh arp  as  
th o se  in th e  p u re  m a te r ia ls . M ic ro sc o p ic  e x a m in a tio n  re ­
v ea led  o n ly  one p h a se  (e x c e p t at tra n sitio n  te m p e ra tu re s ) .

T h e s e  resu lts  are p re sen te d  g r a p h ic a lly ; F igu res 1 -9  are  
the p h a se  d ia g ra m s  for th e  b in a ry  m ix tu r e s  a n d  F igu res

Figure 2. Phase diagram for cholesteryl isopentanoate-cholest- 
eryl nonanoate.

1 0 -1 7  sh ow  AHf as a fu n c tio n  o f c o m p o sitio n  for th e  va ri­
ous m ix tu res . A S( is n o t sh ow n  b u t  gen era lly  p ara lle ls  
A / / f . T h e  resu lts  w ill be d isc u sse d  in te rm s o f  th e  sa m e  
stru ctu ra l v a ria b les  a n d  series u sed  a b o v e .

A. Position of Branch. T h e  b in a ry  p h a se  d ia g ra m s  o f s e ­
ries l a  w ith  c h o lestery l n o n a n o a te  are g iv en  in F igu res  
1 -3 .  E x a m in a tio n  o f  tn ese  d ia g ra m s  rev ea ls  th a t  as th e  
ca rb o n  fra g m e n t is m o v e d  fro m  th e  en d  o f th e  c h a in  to  th e  
ca rb o n  a d ja c e n t to  th e  ca rb o n y l th e  to ta l m e so m o rp h ic  
d o m a in  d ecreases an d  th e  sm e c tic  region e x p a n d s  a t the  
ex p en se  o f  th e  c h o lesteric . T h e  m e ltin g  p o in t ( T m) m in i­
m u m  is a b o u t th e  sa m e  for all three sy s te m s . F igures  
1 0 -1 2  sh ow  th e  d e p e n d e n c e  o f A Hf on  c o m p o sitio n . P e n ta -  
n oa te  an d  iso p e n ta n o a te  sh ow  a b ro a d  m in im u m  A H from  
a b o u t 2 0 -9 0  m o l %  n o n a n o a te . w h ile  2 -m e th y lb u ty r a te  h as  
tw o m in im a , th e  lo w est a t  2 2 %  n o n a n o a te , th e  oth er at 
7 3 %  n o n a n o a te . T h e  m in im u m  for iso p e n ta n o a te  is s lig h t-
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Figure 3. Phase diagram for cholesteryl 2-methylbutyrate-cho- 
lesteryl nonanoate.

Figure 4. Phase diagram for cholesteryl butyrate-cholesteryl no­
nanoate.

ly  low er th a n  th a t  o f  p e n ta n o a te , w hile  th a t  for 2 -m e th y l-  
b u ty r a te  is s u b s ta n tia lly  low er. T h a t  is, as  th e  ca rb o n  u n it  
is p la c e d  closer to  th e  ca rb o n y l, AH{ for a g iv en  c o m p o s i­
tio n  is low ered  in  c o n tra st to  th e  p u re  esters ( T a b le  I ) .  
T h e  ch a n ge  o f AH{ w ith  c o m p o sitio n  a t  th e  e x tre m es  is 
a lso  in th e sa m e  order.

In  series lb  (F ig u res  4  a n d  5 ) th e  m e so m o rp h ic  d o m a in  
a lso  sh rin k s as th e  ca rb o n  u n it  m o v e s  fro m  th e  en d  o f  th e  
ch a in  to w a rd  th e  c a rb o n y l; th ese  sy s te m s  d o  n o t e x h ib it  a 
sm e c tic  p h a se  e x c e p t n ear 1 0 0 %  n o n a n o a te . T h e  iso b u ty r ­
ate  sy s te m  sh ow ed  p h a se  sep a ra tio n  d u rin g  m e ltin g  in th e  
region  n ear 5 0 % ; h ow ever, th e  liq u id  c ry sta l tra n sitio n s  
w ere rev ersib le  a n d  to o k  p la c e  fro m  h o m o g e n e o u s  p h a se s . 
T h e  T m m in im u m  is s o m e w h a t low er fo r  th e  straig h t  
ch a in  b u ty r a te . A Hf va ries  w ith  c o m p o sitio n  very  s im ila r ­
ly  for th e  tw o  s y s te m s  (F ig u res  13 a n d  1 4 ) , sh o w in g  m in i­
m a  a t  2 0 - 2 5 %  n o n a n o a te .

B. Length of Branch. T h e  e ffe c t  o f  th e  le n g th  o f a 
b ra n ch  a to  th e  ca rb o n y l on  th e  b e h a v io r  o f  b in a ry

Figure 5. Phase diagram for cholesteryl isobutyrate-cholesteryl 
nonanoate.

Figure 6. Phase diagram for cholesteryl 2-ethylbutyrate-cholest- 
eryl nonanoate.

m ix tu res  w a s e x a m in e d  via series 2a  (F ig u res  3 , 6 , an d  7 , 
r e sp e c tiv e ly ) . A s  th e  s id e  ch a in  is le n g th e n e d  th e  m e s o ­
m o rp h ic  region  d ec rea ses  in  size  an d  th e  sm e c tic  m e so -  
p h a se  region  in creases a t th e  ex p en se  o f  th e  c h o lester ic  re ­

g ion . T h e  T m m in im u m  d ecreases so m e w h a t w ith  in c re a s­
ing c h a in  len g th . In  a ccord  w ith  th e  p u re  esters  (T a b le  I) 
AHf (F ig u res  12  a n d  15, resp ec tiv e ly ) d ec rea ses  w ith  in ­
crea sin g  b ra n ch  le n g th . T h e  th e r m a l d a ta  for m ix tu res  o f  
n o n a n o a te  w ith  m e m b e r s  o f  series 2b  (F ig u res  5 , 3 , an d  8 ) 
a n d  series 2c (F ig u res  8  a n d  7 ) su p p o rt th a t  o f  series 2a  as  
d o  th e  e n th a lp ic  d a ta  (F igu res 14  a n d  1 2 , re sp e c tiv e ly ) . It  
w as n o t p o ssib le  to  o b ta in  A Ht a n d  T m for m a n y  c o m p o s i­
tio n s in m ix tu r e s  o f  2 -m e th y l-  a n d  2 -e th y lh e x a n o a te  b e ­
ca u se  th e  m ix tu r e s  (F ig u res  8  a n d  7) w ou ld  n o t c r y sta l­
lize , ev en  a t  - 2 0 ° for severa l m o n th s .

C. Degree of Branching. B y  c o m p a riso n  o f  F ig u res  1 a n d  
3  th e  e ffec t o f  d egree  o f  b ra n c h in g  (series 3 ) on  p h a se  d i ­
a g ra m s o f  th e  b in a ry  m ix tu res  is o b serv e d . A s  w ith  th e
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Figure 7. Partial phase diagram for cholesteryl 2-ethylhexa- 
noate-cholesteryl nonanoate.

Figure 8. Partial phase diagram for cholesteryl 2-methylhexa- 
noate-cholesteryl nonanoate.

Figure 9. Phase diagram for cholesteryl hexanoate-cholesteryl 
nonanoate.

p u re  esters o f  series 3  th e  to ta l m e so m o rp h ic  ran ge  d e ­
creases w ith  in crea sed  d egree o f b r a n c h in g . In  a g re e m en t  
w ith  d a ta  for th e  p u re  esters o f  series 3  (T a b le  I) th e  e n -

Figure 10. Enthalpy of fusion as a function of composition for 
cholesteryl pentanoate-cholesteryl nonanoate.

MOLE % NONANOATE

Figure 11. Enthalpy of fusion as a function of composition for 
cholesteryl isopentanoate-cholesteryl nonanoate.

th a lp y  o f  fu sio n  p lo ts  (F ig u res  13 a n d  12 , resp ec tiv e ly )  
sh ow  an  in crease in  AH as  th e  d egree o f b r a n c h in g  in ­
creases.

D. Rigidity. T h e  e ffe c t o f  r ig id ity  a n d  steric  b u lk  o f  e s ­
ters h a v in g  q u a te rn a ry  ca rb o n s a d ja c e n t to  th e  ca rb o n yl  
on th e  b in a ry  b e h a v io r  is to  c a u se  so grea t a m u tu a l  
d isru p tio n  o f  th e  c ry sta l la ttic e s  in  a d m ix tu r e  w ith  n o n a ­
n o a te  th a t  p h a se  se p a ra tio n  in  th e  fo rm  o f  e u te c tic s  re ­
su lts . S u c h  w as th e  ca se  for b o th  p iv a la te  a n d  1 -a d a m a n -  
ta n e  ca rb o x y la te .

E. Straight Chain Length. O n e  m o re  s tru c tu ra l p a r a m e ­
ter  o f  th e  a lk o n o a te  is e v a lu a te d  in te rm s o f  its  e ffe c t  on  
b e h a v io r  o f  b in a ry  m ix tu r e s  w ith  n o n a n o a te : c h a in  len g th . 
S tr a ig h t c h a in  a lk a n o a te s  co n ta in in g  fou r, f iv e , a n d  six  
ca rb o n s 5 w ere e m p lo y e d  (F igu res 4 , 1, a n d  9,® re sp ec tiv e ­
ly ) . A ll  are , w ith  th e  e x c e p tio n  o f  a  s m a ll  region  near  
1 0 0 %  n o n a n o a te , p u re ly  ch o lesteric  across th e  en tire  c o m ­
p o sitio n  ra n g e . T h e  sa lie n t d ifferen ce  in  th e  p h a se  d i­
a g ra m s is th e  m e so m o rp h ic  ra n g e ; n o te  th a t  as ch a in  
len g th  in creases, th e  te m p e ra tu re  ra n ge  d ec rea ses  (m in i­
m u m  m e ltin g  p o in ts  o f  3 7 , 4 3 , a n d  6 0 ° , re sp e c tiv e ly ) . T h e  
AH[ cu rves (F igu res 13, 10 , a n d  17, re sp e c tiv e ly ) sh ow  
th a t th e  sh orter th e  c h a in , th e  low er is A H{.
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Figure 12. Enthalpy of fusion as à function of composition for 
cholesteryl 2-methylbutyrate-cholesteryl nonanoate.

Figure 13. Enthalpy of fusion as a function of composition for 
cholesteryl butyrate-cholesteryl nonanoate.

In  a ll p h a se  d ia g ra m s w here a p p ro p ria te  tr a n sit io n  lin es  
w ere e x tr a p o la te d  in  order to  p re d ic t m o n o tro p ic  m e so - 
p h a s e s . 7 ’8 S u c h  p re d ic te d  v a lu es  are in c lu d e d  in T a b le  I.

D is c u s s io n

T h e  resu lts  for th e  pure esters in lig h t o f  th e  re su lts  for 
th e  b in a ry  m ix tu res  su g g e st severa l c o n c lu sio n s re la tin g  
a lk a n o a te  stru ctu re  a n d  m e so m o rp h ic  b e h a v io r  fo r  th ese  
m a te r ia ls . In tro d u c tio n  o f b r a n c h in g  te n d s  to  ca u se  th e

Figure 14. Enthalpy of fusion as a function of composition for 
cholesteryl Isobutyrate-cholesteryl nonanoate.

MOLE % NONANOATE

Figure 15. Enthalpy of fusion as a function of composition for 
cholesteryl 2-ethylbutyrate-cholesteryl nonanoate.

ch o lestery l a lk a n o a te s  to  b e  m o n o tr o p ic  (series l a  a n d  
l b )  ; th is  is d u e  to  an  in crease  in th e  c ry sta l m e lt in g  p o in t  
sin ce th e  e x tr a p o la te d  m o n o tro p ic  m e so m o rp h ic  tra n sitio n  
te m p e ra tu re s  d ecrease  as th e  b ra n c h  a p p ro a c h e s  th e  c a r ­
b o n y l grou p  (see series l a  a n d  l b ,  T a b le  I ) .  T h e  s lig h tly  
in creased  A Hf a n d  A S f su p p o rt th e  co n c lu sio n  d ed u c e d

(7) A. Bogojawlensky and N. Winogradoff, 2. P h y s . C h e m .,  60, 433 
(1907).

(8) R. Walter, C h e m . B e r . ,  58, 2303 (1925).
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Figure 16. Apparent enthalpy of fusion as a function of composi­
tion for cholesteryl 1-adamantane carboxylate-cholesteryl nona- 
noate.

fro m  th e  in creased  m e ltin g  p o in ts , n a m e ly , th e  closer th e  
b ra n ch  to  th e c a rb o n y l, th e  m o re  h ig h ly  o rg a n ized  th e  
crysta l stru ctu re . T h is  p o in t is co rrob o ra ted  b y  c o m p a r i­
son o f  iso p e n ta n o a te  a n d  iso b u ty ra te  ( T a b le  I ) , th e  la ter  
b ein g  s ig n ific a n tly  h ig h er in  m e ltin g  p o in t , A Hf a n d  A St. 
T h is  in creased  ord er is re a d ily  ra tio n a liz e d  in te rm s o f d e ­
creased  ro ta tio n  a b o u t  th e  c a r b o n -c a r b o n  sin g le  b o n d s  o f  
th e a lk a n o a te  p o rtio n  d u e  to  steric  in flu en c es  o f  th e  
b r a n c h .9

T h e  re su lts  for th e  p h a se  d ia g ra m s u sin g  series l a  in d i­
ca te  an  in crea sin g  te n d e n c y  for sm e c tic  b e h a v io r  as th e  
b ra n ch  m o v e s  closer to  th e  ca rb o n y l in  th a t  p e n ta n o a te  
an d  iso p e n ta n o a te  are b o th  p re d ic te d  to  be ch o lesteric  
(ob serv ed  for p e n ta n o a te ) ; 2 -m e th y lb u ty r a te  is e x p ec ted  
to  b e  s m e c tic  ra th er th a n  c h o lester ic , sin ce th e  fo rm er e x ­

tra p o la te d  tra n sitio n  te m p e ra tu re  is h igh er th a n  th a t  for  
th e ch o lesteric  tr a n sit io n . T h e  te n d e n c y  for a lk a n o a tes  
w ith  b ra n c h es  n ea r th e  ca rb o n y l to  be sm e c tic  ra th er th a n  
ch o lesteric  m a y  be a steric  e ffe c t. T h e  ca rb o n y l m o ie ty  
u n d o u b te d ly  is a m a jo r  co n tr ib u to r  to  th e  in term o le c u la r  
co h esive  forces (e ith er  b y  d ip o le -d ip o le  or d ip o le -in d u c e d  
d ip ole  in tera ctio n s) in  th e  ch o lesteric  m e so p h a se  o f  th ese  
c o m p o u n d s .10 P ro x im a l b ra n c h es  c o u ld  e a sily  a lter  su ch  
an in tera c tio n  to  th e  p o in t w here th e  ch o lesteric  m e s o ­

p h ase  is less  s ta b le  th a n  th e  sm e c tic .
T h e  ad v erse  e ffe c t  o f  b ra n c h in g  on  th e  te n d e n c y  to  m e -  

so m o rp h ism  ca n  to  so m e  e x te n t be  o ffse t b y  in crea sin g  th e

Figure 17. Enthalpy of fusion as a function of composition for 
cholesteryl hexanoate-cholesteryl nonanoate.

len g th  o f th e  b ra n c h . T h is  te n d s  to  low er th e  m e ltin g  
p o in t an d  A Ht a n d  A S f (series 2a  an d  2 b ) , as  a resu lt o f  
low erin g th e  d egree o f  o rg a n iz a tio n  in th e  c ry sta l s tru c ­
tu re . W h e n  th e  ch a in  len g th  is in creased  m o n o tro p ic  
sm e c tic  b eh a v io r is first ob serv e d , th e n  en a n tio tro p ic  
sm e c tic . H o w e v e r, th is  e ffe c t is n o t m e re ly  one o f  d e c re a s ­
ing th e  m e ltin g  p o in t , as  e v id e n c e d  b y  th e  d ec re a sin g  e x ­

tra p o la te d  a n d  o b serv e d  m e so m o rp h ic  tra n sitio n s  o f  series  
2a a n d  2b  (see  T a b le  I ) .  T h u s , in crea sin g  th e  c h a in  len g th  
d ecreases th e  th e r m a l s ta b ility  o f  b o th  th e  crysta l and  
m e so p h a se , th e fo rm er b e in g  m o re  p ro n o u n ce d , a n d  brin gs  
a b o u t sm e c tic , ra th er th a n  ch o lesteric  b e h a v io r . In creased  
c o n fo rm a tio n a l f le x ib ility  a p p a r e n tly  is th e  ca u se  o f  th ese  
d isord erin gs. A g a in , steric  in terferen ce  w ith  th e  in ter­

m o le cu la r  b o n d in g  b e tw ee n  ca rb o n y l m o ie tie s  in th e  c h o ­
lesteric  c o n fig u ra tio n  is in d ic a te d ; as th e  b r a n c h  len g th  is 
in creased , d isru p tio n  o f  th e ch o lesteric  m e so p h a se  occurs  
an d  a sm e c tic  m e so p h a se  resu lts  (c o m p a re  F ig u res  3 , 6 

a n d  7 ; 5 , 3 , a n d  8 ; a n d  8  a n d  7, re sp e c tiv e ly ) .

In crea ses in th e  d egree o f  b r a n c h in g  b rin g  a b o u t  in ­
crea sed  o rg a n iz a tio n  in  th e  c ry sta l p h a se  as ev id e n c e d  b y  
in creased  m e ltin g  p o in t , A Ht an d  A S f (series 3 , T a b le  I ) . 
A g a in  th is  is a ttr ib u te d  to  d ec re a se d  f le x ib ility  d u e  to  re ­
str icted  ro ta tio n . T h e  in creased  te n d e n c y  to w a rd  sm e c tic  
vs. ch o lesteric  b e h a v io r  as th e  d egree o f  b r a n c h in g  in ­
creases is e v id e n t in th e  p h ase  d ia g ra m s  (F ig u res  1, 3 , and
9 ) . A g a in , we a ttr ib u te  th is  to  steric  in terferen ce  w ith  th e  
co h esive  forces n ecessa ry  for ex isten c e  o f th e  ch olesteric  
m e so p h a se , n a m e ly , th e se  in v o lv in g  th e  ester ca rb o n yl 
fu n c tio n s .

In  series 4 , a lth o u g h  steric  b u lk  a n d  rig id ity  increase  
th e m e ltin g  p o in t m a rk e d ly , A Ht is re la tiv e ly  u n a ffec te d . 
W e  in terp ret th is  a g a in  in te rm s o f  co n fo rm a tio n a l e ffec ts .

T h e  u n u su a l b e h a v io r  o f  th e  2 -e th y lh e x a n o a te  is n o te ­
w orth y . T h e  pure re cry sta llized  m a te r ia l sh ow s in itia l  
m e ltin g  to  a sm e c tic  p h a se  a t  4 7 ° . A t  4 9 .5 °  th e  sy s te m  b e ­
c o m e s  c o m p le te ly  iso tro p ic . U p o n  co o lin g  to  ro o m  te m p e r ­
ature an  is o tr o p ic -s m e c tic  tra n sitio n  occu rs a t  2 8 ° . S in ce  
th e is o tr o p ic -s m e c tic  tra n sitio n  c a n n o t b e  su p erco o led , 
th e  fo llo w in g  ra tio n a le  is p ro p o sed . T h e r e  are tw o  d ia s te r - 
eo m ers o f  c h o lestery l 2 -e th y lh e x a n o a te , sin ce  th e  ra c e ­
m ic  ac id  ch lorid e  w as u sed  in its  p re p a ra tio n . W h e n  re ­
c r y sta llize d  th ese  p h a se s  se p a ra te , b u t w h en  m e lte d  th ey

(9) E. Eliel, N. Allinger, S. A. Anjyal, and G. Morrison, “Conformational 
Analysis,” Wiley, New York, N. Y., 1965, p 5.

(10) H. Baessler and M. M. Labes, J . C h e m . P h y s .,  52,631 (1970).
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TABLE II: Conclusions Relating Alkanoate Structure to Behavior 
of Cholesteryl Alkanoate-Cholesteryl Nonanoate Mixtures

Series
Alkanoate
parameter

Meso­
morphic
comp.
range

Effect ona 
maximum 

meso­
morphic 

temp, 
range

Min
T  m s/c»

Min
A H f

1a , 1b Branch 
closer to 
0 = 0

- 0 0 + ~

2a, 2b Longer
branch

+ + + +

3 Increased
branching ~

+ +
"

d Increased
chain
length

0 + c +

°  Plus indicate increasing value, minus decreasing, and 0 no meaning­
ful change. b S / C  =  enantiotropic smectic/cholesteric area ratio. c No 
conclusion possible based on data presented here, but undoubtedly is plus 
generally. “ Comparison of butyrate, pentanoate, and hexanoate (Figures 
4, 1, and 11 , respectively).

Figure 18. Enthalpy of the cholesteric to Isotropic transition as a 
function of composition for (a) cholesteryl butyrate-cholesteryl 
nonanoate, □ ,  and (b) cholesteryl penanoate-cholesteryl nona­
noate, O .

fo rm  a h o m o g e n e o u s  so lu tio n . T h is  is w h y  th e  e x tr a p o la t ­
ed  s m e c tic  p o in t is in  d isa g re e m e n t w ith  th a t  o b serv e d  on  
th e first h e a tin g  (F igu re  7 ) ; th e  e x tr a p o la te d  p o in t is for  
h o m o g e n e o u s  so lid  so lu tio n . T h e  2 -m e th y lh e x a n o a te  a n d  
2 -m e th y lb u ty r a te  d o  n o t e x h ib it  th is  b e h a v io r  e v e n  th o u g h  
th e y , to o , w ere p rep a red  fro m  th e  ra c e m ic  a c id  ch lo rid es. 
A  la ter  p a p e r  w ill d esc rib e  th e  e ffe c ts  o f  th e  ch ira lity  o f  
th e  a lk a n o a te  p o rtio n  o f  c h o lestery l a lk a n o a te s  on  m e s o ­
m o rp h ic  b eh a v io r .

W e  tu rn  our a tte n tio n  n o w  to  th e  e ffe c t o f  th ese  esters  
on  b e h a v io r  o f  b in a ry  m ix tu res  w ith  c h o lestery l n o n a ­
n o a te . T h e  gen eral c o n clu sio n s rea ch ed  fro m  our resu lts  
are su m m a r iz e d  in T a b le  II.

T h e  tra n sitio n  lin es lea d in g  to  th e  iso tro p ic  liq u id  in all 
the p h a se  d ia g ra m s (F ig u res  1 -9 )  are w ell a p p ro x im a te d  
b y  one or m o re  in tersec tin g  stra ig h t lin es . I f  th e  to ta l  
c o m p o sitio n  ran ge is ch o lesteric  (F ig u res  1 , 4 , a n d  9 ) , a 
sin g le  s tra ig h t c h o le s te r ic -iso tr o p ic  tra n sitio n  line is o b ­
serv ed . T h e  slop e  o f  th e  iso tro p ic  tra n sitio n  line d ep e n d s  
u p on  th e a ltern a te  p h a se  (e.g., F igu re 6 ) . T h e  e n th a lp ic  
d a ta  o f cou rse re fle ct th is . In  F igu re 18 th e  e n th a lp y  o f  th e

ch o lesteric  to  iso tro p ic  tra n sitio n  is sh ow n  as a  fu n c tio n  o f  
c o m p o sitio n  for b in a ry  m ix tu res  o f  th e  b u ty r a te  a n d  v a le r ­
ate  esters w ith  n o n a n o a te . A n  id ea l s tra ig h t lin e  r e la t io n ­
sh ip  ex ists  w ith in  e x p e r im e n ta l error. A ll  o f  th e  fo reg o in g  
resu lts  im p ly  id e a lity  o f  th e  tra n sitio n  to  th e  iso tro p ic  l iq ­
u id . S u c h  b e h a v io r  h as b e e n  o b serv e d  in s m e c tic  a n d  
n e m a tic  m ix tu r e s .7 ’8 1 1 "13  In  fa c t , su ch  id ea l s tra ig h t line  
b e h a v io r  is an  im p lic it  a ssu m p tio n  in th e  e x tr a p o la tio n  o f  
tra n sitio n  lin es for p red ictio n  o f  m o n o tr o p ic  m e s o m o r -  
p h is m .7 '8 T h is  b e h a v io r  h as been  e x p la in e d  on  th e  b a s is  o f  
th e  p h a se  ru le  in  ca ses w here th e  tr a n sit io n  is fro m  th e  
m e so m o rp h ic  s ta te  to  th e  iso tro pic  l iq u id .14  It is in d ic a ­
tiv e  o f  id ea l b e h a v io r  in th e  isotropic liq u id  a n d  in th e  
m e so m o rp h ic  s ta te . In  oth er w ord s, th e  tw o  m a te r ia ls  in  
th e  ch o lesteric  s ta te  are c o m p le te ly  c o m p a tib le  (F ig u res  1, 
4, a n d  9 ) as th e y  are in th e  iso tro pic  liq u id . V e r y  n ea rly  
stra ig h t lin e  b e h a v io r  is e x h ib ite d  b y  th e  s m e c tic  to  c h o ­
lesteric  tra n sitio n s  in  F igu res 3 an d  6 . A g a in , th e  tw o  
c o m p o u n d s  in th e  sm e c tic  s ta te  are b e h a v in g  n e a r ly  id e a l­

ly .
T h e  p h a se  d ia g ra m s  show  th a t fro m  0  to  1 0 %  o f  m a te r i­

a l a d d ed  to  n o n a n o a te , i . e . ,  > 9 0 %  n o n a n o a te , th e  s lo p e , 
dT/d%N, varies w ith  th e  stru ctu re  o f th e  seco n d  c o m p o ­
n e n t. T h u s , th e v a n ’ t H o ff  e q u a tio n  is n o t o b e y e d . H o w ­
ever, th e  p resen ce  o f so lid  so lu tio n s c o u ld  m o d ify  th e  
v a n ’t  H o ff  e q u a tio n  in  a m a n n e r  d e p e n d e n t on  th e  n atu re  
o f  th e  seco n d  c o m p o n e n t d u e  to  d istr ib u tio n  b e tw ee n  th e  
tw o p h a se s  in v o lv e d .15  T h u s , a ll our d a ta  at low  so lu te  
lev els  c o u ld  be d esc rib e d  in te rm s o f th is  m o d ifie d  v a n ’t  
H o ff  e q u a tio n . A lte r n a tiv e ly  n o n id e a l or a c o m b in a tio n  o f  
solid  so lu tio n  a n d  n o n id e a l b e h a v io r  c o u ld  e x p la in  th e  re ­
su lts .

B e a r in g  in  m in d  th a t th ese  resu lts  are for b in a ry  
m ix tu res  o f  ch o lestery l n o n a n o a te , w e b e liev e  th a t  th e  
m e ltin g  p o in t d ep ressio n  a n d  A H( are b a se d  u p o n  m u tu a l  
d isru p tio n  o f  th e  c ry sta l la ttic e s  o f  th e  tw o  c o m p o n e n ts . 16 

E n th a lp y  a n d  e n tro p y  d a ta  in d ic a te  th a t  th e  g e o m etric a l  
cry sta l p a c k in g  o f  ch o lestery l n o n a n o a te  d iffers  fro m  th a t  
o f  its  low er h o m o lo g s .17  A  p lo t  o f  in ter fa cia l ( liq u id  cry s­
ta l -c r y s ta l)  su rfa ce  en ergy v s . c h a in  le n g th  o f ch o lestery l  
n -a lk a n o a te s  h a s  a m in im u m  a t a b o u t  C 5 . 1 8  T h is  im p lie s  
a d ifferen ce  in cry sta l stru ctu re , m e so m o rp h ic  stru ctu re , 
or b o th . T h o s e  m o le c u le s  m o s t  s im ila r  to  n o n a n o a te  in  
sh a p e  (m in im a l b ra n ch in g , sh ort b ra n c h es , or b ra n ch es  
far a w a y  fro m  th e  ca rb o n y l) an d  size  ( le n g th  o f  lo n g est  
c h a in ) ca u se  m in im a l ch a n ge  fro m  id ea l a v era g in g  o f  T m’ s 
an d  A / i f ’s . T h e  A Hf p lo ts  in d ic a te  th a t  m a x im u m  d isr u p ­
tion  o f  c ry sta l stru ctu re  occu rs n ear 25  a n d  75  m o l %  le v ­
e ls  o f  n o n a n o a te  in m o st ca ses . G e n e ra lly , th e  m in im u m  
i\H{ occu rs a t  a b o u t 2 5 %  n o n a n o a te . T h is , w e b e lie v e , in ­
d ic a te s  th a t  n o n a n o a te  d isru p ts  th e  seco n d  c o m p o n e n t  
m ore th a n  v i c e  v e r s a .  A g a in , th is  is c o n siste n t w ith  th e  in ­
creased  order in  th e  b ra n ch ed  sp ec ies  d u e  to  h in d ered

(11) J. S. Dave and K. L. Vasnath, Ind. J. Chem., 7, 498 (1969).
(12) J. S. Dave, P. R. Patel, and K. L. Vasnath, Mol. Cryst. L iqu id  

Cryst., 8, 93 (1969).
(13) M. J. S. Dewar and R. S. Goldberg, J. Am er. Chem. Soc., 92, 1582 

(1969); J. Org. Chem., 35, 2711 (1970).
(14) J. S. Dave and M. J. S. Dewar, J. Chem. Soc., 4616 (1954); 4305 

(1955).
(15) G. N. Lewis and M. Randall, "Thermodynamics," 2nd ed, McGraw- 

Hill, New York, N. Y., 1961, p 235.
(16) A. Ubbelohde, "Melting and Crystal Structure,” Clarendon Press, 

Oxford, 1965.
(17) E. M. Barrall, III, J. F. Johnson, and R. S. Porter, Mol. Cryst. L iq­

u id  Cryst., 8 , 27 (1969).
(18) J. M. Pochan and H. W. Gibson, J. Am er. Chem. Soc., 94, 5573 

(1972).
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Figure 19. Phase diagram for cholest-5-ene-cholesteryl nona- 
noate.

Figure 20. Phase diagram for cholesterol-cholesteryl nona- 
noate.

ro ta tio n  a b o u t c a r b o n -c a r b o n  b o n d s . A d d it io n a lly , n o n a -  
n oate  is lon ger th a n  a n y  o f th e  o th er  m a te r ia ls . A p p a r e n t ­

ly , it is a b le  to  a c c o m m o d a te  th e  oth er a lk a n o a te s  w ith in  
its  cry sta l stru ctu re , lea v in g  so m e  v o id s , b u t it c a n n o t be  
in co rp orated  in to  th e  oth er cry sta l stru ctu re s  w ith o u t  
great d isru p tio n . In  th e  ca ses o f  p iv a la te  a n d  1 -a d a m a n -  
ta n e  c a rb o x y la te  th e  c ry sta l s tru ctu res  are n o t c o m p a tib le  
w ith  n o n a n o a te  over a w ide c o m p o sitio n  ra n ge . F or th e  
la tte r  there is a e u te c tic  c o n ta in in g  m a in ly  ( > 9 0 % )  n o n a ­

n oa te  as d e d u c e d  fro m  th e  d a ta  (F igu re  1 6 ). T h e  eu te c tic

m e lts  a t s lig h tly  low er te m p e ra tu re  (7 5 °)  th a n  n o n a n o a te . 
I t  is ch o lesteric  u p  to  9 0 °  a n d  is m o n o tro p ic  sm e c tic  at 
7 3 ° . T h e  rest o f  th e  cry sta ls  m e lt  g ra d u a lly , u p  to  th e  
m e ltin g  p o in t o f  pu re 1 -a d a m a n ta n e  ca rb o x y la te  in  so m e  
ca ses . T h e  la tte r  m e ltin g  is n o t o b served  b y  D S C ; th u s, 
th e a p p a r e n t AHS (F igu re  16) in creases lin e a rly  from  10 to  
9 0 %  n o n a n o a te  as th e  p ro p o rtio n  o f  th e  e u te c tic  in  th e  
to ta l m ix tu re  in creases. S im ila r  b e h a v io r  w as o b served  for 
p iv a la te .

T h e  p h a se  d ia g ra m s  for 2 -m e th y lb u ty r a te , 2 -m e th y lh e x -  
a n o a te , an d  2 -e th y lh e x a n o a te  w ith  n o n a n o a te , it  sh o u ld  be  
p o in ted  o u t, Eire in re a lity  te rn a ry , sin ce  e a ch  o f  th e  three  
a lk a n o a tes  is a m ix tu re  o f  d ia stereo m e rs . T h is  e ffec t w ill 
be d isc u sse d  in m o re  d e ta il in  a fo rth c o m in g  p u b lic a tio n , 
b u t su ffic e  it to  sa y  th a t  no ch a n g e s in th e  tren d s d iscu sed  
here are ob serv e d .

It is o f  in terest to  n o te  th a t  in severa l o f  th e  esters (e.g 
iso p e n ta n o a te  an d  2 -m e th y lb u ty r a te )  in c ip ie n t m o n o tr o p ­
ic liq u id  cry sta llin e  b e h a v io r  w a s o b served  n ear th e  p re ­

d icted  te m p e ra tu re s  (T a b le  I ) ;  a p p a ren tly  th e  ordering  
d u e  to  fo rm a tio n  o f  th e  m e so p h a se  c a u sed  ra p id  re cry sta l­
liza tio n .

T h e  b in a ry  p h a se  d ia g ra m s o f  c h o le s t -5 -e n e  a n d  c h o le s ­
terol w ith  ch o lestery l n o n a n o a te  are p re sen te d  in F igu res  
19 a n d  2 0 . N e ith e r  o f  th ese  m a te ria ls  h a s  h ig h  m e so m o r ­
p h ic  te n d e n c y  sin ce  th e  e x tr a p o la te d  tra n sitio n  te m p e r a ­
tu res are very  low .

In  su m m a r y  th e n , th e  p o sitio n , n u m b e r , a n d  len g th  o f  
b ra n ch es in th e  a lk ar .oa te  p o rtio n  o f  c h o lestery l a lk a ­
n o a tes  p ro fo u n d ly  e ffe c t th e ir  m e so m o rp h ic  b eh a v io r . I n ­

tera ctio n s o f  th e  ca rb o n y l m o ie tie s  are b e liev ed  to  b e  one  
o f  th e  m a jo r co h esive  forces in th e  h elix  o f  th e  ch o lesteric  
m e so p h a se . W e  p o stu la te  th a t  b r a n c h in g  in th e  n e ig h b o r­
h ood  o f  th e  ca rb o n y l in terferes w ith  th ese  b o n d in g  forces  
an d  th e reb y  lea d s to  sm e c tic  b e h a v io r . B ra n c h in g  a lso  d e ­
creases co n fo rm a tio n a l m o b ility  o f  th e  a lk a n o a te  ch a in  
lea d in g  to  m ore o rg a n iza tio n  in th e  c ry sta llin e  s ta te ; th is  
can  to  so m e  e x te n t be  o ffse t b y  in crea sin g  th e  b ra n ch  
len g th . T h e se  la tte r  fa cto rs  con trol SH{ an d  m e ltin g  
p o in t. T h e  p h ase  d ia g ra m s are e x p lic a b le  in te rm s o f m u ­
tu a l d isru p tio n  o f  th e  crystal la ttic e s  o f  th e  tw o c o m p o ­
n e n ts . M a te r ia ls  s im ila r  in size  a n d  sh a p e  b e h a v e  m ore  
id ea lly  in a d m ix tu re  th a n  d iss im ila r  m a te r ia ls . S m a ll  
a m o u n ts  o f  a lo n g  c h a in  a lk a n o a te  in a sh ort one h ave  a 
greater d isru p tiv e  e ffec t th a n  vice versa.

Acknowledgment. T h e  au th ors w ish  to  th a n k  M r . F . C . 
B a ile y  for a ss ista n c e  in th e  sy n th e sis  o f  c h o lestery l esters  
an d  D r s . G u n th e r , O ’R e illy , a n d  G o ld b e r g  for e n c o u ra g e ­

m e n t.
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P u b l ic a t io n  c o s ts  a s s is te d  b y  G e n e r a l E le c t r ic  C o rp o ra te  R e s e a r c h  a n d  D e v e lo p m e n t  C e n te r

E le c tr ic a lly  in d u ced  carrier tra n sp o rt is a n ov e l tra n sp o rt m e c h a n is m  w h ich  ca n  be o p era tiv e  in certa in  
s y s te m s  in w h ich  fa c ilita te d  tra n sp o rt o c cu rs. A  resu lt o f  th is  p ro cess is th a t a p a r tia l p ressu re  d ifferen ce  
across a liq u id  m e m b r a n e  ca u ses  an  e le ctric a l p o te n tia l d ifferen ce  to  d ev e lo p . A  m a th e m a t ic a l  a n a ly sis  o f  
th is  p o te n tia l resu lted  in a s im p le  ex p ression  to  c a lc u la te  its  v a lu e . T h e  a g re e m en t o f  c a lc u la te d  a n d  e x ­
p er im e n ta l p o te n tia l d ifferen ces is sa tis fa c to ry .

1. In tr o d u c t io n

F a c ilita te d  tra n sp o rt o f  a so lu te  across a m e m b r a n e  o c ­
curs as a re su lt o f  a rev ersib le  rea ctio n  o f th e  so lu te  w ith  a 
carrier w h ich  sh u ttle s  b etw een  o p p o site  fa c e s  o f  th e  m e m ­
b r a n e . 1 T h e  p h e n o m e n o n  is o f  in terest b eca u se  it is a fu n ­
d a m e n ta l p ro cess o f  liv in g  sy s te m s , an d  b e c a u se  it m a y  
h av e  p ra c tic a l a p p lic a tio n  in th e  d e v e lo p m e n t o f  n ew  
h ig h ly  e ffic ie n t sep a ra tio n  p ro cesses . In  an  e x p lo ra to ry  in ­
v e stig a tio n  o f  fa c ilita te d  tra n sp o rt b y  W a r d , 2 it w as fo u n d  
th a t b y  a p ro cess o f  e le c tr ic a lly  in d u ce d  carrier tra n sp o rt  
it w as p o ssib le  to  “ p u m p ”  a ga s th ro u g h  a liq u id  film  
across w h ich  there w as no p a rtia l p ressu re d ifferen ce  in  
th a t ga s . B y  a re lated  p ro cess, a p a rtia l p ressu re d iffe r ­
en ce  across th e  m e m b r a n e  resu lted  in an e le c tr ic a l p o te n ­
tia l d ifferen ce .

E le c tr ic a lly  in d u ce d  carrier tra n sp o rt h a s  b een  sh ow n  to  
occu r w ith  n itric  ox id e  in a so lu tio n  c o n ta in in g  ferrous  
a n d  ferric io n s, an d  w ith  ca rb o n  m o n o x id e  in a so lu tio n  o f  
cu p rou s an d  cu p ric io n s. T h e re  are n u m e ro u s oth er s im p le  
sy ste m s  in w h ich  th is  ty p e  o f  tra n sp o rt p ro cess  co u ld  be  
o p e ra tiv e . In  su ch  sy s te m s , e le c tr ic a lly  in d u c e d  carrier  
tra n sp o rt co u ld  h av e  p ra c tic a l a p p lic a tio n  for c o n c e n tr a t­
ing or d e te c tin g  a p a rtic u la r  ga s . In order to  e v a lu a te  th e  
p ro cess for su ch  a p p lic a tio n s  a n d , in gen era l, to  u n d e r­
sta n d  it m ore th o ro u g h ly , a q u a n tita tiv e  u n d e r sta n d in g  o f  
it is d esira b le . In  th is  p ap er an  e xp ression  is d ev e lo p e d  for 
th e  e le ctric a l p o te n tia l d ifferen ce , a t zero cu rren t flo w , 
ca u sed  b y  a p a rtia l pressure d ifferen ce  across th e  m e m ­
bran e.

2 . T h e o r y  o f  th e  M o n it o r in g  C e ll

A  d eta ile d  q u a lita tiv e  d esc rip tio n  o f  e le c tr ic a lly  in d u ced  
carrier tra n sp o rt h as been  given  e lse w h ere . 2 W h e n  u sed  as  
a m o n ito rin g  d ev ic e  in th e  case  o f  n itric  o x id e , for e x a m ­
p le , th e sy s te m  co n sists  o f  an im m o b iliz e d  f ilm  o f  ferric  
a n d  ferrous ch lo rid e  so lu tio n  w ith  e lectro d es  a t  each  face  
o f th e  film  se p a ra tin g  tw o  reservoirs o f  n itric  o x id e . N itr ic  
ox id e  rea cts  rev ersib ly  w ith  ferrous ion , to  fo rm  F e N 0 2 + ,  
a n d  d oes n o t rea ct w ith  ferric ion . W h e n  s te a d y  sta te  is 
rea ch ed , there is a f lu x  o f  n itric  o x id e  across th e  m e m ­
b ra n e , a c c o m p a n ie d  b y  th e  a p p ea ra n ce  o f an e le ctric a l p o ­
te n tia l across th e  e le ctro d e s . It is th e  m a g n itu d e  o f  th is  
p o te n tia l th a t  we w ish  to  p red ict as a fu n c tio n  o f  th e  s y s ­
te m  v a ria b le s .

A  ge n e ra lize d  m o n ito rin g  cell o f  w id th  l w ith  p la tin u m  
e le ctro d e s a t  x =  0  a n d  x = l is sh ow n  s c h e m a tic a lly  in  
F igu re 1. T h e  liq u id  f ilm  is c o n ta in ed  b e tw ee n  m e m ­
b ran es p e r m e a b le  to  th e  d iffu sin g  ga s A , an d  co n sists  o f  a 
so lu tio n  (in  a su ita b le  so lv en t, e.g., fo r m a m id e )  o f  sa lts  
M X P a n d  M X P + g w here M  is a m e ta l, a n d  X  a m o n o ­
v a le n t a n ion  w h ich  can  be C l - . T h e  so lv en t is to  h av e  a 
su ffic ie n tly  h igh  d ie lectric  c o n sta n t (t )  so  th a t  c o m p le te  
d isso c ia tio n  o f th e  sa lts  in to  th e  ion s M p + , X - , a n d  
M ip + e > +  o c cu rs. W e  a lso  sh a ll a ssu m e  th a t  a t  th e  p la t i ­
n u m  e le ctro d e s  th e  e le c tro c h e m ic a l rea ctio n

M p+ 5 = ?  M (p+i)+ +  ge- (2 .1 )

h a s  a c h ie v e d  e q u ilib r iu m . T h e  d ifferen ce  in  e lectric  p o ­
te n tia l A V  across th e  e lectro d es ca n  th en  be w ritte n  as a 
su m  o f th ree  p o te n tia l d ifferen ces (cf. F igu re 1)

A V  =  tp1 -  <Pi =  (<P\ ~  <p i) + { < P i ~  <P3) +  (<p3 ~  <p J

w here tpi ~ tp2 a n d  ~ ip4 are th e  g a lv a n ic  p o te n tia l d if ­
feren ces a n d  ip2 ~ <P3 is th e  d iffu sio n  p o te n tia l d ro p  in sid e  
th e  ce ll. T h e  referen ce p o in ts  1 an d  4  are on  th e  e lectro d es  
a n d  2 a n d  3 are in sid e  th e  cell in  th e  “ v ic in ity  o f  th e  e le c ­
tr o d e s ,”  i.e., in th e  so lu tio n  ju s t  o u tsid e  th e  e le ctric a l  
d o u b le  lay er o f  th e  e le c tr o d e -s o lu t io n  in terfa ce .

It fo llow s fro m  th e  e q u ilib r iu m  o f th e  re a ctio n  sh o w n  in  
( 2 . 1 ) th a t  (n eg le c tin g , here as e lsew h ere, a c tiv ity  c o e ffi­

c ien ts)

<P 1 -  <P2 = E0 +  (RTlgF) In [ ( M ,p+* )+ ) 2 / ( M p +) 2] (2 .3 )  

a n d

3 =  E0 + (RT/gF) In [ ( M <p+*)+ ) 3 / ( M p + ) 3] (2 .4 )

w ith  E0 th e  s ta n d a rd  e lectro d e  p o te n tia l an d  th e  e x p re s ­
sio n s in p a ren th ese s  w ith  th e  su b sc r ip ts  2 an d  3 refer to  
th e  c o n c e n tra tio n s  o f  th e  in d ic a te d  ions in th e  p la n e s  2 

a n d  3 , re sp ec tiv e ly .
L e t A  be th e  d iffu sin g  gas, a n d  a ssu m e  th a t  it  re a cts  

o n ly  w ith  M p + (n o t M (p +«* + ) a c co rd in g  to  th e  rev ersib le  
rea ctio n s

M p+ +  A  3 = *  M A P+ (2 .5 )
ko

(1) W. J. Ward, A lC h E J . . .  16, 405 (1970).
(2) W. J. Ward, N a tu r e  (L o n d o n ) ,  227, 162 (1970).

T h e  J o u r n a l  o f  P h y s ic a l  C h e m is t r y .  V o l. 17. N o . 6. 1 9 7 3



Electrically Induced Carrier Transport Systems 8 4 7

GAS A

P|

SOLUTION OF 
MXp AND MXpie

GAS A

P2

Figure 1. Schematic of monitoring cel .

w ith  /?i a n d  k2 th e  rate  c o n sta n ts  for th e  forw ard  a n d  re ­
verse re a ctio n , re sp e c tiv e ly . T h e  sp ec ies  p re sen t in the

liq u id  f ilm  are M p + ,  M < p +«> + , M A p + ,  X - ,  a n d  d isso lv e d  
A . L e t  th e  s te a d y -s ta te  c o n c e n tra tio n s  a n d  d iffu sio n  c o e f­
fic ie n ts  o f  th ese  sp ec ies  b e  d en o te d  b y

c =  ( A ) Dc = kTBc

u =  ( M (p+)) Du -  kTBu

V = ( M (p+'?)+ ) A  =kTB 0 (2 .6 )

w>= ( M A P+) Dw = kTBw

n =  ( X - ) Dn =  kTBn
w ith  th e  B’a th e  c o n sta n t m o b ilitie s . T h e  c o n d itio n  o f  d if ­
feren tia l m a ss  b a la n c e  a t  a n y  p o in t w ith in  th e  f i lm , 0  <  x 
< l, for e a ch  sp ec ies  le a d s  a t s te a d y  s ta te  to  th e  fo llow in g  
N e r n s t -P la n c k  e q u a tio n s

BckT{d2cjdx2) -  kxcu +  k2w = 0  (2 .7 )

Bu[kTd2uldx2 + ped!dx{udtpjdx)] -  k1cu +  k2w = 0  (2 .8 ) 

Bv[kTd2vl dx2 +  ip + g)edl dx{vd(pldx)] =  0 (2 .9 )

Bw[kTd2u>ldx2 + pedldx(wd<pldx)] -  k2w +  k1cu =  0

(2 . 1 0 )

Bn[kTd2nldx2 -  e d /d x ( n d < p /d x ) ]  = 0  (2 .1 1 )

w here e is th e  e le ctro n ic  ch a rg e  a n d  th e  e lectric  p o te n tio n  
ip(x) sa tis fies  th e  P o isso n  e q u a tio n

d2<pldx2 '=  -  {4nFjt)\pu +  (p  +  g)v + pw -  n] (2 . 1 2 )

T h e  sy s te m  ( 2 .7 -2 .1 2 )  h a s  to  be  so lv ed  su b je c t  to  th e  fo l­
low in g  b o u n d a ry  c o n d itio n s , (a ) T h e  film  b o u n d a ries  are 
im p e rm e a b le  to  th e  io n ized  sp e c ie s ; viz., a t  x =  0  or l

kT(duldx) +peu(dcpldx) =  0  (2 .1 3 )

kTidvjdx) + (p +  g)evidtpldx) =  0 (2 .1 4 )

kT{dwl dx) + pew{d<fl dx) = 0  (2 .1 5 )

kT(dnl dx) — en(d(pldx) = 0 (2 .1 6 )

(b ) T h e  gas A  d isso lv e s  at th e  film  su rfa ces x = 0 , l a c ­
cord in g to  th e  re la tio n s

c(0 ) =  SPl, c(i)  =  Sp2 (2 .1 7 )

w here S is th e  H e n r y ’s la w  s o lu b ility  a n d  p i  a n d  P 2 are

th e  p a r tia l p ressu res o f  A  in th e  reservoirs a d ja c e n t  to  th e  
f ilm  su rfa ce  x =  0  a n d  x =  l, re sp ec tiv e ly , (c) T h e re  is 
overall electroneutrality in  th e  liq u id  film

f  [ p u  +  (p  +  g)v +  pw — n ]d x  =  0 
•in

In te g ra tin g  (2 . 1 2 ) over x fro m  x =  0  to  x = l a n d  u sin g  th e  
a b o v e  we h ave

(d < o /d x ) x=0 =  (d(pldx)x=l (2 .1 8 )

W e  also  n eed  th e  in itia l co n ce n tra tio n  o f  M X P an d
M X ( p + g )

( M X p) 0 =  C p°, ( M X (p+g)) 0 =  Cp+g° (2 .1 9 )

B a s ic  s im p lific a tio n  o f  th is  p ro b lem  ca n  be a c h ie v e d  if  
th e  m o b ility  o f  M A ^ ,  BM, ca n  b e  se t e q u a l to  th e  m o b ility  
o f  M p + , Bu

f iw =  B u =  B or Dw =  Du =  D (2 .2 0 )

O r d in a rily , for m o s t  s im p le , d ia to m ic  g a ses , Dc > Du, 
Dv. T h e  d iffu sio n  c o effic ie n t o f  th e  c o m p le x  M A p + , b e in g  
first ch a rg ed  an d  se c o n d  o f larger m a ss , o u g h t to  b e  o f  th e  
s a m e  order o f  m a g n itu d e  as Du or D P. W h ile  th is  is n o t an  
a r g u m e n t for th e  id e n tity  e x h ib ite d  in ( 2 .2 0 ) , it su ggests  
th a t  ( 2 . 2 0 ) m ig h t  b e  ta k e n  to  b e  th e  sta rtin g  p o in t for a 
p e rtu rb a tio n  tr e a tm e n t o f  th is  p ro b le m . A s  w e sh a ll see in  
th e  A p p e n d ix , th e  re su lts  o f  th e  p e rtu rb a tio n  s u b sta n tia te  
th e  resu lts  o f  a s su m in g  (2 .2 0 )  to  be  s tr ic t ly  v a lid . In  th e  
re m a in d er  o f  th is  se ctio n  w e a c c e p t ( 2 .2 0 ) a n d  sh ow  th a t  
as a co n seq u en c e  y>(x) is c o n sta n t every w h ere  in 0  <  x <  l 
a n d  th a t  th e  sy s te m  o f  six, c o u p le d , n o n lin e a r  d ifferen tia l  
e q u a tio n s  ( 2 .7 -2 .1 9 )  red u ces  to  three, simpler, co u p led  
n o n lin e a r d iffe re n tia l e q u a tio n s  w h ose  n u m e ric a l so lu tion  
h a s a lrea d y  b e e n  o b ta in e d . 1 T h e  p h y s ic a l b a sis  o f  th is  
s im p lific a t io n  is s tra ig h tfo rw a rd ; if  Du =  Dw, th e  rate o f  

ion  tran sfer is in d e p e n d e n t o f  w h eth er th e  ion is in  th e  

s ta te , lo c a l e le c tro n eu tra lity  is e s ta b lish e d  everyw here  
w ith in  th e  f i lm , i.e., th e  r ig h t-h a n d  s id e  o f  ( 2 . 1 2 ) v a n ish e s . 
T h u s , <p(x) m u s t  b e  c o n sta n t a n d  in tu rn  (2 .9 )  a n d  (2 .1 1 )  are 
d ec o u p led  fro m  th e  re m a in in g  sy s te m  o f e q u a tio n s , a n d  by  
virtu e  o f (2 .1 4 )  a n d  (2 .1 6 )  p ossess c o n sta n t so lu tio n s .

T o  d e m o n str a te  th a t  th is  is th e  unique so lu tio n  we n ote  
th a t  (2 .9 )  a n d  (2 .1 1 )  ca n  be im m e d ia te ly  in teg ra ted  
su b je c t  to  (2 .1 4 )  a n d  ( 2 .1 6 ) , re sp ec tiv e ly , to  give

v(x) = u(0) e x p [  -  (p  + g)e{ip(x) -  <p(0))lkT] (2 .2 1 )

an d
n(x) = n{0) e x p [  -  e(<p(x) ~ <p(0))lkT] (2 .2 2 )

S u b je c t  to  (2 .2 0 )  on e fin d s , a d d in g  (2 .8 )  a n d  ( 2 .1 0 ) , as  
w ell as (2 .1 3 )  a n d  ( 2 .1 5 ) , th a t  u(x) +  w(x) is g iven  b y

u(x) +  w(x) = A  e x p [  — pe{<p(x) — <p(0)) IkT] (2 .2 3 )  

w it h W  =  u (0 )  +  w(0 ) . S e t

y(x) = e[<p{x) -  <p(0)]lkT (2 .2 4 )

an d  s u b stitu tin g  ( 2 .2 1 -2 .2 4 )  in  (2 .1 2 )  one o b ta in s  

d 2y  /  d x 2 =

-  (4nFeIekT)[pNe' py +  (p  +  g)v(Q)e~[p+e)y -  n{0)ey] (2 .2 5 )

T h e  c o n sta n ts  N, i’ (0 ), a n d  n(0) ca n  be e lim in a te d  fro m  
(2 .2 5 )  b y  u sin g  co n serv a tio n  o f  sp ec ies  a n d  th e  g iven  in i­
t ia l c o n c e n tra tio n s  in  (2 .1 9 ) , viz., w e h av e  fro m  ( 2 .2 1 -  
2 .2 3 )
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N f  [u(x) +  w(x)]dx/ f  e pydx — 
j  0 Jo

ICP0/ f e - ^ d x  =  Cp0/  f le-™*’>dx' ( 2 .2 6 )  
Jo Jq

v(0 )  =  C p +g7  ^ 1 e - ,í,+ '^,'<v' ,d x , 

n ( 0 )  =  [ (p +  g)Cp+e° +  pCp]/ f  e -'i^ ’ d x '
J o

with x' = x/l. Introducing the dimensionless constants
Q = (4nFel2l'tkT)[(p + g)Cp+g° + PCp°] (2.27)

and
a  ~  P C P° I [ ( P  +  g ) C p+g ° +  p C „ ° ]  

together with (2.26) allows us to rewrite (2.25) as

d2y (x ') /d x ' 2 =  —Q\(ae~py/p f 'e ^ d x ')  +
Jo

[ ( 1  -  a)e~ip+s)y / f ' e-<p+e>y dx’] +  (ey / f  e W ) |  (2 .2 8 )  
Jo

Setting P = d y (x ')/d x ', d2y (x ')/dx’ 2 = dP/dx' = (dP / 
dy )(dy /dx ') = P dP/dy we can integrate (2.28) once to 
obtain

+P 2/  2 =  Q\(ae~py/p Per»W )
dfl

[ ( 1  — a)e~,p+g>y/(p +  g) f  e~ip + e)ydx'] +  
do

(ev/£  e-rdx')l +  (P 07 2 )  (2.29a)

with (dy/dx'):r'=o = Po- If 2 = e x p [-y (x ')] , f) = 
e x p [-y ( l) ] , P i = (d y /dx ')x ' = 1 and using (2.18) we have 
from (2.29a) that

(P r  -  P„2) / 2Q =  0 =  \(a(6p - l ) / p  f W t ' ]  +
d 0

[ ( 1  -  a)(9p+s ~ 1)1 (p + g ) f  zp+gdx'] +Jo

[ ( r 1 - 1 ) /  fa - 'd x '] )  (2.29b)

Substituting the value of

JpZ“ 1 dx'
obtained from (2.29b) in (2.29a) one obtains after some 
rearrangement
P2 ~ P<r/2 Q =  - [ ( 1  -  z)/z] x

P
* Y { z ‘ -  9‘ )/p I zpd x ']  +  [(1 -  a) x

, = 1 Jo
p + g  / .1

Z t e - e o / i p + g )  zp+sdx']| =  F(z,6) (2.30)
i - 1  -^o

One solution of (2.30) is y(x') = 0 subject to y(0) = 0 (c/. 
(2.24) ). We now show that this solution is the unique, 
real, bounded solution of (2.30).

To do this we note that the only finite positive roots of 
F(z,6) are z = 1 and z = 6. At x = 0, P  = Po- At x = 0 +  c 
we consider the following possibilities, (a) P > Po; then y 
> Poe and must remain so until (P  — P0) can vanish for y 
= y ( l )  (not necessarily at the boundary). However, in this 
interval P2 -  Po2 > 0 while F < 0, a clear contradiction,
(b) P > —Po; then y < —Poe and must remain so until (P 
— Po) can vanish for y = y (l) . However, in this interval

P2 -  P02 >  0 while F < 0, a clear contradiction, (c) -P o  
< P  < P0; then P  is bounded by the rays, P0x' and - P 0x', 
and can never achieve the boundary value at x' = 1 which 
is P = P0. (d) P = Po; whence P2 -  P02 = 0 . However, P 
can only vanish if y = y(0) = 0 o ry  = y (l ) . This can only 
occur if y = y (0 ) = 0 and Po = 0 .
Thus,

tp(x) = (pO)
a constant, and

y>2 — <P3 = 0 (2.31)

By virtue of (2.31) we find from (2.21), (2.22), and 
(2.23) that u(x) = v(0), n(x) = n(0), and u(x) +  w(x) — N 
are all constant within the liquid film. Thus, from (2.2) 
and (2.3), the desired expression for A Vis simply

A V = (RTlgF) In [(M',+)3/(M p+)2] =

(RT/gF) In [ u ( l ) l u ( 0)] (2.32)

Since <p(x) is constant, subject to our basic assumption 
(2 .20), the electrical migration terms vanish in the cou­
pled simplified system of nonlinear equations from which 
u(x) can be determined. These are obtained from (2.7),
(2.8 ), and (2 .10), respectively

Dc(d2c /d x 2) -  kxcu +  k2w = 0 (2.33)

P (d2u /d x 2) -  ktcu + k2w = 0 (2.34)

D(d2wl dx2 ) — k2w +  kxcu= 0 (2.35)
subject to (2.17) and

dii/dx = dwjdx = 0 (2.36)
at x = 0, l. This system of equations can be reduced to a 
single, second-order, non-linear differential equation in c 
(for details the reader is referred to ref 1). A numerical 
procedure for solving this equation, based on Galerkin’s 
method, has been worKed out by Roe and is described in 
ref 1. In particular for nitric oxide transport in ferrous ion 
solution, numerical data are given in Figure 3 of ref 1 for 
the flux of nitric oxide as a function of C20, the total fer­
rous ion concentration from which u(L)/u(0 ) =  (Fe2 + )3/  
Fe2 + )2 needed in (2.32) can be evaluated.

3 . E x p e r im e n t a l  V e r i f i c a t io n

The establishment of the equilibrium of the reaction 
shown in eq 2.1 for Fe2+, Fe3+ was verified experimental­
ly on electrodes of smooth and platinized platinum in 
formamide solutions containing different amounts of 
FeCb and FeCl3. The electrode potential of the test elec­
trode was determined vs. an Ag|AgCl reference electrode 
as a function of the concentration ratio (Fe3+)/(F e2+) in 
formamide solutions, saturated with pure nitrogen. The 
potentials of smooth and platinized platinum agreed with­
in 1 mV at a given ratio of (Fe3 + )/(F e2+). The plot of the 
electrode potential vs. the logarithm of the concentration 
ratio yielded a straight line with a slope of 58 m V/decade 
as to be expected from a one-electron reaction, Fe2+ 
Fe3+ + e ".

The liquid film holder, vacuum system, and arrange­
ment of electrodes, shown schematically in Figure 1, em­
ployed to make emf and transport measurements of NO 
across the Fe2+,Fe3+ formamide solution film are de­
scribed in ref 2 and 3.

(3) G. Sansone and J. Gerretsen, “Lectures on the Theory of Functions 
of Complex Variables,” P. Noordhoff, Ltd., Groningen, The Nether­
lands, 1960, p 458 ff.
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Figure 2. Electrical potential buildup vs. time for nitric oxide 
permeation through liquid film initially 0.25 M  in Fe2+ and Fe3 + .

In itia lly  w ith  v a c u u m  a p p lie d  to  b o th  sid es  o f  th e  f ilm , 
A V  w as zero . A t  tim e  zero , 7 5 0 -m m  o f  N O  w as a d m itte d  
to  th e h ig h -p re ssu re  reservoir a n d  th e  p o te n tia l d ifferen ce  
w as reco rd ed  as a fu n c tio n  o f  t im e . In v a ria b ly , th e  p o te n ­
tia l rose to  a  m a x im u m  v a lu e  in se v e ra l m in u te s , a n d  th e n  
d ec lin ed  to  an  a lm o s t  s ta b le  v a lu e . T y p ic a l  d a ta  are  
sh ow n  in F igu re  2 fo r  th e  ca se  o f  a f i lm  in it ia lly  0 .2 5  M  in  
F e 2+  a n d  0 .2 5  M  in  F e 3 + . T h e  rea son  for th e  m a x im u m  in  
th e  curve is n o t u n d e r sto o d . A fte r  a  n ea rly  s te a d y  v a lu e  is 
re a ch e d , a v ery  slow  d ro p  in p o te n tia l occu rs, p ro b a b ly  
b e ca u se  o f  a slo w  o x id a tio n  o f  F e 2+  in th e  sy s te m .

T h e  e x p e r im e n ta l m e a su r e m e n ts  a n d  p o te n tia l d iffe r ­
en ces c a lc u la te d  fro m  eq  2 .3 2  are sh ow n  in T a b le  I. T h e  
v a lu es  o f  u(l) a n d  u ( 0 ) w ere o b ta in e d  n u m e ric a lly  as d e ­
scrib e d  a b o v e , u s in g  th e  fo llo w in g  sy s te m  c o n sta n ts  p re ­
v io u sly  d e te r m in e d 1

l =  0 .1 0 3  c m

Dno = 1.5 X  10'5 c m 2/s e c  =  Dc 

DFe2+ =  2 x  10~6 c m 2/s e c  =  D 

D ¥eN02+ =  2 X  10-6 c m 2/s e c  =  D
(3 .1 )

kl =  7 .1 5  X  1 0 3 c c /m o l  se c  

k2 =  9 X  1 0 ' 3 s e c ' 1

C (0) =  2 .6 2  X  1 0 ' 6 m o l/c c  (p j =  7 5 0  m m  p re ssu re  o f  N O )  

c(l) =  0  ( p 2 =  0  (v a c u u m ))

T h e  a g re e m e n t b e tw ee n  th e  e x p e r im e n ta l a n d  c a lc u la te d  
v a lu e s  is re a so n a b ly  g o o d , a n d  su g g e sts  th a t  th is  a n a ly sis  
is s u ffic ie n tly  re a lis tic  to  use it in  e v a lu a tin g  th e  a p p lic a ­
tio n  o f  e le c tr ic a lly  in d u c e d  carrier tra n sp o rt as a d etec tio n  
m e th o d .

C le a r ly , s u b s ta n tia l th e o r e tic a l p ro b le m s  r e m a in  in d e ­
v e lo p in g  a q u a n tita tiv e  u n d e r sta n d in g  o f  e le c tr ic a lly  in ­
d u ce d  carrier tr a n sp o rt. T h e  rea son  fo r  th e  o b serv ed  m a x ­
im u m  in th e  p o te n tia l d ifferen ce  is n o t c lear , a n d  no a n a l­
ysis  ex ists  for n o n zero  cu rren t flo w

A p p e n d ix

Perturbation Theory. In  th is  a p p e n d ix  w e re lax  (2 .2 0 )  
a n d  set

D = Du = kTB

Dw = kTB(l -  a), M  <  I
( A .l )

so  th a t  a w ill be ou r d im e n sio n le ss  p e rtu rb a tio n  p a r a m e ­
te r . W e  e x p a n d  c, u, u, w., n, a n d  ¡p in  a, viz.

c =  c0 -f- ac j +  ...

u  =  Uq a u l 4  ...

v =  uo +  avi 4  ■■■ (A .2 )

w =  wc+ ow1 +  ...

n = n0+ anx 4  —

S u b s titu tin g  ( A . l )  a n d  ( A .2 )  in to  ( 2 .7 -2 .1 9 )  w e fin d  th a t  

Co, <po is th e  p re v io u sly  fo u n d  u n p ertu rb e d  so lu tio n ,
w ith  <po a  c o n sta n t, a n d  c2, . . .  , y i ,  w h ich  sa tis fy  th e  sy s ­
te m  o f e q u a tio n s

Dc(d2c1/dx2) -  k1(c0u1 4  CjUq) 4- k2wl =  0  ( A .3 )

B[kTd2u1l dx2 4  p e d /d x ( u 0d ip i/d x )|  -

* i ( c 0« i  +  Ci«0) +  k 2w 1 =  o  (A .4 )

B„\kTd2vlldx2 +  (p  4- g)edldx(v0d<plldx)} = 0  (A .5 )

B\kTd2w1ldx2 + ped/dx(w0d(p1ldx)} -
k2wl +  ^ ( cqUj 4- CjUq) -  BkTd2w0ldx2 = 0  ( A .6 )

B^kTd2^ !d x 2 -  ed/dx(n0d(p1ldx)\ = 0  (A .7 )

d 2< p j d x 2 =  ( 4 ^ F /c ) [ p w 1 +  (p  +  g)v1 + pwl -  n j  ( A .8 )

w ith  th e  b o u n d a ry  co n d itio n s  ( 2 .1 3 ) - ( 2 .1 6 )  a n d  (2 .1 8 )  on  
th e  d e p e n d e n t v a r ia b le s  w ith  su b sc rip t on e  a n d  (2 .1 7 )  re­
p la c e d  b y

c i(0 )  =  Cl(Z) =  0  (A .9 )

D iffe r e n tia tin g  ( A .8 ) a n d  se ttin g  yq =  e|y>i(x) -  y>i(0)| jkT 
on e  fin ds

d 3y j / d x 3 =  ~4nFelekT[p(du1ldx +  d i i i j d x )  4

(p  4  g)dv1ld x -  d r i j /d x ]

A d d in g  ( A .4 )  a n d  ( A .6 ) a n d  in teg ra tin g  th is  s u m  as w ell 
as ( A .5 )  a n d  ( A .7 )  o n c e , u s in g  th e  b o u n d a ry  co n d itio n s , 
a n d  s u b stitu tin g  in  th e  ab o v e  e q u a tio n  for d (u i  4  W \ ) / d x ,  

d i q /d x ,  a n d  d « i / d x  on e  o b ta in s

d 3y 1 / d x 3 = -  4nFeiekT[pdw0ldx -  p2(u0 4  u0) < W d x  ~

(p  ;4  g)2v0d y jd x  -  n0d yjd x]  (A .1 0 )

N o w  u sin g  (c /. (2 .1 2 )

TABLE I: Comparison between Calculated and 
Measured Values of AV

Film
composition

Maximum 
AV, mV

A V  (steady 
value), mV

AV (calculated from eq 
2.32 u(/)/u(0) obtained 

numerically), mV

0.05 M  FeCh 
0.045 M  FeCI3

40 3 0 ° 20

0.05 M  FeCI2 
0.05 M  FeCI3

36 20 20.4

0.25 M  FeCI2 
0.25 M  FeCI3

28 20 19 .3

a Value obtained after 30 min, before A V(f) levels off.
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d V o / d * 2 =  -  {AnFlf)[pu0 +  (p  +  g)v0 + pw0 ~ ra0] =  0  

in  ( A . 10) on e ca n  rew rite  it , a fter so m e  a lg eb ra , as  

d3y j d x 3 = -  {4nFe I efcT)\p (dw0l dx) -

(dyjdx)[g(p  +  g)v0 +  (p +  l ) n 0]| ( A . l l )

B u t  vo(x) =  uo(0) a n d  n0{x) =  n o(0 ) (c /. se c tio n  2 ) a n d  in ­
tro d u c in g  th e  d im e n sio n le ss  v a ria b le  x' =  x/l w e ca n  w rite  
( A . l l )  as

(d3y j d x '3) - H 2(d y jd x ') =  ~{H21S0)p{dw0ldx') (A .1 2 )  

w ith

S 0 =  g(p  +  £ H ( ° )  +  ( p  +  l)^ o (0 )

H2 = S0(4nFel21 tkT) (A .1 3 )

A d d in g  (2 .7 )  a n d  (2 .1 0 )  an d  in teg ra tin g  o n ce  one fin d s  
th a t

dw0ldx' =  - D c[d c 0/d x '  -  (dc0/dx')z=0]/Dw = S 0f ( x ' ) /p

a n d  th a t

f ( * ' =  0 ) =  0

In tro d u c in g  ( A . 14) in to  ( A .1 2 )  a n d  se ttin g  z1 (x') 
dx' w e o b ta in

(d2zjd x ') -  H2zl =  H2i{x ‘ )

( A .14)

(A .1 5 )  

=  d y i /

(A .1 6 )

w h ose  so lu tio n  s u b je c t  to  th e  b o u n d a ry  co n d itio n s  on  d y i /  
dx' is

Z i(x ')  =  f  Hf(x) s in h  [H(x' — x)]àx —
Jo

sin h  ( / / x O / s i n h  ( H)0 f  / / f ( x ) s i n h  [H  (1 — x ) ] d x  (A .1 7 )  
Jo

F in a lly  th e  d esired  d ifferen ce  in  p o te n tia l is

e[(i°i> 2  -CPM/kT = a r Zl(x')dx' (A .1 8 )
Jo

R a th e r  th a n  ca rryin g  o u t an  e x p lic it  e v a lu a tio n  o f  
( A .1 7 )  a n d  ( A .1 8 )  w e c o n te n t o u rselv es to  an  ord er o f  
m a g n itu d e  e s tim a te . W e  n ote  th a t  u su a lly  i f 2 »  1 (H2 «  
1016 u n d er  th e  co n d itio n s  d isc u sse d  in se ctio n  3 ) . S t a n ­
d ard  a s y m p to t ic  th e o ry 3 o f  ord in ary  d iffe re n tia l e q u a tio n s  
th u s  a ssu res u s th a t  su b je c t  to  ( A .1 5 )

4 ( P i) 2 -  (*>1) 3Ì I k T -o O iH 1) (A .1 9 )

w h ich  p ro v id es  th e  ju s tific a tio n  for e m p lo y in g  th e  p ro c e ­

dure a d o p te d  in  se c tio n  2.

Acknowledgments. T h is  w ork w as su p p o rted  in  p a r t b y  
th e  N a tio n a l S c ie n c e  F o u n d a tio n  G r a n ts  N o . G A -2 7 7 0 0  
a n d  P R  I9 8 8 I0 0 I  a n d  th e  A m e r ic a n  C h e m ic a l S o c ie ty  P e ­
tro le u m  R e sea rc h  F u n d  G r a n t  N o . 3 5 I9 C 5 6 .
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D iffu sio n  c o n sta n ts  for in terstitia l h yd rogen  h a v e  b een  d e te r m in e d  for a series o f  ra n d o m ly  su b st itu te d  
fa c e -c e n te r e d  c u b ic  g o ld -p a lla d iu m  a llo y s  ( 0 -1 1 2 ° )  a t  s m a ll  h y d ro g e n  c o n te n ts  w here th e  d isso lv e d  h y ­
d rogen  b eh a v es id e a lly . A  g o ld  c o n te n t o f  a p p ro x im a te ly  2 0  a to m  %  h as litt le  e ffec t on  th e  d iffu sio n  c o n ­
s ta n t, i.e., it  is u n c h a n g e d  fro m  th a t  o f  pure p a lla d iu m . F or g o ld  c o n te n ts  greater th a n  2 0 % , v a lu es  o f  D 
d eclin e  lo g a r ith m ic a lly  w ith  go ld  c o n te n t to  D  =  7 .4  x  1 0 - 10 c m 2 s e c - 1  (3 7 °)  for th e  A u ( 5 5 .7 % ) - P d  
w h ich  w as th e  la rg est go ld  c o n te n t in v e stig a te d  h ere . T h e  en ergies o f  a c tiv a tio n  an d  th e  p re ex p o n e n tia l  
factors h av e  b een  m e a su red  for tw o  a llo y s  w ith  large go ld  c o n te n ts .

I n tr o d u c tio n

T h e  d iffu sio n  o f  h y d rogen  in s u b s t itu t io n a l fa c e -c e n ­
tered  cu b ic  (fee) p a lla d iu m  a lloy s offers great sco p e  for  
th e fu n d a m e n ta l e lu c id a tio n  o f  in terstitia l d iffu sio n . T h e  
e lectro n ic  an d  ge o m etric  (s ize  o f  th e  la tt ic e )  ch a ra cter  o f  
th e h o st p a lla d iu m  m a tr ix  ca n  b e  s y s te m a tic a lly  a ltered  
b y  a llo y in g . W it h  th is  a p p ro a ch  it  m a y  b e  p o ssib le  to  d e ­
te rm in e  w h a t fa cto rs  in flu en c e  th e  m a g n itu d e  o f  th e  d iffu ­
sion c o n sta n ts .

A  v a rie ty  o f  c o n v e n tio n a l, m a c ro sc o p ic  te c h n iq u e s  e m ­
p lo y e d  in d iffe re n t lab o ra tories h av e  re c e n tly  g iven  n early

s im ila r  resu lts  for th e  d iffu sio n  o f  h yd ro g en  in  th e  a an d  
/3 p h a se s  o f  th e  P d - H 2 s y s t e m .1-5 (B y  c o n tr a st , m ic ro sc o p ic  
te c h n iq u es su ch  as in e la stic  n eu tro n  sc a tte r in g  give  s ig n if­
ic a n tly  sm a lle r  en ergies o f  a c t iv a t io n ;6 -7 th e  reason  for th e  
d ifferen ce  is n o t k n o w n .)

(1) G. Bohmholdt and E. Wicke, Z. P h y s . C h e m . ( F r a n k fu r t  a m  M a in )  
56, 133 (1967).

(2) G. Holleck and E. Wicke, Z. P h y s . C h e m . ( F r a n k fu r t  a m  M a in ) .  56, 
155 (1967).

(3) J. W. Simons and T. B. Flanagan, J . P h y s . C h e m ..  69, 358 (1965).
(4) M. von Stackelberg and P. Ludwig, Z. N a tu r fo r s c h . .  1 9 , 93 (1964).
(5) H. Zuchner, Z. N a tu r fo r s c h .  A . 25, 1490 (1970).
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H y d ro g en  is k n ow n  to  o c cu p y  th e  o c ta h ed ra l in terstitia l  
p o sitio n s in  th e  a a n d  0  p h a se s  o f  th e  P d - H 2 s y s te m 8 .9 a n d  
in  several fee  p a lla d iu m -r ic h  a llo y s .1 0 1 1  I t  se e m s  safe  to  
a ssu m e  th a t  in all fee  p a lla d iu m -r ic h  a llo y s  th e  o c ta h ed ra l  
sites are o c c u p ie d  b y  th e  h y d ro g e n  in te r stitia ls . D iffu sio n  
th en  in v o lv e s  a m ig ra tio n  fro m  on e  o c ta h e d ra l in terstitia l  
p osition  to  an  a d ja c e n t v a c a n t  o c ta h e d ra l in terstitia l p o si­
tio n . It has been  su g g e ste d  th a t  th is  occu rs via a te tr a h e ­
dral s i te .12

M o s t  a v a ila b le  d a ta  for th e  d iffu sio n  o f  h yd ro g en  in p a l­
la d iu m  a llo y s  is on  th e  A g - P d - H 2 s y s te m 2 -5 -13 -15  b e ca u se  
th is  s y s te m  is o f  te c h n o lo g ic a l in terest for th e  p u rifica tio n  
o f  h y d ro g en . S u rp risin g ly  th e  a d d itio n  o f  su b stitu tio n a l  
silver u p  to  a b o u t 2 5 %  h a s litt le  e ffec t on  th e  d iffu sio n  
c o n sta n t. A b o v e  2 5 %  silver th e  v a lu e  o f  th e  d iffu sio n  c o n ­
s ta n t d ec lin es  m a rk e d ly  w ith  silv er  so  th a t , for e x a m p le ,  
at 6 0 %  silv er  it  is 5  x  1 0 - 1 0  c o m p a re d  to  3 X  1 0 - 7  c m 2 /  
sec for p u re  p a lla d iu m  ( 3 0 ° ) .  T h e s e  c o n sta n ts  w ere m e a ­
sured  a t  very  sm a ll h yd ro g en  c o n te n ts  w here n o n id e a lity  
can  b e  n e g le cte d .

T h e  g o ld -p a lla d iu m  sy ste m  is o f  in terest w ith  regard to  
h yd rogen  d iffu sio n  b e c a u se  it  h a s  b een  fre q u e n tly  e m ­
p lo yed  for a sc erta in in g  th e  e ffe c t o f  th e  fillin g  in o f  th e  d  
b a n d  on  th e  c a ta ly tic  a c tiv ity  o f  p a lla d iu m . In  a d d itio n , 
since th e  th e r m o d y n a m ic s  o f  a b so rp tio n  h av e  b een  d eter ­
m in e d , 1 6 -17  th ese  d a ta  m a y  b e  u se d  for th e  in terp reta tio n  
o f d iffu sio n  d a ta .

E x p e r im e n t a l  S e c t io n

Apparatus and Materials. M o s t  d iffu sio n  m e a su r e m e n ts  
w ere p erfo rm ed  e le c tro c h e m ic a lly  u sin g  a t im e -b r e a k ­
th rou g h  m e th o d . M e m b r a n e s  o f  g o ld -p a lla d iu m  o f  va rio u s  
c o m p o sitio n s  w ere m o u n te d  w ith  T e flo n  O -r in g s  in a cell 
w hich  se p a ra te d  tw o  so lu tio n s  oî l N  H 2S 0 4 . T h e  p o te n ­

tia l on  th e  p o la r iz a tio n  sid e  w as c o n tro lled  p o te n tio s ta ti-  
c a lly  via a  L u g g in  c a p illa ry  w h ich  w a s c o n n ec te d  to  th e  
p o te n tio s ta t  (W e n k in g ) . O n  th e  d iffu sio n  sid e  o f  th e  cell a 
referen ce e le ctro d e , g e n e ra lly  a A u ( 2 6 .5 % ) - P d  e lectro d e  
w as in serted , w h ic h , to g e th e r  w ith  th e  d iffu sio n  sid e  o f  
the m e m b r a n e , c o m p rise d  a cell w h ich  m o n ito re d  ch a n ges  
o f  th e  p o te n tia l on  th e  d iffu sio n  s id e . T h e  g o ld -p a lla d iu m  
electro de  w a s e m p lo y e d  ra th er th a n , for e x a m p le , a P t  
electro de  so  th a t  th e  e lectro d e  h a d  a greater a m o u n t o f  
stored  h yd rogen  a n d  c o n se q u e n tly  a greater s ta b ility  w ith  
tim e  w h en  th e  ch a rg in g  o f  th e  m e m b r a n e  w as in terru p te d . 
A  str ip  c h a rt reco rd er (M o s e le y , M o d e l 7 1 0 1 B )  w a s e m ­
p lo y e d  to  fo llo w  p o te n tia l ch a n g es on  th e  d iffu sio n  side o f  
th e  m e m b r a n e .

T h e  g o ld -p a lla d iu m  m e m b r a n e s  w ere su p p lie d  b y  E n ­
gelh ard  In d u strie s , In c ., a n d  w ere a b o u t 0 .0 1  c m  in th ic k ­
n ess. T h e  c o m p o sitio n s  o f  th e  v a rio u s a llo y s  are q u o ted  in  
a to m ic  p er ce n t g o ld . T h e  a llo y s  w ere p rep a red  b y  m e ltin g  
u n d er argon . T h e y  all e x h ib it  fee  la ttic e s  w ith  sp a cin g s  
co n siste n t w ith  litera tu re  v a lu es . T h e r e  is n o  ev id en ce  o f  
an y lo n g -ra n g e  order ju d g in g  fro m  th e  a b sen c e  o f  s u p e r la t ­
tic e  re flectio n s in th e  X -r a y  p a ttern s .

A fte r  th e  d iffu sio n  ru ns w ere c o m p le te d  for a given  
m e m b r a n e , it  w as m o u n te d  in clear p la s tic  c a stin g  resin . 
T h e  p la ste r  c a stin g s  w ere p o lish e d  a n d  th e  th ick n ess  o f  
th e m e m b r a n e  c o u ld  b e  a c c u ra te ly  d e te r m in e d  m ic ro sc o p ­
ic a lly . T y p ic a l  m e a su r e m e n ts  o f  th e  th ic k n e ss  g a v e , e.g., 
on  th e  A u ( 4 0 % ) - P d ,  0 .0 1 0 1  ±  0 .0 0 0 0 5  c m . T h e  th ick n ess  
w as d e te r m in e d  ov er a t  le a s t  fiv e  p ortion s o f  th e  m e m ­
b ran e  a n d  it w a s u n ifo rm  to  th e  th ic k n e ss  n o te d . T h e  area  
o f  th e  ex p o se d  p o rtio n  o f  th e  m e m b r a n e  w as a p p r o x im a te ­
ly  1  c m 2 .

F or th e  g a s -p h a se  m e a su r e m e n ts  a large p la te  o f  alloy  
w as a c tiv a te d  b y  e le c tro ly tic  d ep o sitio n  o f  p a lla d iu m  
b la c k  on to  its  su rfa ce . I t  w a s th en  p la ced  in to  a  rea ctio n  
v essel a n d  a tta c h e d  to  a S ie v e rts ’ ty p e  a p p a r a tu s . T h e  
pressure w as m a in ta in e d  c o n sta n t b y  a d ju stin g  a  m erc u ry  
b u ret d u rin g  h yd ro g en  u p ta k e . T h e  sa m p le  w as p ro te cte d  
from  m erc u ry  b y  g o ld  fo il.

Procedure. D a ta  d e te r m in e d  here w ere u n d er th e  c o n d i­
tio n s n —>■ 0 , w here n =  H -t o -m e t a l  a to m  ra tio . F or th e  

e le ctro ch e m ica l d e te r m in a tio n s  th e  m e m b r a n e  a n d  th e  
referen ce e lectro d e  w ere ch a rg ed  p o te n tio s ta tic a lly  to  th e  
sa m e  p o te n tia l, w h ich  co rresp on d ed  to  a v a n ish in g ly  sm a ll  
h yd rogen  c o n te n t, e.g., 100  m V  w ith  re sp e c t to  a  n orm a l  
h yd rogen  e lectro d e  for th e  A u ( 1 8 .8 % ) -P d  s a m p le . T h is  
p o te n tia l corresp on d s to  a sm a ll h y d rogen  c o n te n t , i.e., n 
—*  0 . E le ctro d e  p o te n tia ls  w ere m e a su red  w ith  a p o te n ti­
o m eter  prior to  th e  d iffu sio n  ru n s (L e e d s  a n d  N o rth ru p , 
K -3 ) .  W h e n  th e  p o te n tio s ta tic  ch a rg in g  w a s in terru p ted , 
th e  p o te n tia l d iffe re n ce , id e a lly  zero, b e tw ee n  th e  refer­
ence e lectro d e  ( A u ( 2 6 .5 % ) -P d )  a n d  d iffu sio n  sid e  o f  th e  
m e m b r a n e  w as reco rd ed . W h e n  th is  p o te n tia l d ifferen ce , 
an d  its  ch a n ge  w ith  t im e , w as s m a ll , a  d iffu sio n  ru n  could  
b e  in it ia te d . H o w e v e r , b efore  a d iffu sio n  run w as sta rted , 
th e  d iffu sio n  sid e  o f  th e  m e m b r a n e  a n d  th e  referen ce e le c ­
trod e  w ere co n n ec te d  d ire c tly  to  th e  h igh  in tern a l im p e d ­
an ce recorder; a t  th is  s ta g e  o f  th e  p ro cedu re  a ll other  
c o m p o n e n ts  w ere re m o v e d  fro m  th e  circu it . I t  w as gen er­
a lly  a t im e -c o n s u m in g  p ro cedu re  to  e q u ilib r a te  th e  m e m ­
b ran e  an d  referen ce e lectro d e  to  th e  s a m e  p o te n tia l. It 
w ou ld  h ave  b een  m o re  co n v e n ie n t to  e m p lo y  a d ifferen t  
ty p e  o f  referen ce e lectro d e , e.g., S C E , a n d  to  h av e  c o m ­
p en sa te d  for th e  d ifferen ce  b etw een  th e  tw o  e lectro d es  
w ith  a p o te n tio m e te r . H o w e v e r , th e  in c lu sio n  o f a p o te n ti­
o m e te r  in th e  circu it d u rin g  th e  d iffu sio n  ru n  ga ve  rise to  
sp u rio u s e ffec ts . A  m a x im u m  in th e  p o te n t ia l -t im e  trace, 
su ch  as n o ted  b y  K iis s n e r , 15  w as o b serv ed  w h en  th e  p o ­
te n tio m e te r  w as in c lu d e d  in  th e  circu it a n d  th is  g ives rise  
to  d iffic u lt ie s  in  e v a lu a tio n  o f th e  b rea k th ro u g h  t im e . 
K iissn e r  a ttr ib u te d  a s im ila r  m a x im u m  w h ich  he h a d  o b ­
served  (see F igu re 7 , re f 15) to  an  e la stic  d e fo rm a tio n  o f  
th e  m e m b r a n e  a sso c ia te d  w ith  th e  in tro d u c tio n  o f  th e  
p u lse  o f  h y d ro g e n .15  It is su g g e ste d  th a t  it is an  e ffec t o f  
e x p erim e n ta l origin  sin ce  it w as e lim in a te d  here as d e ­
scrib ed  a b o v e .

T h e  referen ce e lectro d e , w h ich  m u st  h av e  a large su r ­
face a n d  be c a ta ly tic a lly  a c tiv e , w as lo c a te d  as close  to  
th e  d iffu sio n  sid e  o f  th e  m e m b r a n e  as p o ssib le  so  th a t  th e  
IR drop  b etw een  th e  referen ce a n d  d iffu sio n  sid e  o f th e  
m e m b r a n e  w as s m a ll . A  sm a ll m in im u m  fo llow in g  th e  
p ertu rb a tio n  (F ig u re  1) c o u ld  n o t b e  e lim in a te d  an d  is 
p ro b a b ly  a sso cia te d  w ith  a c a p a c ita n c e  e ffe c t  on  th e  d iffu ­
sion s id e  o f  th e  m e m b r a n e  re su ltin g  fro m  th e  p ertu rb ation  
on th e  p o la r iza tio n  s id e . T h e  reco very  t im e  for th is  m in i­
m u m  w as ra p id  c o m p a re d  to  th e  b rea k th ro u g h  t im e s . T h e

(6) K. Skold and G. Nelin, J . P h y s . C h e m . S o lid s .  28, 2369 (1967).
(7) M. M. Beg and D. K. Ross, J. P h y s . C . 3, 2487 (1970).
(8) J. E. Worsham, M. K. Wilkinson, and C. G. Shull, J . P h y s . C h e m .  

S o lid s .  3. 303 (1957).
(9) G. Nelin, P h y s . S ta tu s  S o l id i  ( b ) .  45, 527 (1971).

(10) A. Maeland, C a n . J . P h y s ..  46, 121 (1968).
(11) M. R. Chowdhury, Ph.D. Thesis, University of Birmingham, 1971.
(12) E. Wicke, S im p .  D in a m .  R e a z . C h im .,  265 (1966).
(13) D. N. Jewett and A. C. Makrides, T ra n s . F a r a d a y  S o c . .  61, 932 

(1965).
(14) G. L. Holleck, J. P h y s . C h e m ..  74, 503 (1970).
(15) A. Kussner, Z. N a tu r fo r s c h .  A . 2 1 ,5 1 5  (1966).
(16) K. Allard, A. Maeland. J. Simons, and T. B. Flanagan, J. P h y s . 

C h e m ..  72, 136 (1968).
(17) T. B. Flanagan, to be submitted for publication.
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Figure 1. Typical potential-time trace tor Au(26.5%)-Pd alloy 
(37°). Initial potential of membrane 144.3 mV with respect to 
P t-H 2. Anodic perturbation applied ~ 2  mV.

cell w a s th e r m o s ta tte d  in an  oil b a th  to  ± 0 . 1 ° .  T h e  m e m ­
b ran e  w as w ell g ro u n d ed .

A fte r  th e  p o te n tia ls  o f  th e  referen ce A u -P d  e lectro d e  
an d  m e m b r a n e  w ere n ea rly  s im ila r  a n d  s ta b le , a s m a ll  a n ­
od ic or c a th o d ic  p u lse , gen era lly  2 m V , w as a p p lie d  p o te n - 
t io s ta tic a lly  b e tw ee n  th e  p o la r iza tio n  sid e  o f  th e  m e m ­
b ran e  a n d  th e  w ork in g p la tin u m  e le ctro d e . A  p o te n tia l­
tim e  trace  w as record ed  (F igu re  1) fro m  w h ich  th e  b r e a k ­
th ro u g h  t im e  c o u ld  b e  e v a lu a te d . T h e  recorder h a s  a 1 
m e g o h m  in p u t resista n ce  a n d  th e  resista n ce  o f  th e  cell, 
i.e., th e  resista n ce  b e tw ee n  th e  d iffu sio n  s id e  (a c tiv a te d  
w ith  p a lla d iu m  b la c k ) an d  th e  A u -P d  referen ce e lectro d e , 
w as < 1 0  o h m s . W h e n  th e  d iffu sio n  sid e  w as u n a c tiv a te d , 
th e  ce ll resista n ce  w as larger b y  a fa cto r  o f  a b o u t  5 . I f  a 
m ic ro v o ltm e te r  (K e ith le y , M o d e l 153  o f  in p u t resistan ce  
1 0  m e g o h m s) w as s u b s t itu te d  for th e  recorder, s im ila r  
b rea k th ro u g h  t im e s  w ere m e a su red  for ty p ic a l g o ld -p a lla ­
d iu m  a llo y  m e m b r a n e s .

Evaluation of Potential-Time Traces. K iis s n e r 15  h as  
sh ow n  th a t th e  b rea k th ro u g h  tim e  is re la ted  to  th e  d iffu ­
sion  c o effic ie n t, D, b y

th = 0 .7 5 5  s2ln2D
w here s is th e  th ic k n ess  o f  th e  m e m b r a n e . T h e  b rea k ­
th rou g h  t im e  is d e fin e d  as th e  t im e  in terv a l fro m  th e  in i­
tia tio n  o f  th e  run to  th e  in tersec tio n  o f  th e  e x tra p o la te d  
lin ear p a rt o f  th e  p o te n t ia l-t im e  trace (F igu re  1) o n to  th e  
tim e  ax is .

T h e  p ertu rb a tio n  A c  m u s t  be  s m a ll  in c o m p a riso n  to  c 
w here c is th e  co n ce n tra tio n  o f  H  a to m s  in  th e  m e ta l  
p h ase  a n d  is re la ted  to  n b y  n = VMc w here V M is th e  
m o la r v o lu m e  o f  th e  m e ta l. S m a ll  ch a n g es in c are p ro p o r­
tio n a l to  sm a ll c h a n g e s  in th e  e lectro d e  p o te n tia l, E. T h is  
can  be sh ow n  for th e  low  co n c e n tra tio n  region  stu d ie d  
here w here S ie v e rts ’ law  h o ld s , i.e., n = cVM =  K^p1'2. 
T h e  re la tio n sh ip  b etw een  p ( a t m ) 1 /2 a n d  E is p ( a t m )1 /2 =  
e x p (FE/RT), therefore

c(t) -  c(t =  0 ) =  (K jV M)\exp[-(AE(t) +  E(t =  0 ))  x

FIRT] -  exp\-[(E(t =  0)FlRT)]\ ( l )

F or th e  s m a ll  p e rtu rb a tio n s  a p p lie d  h ere , e.g., A E =  ± 2  
m V , eq  1 red u ces to

A c ( i )  =  KsFAE(t)IVuRT exp[-(E(t =  0)F/RT)] (2 )

Gas-Phase Method. T h e  rate o f  h yd rogen  u p ta k e  b y  
sh e ets  o f  g o ld -p a lla d iu m  a llo y s  w as fo llo w ed  a t  c o n sta n t

Figure 2. Typical absorption run for Au(55.7%)-Pd alloy at 37° 
and at constant pressure 5.252 cm of H2 gas.

pressures o f  h y d rogen  in th e  S ie v e rts ’ ty p e  a p p a r a tu s . T h e  
u p ta k e  w as m o n ito re d  b y  th e  ch a n g es in  th e  v o lu m e  o f  ga s  
w h ich  w ere fo llow ed  in a gas b u ret m a n u a lly . T h e  u p ta k e  
o f  h yd ro g en  w as so  ra p id  th a t  m e a su r e m e n ts  b y  th is  te c h ­
n iq u e  w ere lim ite d  to  th e  a llo y  w ith  th e  la rg est go ld  c o n ­
te n t, i.e., A u ( 5 5 .7 % ) - P d .

F or th e  b o u n d a ry  co n d itio n  o f  c =  c o n sta n t a t  x = 0  
a n d  s a n d  th e  in itia l co n d itio n  o f  c =  0  a t  t = 0  for s >  x 
> 0 , w here s is th e  th ick n ess  o f  th e  p la te , th e  fo llo w in g  
so lu tio n  h o ld s  at s m a ll  tim es

MjMm =  4(Dtls2n)'A (3 )

w here M t/ M m is th e  fra c tio n  o f  h y d rogen  a b so rb ed  at  
t im e  t, a n d  a t  t =  re sp e c tiv e ly . 18 T h e  so lu b ility  o f  h y ­
d rogen  in th e  A u ( 5 5 .7 % ) /P d  a llo y  is s m a ll  so t h a t  th e  
m ea su red  d iffu sio n  c o n sta n ts  rep resen t th e  id ea l, c o n c e n ­
tr a tio n -in d e p e n d e n t v a lu e s . T h e  v a lu e  o f  M a w a s e s ti ­
m a te d  fro m  a b so rp tio n  iso th e rm s e s ta b lish e d  for th is  
a llo y . 17

R e s u lt s

T y p ic a l  g a s -p h a se  a b so rp tio n  d a ta  are sh o w n  in F igu re  2 
p lo tte d  a c co rd in g  to  eq  3 . T h e re  is a sm a ll t im e -la g  corre ­
sp o n d in g  to  th e  in itia tio n  o f  th e  ru n , a p p ro x im a te ly  0 .3 5  
m in , a n d  th e rea fter  th e  d a ta  fo llow  th e  t1 ' 2 re la tio n  a d m i­
ra b ly . T h e  d erived  d iffu sio n  c o n sta n ts  w ere fo u n d  to  be  
in d e p e n d en t o f  p ressu re in th e  ra n ge  2 - 9  c m . T h e  en ergy  
o f  a c tiv a tio n  for th e  A u ( 5 5 .7 % ) -P d  a llo y  w as d eterm in e d  
in th e  te m p e ra tu re  range 0 -1 1 2 °  a n d  th e  A rr h e n iu s ’ p lo t is 
sh ow n  in F igu re 3 . T h e  resu lts  are rep resen ted  b y  
D ( c m 2 /s e c )  =  4 .8  x  10  4 e x p ( - 8 6 8 0 / / i T ) .

T h e  tim e  b rea k th ro u g h  m e th o d  w as a p p lic a b le  ov er th e  
w hole  ran ge o f  a llo y  c o m p o sitio n s  w h ich  w ere a v a ila b le  
here, i.e., u p  to  a go ld  c o n te n t o f  5 5 .7 %  b u t  it d id  n o t  
w ork for p u re  g o ld . T h is  is p r e su m a b ly  d u e  to  th e  e x ­
tr e m e ly  s m a ll  s o lu b ility  o f  h yd rogen  in pure g o ld . R e su lts  
a t 3 7 ° are su m m a r iz e d  in T a b le  I a n d  F igu re  4  w here d a ta  
for p u re  go ld  are in c lu d e d  fro m  th e  h ig h er te m p e ra tu re  in ­
v e stig a tio n s o f  E ic h e n a u e r  a n d  L ie b s c h e r . 19 I t  c a n  b e  seen  
th a t  th ere  is an  in crease  in D in p a ssin g  fro m  th e  h ig h est  
c o n te n t go ld  a llo y s  s tu d ie d  here to  p u re  g o ld . A  s im ila r

(18) J. D. Crank, “Mathematics of Diffusion," Oxford University Press, 
Fair Lawn, N. J., 1956.

(19) W. Eichenauer and D. Liebscher, Z. N a tu rfo rs c h . A , 17, 355 
(1962).
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Figure 3. Arrhenius’ plot of diffusion constants: ▲, Au(55.7%)- 
Pd alloy determined by gas phase absorptions; A, Au(44.7%)- 
Pd alloy determined from electrochemical breakthrough times.

TABLE I: Diffusion Constants for Hycrogen at n —>■ 0 (37°) for a 
Series of Gold-Palladium Alloys

6  act.
Alloy D. cm2 sec“ 1 D 0, cm2 sec“ 1 kcal/mol

Pd 3.6 X 10“ 7 “ 4.0 X 10~3 “ 5.75“
Au(18.8%)-Pd 3.5 X 10“ 7
Au(26.5%)-Pd 1.7 X 10~7
Au(35.1 %)-Pd 2.7 X 10“ 8
Au(44.7%)-Pd 3.7 X 10-9 6 X 10“ 4 7.26
Au(55.7%)-Pd 7.4 X 10"1°
Au(55.7%)-Pd6 9.4 X 10“ 1° 4.8 X 10“ 4 8.68
Au 5.91 X 10 “ 8 L 5.6 X 10“ 4 c 5.64c

“ Reference 5. b Values determined from gas-phase absorption rates. 
c Reference 19.

p h en o m e n o n  is n o te d  in  th e  A g -P d  s y s t e m .5 O th e r  asp ects  
o f  th e  D vs. %  A u  p lo t  are s im ila r  to  th o se  o f  A g - P d . 1 5 T h e  
d iffu sio n  c o n sta n t is n ea rly  u n c h a n g e d  fro m  th a t  o f  pure  
p a lla d iu m  to  a  g o ld  c o n te n t o f  a p p ro x im a te ly  2 0 % . T h e y  
th en  d ec lin e  in a  n e a r ly  lo g a r ith m ic  fa sh io n  to  a q u ite  low  
va lu e  for th e  A u ( 5 5 .7 % ) - P d  a llo y . T h e  b rea k th ro u g h  tim e  
for th is  h ig h e st c o n te n t a llo y  w as ~  1 0 ,0 0 0  sec  a t 3 7 ° . 
S in ce  th is  b rea k th ro u g h  t im e  gives a  d iffu sio n  c o n sta n t in  
rea son ab le  a g re e m en t w ith  th e  g a s -p h a se  h yd ro g en  u p ta k e  
m e th o d  ( T a b le  I ) ,  it ca n  b e  c o n c lu d e d  th a t  th is  e le c tro ­
c h e m ic a l te c h n iq u e  is v a lid  u p  to  th is  go ld  c o n te n t. T h e  
g a s-p h a se  h yd ro g en  u p ta k e  m e th o d  m a y  or m a y  n o t be  
v a lid  for a llo y s  w here th e  d iffu sio n  c o n sta n t is greater  
th a n  in  th e  A u ( 5 5 .7 % ) - P d  a llo y  ( it  c o u ld  n o t be m e a su red  
b e ca u se  th e  u p ta k e  w as to o  ra p id  to  fo llo w  w ith  th e  s a m ­
p les a v a ila b le  h e re ). I t  is p o ss ib le  th a t  th is  m e th o d  w as  
fo rtu ito u sly  su c c essfu l here for th e  A u ( 5 5 .7 % ) - P d  a lloy  
b e ca u se  th e  b u lk  d iffu sio n  ste p  w as slo w  c o m p a re d  to  su r ­

face ste p s .
D a t a  w ere ta k e n  for b o th  a n o d ic  a n d  c a th o d ic  p e r tu r b a ­

tio n s an d  n o  s y s te m a tic  d ifferen ces w ere n o te d . K u s s n e r 15

Figure 4. Diffusion constants at 37° for a series of Au-Pd and 
Ag-Pd alloys: ▲. Ag-Pd data (ref 5) and pure Ag (ref 19); A, 
Au-Pd data (this work) and pure Au (ref 19); A. gas-phase 
measurement.

h as p o in ted  o u t th a t  th e  ch a rg in g  o f  th e  d o u b le  lay er on  
th e  p o la r iza tio n  s id e  o f  th e  m e m b r a n e  sh o u ld  b e  ra p id , 
~ 1  m se c , b u t  a t  s m a ll  p ertu rb a tio n s  he n o te d  an  e ffect  
d u e to  ch a rg in g  o f th e  d o u b le  la y er on  th e  d iffu sio n  sid e . 
K u ssn e r  lim ite d  h is  in v estig a tio n s to  th e  A g ( 2 3 % ) -P d  
a lloy  w here th e  d iffu sio n  c o n sta n t is re la tiv e ly  great a n d  
c o n seq u en tly  th e  b rea k th ro u g h  tim e s  are co rresp o n d in g ly  
s m a ll . T h e  tim e  o f  ch a rg in g  o f  th e  d o u b le  la y er  w o u ld  b e  
e x p e c te d  to  p la y  a  sm a lle r  role for a llo y s  w ith  g o ld  co n ­
te n ts  greater th a n  2 0 % . In  order to  e x p e r im e n ta lly  assess  
th e  role o f  d o u b le  la y er ch a rg in g  on  th e  b rea k th ro u gh  
tim e s  th e  fo llo w in g  e x p e r im e n t w as p erfo rm e d . S ev eral 
ru ns w ere m a d e  w ith  p a lla d iu m  b la c k  d e p o site d  o n ly  on  
th e  p o la r iza tio n  sid e  o f  th e  m e m b r a n e . T h e  a b sen c e  o f  
p a lla d iu m  b la c k  on  th e  d iffu sio n  sid e  m a rk e d ly  d ecreases  
th e  d o u b le  la y er c a p a c ity  o f  th is  s id e . A  re d u c tio n  in th e  
b rea k th ro u g h  t im e  w as n o te d  for th e  A u ( 1 8 .8 % ) - P d  alloy  
fro m  28  to  17 sec  (3 7 °)  a n d  for th e  A u ( 2 6 .5 % ) - P d  alloy  
from  57  to  47  se c  ( 3 7 ° ) .  O n  th e  oth er h a n d , th ere  w as no  
effec t d e tec te d  for th e  A u ( 3 5 .1 % ) - P d  a llo y  w here th e  
b rea k th ro u g h  t im e s  w ere 3 1 8  a n d  3 1 6  sec (3 7 °)  w ith  a n d  
w ith o u t a c tiv a tio n  b y  p a lla d iu m  b la c k , re sp ec tiv e ly . It  
can  b e  co n c lu d ed  th a t  th e  b rea k th o u g h  t im e s  are a ffec ted  
b y  th e  d o u b le  la y er c a p a c ity  o f  th e  b la c k  o n ly  for th ose  
gold  a lloy s w ith  sm a ll b rea k th ro u g h  t im e s , i.e., a lloys  
w ith  less th a n  a b o u t 3 0 %  go ld  (3 7 ° ) .  D a ta  rep orted  for  
su ch  a llo y s  in F igu re  4  are for m e m b r a n e s  p a lla d iz e d  on ly  
on  th e  p o la r iza tio n  sid e  o f  th e  m e m b r a n e .

In  order to  d e m o n str a te  th a t  th e  a llo y s  w ere in d eed  in  
th e  low  region  o f  h y d rogen  c o n te n ts  w here id ea l b eh a v io r
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p re v a iled , so m e  b rea k th ro u g h  tim e s  w ere m e a su red  at  
va rio u s s m a ll  h yd ro g en  c o n te n ts . T y p ic a l  resu lts  are 
sh ow n  in T a b le  II, w here it  ca n  b e  seen  th a t  th e  e ffec t o f  
co n c e n tra tio n  ov er th is  s m a ll  co n ce n tra tio n  region  is sm a ll  
an d  p r o b a b ly  w ith in  e x p e r im e n ta l error.

T h e  te m p e ra tu re  d ep e n d e n c e  o f  Dn_0 ( 0 - 7 5 ° )  w as d eter ­
m in e d  for a  re p resen ta tiv e  a llo y  o f  h ig h  g o ld  c o n te n t in  
order to  d eterm in e  w h eth er th e  p rin c ip a l in flu en c e  o f  th e  
su b st itu t io n a l im p u r ity  is on  th e  en ergy o f  a c tiv a tio n  or 
on  th e  p re ex p o n e n tia l fa c to r . T h e  A rr h e n iu s ’ p lo t  for th e  

A u ( 4 4 .7 % ) - P d  a llo y  is sh ow n  in F igu re 3 . R e su lts  ca n  be  
exp ressed  as D ( c m 2 s e c ^ 1) =  6  X  IC C 4 e x p ( - 7 2 6 0 /R T )  
c o m p a re d  to  D ( c m 2 s e c - 1 ) =  4  x  1 0 ~ 3 e x p ( - 5 7 5 0 /RT) for  
pure p a lla d iu m .5 I t  ca n  be seen  th a t  b o th  D 0 a n d  Eact are  
a ffe c te d  b y  th e  p resen ce  o f  a  large a m o u n t o f  s u b s t itu ­
tio n a l go ld .

F or th e  A g -P d  a llo y s  th e  d ecrease  in D 0 w ith  silv er  co n ­
te n t is s o m e w h a t sm a lle r  th a n  th a t  rep orted  here b u t  th e  
d ep e n d e n c e  o f  Eact u p o n  a d d e d  go ld  is very  s im ila r  to  th a t  
rep orted  for th e  A g -P d  a llo y s .5 ’14  S in c e  th e  v a lu es  o f  D 
are so m e w h a t sm a lle r  for th e  A u -P d  a llo y s , th e  s m a ll  d i f ­
feren ce in b e h a v io r  o f  th e  tw o  a llo y  sy s te m s  is a p p a ren tly  
ca u sed  b y  th e  sm a lle r  v a lu es  o f  D o  for th e  A u -P d  a llo y s .

Discussion
I t  is n o tew o rth y  th a t  th e  m a g n itu d e  o f  th e  d iffu sio n  

c o n sta n t is in sen sitiv e  to  th e  a m o u n t o f  su b st itu t io n a l im ­
p u rity  in th e  A u -  a n d  A g -P d  a lloy  sy s te m s  u p  to  a p p ro x i­
m a te ly  2 0 %  a d d e d  im p u r ity . T h e  h e a t o f  so lu tio n  o f  h y ­
d rogen  at in fin ite  d ilu tio n , - A Hh°, for b o th  o f  th e se  s y s ­
te m s  in creases w ith  a d d e d  m e ta l c o n te n t, e.g., ~ a Hh° in ­
creases fro m  2 3 0 0  (p u re  p a lla d iu m ) to  4 6 7 0  c a l /m o l  o f  H  
( A g ( 2 0 % ) - P d ) .20 T h e  reason  offered  for th is  in crease  in  
b o th  o f  th e se  s y s te m s 16  is th a t  th e  a d d itio n  o f s ilv er  or 
gold  in creases th e  size  o f  th e  in terstitia l s ite  a n d  th e  
c o m p re ssib ility  o f  its e n v ir o n m e n t th e r e b y  m a k in g  th e  o c ­
c u p a tio n  o f  th e  in terstitia l site  en erg e tic a lly  m o re  fa v o r ­
a b le . Z u ch n e r5 sh ow s e v id en ce  o f  a s lig h t d ecrease  in  Eact 
in  th e  low  silver region  (n o t covered  h ere for th e  A u -P d  
s y s te m ). T h is  h a s  b e e n  re la ted  to  th e  la ttic e  e x p a n sio n  o f  
th ese  a llo y s5 b u t  th e  e ffec t is s m a ll , 0 .2 5  k ca l for th e  A g ( 2 0 % )  
-P d  a llo y , c o m p a re d  w ith  th e  large in creases in  v a lu es  o f  
~ A f ? H° o b serv ed  for th ese  a llo y s .

T h e  th eory  o f d iffu sio n  in so lid s gives for D 0

D 0 =  ( a 02/ l 2 ) x z v  e x p ( A S +/R ) (4)

w here ao is th e  la ttic e  p a r a m e te r , k th e  tr a n sm iss io n  c o e f­
fic ie n t, z  th e  n u m b e r  o f  n e ig h b o rin g  o c ta h e d ra l h o le s , 1 2  

for p a lla d iu m  a n d  its a llo y s , v th e  v ib ra tio n a l fre q u e n cy  o f  
th e  h y d ro g en , a n d  A S *  is th e  a c tiv a tio n  e n tr o p y .5 ' 12-21 

T h e re  is n o  sp ec ific  a llo w a n c e  for th e  p resen ce  o f  th e  s u b ­
stitu tio n a l im p u r ity  sav e  in d ire ctly  as v a lu es  o f  v, a 0 , an d  
A S *  are a ltered  b y  a llo y in g . A s id e  fro m  a 0, th ese  q u a n ­
titie s  are n o t w ell ch a ra cte rize d  for a llo y s  o f  p a lla d iu m . 
C h o w d h u ry  a n d  R o ss 22 h a v e  recen tly  su g g e ste d  th a t  th e  
v ib ra tio n a l fre q u e n cy  (E in ste in )  d ep e n d s  on  th e  n u m b e r  
o f  e lectro n s per a to m  a n d  is oth erw ise  in d e p e n d e n t o f  the  
su rrou n d in g s o f  th e  in terstitia l s ite . (T h is  co n clu sion

TABLE II: Breakthrough Times at 37° for the Au(26.5%)-Pd 
Alloy at Several Small Hydrogen Contents

D X 107,
n E, mV tb, sec cm2 se c -1

0.001 14 4.3 46.0 1,6 7
0.001 14 3.8 47.6 1.6 4
0.005 1 1 3 .8 44.7 1 .7 5
0 .0 10 103.8 44.8 1.7 4
0 .0 12 96.0 50.0 1,5 6
0 .0 17 86.1 47.2 1.6 5

sh o u ld  be e x a m in e d  m o re  th o ro u g h ly  as it  is b a se d  o n ly  on  
resu lts  fro m  A g -P d  an d  pure P d .)  S in c e  th e  E in ste in  fr e ­
q u e n c y  d ec rea ses  a b o u t 2 0 %  in go in g  fro m  a to  f} p h ase  
P d - H 2 ,23’ 24 th is  c a n n o t e x p la in  th e  fo u rfo ld  d ec rea se  in  
D0 go in g fro m  p u re  p a lla d iu m  to  A g ( 5 0 % ) -P d 5 or th e  a p ­
p ro x im a te  s ix fo ld  d ec rea se  o b serv e d  here for th e  A u ( 4 4 .7 % )  
-P d  a llo y . T h e  ch a n g es o f  ao are in  th e  w ron g d irection  to  
a c c o u n t for th e  ch a n g es in D 0 o b serv ed  for th e  A u -  a n d  
A g -P d  sy ste m s .

T h e  ch a n g es o f  Eacl w ith  a d d e d  m e ta l are d iff ic u lt  to  
e stim a te  th e o r e tic a lly . I t  is in terestin g  th a t  in b o th  th e  

A u -  a n d  A g -P d  sy s te m s  th e  m a g n itu d e  o f  Eact a n d  D i t ­
s e lf  d ecrease  w ith  a d d e d  m e ta l a n d  th e n  in crease  again  
w h en  th e  p a lla d iu m  c o n te n t v a n ish e s . T h is  su g g e sts  th a t  
a sp ec ific  e ffe c t, h ith erto  u n a c c o u n te d  for in th e  th eory  o f  
d iffu sio n  o f  in terstitia ls  in s u b stitu tio n a l a llo y s , m a y  be  
p resen t. T h is  e ffe c t  arises fro m  la ttic e  d isord er . I t  w ou ld  
b e  o f  in terest to  e x a m in e  th e  d iffu sio n  c o n sta n ts , in  th e  
g o ld - or s ilv e r -r ic h  reg ion . T h e  e x p e r im e n ta l te c h n iq u es  
w h ich  w ere e m p lo y e d  here are, h ow ever, u n su ita b le  for  
th is  region  o f  co n ce n tra tio n .

T h is  in v estig a tio n  o f th e  d iffu sio n  o f  in terstitia l h y d r o ­
gen rep resen ts th e  seco n d  c o m p re h en siv e  s tu d y  in a s u b s t ­
itu tio n a l p a lla d iu m  a llo y . R e su lts  are q u ite  s im ila r  to  th e  
A g -P d  sy ste m  a n d , th erefore , it  is d iffic u lt  to  d ra w  a n y  
co n clu sio n s a b o u t  th e  re lative  roles on  in terstitia l d iffu ­
sion  o f  th e  g eo m etric  a n d  e lectro n ic  p ro p erties o f  th e  m e ­
ta llic  m a tr ix . I t  ca n  be co n c lu d ed , h ow ever, th a t  th o se  
p roperties w h ich  d o  d iffer  b e tw ee n  go ld  an d  silver d o  n o t  
co n tr ib u te  s ig n ific a n tly  to  v a lu es  o f  D for th e  a llo y s , e.g., 
c o m p re ssib ility . B efo re  th e  re la tiv e  c o n tr ib u tio n s  o f  th e  
electro n ic  a n d  g e o m etric  e ffec ts  ca n  be e v a lu a te d , d a ta  on  
m o re p a lla d iu m  a llo y s  m u s t  b e  o b ta in e d .
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A  N u c l e a r  M a g n e t i c  R e s o n a n c e  L i n e  B r o a d e n i n g  S t u d y  o f  D i m e t h y l  S u l f o x i d e  in  

T r i s ( e t h y l e n e d i a m i n e ) c h r o m i u m ( l l l ) - D i m e t h y l  S u l f o x i d e  S o l u t i o n

C h a rle s  L. W a tk in s , G e ra ld  S . V ig e e ,*  an d  M . E . H arris

D e p a r tm e n t  o f  C h e m is t r y .  U n iv e r s i t y  o f  A la b a m a .  B i r m in g h a m .  A la b a m a  3 5 2 9 4  ( R e c e iv e d  O c to b e r  12, 1 9 7 2 )

P ro to n  n m r  lin e  b ro a d e n in g  stu d ie s  o f  D M S O  in C r (e n )33+ - D M S O  so lu tio n s w ere c o n d u c te d  b e tw ee n  20  
a n d  9 0 ° . T h e  re su ltin g  d a ta  w ere in terp reted  u sin g  th e  S w if t -C o n n ic k  re la tio n sh ip . T h e  d o m in a n t  co n tr i­
b u tio n  to  lin e  b ro a d e n in g  in  th e  te m p e ra tu re  ra n ge  2 0 -5 0 °  w a s a se c o n d  co o rd in a tio n  sp h ere  e x ch a n g e  
p ro cess . A b o v e  7 0 ° , th e  d o m in a n t  p ro cess  w as a  first c o o rd in a tio n  sp h ere  e x ch a n g e  p ro cess o f  p a r tia lly  
d isso c ia te d  C r (e n ) 33 + . T h e  k in e tic  p a r a m e te rs  for  th e  first a n d  seco n d  co ord in a tio n  sp h ere  p ro cesses re­
sp e c tiv e ly  w ere fo u n d  to  b e  A H J °  =  25  k c a l /m o l ,  k° = 1 .4  s e c - 1  a n d  A H%' =  6 .6  k c a l /m o l , k' =  1 .2  X  10 3 

s e c - 1 . A  d isc u ssio n  is g iven  o f  th e  p o ss ib ility  o f  e lectro n  tra n sfer  th ro u g h  secon d  c o o rd in a tio n  sp h ere  
b o n d in g .

I n tr o d u c t io n

E a to n 1  h a s  re c e n tly  m a d e  a stro n g  ca se  for e lu c id a tin g  
th e  e ffec ts  o f  se c o n d  c o o rd in a tio n  sp h ere  lig a n d s  a b o u t  
tra n sitio n  m e ta l  c o m p le x e s . T h e  g e o m e try  a n d  s ta b ility  o f  
th e  seco n d  co o rd in a tio n  sp h ere  lig a n d s  w ill h a v e  a very  
large in flu en c e  on  th e  c a ta ly tic  a n d  e n z y m a tic  processes  
o f  th e  c o m p le x . O th e r  w orkers h av e  reco g n ized  th e  im p o r ­

ta n c e  o f  s tu d y in g  th e  c h e m ic a l a n d  stru c tu ra l m a k e u p  o f  
th e  m o le c u le s  su rro u n d in g  a  c o m p le x  in  s o lu t io n .2“ 7 T h e  
m e c h a n ism s  b y  w h ich  o x id a tio n -r e d u c tio n  rea ctio n s ta k e  
p la c e  are a lso  d e p e n d e n t  u p o n  th e  n a tu re  o f  th e  m o le c u la r  
stru ctu re  su rro u n d in g  th e  o x id iz in g  a n d  re d u cin g  io n s .8“10 

A  p referred  m e c h a n is m 1 1 -12  for re d o x  re a ctio n s in v o lv es  
th e  b r id g in g  o f  th e  o x id iz in g  a n d  o x id iz e d  m e ta l ion s b y  a 
c o m m o n  lig a n d  w h ich  o c c u p ie s  on e o f  th e  s ix  p o sitio n s o f  
th e  first co o rd in a tio n  sp h ere  o f  e a ch  m e ta l ion  (stru c tu re  
I ) .  A  less c ite d  m e c h a n is m  w h ich  m a y  h a v e  a n  e q u a lly  
im p o r ta n t role is a  b r id g in g  m e c h a n is m  in  w h ich  th e  
b rid g in g  lig a n d  o c c u p ie s  a  seco n d  c o o rd in a tio n  p o sitio n  on  
on e o f  th e  e ig h t fa c e s  o f  th e  o c ta h e d ra lly  co o rd in a te d  
m e ta l ion s (stru c tu re  II) .

R e q u ire m e n ts  for th is  m e c h a n is m  to  occu r are th a t  th e  
ex ch a n g e  rate  o f  th e  b r id g in g  lig a n d  X  b e  re a so n a b ly  fa st  
a n d  th e  lig a n d  b e  a tta c h e d  s u ffic ie n tly  to  th e  m e ta l ions  
to  ca u se  a  p a th w a y  (o rb ita l b rid g e) fo r  e lectro n  tra n sfer  to  
o c cu r . V ig e e  a n d  N g 13a h av e  d e m o n str a te d  th a t  D M S O  
m o le c u le s  are stro n g ly  a tta c h e d  to  th e  e ig h t fa c e s  o f  th e  
C r ( D M S O ) 63+  c o m p le x  a n d  th e  e x c h a n g e  rate  is re a so n ­
a b ly  fa s t . T h is  s tu d y  su g g e sts  th a t  th e  o c ta h e d ra lly  coor­
d in a te d  C r3+  m a y  p a r tic ip a te  in  e lectro n  tra n sfer  re a c ­
tio n s  u sin g  se c o n d  co o rd in a tio n  sp h ere  b r id g in g  s im ila r  to  
m o d e l II.

T h e  p re sen t w ork  is d esig n e d  p r im a rily  to  in v estig a te  
th e  so lv e n t stru ctu re  o f  D M S O  m o le c u le s  a b o u t  th e  k in e t- 
ic a lly  sta b le  C r (e n )33 +  io n . T h e  s tu d y  is a lso  e x p e c te d  to  
len d  su p p o rt to  m e c h a n is m s  w h ich  m a y  occu r b y  or m a y  
require a  se c o n d  co o rd in a tio n  sp h ere  stru c tu re .

E x p e r im e n t a l  S e c t io n

Preparation of Solutions. D M S O  w as d ried  ov er m o le c ­
u la r  sieves a n d  a  s to c k  so lu tio n  o f  D M S O  w ith  2 %  b e n ­
zen e  w as p re p a re d . T h re e  so lu tio n s o f  0 .0 1 , 0 .0 1 5 , an d  
0 .0 2 4  M  [C r (e n )3]2 ( S 0 4 ) 3 in  D M S O  w ere p re p a re d . A  sto i­

ch io m e tr ic  a m o u n t o f  B a ( N 0 3 )2  n ecessary  to  p re c ip ita te  
th e  su lfa te  ion  w a s a d d e d  to  in crease th e  so lu b ility  o f  
C r (e n )33+  in D M S O . T h e  sa m p le  w as filte r e d  prior to  u se . 
A n a ly s is  o f  [C r (e n )3 ]2 ) S 0 4 ) 3 ( H 2 0 ) 4  w as p erfo rm e d  b y  
G a lb r a ith  L a b .,  In c . a n d  fo u n d  to  b e  as fo llo w s. C a lc d : C , 
1 7 .3 5 ; H , 7 .0 0 . F o u n d : C , 1 7 .3 8 ; H , 7 .0 4 .

Physical Methods. A  V a r ia n  H A 6 0 -I L  n m r  sp ec tro m e te r  
w a s u sed  to  m e a su re  th e  c h e m ic a l sh ift , ó (c p s ) , a n d  h a lf ­
h e ig h t lin e  w id th , i 'i /2(c p s ) , o f  n e a t D M S O  a n d  D M S O  
so lu tio n s o f  C r (e n )33 +  b e tw ee n  20  a n d  9 0 ° . T h e  m e a su re ­
m e n ts  w ere m a d e  b y  first in crea sin g  th e  te m p e ra tu re  an d  
th e n  b y  d ec re a sin g  th e  te m p e ra tu re  over th e  en tire  t e m ­
p eratu re  ra n g e . T h e  lin e  w id th  a n d  c h e m ic a l s h ift  d a ta  
o b ta in e d  in  th is  w a y  in d ic a te  th a t  a n y  c h e m ic a l ch an ges  
occu rrin g  are re v ersib le . In s tr u m e n t te m p e ra tu re  c a lib ra ­
tio n  w as a c c o m p lish e d  u sin g  th e  re la tio n s o f  V a n  G e e t .13b

T h e o r y

Line Width and Exchange Rate. O n e  o f  th e  co n d itio n s  
for o b ta in in g  th e  lin e  w id th  o f  an  n m r  c o n ta c t  s h ift  s p e c ­

tr u m  is th a t  l / r m »  An. T h is  c o n d itio n  su g g e sts  th a t  th e  
ex ch a n g e  fa te  o f  th e  co o rd in a te d  lig a n d  w ith  lig a n d s in  
th e  b u lk  so lv e n t, l / r mj ca n  b e  m e a su r e d . E q u a tio n s  w ere  
d ev e lo p e d  b y  S w ift  a n d  C o n n ic k 14  to  in v e stig a te  th e  so l­
v e n t  ex ch a n g e  rate  u sin g  lin e  b r o a d e n in g  te c h n iq u e s . T h e  
g en era l re la tio n sh ip  o f  S w ift  a n d  C o n n ic k  w h ich  h as been
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w id e ly  u se d  to  e x a m in e  ex ch a n g e  ra te s 1 5 -17  is  g iv en  as

T V 1

X / ( Ta™ ’ ) T
m L

TznT2 + T2m- lTm!r 1 +  (Ao>m) 2l  

CTim~l +  r ma- ‘ )2 +  (A<em)2 J
(1 )

w here I / T 2 is o b ta in e d  fro m  th e  h a lf -h e ig h t  lin e  w id th  
( ttA j' i /2 =  I / T 2 ) a n d  f  is th e  fra c tio n  o f  co o rd in a te d  so l­
v e n t  m o le c u le s . l /T ^ m  is th e  re la x a tio n  ra te  for a co ord i­
n a te d  m o le c u le , Ao> is th e  c o n ta c t s h ift  o f  th e  reso n an ce  
p e a k  in  ra d ia n s  p er se c o n d , a n d  1 / T 2a is th e  re la x a tio n  
rate  o f  th e  p u re  s o lv e n t . H e re a fte r , th e  q u a n tity  I / T 2 — 
1 / T 2a w ill b e  rep resen ed  b y  1 / T 2P. I f  se c o n d  sp h ere  coor­
d in a tio n  is s ig n ific a n t , th e  S w ift  a n d  C o n n ic k  re la tio n sh ip  
(fo r  e q u iv a le n t first c o o rd in a tio n  s ite s  a n d  for e q u iv a le n t  
se c o n d  co o rd in a tio n  s ite s) b e c o m es

ji - 1  _

„ 0 - 1  r T ° ^ ~ 2 +  a- 1 +  (Aa>°mn
'  T ra l(T°2m-' +  Toma- 1 ) 2 +  (Aco° m) 2 J

+  r ^ - V a . a - 1 +  ( A o / m) 2 ~|

“  [.(T'im1 +  T' ma- 1 )2 +  (A o / m) 2 J

w here th e  su p ersc r ip t zero  rep resen ts first  c o o rd in a tio n  
sp h ere  e ffe c ts  a n d  th e  p rim e  rep resen ts se c o n d  co o rd in a ­
tio n  sp h ere  e ffe c ts . A t  low  te m p e ra tu re s  w here exch a n ge  
is  ra th er s lo w  b u t  s till  co n tro ls  th e  lin e  b ro a d e n in g  a n d  
e ith er (Acum ) 2 »  (1/T2m)2, ( l / r m )2, or ( 1 / T 2 m ) 2 »  
(A&jm )2, ( l / r m )2, th e  S w ift -C o n n ic k  e q u a tio n  red u ces  to

1  It2p = fhm ( 3 )

A t  h ig h er te m p e ra tu re s  w here th e  e x c h a n g e  is m o re  ra p id  
a n d  th e  co n d itio n s ( l / r m ) 2 »  ( A u )2 3> ( 1 /T2mTm) ex ist , 
th e  S w ift -C o n n ic k  e q u a tio n  red u ces  to

i / r 2p =  fzm( a o , ) 2 ( 4 )

T h e  m e a n  life tim e  o f  th e  c o o rd in a te d  lig a n d , r m, is t e m ­
peratu re  d e p e n d e n t  for th e  region s co vered  b y  eq  3 an d  4  
a n d  ca n  b e  rep resen ted  as a first-o rd e r  ra te  in  th e  e q u a ­

tio n  ta k e n  fro m  tra n sitio n  sta te  th eory

l / r m =  k =  kTlhexpiAS^R -  A H^RT] (5)

A t  ev en  h ig h er te m p e ra tu re s  w here l / r m is n o t a  line  
b r o a d e n in g  fa c to r , ex ch a n g e  is very  fa s t  a n d  th e  c o n d i­

tio n s ( l / T 2m T m )  »  (1 /T ’2m)2, (Au)2 e x ist , th e  S w if t -C o n ­
n ic k  re la tio n  red u ces to

1 IT2p = flT2m (6 )

T h e  lin e  w id th  d a ta  are u su a lly  rep o rted  as a  p lo t  o f  log  
l / ( / r 2p) vs. l/T in  w h ich  th e  three te m p e ra tu re  regions  
given  b y  eq  3 , 4 , a n d  6  are id en tified  as th ree  d iffe re n t b u t  
c o n n ec tin g  lin e s . A  fo u rth  te m p e ra tu re  region  w h ich  a p ­
p ea rs  a t  te m p e ra tu re s  b e lo w  th e  region  in  eq  3  a lso  m a y  
a p p ea r  as a n o th er lin e  in  th e  p lo t  o f  log  l/(fT2p) vs. l/T. 
E x c h a n g e  is  to o  slow  in  th is  region  to  b e  m e a su r e d  b y  th e  
n m r te c h n iq u e . L in e  b ro a d e n in g  in  th is  region  is ca u sed  
b y  o u ter  sp h ere  ex ch a n g e  (d ip o le -d ip o le  b ro a d e n in g ) an d  
is u se d  to  correct th e  ex c h a n g e  d a ta  fo u n d  in  eq  5 a n d  6 .

T h e  gen eral q u a n tita tiv e  re la tio n sh ip  for th e  to ta l co n ­
ta c t  sh ift (F e r m i a n d  p seu d o ) is g iven  b y

A W ,  =  - A n T ie iS lS + U  (7 )
Y „ 3  kT

w here Av is th e  c h e m ic a l (c o n ta c t)  s h ift  re la tiv e  to  the

d ia m a g n e tic  re so n a n ce  p ea k , v is th e  o p e ra tin g  fre q u e n c y  
o f  th e  in s tru m e n t, A n is th e  e lectro n  s p in -n u c le a r  sp in  
co u p lin g  c o n sta n t, d  is th e  B o h r  m a g n e to n , k is  th e  
B o ltz m a n n  c o n sta n t , S is th e  to ta l e le ctro n  sp in , g is th e  
L a n d é  s p littin g  fa c to r , y e is th e  e le ctro n  g y ro m a g n e tic  
ra tio , 7 n is  th e  n u c le a r  g y ro m a g n etic  ra tio , a n d  T is  th e  
a b so lu te  te m p e ra tu re . W h e n  th e  c o o rd in a te d  lig a n d  e x ­
ch a n g es ra p id ly  w ith  lig a n d  m o le c u le s  in  th e  b u lk  so lv e n t , 
Av is fo u n d  fro m  th e  w eig h ted  av erag e  c h e m ic a l s h ift  
u sin g  th e  re la tio n

Av X f =  Ai/wa (8)
w here Av is  th e  c o n ta c t sh ift , A vwa is th e  w eig h te d  a v er­
age (so lu tio n ) c h e m ic a l sh ift , a n d  f  is th e  fra c tio n  o f  l i ­

g a n d  m o le c u le s  w h ich  are co ord in a ted .

R e s u lt s  a n d  D is c u s s io n

F igu re  1  is a  p lo t  o f  lo g  1/T2p vs. 1 0 3/ T  for th e  d a ta  
n o r m a liz e d  to  0 .0 1  M  C r (e n )33 +  so lu tio n . A n  a n a ly sis  o f  
th e  p lo t  in d ic a te s  th e  e x isten c e  o f  tw o  e x c h a n g e  (lin e  
b ro a d e n in g ) m e c h a n is m s . T h e  first lies a b o v e  7 0 °  (a p ­
p ro x im a te ly ) a n d  w as a ssign ed  to  first  c o o rd in a tio n  sp h ere  
ex ch a n g e  a n d  th e  se co n d , a t  te m p e ra tu re s  b e lo w  5 0 ° , w as  
a ssig n ed  to  se c o n d  c o o rd in a tio n  sp h ere  e x c h a n g e . T h e  tw o  
p ro cesses are m ix e d  b e tw ee n  50  a n d  7 0 ° .

T h ro u g h  th e  m a th e m a t ic a l  co n sid era tio n  o f  eq  2 , th e  
e x p e r im e n ta l d a ta  w ere reso lv ed  b y  c u r v e -fitt in g  p rocesses  
in to  th e  lin es sh ow n  in  F igu re  2 u sin g  a  te c h n iq u e  sim ila r  
to  W ü r th lic h  a n d  C o n n ic k . 18

T o  b e g in  th e  c u r v e -fitt in g  p rocess it  w a s  n e ce ssa ry  to  
a ssu m e  th a t  th e  h ig h -te m p e r a tu re  p o in ts  o f  th e  e x p e r i­
m e n ta l d a ta  on  F igu re  2 rep resen ted  a  p u re  p ro cess . T h e  
lin e  g e n e ra te d  b y  th is  a s su m p tio n  w as s u b tra c te d  fro m  th e  
e x p e r im e n ta l d a ta , a n d  fro m  th e  re su ltin g  n ew  d a ta  th e  line  
re p resen tin g  se c o n d  sp h ere  e x c h a n g e  e ffe c ts  w a s  gen e ra te d . 
A ll  oth er lin e s  w ere g e n e ra te d  as a  resu lt o f  th e se  ex ch a n g e  
d a ta .

L in e  1. L in e  b ro a d e n in g  l/(T2p) re su lts  fro m  first co or­
d in a tio n  sp h ere  ex ch a n g e  o f  D M S O  m o le c u le s  in  th e  t e m ­

p era tu re  region  d esc rib e d  b y  eq  4 .

1 l(T2p) = f T m° ( A W° )2

L in e  2 . L in e  b ro a d e n in g  l/(T2p) re su lts  fro m  seco n d  
c o o rd in a tio n  sp h ere  ex c h a n g e  o f  D M S O  m o le c u le s  in  th e  
te m p e ra tu re  region  d esc rib e d  b y  eq  4 .

1 l(T2p) =  / T m'( A  w ' ) 2

L in e  3 . L in e  b ro a d e n in g  l/(T2p) re su lts  fro m  first  co or­
d in a tio n  sp h ere  ex ch a n g e  o f  D M S O  m o le c u le s  in th e  t e m ­
p era tu re  region  d esc rib e d  b y  eq  3.

1 I(t 2p) = r/rm°
L in e  4 . L in e  b ro a d e n in g  1 / ( 7 2 P) re su lts  fro m  secon d  

co o rd in a tio n  sp h ere  ex ch a n g e  o f  D M S O  m o le c u le s  in  th e  
te m p e ra tu re  region  d esc rib e d  b y  eq  3 .

i / ( r 2p) = f ' h j

L in e  5 . L in e  b ro a d e n in g  1 / ( T 2P) resu lts  fro m  a  c o m p o s ­
ite  o f  e ffec ts  c a lle d  T2cr.

T a b le  I lis ts  th e  k in etic  p a ra m e te rs  d e te r m in e d  or m e a ­
su red  for th e  p ro cesses rep resen ted  b y  lin es 1 -5 .

(15) Z. Luz and S. Meiboom, J. C h em . P hys.. 40, 2686 (1964).
(16) N. A. Matwiyoff, Inorg. C h em .. 5, 788 (1966).
(17) D. K. Ravage, T. S. Stengle, and C. H. Langford, Inorg. C h em ., 6, 

1252 (1967).
(18) K. Würthlich and R. E. Connick, Inorg. C h em .. 7, 1377 (1968).

The Journal o f  P h ysica l C hem istry, Voi. 77. No. 6. 1973



Nmr Line Broadening Study of DMSO 857

TABLE I: Kinetic Parameters

ko, sec-1 k ', s e c ~ 1 A Ht° ,  kcal/mol A S f 0, eu A H f ,  kcal/mol A S Í ',  eu 1/ r 2Cr. s e c - ’ T 1e, sec

f-6
(line 2) 
f-8

1.2 ±  0.2 X  103 6.6 ±  0.5 - 2 2  ±  2 1.1 ±  0.5 x  102 1.0 ±  0.2 X  10 “ 9

(line 2) 
f-2

0.90 ±  0.2 X  103 6.6 ±  0.5 - 2 3  ±  2 8.3 ±  0.5 X  101 6.6 ±  0.2 X  10-®

(line 1) 1.4 ±  0.2 25.0 ±  0.5 +  26 ±  2

F ro m  th e  A H\ g iv en  in th e  ta b le , for line  1 (AH\° =  25  
k c a l /m o l ) ,  it  is re a so n a b le  to  a ssu m e  th is  p ro cess to  be  
first co o rd in a tio n  e x c h a n g e . B a so lo  a n d  P ea rso n 8 h av e  
fo u n d  th e  e n th a lp y  o f  a c tiv a tio n  for ex ch a n g e  o f  a n u m b e r  
o f  C r3+ c o m p le x e s  to  b e  a b o u t  25  k c a l /m o l .  In a d d itio n , 
th e  ex ch a n g e  rate  w a s fo u n d  to  b e  1 .4  s e c - 1  a t  2 5 ° . T h is  
slow  e x c h a n g e  rate  is in  k ee p in g  w ith  th e  w e ll-k n o w n , 
h ig h ly  sta b le  C r3 + . S im ila r  a r g u m e n ts  ca n  be m a d e  for  
th e  p rocess re p resen ted  b y  lin e  2 . O b v io u s ly , th ere  is so m e  
d isso c ia tio n  o f  th e  C r (e n ) 33 +  m o le c u le  a t  te m p e ra tu re s  
ab o v e  6 0 °  (S c h e m e  I ) .

Scheme I
Citen )33+ Cr(en)23+ +  en

11
b

W +

NCr(en)» 2 DMSO
a 11
+ 1

DMSO Cr(en)2(DMSOV

I

NCr(en)2(DMSO)
T h e  b rea k in g  o f  o n e  N -C r 3+ b o n d  m a y  oc cu r (S c h e m e  

I -a )  or th e  c o m p le te  en  m o le c u le  m a y  d isso c ia te  as g iven  in  
S c h e m e  I -b  in  ord er to  a llo w  D M S O  ex ch a n g e  to  o c cu r . O u r  
d a ta  fits  b e s t  th e  e x c h a n g e  o f  tw o  D M S O  m o le c u le s  in d ic a t­
ing th a t  p r o b a b ly  on e  en  m o le c u le  d isso c ia te s  to  a llow  
first co o rd in a tio n  sp h ere  ex ch a n g e  o f  D M S O . T h is  e x ch a n g e  
m e c h a n is m  is su p p o rte d  b y  th e  w ork  o f  V ig e e  a n d  N g 13a. 
T h e ir  ex ch a n g e  s tu d y  o f  th e  C r ( D M S O ) 63+  in  D M S O  in ­
d ic a te d  a se c o n d  co o rd in a tio n  sp h ere  ex ch a n g e  a t  2 5 ° o f  
1 .3  X  103 s e c “ 1  w h ich  is m u c h  greater th a n  th e  ex c h a n g e  
rate sh ow n  for lin e  1. L a n g fo rd  a n d  C h u n g 19  a lso  fo u n d  th a t  
s ig n ific a n t first c o o rd in a tio n  sp h ere  ex ch a n g e  e ffe c ts  w ere  
o b served  for F e ( D M S O ) 63+  in  D M S O  a b o v e  8 0 ° .

F ro m  th e  A H Í  g iv en  in  T a b le  I  for lin e  2 ( A H Í '  =  6 .6  

k c a l /m o l) ,  it  is re a so n a b le  to  a ssu m e  fro m  th e  a b o v e  d is ­
cu ssio n  th a t  th is  p ro cess is a seco n d  co o rd in a tio n  sph ere  
pro cess, c o n s is te n t w ith  th e  p revio u s fin d in g s o f  V ig ee  an d  
N g  for C r ( D M S O ) 63 + . T h e  ex ch a n g e  ra te  a t  2 5 °  for th is  
p ro cess w as fo u n d  to  b e  1 .2  X  10 3 s e c - 1  (fo r  f - 6 ) or 0 .9 0  X  
10 3 (for f - 8 ) . 20 A lth o u g h  e igh t fa c e s  o f  th e  o c ta h ed ra l  
C r (e n )33+ are a v a ila b le  for co o rd in a tio n , d a ta  for s ix  e x ­
ch a n g in g  m o le c u le s  are a lso  rep orted  b e c a u se  o f  its  a g ree­
m e n t w ith  p re v io u sly  rep orted  d a t a .138  It is s ig n ific a n t at  
th is  tim e  to  p o in t o u t th a t  th e  se c o n d  c o o rd in a tio n  sp h ere  
e x ch a n g e  p a r a m e te rs  are fo u n d  to  b e  in th e  sa m e  ran ge as  
th e e x ch a n g e  p a r a m e te rs  k  a n d  A H Í  fo u n d  for th e  f i ls t  
co ord in a tio n  sp h ere  ex ch a n g e  o f  D M S O  in  th e  
N i ( D M S O ) 62 + , C u ( D M S O ) 62+ , a n d  C o ( D M S O ) 62+  sy s -

tern s .138  B o n d in g  o f  D M S O  to  th e  C r (e n ) 33 +  m u s t , th e re ­
fore , be s ig n ific a n tly  m o re  th a n  th e  e le c tro sta tic  forces  
u su a lly  a sso c ia te d  w ith  se c o n d  sp h ere  c o o rd in a tio n . T h e  
c o n ta c t sh ift (2 8 0  cp s) a n d  e lectro n  s p in -n u c le a r  sp in  co u ­
p lin g  c o n sta n t (3 .0  x  105 c p s ) 21 reinforce th e  p ro p o sitio n  
o f  c o v a le n t b o n d in g  su g g e ste d  in  th e  seco n d  sp h ere  c o o rd i­
n a tio n  o f D M S O  to  C r (e n )33 + . S im ila r  a r g u m e n ts  ca n  be  
m a d e  for th e  p ro cess rep resen ted  b y  lin e  4 .

L in e  b ro a d e n in g  e ffe c ts  on  T 2p w h ich  re su lt fro m  T 2cr 
are a  c o m p o site  o f  e ffe c ts . 1 / T 2cr (d ip o la r) is a process  
w h ich  d ep e n d s  u p o n  th e  sp a tia l c o u p lin g  b e tw ee n  th e  u n ­
p a ired  sp in  o f  th e  C r3+  a n d  th e  D M S O  p ro to n  (in  th is  
ca se  p ro b a b ly  in th e  se c o n d  c o o rd in a tio n  sp h ere  or b u lk  
s o lv e n t) . A n y  co n tr ib u tio n  to  r c, th e  co rrelation  tim e  for  
d ip o la r  re la x a tio n , 22 d u e  to  tu m b lin g  w o u ld  b e  m in im a l  
b e c a u se  su ch  a m e c h a n is m  requires p se u d o c o n ta c t co u -

(19) C. Langford and F. M. Chung, J. A m er . C h em . S o c .. 90, 4485 
(1968).

(20) f-6 and f-8 indicate second coordination numbers of 6 and 8.
(21) Determined from eq 7 and 8.
(22) R. A. Bernheim, ef at.. J. C h em . P h ys.. 30, 950 (1959).
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p lin g  w h ich  p re su p p o ses  an  e lectro n ic  g fa c to r  w h ich  is 
an iso tro p ic . C r 3 + , a d 3 e lectro n  c o n fig u ra tio n  w ith  o c ta h e ­
d ra l s y m m e tr y , is iso tro p ic . I f  th e  m o le c u le  is a tta c h e d  to  
th e  C r (e n )33 + , th e  1 / T 2cr (d ip o la r) m a y  a lso  b e  a ffec te d  
b y  electro n  re la x a tio n  if  re (e lectron  co rrelation  t im e ) is 
m o re rap id  th a n  th e  ex ch a n g e  p ro cess, a n d  if  th e  co u p lin g  
b etw een  th e  D M S O  p ro ton  o f  th e  a tta c h e d  m o le c u le  an d  
th e  u n p a ired  sp in  o f th e  C r3+  is s ig n ific á n t . S u c h  a m e c h ­

a n ism  is p o ssib le  in th is  ca se  sin ce  th e  D M S O  p roton  
c o o rd in a te d  to  th e  secon d  co o rd in a tio n  sp h ere  is ex p ec te d  
to  b e  a b o u t 7 - 9  A 0, w h ich  w ou ld  give  a re a so n a b le  1 /  
Tip-22 B u t  a g a in , su ch  a co u p lin g  w o u ld  b e  co n siste n t  
on ly  w ith  an  a n iso tro p ic  g fa c to r  for th e  C r3 + .

A  m o re  lik ely  m e c h a n ism  for co n tro llin g  l / T 2Cr is th e  
sca la r  co u p lin g  b e tw ee n  th e  u n p a ired  e lectro n s o f  C r3+  
a n d  th e  D M S O  p ro to n s c o o rd in a te d  in th e  se c o n d  c o o rd i­
n a tio n  (a n d  greater) sp h ere  g iven  b y  B e r n h e im , et al.22

l / T 2Cr(s c a la r )  =  4 /9 7 (7  +  l ) S ( S  +  l ) ( A n2/f t 2)r e (9 )

I f  th e  electro n  s p in -n u c le a r  sp in  co u p lin g  c o n sta n t An d e ­
te rm in ed  fro m  th e  e x p e r im e n ta l c o n ta c t s h ift  u s in g  eq  7 is 
u sed  w ith  th e  e x p e r im e n ta l l / r 2cr in eq  9  to  d eterm in e  
Te , th e  va lu e  for re is fo u n d  to  b e  1 0 - 9  se c . A s s u m in g  th a t

l/re -  1 /T j. + l /r Cr *  l/T*Ie ( 1 0 )

A  v a lu e  o f  r e =  l/Tie =  1 0 “ 9 is c o n siste n t w ith  th e  esr 
v a lu e  o f  1 0 ~ 9 fo u n d  for C r 3+  in  H 2O . 7 F u rth er su p p o rt for

a sc a la r  c o u p lin g  m e c h a n ism  for T 2cr is g iven  b y  w ork  o f  
H a u sse r  a n d  L a u k ie n . 23 A  s tu d y  o f  C r3 + - H 2 0  in d ic a te d  
th a t  th e  ra tio  o f  lo n g itu d in a l ( T i )  a n d  tra n sv erse  ( T 2) re ­
la x a tio n  tim e s  w as fou n d  to  b e  a n o m a lo u s , i.e., T\¡Ti ^ 
1 . M e t a l  io n s in w a ter gen era lly  ca u se  th e  ra tio  T1/T2 for  
th e  re la x a tio n  o f  th e  w ater p ro ton  to  be a b o u t  u n ity  ov er a  
ran ge o f  te m p e ra tu re s . T h e  7 \  a n d  T2 are c o n tro lled  b y  a 
d ip o le -d ip o le  c o u p lin g  m e c h a n ism  b e tw ee n  th e  u n p a ired  
electro n s on  th e  m e ta l ion  a n d  th e  w ater p ro to n s . 24-25 It  
h as been  sh ow n  th a t  if  th e  electro n  re la x a tio n  t im e , re, is 
lo n g  a n d  th e  ra tio  T1 /T2 9* 1 , b u t  ra th er, is a n o m a lo u s , as  
in  th e  ca se  o f  V 0 2 + , 18 C u 2 + ,  a n d  M n 2 + , 14  th e  c o n ­
tro llin g  re la x a tio n  m e c h a n ism  for T 2 is a sca la r  on e  as  
p ro p o sed  b y  B lo e m b e r g e n . 24 T h e  w ork  o f  H a u sse r  an d  
L a u k ie n , w h ich  gives T1 /T2 1 for C r 3 + - H 20  sy s te m
su p p o rt a sc a la r  c o u p lin g  for T 2cr in th is  w ork . T h u s  it  
w ou ld  a p p ea r th a t  T 2cr is co n tro lled  b y  a sc a la r  co u p lin g  
m e c h a n ism  w h ich  is fu rth er su p p o rted  b y  th e  fa c t  th a t  
th e  c o n ta c t s h ift  (d e te rm in e d  from  th e  b u lk  ch e m ic a l  
sh ift) is fo u n d  to  be a p p ro x im a te ly  3 0 0  c p s . In  a n y  case  
l /T * 2Cr p ro v id es  o n ly  a sm a ll correction  to  l / 7 2 p .

S u m m a r y  a n d  C o n c lu s io n s

P lo ts  o f  log 1 / T 2p vs. 1/T for th e  [C r (e n )3]3 + - D M S O  
sy ste m  in d ic a te  th e  e x isten c e  o f  tw o  e x c h a n g e  m e c h a ­

n ism s , th ese  b e in g  first a n d  seco n d  co o rd in a tio n  sp h ere  e x ­
ch a n g e . T h ro u g h  m a th e m a tic a l a n a ly sis  o f  th e  e x p e r im e n ­
ta l d a ta  th e  th e r m o d y n a m ic  p a r a m e te rs  d e te r m in e d  for  
th e  first a n d  secon d  co ord in a tio n  sp h ere p ro cesses  are  
co n siste n t w ith  p re v io u sly  rep orted  th e r m o d y n a m ic  p a ­
ra m e te rs  for first a n d  secon d  co o rd in a tio n  sp h ere  e x ­
ch a n g e . O u r  d a ta  in d ic a te  th a t  first c o o rd in a tio n  sp h ere  
ex ch a n g e  is th e  d o m in a n t  p rocess a b o v e  7 0 ° w here on e en  
m o le c u le  is rep la ced  b y  tw o  D M S O  m o le c u le s . A ls o , se c ­
on d  c o o rd in a tio n  sp h ere  ex ch a n g e  se e m s to  b e  th e  d o m i­
n a n t line  b ro a d e n in g  p ro cess b e low  5 0 ° . E v e n  th o u g h  e igh t  
s ites  are a v a ila b le  on  th e  fa ces  o f  th e  [C r (e n )s ]3+  c o m p le x  
ion  for secon d  co o rd in a tio n  sp h ere  ex ch a n g e  w ith  th e  b u lk  
so lv e n t, ou r d a ta  are m o re  co n siste n t w ith  six  e x c h a n g in g  
D M S O  m o le c u le s .

T h e  c o n ta c t sh ift ca lc u la tio n s  are o f  a sc a la r  n atu re . 
T h e ir  v a lu es  an d  th e  secon d  co o rd in a tio n  sp h ere  p a r a m e ­
ters are in th e  range o f  th e  c o n ta c t s h ift  a n d  e x c h a n g e  p a ­
ra m e te rs  for first co o rd in a tio n  sp h ere  ex c h a n g e  in M 2 + -  
D M S O  s y s te m s . B o n d in g  o f  D M S O  to  th e  [C r (e n )3 ]3+  
c o m p le x  ion m u st , th erefore , be s ig n ific a n tly  m o re  th a n  
th e  e le c tro sta tic  forces u su a lly  a sso c ia te d  w ith  seco n d  
sp h ere  c o o rd in a tio n . T h u s , one m u s t  c o n sid er e lectro n  
tran sfer via a se c o n d  co o rd in a tio n  sp h ere  m e c h a n is m  in  
M 3+  c o m p le x e s  to  be a real p o ssib ility .

T h e  line b ro a d e n in g  te ch n iq u e  p ro v id es  a go od  m e th o d  
for in v e stig a tin g  th e  stru ctu re  a n d  b e h a v io r  o f  th e  first  
a n d  secon d  co o rd in a tio n  sp h ere o f  tr a n sit io n  m e ta l c o m ­
p le x es . In v e stig a tio n s  are c o n tin u in g  in ou r la b o ra to ry , 
u sin g  th is  m e th o d , to  d eterm in e  th e  in flu en c e  o f  first an d  
seco n d  c o o rd in a tio n  sp h ere  m o le c u le s  on  re a c tio n  rates  
a n d  m e c h a n ism s .

(23) R. Hausser and G. Laukien, Z. P hys.. 153, 394 (1959).
(24) N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. R ev .. 73, 

679 (1948).
(25) I. Solomon, Phys. R ev .. 99, 559 (1955).
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Photoinduced Molecular Aggregation 
and Precipitation

Sir: T h e  im p o r ta n c e  o f  a g g reg a tio n  p h e n o m e n a  in so lu ­
tio n s is o b v io u s . T h e  p re sen t c o m m u n ic a tio n  o u tlin es  a 
m e th o d  b y  w h ich  th e  k in e tics  o f  th e  ag g reg a tio n  process  
m a y  b e  fo llow ed  b y  sta tic  or “ fa s t”  m e th o d s  a t  a p p ro p ri­
ate  te m p e ra tu re s , in  a p p ro p ria te  s y s te m s . T h e  m e th o d  is 
b a sed  on  th e  fo llo w in g  p o in ts .

(a )  “ P re c ip ita tio n ”  (i.e., fo rm a tio n  o f  cry sta ls  or m ic ro ­
cry sta ls) o u t o f  a su p e r sa tu ra te d  so lu tio n  o f  a c o m p o u n d  
m u st p a ss  th ro u g h  a s ta g e  o f  a g g reg a tio n , i.e., fo rm a tio n  
o f larger u n its  fro m  a n u m b e r  o f  sin g le  m o le c u le s

s u p e r s a t u r a t e d  s o lu t i o n  -y»- 

a . .
a g g r e g a t e s  p r e c ip i t a t e  +  s a t u r a t e d  s o lu t io n

In  oth er w ords, b y  c rea tin g  co n d itio n s o f  su p ersa tu ra tio n  
w e force  th e  sy s te m  to  fo rm  a g greg ates, a t  le a s t  as tra n ­
sien ts.

(b ) A g g re g a tio n  a n d  p re c ip ita tio n  are a c tiv a te d  p ro ­
cesses, n e c e ss ita tin g  d iffu sio n  a n d  p r o b a b ly  oth er step s  
(c ry sta l grow th ) w h ich  ca n  b e  im p e d e d  b y  s u ffic ie n tly  iow  
te m p e ra tu re s  a n d  h ig h  v isc o sities , in  p a rtic u la r  if  very  d i ­
lu te  so lu tio n s  o f  sp a rse ly  so lu b le  m a te r ia ls  are u se d . O n  
th e  oth er h a n d , th e  s o lu b ility  o f  organ ic so lu tes  u su a lly  
has a p o sitiv e  te m p e ra tu re  d e p e n d e n c e , i.e., th e  th e r m o ­
d y n a m ic  d riv in g  force in  th e  d irectio n  o f  th e  a b o v e  e q u a ­
tion  grow s on  c o o lin g . T h e  re su lt is th e  w ell-k n o w n  o b ser­
va tio n  o f an  o p tim a l te m p e ra tu re  region  for c ry sta lliza tio n  
from  a so lu tio n . I t  fo llo w s th a t  if  on e  crea tes  a su p e r sa tu ­
ra ted  so lu tio n  a t  a s u ffic ie n tly  low  te m p e ra tu re , it  sh o u ld  
be p o ssib le  to  fo llo w  th e  k in e tics  o f  th e  a b o v e  s te p s  a t  le i­
sure, e.g., b y  sp ec tro sc o p ic  m e a n s . T h e r m a l q u e n c h in g  o f  
sa tu ra te d  so lu tio n s , b y  ra p id  co o lin g  to  low  te m p e ra tu re s , 
is th e  o b v io u s  m e th o d  to  a c h iev e  th is  g o a l, b u t  is d iffic u lt  
to  carry o u t in p ra c tic e , in  p a rtic u la r  for larger v o lu m e s  o f  
so lu tion s.

(c ) P h o to in d u c e d  co n v ersio n  o f  a c o m p o u n d  fro m  a 
“ so lu b le ”  in to  an  “ in so lu b le ”  iso m eric  fo rm  su g g e sts  itse lf  
as a su ita b le  m e th o d , p ro v id ed  it  ca n  be ca rried  o u t a t  low  
tem p e ra tu re

h\>
A ( s o lu b le )  — *■ B ( i n s o l u b l e )  — *  ? —*■ p r e c ip i t a t e

(d ) In  m a n y  stilb e n e  d e r iv a tiv e s , th e  tra n s iso m er is 
m u c h  less so lu b le  th a n  th e  cis iso m er . H o w e v e r , cis ca n  b e  
co n verted  in to  tra n s b y  irra d ia tio n  a t  a su ita b le  w a v e ­
len g th . I t  is th u s p o ssib le  to  p ro d u c e  p h o to c h e m ic a lly  a 
h ig h ly  su p ersa tu ra te d  so lu tio n  o f  th e  tra n s iso m er in a 
rigid orga n ic  g la ss  a t  low  te m p e ra tu re , i.e., u n d er  c o n d i­
tion s w here th is  u n sta b le  sy s te m  is fro z e n -in . In  fa c t  in an  
earlier p ap er w e sh o w e d  th a t  th is  is th e  o n ly  w ay  in w h ich  
the a b so rp tio n  a n d  e m iss io n  sp e c tra  o f  th e  m o n o m e ric  
tran s iso m er o f ce rta in  s tilb e n e s  ca n  b e  o b ta in e d . 1

T w o  su ch  cases are d esc rib ed  in  F igu res 1 a n d  2 . T h e  
c o m p o u n d s  w ere l ,2 -d i(2 -n a p h t h y l)e t h y le n e  (I)  a n d  4 -  
m e th o x y stilb e n e  (II ) . T h e  re sp ec tiv e  su p e r sa tu ra te d  so lu ­
tio n s o f  th e  tra n s iso m er , w h en  h ea ted  to  a so m e w h a t  
h igh er te m p e ra tu re , e x h ib it  p ro n o u n ced  sp ec tra l ch a n ges, 
w ith  one or m o re  iso sb estic  p o in ts  b e in g  p reserv ed . T h e  
te m p e ra tu re  ran ge in w h ich  th e  ra tes  o f  th ese  ch a n g es are 
ob serv a b le  sp e c tro p h o to m e tr ic a lly  d ep e n d  o n  th e  co n ce n ­
tra tio n  a n d  th e s o lv e n t . L o w er so lu b ility  a n d  h igh er co n ­
c e n tra tio n s p u sh  th is  ran ge tow ard  low er te m p e ra tu re s . 
T h u s , c o m p o u n d  I e x h ib its  th e  a b so rp tio n  ch a n g e s  show n  
in F igu re  1  w ith in  a b o u t  2  h r a t  — 170° w h en  d isso lv e d  in a 
2 : 1  m ix tu re  o f  m e th y lc y c lo h e x a n e  a n d  2 -m e th y lp e n ta n e  
a t 1 0 - 5  M , an d  a t  — 1 8 0 ° in  2 -m e th y lp e n ta n e  a t  5 X  1 0 - 5  

M. B o th  figu res a lso  sh ow  th e  e s tim a te d  sp e c tra l a b so rp ­
tion  cu rves 3  o f  th e  p ro d u c ts  o f  th e  sp o n ta n e o u s  ch a n ges, 
c a lc u la te d  b y  m a x im a l e x tr a p o la tio n  o f  th e  observed 
ch a n g es , i.e., w ith o u t ru n n in g  in to  n e g a tiv e  a b so rp tio n s . 
T h e  sp ec tra  o f  th e  n e w ly  fo rm e d  sp ec ies , a s s u m e d  to  be  
a g greg ates, are n o tew o rth y , b u t  d o  n o t fo rm  th e  su b je c t  o f  
th is  c o m m u n ic a tio n . I f  th e  su p ersa tu ra te d  so lu tio n s are 
h e a te d  to  so m e w h a t h ig h er te m p e ra tu re s , th e  to ta l a b ­
so rp tio n  d ecreases sh a rp ly , in d ic a tin g  fo rm a tio n  o f  p re c ip ­
ita te  a n d  sa tu ra te d  v ery  d ilu te  so lu tio n s . I t  th u s  seem s  
th a t th e  tw o  ste p s  in  th e  a b o v e  e q u a tio n  ca n  b e  sep a ra ted  
to  a large e x te n t b y  w ork in g a t  a p p ro p ria te  te m p e ra tu re s .

A t  still  h igher te m p e ra tu re s , a b o v e  a b o u t  — 8 0 ° , th e  n o r­
m a l sp ec tra  o f  th e  tra n s iso m ers  are re -fo r m e d . F la sh

Figure 1. Absorption spectra of a 10-5 M  solution of compound 
I in MCH-2-MP(2:1). The cis isomer solution was irradiated at 
-1 8 0 °  with light at 366 nm, to achieve cis —► trans conversion: 
curve 1, immediately after heating to —170°; curve 2, after 2 hr 
at —170°; curve 3, extrapolated to 100% conversion into prod­
uct, assuming that curve 2 corresponds to 80% conversion in 
going from 1 to 2.

(1) D. Gegiou, K. A. Muszkat, and E. Fischer, J. A m er . C h em . S o c . , 90, 
3907 (1968).
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Figure 2. Absorption and emission spectra of a ca. 3 X  10-5 M 
solution of 4-methoxystilbene (II) in MCH-2-MP(1:3). The cis 
isomer solution was irradiated at —185° with light at 313 nm, to 
give the trans isomer (about 80%): curve 1, immediately after 
irradiation at —185°; curve 2, after heating to —160° and re- 
cooling to —185°; curve 3, extrapolated, assuming 90% conver­
sion in going from 1 to 2. Emission and absorption curves were 
taken under similar conditions. Excitation was at 275 nm, but 
qualitatively similar spectra were obtained with 335-nm excita­
tion.

te c h n iq u es  sh o u ld  m a k e  it p o ssib le  to  fo llo w  th e  k in etics  
o f  th e  sp ec tra l ch a n g e s a t  in term ed ia te  te m p e ra tu re s , 
w here th eir ra tes m a y  be e x p ec te d  to  b e  in  th e  s e c - 1  re ­
gion .

T h e  em iss io n  sp ec tra  w ere m e a su red  u n d er s im ila r  co n ­
d itio n s . In  c o m p o u n d  I th e  o n ly  c h a n g e  o b serv ed  w as a  re ­
d u c tio n  in  flu o rescen ce  in te n sity , w h ile  in II n ew  e m iss io n  
b a n d s  ap p ea re d , in p a ra lle l w ith  th e  n ew  lo n g -w a v e le n g th  
a b so rp tio n  b a n d .

M e a s u r e m e n ts  o f  th e  sp ec tra  o f  th e  re sp ec tiv e  c r y sta l­
line tra n s c o m p o u n d s  are in p rogress, in order to  co m p a re  
th e m  w ith  th o se  o f  th e  p ro p o sed  ag g reg a tes .

I t  sh o u ld  b e  stressed  th a t  th e  su g g e ste d  m e th o d  in v o lv e s  
fre ez in g -in  o f  n o n eq u ilib riu m  s ta te s , or s lo w in g  d ow n  th eir  
ch a n g es , ra th er th a n  m e a su r e m e n ts  o f  te m p e r a tu r e -d e ­
p en d e n t eq u ilib r ia  as d esc rib e d , e.g., b y  K a t u l  an d  Z a h -  
lan 2 for th e  d im e riz a tio n  o f  te tra c en e , or b y  G o u m e t, 
D u p u y , a n d  N o u c h i3 for th e  d im e riz a tio n  o f  a n th ra cen e  
d eriv a tiv es .

T h e  a b o v e  m e th o d  is o n ly  one o f  m a n y  p o ssib le  a p p lic a ­
tio n s o f  p h o to c h e m ic a l or r a d ia tio n -c h e m ic a l m e th o d s  to  
tran sform  e q u ilib r iu m  sy ste m s  in to  n o n e q u ilib r iu m  s y s ­
te m s  an d  th e n  to  fo llo w  th e  k in e tics  o f  th e  a p p ro a c h  to  
th e  n ew  e q u ilib r iu m . A n  earlier e x a m p le  w as our use  o f  
certa in  p h o to c h r o m ic  sp iro p y ra n s to  fo llo w  th e  k in etics  o f  
sp o n ta n e o u s  p ro to n a tio n  rea ctio n s in a  w id e  te m p e ra tu re  
ra n g e .4 T h e r e  a  very  w eak  b a se  A  is tr a n sfo r m e d  ra d ia - 
tiv e ly , in th e  p resen ce  o f  an  ac id , in to  a fa ir ly  stro n g  base

B , w h ich  th e n  sta rts  re a c tin g  w ith  th e  su rro u n d in g  a c id .
, h v  , A  ■

A  +  H  — *■ B  +  H  — *■ B H

T h e  fo rm a tio n  o f  B H +  a n d  th e  d isa p p e a ra n c e  o f  B  ca n  be  
fo llow ed  sp e c tro sc o p ic a lly  b y  b o th  slow  a n d  fa s t  te c h ­

n iq u e s .

(2) J. A. Katul and A. B. Zahlan, J. C h em . P hys., 47, 1012 (1968).
(3) G. Goumet, F. Dupuy, and G. Nouchi, C. R. A ca d . S ei., S er . B. 267, 

41 (1968).
(4) T. Bercovici, R. Helllgmann-Rim, and E. Fischer, Mol. P h o to ch em ., 1, 

189 (1969).
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Extended Huckel Molecular Orbital Calculation on 
4-Methylumbelliferone and Its Tautomer

Publication  c o s t s  a s s is te d  b y  the U.S. A rm y N atick  L abora tories

Sir: O w in g  to  its  w ide tu n a b ility , th e tit le  c o m p o u n d  4 -  
m e th y lu m b e llife r o n e  ( 4 -M U )  is on e  o f  th e  m o s t  p o p u la r  
d y e s  in  th e  fie ld  o f  d ye  lasers. H o w e v e r, th ere  h a v e  b e e n  a 
n u m b e r  o f  p o stu la te s  as to  th e  n a tu re  o f  th e  e x c ite d  sta te  
sp ec ies w h ich  a c c o u n ts  for th e  lon ger w a v e len g th  en d  o f  
th e  tu n a b ility .1 -2 In  th is  c o m m u n ic a tio n  w e w ou ld  like to  
a d d ress o u rselv es to  th e  su g g ested  ta u to m e r ism  o f  4 -M U ,  
a m o le c u le  w h ich  is o f  grea t in terest in  p h o to c h e m istry  o f  
p ro ton  tran sfer re a ctio n s .

In  re la tin g  to  our d y e  laser stu d ie s , w e h av e  rep orted  
four flu o rescen ce  e m issio n  sp ec ies o f  4 -m e th y lu m b e llife r -  
one ( 4 - M U , I ) . 1 T h e s e  sp ec ies a p p ea r as a fu n c tio n  o f  e th ­
a n o l-w a te r  ra tio  a n d  th e  a c id ity  o f  th e s o lv e n t . S in c e  on ly  
three g r o u n d -sta te  a b so rb in g  sp ec ies  (tw o  io n ic  a n d  on e  
n e u tra l) w ere o b serv e d  w ith  th e  ch a n g es in s o lv e n t a c id i­
ty , w e h av e  te n ta tiv e ly  a ssign ed  th e  fo u r th  em iss io n  b a n d  
to  th e  ta u to m e r ic  fo rm  II (cf. F igu re 2 ) w h ich  is p ro p o sed  
to  arise th ro u g h  an  e x c ited  s ta te -ta u to m e r is m  m e c h a ­
n is m .2 T h e  flu o rescen ce  o f  I (A max ~  2 6 ,0 0 0  c m - 1 ) a n d  II 
(Amax ~ 2 0 ,8 0 0  c m “ 1) d o m in a te s  th e  e m iss io n  a t  p H  ~ 1 ;  

th eir re la tiv e  in ten sities  va ry  fro m  p r e d o m in a n tly  I to  p re ­
d o m in a n tly  II as th e  w ater c o n te n t in th e  e th a n o l so lu tio n  
is in cre a se d . 1

T o  p ro v id e  fu rth er in fo rm a tio n  a b o u t th e  fe a s ib ility  o f  
v a le n c e -iso m e ric  fo rm s o f  u m b e llife ro n e s , w e h av e  p e r ­

fo rm ed  e x te n d e d  H u c k e l ( E H M O )  c a lc u la tio n s 3 on  th e  
tw o stru ctu res  I an d  II. W it h  th is  s im p le  a ll-v a le n c e  o rb i­
ta l tr e a tm e n t w e e x p ec te d  to  o b ta in  a  go od  e s tim a tio n  o f  
th e d ifferen ce  in  th e  g r o u n d -sta te  en ergies o f  th e  tw o  
ta u to m e r ic  fo rm s, as w ell as  a re a so n a b le  p re d ic tio n  o f  th e  
en ergy d ifferen ce  o f th e ir  first e x c ite d  s ta te s . T h e  E H M O  
p ro gra m  u se d  in  th is  s tu d y  w as H o ffm a n ’s orig in al p ro ­
gram  d istr ib u te d  b y  th e  Q u a n tu m  C h e m ic a l P ro g ra m  E x -

(1) M. Nakashima, J. A. Sousa, and R. C. Clapp, N ature (L on d on ). 
Phys. S ci.. 235, 16 (1972).

(2) Just recently, G. J. Yakatan, R. J. Juneau, and S. G. Schulman, 
Anal. C h em ., 44, 1044 (1972), proposed a very similar mechanism 
for 4-MU.

(3) R. Hoffman, J. C hem . P hys., 39, 1397 (1963).
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Figure 1. Structures and assitmed geometries of 4-methyl- 
umbelliferone (I) and its tautomer (II). Terminal atoms are 
hydrogens. Other atoms are carbons and oxygens. H-C = 109 A.

Figure 2. Simplified potential energy diagram for the 4- 
methylumbelliferone system.

ch a n ge . F o r  th e  d ia g o n a l e le m e n ts  Hu o f  th e  H a m ilto n ia n  
m a tric es , th e  fo llo w in g  v a le n c e  s ta te  io n iz a tio n  p o te n tia ls  
I[eV] w ere u se d :4 / ( H )  - 1 3 . 6 ;  1(C) - 2 1 . 4 0 ,  - 1 1 . 4 0 ;  1(0) 
—3 5 .3 0 , - 1 7 . 7 6 .  T h e s e  v a lu e s  w ere a lso  in co rp o ra ted  in  
th e  o ff-d ia g o n a l e le m e n ts  Hi] =  KSij (Hu + Hjj)/2 w ith  
K = 2 .0 0 0 . A s  u su a l, th e  o r b ita l e x p o n e n ts  w ere o b ta in e d  
u sin g  S la te r ’ s ru les. S in c e  n o  X -r a y  d a ta  o f  u m h e llife ro n e  
w ere a v a ila b le , th e  g e o m etrie s  w ere a ssu m e d 5 as  sh ow n  in  
F igu re 1. E x c e p t  for th e  m e th y l g rou p , th e  stru ctu res  are  
p la n a r , a n d  th e  b o n d  a n g les  are 1 2 0 ° u n le ss  o th erw ise  in ­

d ic a te d .
T h e  re su lts  o f  th is  c a lc u la tio n  in  te r m s  o f  a  s im p lifie d  

p o te n tia l en ergy d ia g ra m  are su m m a r iz e d  in  F igu re  2 . T h e  
g r o u n d -sta te  en ergy o f  fo rm  I is low er th a n  th a t  o f  H  b y  4  
k ca l. A s  e x p e c te d , fo rm  I is th e  m o re  sta b le  co n fig u ra tio n  
in  th e  grou n d  s ta te . T h e  first e x c ite d  s ta te s  o f  I a n d  H , on  
th e oth er h a n d , are p re d ic te d  to  lie  3 0 ,0 0 0  c m - 1  (ex p e ri­
m e n ta l v a lu e  ~ 3 1 ,0 0 0  c m - 1 ) 1  a n d  2 4 ,0 0 0  c m  1  a b o v e  th eir  

resp ectiv e  grou n d  s ta te s  w h ich  p la c e s  th e  e x c ite d  s ta te  o f  
II 1 3 .3  k c a l b e lo w  th a t  o f  I  (cf. F igu re  2 ) . S in c e  fo rm  II is 
n ot s ta b le  in  th e  grou n d  s ta te , th e  p re d ic te d  red  sh ift o f  
its lo n g est w a v e le n g th  a b so rp tio n  b a n d  w ith  re sp ec t to  I  is  
con sid ered  in  th e  e m iss io n . I f  w e a ssu m e  s im ila r  S to k e s

sh ifts  for b o th  fo rm s, a  red  s h ift  o f  6 0 0 0  c m - 1  in  th e  f lu o ­
rescen ce  o f  II re la tiv e  to  I  e m e r g e s . T h is  la tte r  v a lu e  c o m ­

p ares fa v o ra b ly  w ith  th e  e x p e r im e n ta lly  o b serv e d  en ergy  
d ifferen ce  b e tw ee n  th e  m a x im u m  o f  th e  tw o  flu o rescen ces  
o f  ca. 5 2 0 0  c m - 1 .

T h e  re su lts  o f  th e  E H M O  c a lc u la tio n  a p p ea r  to  b e  c o n ­
s is te n t w ith  th e  e x p e r im e n ta l fin d in g s  su p p o rtin g  th e  su g ­
gested  p h o to ta u to m e r ism . F or su c h  a p ro cess w e m a y , 
th erefore, p ropose  a  fe a sib le  m e c h a n is m , illu str a te d  in  
so m e  d e ta il in F ig u re  2 . H e re , irra d ia tio n  in to  th e  first  
e lectro n ic  tra n sitio n  o f  I  p ro d u c es  th e  e x c ite d  s in g le t I * . 
D e a c tiv a tio n  o f  th is  s ta te  occu rs m a in ly  via flu o rescen ce  
h v f  ( I ) , in tersy ste m  crossin g , a n d  p r o b a b ly  c h e m ic a l re la x ­
a tio n . If, h ow ever, th e  p H  a n d  w a te r  c o n te n t  o f  th e  so lu ­
tio n  are ap p ro p ria te  so  th a t  p ro to n a tio n  (a n d  d ep ro to n a ­
tio n ) o f  I*  ca n  ta k e  p la c e  d u rin g  its  life t im e , th e  fo r m a ­
tio n  o f  th e  en erg e tic a lly  m o re  fa v o ra b le  I I*  is c o m p e tin g  
w ith  th ese  d e a c tiv a tio n  p ro ce sses . T h e  e x c ite d  s ta te  II*  o f  
th e  v a len c e  iso m eric  fo rm  s u b se q u e n tly  d e c a y s  to  H , g iv ­
ing rise  to  a secon d  flu o re sce n ce  h v {  ( I I ) . G r o u n d -s ta te  II 
f in a lly  crosses ov er to  th e  in it ia l fo rm  I.

(4) H. A. Skinner and H. O. Pritchard, C h em . R ev ., 55, 745 (1955).
(5) "Tables of Interatomic Distances and Configuration in Molecules and 

Ions," Chem. Soc., S p e c . Publ., No. 11 (1958).

Pioneering Research  Laboratory j .  r . Huber
U. S. Army Natick Laboratories m . Nakashima*
Natick, M assachusetts 01760  j .  A. Sousa

R e c e iv e d  A u g u st 9, 1972

Quenching of the Ru(dipy)32+ Phosphorescence 
by Cr(CN)63~. Evidence for a 
Diffusion-Controlled Mechanism

Sir: T h e  q u e n c h in g  o f  th e  p h o sp h o resc en c e  e m iss io n  o f  
R u (d ip y ) 32 + b y  a n io n ic  C r(III) c o m p le x e s  h a s  recen tly  
b een  in v estig a te d 2 a n d  it  w a s  su g g e ste d  th a t  th e  ob served  
q u e n ch in g  w as a “ s ta tic  q u e n c h in g ,”  ta k in g  p la c e  b e tw ee n  
th e  co u n ter io n s in  an  ion  p a ir  fo rm ed  b y  th e  g ro u n d -sta te  
c o m p le x e s . T o  ou r k n o w led g e , th is  w o u ld  b e  th e  first e x ­
a m p le  o f  a so le ly  s ta tic  q u e n c h in g  b e tw ee n  c o m p le x  ions  
in  f lu id  so lu tio n . H o w e v e r , d u rin g  a s y s te m a tic  in v e stig a ­
tio n  o f  th e  en ergy tra n sfe r  b e tw ee n  co o rd in a tio n  c o m ­
p o u n d s , w e h ave  fo u n d  sure e v id en ce  a g a in st  th e  sta tic  
q u e n c h in g  h y p o th e sis  for th e  R u (d ip y ) 32 + - C r ( C N ) 63 -  s y s ­

te m .
L ife t im e  an d  p h o sp h o resc en c e  in te n s ity  m e a su r e m e n ts  

w ere m a d e  on  a ir -e q u ilib r a te d  a q u eo u s  so lu tio n s  c o n ta in ­
ing R u (d ip y ) 32+  (1 .2  X  1 0 - 4  M) a n d  v a rio u s a m o u n ts  o f  
C r ( C N ) 63 - . E m is s io n  in ten sities  w ere m e a su r e d  w ith  a 
T u rn e r  S p e c tro  2 1 0  sp ectro flu o rim e te r , a n d  life t im e s  w ith  
a n  a p p a r a tu s  d esc rib e d  e lsew h ere ,3 w h ich  u ses a F eb etro n  
7 0 6  e lectro n  a c ce lera to r a n d  a Z n S e  ta rg et as a p u lsed  
lig h t sou rce . W e  h av e  th u s  o b serv e d  th a t  th e  tr ip le t  life -

11) Work supported In part by the National Research Council of Italy 
through Contract No. 71.01610.03 115.4416.

(2) I. Fujita and H. Kobayashl, B er. B u n s en g es . Phys. C h em ., 76, 115 
(1972).

(3) A. Hutton, G. Giro, S. Dellonte, and A. Breccia, Int. J. Radiat. Phys. 
C h em ., submitted for publication.
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Figure 1. Quenching of the Ru(dipy)32+ phosphorescence emis­
sion (O) and lifetime (A) by Cr(CN)63_ in air-equilibrated solu­
tions: a, aqueous solutions of constant ionic strength (/r = 0.5); 
b, aqueous solutions of variable ionic strength (see text); c, 
20% glycerol-water solutions.

tim e  o f  R u (d ip y ) 32 + is q u e n c h e d  in p a r a lle l w ith  th e  
p h o sp h o resc en c e  e m iss io n  (F igu re  1 ) . T h is  c le a r ly  d e m o n ­
stra tes  th a t  th e  q u e n c h in g  o f  th e e m itt in g  e x c ite d  sta te  o f  
R u (d ip y ) 32 + occu rs b y  a d y n a m ic , d iffu sio n -c o n tr o lle d  
pro cess, a n d  ru les o u t th e  p o ssib ility  o f  a s ta tic  q u e n c h ­
in g , sin ce  th is  w ou ld  a ffec t th e  e m iss io n  in te n s ity  b u t  n o t  
th e  life tim e .

W e  h av e  a lso  fo u n d  th a t th e  S t e m -V o lm e r  q u e n ch in g  
c o n sta n t, ksv, sh o w s a d ecrease  w ith  in crea sin g  ionic  
stren g th . T h is  d ep e n d e n c e  is c lea rly  sh o w n  in F igu re  1, 
w here th e  p o in ts  in  lin e  a refer to  so lu tio n s  a t  c o n sta n t  
ionic s tren g th  (n = 0 .5 , a d ju ste d  b y  a d d in g  K C 1 ), a n d  
p o in ts  in curve b refer to  so lu tio n s w h ose  io n ic  stren gth  
w as n o t a d ju ste d  a n d , th u s , in creased  w ith  in creasin g  
[C r ( C N ) 63 - ] (M =  1 .6  X  1 0 - 3 , 6 .4  X  1 0 - 3 , 1 2 .4  X  1 0 - 3 , re ­
s p e c tiv e ly ) . T h e  sa m e  e ffec t h a d  b e e n  o b served  b y  F u jita  
an d  K o b a y a s h i2 a n d  it  w as ta k en  as e v id e n c e  for th e  s ta t ­
ic q u e n c h in g  sin ce , o f  cou rse , n in flu en c es  th e  a sso cia tio n  
c o n sta n t o f  th e  ion p a ir .4 H o w e v e r, th e  io n ic  s tren g th  is 
also  e x p ec te d  to  in flu en c e  th e  en co u n te r rate  c o n sta n t b e ­
tw een  tw o ion ic sp ec ies  in th e  sa m e  w a y , so  th a t  th e  d e ­
p en d en ce  o f  kav on  n c a n n o t d isc r im in a te  b e tw ee n  th e  
sta tic  a n d  d y n a m ic  m e c h a n is m . T h e  ksv v a lu e  c a lc u la te d  
from  th e  q u e n c h in g  d a ta  o f  ou r m o s t  d ilu te  so lu tio n  is 4 .9  
x  1 0 3 M - 1 , an d  th e  co rresp on d in g  v a lu e  a t  n =  0  (c a lc u ­
la ted  w ith  th e  u su a l e q u a tio n 5 lo g  k =  lo g  ko +  1 .0 2 z Az B 
u 1 /2 ) is ksv° =  8 .6  x  1 0 3 M - 1 . T h is  v a lu e  is in  good  
a g re e m en t w ith  th a t  o b ta in e d  b y  e x tr a p o la tio n  in  ref 2 .

T h e  b im o le c u la r  q u e n c h in g  rate  c o n sta n t (kQ =  fesv/ r ° ) ,  
o b ta in e d  fro m  ksv° an d  th e  e x p e r im e n ta lly  d e te r m in e d  
life tim e  o f  R u (d ip y ) 32+  6’ 7 is 2 . 1  x  10 10 M - 1  s e c - 1 , w h ich  is 

in  go od  a g re e m en t w ith  th e  en co u n te r ra te  c o n sta n t (3 .2  
x  1010  M - 1  s e c - 1 ) c a lc u la te d  fro m  th e  D e b y e  e q u a tio n  for  
ionic s p e c ie s .8

A s  sh ow n  b y  p o in ts  c in  F igu re 1, th e  q u e n c h in g  b y  
C r ( C N ) 63 -  is less  e ffic ie n t in 2 0 %  glycerol a q u eo u s so lu ­
tio n  th a n  in  p u re  w ater . T h is  resu lt is m a in ly  d u e  to  th e  
in crease o f  th e  v isc o sity  o f  th e  m e d iu m , a n d  th u s , it s u p ­
p orts th e  h y p o th e sis  o f  a d y n a m ic  q u e n c h in g . F u jita  a n d  
K o b a y a s h i2 fo u n d  n o d ifferen ce  b etw een  th e  q u e n ch in g s  
in  th e  tw o m e d ia  rep orted  a b o v e ; sin ce  th e  a sso c ia tio n  
c o n sta n t is n o t a ffe c te d  b y  th e  v isc o sity , th ese  au th ors  
to ok  th is  fa c t  as an o th er p ro o f in  fa v o r o f  th e  sta tic  
q u e n ch in g . I t  is to  b e  n o ted , h ow ever, th a t  e v e n  th e  a sso ­
cia tio n  c o n sta n t m a y  be in flu en c ed  b y  a ch a n g e  o f  th e  
m e d iu m , b e c a u se  o f  v a ria tio n s in  th e  d ie le c tr ic  c o n sta n t. 

For th e  R u (d ip y ) 32 + - C r ( C N ) 63 -  sy s te m , c a lc u la tio n s  
b a sed  on th e  B je rru m 9 or th e  F u o ss 10 e q u a tio n  sh ow  th a t  
th e  a sso cia tio n  c o n sta n t, an d  th u s  th e  S te r n -V o lm e r  
q u e n c h in g  c o n sta n t if  th e  s ta tic  m e c h a n ism  w ere to  o p er­
ate , sh o u ld  be a b o u t  3 0 %  h igh er in 2 0 %  g ly c e r o l-w a te r  
th a n  in  w a ter so lu tio n s .

In  co n clu sio n , it  ap p ea rs  e v id e n t th a t  severa l p a r a m e ­
ters o f  th e  m e d iu m  (su c h  a s , e.g., v isc o sity , d ie le c tr ic  c o n ­
sta n t, a n d  ionic stren g th ) m u s t  be  ta k e n  in to  ap p ro p ria te  
co n sid era tio n  in  order to  in terp ret co rrectly  a q u e n ch in g  

p ro cess b e tw ee n  ion ic sp ec ies . S tu d ie s  are n o w  in  progress  
in  our la b o ra to ry  in order to  c la rify  th e  role p la y e d  b y  
th ese  p a ra m e te rs .
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