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Solubility products, Ksp, of silver halides, acetate, and benzoate and formation constants of AgX2 - have 
been determined in methanol, acetonitrile (AN), N.N-dimethylformamide (DMF), and dimethyl sulfox
ide (DMSO). For the halides K sp and Kf(AgX2~) were determined from pa(M + ) and pa(Ag+) measure
ments in solutions saturated both with respect to AgX and M X (M + = Na+ or K + ), pa(M + ) being de
termined with a calibrated cation-sensitive electrode. Values of K sp and Af(AgX2_) thus obtained were 
in satisfactory agreement with those in the literature. For benzoate and acetate the above constants were 
found from potentiometric titration or from pa(Ag+) and pa(H) measurements in saturated solutions of 
AgX containing excess parent acid. From the total solubility the dissociation constants of the homocon
jugate salts AgHX2 and Ag(HX)2X were determined. The mobilities in AN of the halide, acetate, and 
benzoate are approximately the same as those of their respective silver complexes, AgX2_ , while those of 
the acetate and benzoate homoconjugates ((H0Ac)20A c_ and H(Bzl2~) are much smaller than the cor
responding simple ions. An explanation for this behavior is proposed. Medium activity coefficients 
(pw7iAN) of the various ions are presented. The difference (pw7 AN(0 Ac~) — pw7 AN(Bz~)) s? (pw7 AN- 
(HOAc) -  pw7 AN(HBz)) ~  %(pw7 AN(Ag(0 Ac)2-)  -  pw7 AN(Ag(Bz)2-)), indicating the large effect of 
the nonelectric part on pw7 iAN. This conclusion is independent of the assumption on the basis of which 
pw7 jAN vaiues were calculated.

In previous studies, based on the tetraphenylarsonium 
tetraphenylborate assumption, the medium activity coef
ficient S(D^js(2)) i being a halide ion, benzoate, or acetate, 
has been reported, S(l), referring to the protic solvent 
methanol1 ’2 and S(2) to the aprotic solvents1 .2 acetoni
trile (AN), D  =  36.0, N,N-dimethylformamide (DMF), D  
= 36.7, and dimethyl sulfoxide (DMSO), D  = 46.6. The 
solubility products of the corresponding silver salts were 
determined in S( 1) and S(2) and P7 (X _ ) was calculated 
from the relation ApKsP(AgX) = p7 (Ag+) + P7 (X~); 
P7 <Ag+) having been found from the solubility product of 
silver tetraphenylborate.2 '3 From potentiometric titration 
of tetraalkylammonium halides with silver nitrate using a 
silver wire electrode it has been reported that silver ion 
forms the fairly stable anionic complex AgX2~ in AN ,4-5 
DMF,4-6 hexamethylphosphoramide, 4 acetone, 5 nitro- 
methane, 7 DMSO , 4’ 8’ 9 sulfolane, 10 and propylene carbon
ate.11 Similar complexes of silver with azide or thiocy
anate have also been found in these aprotic solvents.4-9 In 
these solvents additional complexes Ag2X 3 ~ and Ag3X<i~

are formed with iodide and thiocyanate ion.4-9 From an 
analysis of the titration curve of X ~ with silver ion the 
values of

RMAgX) =a(A g+)a(X -) (1)

(1) R. Alexander and A. J. Parker, J. A m e r .  C h e m . S o c . .  89, 5549 
(1967).

(2) I. M. Kolthoff and M. K. Chantooni, Jr.. J . P h y s . C h e m ..  76. 2024 
(1972), and references therein.

(3) R. Alexander, A. J. Parker, J. Sharp, and W. Waghorne, J. A m e r .  
C h e m . S o c ..  94, 1148 (1972).

(4) R. Alexander. E. C. Ko, Y. C. Mac, and A. J. Parker, J . A m e r .  
C h e m . S o c . .  89,3703 (1967).

(5) D. C. Leurs, R. I. Iwanoto, and J. Kleinberg, In o r g .  C h e m ..  5, 201 
(1966).

(6 ) M. Bréant, C. Buisson, M. Portelx. J. Sue. and J. Terrât, J. E le c t r o -  
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(1970).
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3268 (1969).
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and

Kr(AgX2-) = [AgX2 -]/a (A g+)[X -]2/(X - )
/(AgX2 - ) = / ( X - )  (2)

have been evaluated.4"9 It should be realized that such an 
analysis of the titration curve, which employs a single 
measured parameter, a(Ag+), may involve considerable 
uncertainty, particularly when an appreciable amount of 
undissociated AgX is present or when the stability of 
AgX2'  is small and precipitation of AgX occurs in the 
early portion of the titration, e.g ., in the reaction of ace
tate with silver ion in AN .4

In the present paper values of K8p(AgX) and Jfr(Ag- 
X 2") have been estimated from a(Ag+) and a(M + ) (M + = 
K + or Na+) measurements in AN,_DMF, and DMSO so
lutions saturated both, with respect to AgX and MX, 
knowing Ksp(MX). In these solutions the following 
electroneutrality and conservation relations hold, neglect
ing Ag2X 3 -  and Ag3X 4 -

[M +]+[A g+] = [X -]+ [A g X 2-] (3)

C(Ag) = [Ag+] + [AgX2"l  + [AgX] + 2[AgAgX2] +
[MAgX2] (4)

C(X) = [X -] + 2[AgX2-]  + [AgX] + 2 [AgAgX2] +
[MX] + 2[MAgX2] (5)

C(M) = C(X) -  C(Ag) = [M + ] +  [MX] + [MAgX2 ] (6) 

X d(AgX) = a(Ag+)a(X-)/[AgX] /(AgX) = 1 (7)

In eq 4-6 C(Ag), C(X), and C(M) represent total (ana
lytical) concentrations. The following systems were stud
ied under the above conditions: AN saturated with silver 
chloride (bromide) and potassium chloride (bromide), 
DMF with silver chloride and sodium (potassium) chlo
ride, and DMSO with silver chloride and sodium chloride.

Furthermore, when X -  is an anion of a weak acid, 
whose dissociation constant, K"d(HX), is known, 
Ksp(AgX) has been found from a(H+) and a(Ag+) mea
surements in solutions saturated with respect to AgX and 
containing a known concentration of HX. When the solu
bility of HX is not too great (<2 M ) the solution can ad
vantageously be saturated both with respect to HX and 
AgX. The equilibrium concentration of HX under these 
conditions can be taken equal to the solubility of HX in 
absence of AgX. Particularly in AN, a protophobic aprotic 
solvent, formation constants of homoconjugate species of 
acetic and benzoic acids, HX2~ and (HX)2X _ , are 
large. 12 This homoconjugation combined with the incom
plete ionic dissociation of AgHX2 and Ag(HX)2X results 
in a marked increase in the solubility of AgX (C(Ag) in eq 
9). In solutions saturated with AgX and containing HX 
the following relations apply

[Ag+] = [ X - ] +  [HX2- ] +  [(HX)2X - ] +  [AgX2-]  (8) 

C(Ag) = C(X) = [Ag+ ] + [AgX] + 2[AgAgX2] +

[AgX2-]  +  [AgHX2] + [Ag(HX)2X] (9)

C(HX) = [HX] + [AgHX2] +  2[Ag(HX)2X] +  [HX2-] +
2[(HX)2X -]  (10)

K f(HX2-)  = [HX2 -]/[H X][X-J  /(H X 2-)  = /( X - )  (11) 
k't((HX)2X i  =

[(HX)2X -] /[H X ]2[X -] /((H X )2X - ) = / ( X - )  (12 ) 

Kd(AgHX2) = a(Ag+) [HX2 -]/(H X 2 -)/[A gH X 2] (13)

Kd(Ag(HX)2X -)  =
a ( A g + ) [ ( H X ) 2X - ] / ( ( H X ) 2X - ) / [ A g ( H X ) 2X ]  (14) 

K d( H X )  =  a ( H + ) a ( X " ) / [ H X ]  (15)
In this investigation acetonitrile solutions saturated 

with silver benzoate and benzoic acid, or saturated with 
silver acetate and containing 0.5-1 M  acetic acid, were 
studied. The latter system was also studied in methanol 
and DMSO. Also, the total ionic concentration in solu
tions saturated with AgX and MX or AgX and containing 
HX (eq 3 and 8, respectively) was estimated from their 
conductivity, while a(Ag+) was measured potentiometri- 
cally with a silver wire electrode and a(M + ) with a cat
ion-selective electrode. Also a(M + ) was calculated from 
the difference in total X and silver content, C(X) -  
C(Ag), in solutions saturated with AgX and M X. Activity 
coefficients were calculated from the partially extented 
Debye-Hiickel relation —log /  = A g 1/2/( 1 +  B a g 112). For 
simplicity a was taken as 3.5 A for Ag+, K+ and Na+, a 
mean of 2.5, 4.5, and 3 A given for these ions by Kielland13 
in water, while a was taken as 8 A for AgCl2~, AgBr2~, and 
12 ‘A for the homoconjugate ions. For AN and DMF A  =
1.5 and B =  0.47, and for DMSO A  = 1.1 and B  = 0.43.

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

R eagen ts . Acetonitrile, 14 methanol, 15 N,N-dimethylform- 
amide,16 and dimethyl sulfoxide12 were purified and 
stored as previously described. Silver acetate was a Baker 
product, recrystallized from water, while silver benzoate 
was prepared as described by Kolthoff, e t  a l. 17 Silver 
chloride and bromide were prepared in the conventional 
way. Sodium chloride, potassium chloride, and bromide 
were Merck Reagent Grade. Tetraethylammonium ace
tate, and benzoic and acetic acids were used previously. 12

In stru m en tal. The potentiometric cell used in the deter
mination of a(Ag+) and pa(H) and the 0.01 M  silver ni
trate/Ag reference electrode in the same solvent are those 
as described for pa(H) measurements in AN . 18 A Beck
man No. 39047 cation-selective electrode was used in the 
above potentiometric assembly for a(K+) and a(Na+) de
terminations in AN, DMF, and DMSO. Prior to use the 
electrode was soaked for at least 24 hr in a 0.01 M  solution 
of sodium or potassium perchlorate in the organic solvent 
in which a(M + ) measurements were made. It was cali
brated in saturated and /or undersaturated solutions of the 
following salts in the three aprotic solvents: potassium 
chloride, bromide, perchlorate, and 2,4-dinitrophenolate, 
and sodium chloride and perchlorate. Solubility products 
of these salts in AN, DMF, and DMSO and dissociation 
constants of the various salts in AN have been tabulated 
elsewhere.2 Stable electrode potentials reproducible to 
within ±2 mV were obtained usually after 10 min. Cali
bration curves in AN, DMF, and DMSO are reproduced 
in Figure 1. They are linear in the range a(M + ) = 2 X 
10' 4 to at least 5 X 10“ 2 M , the slopes being practically

(12) I. M. Kolthoff, M. K. Chantooni, Jr., and S. Bhowmik, J . A m e r .  
C h e m . S o c . ,  90. 23 (1968).

(13) J. Kielland, J. A m e r .  C h e m . S o c . .  59, 1675 (1937).
(14) I. M. Kolthoff, S. Bruckenstein, and M. K. Chantooni, Jr., J . A m e r .  

C h e m . S o c .,  83, 3927 (1961).
(15) I. M. Kolthoff and M. K. Chantooni, Jr., A n a l.  C h e m ..  44, 194 

(1972).
(16) I. M. Kolthoff. M. K. Chantooni. Jr., and H. Smagowski, A n a l.  

C h e m ..  42, 1622 (1970).
(17) I. M. Kolthoff, J. J. Lingane, and W. V. Larson, J . A m e r .  C h e m .  

S o c . .  60, 2512 (1938).
(18) I. M. Kolthoff and M. K. Chantooni. Jr., J . A m e r .  C h e m . S o c . .  87, 

4428 (1965).
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Solubility Product and Anionic Complexation Constants 3

N e rn stia n , 59  ±  2 m V /A p a ( M  + ) a t 2 5 .0 ° . M e a s u r e m e n ts  
of p a ( N a + ) w ere n o t m a d e  in D M F  as M c C lu r e  an d  
R e d d y 19 rep orted  th a t  m illim o la r  lev e ls  o f  N a +  w ere re 
q u ired  for p ro per e le ctro d e  resp on se  in  D M F , p o ssib ly  b e 
ca u se  o f  so lv a tio n  o f  th is  ion b y  a m in e  im p u r itie s  in th e  
so lv en t. A lth o u g h  s im ila r  e lectro d e  b e h a v io r  w as n o ted  in  
th is  stu d y  in D M S O  (F igu re  1) th is  e lectro d e  w as sa t is fa c 
tory  at th e h igh  lev e ls  o f  a ( N a + ) e n c o u n te re d . T h e  c o n 
d u ctiv ity  cell a n d  b rid ge  h a v e  b e e n  d esc rib ed  p re v io u s
ly .14

Total Solubility of AgX, MX, and HX. P rior to  th e  o p 
eration s d esc rib ed  b e lo w , a c eto n itrile  so lu tio n s w ere ta k en  
to  dryn ess a n d  th e  resid u es titra te d  in w ater. T h is  w as n ot  
n ecessary  in m e th a n o l, D M F , a n d  D M S O  so lu tio n s , as 
th ese so lv en ts  d o  n o t interfere  w ith  th e  titra tio n s .

In sa tu ra te d  silv er  an d  so d iu m  ch lorid e  so lu tio n s in  
D M S O , th e  to ta l s ilv er  a n d  ch lo rid e  c o n te n ts , C (A g )  and  
C (C 1), are su ch  to  a llow  th eir e s tim a tio n  g ra v im e tric a lly  
after flo o d in g  th e  sa m p le  w ith  20  v o lu m e s  o f  w a ter (y ie ld 
ing C (A g ))  or 0 .1  M  aq u eo u s silver n itra te  so lu tio n  (y ie ld 
ing C (C 1) as A g C l) . In  A N  a n d  D M F  so lu tio n s sa tu ra te d  
w ith  A g X  an d  M X  ( X  =  h a lid e ) an  e s tim a te  o f  th e  d iffe r
en ce  C ( X )  -  C (A g ) (eq  4  a n d  5) w as m a d e  from  p o te n tio - 
m etric  titra tio n  w ith  aq u eo u s silver n itra te  o f  a liq u ots  
ta k en  u p  in 1 :1 0  w a te r -m e th a n o l m ix tu r e s . In  A N  or 
m e th a n o l so lu tio n s sa tu ra te d  w ith  A g X  an d  co n ta in in g  
H X  or te tr a e th y la m m o n iu m  a c eta te  p o te n tio m e tr ic  t itr a 
tio n  w ith  so d iu m  io d id e  (silv er w ire e le ctro d e ) y ie ld ed  
C (A g ) . B e n z o a te  a n d  a c e ta te  do n ot in terfere  in th e  t itr a 
tio n . T h e  a lk a lim e tr ic  d e te r m in a tio n  o f  C (H A )  in th ese  
so lu tio n s w as m a d e  b y  flo o d in g  an  a liq u o t o f  th e  so lu tio n  
w ith  10 v o lu m e s  o f  h o t w ater , co o lin g , a d d in g  0 .5  g o f  p o 
ta ss iu m  b r o m id e  to  p re c ip ita te  th e  silver an d  th e n  2 m l o f  
n itro b en ze n e  to  co at th e  silver b r o m id e , a n d  titra tin g  w ith  
aq u eo u s so d iu m  h y d ro x id e  u sin g  p h e n o lp h th a le in  as in d i
ca to r . Id e n tic a l re su lts  w ere o b ta in e d  b y  e x tr a c tin g  b e n z o 
ic ac id  w ith  e th y l eth er fro m  th e  aq u eo u s so lu tio n  o f  th e  
resid u e  o b ta in e d  a fter  e v a p o ra tio n  to  d ry n ess o f  th e  A N  
so lu tio n  sa tu ra te d  w ith  b e n zo ic  ac id  a n d  silver b e n z o a te .

T o t a l  X  (a c e ta te , b e n z o a te ) in  so lu tio n s sa tu ra te d  w ith  
A g X  a n d  c o n ta in in g  H X  or te tr a e th y la m m o n iu m  ac etate  
w as e s tim a te d  b y  titra tio n  in A N  w ith  p erch loric  ac id  (in  
a c etic  a c id ) u s in g  a -n a p h th o lb e n z e in  as in d ic a to r .20 M e t h 
an ol so lu tio n s w ere ta k e n  to  d ry n ess  an d  th e  resid u e  d is 
so lv ed  in 0 .5  m l o f  a n h y d ro u s ac etic  ac id  an d  3 m l o f  A N  
a n d  titra te d  w ith  p erch loric  ac id .

R e s u lt s

Ionic Mobilities. T h e  fo llo w in g  ion ic m o b ilitie s , Ao, have  
b een  rep orted  in A N :  A g +  8 5 ;21 C D  9 1 ;22 B r ~  9 5 ;21 K +  
8 6 ;23 E t 4N +  8 5 ;24 b e n z o a te  6 2 .25 In  D M F 26 A0( K + ) =  
3 0 .8 , A0( N a + )  =  2 9 .9 , a n d  A0( C 1 - )  =  5 5 .1 . T h e  v a lu e  o f  
A0( O A c _ ) in A N ,  e q u a l to  107 , w as d erived  fro m  th e  fo l
low in g  c o n d u c tiv ity  d a ta  in so lu tio n s  o f  te tr a e th y la m m o 
n iu m  a c e ta te : C ( E t 4N O A c )  =  1 .4 4  X  1 0 ~ 3, 2 .8 8  x  K D 3, 
a n d  5 .7 5  x  1 0 ~ 3 M , A  =  179 , 170 , a n d  165 , re sp ec tiv e ly . 
F ro m  th e  sp ec ific  c o n d u c tiv itie s  o f  sa tu ra te d  silver c h lo 
r id e -p o ta s s iu m  ch lo rid e  a n d  silver b r o m id e -p o ta s s iu m  
b r o m id e  so lu tio n s in A N  en tered  in  T a b le  I, A o (K + ), Ao 
( C D ) ,  A o (B r~ ) v a lu e s  a n d  v a lu es  o f  [ K + ]  =  !C ( X )  -  C (A g )  
-  [K X ]|  (see  b e lo w ) a n d  [ X - ] from  K sp( K X )  a n d  a ( A g + ), 
th e la tte r  d e te r m in e d  p o te n tio m e tr ic a lly  w ith  th e  silver  
e lectro d e , v a lu es  o f  A o f A g C U ")  a n d  A o(A g B r2 " )  eq u al  
to  96  a n d  8 8 , re sp ec tiv e ly , w ere e s tim a te d . A t  th e  low  ionic  

stren gth s in sa tu ra te d  so lu tio n s in A N  as co m p a re d  to  
th ose in D M F  th e  sa lts  K A g X 2 w ere co n sid ered  c o m p le te -

" V

Figure 1. Calibration plots of cation electrode in aprotic sol
vents: •  , KCI04 or NaCIOi; O , KCI or NaCI; A , KBr, ▲, potas
sium 2,4-dinitrophenolate, and ♦, potassium p-bromobenzoate. 
Lines drawn with slope of 60 mV/Apa(M + ).

ly dissociated. Incomplete dissociation of KAgX2 would 
lead to considerably higher values of Ao(AgX2 - ), which 
are highly improbable. The following conductivity data 
were obtained in DMF at various dilutions of the saturat
ed silver chloride-sodium chloride solution: C(NaAgCl2 ) 
= 3 .1 9  x  IO-3. 5 .7 5  X  1 0 “ 3, 9 .5 7  x  1 0 “ 3, 1 .2 3  x  1 0 “ 2, and 
7 .1 8  X  1 0 ~ 2 M  (saturated), A = 9 1 .4 , 9 1 .9 , 9 2 .5, 9 2 .9, and 
74.J , respectively. Fuoss and Kraus and A vs. v ’C  plots of 
the above data yield Ao(AgCl2 ~) = 61 and Kd(NaAgCl2 ) 
~  0 .0 4  assuming [AgCU” ] »  [CD]. Since Ao(AgCl2~) ~  
Ao(CD), the value of A0 (AgCl2 ~) found in this way would 
hardly be affected by relatively small amounts of free 
chloride ion present :n the dilute solutions of NaAgCl2 . 
Using the above value of A0(AgCl2 _), Kd(KAgCl2 ) ~  0 .0 3  
was obtained from the conductivity of a saturated solution 
of silver chloride-potassium chloride in DMF (Table I).

In similar fashion, ionic mobilities of Ag(Bz)2 ~, 
Ag(0 Ac)2 - , and (HOAc^OAc- in AN were calculated 
from the specific conductivities of solutions of saturated 
silver benzoate in Table II or of saturated silver acetate in 
presence of tetraethylammonium acetate (Table I) or of 
acetic acid (Table II) respectively. The concentrations of 
the various ionic species were calculated as described 
below. Using the above values of Ao(Ag+) and Ao(Bz_) 
the following mobilities were found in AN at infinite dilu
tion: Ag(Bz)2 ~ = 62. Ag(OAc)2 - = 103, and (HOAcH- 
OAc~ = 74.

(19) J. E. McClure and T. B. Reddy, A n a l.  C h e m ..  40. 2064 (1968).
(20) I. M. Kolthoff, M. K. Chantooni, Jr., and S. Bhowmik, A n a l.  C h e m ..  

39, 1627 (1967).
(21) P. Walden and E. Birr. Z. P h y s . C h e m ..  144 (1929).
(22) A. Popov and H. Humphrey. J . A m e r .  C h e m . S o c . .  81, 2043 

(1959).
(23) S. Mine and P. Werblan, E le c t ro c h im .  A c ta .  7, 257 (1962).
124) J. F. Coetzee and G. P.Cunningham, J. A m e r .  C h e m .  Soc., 87. 

2529 (1965).
(25) I. M. Kolthoff and M K. Chantooni, Jr., J. P h y s . C h e m ..  70, 856 

(1966).
(26) J. E. Prue and P. J. Sherrington, T ra n s . F a r a d a y  S o c . ,  57, 1795 

(1961).
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Solubility Product of MX. T h e  fo llo w in g  v a lu es  o f  
p K sp( M X )  h a v e  b een  r e p o r te d :2 p o ta ss iu m  ch lo rid e  a n d  
b ro m id e  in A N ,  8 .0  a n d  5 .7 , p o ta ss iu m  an d  so d iu m  c h lo 
rides in D M F , 5 .5  an d  5 .0 , re sp ec tiv e ly , a n d  s o d iu m  c h lo 

ride in D M S O , 2 .9 . V a lu e s  o f  [ M X ]  in th e  v a rio u s s a tu r a 
te d  so lu tio n s w ere c a lc u la te d  fro m  th e  d isso c ia tio n  c o n 
sta n ts  of M X  in re f 2 a n d  th e  ab ove  v a lu e s  o f  p K s|1( M X )  
a n d  are listed  in  T a b le  I.

Dissociation and Homoconjugation Constants of Acids. 
V a lu e s  o f  p K d( H A )  o f  b e n zo ic  a n d  ac etic  a c id s  e q u a l to
2 0 .7  a n d  2 2 .3  in  A N 12 an d  p K d( H O A c )  =  9 .6  in  m e th a 
n o l27 h ave  been  re p o rte d . T h e  fo llow in g  v a lu e s  o f  th e  h o 
m o c o n ju g a tio n  c o n sta n t, A_f( H X 2 " ) ,  for b e n zo ic  a n d  a c e 
tic  ac id s h a v e  p rev io u sly  b een  fo u n d  in A N : 12 4 .0  X  1 0 3 
a n d  4 .7  X  1 0 3, re sp ec tiv e ly .

Stoichiometry of the AgCln{n^1]  ̂ Complex in DMSO. 
F ro m  in d e p e n d e n t gra v im e tric  a n a ly sis  o f  a so lu tio n  s a tu r a 
ted  w ith  so d iu m  a n d  silver ch lo rid es in D M S O  as d esc rib ed  
in  th e  e x p e r im e n ta l se c tio n , C (C 1 ), C ( A g ) , a n d  C (C 1) -  

C (A g ) w ere fo u n d  e q u a l to  0 .9 1 5 , 0 .4 3 6 , a n d  0 .4 8 4  M, re 
sp e c tiv e ly . T h e  in tern a l a g re e m en t b e tw ee n  th ese  q u a n 
titie s  is go od . S u b s titu tin g  th e  ab o v e  v a lu e s  o f  C (A g )  an d  
C (C 1) -  C (A g )  in eq  4 an d  6 , re sp ec tiv e ly , an d  [N a C l]  =  
0 .0 3 0  (T a b le  I) a n d  n e g le ctin g  [A g C l], [A g A g C l2 ] an d  
[A g + ] , [C l ” ] ~  O.OI3 M. T h e  m o le  ra tio , n, o f  silver to  
ch lo rid e  in th e  m ix tu r e  o f A g C ln lre“ 1 ) -  an d  N a ^ - n A g C l ^  
as given  b y  n = (C (C 1) -  [ C D ]  -  [ N a C l] | /C (A g )  (eq  4  
a n d  5 ) tu rn s o u t to  be  2 .0 0 , in d ic a tin g  th e  p resen ce  o f p r i
m a rily  th e  1 :1  silver c h lo r id e -c h lo r id e  c o m p le x . In  eq  4 - 6  
[A g + ]  can  b e  n e g le c te d , as a (A g + )  ~  1 x  1 0 - 8  ( T a b le  I ) . 
A  sa tu ra te d  silver ch lo rid e  so lu tio n  in D M S O  w h en  f lo o d 
ed  w ith  5 v o lu m e s  o f  0 .0 1  M  a q u eo u s silver n itra te  re 
m a in s  clear, in d ic a tin g  th a t [A g C l] +  2 [A g A g C l2 ] <  1 0 - 4 
M. N o  a t te m p t  is m a d e  to  e s tim a te  th e  d isso c ia tio n  c o n 
s ta n t  o f N a A g C la  in D M S O .

Solutions Saturated with AgX and MX. F ro m  eq 3 -5  
C ( X )  -  C (A g )  -  [ M X ]  -  [M A g X a ]  s  [ X - ]  +  [ A g X 2 - ]  =* 
[ M + ] ,  sin ce  [A g + ] <§( [ A g X 2 ~] u n d er  th e  e x p er im e n ta l  
co n d itio n s . K n o w in g  [ M X ]  (eq u a l to  K'sp( M X ) / K d( M X ) )  
a n d  [ M A g X 2 ] fro m  K d( M A g X 2), [M  + ] is e v a lu a te d  from  
th e  e x p e r im e n ta l q u a n tity , C ( X )  -  C (A g ) . T h e  v a lu e  o f  
a ( X - ) is fo u n d  fro m  th e  co rresp on d in g  v a lu e  o f  a (M  + ) 
a n d  K sp( M X ) ;  a n d  fro m  th is  an d  th e  e x p e r im e n ta l va lu e  
of a ( A g + ) ,  K sp( A g X )  is c a lc u la te d . T h e  fo rm a tio n  c o n 
s ta n t  K f ( A g X 2 ~ ) (eq  2) is e s tim a te d  b y  su b st itu t in g  th e  
a b o v e  v a lu es  o f  [ X - ] an d  [ M + ]  in to  eq  3 an d  e v a lu a tin g  
[ A g X 2 ~ ], n e g le c tin g  [A g + ] ,

Solutions Saturated with Silver Acetate and Containing 
Tetraethylammonium Acetate. F ro m  th e  p o te n tio m e tr ic  
v a lu e  o f  o ( A g + )  in th ese  so lu tio n s a n d  th e  v a lu e  o f  
p K sp(A g O A c )  fo u n d  in sa tu ra te d  so lu tio n s o f  silver a c e 
ta te  c o n ta in in g  a c etic  ac id  (see  b e lo w ) a ( O A c _ ) is c a lc u 
la te d . S u b s titu tin g  th e  v a lu es  o f  [ O A c ~ ]  a n d  [A g O A c ]  (th e  
la tte r  c a lc u la te d  as d esc rib ed  b e lo w ) in eq  5 y ie ld s  
[A g (O A c ) 2 - ] ,  an d  in turn  K f ( A g ( O A c ) 2 ~ ) is e s t im a te d . 
B o th  th e  sa lts  E t 4N O A c  a n d  E t 4N A g ( O A c ) 2 are regard ed  
as c o m p le te ly  d isso c ia te d . A g r e e m e n t b e tw ee n  th e  v a lu es  
o f  [A g (O A c ) 2 ~ ] c a lc u la te d  fro m  C (O A c )  a n d  C (A g )  in  
T a b le  I u sin g  eq  5 a n d  4 , re sp ec tiv e ly , a n d  a lso  a g re e m e n t  
b etw een  th e  a n a ly tic a l co n ce n tra tio n  [E t iN + J  a n d  th e  
su m  [ O A c ~ ]  +  [A g (O A c ) 2 - ] (eq  3) a tte s t  to  th e  re lia b ility  
o f  th e  e x p e r im e n ta l d a ta .

Solutions Saturated with AgX and Containing HX. 
Ionic Species. T h e  m e th o d  o f e s t im a tio n  o f  K sp( A g X )

(27) T. Shedlowsky and R. L. Kay, J. P h y s . C h e m .,  60, 151 (1956).
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Solubility Product and Anionic Complexation Constants 5

TABLE II: Concentrations and Activities of Species in Solutions Saturated with AgX and Containing HX

Solvent X C(HX) C(Ag) c m a(Ag+) pa(H)
Specific

conductance

AN Benzoate 0 7.24 X IO -3 7.17 X IO“ 3 6.5 X IO- 4 1.01 X 1 0 '4
Benzoate 1.24“ 0.269 0.256 3.1 X 1 0 '2 15.24
Acetate 0 6.82 X 1 0 - 4 6.80 X 10~4 (1.6 X IO” 4) (2.8 X IO“ 5)
Acetate 0.484 0.0310 0.030 1.44X 1 0 -2 15.82 2.40 X IO“ 3
Acetate 0.902 O.O7 O3 0.0675 2.8 X IO“ 2 15.34

MeOH Acetate 0 7.45 X IO“ 4 7.49 X I O '4 4.0 X 10~4 5.43 X 10 - 5
0.00820 5.86 X 1 0 "4 6.05 X IO“ 4 4.6 X IO“ 4 8.19 5.20 X IO "5
0.0156 5.83 X 10-4 6.10 X IO“ 4 4.6 X IO "4 7.87 4.93 X I O '5

DMSO Acetate 0 0.012 8.0 X 10~4 4.03 X 1 0 -s
Acetate 0,376 0.0144 3.6 X IO "3 8 .O3 9.73 X 10^5
Acetate 0.900 0.0163 7.0 X 10^3 7.45 1.35 X IO "4

“ Solution saturated with respect to HX, [HX] =  0.85 M .

and [ X - ] in  so lu tio n s  sa tu ra te d  w ith  A g X  an d  H X  from  
p a (H )  a n d  p a ( A g X )  m e a su r e m e n ts  is d escrib ed  in th e  In 
tro d u ctio n . In  A g X - H X  so lu tio n s in D M S O  th e  p o te n tia l  
o f  th e  glass e lectro d e  is n o t a ffec te d  b y  A g +  ev en  a t  h igh  
a (A g + )  an d  low  a (H  + ). T h e  p a ( H )  o f  a so lu tio n  5 .2 5  x  
1 0 ~ 3 M i n  2 ,6 -d i -fe r £ -b u ty l-4 -n itr o p h e n o l an d  4 .5 4  x  1 0 - 3  
M  in its  te tr a e th y la m m o n iu m  sa lt  w as 7 .4 4 b o th  in p res
en ce  o f  5 X 1 0 - 3  M s ilver n itra te  an d  in its  a b sen c e . T h e  
v a lu e  o f  a ( A g + ) fo u n d  fro m  th e  silv er  e lectro d e  w as 4 .4 x  
1 0 “ 3 in b o th  ca ses , in d ic a tin g  n e g lig ib le  c o m p le x a tio n  o f  
A g +  w ith  th e  b u lk y  p h en o la te  ion . W h e n  th e  H X - A g X  so 
lu tio n s w ere u n d ersa tu ra te d  w ith  resp ec t to  H X ,  b u t  s a tu 
ra ted  w ith  A g X ,  [ H X ]  w as c a lc u la te d  fro m  th e  re lation  
[ H X ]  =  C ( H X )  -  mC{X), m d en o tin g  th e  average  n u m 
ber o f  H X  b o u n d  to  X  _ in th e  h o m o c o n ju g a te  sp ec ies . In  
so lu tion s sa tu ra te d  w ith  A g X  a n d  c o n ta in in g  H X ,  th e  
su m  [ H X 2 - ]  +  [ ( H X ) 2X ~ ]  is fo u n d  fro m  a ( A g + )  and  
Ksp(A g X ) ,  u sin g  eq  8  an d  n e g le ctin g  [ A g X 2 - ]. W h e n  th e  
fo rm a tio n  c o n sta n t, Jfff ( H X 2 _ ), (eq  11) o f  th e 1 :1  h o m o 
co n ju g a te  is k n ow n  fro m  p o te n tio m e tr ic  p a (H )  d a ta  in  
m ix tu res  o f  th e  ac id  (n o t in large e x ce ss) an d  its  te tr a a l-  
k y la m m o n iu m  sa lt , X f ( ( H X ) 2X ~ )  (eq  12) w as e stim a te d  
from  [ H X ] ,  [ H X 2 _ ], a n d  th e  su m  [ H X 2 ~] +  [ ( H X ) 2X _ ] in  
th e  so lu tio n s sa tu ra te d  w ith  A g X  an d  co n ta in in g  H X .  T h e  
v a lu e  o f  [ H X 2 _ ] w as c a lc u la te d  fro m  [ X " ]  u sin g  eq 11. 
V a lu e s  o f  K f ( ( H X ) 2X - )  e q u a l to  1 .0  X 10* an d  5 .6  X 10* 
w ere fo u n d  for b e n zo ic  a n d  a c etic  a c id  d ih o m o c o n ju g a te s , 
re sp ec tiv e ly , in A N .

Molecular Species. W h e n  th e  io n ic  an d  m o le cu la r  
so lu b ilitie s  o f  A g X  are su ffic ien tly  great in a b sen c e  o f  H X  
or M X ,  e.g., s ilver b e n z o a te , [ X - ]0 a n d  th e  su m  [ A g X ] 0 +  
2 [A g A g X 2 ]° w ere c a lc u la te d  from  p a ° ( A g + ) m e a su r e m e n t  
in  sa tu ra te d  A g X  so lu tio n , k n ow in g  K sp( A g X )  a n d  u sin g  
eq 8  an d  9 , ta k in g  [ H X 2 ~ ] =  [ ( H X ) 2X _ ] =  [ A g H X 2 ] =  
[ A g ( H X ) 2X ]  =  0 . T h e  su p erscrip t zero d en o te s  th e  a b 
sen ce o f ac id  sp ec ies . In th e  p resen t s tu d y , no a tte m p t  
w as m a d e  to  ta k e  in to  a c c o u n t p o ssib le  d im e riz a tio n  o f  
u n d isso c ia ted  A g X .  S in c e  th e to ta l co n c e n tra tio n  o f  u n 
d isso c ia te d  silver a c e ta te  is sm a ll in A N , 2 .3  X 10 ~ 4 M, 
[ A g A g (O A c )2] c o u ld  b e  co n sid ered  n e g lig ib le . A p p lic a 
tion  o f  eq  7 y ie ld s  K d(A g O A c )  o f  th e  order o f  1 0 ~ 5. T h e  
to ta l so lu b ility  o f  th e  silver h a lid e s  is to o  s lig h t in th e  
three ap rotic  so lv en ts  to  p e r m it e v a lu a tio n  o f  A d( A g X )  
th is  w ay . In  so lu tio n s  sa tu ra te d  w ith  A g X  an d  H X ,  s u b s t i
tu tin g  [A g + ] , [ A g X 2 ~ ], th e  su m  [ A g X ]  +  2 [ A g A g X 2 ] and  
C (A g ) in  eq  9 a n d  [ H X ] ,  [ H X 2 ], [ ( H X ) 2X _ ], a n d  C ( H X )  
in  eq 10 an d  so lv in g  eq  9  a n d  10 s im u lta n e o u s ly , [ A g H X 2 ] 
and [ A g ( H X ) 2X ]  are fo u n d  fro m  w h ich  X d( A g H X 2) an d

/ f d( A g ( H X ) 2X )  ca n  be e v a lu a te d  fro m  eq 13 a n d  14, re 
sp ec tiv e ly .

E x p e r im e n ta l v a lu es  o f  ( C ( X )  — C ( A g ) ) ,  p a ( A g + ) ,  an d  
p a ( M + )  in so lu tio n s sa tu ra te d  w ith  A g X  an d  M X  are e n 
tered  in T a b le  I . T h e  a g re e m en t b e tw ee n  a (M  + ) fo u n d  from  
a rg en tim etric  titra tio n  a n d  ca tio n  sp ec ific  e lectro de  m e a 
su rem e n ts  is good . In  T a b le  II e x p e r im e n ta l v a lu es  o f  C - 
( H X ) ,  C (A g ) , C ( X ) ,  p a < A g + ) , an d  p a ( H )  in so lu tio n s s a t 
u rated  w ith  A g X  a n d  co n ta in in g  H X  are lis te d . V a lu e s  o f  
C (A g ) an d  C ( X )  are in a g re e m en t. T h e  c a lc u la tio n  o f the  
c o n cen tra tio n s o f  th e  va rio u s c o m p le x e s  in th e  la tte r  so lu 
tio n s is ra th er in v olved  a n d  th e  resu lts  are s u m m a riz e d  
in T a b le  a .28 V a lu e s  c f  p A sp( A g X ) ,  lo g  iCf ( A g X 2 _ ), p Kd- 
( A g H X 2), a n d  p X d( A g ( H X ) 2X )  are p resen ted  in T a b le  III.

D is c u s s io n

In gen eral, v a lu es  o f  K{(A g X 2 ~) a n d  p K sp( A g X )  lou n d  
for th e  silver sa lts  b y  th e  tw o m e th o d s  d esc rib e d  in th is  
p ap er are in good  a g re e m en t w ith  th e  v a lu e s  rep orted  in 
th e  literatu re (T a b le  III) w ith  th e  e x c e p tio n  o f  silver a c e 
ta te  in A N  a n d  D M S O . F ro m  th e  e x p e r im e n ta l v a lu es  o f  
log K T( A g X 2 _ ) in T a b le s  III and  IV  an d  p w 7 A( A g + )  an d  
p w 7 s ( X 0  rep orted  p re v io u sly 2 v a lu es  o f  p w 7 s ( A g X 2 ~ )  
are c a lc u la te d  and  p resen ted  in T a b le  I V . F ro m  th e  v a lu es
Of pAN7 DMF,DMSO(AgJ-) an(J pANyjMF.DMSOfQAc")  (the
la tte r  from  so d iu m  a c eta te ) a n d  p X sp(A g O A c )  =  8 .7  in  
A N  (th is  w ork) p X sp(A g O A c )  is c a lc u la te d  to  b e  11 .1  in 
D M F  an d  7 .1  in  D M S O  as c o m p a re d  w ith  th e  e x p e r im e n 
ta l v a lu es  o f  1 0 .5 4 an d  7 .4  (th is  w ork ). T h e  va lu e  o f  
p / f sp(A g B z )  in A N  c a lc u la te d  fro m  p K s f i A g B z )  in m e th a 
n o l, 6 .3 ,17 p M7 AN( H + )  =  6 .2 ,2 p M7 AN(H B z )  =  + 0 . 6  (u n 
p u b lish e d  d a ta ) , an d  p X d(H B z )  =  9 .3  in  m e th a n o l29 and
2 0 .7  in A N 30 agrees e x a c tly  w ith  th e  e x p e r im e n ta l va lu e  o f  
7 .0  (T a b le  III). In  a g reem en t w ith  P a rk e r4 a n d  B e n o it31 
w e ob serve th a t th e  m e d iu m  e ffec t p w 7 s ( A g ( H a l ) 2 ~) (in  
w h ich  H a l =  h a lo g e n , S  =  ap rotic  so lv e n t) gen era lly  is 
s m a ll , b u t p w 7 s ( H a l~ )  is large an d  d ec rea ses  in th e order  
C l -  >  B r ~  >  I - . W e  fin d  th a t  pAN7 D M F ,D M so(jfa l- ) is

(28) A tabulation of calculated concentrations of species In solutions 
saturated with AgX and containing HX 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, American 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, refer
ring to code number P C -73-1.

(29) J. Juillard, B u ll.  S o c .  C h im .,  1727 (1966).
(30) I. M. Kolthoff and M. K. Chantooni, Jr., J . A m e r .  C h e m . S o c . .  92, 

7025 (1970).
(31) R. L. Benoit, In o rg .  N u c l.  C h e m . L e t t . ,  4,723 (1968).
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TABLE III: Solubility Products and Complexation and Dissociation Constants of Silver Salts at 25° (/u. -  0)

Solvent X” pKsP(AgX) LogK‘ (AgX2 ) pK“ (AgHX2) pKd(Ag(HX)2X)

AN Cl“ 13.2,“  13.1,“ 13.05,“ 13.0e 13.7,“ 13.3,“ 13.7“
Br” 13.2,“ 13.9,6 13.7,“ 13.6e 14.0,“ 14.1,“ 13.8“
Benzoate 7.0e 7.5e 2.5e 2.2e
Acetate 8.7,e 7.9“ 8.6e 9 1.4e

DMF Cl” 14.8,“ 14.7,“ + 14.9« 16.6,“ 16.7“ +
MeOH Acetate 6.8,e 6.6“ g g g
DMSO Cl” 10.6,“  10.4,e 10.9,“ 12.0,“ 12.1,e’“ 12.5,“

10.9,‘ 10.87 12.2+ 12.27
Acetate 7.4,c 4.9,“ 7.6‘ 8.6,e 6.3,“ 8.9* h h

“ Reference 1, corrected to u = 0. “ Reference 3, potentiometric values, corrected to n = 0. c This work. d This work, [M + ] in saturated solution from'
argentimetric titration. e This work, a(Mt) in saturated solution from cation specific electrode measurement. 7 Average value from sodium and potassium
chlorides. e No detectable HX2 or AgX2 . h Salt completely dissociated under experimental conditions. 1 Reference 9. 3 Reference 8. k a(AgCI2~) as-
sumed equal to a(Na +) in AgCI-NaCI mixture.

TABLE IV: Medium Activity Coefficient of AgX2

Salt Solvent PKsp(AgX) Log Kr(AgX2” ) pw7S(Ag + )i> pw7s(X” )“ pw7 «(AgX2” )

AgCI W 9.7“ 5.4“
M 13.2“ 8.4e +  1.3 +  2.2 +  2.7
AN 13.2“ 13.7“ -3 .8 +  7.4 +  2.7
DMF 14.8“ 16.6“ -3 .0 +8.1 +  2.0
DMSO 10.4“ 12.1“ -5 .9 +  6.8 +  1.0

AgBr W 12.27 7.6“
M 15.57 11.1e +  1.3 +  2.0 +  1.8
AN 13.7* 13.8“ -3 .8 +  5.6 +  1.2
DMF 15.3“ 16.9“ -3 .0 +  6.1 -0 .1
DMSO 10.6“ 11.7“ -5 .9 +  4.5 -1 .0

Agi W 16.07 11.2“
M 18.47 15.3e +  1.3 +  1.2 -0 .4
AN 14.5“ 14.0“ -3 .8 +3.3 0.0
DMF 16.1“ 18.1“ -3 .0 +3.3 -3 .3
DMSO 11.6“ 12.8“ -5 .9 +  1.6 -4 .3

AgOAc W 2.1e -0 .7 e
AN 8.7“ 8.6“ -3 .8 9.8 +  7.5
DMF 10.5“ 11.2“ -3 .0 11.4 +  7.9
DMSO 7.4“ 8.6“ -5 .9 10.3 +  5.4

AgBz W 3.7« 0.9“
AN 7.0“ 7.5“ -3 .8 +  7.1 +  3.8

“ Reference 4. 6 This work; ref 2. c Reference 5. “ I. Leden, A c ta  C h e m . S c a n d . ,  3, 1318  (1949). e F. McDougall and L. Topol, J . P h y s .  C h e m .,  56, 1090 
(1952). t  p. Buckley and H. Hartley, P h il.  M a g . ,  8 , 320 (1929). « Reference 17. “ L. G. Sillen and A. Martell, "Stability Constants of Metal-Ion Com
plexes,” The Chemical Society, London, 1964.

almost independent of the halide and equal t o +0.6 t o +1.6 Ag(Hal)2” appears to be extremely small in water and
as compared to pDMF7 DMso(Ag+) = -2 .9 . More drastic methanol, and negligible in the aprotic solvents. If we
even is the difference of 12.0  between pW .̂DMso(Ag+) = refer the medium effect instead of to water, to methanol,
-5 .9  and Parker’s3 value of pw7 NM(Ag+) = 6.1 (NM = ni- 
tromethane). The halide ions, in the order Cl-  > Br 
> I , as well as acetate and benzoate are strongly solvated 

by hydrogen bonding in water and methanol, but very 
weakly in the aprotic solvents.2 In fact, Prue and Sherring
ton26 concluded that the halides are unsolvated in DMF and 
DMSO from comparison of crystallographic and Stokes’ 
radii, the latter obtained from ionic mobilities. Of course, 
this comparison is insensitive to slight changes in solva
tion which may be expected by contribution of the non
electric part on the solvation (v id e  infra). The mobilities of 
AgX2 ” and X  in aprotic solvents are similar, probably 
because X -  is slightly solvated, while AgX2” is essential
ly not solvated. For example, in AN X0 of AgCl2” = 96, of 
Cl”, 91; in DMF the values are 61 and 55, respectively. 
Data for other ions are in the Results section. As dis
cussed by Parker, 2 the hydrogen bonding of solvent to

which is close to being isodielectric with AN, DMF, and 
DMSO, we find, for example, pM7 AN(AgCl2~) = 0.0, 
pM7 DMF(AgCl2~) = -0 .7 , and pM7 DMSO(AgCl2~) = -1 .7 , 
the differences being mainly determined by nonelectric 
effects. The nonelectric effect is particularly large for 
pw7 s(0 Ac~) and pw7 s(Bz~). From values of dissociation 
constants, pw7 AN(H0 Ac) and pw7 AN(0 Ac_), we have 
calculated pw7 AN(HOAc) = +0.4 and from solubilities 
Pw7 an(HBz) = —1 .5  ̂ a difference of —1.9 as compared to 
pWy\N(gz-)  _  pW-j,AN(OAc_ ) = —2.7. It is interesting 
that pw7 AN(Ag(Bz)2-)  -  pw7 AN(Ag(OAc)2~) = -3 .7 , as 
compared to 2(-1 .9) = -3 .8 . The hydrogen bondii g ef
fects on benzoic and acetic acids are presumed to be 
equal, as well as the electric effect on their anions. The 
conclusion of the large contribution of the nonelectric part 
of the medium effect on the anions is independent of the 
extrathermodynamic assumption used in the calculation
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o f  p 7 i .

In  c o n tra st to  th e  h igh  m o b ilitie s  o f  A g X 2 “  a n d  X  -  in  
A N , th o se  o f  a c e ta te  an d  b e n z o a te  h o m o c o n ju g a te s  are  
m u c h  sm a lle r , X0 o f  H 2( O A c ) 3 ~ =  74  a n d  X0 o f  H ( B z ) 2 ~ =  
45  25 as c o m p a re d  to  X0 ( O A c ~ )  =  107  and  X0( B z ~ )  =  6 2 .25 
T h is  in d ic a te s  m u c h  stron g er so lv a tio n  o f H X 2 in A N  
th a n  o f  X -  or o f  A g X 2 ~ . T h e re  is an  in d ica tio n  fro m  th e  
d a ta  in T a b le  a th a t  v a lu es  o f  K d( A g ( H X ) 2X )  an d  
K d( A g H X 2) ( X -  =  a c e ta te , b e n z o a te )  are a t  lea st 100  
tim e s  larger th a n  th e  co rresp o n d in g  v a lu es  o f  K d( A g X )  in
A N . U n fo r tu n a te ly , v a lu e s  o f  A d( A g X )  c o u ld  n o t be  d eter 

m in e d  a c c u ra te ly  as th e  d im e riz a tio n  c o n sta n ts  o f  A g B z  
a n d  A g O A c  are u n k n o w n . F or th is  rea son  K d( A g A g X 2) 

co u ld  n o t be  e v a lu a te d . H o w e v e r , on  g rou n d s th a t the  
charge in th e  H X 2 ~ ion is m o re  d e lo c a liz e d  th a n  in X "  it 
is rea so n a b le  to  e x p e c t th a t  th e  silver h o m o c o n ju g a te  sa lts  
are m o re  d isso c ia te d  th a n  th e  s im p le  s ilv er  sa lts .

Acknowledgment. W e  th a n k  th e  N a tio n a l S cien ce  
F o u n d a tio n  for G r a n t N o . G P -2 0 6 0 5  in su p p o rt o f  th is  
w ork.

S o l v e n t  S t r u c t u r e  D e p e n d e n c e  o f  t h e  

O p t i c a l  E x c i t a t i o n  E n e r g y  o f  S o l v a t e d  E l e c t r o n s 1

G. R. Freeman

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  A lb e r ta .  E d m o n to n ,  A lb e r ta ,  C a n a d a ,  T 6 G  2 G 2  ( R e c e iv e d  M a y  19, 1 9 7 2 )  

P u b lic a t io n  c o s ts  a s s is te d  b y  th e  U n iv e r s i t y  o f  A lb e r ta

In te rp re ta tio n  o f  o p tic a l e x c ita tio n  en ergies o f  so lv a te d  e lectro n s in liq u id s  an d  so lid s  requ ires c o n sid er
a tio n  o f  th e  s o lv e n t stru ctu re  an d  th e  p o la r iz a b ilit ie s  o f  th e  so lv a tin g  g rou p s. T h e  im p o rta n c e  o f  so lv en t  
stru ctu re  is illu str a te d  th rou g h  th e  u se  o f  th e  K irk w o o d  co rrelation  fa c to r  gn, w h ich  in d ic a te s  th e  e x te n t  
to  w h ich  m o le c u le s  a lig n  th e m se lv e s  w ith  th eir n e igh b ors to  create  sh o rt-ra n g e  ord er. V a lu e s  o f  £ max, the  
en ergy a t th e  a b so rp tio n  m a x im u m , for e _ Soiv in w ater, a lco h o ls , eth ers, a m m o n ia , a n d  a m in e s  m ea su red  
over w ide ra n ges o f  te m p e ra tu re  a n d  p ressu re correlate  a p p ro x im a te ly  w ith  edgK3ap w here t a n d  d are 
th e  d ie lectric  c o n sta n t a n d  d en sity  o f  th e  liq u id , re sp ec tiv e ly , a n d  a p is th e  p o la r iz a b ility  o f  th e  p olar  
grou p  in th e  m o le c u le . A  m o re  d eta ile d  tr e a tm e n t w o u ld  co n sid er th e  a n iso tro p y  o f a p.

A t te m p ts  h a v e  b een  m a d e  for severa l d ec a d es  to  in ter
p ret th e  o p tic a l a b so rp tio n  sp ec tra  o f  so lv a te d  e lectro n s in  
te rm s o f  p ro p erties o f  th e  s o lv e n t .2 A lth o u g h  m o st o f  th e  
early  w ork in v o lv e d  e le ctro n s in liq u id  a m m o n ia , d u rin g  
th e p a st  d ec a d e  e x p e r im e n ta l a n d  th e o re tica l in v e stig a 
tion  h a s  b een  e x te n d ed  to  e lectro n s in  w ater a n d  m a n y  
other s o lv e n ts .2 19 In  m u c h  o f  th e  th e o re tic a l w ork  th e  so l
v e n t h as b e e n  c o n sid ered  to  b e  a d ie lectric  c o n tin u u m , 
w ith  th e  e lectro n  o c c u p y in g  a ca v ity  in it. T h e  p roperties  
o f  th e  so lv en t th a t  h av e  b een  u sed  in th e  in terp reta tio n  o f  
so lv a te d  e lectro n  sp e c tra  h av e  th erefore  b een  th o se  o f  th e  
b u lk  so lv en t, m a in ly  th e  d ie lectric  c o n sta n t, b u t  a lso  th e  
su rfa ce  te n sio n  a n d  th e  p ressu re d iffe re n tia l o f  th e  d ie le c 
tric c o n sta n t (for é le c tro str ic tio n ). “ M o le c u la r  m o d e ls ”  o f  
e lectro n  s o lv a tio n 5 ’ 7 -11 -13 h a v e  rece iv ed  less a tte n tio n  an d  
are n o t c o m p le te ly  sa tis fa c to ry .

M o s t  o f  th e  m o d e ls  h a v e  b een  a b le  to  ra tio n a liz e  a p o r 
tion  o f  th e p ro p erties o f  e lectro n s in a g iven  so lv e n t , b u t  
n on e h a s  e x p la in e d  all o f  th e  k n ow n  o p tic a l p ro p erties . 
N e ith e r  h as a n y  m o d e l q u a n tita tiv e ly  co rrelated  th e  sh ift  
o f a g iven  p ro p e rty  fro m  so lv en t to  s o lv e n t . F or e x a m p le , 
by co m p a riso n  w ith  th e  en ergy o f th e  a b so rp tio n  m a x i
m u m  Emax o f  e lectro n s in  w ater , Emax in  a m m o n ia  se em s  
too  low  an d  th a t  in a lco h o ls  se em s to o  h ig h .6 1 6

T o  fa c ilita te  d e v e lo p m e n t o f  th e  th eo ry , n ew  e m p iric a l

correlation s sh o u ld  be so u g h t to  in d ic a te  w h a t n ew  factors
are n e ed e d  in th e  m o d e l c a lc u la tio n s .

Emax h a s  b een  m e a su red  in m a n y  p o la r  liq u id s  a t 296  ±
3 K  (see  s u m m a r y  in re f 1 6 ) , a n d  in severa l liq u id s  u n d er

(1 ) Supported by the Defence Research Board of Canada.
(2) J. Jortner, S. A. Rice, and E. G. Wilson, "Metal-Ammonia Solu

tions,” G. Lepoutre and M. J. Sienko, Ed.. W. A. Benjamin, New 
York, N. Y., 1964, p £22. Most of the earlier work is mentioned in 
this article.

(3) M. J. Blandamer, R. Catterall, L. Shields, and M. C. R. Symons, J. 
C h e m . S o c . ,  4357 (1964).

(4) M. J. Blandamer, L. Shields, and M. C. R. Symons, J . C h e m .  Soc., 
3759 (1965).

(5) M. Natori and T. Watanabe, J. P h y s . S o c .  J a p . .  4, 1573 (1966).
(6 ) G. R. Freeman, Gordon Research Conference on Radiation Chemis

try, New Hampton, N. H., Aug 1966.
(7) R. H. Land and D. E. O'Reilly, J . C h e m . P h y s .,  46,4496 (1967).
(8 ) N. F. Mott, A d v a n .  P h y s .,  16, 49 (1967).
(9) M. H. Cohen and J. C. Thompson, A d v a n .  P h y s .,  17, 857 (1968).

(10) K. Fueki, J . C h e m . P h y s .,  49, 765 (1968).
(11) K. Iguchi, J . C h e m . P h y s .,  48, 1735 (1968); ib id . ,  5 1 ,3 13 7  (1969).
(12) R. Catterall and N. F. Mott, A d v a n .  P h y s .,  18, 665 (1969).
(13) D. A. Copeland, N. R. Kestner, and J. Jortner, J . C h e m . P h y s .,  53, 

1189 (1970).
(14) K. Fueki, D.-F. Feng, and L. Kevan, J. P h y s .  C h e m .,  74, 1976 

(1970).
(15) M. Weissmann and N. V. Cohan, C h e m . P h y s . L e t t . ,  7, 445 (1970).
(16) L. M. Dorfman, F. v . Jou, and R. Wageman, B e r .  B u n s e n g e s .  

P h y s . C h e m .,  75, 681 (1971).
(17) J. Jortner, B e r .  B u n s e n g e s .  P h y s . C h e m .,  75, 696 (1971 ).
(18) S. Ray, C h e m . P h y s . L e t t . ,  1 1 ,5 7 3  (1971).
(19) R. Catterall, N a tu r e  ( L o n d o n ) ,  P h y s . S c i . ,  229,10  (1971).
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TABLE I: Solvated Electron Excitation Energies and Solvent Properties

Solvent T, K P, kbar" fmax. eVö € d, g/cm3 g tt' a, Â3 d ap, Ä3 e 1 0 -23 g

H20 673 0 0.91 ~ 5 1.46 1.46
573 0 1.05 19.6 (0.74) (1 .8 ) 1 2

473 0 1.24 34.6 (0.87) (2.3) 54
369 0 1.51 56.3 0.961 2.4 1 1 2

345 0 1.57 63.1 0.977 2.5 146
325 0 1.65 69.3 0.987 2 . 6 182
302 0 1.71 77.5 0.996 2.7 217
298 1 . 0 1.79 81.2 1.046 2.7 233
302 2 . 1 1.84 85.7 1.077 2 . 6 239
298 3.8 1.93 91.0 1.127 2 . 6 266
302 6.3 2 . 0 96.9 1.177 2 . 6 289

CH3OH 358 0 1.77 23.3 0.729 2.7 3.22 3.22 1 1 1

320 0 1.90 29.0 0.767 2 . 8 165
294 0 1.95 33.5 0.792 2.9 219
298 2 . 8 2.06 40.1 0.916 2.7 237
298 4.1 2.14 41.6 0.948 2.7 238
195 0 2 . 2 0 63.8 0.878 3.2 604
183 0 2.23 69.0 0 . 8 8 8 3.2 672

C2H5 OH 343 0 1 . 6 6 18.4 0.737 2 . 8 4.92 3.0 92
296 0 1.80 24.5 0.780 3.0 160
298 2 . 1 1.95 28.0 0.894 2.9 176
298 5.2 2.07 31.5 0.962 2 . 8 195
195 0 2 . 1 2 48.1 0.870 3.3 428
173 0 2 . 2 2 56.2 0.892 3.4 571
155 0 2.27 64.5 0.908 3.4 673

nh 3 288 0 0.73 16.3 0.62 1.3 2.16 2.16 5
240 0 0.80 2 1 . 6 0 . 6 8 1 . 2 5
203 0 0 . 8 6 25.3 0.73 1 . 1 5

(CH2OH) 2 298 0 2.17 37.7 1.109 2.4 5.7 5.7 325
o-C3 H7OH 298 0 1.67 19.5 0.804 3.1 6.7 3.0 136
(CH3)2CHOH 298 0 1.51 18.3 0.786 3.1 6.7 2 . 8 1 2 1

THF(C4H80) 298 0 0.59 8 . 2 0.889 1.3 7.9 3.8 6

(C2 H5)20 298 0 0.59 4.3 0.714 1.7 8.7 3.8 6

(CH2 NH2 ) 2 298 0 0.92 14.2 0.899 1.3 7.3 7.3 19
(C2 H5)2NH 298 0 0.65 3.6 0.706 1 . 8 9.5 4.6 7

a 0  denotes 1 bar or the vapor pressure, whichever is greater. 6 Data taken from ref 16 and 20-28. c Kirkwood correlation parameter; a value >  1.0 is 
due to the hindered rotation of a molecule relative to its neighbors. d  Molecular polarizability. e Polarizability of the polar group, such as HOCH2-( R ) .

w ide v a ria tio n s  o f  te m p e ra tu re 20“25 a n d  p re ssu re .24 ’26-28 A  
s im p le  p lo t o f  jEmax a g a in st th e  d ie lectric  c o n sta n t t o f  th e  
liq u id  h as a p o sitiv e  slop e  w h en  e is va ried  in a given  
c o m p o u n d  b y  ch a n g in g  th e  te m p e ra tu re  or p ressu re , b u t  
th e  cu rves for d iffe re n t ty p e s  o f  c o m p o u n d s  are s tra tified  
(F igu re  1 A ) . T h e  d ifferen ce  b etw een  ¿m a x  for th e  a lco h ols  
a n d  th a t  for w ater s e e m e d  to  b e  ro u gh ly  e x p la in a b le  in 
te rm s o f  th e  d ifferen ces in m o le c u la r  p o la r iz a b ilit ie s  a, 
Emax in creasin g  w ith  in creasin g  a, b u t  th is  a rg u m en t  
w o u ld  h av e  to  b e  reversed  to  e x p la in  th e  d ifferen ce  b e 
tw een  a m m o n ia  a n d  w a te r ; for a g iven  v a lu e  o f  t, £ max 
varies in th e  order C H 3O H  >  H 20  >  N H 3, w h erea s th e  a 
v a lu es  are in th e  order C H 3O H  >  N H 3 >  H 20  ( T a b le  I ) .

In  a lco h ols  a n d  in w ater Emax in creases w ith  d ec rea sin g  
te m p e ra tu re 20 ’ 21-23-25 a n d  in crea sin g  p re ssu re ,27-28 b u t  
th e  ch a n g es in Umax d o  n o t co rrelate  s im p ly  w ith  the  

ch a n g es in t u n d er th e  tw o se ts  o f  c o n d itio n s .25-29 It has  
re c e n tly  b een  sh ow n  th a t  Emax in  a g iven  liq u id  correlates  
e m p ir ic a lly  w ith  th e  p ro d u c t td, w here d is th e  d en sity , 
w h eth er td is c h a n g e d  b y  te m p e ra tu re  or b y  p re ssu re .25 29 
T h e  d en sity  p r e su m a b ly  rep resen ts th e  r~n fa cto rs  in the  
en ergy  e q u a tio n s , w here r is th e  e le c tr o n -d ip o le  s e p a ra 
tio n ; d «  r~3. H o w e v e r, td d oes n o t b rin g  th e  a lco h ol an d  
w ater cu rves to g e th e r .

O n e  feels in tu itiv e ly  th a t  th e  liq u id  stru ctu re  p la y s  an  
im p o r ta n t role in d e te r m in in g  E max.

K ir k w o o d ’s in terp reta tio n  o f  th e  d ie le ctric  p o la r iza tio n  
o f  p o lar liq u id s  is b a se d  u p on  a m o le c u la r  m o d e l .30’31 M o 
lecu lar  ro ta tio n  in so m e  liq u id s  is severely  h in d ered  b y  d i 
p o le -d ip o le  in tera c tio n s , w ith  th e  re su lt th a t  o r ie n ta tio n a l  
co rrelation  ex ists  b etw een  n e ig h b o rin g  m o le c u le s . I f  
n eigh b orin g  d ip o les  te n d  to  lin e  u p  in a p a ra lle l fa sh io n  
th e  c o n trib u tio n  o f  th e  in d iv id u a l m o le cu la r  d ip o les  to  th e

(20) S. Arai and M. C. Sauer, Jr., J. C h e m . P h y s .,  44, 2297 (1966).
(21) W. C. Gottschall and E. J. Hart, J . P h y s . C h e m .,  7 1 ,2 10 2  (1967).
(22) R. K. Quinn and J. J. Lagowski, J . P h y s . C h e m .,  73, 2326 (1969).
(23) B. D. Michael, E. J. Hart, and K. H. Schmidt, J . P h y s .  C h e m . ,  75, 

2798 (1971).
(24) R. Vogelsgesang and U. Schindewolf, B e r .  B u n s e n g e s .  P h y s .  

C h e m .,  75, 651 (1971).
(25) K. N. Jha, G. L. Bolton, and G. R. Freeman, J . P h y s . C h e m  76, 

3876(1972).
(26) U. Schindewolf, H. Kohrmann, and G. Lang, A n g e w .  C h e m .,  In t .  

E d . E n g l. ,  8 ,5 12  (1969).
(27) M. G. Robinson, K. N. Jha, and G. R. Freeman, J . C h e m . P h y s .,  

55, 4933 (1971).
(28) R. R. Hentz, Farhataziz, and E. M. Hansen, J. C h e m . P h y s . ,  55, 

4974 (1971).
(29) M. G. Robinson, K. N. Jha, G. L. Bolton, and G. R. Freeman, paper 

presented to the Chemical Institute of Canada Pulse Radiolysis 
Symposium, Pinawa, Manitoba, Oct 1971.

(30) J. G. Kirkwood, J .  C h e m . P h y s .,  7, 9 11 (1939).
(31) G. Oster and G. J. Kirkwood, J . C h e m . P h y s ..  1 1 ,  175 (1943).
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TABLE II: Correlation between E max in Glasses at 77 K and

_ -o -

Kirkwood g K Values for the Liquid at 298 K

Solvent
fmaxt

eVa 9k , 258 ^298
^298r

g/cm3 “ p -
A3

(cdgK3an)298. 
10~2:S g

CH3OH 2 . 5 2.9 32.8 0.790 3.2 212
c 2h5oh 2 . 4 3.0 24.6 0.789 3.0 160
r7-C4 H9OH 2 . 5 3.2 17.1 (?) 0.810 3.0 137(?)

A - /-C4 H9OH 2 . 4 3.4 17.7 0.801 3.0 161
/'-C3 H7OH 2 . 3 3.1 18.3 0.786 2.8 121
?-C4 H9OH < 1 . 8 2.4 15.8 0.789 2.7 45

o ---------- 1---------- 1---------- 1- -j_____ i_____ :_____ i_____ L-
x 0 o 
E

20 40 60 80 100

Figure 1. Plots of the energy at the optical absorption peak 
Emax of solvated electrons against properties of the solvent: (A) 
e is the static dielectric constant; (B) d  is the density, g n  is the 
Kirkwood correlation factor, and crp the polarizability of the 
polar group of the molecule: O, water; A, methanol; □, etha
nol; 0, ammonia; •, other compounds listed in Table I. The 
open points refer to wide ranges of temperature and pressure: 
•  ~296 K and 1 bar. Values of Emax were taken from ref 16 
and 20-28.

d ielectric  c o n sta n t is in crea sed . T h is  b e h a v io r  is g a u ged  
b y  th e  co rrelation  p a r a m e te r  g K in

[(r -  l ) ( 2 e  +  l ) / 9 e] ( M /d )  =  (4rN/3)[a +  (gKg2/3kT)] (1 )

w here M  is th e  m o le c u la r  w eig h t, d th e  d e n s ity , N  A v o g a -  
d ro ’s n u m b e r , a th e  o p tic a l p o la r iz a b ility , g th e  m o le c u la r  
d ip ole  m o m e n t , k B o lt z m a n n ’s c o n sta n t, a n d  T th e  a b s o 
lu te  te m p e ra tu re . T h e  co rrelation  p a r a m e te r  gk  a c co u n ts  
for th e  in d u c tio n  o f  an  e lectric  m o m e n t in th e  e n v iro n 
m e n t o f  a d ip o le  b y  h in d erin g  th e  ro ta tio n  o f  its  n eigh b ors  
re lative  to  i t s e lf .31 F u rth erm o re , th e  d ip o le  m o m e n t  g o f  a  
m o le cu le  in th e  liq u id  p h a se  is greater th a n  its  m o m e n t go 
in th e  v a p or. L iq u id -p h a s e  v a lu es  o f  g ca n  b e  e s tim a te d  in  
th e  m a n n er  d esc rib e d  b y  K ir k w o o d .31 V a lu e s  o f  gK can  
therefore  be c a lc u la te d  fro m  eq  1 ( T a b le  I ) .

I t  h as b een  su g g e ste d  th a t  as a b a s is  for c la ss ific a tio n  o f  
liq u id s  a c co rd in g  to  th e ir  th e r m o d y n a m ic  b eh a v io r , th e  
co rrelation  p a r a m e te r  gK is m o re  s ig n ific a n t th a n  th e  m o 
lec u la r  d ip o le  m o m e n t .31 L iq u id s  p o sse ssin g  v a lu e s  o f  gK  
d ifferin g  a p p re c ia b ly  fro m  u n ity  are a sso c ia te d  liq u id s ; 
th ose w ith  gK n ear u n ity  are n o rm a l liq u id s .

°  77 K. References 32 and 33.

A  va lu e  o f  gK  greater th a n  u n ity  in d ic a te s  a greater  
loca l p o la rity  in m ic ro sc o p ic  regions o f  th e  liq u id  th a n  one  
w ou ld  ex p ec t fro m  th e  m o le c u la r  d ip o le  m o m e n t . T h e  e n 
h a n ced  p o la r ity  sh o u ld  in crease  U max. It is n o t y e t  know n  
h ow  gK  sh o u ld  be in c lu d e d  in to  th e  co rrelation  o f Emax 
w ith  so lv en t p ro p erties , so  a s im p le  e m p iric a l fa cto r  gK *  
w as ch o sen , w here x is so m e  sm a ll n u m b e r . I t  ap p ears  
th a t th e  p o la r iz a b ility  o f  th e  p o la r  grou p s a p in th e  m o le 
cu le  sh o u ld  a lso  be in c lu d e d  in th e  Umax co rrelation . T h e  
g K *  factor a lo n e  d oes n o t b rin g  th e  a lco h ol a n d  w ater  
cu rves m u c h  closer to geth er b e ca u se  th e  g k  v a lu es  are 
s im ila r  for th ese  liq u id s  (T a b le  I ) .  T h e  fa c t  th a t th e  o p t i
ca l p o la r iz a b ility  a ffec ts  U max m a y  be re la ted  to  th e  fa ct  
th a t  th e  p o la r iz a b ilit ie s  o f  th e  p olar grou ps are a n iso tro p 
ic, a n d  th e  o p tic a l tra n sitio n s  are “ v e r t ic a l.”  A n iso tro p ie s  
are n o t in c lu d e d  in th e  p re sen t w ork, for th e  sa k e  o f  s im 
p lic ity .

A n  a t te m p t w as th erefore  m a d e  to  correlate  Umax w ith  
tdg K*ffp- T h e  b e st  v a lu e  o f  x w as fo u n d  to  be  3 , a n d  th e  
resu ltin g  p lo t is sh ow n  in F igu re I B . N o  fu n d a m e n ta l s ig 
n ifica n ce  is g iven  to  th e  v a lu e  x =  3 , b u t  it  e m p h a siz e s  
th e  im p o rta n c e  o f so lv e n t stru ctu re  in  d e te r m in in g  Emax. 
T h e o ries  th a t  n e g le c t so lv e n t stru ctu re  w ill th erefore  n ot 
give sa tis fa c to ry  in terp reta tio n s o f  th e  o p tic a l e x cita tio n  
en ergies o f  so lv a te d  e lectro n s.

T h e  to ta l m o le c u la r  p o la r iz a b ilit ie s  a are n o t su ita b le  
for u se  in p la c e  o f  a p for th e  larger m o le c u le s  b e c a u se  th ey  
w ou ld  d estro y  th e  co rrelation  a m o n g  th e  a lco h ols  an d  
a m o n g  th e  a m in e s . T h is  sig n ifies th a t  th e  electro n  is 
m a in ly  a sso c ia te d  w ith  th e  p o la r  e n d s o f  th e  m o lecu les  
an d  th a t  th e  m o st im p o r ta n t in tera c tio n s h av e  re lative ly  
sh ort ran ges.

A lth o u g h  gK v a lu es  c a n n o t be re a d ily  c a lc u la te d  for so l
id s, there is a s im ila r  co rrelation  b e tw ee n  liq u id -p h a se  gK  
v a lu es  an d  Umax in a lco h o l g la sse s32-33 ( T a b le  I I ) . In  p a r 
tic u la r , th e  low  v a lu e  o f  Umax in te r f -b u ty l a lco h o l relative  
to  th o se  in th e  oth er b u ta n o ls  is re flected  in th e  g k  v a lu es  
( T a b le  II) . T h e  v a lu e s  o f  U max in liq u id  b u ta n o ls  h av e  n ot 
b een  rep orted , b u t  on e  e x p e c ts  a s im ila r  tren d  o f  U  max in  
th e  liq u id  p h a se . T h is  is c o n siste n t w ith  th e  b e lie f  th a t  
e lectro n  lo c a liz a tio n  sites are s im ila r  in th e  tw o  p h a ses .

O n e  m ig h t sp e c u la te  fro m  F igu re I B  th a t  an  u p per  
lim it  for Umax in  liq u id s  is ~ 2 . 5  e V .

(32) M. J. Blandamer, L. Shields, and M. C. R. Symons, J .  C h e m . S o c ..  
112 7  (1965).

(33) J. E. Bennett, B. Mile, and A. Thomas, J . C h e m . S o c .  A . 1393 
(1967).
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The flash photolysis of air-free aqueous solutions of p-cresol, p-hydroxyphenylpropionic acid, tyramine, 
and tyrosine was studied on illumination of their long-wavelength absorption bands. The photodissocia
tion into phenoxyl radicals, solvated electrons, and hydrogen atoms was examined. Experiments in the 
presence of 2,4-hexadiene, a typical triplet quencher, showed that the photoelectron ejection of these 
phenolic compounds in aqueous solution at 25° takes place from a long-lived excited state, probably the 
tr ip let excited states of these molecules. The transient absorption spectra, extinction coefficients, and 
decay kinetics of the phenoxyl radicals were determined. The reactivity of all four substances toward hy
drated electrons was studied by pulse radiolysis. The reaction rate constants were found to be dependent 
on the state of protonation of the hydroxyl and the amino groups. The transient absorption spectra due 
to the reaction of e aq~ and H atoms (produced by photolysis or radiolysis) with these phenolic com
pounds were observed, with Xmax ~350 nm. It is shown that eaq_ and H atoms add predominantly to the 
phenol ring of the compounds examined.

When phenolic substances are excited by high-intensity 
light flashes to their first singlet excited state, phenoxyl 
radicals and solvated electrons (possibly also hydrogen 
atoms) are produced. Such photodissociations of phenolic 
substances have been studied in the steady state1 and by 
flash photolysis.2-3 Land and Porter2 have described the 
phenoxyl radical with its very characteristic sharp absorp
tion band in the vicinity of 400  nm, and Grossweiner, e t  
a l.,3 have found that hydrated electrons (Xm ax ~ 7 1 0  nm) 
are formed simultaneously with the phenoxyl radical. The 
nature of the excited state (singlet or triplet) precursor of 
the photoionization of phenolic compounds has not been 
defined as yet. Furthermore, while excited phenol mole
cules release electrons into aqueous solutions, phenolic 
substances in their ground state act as electron scavengers 
(see below). This reactivity with solvated electrons seems 
to depend to a great extent on the nature of the side chain 
on the phenol ring.

Because of the importance of tyrosine in the photo
chemistry and electron transfer processes in some pro
teins, 4' 5 this work was initiated with the object of deter
mining the nature of the precursor leading to the ejection 
of an electron, as well as electron capture processes by 
phenol derivatives. This latter process is of particular in
terest since it has been suggested5 that in proteins ex
posed to ionizing radiation part of the reducing equivalent 
(electrons) primarily absorbed by any group in the protein 
ultimately finds its way to an aromatic amino acid resi
due.

Flash photolysis and pulse radiolysis techniques were 
used and all the compounds examined had a side chain in 
the para position of the phenol ring (tyrosine, tyramine, 
p-hydroxyphenylpropionic acid, and p-cresol, the latter as 
a model for the chromophore).

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

Flash photolysis was carried out with a 2000-J appara
tus, which has been described previously.6 The photoelec
tric detection system consisted of a Bausch and Lomb 
monochromator and an EMI 9558Q photomultiplier. The 
signal was fed into a double beam oscilloscope (Tektronix

565) where the transient trace was simultaneously record
ed with a slow and with a fast sweep. Monochromator slit 
widths were kept narrow (< 0.2 mm) in order to improve 
the spectral resolution, particularly when the absorbance 
of the narrow 410-nm peak of the phenoxyl radicals was 
measured. y-Irradiated and photolyzed triply distilled 
water was used throughout.

Tyrosine and tyramine were Mann Research Laborato
ries products. p-Cresol was obtained from Baker and Ad
amson and from Mallinckrodt, and p-hydroxyphenylpro- 
pionic acid from K & K Laboratories. N2O was supplied 
by Matheson & Co., and iert-butyl alcohol by Mallinck
rodt.

The solutions were illuminated at selected wavelength 
regions by placing appropriate solution filters in the outer 
jacket of the optical cell. The following filter solutions 
were used: acetic acid 90%, cut off at 250 nm; dimethyl- 
formamide-water 7:3 by volume, cut off at 265 nm; sodi
um benzoate 0.01 N  (pH 10.1), cut off at 280 nm. The last 
two solutions undergo photochemical changes and there
fore could be used for a maximum of six light flashes be
fore being replaced by a fresh solution. Generally, solu
tions were illuminated in their long-wavelength absorption 
band only, i.e., above 250 nm at neutral pH and above 265 
nm at high pH. In some experiments carried out at very 
low solute concentrations (~ 2  X  10-s  M) water instead of 
a cut-off filter solution was placed in the cell jacket.

The pulse radiolysis technique and set-up used has been 
described elsewhere.7 The reaction rate constants of eaq  ̂
with phenolic compounds were determined in presence of
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Electron Ejection and Electron Capture by Phenolic Compounds 11

~ 0 . 1  M  te r t -b u ty l a lco h o l (to  sca v e n g e  th e  O H  ra d ica ls  
p ro d u c ed  in th e  ra d io ly sis  o f  w ater) b y  fo llo w in g  th e  
p se u d o -first-o r d e r  d e c a y  o f  eaq“  a t 6 9 0  n m . T h e  e x tin c tio n  
c o effic ien ts  d eriv ed  in  p u lse  ra d io ly sis  w ork w ere d e te r 
m in e d  b a sed  on  G (e aq“ ) =  G (O H )  =  2 .7 5 , u sin g  K C N S  as  
a d o sim eter .

R e s u lt s

In  n eu tra l aq u eo u s so lu tio n  th e  a b so rp tio n  sp e c tra  an d  
th e ex tin c tio n  c o effic ie n ts , t, o f  p -c r e so l, p -h y d r o x y p h e n -  
ylp ro p ion ic  a c id , ty r a m in e , a n d  ty ro sin e  are a lm o s t  id e n 
tic a l. T h e  sp e c tra  h av e  m a x im a  a t 2 7 6  n m  a n d  a sh ou ld er  
a t 282  n m , w ith  «max ~ 1 4 5 0  M~1 c m “ 1, a n d  m o re  in ten se  
ab sorp tion s in th e  fa r -u ltra v io le t . U s in g  a p p ro p ria te  c u t 
o ff filters , th e  lo n g -w a v e le n g th  a b so rp tio n  b a n d s  o n ly  w ere  
p h o to ly z e d . T h e  tr a n sie n t a b so rp tio n  sp ec tra  p ro d u c ed  on  
fla sh  p h o to ly sis  o f  ~ 3  X 1 0 “ 4 M  a ir-free  a q u eo u s so lu 
tio n s o f  th ese  p h en o lic  c o m p o u n d s  a t  n e u tra l p H  (p H  
6 .5 -7 .8 )  are sh ow n  in F igu re  1. I t  is seen  th a t all th ese  
c o m p o u n d s  sh ow  th e  ch a ra cte ristic  o p tic a l a b so rp tio n  due  
to  p h en o x y l ra d ica ls  w ith  a m a x im u m  a t ~ 4 1 0  n m , an d  a 
secon d  b ro a d er b a n d  w ith  a m a x im u m  a t ~ 3 9 0  n m . F or  
all fou r s u b sta n c e s , th ese  tr a n sie n t a b so rp tio n  b a n d s  
d ec a y  b y  se co n d -o rd e r  k in etics .

A n o th er  b ro a d  a b so rp tio n  b a n d  is cen tered  a t  3 5 0  n m . 
H o w ev er, th e  in ten sity  o f  th is  b a n d  d iffers fro m  su b sta n c e  
to  s u b sta n c e . M o re o v e r , as sh ow n  in F igu re l b  for ty ro 
sin e , its a b so rb a n c e  re lative  to  th e  4 1 0 -n m  p ea k  in creases  
w ith  in crease in th e  co n c e n tra tio n  o f  ty ro sin e  in so lu tio n . 
T h e  d e c a y  o f  th is  b a n d  fo llow s n e ith e r first- n or se co n d -  
order k in etics . F u rth erm o re , it  is n o t ob served  in so lu tio n s  
sa tu ra ted  w ith  N 2O .

In  a lk a lin e  so lu tio n s  th e  g r o u n d -sta te  a b so rp tio n  sp ec tra  
o f all four p h en o lic  c o m p o u n d s  are sh ifte d  to  lon g er w a v e 
len g th . T h e  a b so rp tio n  b a n d  at h ig h  w a v e len g th  lies a t  
295  n m  a n d  h a s an  e x tin c tio n  c o effic ie n t o f  e 2 3 0 0  M “ 1 
c m - 1 . T h e  tr a n sie n t sp ec tra  o b ta in e d  on  fla sh  p h o to ly sis  
a t p H  — 1 1 .5  are s im ila r  to  th o se  a t  n e u tra l p H  e x ce p t  
th a t  th e  4 1 0 -n m  p ea k  is so m e w h a t b ro a d e n e d  a n d  the  
3 5 0 -n m  b a n d  is very  w ea k . H o w e v e r , th e  d ec a y  rate  c o n 
sta n ts  for all su b sta n c e s  are very  s im ila r  to  th o se  in n e u 
tra l so lu tio n s . W e  th erefore  a ttr ib u te  th e  s m a ll  sp ectra l 
ch a n g es o b serv ed  to  e n v ir o n m e n ta l e ffec ts  a n d  co n clu d e  
th a t th e  sa m e  ra d ica l is fo rm e d  b o th  in n eu tra l a n d  in a l 
k a lin e  so lu tio n s . A s  w ill b e  p re sen tly  e x p la in e d , th e  3 5 0 -  
n m  b a n d  is a ttr ib u te d  to  an  in term ed ia te  p ro d u c ed  from  
th e reaction  o f e a q “ w ith  th e  so lu tes .

A t  low  so lu te  co n c e n tra tio n  ( ~ 2 . 5  X 1 0 “ 5 M) an o th er  
tra n sien t w ith  a b ro a d  a b so rp tio n  b a n d  an d  a m a x im u m  
at a b o u t 7 0 0  n m  is ob serv e d . T h is  h a s  b e e n  a ttr ib u te d  to  
th e  so lv a te d  e lectro n , in a g re e m en t w ith  th e  resu lts  o f  
G rossw ein er, et al.3 B o th  in n e u tra l an d  in a lk a lin e  so lu 
tion  it d ec a y s w ith  p se u d o -first-o r d e r  k in e tic s , p ro b a b ly  
b y  rea ctio n  w ith  th e  g ro u n d -sta te  so lu te  m o le c u le s  (see  
m ore b e lo w ).

In  order to  ch a ra cterize  th e  3 5 0 -n m  b a n d  p ro d u c ed  from  
th e  rea ctio n  o f  p h o to e je c te d  e lectro n s w ith  p h en o lic  c o m 
p o u n d s , F igu re  1, th ese  c o m p o u n d s  w ere m a d e  to  rea ct  
w ith  e aq“  p ro d u c ed  fro m  th e  ra d io ly sis  o f  a q u eo u s so lu 
tio n s . T h e  rea ctio n  rate  c o n sta n ts  o f  e a q “  w ith  th e se  c o m 
p o u n d s w ere d ete r m in e d  b y  p u lse  ra d io ly sis , a n d  th e  re 
su lts  are given  in T a b le  I a n d  F igu re 2. I t  ca n  b e  seen  th a t
(a ) th e  re a c tiv ity  o f  e aq“  is d e p e n d e n t u p o n  th e  s ta te  o f  
p ro to n a tio n  o f  b o th  th e  - N H 3+ a n d  th e  - O H  grou p s in t y 
rosine, w ith  th e  rate  d ecreasin g  on  d e p ro to n a tio n  o f th ese  
fu n c tio n a l g ro u p s; (b )  th e  rate  o f  e aq“  w ith  p -h y d r o x y -

Figure 1. Transient absorption spectra produced in the flash 
photolysis of oxygen-free aqueous solutions of the following: top, 
p-cresol (------ ), p-hydroxyphenylpropionic acid (— ), and tyra
mine (— ) all at pH ~6-7  and ~ 3  X 10“ 4 M; bottom, tyrosine 
at pH 7.7 at the following concentrations: 3 X 10“ 5 (I), 1.5 X 
10“ 4 (II), 3.0 X 10“ 4 (111), and 7.5 X 10“ 4 M  (IV). Dotted 
spectrum obtained in7.5 X 10“ 4 M tyrosine at pH 11.5.

p h en y lp ro p io n a te  a n d  p -c r e so l is a b o u t a fa c to r  o f  6  low er  
th a n  w ith  ty ro sin e  or ty ra m in e , in d ic a tin g  th a t  th e  p re s
ence o f an  a m in o  grou p  in creases s ig n ific a n tly  th e  re a c tiv 
ity  o f  th ese  c o m p o u n d s  to w a rd  a tta c k  b y  e aq “ .

F igu re 3 sh ow s th e  tr a n sie n t a b so rp tio n  sp e c tru m  p ro 
d u ced  from  th e  rea ctio n  o f  e aq“  w ith  ty ro sin e  at p H  7 .1  
(a fte r  correction  for th e  a b so rp tio n  d u e  to  th e  H  a to m  a d 
d u c t to  ty ro sin e , G (H )  =  0 .6  in n e u tra l so lu tio n ) an d  th e  
H  a to m  a d d u c t to  ty ro sin e  a t  p H  0 .8 . F igu re 4  sh ow s th e  
e a q “  a d d u c t to  ty ra m in e  a n d  p -h y d r o x y p h e n y lp r o p io n ic  
a c id , an d  th e  H  a to m  a d d u c t to  ty ra m in e . F igu re  5 show s  
th e  H  a to m  a d d u c ts  to  p -h y d r o x y p ro p io n ic  a c id  a n d  p -c r e -
so l. T h e se  H  a to m s  are p ro d u c ed  in ac id  so lu tio n  b y  th e  
rea ctio n  e a q “  +  H + —► H , w ith  k = 2 .3  X 1 0 10 M “ 1 s e c - 1  
(re f 8 ) .  T h e  a b so rp tio n  m a x im a , e x tin c tio n  c o effic ien ts , 
a n d  d ec a y  k in e tic s  o f  th e  in te r m e d ia te s  p ro d u c ed  on  rea c
tio n  w ith  e aq~ a n d  H  a to m s are given  in T a b le  II.

T h e  rea ctio n  rate  c o n sta n ts  o f  H  a to m s  w ith  tyrosin e  
a n d  p -h y d r o x y p h e n y lp r o p io n ic  a c id  w ere d e te r m in e d  b y  
p u lse  ra d io ly sis  a t p H  9 .0  in  p resen ce  o f  1 .0  M  t -B u O H  (to  
sca ven ge  O H  ra d ic a ls) b y  fo llo w in g  th e  fo rm a tio n  o f  th e H  
a to m  a d d u c t . V a lu e s  o f  2 .0  ±  0 .5  x  1 0 9 a n d  4 .0  ±  1 .0  x  
1 0 9 M _1  s e c “ 1, re sp ec tiv e ly , w ere o b ta in e d .

H y d r a te d  e lectro n s h av e  b e e n  sh o w n 9 to  lea d  to  d e a m i
n a tio n  on rea ctio n  w ith  a lip h a tic  a m in o  ac id s an d  p e p 
tid e s . T h e  re su ltin g  ra d ica ls  R C H C O O “  a b so r b 9 -10 in th e  
n e a r -u v , an d  h av e  re la tiv e ly  low  e x tin c tio n  c o effic ien ts . 
H o w e v e r, fro m  th e  s im ila r ity  in th e  tr a n sie n t a b so rp tio n  
a n d  ex tin ctio n  c o effic ien ts  o f  th e  in te r m e d ia te s  p ro d u ced

(8 ) M. Anbar and P. Neta, In t .  J . A p p l.  R a d ia t .  I s o lo p e s ,  18, 493 
(1967).

(9) M. Simic and E. Haycn, R a d ia l .  R e s .,  48, 244 (1971).
(10) P. Neta, M. Simic, and E. Hayon, J . P h y s . C h e m .,  73, 4207 (1969)
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12 J. Feitelson and E. Hayon

TABLE I: Reaction Rate Constants of eaq_ and OH Radicals with Phenolic Compounds in Aqueous Solution

Compound pK, Meaq-  +  s ) , M - '  s e c - 1“ k(OH +  S), M ~ '  se c “ 1 a -b

Tyrosine 2.2,9.1,10.1

Tyramine 9.5, 10.8

p-Hydroxyphenylpropionic acid 4.6, 10.1

p-Cresol 10.2

2.8 ±  0.5 X 1 0 B (6 .6 ) 
9.6 ±  1.0  X 1 0 7 (12 .5)
3.5 ±  0.2 X  10 s (6.9)
5.8 ±  0.5 X  1 0 7 ( 1 1 .2 )
4.6 ±  0.5 X  1 0 7 (7.0)
2.1 ±  0.2 X  1 0 7 (12 .5)
4.2 ±  0.5 X  1 0 7 (7.9)

1 .4  ±  0.3 X  1 0 1°  (5.2) 
1 .3  X  0.3 X  1 0 10 ( 1 1 .2 )

1 .5  ±  0.2 X  1 0 10 ( 1 1 .2 )
1 .2  ±  0.2 X  1 0 1°  (6.3)
1.6  ±  0.2 X  1 0 1°  ( 1 1 .0 )
1 .2  ±  0.2 X 1 0 10 (5.5)

“ Values in parentheses are the pH at which rates were determined. 6 Rates determined using KCNS method, and taking k(OH +  C N S - ) =  1 . 1  X 10 10 

M ~ '  s e c - 1.

Figure 2. Dependence upon pH of the reaction rate constants of 
eaq_ with tyrosine (O) and p-hydroxyphenylpropionic acid (□).

Figure 3. Transient absorption spectra produced in the pulse ra
diolysis of 10- 3 M  tyrosine, 1.0 M  ferf-butyl alcohol, and Ar (1 
atm) due to the Interaction with eaq_ (curve a, pH 7.1) and 
with H atoms (curve b, pH 0.8).

from the reaction of eaq~ with tyrosine, tyramine, and p- 
hydroxyphenylpropionate (Figures 2-4 and Table II), it is 
concluded that most of the electrons add to the phenol 
aromatic ring.

From a comparison of Figures lb and 3a, it is seen that 
the 350-nm absorption band produced in the flash photol
ysis of tyrosine and tyramine resembles the spectrum ob

tained by pulse radiolysis, both in its wavelength depen
dence and in its extinction coefficient (see Discussion 
below). Hidden under the spectrum of this radical in Fig
ure 1 is still some absorbance (t ~ 3 - 4  X  1 0 2 M ' 1 c m 1) 
of the phenoxyl radical, as found in IS^O-saturated solu
tions. The low absorbance at 3 5 0  nm in alkaline tyrosine 
and in neutral p-cresol and p-hydroxyphenylpropionate 
can be attributed to the lower reactivity (Table I) of these 
solutes with eaq~ under the experimental conditions used.

The decay rates of the solvated electrons in our flash il
luminated solutions yielded, in all cases, larger rate con
stants than those found by pulse radiolysis (Table I). The 
discrepancy is probably due to reactions of the solvated 
electron with impurities, mainly residual oxygen, present 
in the flashed solutions. If no other electron scavengers 
were present all solvated electrons would ultimately react 
with tyrosine even when the latter is present at very low 
concentration. The fact that the absorbance by the elec
tron adduct is concentration dependent (see Figure lb) 
means that a smaller proportion of eaq~ decays via reac
tion with tyrosine, the rest reacting with another scaven
ger in the solution. Similarly, the absence of the 350-nm 
absorption band in the transient spectrum produced from 
p-cresol or p-hydroxyphenylpropionate reflects only the 
lower reactivity of these species for solvated electrons rel
ative to other electron scavengers. Withstanding the un
certainty in the actual rate, an extrapolation of the 
pseudo-first-order decay plots of the solvated electrons 
formed in flash photolysis to zero time yields nevertheless 
the initial absorbance of electrons produced in solution. 
This data, together with the corresponding absorbances of 
radicals at time zero, allow us to estimate the relative ini
tial quantum yields of the photodissociation products.

D is c u s s io n

Various values have been assigned to the molar extinc
tion coefficients of phenoxyl radicals. Values as low as t 
1800 M ~ 1 cm- 1 for ierf-butylphenoxyl, 11 or as high as
11,000 for phenol and 15,000 for p-cresol12 have been ob
tained by flash photolysis. Data obtained indirectly from 
pulse radiolysis13 yielded a value for phenoxyl of t 2200 
M ' 1 cm 1 from phenol and 2400 for the corresponding 
radical from p-cresol. From measurements of the absorp
tion spectra and the decay rates, it is concluded from this 
work that the same radical is formed on flash photolysis of 
both neutral solutions of phenols and alkaline solutions, 
when the phenolic chromophore in the ground state is in

(11) E. J. Land, G. Porter, and E. Strachan, T ra n s . F a r a d a y  S o c . ,  57, 
1885 (1961).

(12) G. Dobson and L. I. Grossweiner, T ra n s . F a r a d a y  S o c . ,  61, 708 
(1965).

(13) E. J. Land and M. Ebert, Trans. F a r a d a y  S o c . ,  63, 118 1 (1967).
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TABLE II: Absorption Maxima, Extinction Coefficients, and Decay Kinetics of Intermediates Produced from the Reaction of eaq * and H 
Atoms with Phenolic Compounds

eaq-  adducts a H atom adducts6

Compound
^max.

nm f, M ~ ' cm - 1 2k, sec - 1
^maxi

nm f, M ~ ' cm - 1 2k, M - 1  sec - 1

Tyrosine 355 1.7 ±  0.3 X 103 6 . 8  ±  1.6 X 10s 345 3.1 ±  0.3 X 103 6.2 ±  1.5 X 108
Tyramine 350 1.8 ±  0.3 X 103 7.0 ±  2.0 X 109 350 5.6 ±  1.0 X 103

p-Hydroxyphenylpropionic acid 
p-Cresol

355 1.5 ±  0.3 X 103 6.5 ±  1.5 X 10s 352“
355

3.3 ±  0.5 X 103 

3.6 ±  0.5 X 103 2.0 ±  0.4 X 109

“ Determined at pH ~ 6 -7 . 6 Determined at pH ~ 1.0 .

Figure 4. Transient absorption spectra produced from the reac
tion of eaq-  with tyramine (O, 5 X 10- 3  M, pH 7.7) and p- 
hydroxyphenylpropionic acid (□, 105 M, pH 5.2) in 1.5 M tert- 
butyl alcohol, after correction for contribution from H atom ad
duct. Spectrum of H atom adduct to tyramine (A, 5 X 10- 3  M, 
pH 0.9, 1.5 M  tert-butyl alcohol).

its an ion ic  fo r m . W e  ca n  a ssu m e  th a t  in th e  la tte r  case  
th e  so lv a te d  e lectro n  is fo rm ed  b y  d irect e lectro n  e jectio n  
fro m  th e  e x c ite d  n e g a tiv e  ion

R O _ * —* R O - +  e aq _  (1 )

In  n eu tra l so lu tio n  e ith er p ro cess 2

R O H *  —► R O H +  +  e aq-  (2 )

fo llow ed  b y  re lease  o f  a p ro ton  ta k e s  p la c e , or a h yd rogen  
a to m  is d ire c tly  e je c te d  fro m  th e  e x c ite d  m o le c u le

R O H *  —► R O - +  H  (3 )

W e  a ssu m e , th erefore , th a t  a t  h igh  p H  e q u iv a le n t  
a m o u n ts  o f  p h en o x y l ra d ic a ls  a n d  so lv a te d  e lectro n s are 
fo rm ed , i.e., [R O -]0 =  [eaq- ]0, w here th e  su b sc r ip t zero  
in d ica tes  th e  in itia l co n ce n tra tio n s . F ro m  an  e x tra p o la tio n  
o f th e  p se u d o -first-o r d e r  electro n  d e c a y  p lo t  th e  in itia l a b 
sorb an ce  o f  so lv a te d  e lectro n s w as fo u n d . S o m e w h a t a rb i
trarily  we a ssig n ed  10 psec after trigg erin g  th e  fla s h , i.e., a

Figure 5. Absorption spectra of the H atom adduct to 2 mM  p- 
cresol (pH 1.3, Ar, 0) and p-hydroxyphenylpropionic acid (pH 
6.4, N20 (1 atm), • )  produced from the pulse radiolysis of 1.5 
M  aqueous ferf-butyl alcohol solutions.

t im e  close to  th e  m id p o in t  o f  th e  f la sh , as tim e  zero. T h e  
e x tin c tio n  co effic ie n t o f th e  so lv a te d  e lectro n  a t  6 9 0  n m  
e q u a ls  e(ea q - ) 1 7 ,0 0 0  M - 1  c m - 1  (re f 1 4 ) . T h is  w a v e len g th  
w as ch o sen  for our m e a su r e m e n ts  as a c o m p ro m ise  b e 
tw een  th e  in crease in a b so rb a n c e  o f  th e  so lv a te d  e lectron  
an d  th e  d ecrease  in se n sitiv ity  o f  th e  p h o to m u ltip lie r  
tu b e . H e n c e  fro m  th e  a b so rb a n c ies  a t  4 1 0  (p h e n o x y l ra d i
c a l) a n d  6 9 0  n m  (e le c tr o n ), a n d  fro m  th e  k n o w n  va lu e  o f  
i(eaq- ), th e  e x tin c tio n  co effic ie n t o f  th e  p h en o x y l rad ical 
ca n  be fo u n d . T h e  e x tin c tio n  co effic ie n ts  o f  th e  p h en o x y l  
ra d ica ls  for th e  v a rio u s p h en o lic  c o m p o u n d s  stu d ie d  are 
p resen ted  in  T a b le  III . T h e s e  v a lu es  are fa ir ly  co n siste n t  
b u t are h igh er th a n  th e  e (R O -)  2 2 0 0  M - 1  c m - 1  o b ta in e d 13 
fro m  th e  re a ctio n  o f O H  ra d ic a ls  w ith  p h en o l b y  p u lse  ra 

d io ly sis .
S im ila r  p u lse  ra d io ly sis  e x p e r im e n ts  w ere carried  ou t  

for th e  re a ctio n  o f  O H  ra d ica ls  w ith  ty ro sin e  in presen ce  
o f  N 2O  (to  c o n v ert > 9 8 %  o f  e aq-  to  O H  r a d ic a ls , e aq-  +  
N 2O  —*■ O H  +  N 2 +  O H - ). A t  p H  5 .3  a tra n sie n t s p e c 
tr u m  d u e to  v a rio u s iso m ers o f  th e  O H  a d d u c ts  to  th e  
p h en o l ring is ob serv ed , F igu re 6 . A t  p H  9 .0 , th e  O H  a d 
d u c ts  u n d erg o 13 a b a s e -c a ta ly z e d  u n im o le c u la r  e lim in a -

(14) E. J. Hart and M. Anbar, "The Hydrated Electron," Wlley-lnter- 
science, New York, N.Y., 1970.
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Figure 6. Transient spectra produced from the reaction of OH 
radicals with ~ 1 . 4  mM  tyrosine, N20  (1 atm), at pH 5.3  ( □ )  
and 9.0 (O ), Absorbances extrapolated to ~ 0 . 1  /¿sec after the 
pulse. Total dose ~ 4 . 1  krads/pulse.

TABLE III: Extinction Coefficients of Phenoxyl Radicals and 
Relative Amounts of eaq“ and H Atoms Produced in the Flash 
Photolysis of Phenolic Compounds at pH ~7.0

Compound
e(RO-),

M - 1  cm - 1
teaq ]/ 

[RO-]
[H]/

[RO-]

Tyrosine 2750 ±  200 0.77 0.23
Tyramine 3 15 0  ±  300 0.72 0.28
p-Cresol 3200 ±  300 0.78 0 . 2 2

p-Hydroxyphenylpropionic 2800 ±  300 1 . 0 0 0

acid

tio n  o f  w ater to  fo rm  th e  p h en o x y l ra d ic a l R O - , see  F igure
6 . A t  p H  9 .0  th e  ra te  o f  fo rm a tio n  o f R O - a t 4 0 0  n m  w as  
fo u n d  to  b e  4 .2  X  10* s e c “ 1 a n d  th e  rate  o f  d e c a y  o f  th e  
O H  a d d u c ts  a t  3 2 0 -3 4 5  n m  to  b e  3 .4  x  1 0 5 s e c - 1 . S in ce  
all th e  O H  a d d u c ts  d o  n o t give rise to  p h en o x y l ra d ica ls  
(variou s iso m ers  o f  th e  O H  a d d u c t are p r o b a b ly  fo rm e d ), 
an f 410 > 2 .3  X  1 0 3 A i “ 1 c m  1 w as c a lc u la te d . T h is  s u p 
p orts th e  h ig h er e v a lu es  d erived  in T a b le  III fro m  fla sh  
p h o to ly sis  e x p e r im e n ts .

B y  u sin g  th e  a b o v e  e x tin c tio n  co e ffic ie n ts  on e ca n  now  
e stim a te  th e  re la tiv e  a m o u n ts  o f  e aq“  a n d  H  a to m s  p ro 
d u ce d  a t n e u tra l p H , sin ce

[ea q “ ] /[ R O -]  =  ( O D ) e ap - ) / O D ( R O . ) ) ( i R O - ) / i ( e aq- ) )

in a n y  given  o p tic a l ce ll. T h e  re lative  a m o u n ts  o f  H  a to m s  
p ro d u ced  are g iven  in T a b le  III.

T h e  a m o u n t o f  e lectro n s p ro d u c ed  in n e u tra l so lu tion  
can  also  be d erived  in d e p e n d e n tly  fro m  th e  a m o u n t o f  th e  
electro n  a d d u c t fo rm e d . W e  h av e  seen  th a t  a t  c o m p a r a 
tiv e ly  h igh  ty ro sin e  co n ce n tra tio n s , [T y r] >  1 0 “ 3 M , in a 
d ea era ted  so lu tio n  a ll e lectro n s are sc a v e n g e d  b y  grou n d - 
sta te  ty ro sin e  fo rm in g  an  e lectro n  a d d u c t w ith  an  a b so rp 
tio n  p ea k  a t 3 5 0  n m . O n  th e  other h a n d , in N 2 0 -s a t u r a t e d  
so lu tio n s c o n ta in in g  t -B u O H  n o  e lectro n  a d d u c t w ill be  
fo rm ed  sin ce  all e lectro n s (b u t  n o t H -  a to m s ) w ill react  
u n d er th ese  co n d itio n s  w ith  N 20  y ie ld in g  O H  ra d ica ls , as 
p o in ted  o u t b efo re . T h e  la tte r  rea ct w ith  i -B u O H  a c co rd 
in g  to

O H  +  R H  —*■ H 20  +  R - (4 )

T h e  fe r t -b u ty l a lco h o l ra d ic a l73 fo rm e d  its  re la tiv e ly  
u n rea ctiv e  a n d  d oes n o t ab so rb  ab o v e  280  n m . T h erefo re  
th e  d ifferen ce  in a b so rb a n c e  at 350  n m  b etw een  so lu tio n s  
sa tu ra te d  w ith  n itro g en  a n d  w ith  N 20  w ill be  p ro p o rtion a l  
to  th e  co n ce n tra tio n  o f  e lectro n s fo rm ed  and

[ O D ( N 2) -  O D ( N 20 ) ] /e (e le c t r o n  a d d u c t)  =
c o n cen tra tio n  o f  a d d u c t =  [eaq“ ]o

w here [eaq~]o is th e  c o n cen tra tio n  o f so lv a te d  e lectro n s  
fo rm ed  b y  f la sh . T h e  e x tin c tio n  c o effic ie n t o f  th e  electro n  
a d d u c t o f ty ro sin e  w as fo u n d  b y  p u lse  ra d io ly sis , as m e n 
tio n e d  a b o v e . T h e  e s tim a te  o f  th e  co n c e n tra tio n  o f  e le c 
tron s an d  h en ce  o f  th e  H  a to m s  fo rm ed  in n e u tra l s o lu 
tio n s agrees w ith  th a t  b a se d  on  th e  e x tin c tio n  c o effic ie n t  
o f  th e  p h en o x y l ra d ic a l an d  th e  d ire c tly  m e a su r e d  a b so r b 
an ce o f  eaq” . F or ty ro sin e  we fin d  th a t  e lectro n s a c c o u n t  
for 8 2 %  o f  th e  p h en o x y l ra d ica ls  as c a lc u la te d  fro m  th e  
e lectro n  a d d u c t , w h ile  th e  v a lu e  in T a b le  III is 7 7 % .

O n e  ca n  see  fro m  T a b le  III th a t, e x c e p t for p -h y d r o x y -  
p h en y lp ro p io n a te , in  all cases th e  ratio  o f  H  a to m s  to  e aq“  
fo rm ed  fro m  th e  e x c ited  p h en o l ring in  n e u tra l so lu tio n s  is 
a b o u t 1 :4 .

Nature of Excited State Precursor. T h e  p h e n o x y l r a d i
ca ls  an d  th e  e le ctro n s fo rm ed  fro m  th e  e x c ited  p h en o l d e 
riv a tiv es  ca n  b e  p ro d u c ed  eith er fro m  th e  s in g le t  or from  
th e  tr ip le t e x c ite d  sta te s  o f  th e  m o le c u le . T h e  l ife t im e  o f  
th e  s in g le t ’T y r  is ~ 5 . 1  n s e c ,15 an d  th e  d isso c ia tio n  c o n 
s ta n ts  o f  th e  s in g le t an d  tr ip le t e x c ite d  sta te s  o f  ty ro sin e  
h av e  b een  e s t im a t e d ,16 p i f s i  ~  4 .5  a n d  p /T r i  ~  8 .5 . In  
order to  d e te r m in e  th e  origin  o f  th e  e x c ited  s ta te  lea d in g  
to  th e  p h o to io n iza tio n  o f  th ese  p h en o lic  c o m p o u n d s , th e  
in flu en ce  o f  th e  ty p ic a l tr ip le t q u e n ch e r 2 ,4 -h e x a d ie n e 17 
on  th e  y ie ld  o f  ra d ic a ls  w as te s te d . R e la tiv e ly  low  c o n c e n 
tra tio n s o f  h e x a d ie n e  w ere fo u n d  to  red u ce  th e  y ie ld  o f  
p h en o x y l ra d ic a ls  a t 4 1 0  n m . A  S te r n -V o lm e r  p lo t

<t>° ¡<f> =  1 +  feq [h ex ad ien e] (5 )

is sh ow n  in F igu re 7 . T h e  q u e n ch in g  c o n sta n t o f  ty ro sin e  
b y  h e x a d ien e  is kQ =  4 0 0  M “ 1. A t  th e  c o n c e n tra tio n s o f  
h ex a d ien e  u se d  it is n o t p o ssib le  for it to  in tera c t w ith  th e  
sh o rt-liv e d  s in g le t e x c ite d  sta te  o f  ty ro sin e , t  ~  5 .1  n sec , 
even  a ssu m in g  a q u e n c h in g  rate o f  5  X  1 0 10 M~1 s e c “ 1.

I f  on e  a ssu m e s  a d iffu sio n -c o n tr o lle d  ra te  c o n sta n t for  
th e  in tera ctio n  o f  h e x a d ie n e  w ith  th e  e x c ited  s ta te  p re cu r
sor o f  th ese  p h en o lic  co m p o u n d s  on e  ca n  arrive a t  a low er  
l im it  for th e  e x c ited  sta te  life tim e . F ro m  s te a d y -s ta te  k i
n e tic s  kq =  kt , w here k is th e  b im o le c u la r  rate c o n sta n t  
for th e  rea ctio n  b e tw ee n  h e x a d ien e  an d  th e  e x c ite d  ty r o 
sin e an d  t is th e  life tim e  o f th e  la tte r . W e  see th a t  for k = 
10 10 M _1  s e c - 1 , t is a t le a st 2 .5  X 1 0 “ 7 se c , a n d  is in  fa c t  
p ro b a b ly  m u c h  lon ger. W e  th erefore  th in k  th a t  th e  p r e 
cursor o f  th e  e lectro n s a n d  th e p h en o x y l ra d ica ls  is th e  
longer liv ed  tr ip le t  ra th er th a n  th e  sin g le t e x c ited  s ta te  o f  
th e  p h en o lic  c h ro m o p h o re .

T h is  co n clu sio n  is a lso  borne o u t b y  q u e n c h in g  e x p e r i
m e n ts  w ith  c o m p o u n d s  co n ta in in g  a d isu lfid e  b r id g e .18 
T h e  m o st s tr ik in g  f in d in g  for u s in th ese  e x p e r im e n ts  is 
th e  fa c t  th a t  in  alkaline so lu tio n  w here th e  life tim e  o f  th e  
s in g le t e x c ited  p h en o l d eriv a tiv e  is e x tr e m e ly  sh o rt ( r

(15) J. Feitelson, P h o to c h e m .  P h o to b io l . ,  9, 401 (1969).
(16) E. Yeargers, P h o to c h e m .  P h o to b io l . ,  13, 165 (1971); E. Van der 

Donckt, P ro g r .  R e a c t .  K in e t . ,  5, 273 (1970).
(17) A. A. Lamola, T e c h . O rg . C h e m .,  12, (1969).
(18) J. Feitelson and E. Hayon, P h o to c h e m .  P h o to b io l . ,  in press.
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TABLE IV: Second-Order Decay Kinetics of Phenoxyl Radicals in Aqueous Solution

Compound 2 k  j  t  (pH 7.5) 2 k I t  (pH 11.5) 2 k , M  1 sec“ 1 °

Tyrosine

Tyramine
p-Hydroxyphenylpropionlc acid 
p-Cresol

4.7 X 105

6.3 X 105 
2.9 X 105 
6.2 X 105

4.3 X 105

5.8 X 105
2.5 X 105
5.6 X 105

1.2 ±  0.2 X 109 
1.0 ±  0.2 X 109 6
1.9 ±  0.3 X 109
6.2 ±  0.2 X 108
1.9 ±  0.3 X 109

a Based on extinction coefficients given in Table I I I . ' ’ From pulse radiolysis of ~ 1 .4 m M  tyrosine with N20 (1 atm) at pH 9.0.

Figure 7. Reciprocal yield plot (Stern-Volmer plot) of the phe
noxyl radical produced in the flash photolysis of ~ 7  X 10~ 4 M  
tyrosine, pH 7.7, as a function of the concentration of 2,4-hexa- 
diene present in solution. Radical monitored at 410 nm using a 
280-nm cut-off filter.

10 10 se c ), a rea ctio n  b e tw ee n  th e  e x c ited  p h en o lic  m o le 
cu le  an d  a low  co n ce n tra tio n  ( ~ 1 0 '  3 M) o f  d isu lfid e  
b rid ges p ro d u ces th e  d isu lfid e  n e g a tiv e  ra d ic a l ion

R S S R - , a rea ctio n  w h ich  clea rly  req u ires a life tim e  o f  
m o re th a n  1 p sec for th e  tr ip le t  e x c ite d  sp ec ies  to  in teract  
to  a m e a su ra b le  e x te n t w ith  th e  d isu lfid e  lin k ages.

In  co n clu sio n , it w as fo u n d  th a t  all fou r p h en o l d er iv a 
tiv e s  stu d ie d  fo rm  p h en o x y l ra d ic a ls  w ith  very  s im ila r  
sp ec tra  an d  s im ila r  d ec a y  ra tes b o th  in n eu tra l an d  in a l
k a lin e  so lu tio n s , see  T a b le  I V . T h e  se c o n d -o rd e r  d ec a y  o f  
th e  r e so n a n c e -s ta b iliz e d 19 p h en o x y l ra d ic a ls  p ro b a b ly  p ro 
d u c e s  o ,o '-b ip h e n o l d e r iv a tiv es . A sto n ish in g ly  large d iffe r
en ces are fo u n d  w h en  one c o m p a re s  th e  ra tes o f  reaction  
b etw een  th e  p h en o l d er iv a tiv es  in th e ir  grou n d  s ta te  w ith  
so lv a te d  e lectro n s or w ith  H  a to m s . B o th  p -c r e so l a n d  a la 
n in e  h ave  rate  c o n sta n ts  for th e ir  re a ctio n  w ith  so lv a te d  
e lectro n s o f  ~ 4 . 2  x  1 0 7 (T a b le  I) an d  ~ 5  x  10® M~1 
s e c - 1  (ref 9 ) , re sp ec tiv e ly . H o w e v e r , ty ro sin e  (a  d -h y d r o x - 
y lp h e n y la la n in e ) rea cts  w ith  a rate  c o n sta n t o f  2 .8  X  10 8 

M “ 1 s e c - 1  ( T a b le  I ) .  W it h  all th e  p h en o lic  c o m p o u n d s  
stu d ie d , th e  m a in  rea ctio n  w ith  ea q ~ ap p ea rs  to  b e  a d d i
tio n  to  th e  a r o m a tic  rin g . F or b o th  p h en o l an d  p h en o la te  
d eriv a tiv es , th e  p h o to e je c tio n  p ro cesses occu r fro m  th e  
tr ip le t e x cited  sta te s  o f  th ese  m o le c u le s .

Acknowledgment. P a rtia l fin a n c ia l su p p o rt received  
fro m  th e  A r m y  R e sea rch  O ffic e -D u r h a m  *is g ra te fu lly  a c 

k n ow led ged .

(19) H. Musso, “Oxidative Coupling of Phenols," W. I. Taylor and A. R.
Battersby, Ed., Marcel Dekker, New York, N.Y., 1967.
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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  H a h n - M e i tn e r - I n s t i t u t  f ü r  K e r n fo r s c h u n g  B e r l in  G m b H

Simultaneous optical absorption and polarographic current measurements were carried out to investigate 
the free radicals formed in the pulse irradiation of N2O saturated 10 - 1 M  ethylene glycol solutions. In 
the pH range from 3 to 7 , only the 1 ,2 -dihydroxyethyl radical could be observed. It disappears with 2k =
6.7 x IO8 M - 1 s e c 1. Below pH 3, the dehydration of this radical to yield the formylmethyl radical was 
observed. The equilibrium constant of the protonization of 1 ,2 -dihydroxyethyl and the decay constant of 
the protonated radical were found to be 1.8 X  IO- 1  M  (or pK  =  0.74) and 8.6 X  105 sec-1 , respectively. 
The formylmethyl radical disappears with 2k = 9 X 10s M  1 sec-1 . In alkaline solutions, a rapid dehy
dration also occurs. The diffusion-controlled reaction OH-  + OH-CHCH2OH -*  H2O + - 0 CHCH2 0 H 
and the rapid decay - 0 CHCH2 0 H —*■ OH-  + OCHCH2 are postulated. The short time polarograms of
1,2-dihydroxyethyl and formylmethyl differ significantly. 1,2-Dihydroxyethyl is oxidized at the mercury 

■electrode at potentials more positive than —1.0 V (us. saturated calomel electrode) and reduced at more 
negative potentials. Formylmethyl is oxidized beyond —0.1 V and reduced at potentials more negative 
than -0 .3  V. The 1 ,2-dihydroxyethyl radical therefore is a much stronger reducing agent than the 
formylmethyl radical.

I. In troduction

The optical absorption spectra and pK  values, 1 -2 elec
tron spin resonance spectra,3-5 and the polarographic be
havior6-7 of short-lived free radicals formed by the reac
tion of OH radicals with aliphatic alcohols have previously 
been reported by several authors.

From the esr studies of the uv photolyzed aqueous solu
tions of ethylene glycol containing 1 % H2O2, Livingston 
and Zeldes5 concluded that the 1,2-dihydroxyethyl radi
cal was the primary species obtained by the reaction of 
the -OH radical with ethylene glycol. In the presence of 
H2SO4, this radical undergoes dehydration to produce the 
formylmethyl radical -C ^C H O , the formation of which 
was explained by a proton-catalyzed dehydration of the
I, 2-dihydroxyethyl radical.® The existence of this radical 
was also postulated to explain the yields of various prod
ucts formed in the photolysis and radiolysis of aqueous 
ethylene glycol solutions.8-9

To understand certain aspects of the mechanism of this 
dehydration reaction, we investigated the pulse radiolysis 
of aqueous solutions of ethylene glycol. The optical ab
sorption spectra of the intermediates and the kinetics of 
their decay at different pH values of the solutions were in
vestigated to find the value of the equilibrium constant of 
the protonization reaction. Furthermore, polarographic 
studies of the radicals at different pH values of the solu
tion were undertaken. Previous studies on the polaro
graphic behavior of different types of radicals, a compila
tion of which will be published elsewhere, clearly pointed 
out that this technique would provide valuable informa
tion on the identity of 1 ,2 -dihydroxyethyl and formyl
methyl radicals.

II . E xperim en ta l Section

A 12-MeV, 6 -A linear accelerator was used for the com
bined optical and polarographic measurements. The pulse

length usually used was 20 nsec. Additional optical mea
surements were carried out with a Van de Graaff genera
tor (1.5-MeV electrons, 10-/iA beam current, 1 -jusec pulse 
length). The aqueous solutions, containing 0.1 M  ethylene 
glycol (Merck Co., analytical grade), were saturated with 
N 2O (oxygen was removed by bubbling through a column 
of 0.2 M  Cr2+ in 1 M  HCIO4 acid) to scavenge the hydra
ted electrons according to reaction 1. Such a high ethylene 
glycol concentration was used to ensure complete scaveng-

eaq-  +  N20 ^  -OH + OH-  + N2 (1)

ing of -OH radicals and -H atoms during the 1-5-^sec 
pulse. In the polarographic measurements, a capillary 
with a hanging mercury drop of 0.78 mm diameter (Me- 
trohm Co.) was placed into the optical quartz cell. The 
solution was slowly flowing through the cell and passing a 
saturated calomel electrode as reference point for the po
tential measurements. The light beam for the optical 
measurements passed through the cell in the vicinity of 
the hanging mercury drop. Some pertinent details of the 
technique have been published earlier7 and other neces
sary details will be published elsewhere. 10 The solutions

(1) K.-D. Asmus, A. Henglein, A. Wlgger, and G. Beck, B e r .  B u n s e n -  
g e s . P h y s . C h e m .,  70, 756 (1966).

(2) M. Slmic, P. Neta, and E. Hayon, J . P h y s . C h e m .,  73, 3794 (1969).
(3) R. Livingston and H. Zeldes, J . C h e m . P h y s .,  44,1245 (1966).
(4) A. L. Buley, R. O. C. Norman, and R. J. Pritchett, J . C h e m . S o c .  B , 

849 (1966).
(5) R. Livingston and H. Zeldes, J. A m e r .  C h e m . S o c . ,  8 8 , 4333 

(1966).
(6 ) J. Lilie, G. Beck, and A. Henglein, B e r.  B u n s e n g e s .  P h y s . C h e m .,  

75, 458 (1971).
(7) M. Grätzel, A. Henglein, J. Lille, and M. Schettler, B e r  B u n s e n q e s  

P h y s . C h e m .,  76, 67 (1972).
(8 ) C. E. Burchill and K. M. Perron, C a n J .  C h e m .,  49, 2382 (1971).
(9) C. v. Sonntag and E. Thoms, Z. N a tu r fo r s c h .  B , 25,1405 (1970).

(10) See papers in B e r .  B u n s e n g e s .  P h y s . C h e m .,  In press, by (a) M.
Grätzel and A. Henglein; (b) M. Grätzel, A. Henglein, and K. M. 
Bansal; (c) M. Grätzel, K. M. Bansal, and A. Henglein; (d) A. 
Henglein and M. Grätzel.
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pH  = 6 , 0  

2 5 0  nm

pH  = 10  

2 6 0  nm

pH = 1,4 

2 6 0  nm

Figure 1. Optical absorption as function of time at different pH 
values (ethylene glycol concentration, 10- 1  A4; [N20], 2.5 X 
10“ 2 A4; pH established with HCIO4 and NaOH, pulse dose 2000 
rads).

350 300 -----À [ n m ] 2 5 0

Figure 2. Absorption spectrum of a solution at pH 6.0 immedi
ately after the pulse (a) and after 1 0 0  n s e c  (b) and of a solu
tion at pH 10 after 10 n se c  (c).

for th e  p o la ro g ra p h ic  w ork c o n ta in ed  0 .3 5  M  N a 2SC>4 (su -  
p rapu re fro m  M e r c k  C o .)  as an  in ert e le c tro ly te . T h e  p o 
te n tia l o f  th e  h a n g in g  m ercu ry  drop  e lectro d e  co u ld  be  
va ried  b e tw ee n  0  a n d  - 2 . 0  V  (w ith  resp ec t to  th e  s a tu r a t
ed  c a lo m e l e le c tro d e ). T h e  cu rren t th ro u g h  th e  p o la ro 
grap h ic  circu it w as m e a su red  b y  reco rd in g  th e  vo ltag e  
drop  a lo n g  a  w ork in g  resistor o f  20  o h m s .

III . R esults and D iscu ssion

III. 1. Optical Measurements. F igu re  l a  sh ow s th e  o p t i
ca l a b so rp tio n  as fu n c tio n  o f t im e  a t  p H  6 .0  a t  2 5 0  n m . 
T h e  a b so rp tio n  sp ec tra  o f  th e  in te r m e d ia te s  p re sen t im 
m e d ia te ly  a n d  100  /¿sec a fter  th e  p u lse  are rep orted  in  
F igu res 2 a  a n d  b . T h e  tw o  sp ec tra  are id en tic a l a n d  fu r 
th erm ore  re se m b le  to  th e  sp e c tru m  o f  th e  CH3CHOH r a d 
ic a l.2 W e  a ttr ib u te  th is  sp e c tru m  to  th e  1 ,2 -d ih y d r o x y e th -  
y l ra d ica l. A b s o lu te  e x tin c tio n  co effic ie n ts  a t  a n y  p a r tic u 
lar w a v e len g th  w ere c a lc u la te d  fro m  th e  e x tin c tio n  im m e 

d ia te ly  a fte r  th e  p u lse  w ith  G = G (e aq ~ )  +  G(OH) +

G (H )  =  6 .0 . S p e c tru m  b  ta k e n  a fter  100  nsec w as n o r m a l
ized  to  sp ec tru m  a im m e d ia te ly  after th e  p u lse  a t  2 50  n m . 
T h e  d ec a y  o f th e  o p tic a l a b so rp tio n  o f th e  ra d ica l a t 250  
n m  fo llow s se co n d -o rd e r  k in etics  (th is  resu lt w as o b ta in ed  
fro m  th e  stra ig h t lin es th a t resu lted  in a p lo t o f  th e  recip 
rocal o p tic a l d e n sity  us. t im e  after th e  p u lse  at d ifferen t  
dose ra te s ). A  v a lu e  for 2 k / t  =  1 .1  X 106 c m  s e c - 1 w as  
o b ta in e d . U s in g  a va lu e  o f  e250 6 1 0  M _1  c m - 1, 2 k  = 6 .7  x  
1 0 s A f - 1 s e c “ 1 .

A  ty p ic a l o sc illo sco p ic  trace  to r th e  d e c a y  o f th e  op tica l  
a b so rp tio n  w ith  tim e  a t p H  10 a n d  2 6 0  n m  is rep orted  in 
F igu re  l b .  O n e  ca n  e a sily  see th a t a very  fa st d e c a y  is im 
m e d ia te ly  fo llo w ed  b y  a  m u c h  slow er d e c a y . T h e  sp ec tru m  
o f  th e  tra n sie n t p resen t at th e  en d  o f th e first fa s t  d ec a y  is 
p resen ted  b y  curve c in  F igu re 2 . T h e  c o m p a riso n  w ith  
cu rve  a o f  th e  figure m a k e s it  clear th a t  tw o  d ifferen t in 
te rm ed ia te s  e x ist a t p H  10 . I t  w ill be p o in te d  o u t later  
th a t  sp ec tru m  c in F igu re  2 is th a t  o t  th e  fo r m y lm e th y l  
ra d ica l -C H 2C H O . It d ec a y s  b y  se c o n d -o rd e r  k in e tics  w ith  
2 k / t  = 3 .5  X  1 0 6 c m  s e c - 1  a n d  u sin g  a v a lu e  o f  ¿300 260  
A f - 1 c m “ 1, a v a lu e  o f  2 k  =  9 .1  X  1 0 s A f - 1 s e c - 1  is o b 
ta in e d .

A t  p H  1 .4 , tw o d istin c t s te p s  in th e  d ecrease  in a b so rp 
tio n  can  be reco gn ized  (F igu re  l c ) .  T h e  a b so rp tio n  sp e c 
tr u m  im m e d ia te ly  after th e  p u lse  w a s fo u n d  to  be  id e n ti
ca l w ith  th a t o f  1 ,2 -d ih y d r o x y e th y l ra d ic a l (F igu re  2a) an d  
th e  on e a t  th e  en d  o f  th e  first d ec a y  w as fo u n d  to  be id e n 
tic a l w ith  th a t  o f  th e  fo r m y lm e th y l ra d ic a l (F igu re  2 c ) . 
C u rv e  a n a ly sis  sh ow ed  th a t  th e  fa s t  d e c a y  im m e d ia te ly  
after  th e  p u lse  w as o f  first order p ro v id ed  th a t th e  h a lf-life  
o f  th e  fa st d e c a y  w as s ig n ific a n tly  sm a lle r  th a n  th e  first 
h a lf-life  o f  th e  ra d ica l a t  p H  6 . W e  a ttr ib u te  th e  fa st  
d ec a y  in a b so rp tio n  to  th e  d eh y d ra tio n  o f  th e  1 ,2 -d ih y 
d ro x y e th y l ra d ica l to  y ie ld  th e  fo r m y lm e th y l ra d ic a l. T h is  
su b se q u e n tly  d ec a y s b y  se co n d -o rd e r k in e tic s .

T h e  rate c o n sta n t o f  th e  first-ord er d e c a y  w as fo u n d  to  
in crease w ith  H +  co n ce n tra tio n  w h ich  ca n  b e  e x p la in e d  
b y  th e  m e c h a n ism  o f  eq  2 . In  F igu re  3 , th e  h a lf-life  is 
p lo tte d  us. th e  recip roca l H +  c o n c e n tra tio n . T h e  straigh t  
line  o b ta in ed  in tersec ts th e  o rd in a te  axis a t  8 X  1 0 - 7 sec 
a n d  h as a slop e  o f  1 .5  x  IO - 7 M  s e c - 1 . I f  it is assu m ed  
th a t th e  eq u ilib r iu m  of eq  2 is ra p id ly  a tta in e d  an d  no sig -

H H
I I

■C— C— H +  H+ 
1 1

H H 
1 1 kyk

 
:

0
—1p
— —H.20  >

OH OH
1 i +
OH OH2

H H H
I

•c—-CH
1
C-

- H + II
0OH

n ific a n t r a d ic a l-r a d ic a l rea ctio n  occu rs d u rin g  th e  fa st d e 
h y d ra tio n , th e fo llo w in g  re la tio n sh ip  resu lts  fro m  th e  k i
n e tic  tr e a tm e n t o f  th e  m e c h a n is m  o f  eq  2.

T i/2  =  ( l i i 2 /% i )  +  (K  l n 2 / f e i ) ( l / [ H + ] )  (3 )

I t  is also  a ssu m e d  th a t  th e  rate  c o n sta n t k in  eq  2 is h ig h 
er th a n  ki. U s in g  eq  3 , a v a lu e  o f ky =  8 .6  X 1 0 s s e c - 1  is 
c a lc u la te d  fro m  th e  in tersec tion  o f  th e  s tra ig h t lin e  in F ig 
ure 3 w ith  th e  ord in ate  axis a n d  an  e q u ilib r iu m  c o n sta n t  
K  =  1 .8  X 1 0 - 1 M  is c a lc u la te d  fro m  th e  slop e  o f th e  
stra ig h t lin e . A  p K  o f  0 .7 4  co rresp on d s to  th is  eq u ilib r iu m  
co n sta n t.

B e lo w  p H  1, th e  race o f  d e h y d ra tio n  is so fa st th a t  it is 
p ra c tic a lly  fin ish e d  after a 1 -5 -j is e c  p u lse . T h e  a b so rp tio n
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18 Bansal, Grätzel, Henglein, and Janata

Figure 3. Plot of the half-life of the first-order decay vs. the re
ciprocal H+ concentration of the solution.

shortly after the pulse is now due to the formylmethyl 
radical. The absorption decays by second order after the 
pulse. A rate constant 2k =  9 x 108 M -1 sec-1 was calcu
lated from this decay which corresponds to the one ob
tained in the alkaline solutions. The fast formation of the

•CHOH n -CH— 0“  C H =0
+  OH“  ^  | — | + OH" (4)

ch2oh ch2oh  ch2

formylmethyl radical at pH 10 (see Figure 2b) can be ex
plained by an OH catalyzed dehydration of the 1,2-dihy- 
droxyethyl radical (eq 4). The pK  values of simple ali
phatic alcohol radicals are higher than 10.7.1 It can hardly 
be postulated that the pK  of the 1,2-dihydroxyethyl radi
cal is significantly lower. However, even at pH 8.5, the 
decay of the 1,2-dihydroxyethyl radical is very fast. This 
indicates that no equilibrium on the left-hand side of eq 4 
is established between the acid and base form of 1,2-dihy
droxyethyl. Apparently, the OH-  ion reacts very fast with 
the 1,2-dihydroxyethyl radical to yield HOH2CCHO-  
This radical anion has a much higher rate of OH-  loss to 
form the formylmethyl radical than of its reaction with 
H2O to establish the equilibrium with its acid form. Fur
thermore, the rate of OH loss must be higher than that 
of the reaction between HOH2CCHOH and OH- , the rate 
of the latter being therefore the determining rate of the 
overall process. This rate could not be measured accurate
ly; however, it can be concluded from the results obtained 
that the rate of the reaction of OH-  with the 1,2-dihy- 
droxyethyl radical is that of a diffusion-controlled process.

III. 2. P olarographic M ea su rem en ts . The polarographic 
measurements are to give additional information about 
the identity of the radicals. We have shown that “short- 
time polarograms” of short-lived free radicals can be ob
tained by recording the polarographic current at the mer
cury drop electrode as a function of time after formation 
of the radicals by irradiation of the solution with a short 
electron pulse.6'7 Such current us. time curves are taken 
at different potentials of the mercury drop. The plot of 
the current at a given time after the pulse vs. the elec
trode potential constitutes a polarogram. Polarograms 
have been determined for a large number of free radicals. 
They are typical for certain types of radicals and can 
therefore be used now for the identification of new species 
found in pulse experiments. A compilation of such polaro
grams will be published elsewhere.
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2 5 0  n m

1 0 0  ) js

p H  = 6 ,0  

- 0 , 7 0  V

pH  = 9 ,0  

-  0 ,7 0  V

- 0 , 3 0 V

- , 0 , 7 0  V  k

- 0 , 9 0  V

p H  = 2 ,6

Figure 4. Polarographic current vs. time curves at different pH 
values and potentials (vs. saturated calomel electrode) (curves 
a-e). Curve f shows 2500-Â absorption vs. time at pH 2.6.

The current us. time curves are determined (a) by the 
rate of radical disappearance, (b) by the formation of a 
concentration gradient at the mercury drop, and (c) by 
the kinetics of the transfer reaction through the double 
layer. These curves therefore are not exactly parallel to 
the curves showing the optical absorption as function of 
time for the radicals in the bulk of the solution. It is not 
the purpose of the present paper to describe the details of 
the current vs. time curves, i.e., the kinetics of the elec
trode processes involved. A description of these phenome
na will be given elsewhere.10 Only those features of the 
current us. time curves will be discussed which are impor
tant for the identification of the radicals.

Figures 4a-e show the oscilloscope traces of the polaro
graphic currents as function of time at different pH values 
and potentials at the mercury electrode in the pulse-irra
diated aqueous N2O saturated ethylene glycol solutions. 
On the left side, the zero line before the pulse can always 
be recognized. Negative signals represent oxidation, and 
positive signals the reduction of a radical. Figure 4f gives 
the optical absorption as function of time to complete the 
polarographic current vs. time curves c-e at pH 2.6.

At pH 6.0, oxidation of the radical present after the 
pulse occurs at —0.70 V. The negative signals decays to 
zero after about 200 /¿sec (Figure 4a). In Figure 5, the 
maximum signal after the pulse is plotted vs. the poten
tial of the mercury electrode for pH 5.9, 4.9, and 3.9. It 
can be seen that a constant negative signal is obtained at 
potentials between -0 .7  and -0 .2  V. At more positive po
tentials weaker negative signals are observed. This effect 
is due to an adsorption of the sulfate ions at the mercury 
electrode by which the transfer reaction is hindered. This 
effect has been observed with other simple aliphatic alco
hols and will be described in detail elsewheré.10c'd At poten
tials more negative than -0 .7  V, the negative signal be-
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Figure 5. Maximum signal of the polarographic current after the 
pulse as function of the potential (vs. saturated calomel elec
trode) at different pH values. The polarograms at pH 5.9, 4.9, 
and 3.9 are attributed to the 1,2-dihydroxyethyl radical, the 
polarogram at pH 9.0 to the formylmethyl radical.

co m es ra p id ly  w eaker an d  a t  a b o u t - 1 . 0  V , a p o sitiv e  s ig 
nal a fter  th e  p u lse  ca n  be ob serv e d . T h is  sig n al rises w ith  
in creasin g  th e  n eg a tiv e  p o te n tia l. T h e  p o la ro g ra m  o f F ig 
ure 5  co rresp on d s to  s im ila r  p o la ro g ra m s o f a a lco h o l ra d i
c a ls . 7 O x id a tio n  at th e  m erc u ry  e lectro d e  occu rs below  
a b o u t —1 .0  V  in d e p e n d e n t o f  th e  p H  in ac id  so lu tio n s . 
R e d u c tio n  o f th e  ra d ica l occu rs a t m o re  n eg a tiv e  p o te n 
tia ls , w h ereb y  th e  p o la ro g ra p h ic  “ w a v e ”  is sh ifte d  to  less  
n eg a tiv e  p o te n tia ls  w ith  in crea sin g  H +  c o n c e n tra tio n . T h e  
p o la ro g ra m s o f  F igu re  5 a t  p H  5 .9 , 4 .9 , and  3 .9  are a ttr ib 
u ted  to  th e  1 ,2 -d ih y d r o x y e th y l ra d ic a l. T h is  ra d ic a l d iffers  
from  th e e th a n o l ra d ica l ( C H 3- C H - O H )  in th a t  on e  H  
a to m  o f  th e  m e th y l grou p  is re p la c e d  b y  O H . C o m p a rin g  
th e p o la ro g ra m s o f  b o th  r a d ic a ls 7 on e  rea lizes th a t  th e o x 
id a tio n  w ave an d  e sp e c ia lly  th e  red u ctio n  w ave  o f the

C H 2O H - C H O H  ra d ica l are a t  m o re  p o sitiv e  p o te n tia ls  
th a n  th e  co rresp o n d in g  w a v es o f  C H 3- C H O H .

A t  p H  9 .0 , a ra d ica l is p resen t a fte r  th e  p u lse  th a t  is re
d u ce d  a t th e  p o te n tia l o f  —0 .7 0  V , as ca n  be recogn ized  
fro m  th e  p o sitiv e  cu rren t sig n al o f  F igu re 4 b . T h e  m a x i
m u m  sig n al a fter  th e  p u lse  is p lo tte d  in F igu re  5 us. th e  
p o te n tia l for a so lu tio n  o f p H  9 .0 . I t  ca n  be seen  th a t o x i
d a tio n  o f th e  ra d ica l occu rs o n ly  if  th e  p o te n tia l is m ore  
p o sitiv e  th a n  - 0 . 1  V . R e d u c tio n  b e c o m e s  n o tic e a b le  at  
p o te n tia ls  m o re  n eg a tiv e  th a n  - 0 . 3 0  V . T h e  fu ll h e ig h t o f  
th e  p o la ro g ra p h ic  “ w a v e ”  is rea ch ed  at - 0 . 7 5  V . T h e  p o 
larograp h ic b e h a v io r  o f  th e  ra d ica l p resen t in a lk a lin e  so 
lu tio n  is s ig n ific a n tly  d iffe re n t fro m  th a t  p resen t in n e u 
tra l or s lig h tly  ac id  so lu tio n s . T h e  p o la ro g ra m  a t p H  9 .0  
in  F igure 5 is a ttr ib u te d  to  th e  fo r m y lm e th y l ra d ic a l. T h is  
p o la ro g ra m  is s im ila r  to  th a t  o f  th e  - C ^ C O O -  ra d ic a l7 

a n d  to  th e ra d ica l CH3CHCOCH3 fo rm ed  in th e  reaction  
o f OH w ith  e th y l m e th y l k eto n e . A p p a r e n tly , th e  
fo r m y lm e th y l ra d ica l is a m u c h  w eaker re d u cin g  sp ecies  
th a n  its  p recu rsor, th e  1 ,2 -d ih y d r o x y e th y l ra d ica l.

T h e  curves c - e  in F igu re  4 sh ow  a c o m p le x  b eh av ior . 
T h e  so lu tio n  is n ow  ac id ic  en ou gh  to  a llo w  th e o b serv a tio n  
o f  th e  d eh y d ra tio n  acco rd in g  to  eq  2 . T h e  o p tic a l a b so r p 
tio n  sh ow s th e  ty p ic a l fa s t  d ec a y  w ith in  th e  first 5 0  /¿sec 
after  th e  p u lse  (F igu re  4 f) . A t  b o th  - 0 . 3 0  an d  - 0 . 7 0  V  
(cu rv es  c a n d  d ) , a  n eg a tiv e  sig n al im m e d ia te ly  after th e  
p u lse  is o b serv e d  w h ich  in d ic a te s  th e  p resen ce  o t  th e 1 , 2 - 
d ih y d ro x y eth y l ra d ica l. A fte r  a b o u t  80  fisec, th e  sig n al is 
s lig h tly  p o sitiv e  sin ce th e  fo r m y lm e th y l ra d ica l is n ow  
p resen t. T h e  low  h e ig h t o f  th is  p o sitiv e  s ig n a l is d u e  to  
th e  fa c t  th a t  after 80  psec an  e x te n d ed  d iffu sio n  lay er has  
a lrea d y  b een  e sta b lish e d  b efore  th e  m erc u ry  drop a n d  th a t  
p a rt o f  th e ra d ic a ls  h av e  a lrea d y  d isa p p ea re d  b y  m u tu a l  
in tera ctio n . T h e  w ea k ly  p o sitiv e  s ig n a l f in a lly  d ec a y s to  
zero  a t lon ger t im e s . A t  —0 .9 0  V  (cu rv e  e ), still  a w eak  
n eg a tiv e  sig n al is seer, im m e d ia te ly  a fter  th e  p u lse  since  
th e  1 ,2 -d ih y d r o x y e th y l ra d ic a l is still o x id iz e d  a t  th is  p o 
te n tia l (F igu re  5 ) . H o w e v e r , th e  s ig n a l n ow  ra p id ly  
sw itch e s  to  a stron g  p o sitiv e  sig n al w h ich  f in a lly  d ec a y s to  
zero. It h as a lw a y s  to  b e  k e p t in m in d  th a t  th e  ob served  
cu rren t sig n al is c o m p o se d  o f  tw o c o m p o n e n ts : th e  o x id a 
tio n  (or n e g a tiv e ) sig n al o f  th e  1 , 2 -d ih y d r o x y e th y l ra d ica l 
a n d  th e  red u ction  (or p o sitiv e ) sig n al o f  th e  fo rm y le th y l  
ra d ic a l. D u r in g  th e  first 100  fisec a fte r  th e  p u lse , b o th  
ra d ica ls  are a lw a y s  p resen t a lth o u g h  w ith  a ch a n g in g  ratio  
in  co n ce n tra tio n s . I f  th e  s ig n a l o f  1 , 2 -d ih y d r o x y e th y l (a t  
- 0 . 9 0  V )  is w ea k , a sm a ll a m o u n t o f  fo r m y lm e th y l form ed  
is su ffic ien t to  sw itch  th e  sig n al to  a stro n g  p o sitiv e  va lu e  
(s in ce  fo r m y lm e th y l h a s  a lrea d y  m a x im u m  cu rren t at  
- 0 . 9 0  V  acco rd in g  to  F igu re  5 ) .
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A  K i n e t i c  a n d  S t o i c h i o m e t r i c  I n v e s t i g a t i o n 1

James L. Copeland* and Leslie Gutierrez

D e p a r tm e n t  o f  C h e m is t r y ,  K a n s a s  S ta te  U n iv e r s it y .  M a n h a t ta n .  K a n s a s  6 6 5 0 2  ( R e c e iv e d  J u n e  5. 1 9 7 2 )  

P u b l ic a t io n  c o s ts  a s s is te d  b y  th e  N a t io n a l  S c ie n c e  F o u n d a t io n

S to ic h io m e tr ie s  o f  L u x -F lo o d  a c id -b a s e  rea ctio n s o f  ( N a P 0 3);t, N a 3( P 0 3)3, N a 4 ( P 0 3)4, N a 5P 3O io , an d  
P 4O 10 w ith  m o lte n  N a N 0 3, an d  o f  N a 3( P 0 3)3, N a 4P 2 0 7 , a n d  N a 5P 3O io  w ith  m o lte n  L i N 0 3 w ere s t u d 
ied . K in e tic s  in v estig a tio n s  o f  re a ctio n s o f  N a 3( P 0 3)3 an d  N a 5P 3O io  w ith  excess m o lte n  N a N 0 3 w ere  
p erfo rm ed  b y  m e a su r e m e n t o f  rate  o f  to ta l ga s e v o lu tio n  ( 4 N O 2 +  O 2 ) an d  b y  31P  n m r a n a ly se s  o f  
q u e n ch e d  rea ctio n  resid u es. W it h  N a N 0 3 a t  4 0 0 °  an d  a b o v e , all p h o sp h a te s  in d ic a te d  e x c e p t P 4O 10 w ere  
d eg ra d ed  to  N a 4P 20 7 w hile  P 4O 10  a t  3 2 5 °  w as d ep o ly m e r iz e d  o n ly  to  N a 3 ( P 0 3 )3 . W it h  L i N 0 3 a c a tio n  
e ffec t w as o b served  in th a t th e  fin a l p h o sp h a te  p ro d u c t w a s P O 43 " ,  p ro b a b ly  d u e  to  p o la r iz a tio n  o f  - P -  
O - P -  b o n d s in P 20 74 - .  K in e tic s  s tu d ie s  o f  th e  rea ctio n  o f N a 3( P 0 3) 3 w ith  excess N a N 0 3 as s o lv e n t re 
v e a le d  tw o d istin c t sta g e s . S ta g e  I is th e  fo rm a tio n  o f  N a 5P 3O io  via a  set o f  c o m p le x  u n id e n tifie d  in te r 
m e d ia te s , a m o n g  w h ich  is an  a p p a r e n tly  cy c lic  p h o sp h a te  a n io n  fo rm e d  in large a m o u n t very  ea rly  in th e  
rea ctio n  w ith  a 31P  n m r c h e m ic a l sh ift  very  close  to  th a t  o f  th e  p a ren t ( P 0 3)33 -  reso n a n ce , an d  a s te a d y -  
sta te  trace  q u a n tity  o f  ( P 0 3)44 - .  S o m e  te n ta tiv e  c o n c e p ts  are a d v a n c e d  to  in terp ret so m e  in te r m e d ia te s  
o f s ta g e  I. S ta g e  II is th e  d irect d e p o ly m e r iz a tio n : 2P3Oio5 +  [ 0 2 ~ ] —*• 3 P 20 7 4 _  (fe2), w ith  se co n d -o rd e r  
b e h a v io r  in P 3O io® ~ a n d  no d e te c ta b le  in te r m e d ia te s . A t  4 0 0 , 4 1 1 , 4 2 5 , a n d  4 3 7 ° , ft2 is 3 .6 3  X  1 0 - 2 , 5 .1 4  
X  1 0 - 2 , 9 .5 8  X  1 0 " 2, an d  1 3 .0 6  X  1 0 ~ 2 (a rb itra ry  u n i t s ) - 1 m i n - 1 , re sp ec tiv e ly , g iv in g  an a c tiv a tio n  e n er
gy  o f 3 4 .1  k c a l. D u rin g  sta g e  II, 4 N 0 2 +  0 2 are e v o lv ed  w ith  p se u d o -first-o r d e r  b eh a v io r in to ta l ga s v o l
u m e  at c o n sta n t pressu re . R e a c tio n  o f N a 3( P 0 3)3 w ith  N a N 0 3 p ro ceed s very slow ly , i f  a t a ll, u n d er  v a c u 
u m , b u t p ro ceed s e q u a lly  v ig o ro u sly  u n d er an  a m b ie n t  o f  e ith er A r  or 0 2 . R a te  o f  rea ctio n  o f  N a s P 3O io  
w ith  N a N 0 3 ap p ea rs  u n a ffe c te d  b y  p resen ce  or a b sen c e  o f an  a m b ie n t  a tm o sp h e re .

In troduction

H ig h -te m p e r a tu r e  sy s te m s  co n ta in in g  o x id es  a n d /o r  o x y -  
a n ion s h av e  b e e n  c h a ra c te rize d  as a c id -b a s e  sy s te m s  b y  
L u x 2 an d  b y  F lo o d  an d  F o r la n d .3 In  th is  c o n c e p t an  ox id e  
ion don or is a b a se  w h ile  an  ox id e  ion a c c e p to r  is an  ac id .

It h a s  b een  k n ow n  for so m e  tim e  th a t  th e  N 0 3 ~ ion in  
m o lten  n itra tes  is a good L u x -F lo o d  b a se , d e c o m p o sin g  b y  
so m e  as y e t in c o m p le te ly  u n d ersto o d  m e c h a n is m  in to  N 0 2 
a n d  0 2 g a ses, in  a 4 :1  m o le  ra tio , u p o n  d o n a tin g  th e  O 2 -  
io n . D u k e , et al.,* fe lt  th a t  th e  b a sic  m e c h a n ism  m ig h t  be

N 0 3 - r f N 0 2+ +  O 2 -  ( la )

N 0 2 + +  N 0 3 - ^ 2 N 0 2 +  0  ( l b )

O  +  O  +  M  —*■ 0 2 +  M  ( lc )

w here M  is a th ird  b o d y , a n d  th e  e q u ilib r iu m  o f  eq l a  is 
sh ifte d  to th e  righ t u p on  a d d itio n  o f a su ffic ie n tly  stron g  
ox id e  ion a c c e p to r  ( L u x -F lo o d  a c id ). T o p o l , et al.,5 have  
d isp u te d  th e  ex isten c e  o f N 0 2+ in n itra te  m e lts , an d  h ave  
a d v a n c e d  an a ltern a te  h y p o th e sis

2 N 0 3 - ^ 2 N 0 2(g) +  ( l / 2 ) 0 2(g ) +  0 2 -  (2 )

T h e s e  la tte r  in v e stig a to r s5 h ave  a lso  d e m o n str a te d  th e  
a b ility  o f  N 0 2(g) itse lf  to  a c t  as an  a c id , as  in  th e  re a c 
tion s

2 N 0 2(g) +  0 2 —  N 0 3 -  +  N 0 2 -  (3a )

N 0 2(g) +  N 0 2 - —  N 0 3 - + N O ( g )  (3 b )

2 N 0 2(g) +  2 C r 0 42 _  - * N 0 3 -  +  N 0 2 ~ +  C r20 72 ( 3 c )

Z a m b o n in  a n d  J o r d a n 6 c la im  th a t  th e  O 2 -  ion  ca n n o t  
e x ist a t an y  a p p re c ia b le  c o n cen tra tio n  a t  all in  e q u ilib r i
u m  w ith  n itra te  m e lts . H o w e v e r, th e  p u rp o se  o f th e  p re s
e n t in v estig a tio n  w as not th e  n a tu re  o f  th is  m e c h a n ism , 
b u t ra th er th e  m e c h a n is m s  o f co n d e n se d  p h o sp h a te  d e p o 
ly m e riza tio n s  re su ltin g  fro m  tr e a tm e n t w ith  excess  n itrate  
m e lts  ac tin g  in th e ir  k n ow n  c a p a c ity  as b a ses . T h u s , for  
our p u rp oses a re a ctio n  o f  th e  ty p e  o f  eq  2 w ill su ffice  to  
illu stra te  th e  net role o f  N ( ) 3 as an  ox id e  ion d on or in 
reaction, even  th o u g h  O 2 -  m a y  n ever e x ist per se as an  
in d e p e n d en t in te r m e d ia te ; i.e., O 2 -  h a s  b een  e ffec tiv e ly  
tran sferred  to  th e  acid  b y  2 N 0 3 _  ion s in e x ce ss  n itra te  
m e lt .

T h e  fa m ily  o f  co n d e n se d  p h o sp h a te s  rep resen ts  a very  
in terestin g  series o f  p o te n tia l L u x -F lo o d  a c id s . S c h e m a t ic  
stru ctu ra l fo rm u la s  for th e  p h o sp h a te s  s tu d ie d  in th e  
p resen t w ork, an d  also  o rth o p h o sp h a te , are as given  ( I -  
V II ) . (T h e  le tte r  s y m b o ls  O P , P P , T M P ,  T T M P , a n d  T P P

(1) Presented in part at the 8 th Midwest Regional Meeting of the Ameri
can Chemical Society, Columbia, Mo., Nov 1972.

(2) H. Lux, Z . E le c t r o c h e m . ,  45, 303 (1939).
(3) H. Flood and T. Forland, A c t a  C h e m . S c a n d . .  1 , 781 (1947).
(4) (a) F. R. Duke and M. L. Iverson, J . A m e r .  C h e m . S o c . .  80, 5061 

(1958); (b) F. R. Duke and S. Yamamoto, ib id .  81, 6378 (1959);
(c) F. R. Duke and E. A. Shute, J . P h y s . C h e m ..  6 6 , 2 114  (1962);
(d) F. R. Duke and J. Schlegel, ib id . .  67, 2487 (1963); (e) F. R. 
Duke, J. C h e m . E d u c . ,  39, 57 (1962); (f) F. R. Duke in “Fused 
Salts," B. R. Sundheim, Ed., McGraw-Hill, New York, N. Y., 1964, 
pp 409-417; (g) R. N. Kust and F. R. Duke, J . A m e r .  C h e m . S o c . .  
85, 3328 (1963); (h) F. R. Duke and M. L. Iverson, A n a l.  C h e m  
31, 1233 (1959).

(5) L. E. Topol, R. A. Osteryoung, and J. H. Christie, J. P h y s . C h e m  
70. 2857 (1966).

(6 ) (a) P. G. Zambonin and J. Jordan, A n a l.  L e t t . .  1, 1 (1967); (b) J. 
A m e r .  C h e m . S o c . ,  89, 6365 (1967); (c) ib id . .  91, 2225 (1969).
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w ill be  u sed  o c c a sio n a lly  for b r e v ity .)  W it h  th e  ex cep tio n  
o f P 4O 10 , a ll th ese  sp ec ies  are sta b le  a lm o st in d e fin ite ly  in 
aq u eo u s so lu tio n  n ear p H  7 an d  ro om  te m p e ra tu re . In 
sp ec tio n  o f  th e  stru ctu re s  rev ea ls  th e  e x isten c e  o f four  
b a sic  ty p e s  o f  p h o sp h a te  g r o u p s :7 (a )  th e  iso la te d  P O 43 -  
group (stru c tu re  I ) , (b )  th e  en d  grou p  (a s  in stru ctu re  II) , 
(c) th e  m id d le  grou p  (a s  in stru ctu res III a n d  I V ) ,  an d  (d )  
th e  b ra n ch in g  p o in t grou p  (stru c tu re  V ) .  S p e c ie s  V I  an d  
V II are seen  to  be co n stru c te d  fro m  b o th  m id d le  a n d  end  
grou p s. In  m a n y  c h e m ic a l resp ects th e  re lative  s ta b ilitie s  
of su ch  grou p s a p p ea r  to  b e  ord ered  as iso la te d  P C L 3 -  
group  >  en d  grou p  >  m id d le  grou p  >  b r a n c h in g  p o in t  
group , a p p a ren tly  as a resu lt o f  d ec re a sin g  reso n a n ce  s t a 
b iliza tio n  as m ore a n d  m o re  iso la te d  ox y g en  a to m s  b e 
co m e in v o lv ed  in b r id g in g  b o n d s  b e tw ee n  p h osp h oru s  
a t o m s .8 O n e  a lso  ob serv es  th a t , s to ic h io m e tr ic a lly  sp e a k 
ing, th e  o n ly  d ifferen ces a m o n g  th ese  ty p e s  o f  grou p s are 
th e  re lative  la c k  or ex cess  o f  0 2 _  io n s. T h u s , P 2O 7 4 -  b e 
co m es 2P 0 4 3 ~ u p o n  a d d itio n  o f  0 2 ~ ; ( P 0 3)33 -  b e c o m es  
P 30 i o 5 -  u p o n  a d d itio n  o f  0 2 _ , or b e c o m e s  P 2O 7 4 '  +  
P O 43 -  u p on  a d d itio n  o f  2 0 2 ~ , e tc . In  each  case  a P - O - P  
b rid ge  w ou ld  be ru p tu red  in so m e  w ay  b y  an  a tta c k in g
O 2 -  ion  in so m e  fo rm . B a s e d  u p on  th e  re la tiv e  ord erin g o f  
ch e m ic a l s ta b ility  o f  th e  grou p s ju s t  g iven , th e n , one  
w ould  ex p ec t a L u x -F lo o d  acid  stren g th  a rra n g e m e n t to  
be ordered in th e  reverse  se q u e n ce . T h u s , for th e  p h o s
p h ates d isc u sse d  h ere , ac id  stren g th  in th e  p resen ce  o f  a 
given b a se  ( N 0 3 ~ in th e  p resen t w ork ) sh o u ld  be P 4O 10  >  
( P 0 3)a3 -  >  P 2O 7 4 -  >  P 0 43 "  w ith  ( P 0 3)4 4 ~ b e in g  a b o u t

th e  sa m e  as ( P 0 3)33 - , an d  P 30 i o 5~ b e in g  som ew h ere  b e 
tw een  ( P 0 3)33 -  a n d  P 2O 7 4 ”

S h a m s  E l D in , et al..9 h av e  p erfo rm ed  th e  m o re  n oted  
e x p erim e n ts  c o n cern in g  th e  d eg ra d a tio n s o f  v a rio u s c o n 
d en sed  p h o sp h a te s  an d  P 4O 10 in m o lte n  sa lts . T h e se  
w orkers h av e  rep orted  s tu d ie s  o f  th e  d eg ra d a tio n s o f  P 4- 
O 10 , N a 4P 20 7 , an d  N a P 0 3 [a p p a re n tly  N a 3 ( P 0 3) 3, b u t re
p orted  on ly  as N a P 0 3 b y  th ese  a u th o rs] in v a rio u s m o lten  
sa lts . O f  p articu la r  in terest to  th e  p resen t w ork w ere their  
p oten tiom etric . a c id -b a s e  titra tio n s  o f  N a P 0 3 . T h e  d eg ra 
d a tio n  w as fo u n d  to  d ep e n d  on  b o th  th e  b a se  u sed  an d  the  
m o lte n  sa lt  so lv e n t . T h u s , w h en  N a P 0 3 w as d isso lv e d  in a 
L i C l -K C l  eu te c tic  a n d  titra te d  w ith  N a 3 0 2  at 4 0 0 ° , th e  
a c id -b a s e  rea ctio n  w as rep resen ted  as

2 P 0 3 -  +  O 2 ^ P 20 74 -  (4 )

w ith  no fu rth er d e g ra d a tio n  to  P 0 4 3 - . In m o lte n  K N 0 3, 
h ow ever, titra tio n  o f  N a P 0 3 w ith  N a 20 2 a p p a ren tly  re
su lte d  in eq 4  fo llo w ed  b y

P 2 O 7 4 - +  0 2 - ^ 2 P 0 4 3 “ (5)

F in a lly , w hen N a P 0 3 w as d isso lv e d  in K N 0 3 a t 3 5 0 ° and  
titra te d  w ith  a n y  one o f  th e  b a ses  C 0 32 ~ , H C 0 3 ~, 
H C O O - , ( C O O ) 2 2 - , or C H 3C O O ~ , th e  a p p a ren t reaction  
seq u en ce  w as

3 P 0 3 ~ +  0 2 '  — P 3O io 5 ~ (6 )

2 P 3O 10e -  + 0 2 - - 3 P 20 74 -  (7 )

fo llow ed  b y  eq  5 . T h e  e x te n t o f  d e p o ly m e r iz a tio n  o f  th e  
co n d en sed  p h o sp h a te s  w as a lso  fo u n d  to  d ep e n d  on  th e  
a sso cia te d  c a tio n . T itr a t io n  o f P 4O 10  in fu sed  K N 0 3 at 
3 5 0 °  w as c o m p lic a te d  b y  ra p id  in itia l d eg ra d a tio n  o f  
P 4O 10 by N 0 3 ~ , so  th a t  on ly  th e  d eg ra d a tio n  p ro d u ct  
co u ld  be titra te d  b y  an y  o f  th e  p re v io u sly  m en tio n ed  
b a se s . T h is  in itia l rea ctio n  w as su g g ested  as b e in g

P 4O 10 +  4 N 0 3 - —>’ 4 P 0 3 _  +  2 N 3 0 5 (g ) (8 )

M a rk o w itz , et al.,10 h ave  a lso  s tu d ie d  a c id -b a s e  d eg ra 
d a tio n s  o f so m e  a lk a li p y r o p h o sp h a te s  an d  m e ta p h o s 
p h a te s  w ith  C I O 4 "  as th e  b a se . L i P 0 3 an d  K P 0 3 w ere o f  
th e  lo n g -c h a in  fo rm  o f  “ m e ta p h o s p h a te ”  (stru c tu re  V II)  
w hile N a 3 ( P 0 3 ) 3 w as th e  tr im e ta p h o sp h a te  (stru c tu re  III). 
D e g ra d a tio n  d ep e n d e d  on  th e  a sso c ia te d  c a tio n . L i P 0 3 

w as d eg ra ded  c o m p le te ly  to  L i3PC>4 , w h ereas N a 3 ( P 0 3 ) 3 

an d  K P 0 3 w ere d ep o ly m e r iz e d  o n ly  to  th e  p y ro p h o s
p h a te s . T h e se  stu d ie s  a p p a ren tly  in d ic a te d  th e  fo llow in g  
rea ctio n  seq u en ce

2 M P 0 3 +  2MCIO4 —  M 4P 2O 7 +  C l2 (g ) +  ( 7 / 2 ) 0 2(g )  (9 )

an d  fu rth er, in  th e  ca se  o f  M  =  L i

M 4P 2O 7 +  2MCIO4 —  2 M 3P 0 4 +  C l2 (g ) +  ( 7 / 2 ) 0 2(g ) ( 1 0 ) 

T ra c e s  o f  L is P 3O io  w ere fo u n d , b u t its ex isten c e  w as a t -

(7) J. R. Van Wazer, "Phosphorus and Its Compounds." Vol. 1, Inter- 
science, New York, N. Y., 1958, pp 390-393.

(8 ) Reference 7, pp 437-441.
(9) (a) A. M. Shams El Din, E le c t r o c h im .  A c ta .  7, 285 (1962); (b) A. 

M. Shams El Din, A. A. El Hosary, and A. A. A. Gerges, J . E le c t r o -  
a n a l.  C h e m ..  6 , 131 (1963); (c) ib id . .  8 . 312 (1964); (d) A. M. 
Shams El Din and A. A. A. Gerges, E le c t r o c h im .  A c ta .  9, 123 
(1964); (e) A. M. Shams El Din and A. A. El Hosary, ib id . .  13. 135 
(1968); (f) A. A. El Hosary and A. M. Shams El Din, ib id . .  16. 143 
(1971); (g) A. M. Shams El Din, H. D. Takl El Din, and A. A. El 
Hosary, ib id . .  13, 407 (1968).

(10) M. M. Markowitz, H. Stewart, Jr., and D. A. Boryta, In o rg .  C h e m ..  
2, 768 (1963).
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tributed to

2MPO3 +  M3PO4 —‘•MsPsOio ( 11)

On the basis of their study, M arkowitz, et al., assigned 
the relative acidity o f the alkali pyrophosphates and m e
taphosphates as decreasing according to Li+ >  > >  N a + , K+ 
= 0 for P2074^, and Li+ > > >  Na+ >  K + for P O 3 -, and fi
nally meta »  pyro.

In view of the observed spontaneous reactions of many 
condensed phosphates with molten NaNOs, and the fore
going background, the objectives o f the present work were 
formulated as follow. Overall stoichiom etries o f the reac
tions o f N a3(P 0 3)3, N a4(P 03)4, N a5P 30 io  (form II o f 
structure VT),11 (N aP 0 3)x (insoluble and glass forms of 
structure V I I ) ,11 and P4O10 with N a N 0 3 were determined, 
as well as the reactions o f Na3(POs)3, Na5P3Oio, and Na4- 
P 2O 7 with L iN 03. These studies were perform ed using 
weight loss techniques with careful analyses o f  evolved 
gases and crystalline residues. K inetics o f the reactions of 
Na3(POa)3 and Na5P3Oio with excess molten NaN O s sol
vent were studied by measurements o f the rate o f total gas 
( N O 2 +  O 2 ) evolution, and by 31P nmr analyses o f aque
ous solutions o f quenched reaction residues. The results 
shed some interesting light on the mechanism of an over
all reaction o f the type of eq 6 and 7 , although much still 
remains to oe done.

E xperim ental Section

Materials. Reagent grade P 4O 10 and the insoluble form 
o f (N aP0 3)x were obtained from the Baker and Adamson 
Co. Purified grade Na5P3O io (form II) was obtained from 
the Fisher Scientific Co. and reagent grade NaNOs and 
L iN 03 were from the M allinckrodt Co. These chem icals 
were used without further purification other than oven 
drying at ca. 125° for at least 24 hr and storage in a Drier- 
ite charged dessicator just prior to use.

N a3(P 0 3)3 was prepared by thermal treatment of 
N aH 2P04.H 20, and was purified by dissolving in dis
tilled water, filtering off any insoluble “ m etaphosphate,”  
and recrystallization from ethanol.12 Na4(POa)4 was pre
pared by the low-temperature hydrolysis o f P 4O 1 0 .13  Puri
ties of these prepared cyclic metaphosphates were estab
lished as at least 95% from crystalline infrared spectra 
and from the occurrence of a single 31P nmr peak for an 
aqueous solution at ca. + 2 1  ppm  from 85% H 3P O 4 for N a3- 
(P 0 3)3, and at ca. + 23.2 ppm  from 85% H 3P O 4 for Na*- 
(P 03)4 .14 The glass form of (N aPOs)* was prepared by 
fusion o f the insoluble form in a platinum test tube fol
lowed by quenching with cold water.

Oxygen and argon gases, used as am bients in gas evolu
tion studies, were from the National Cylinder Gas Co., 
and were specified as being of better purity than 9 9 .9%. 
These were used without further purification except for 
being passed through a M g(C 104)2 charged drying tower 
at the time o f use.

Apparatus and Instrumentation. Rate of total gas evolu
tion studies for N a3(P 0 3)3 and N a5P 3O 10 with N aN 0 3 
were performed by measuring the total volum e o f gases 
evolved as a function of time at fixed room temperature, 
and under a constant 1-atm total pressure. The apparatus 
was constructed in our laboratory, and was very similar to 
that em ployed by Freeman15 in his investigations of ther
mal decom positions o f N aN 0 2 and N aN 0 3. Our appara
tus was provided with accessory traps and fittings which 
permitted sampling o f the evolved gases for analysis at 
the end o f a run. Each run was perform ed with the 'appa

ra tu s filled  w ith  an  A r  a tm o sp h e re  (or w ith  O 2 in on e  s p e 
cia l ca se ), in it ia lly  at 1 -a tm  p ressu re. T h is  a p p a r a tu s  is 
d esc rib ed  in d e ta il e lse w h ere . 16

In frared  sp ec tra  o f  cry sta llin e  sa m p le s  in K B r  p e lle ts , 
a n d  o f  e v o lv ed  gas sa m p le s , w ere p erfo rm ed  w ith  a P er- 
k in -E lm e r  M o d e l  337  gratin g  in frared  sp e c tro p h o to m e te r .

G a s  c h r o m a to g ra p h y  ru n s w ere p erfo rm e d  u sin g  a lo c a l
ly  fa b r ic a te d  ga s ch ro m a to g ra p h  w ith  H e  carrier g a s . M a s s  
sp ec tra  o f e v o lv ed  gas sa m p le s  w ere o b ta in e d  fro m  an  
E le c tro n ic s  A sso c ia te s  In c. M o d e l 2 5 0  q u a d ru p o le  m a ss  
sp ec tro m e te r .

A ll  n m r  a n a ly se s  w ere p erfo rm ed  u sin g  a V a r ia n  A s s o 
cia tes M o d e l  X L - 100 n m r  sp ec tro m e te r  p ro v id ed  w ith  a 
31P  p robe a n d  d eu tero n  lock , n e c e ss ita tin g  u se  o f  D 2O  as  
sa m p le  so lv e n t (a  p ro to n  lock  h a d  n o t y e t been  receiv ed  
for our in s tr u m e n t) . T h e  n m r sp ec tra  w ere a c c u m u la te d  
w ith  a V a r ia n  A sso c ia te s  M o d e l C -1 0 2 4  t im e  average  c o m 
p u te r . S a m p le s  w ere c o n ta in ed  in W ilm a d  .G la s s  C o . 
1 2 -m m  o .d . n m r  sa m p le  tu b e s  w ith  p la s tic  c a p s . T h e  
c h e m ic a l sh ift referen ce sig n a l, a t  0 .0  p p m , w as p ro v id ed  
b y  8 5 %  H 3P O 4 in a sm a ll c a p illa ry  tu b e  p la c e d  in th e  u n 
k n ow n  s a m p le  tu b e . T h is  referen ce sa m p le  w as p reserved  
a n d  w as th e  sa m e  on e u sed  for every  n m r d e te r m in a tio n .

A  co n sta n t h ig h -te m p e r a tu re  b a th , for q u e n c h e d  re a c 
tio n  stu d ie s , w as c o n stru cte d  in th e  fo rm  o f a th e r m o -  
s ta te d , stirred  b a th  o f  m o lte n  N a N 0 3 . 16

A ll  te m p e ra tu re  m e a su r e m e n ts  w ere p erfo rm e d  u sin g  a 
L e e d s  an d  N o rth ru p  C o . N o . 8 6 9 1  m illiv o lt  p o te n tio m e te r  
w ith  c h r o m e l-a lu m e l th e r m o c o u p le s . A n  ic e -b a th  refer
en ce ju n c tio n  w as e m p lo y e d .

A  V a c u u m  A tm o sp h e r e  C o rp oratio n  M o d e l H e -4 3 -2  D r i-  
L a b  d ry b o x , p ro v id ed  w ith  a dry A r  a tm o sp h e re , w as u sed  
for all e x p e r im e n ta tio n  w ith  P 4O 10 , a n d  for h a n d lin g  o f  
L i N 0 3 .

Reaction Stoichiometry Procedure. O n  th e  a ssu m p tio n  
(s u b se q u e n tly  c o n firm e d ) th a t N 0 3 ~ d ec o m p o se s  in a c id -  
b a se  rea ctio n s a c cord in g  to  an  o v era ll rea ctio n  sc h e m e  o f  
th e  ty p e  o f  eq  2, s to ic h io m e trie s  o f  th e  rea ctio n s o f  N a 3- 
( P 0 3)3, N a 4 ( P 0 3 )4, N a 5P 3O io  (fo rm  I I ) , ( N a P 0 3 ) x ( in s o l
u b le  a n d  g la ss  fo r m s ), a n d  P 4O 10 w ith  N a N 0 3 w ere d eter 
m in e d  b y  a m e th o d  b a se d  on  w eig h t loss d u e  to  evolv ed  
N O 2 an d  O 2 , a n d  a n a ly se s  o f  th e  fin a l so lid  resid u es . In  
a d d itio n , s im ila r  in v estig a tio n s w ere p erfo rm ed  for N a 3- 

( P 0 3)3, N a 5P 3O io , a n d  N a 4P 2C>7 w ith  L i N 0 3 .
In  th e  ca ses  o f  N a 3 ( P 0 3 ) 3 a n d  ( N a P 0 3 )x, in tim a te  

m ix tu res  o f  a p h o sp h a te  w ith  N a N 0 3, o f  v a ry in g  w eig h t  
ra tio s, w ere p rep a red  an d  w eig h ed  in C o ors N o . 0 0  p o r c e 
la in  c ru cib les . T h e  cru cib les w ere p la c e d  in a c ru cib le  fu r 
n a c e  o f  fixed  te m p e ra tu re , an d  th e  sa m p le s  w ere a llow ed  
to  rea ct u n til n o  fu rth er w eig h t losses w ere o b serv ed  w hen  
th e  cru cib les  w ere w ith d ra w n , co oled  in  a d essic a to r , a n d  
rew eigh ed . A  s im ila r  p rocedu re w as fo llo w ed  for N a 5P 3O io  
an d  N a 4( P 0 3 )4 e x c e p t th a t  13 X  100  m m  P y rex  te s t  tu b e s  
p la c e d  in sid e  23  X  230  m m  V y c o r  te st tu b e s  serv ed  as  
rea ctio n  v e sse ls . T h e s e  w ere p la c e d  in th e c o n sta n t h ig h -  
te m p e ra tu re  b a th  rath er th a n  a cru cib le  fu rn a c e . N o  o b 
serv a b le  a tta c k  occu rred  to  eith er th e  cru cib le s  or th e  
P yrex  test tu b e s .
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F or P 4O 10 w ith  N a N C >3 in  th e  d ry b o x , m ix tu res  o f  v a r y 
ing w eig h t ra tio s w ere p rep ared  in th e  te st tu b e  vesse ls , 
w h ich  w ere th en  sto p p e re d . T h e se  a sse m b lie s  w ere p la ced  
in th e  c o n sta n t h ig h -te m p e r a tu re  b a th , a n d  th e  sto p p ers  
w ere rem o v ed  a b o u t 15 sec  la ter . A fte r  rea ctio n , each  tu b e  
w as flu sh e d  w ith  d ry  A r  w h ile  s till in  th e  b a th , sto p p e re d , 
rem o ved  to  th e  d ry b o x , a n d  rew eig h ed . A g a in , no a tta c k  
on th e  te st tu b e s  w as n o te d .

R e a c tio n s  o f  p h o sp h a te s  w ith  L Ì N O 3 w ere p erfo rm ed  
u sin g th e te st tu b e  a sse m b lie s , h ow ever, th e  L Ì N O 3 w as  
h a n d led  in th e  d ry b o x . N o  a tta c k  on  th e  test tu b e s  w as  
n o ted .

S o lid  resid u es re m a in in g  a fter  e a ch  run w ere a n a ly ze d  
b y  infrared sp ec tro sc o p y  u tiliz in g  K B r  p e lle ts , a n d  b y  31P  
n m r a n a ly se s  o f  a q u eo u s so lu tio n s . E v o lv e d  ga s a n a ly se s  
w ere p erfo rm ed  w ith  th e  aid  o f  th e  c o n stru cte d  g a s  line  in  
co n ju n ctio n  w ith  th e  rate  o f  to ta l ga s e v o lu tio n  s tu d ie s , to  
be d iscu ssed  later .

F or e a ch  rea ctio n  series o f  a p h o sp h a te  w ith  N a N 0 3 or 
L Ì N O 3 , a  p lo t o f  w eig h t loss per gra m  o f n itra te  vs. in itia l 
w eig h t ra tio  o f  p h o sp h a te  to  n itra te  g a v e  a stra ig h t line  o f  
p ositive  slo p e  fro m  th e  origin  for w eig h t ratios less th a n  
th e sto ic h io m e tric  eq u iv a len c e  p o in t , an d  a h o rizo n ta l  
stra ig h t lin e  for w eig h t ra tio s greater th a n  th is  p o in t . T h e  
in tersection  o f th ese  lin es gave th e  s to ic h io m e tric  e q u iv a 

lence p o in t in te rm s o f  w eig h t ra tio , w hich  w as th e n  c o n 
v erted  to  a m o la r ra tio . T h e  ( N a P 0 3 )* , N a 3 ( P 0 3 >3 , an d  
N a 5P 3 0 io rea ctio n s w ere ru n  a t 4 5 0 ° , th e  N a ^ P C ^ h  rea c
tio n  w as a t  4 0 0 ° , a n d  th e  P 4O 10 rea ctio n  w as at 3 2 5 ° . 4 00 °  
w as ch o sen  for N a 4 ( P 0 3 )4 to  p reclu d e  an y  p o ssib le  c o n v er
sion o f  (P 0 3 )4 4 -  to  ( P 0 3 )33 “ , k n ow n  to  occu r slo w ly  at ca. 
4 5 0 ° .17 3 2 5 °  w as u sed  for P 4O 10 s in ce  th is  su b sta n c e  s u b 
lim e s  a t  3 6 0 ° .18

Gas Evolution Rate Procedure. T h e  ga s e v o lu tio n  a p p a 
ra tu s w as e m p lo y e d  for th is  s tu d y . 16  In  th e  ca se  o f  th e  
N a 3 ( P 0 3 ) 3 +  N a N O s  rea ctio n , 1 .7 0 0 0  g o f  N a N 0 3 w as  
p la c e d  in th e  ou ter  p ortion  o f th e  rea ctio n  v e sse l, and  
0 .1 1 0 9  g o f  N a 3(PC>3)3  w a s h eld  su sp e n d e d  in th e  inner  
p ortion  o f  th is  v e sse l, ju s t  ab o v e  th e  n itra te . 16  T h e  entire  
sy ste m  w as e v a c u a te d  for ca. 1  hr, an d  w as th e n  filled  
w ith  dry A r  (or d ry  O 2 in  on e  sp ec ia l ca se) a t 1 -a tm  p re s
sure. A n  e le ctric a l c y lin d ric a l fu rn a ce  w as ra ised  to  e n c ir 
cle th e  rea ctio n  c h a m b e r , ca u sin g  fu sion  o f  th e  N a N 0 3, 
an d  it an d  th e  p h o sp h a te  to  a tta in  a c o m m o n , sp ec ified  
te m p e ra tu re . T h e  N a 3 ( P 0 3 )3 sa m p le  w as th en  m a d e  to  
fa ll in to  th e  ex cess  m o lte n  N a N C >3 (p h o s p h a te m itra te  
m o l ratio  o f  ca. 1 :5 5 ) ,  a n d  tim in g  c o m m e n c e d . A t  variou s  
tim e s  to ta l ga s v o lu m e  (A r  +  N O 2 +  O 2 ), a t  co n sta n t  
1 -a tm  to ta l p ressu re a n d  room  te m p e ra tu re , w as ob served  
on th e  gas b u ret. T h e  to ta l ga s v o lu m e s  so o b ta in e d  were  
corrected  to  S T P  a n d  p lo tte d  vs. t im e . A t  room  te m p e r a 
ture th e  2 N O 2 =  N 2O 4 e q u ilib r iu m  w as d e c id e d ly  c o m p li
c a tin g  an d  w as u n a b le  to  b e  co rrected  for in th ese  stu d ie s , 
as w ell as in  th e  s im ila r  on es u sin g  N a s P s O ia - T h is  d e fi
n ite ly  lim its  th e  v a lu e  o f  th e  gas e v o lu tio n  re su lts  to  se m i-  
q u a n tita tiv e  p u rp o se s . R e a c tio n  ru n s w ere p erfo rm ed  at 
4 0 0 , 4 1 1 , 4 2 5 , 4 3 7 , a n d  4 4 8 ° . In  each  case  th e  N a 3 (P 0 3 ) 3  

w as to ta lly  so lu b le  in th e  excess fu sed  N a N O s , resu ltin g  
in c o m p le te ly  h o m o g e n e o u s  re a ctio n s .

In  th e  case  o f  th e  N a 5P 3O io  +  N a N O s  re a ctio n , th e  
procedure w as th e  sa m e  e x c e p t th a t 0 .4 0 0 0  g o f  th is  p h o s 
p h ate  w as rea cted  w ith  5 .0 0 0 0  g o f  m o lte n  N a N O s  (still a 
1 : 5 5  m o l ra tio ) in each  ru n , an d  tw o  se ts  o f  ru n s w ere  
p erfo rm ed : on e  u sin g  ca. 250-p p a rtic le  size  o f  N a s P s O io , 
an d  th e oth er u sin g  ca. 125-p. p a rtic le  size . T h e  p artic le  
size o f  th is  p h o sp h a te  h a d  an e ffec t on  th e  rea ctio n  rate

sin ce  so lu b ility  in N a N O s  w as n o t c o m p le te , resu ltin g  in 
so m e  d egree o f  h etero gen eo u s re a ctio n . T h is  fa c t  o b v io u sly  
renders th e  resu lts  s o m e w h a t less v a lu a b le  th a n  th o se  o b 
ta in e d  for th e tr im e ta p h o sp h a te . R u n s  w ere p erfo rm ed  at 
4 0 1 , 4 11 , 4 1 8 , 4 2 4 , 4 3 5 , an d  4 4 2 °  for th e  ca. 2 5 0 -p p a r ti
c les , an d  at 4 0 0 , 4 1 1 , 4 2 5 , an d  4 3 7 °  for th e  ca. 125-/4 p a r ti
cles.

In  b o th  p h o sp h a te  ca ses , th e  a m o u n t o f  excess  N a N 0 3  

w as m a d e  p u rp o se ly  large so  as to  be tr ea te d  as a so lv en t  
o f  a p p ro x im a te ly  c o n sta n t c o n c e n tra tio n . T h e  use o f  
0 .1 1 0 9  g o f  N a 3( P 0 3 )3 a n d  o f  0 .4 0 0 0  g o f  N a 5P 3O i 0 w as in 
te n tio n a l, sin ce  th ese  q u a n tit ie s  d e p o ly m e r iz e  to  N a 4P 2 0 7 

w ith  ev o lu tio n  o f e q u a l a m o u n ts  o f  g a seo u s p ro d u c ts .
T h e  sa m e  a p p a r a tu s  w as e m p lo y e d  for c o m p le te ly  

rea ctin g  all th e  p h o sp h a te s  stu d ie d  w ith  N a N 0 3 an d  c o l
le c tin g  th e  to ta l ga ses e v o lv ed  for a n a ly se s . T h e s e  gaseou s  
p ro d u c ts  w ere a n a ly z e d  b y  in frared  sp e c tro m e tr y , m a ss  
sp ec tro m e try , gas c h ro m a to g ra p h y , a n d  q u a n tita tiv e ly  for 
N 0 2 ( N 2 0 4 ) b y  th e  te c h n iq u e  o f  W h itn a c k , et al.,19 u sin g  
sta n d a rd  so lu tio n s p rep ared  acco rd in g  to  th e m e th o d s  o f  
S k o o g  an d  W e s t . 20

Quenched Reaction Rate Procedure. R e a c tio n  vessels  
co n sisted  b a s ic a lly  o f  23  X 2 3 0  m m  V y c o r  te st tu b e s . E a c h  
su ch  tu b e  c o n ta in ed  1 .7 0 0 0  g o f  N a N 0 3 for th e  reaction  
w ith  N a 3 (P O s ) 3, or 1 .6 4 0 0  g o f  N a N 0 3 for th e  rea ctio n  w ith  
N a 5P 3O io - T h e s e  tu b e s  w ere th e r m o sta te d  in th e  co n sta n t  
h ig h -te m p e r a tu re  b a th  a t  a p p ro p ria te  te m p e ra tu re s . A  
d ro p p in g  d ev ic e , s im ila r  to  th a t e m p lo y e d  in th e  gas e v o 
lu tio n  rate  s tu d ie s , 16  c o n ta in in g  e ith er 0 .1 1 0 9  g o f  N a 3- 
(PC>3)3  or 0 .1 3 3 3  g o f  N a s P 3O io , w as p o sitio n e d  in each  
tu b e , an d  dry A r w as sw ep t th ro u g h  each  su ch  a sse m b ly  
for ca. 3 hr. T h e  A r  flo w  w as te r m in a te d , an d  rea ctio n  w as  
c o m m e n c e d  b y  d ro p p in g  th e  p h o sp h a te  ch arge  su sp en d ed  
ab o v e  th e m o lte n  N a N 0 3 in to  th e  la tte r  in each  tu b e , as 
in th e  gas e v o lu tio n  w ork. A  sw irlin g  m o tio n  w as im p a rte d  
to  each  tu b e  for ca. 1  m in  to  ensure ra p id  d isso lu tio n  and  
m ix in g  o f th e  re a c ta n ts . A t  v a rio u s t im e s  re a ctio n  vessels  
w ere w ith d ra w n  a n d  im m e d ia te ly  th r u st in to  co ld  w ater, 
th e reb y  q u e n c h in g  th e  re a ctio n s . T h e  so lid  resid u e  in each  
tu b e  w as d isso lv e d  in 5 m l o f  D 2O , a n d  th e  31P  n m r s p e c 
tru m  w as o b ta in e d  u sin g  8 5 %  H 3P O 4 in  a c a p illa ry  as a 
sta n d a rd . T w e n ty  sca n s o f a 1 0 0 0 -H z  sw eep  w id th  s p e c 
tru m  w ere a c c u m u la te d  on  th e  t im e  average  co m p u te r  
( C A T ) .  S w eep  rate w as a t 4 H z  s e c - 1 . T o  in crease th e  
area o f each  reso n an ce  sig n al in  th e  a c c u m u la te d  sp e c 
tr u m , th e  read ou t o f  th e  C A T  w as a t  4 H z  s e c - 1  an d  th e  
sp ec tru m  w as record ed  at 10 H z  s e c - 1 . T h is  h ad  th e  effect  
o f m u ltip ly in g  e a ch  o f  th e  a c c u m u la te d  p eak  areas b y  a 
fa c to r  o f  2 .5 . A  referen ce sp e c tru m  fro m  0 .1 1 0 9  g o f  N a 3- 
( P 0 3 )3 and  1 .7 0 0 0  g o f  N a N 0 3 in D 20 ,  or fro m  0 .1 3 3 3  g o f  
N a 5P 3O 10 a n d  1 .6 4 0 0  g o f  N a N 0 3 in D 20  w as a lso  o b 
ta in e d  for th e zero rea ctio n  tim e  p o in t . N o  o b serv a b le  a t 
ta c k  occu rred  to  th e  V y c o r  re a ctio n  v e sse ls .

S in ce  31P  n m r reso n an ce  sig n a ls  are n ic e ly  id en tifia b le  
b y  c h e m ic a l s h ift , 14 en d  grou p s occu rrin g  a t ca. 4 - 7  p p m  
u p fie ld  fro m  H 3P O 4 , an d  m id d le  grou p s a t  ca. 1 8 -2 4  p p m  
u p fie ld  from  H 3P 0 4, it w as a s im p le  m a tte r  to  o b ta in  th e  
p h o sp h o ru s c o n te n t d u e  to  each  su ch  gen eral ty p e  o f  
group  by p eak  area in teg ra tio n s . T h e s e  areas w ere n o r m a l
ized  b y  d iv id in g  each  b y  th e  referen ce p ea k  area d u e  to

(17) D. E. C. Corbrldge, M. S. Pearson, and C. Walling, Top . P h o s p h o 

ru s  C h e m ..  3, 265 (1966).
(18) Reference 7, p 274.
(19) G. C. Whitnack, C. J. Halford. E. S. Gantz. and G. B. L. Smith, 

A n a l.  C h e m ..  23, 464 (1951).
(20) D. A. Skoog and D. M. West, "Analytical Chemistry, An Introduc

tion," Holt. Rinehart and Winston, New York. N. Y., 1965.
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the constant am ount o f H3PO4. In each case all phospho
rus initially present in a reaction as either ( P 0 3)33 or P3- 
O105"  was accounted for, within experimental error, as 
end an d /or m iddle group form with no P 0 4 3 - other than 
that present in the standard H3PO4. N ot all specific phos
phate species could be unambiguously identified by chem 
ical shift and spin-spin  splitting patterns. However, it was 
generally possible in the Na3(PC>3)3 case to trace the 
decay of (PO sH 3 - , growth and subsequent decay o f P3- 
O105 , and growth of final P20 74 product throughout the 
course o f a run. In addition, some ( P 0 3)4 4 "  was found. A n  
unidentified species consisting o f  all equivalent middle 
groups, close to (P 0 3 )33 - , and some com plex splitting 
patterns due to one or more unidentifiable transients were 
found during early tim es in a run. In the case o f the N a5- 
P3O10 reaction, all phosphorus was accounted for as P3- 
O io 5 ~ an d /or P 20 74-  during the course of a run. The latter' 
reaction was not quite so clean, kinetically speaking, 
being com plicated by the solubility problem  o f N a5P 30io  
in N aN 0 3 as m entioned before.

A  given  ru n  co n siste d  o f  15 to  20  q u e n c h e d  re a ctio n s a t  
v a rio u s t im e s , a n d  ru n s w ere p erfo rm ed  a t  3 8 9 , 4 0 0 , 4 11 , 
4 2 5 , an d  4 3 7 ° for N a 3( P 0 3)3, a n d  a t  3 8 9 , 4 0 0 , 4 0 6 , a n d  4 11 °  
for N a 5P 3O i 0 . 0 .1 3 3 3  g o f  N a 5P 3O io  w as ch o sen  for re a c 
tio n  w ith  1 .6 4 0 0  g o f  N a N C >3 s in ce th e se  a m o u n ts  rep re
se n t th e  q u a n tit ie s  o f  th ese  su b sta n c e s  th a t  w o u ld  rem a in  
if  0 .1 1 0 9  g o f  N a 3( P O s )3 re a cte d  w ith  1 .7 0 0 0  g o f  N a N C >3 

to  p ro d u ce  o n ly  N a 5P 3O io . A s  in th e  gas e v o lu tio n  stu d ie s , 
th e  m o le  ra tio  o f  N a 3( P 0 3 ) 3  to  N a N 0 3 w as 1 :5 5 ;  h o w 
ever, th e m o le  ra tio  o f  N a r/P sO io  to  N a N 0 3 w as on ly  
a b o u t  1 :5 3  for th e  rea son s ju s t  c ited .

R esults and D iscu ssion

A. Reaction Stoichiometries. T o  w ith in  e x p e r im e n ta l  
error ( ca. ± 5 % )  w eig h t lo ss  e x p e r im e n ts , w ith  a n a ly se s  o f  
so lid  a n d  ga seo u s p ro d u c ts , in d ica te  th a t  th e  rea ctio n s o f  
th e  v a rio u s p h o sp h a te s  w ith  N a N 0 3 are

450°
(NaP03)4 + xNaN03 ----- *-

(:t/2)Na4P20 7 + xN02(g) + (* /4)0 2(g) (12a)
450°

2Na3(P03)3 + 6NaN03 ------ -

3Na4P20 7 + 6N02(g) + 1.5G2(g) (12b)

2Na5P3OI0 + 2NaN03

3Na4P20 7 + 2N02(g) + 0.5O2(g) (12c)
400°

Na4(P03)4 + 4NaN03 ------ *- 2Na4P20 , + 4NOz(g) + 0 2(g)

(1 2 d)
325°

P4O10 + 4NaN03 ------ ► (4/3)Na3(P03)3 + 4N02(g) + 0 2(g)
(1 2 e)

w here ( N a P O s ) *  d en o te s  b o th  gla ss a n d  in so lu b le  fo rm s o f  
p o ly p h o sp h a te s . T h e  rea so n s for th e  u se  o f  4 0 0  an d  3 2 5 °  
for th e  N a 4 (PC>3)4  a n d  P 4O 10 rea ctio n s , re sp ec tiv e ly , h av e  
a lrea d y  b een  e x p la in e d . I t  is a p p a r e n t th a t  th e  N a 3( P 0 3)3 
fo rm e d  fro m  P 4O 10 m u s t  be  re a so n a b ly  s ta b le  to  fu rth er  
d e p o ly m e r iz a tio n  a t  3 2 5 ° , sin ce  n o  a d d itio n a l d e te c ta b le  
rea ctio n  occu rred  w ith in  a re a so n a b le  t im e  p er io d . T r e a t 
m e n t o f  th is  tr im e ta p h o sp h a te  resid u e  w ith  a d d itio n a l  
N a N 0 3 a t h ig h er te m p e ra tu re s  y ie ld e d  N a 4 P 20 7 in a c co r
d a n ce  w ith  eq  12b . R e a c tio n s  o f  N a 4P 2 0 7, N a 3( P 0 3)3, an d  
N a 5P 3O io  w ith  L i N 0 3 occu r as

p20 74~ + 2N03” 2P043~ + 2N02(g) + 0.5O2(g) (13a)

(P03)33~ + 6N03” — — |3P043" + 6N02(g) +  1.502(g) (13b)
Li

‘ 420°
P3O105" + 4N03~ 7 -*- 3P043 + 4N02(g) + 0 2(g) (13c)

Li

w here th e  m ix e d  N a +  a n d  L i+  ca tio n s are o m itte d  for  
cla r ity . C o m p le te  d e ta ils  o f  th e  d a ta  a n d  p lo ts  le a d in g  to  
th e se  resu lts  are fo u n d  e lse w h ere .16

A  stron g  c a tio n  e ffe c t is a p p a ren t. A  re a so n a b le  in te r 
p re ta tio n  o f  th e  re su lts  u sin g  L iN C >3 is th a t  th e  s m a ll  L i+  
ion , w ith  its  h ig h  ion ic p o te n tia l, is c a p a b le  o f  w ea k e n in g  
P - O - P  b rid ge  b o n d s , via in d u ced  p o la r iz a tio n , in  a n y  P 2- 
0 74 - th a t  m a y  fo rm  as an  in te r m e d ia te . S u c h  w ea k en ed  
b o n d s  w ou ld  b e  m o re  su sc e p tib le  to  b a sic  a tta c k  b y  0 2 ~ 
in  w h a tev er fo rm  it m a y  e x ist . F u rth er  d e ta ils  o f  th e  re a c 
tio n s in  L i+ -c o n ta in in g  m o lte n  m e d ia  w ere n o t s tu d ie d  a t  
th is  tim e .

B. Gas Evolution Rate Studies. F igu re  1 c o n ta in s  p lo ts  
o f  to ta l v o lu m e  o f  e v o lv ed  g a ses, N 0 2( N 20 4 ) +  0 2, co r
rected  to  S T P , vs. t im e  for th e  re a ctio n  o f  N a 3 (PC>3)3  w ith  
m o lte n  N a N C >3 a t  4 0 0 , 4 1 1 , a n d  4 2 5 ° . C u rv e s  for 4 3 7  a n d  
4 4 8 °  are s im ila r  in sh a p e , b u t  c a n n o t b e  sh ow n  b e c a u se  o f  
crow d in g . A n  e x p a n d e d  t im e  sca le  p lo t  w o u ld  sh o w  th eir  
like p ro files . D a ta  for th ese  p lo ts , a n d  s im ila r  o n es  for th e  
N a 5P 3O io  +  N a N O ,3 re a ctio n , are ta b u la te d  e lse w h e r e .16 
F ro m  th e  fo rm  o f  th e  cu rves it  is a p p a ren t th a t  th e  rate  o f  
to ta l gas e v o lu tio n  is ch a ra cterized  b y  tw o sta g e s . In  sta ge  
I in itia lly  ra p id  p ro d u c tio n  o f  to ta l ga s is fo llo w ed  b y  a d e 

ce lera tio n  in th is  e v o lu tio n . A t  th e  o n set o f  s ta g e  II th e  
e v o lu tio n  rate  is a c ce le ra te d  on ce a g a in , fo llo w ed  b y  r e la x 
a tio n  .as th e  re a c tio n  a p p ro a ch es c o m p le tio n  (co n v ersio n  
to  N a 4 P 20 7). R e a c tio n  tim e s  at th e  in flec tio n s  b etw een  
sta g es I an d  II, o b ta in e d  fro m  in tersec tio n s m a d e  b y  
e x tra p o la tin g  u p p e r a n d  low er p o rtio n s o f  sta g e s  I a n d  II 
for e a ch  cu rv e , are 2 9 .0 , 1 9 .0 , 1 1 .5 , 5 .5 , an d  2 .5  m in  for 
th e  4 0 0 , 4 1 1 , 4 2 5 , 4 3 7 , an d  4 4 8 °  p lo ts , re sp e c tiv e ly . T h e se  
t im e s  w ill la ter  b e  seen  to  correlate  s ig n ific a n tly  w ith  th e  
t im e s  o f o c cu rren ce  o f  m a x im u m  P 3O io 5 -  in te r m e d ia te  
co n ce n tra tio n  in th e  re a ctin g  sy s te m s , as d e te r m in e d  b y  
th e  n m r  q u e n c h e d  re a ctio n  stu d ie s . In d e e d , fro m  th e  n m r  
stu d ie s  it  w ill be seen  th a t  th e  rea ctio n s occu rrin g  ju s t  
a fter  th ese  in flec tio n  p o in t t im e s , a n d  p ro ce ed in g  on  to  
c o m p le tio n  (s ta g e  I I ) ,  are e sse n tia lly  s im p le  se co n d -o rd e r  
b rea k d o w n s o f  P 3O 10 5 to  P 20 74 - , w ith  n o  o th er  p h o s 
p h a te  sp ec ies  b e in g  d e te c ta b le  in  th e  sy s te m s . T h u s , th e  
gas e v o lu tio n  cu rves d u rin g  m o st o f  s ta g e  II are in re a lity  
th e  cu rves for th e  re a c tio n  o f  N a 5P 3O io  w ith  excess  
N a N 0 3. B a s e d  on  th is  la tte r  o b serv a tio n , if  on e  se ts  an  
a d ju ste d  t im e  sca le  w ith  t =  0  ju s t  after th e  in flec tio n  
p o in ts  on  cu rves o f  th e  ty p e  o f F igu re 1, on e  h a s  to ta l gas  
e v o lu tio n  vs. t im e  p lo ts  for th e  N a 5P 3O i 0 re a ctio n  w ith  
N a N 0 3 w ith o u t th e  c o m p lic a tio n  o f  th e  d isso lu tio n  p r o b 
le m  o f  so lid  tr ip o ly p h o sp h a te  in th e  m o lte n  n itra te , w h ich  
occu rred  w h en  th e se  rea g en ts  w ere m ix e d  d ire c tly . I t  is o f  
e m p iric a l in terest th a t  th e  co rrected  to ta l v o lu m e  o f  
e v o lv ed  g a s, V), a t  t im e  t, d u rin g  th is  s ta g e  II re a c tio n  o f  
N a 5 P 3O io  w ith  N a N O s  o b ey s  th e  e q u a tio n

Vt =  V „ ( l  -  e~kt) (1 4 )

w here V „  is th e  fin a l to ta l v o lu m e  a t  in fin ite  t im e  a n d  k is 
a c o n sta n t. P lo ts  o f  In (1  — Vt/V„) vs. t p e r m it  c a lc u la 
tio n s o f  th e  c o n sta n t k as 4 .5 9  X  1 0 ~ 2, 7 .7 4  X  10  ~ 2, 1 0 .8  x  
1 0 ” 2, 1 5 .2  X  1 0 ~ 2, an d  2 0 .2  X  1 0 ~ 2 m i n ^ 1 a t  4 0 0 , 4 1 1 , 
4 2 5 , 4 3 7 , a n d  4 4 8 ° , re sp ec tiv e ly . A  p lo t  o f  In k vs. 1/T (T
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Reaction Time, t (min)
Figure 1. Total volume of gas evolved at constant pressure, cor
rected to STP, Vi, vs. reaction time, f, for the Na3 (P03 ) 3 +  
NaN03 reaction at 400, 411, and 425°. All open points are for 
runs under an Ar ambient, while the solid points at 425° are for 
an 0 2 ambient.

in °K) is fairly linear16 with a slope of -6 .33 X 103 deg, 
yielding a pseudo “ activation energy” of 28.9 kcal mol-1 . 
Direct reactions of NagP3Oio with NaNC>3 are roughly 
approximated by eq 14 also. At a given temperature k for 
co. 125-ju NasPaOlo particles is distinctly smaller than 
that for stage II of the Na3(PC>3)3 reaction, and k for 250-^ 
particles is still smaller. As temperature is increased, k for 
both particle sizes approaches k for the stage II process, 
reflecting the decreasing rate determining role of the dis
solution process which complicates the direct reaction of 
Na5P3Oio in NaN 03, as mentioned before. Equation 14 
and its derived properties are of empirical observational 
interest only for both stage II of the Na3(PC>3)3 reaction 
and the direct reaction of NasPsOio, since this equation is 
based on the rate of production of total gaseous p rod u cts  
(further complicated by the 2NC>2 = N2O4 equilibrium) 
rather than on amounts of remaining reactants. In view of 
this, it is not deemed worthwhile to devote additional 
time or space to further discussion of this aspect of the 
study which cannot lead to any substantive conclusions or 
interpretations at this time. Complete data and plots for 
the foregoing are, therefore, available elsewhere. 16

It was discovered that the reaction of Na3(P0 3 )3 with 
NaNC>3 in vacu o  proceeded to an imperceptible extent, if 
at all. When stoichiometric amounts of these reagents [co. 
0.2400 g of Na3(P03)3  and 0.2000 g of NaN03] were thor
oughly mixed and reacted at ca. 412° for 90 min under 
vacuum, no noticeable gaseous products were formed, and 
the 31P nmr spectrum of the residue showed that little of 
the trimetaphosphate had been degraded. When Na3- 
(PC>3)3 was caused to react with excess N aN 03 (1:55 
mole ratio) under vacuum at 412° for 60 min, examination 
of the 31P nmr spectrum of the residue showed that very 
little P 2O 7 4 -  had formed, and that most of the phospho
rus was in the form of P 3O 1 0 5 - . When the same starting 
reaction mixture at 412° was under an Ar atmosphere, the 
conversion to P 2O 7 4 -  was nearly complete after 60 min. 
Since the presence or absence of an ambient atmosphere 
had such marked effects on the rate of the Na3(P0 3)3 +  
NaNC>3 reaction, an attempt was made to ascertain if the 
nature of the ambient was critical. A gas evolution rate 
study was performed for the reaction at 425° under a pure 
0 2 atmosphere. Some points for this run appear as solid 
points on the 425° isotherm in Figure 1, and it is seen that 
there is negligible difference between the effect of using

Ar or 0 2 as an ambient for the reaction. No attempt was 
made to study the effect of ambient pressure (both Ar and 
O2 were at ca. 1 atm), nor was the effect of a possibly 
more reactive gas, such as N 0 2, investigated at this time. 
Thus, the presence of an ambient atmosphere is essential 
for the reaction to proceed at a reasonable rate, but the 
nature of this ambient would seem to be of little impor
tance, assuming no direct chemical reaction of the gas of 
course. It is unlikely that any trace of moisture in the gas 
could have assisted the reaction, since in all cases gases 
were passed through a magnesium perchlorate drying 
tower prior to entry into the system, as discussed earlier. 
There appeared to be no effect at all on the rate of the 
NagPsOio +  NaNC>3 reaction if it was run under vacuum 
or an ambient gas. Thus, one must conclude that there is 
a fundamental difference between the initiating mecha
nism for the degradation of (P03)33- by N 0 3-  and that 
for P3O105- by NO3 - . This will be made more apparent 
in the quenched reaction studies.

Gas evolution rate data and plots for the direct reaction 
of NasPsOio with NaNC>3 are not recorded here, but are 
available elsewhere. 16 Because of the complication of in
complete solubility already discussed, these results are in
conclusive. However, as mentioned, plots of corrected 
total evolved gas volume vs. time do follow eq 14. Fortu
nately stage II of the Na3(P03)3 +  NaN 03 reaction corre
sponds, as discussed, to the simple reaction of NaN03 
with NasPsOio produced as an intermediate. Thus, un
complicated runs of this reaction are already available as 
parts of the trimetaphosphate reactions. This will be more 
apparent from the quenched reaction results.

Q u en ch ed  R ea ction  S tud ies. Figures 2-4 consist of a se
ries of time-averaged S1P nmr spectra of the residues of 
quenched reactions of Na3(PC>3)3 with excess NaN 03 at 
400° at various times. The actual run consisted of 23 such 
samples at times from 0 to 105.00 min. However, for brev
ity here only representative highlight spectra are shown 
for 0, 1.00, 5.00, 8.00, 18.00, 27.00, 32.00, 41.00, 52.00, and
105.00 min. The series of spectra for runs at all other tem
peratures are similar to that for the 400° experiment. On 
each spectrum the common 85% H3PO4 reference peak 
occurs at 0.0 ppm and is labeled OP.

At time zero, the blank residue consists of the single 
peak at ca. 20.6 ppm due to the three equivalent phospho
rus atoms in the cyclic trimetaphosphate anion (TMP). 
At 1.00 min, the unreacted TMP peak is, of course, still 
present, a trace of cyclic tetrametaphosphate (TTMP) has 
arisen at ca. 22.9 ppm, and a pronounced, unidentifiable 
middle group peak at ca. 2 1.2  ppm has appeared, which is 
labeled CP for “complex” phosphate. Since virtually no 
end groups have yet formed, this CP peak must be due to 
a new, apparently cyclic phosphate structure consisting of 
all equivalent middle group phosphorus atoms and very 
similar to TMP. Indeed, in other runs at shorter times 
there is not even a trace of end groups present, only TMP, 
CP, and a trace of TTMP accounting for the total phos
phorus content. (The TMP and TTMP peaks were identi
fied as being such by later adding pure TMP and TTMP 
to the residue solutions and observing that the peaks so 
labeled grew appropriately in areas.) As time progresses, 
the TMP peak diminishes while CP grows, TTMP not 
changing significantly. In addition, unidentifiable end 
groups begin to appear between 4 and 5 ppm, as seen, for 
example, at 5 min. By the time 8 min have elapsed, the 
doubly split end groups of tripolyphosphate (TPP) are 
definitely showing at ca. 5.4 and 5.9 ppm, and the single
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O P

Figure 2. Series of time-averaged 31P nmr spectra of residues 
of quenched reactions of the Na3(P03)3 + NaN03 reaction at 
400° at 0, 1.00, 5.00, and 8.00 min. 85% H3P04 is reference 
(OP) peak; chemical shift is recorded in ppm.

p ea k  from  th e  e q u iv a le n t en d  grou p s o f  p y ro p h o sp h a te  
(P P ) is a p p ea rin g  a t  ca. 6 .4  p p m . T h e s e  la tte r  p ea k s  c o n 
tin u e  to  grow  w hile  T M P ,  C P , an d  T T M P  d im in ish . A ll  
th e  w hile  u n id e n tifia b le  en d  a n d  m id d le  grou p  p ea k s  are 
grow in g in a n d /o r  d im in ish in g , g iv in g  fa ir ly  c o m p le x  sp e c 
tra  a s, for e x a m p le , a t  18 m in . B y  th e  tim e  27 m in  are a t 
ta in e d , T P P  h as e sse n tia lly  rea ch ed  a m a x im u m  v a lu e , 
m u c h  o f  th e  u n id e n tifia b le  p h o sp h a te s  h av e  v a n ish e d , and  
th e  tr ip le t  p e a k  o f  th e  m id d le  group  o f  T P P  b e c o m e s  m ore

Figure 3. Series of time-averaged 31P nmr spectra of residues 
of quenched reactions at 18.00, 27.00, and 32.00 min. See cap
tion to Figure 2.

v is ib le . F ro m  th is  tim e  on to  th e  en d  th e  re a ctio n  is e sse n 
tia lly  T P P  g o in g  to  P P , as ca n  be seen  fro m  th e  re p resen 
ta tiv e  sp ec tra  a t  32 , 4 1 , 5 2 , a n d  105 m in . D u rin g  th is  la t 
ter tim e  p eriod  n o  p h o sp h a te s  oth er th a n  T P P  a n d  P P  are 
d ete c ta b le  in th e  resid u e  so lu tio n s , a n d  th e  to ta l p h o s p h o 
rus from  th ese  sp ec ies  a c co u n ts  for all th e  p h o sp h o ru s  
c o n te n t o rig in a lly  p resen t in th e  sy s te m .

A lth o u g h  so m e  o f  th e  p h o sp h a tes  are s p e c ific a lly  u n i
d e n tifia b le  d u rin g  th e  early  p a rts  o f  a re a ctio n  o f  T M P  
w ith  N a N 0 3, th e y  ca n  c e rta in ly  be  c a teg o rized  in to  en d  
a n d  m id d le  g rou p s. F igure 5 fea tu res p lo ts  o f  to ta l m id d le  
grou p s, to ta l en d  g rou p s, T P P , a n d  P P  vs. t im e  for th e  
4 0 0 °  rea ctio n . S im ila r  grap h s h old  for th e  o th er te m p e r a 
tu res. T h e  to ta l m id d le  group  an d  en d  grou p  cu rves are 
m irror im a g e s , an d  th e  c o n sta n c y  o f  p h o sp h o ru s  co n te n t  
resu ltin g  fro m  to ta llin g  th ese  cu rves d e m o n str a te s  th a t  all 
p h osp h oru s is a c c o u n te d  for. T h e  m a x im u m  in T P P  c o n 
te n t a t ca. 27  m in  is e a sily  v is ib le , a n d  co rresp o n d s ro u g h 
ly  w ith  th e  m a x im u m  slop e  in b u ild -u p  o f  P P  a t ca. 3 0  
m in . A s  m e n tio n e d  earlier , th e  tim e  fro m  27 to  3 0  m in  
corresp on d s a p p ro x im a te ly  to  th e  o c cu rren ce  o f  th e  in fle c 
tio n  in th e  ga s e v o lu tio n  curve a t ca. 2 9 .0  m in  a t  4 0 0 ° .  
T h e s e  a sp e cts  are tru e for all te m p e ra tu re s .

In  th e  p re sen t m e th o d , th e  ea r lie st c o n v e n ie n t t im e  at
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PP

F igure 4. S eries  of t im e -a v e ra g e d  31P nm r sp ectra  of residues  
of quenched rea ctio n s  a t 4 1 .0 0 , 5 2 .0 0 , and 1 0 5 .0 0  m in. S ee  
caption to F igure 2.

which a reaction can be quenched for its residue analysis 
is about 1 min. At such a time the concentration of CP, 
denoted (CP), is already at or past its maximum, and its 
subsequent decay with t Z 1 min follows simple first- 
order kinetics

(CP) = ce~k,t (15)

where c = constant and t S 1 min, in that plots of In (CP) 
us. t are nicely linear for the 400 and 411° reactions (reac
tions at higher temperatures are too rapid to permit accu
rate data acquisition for (CP) alone. The rate constant fei 
= (12.35 ± 0.75) x 10- 2  min- 1  at 400°, and fti = (17.91 ± 
0.81) X 10“ 2 min - 1 at 411°, yielding an activation energy, 
Eal, of 30.9 ± 8.9 kcal (errors are probable errors). Fur
thermore, the sum of the TMP concentration, (TMP), 
and (CP), after t > 1 min, also decays with first-order ki
netics

[(T M P) +  (CP)] = c'e~h'4 (16)

where c' = constant and t è i  min, yielding &T = (10.87 
±  0.36) X 10“ 2 min“ 1 at 400°, h ’ = (16.89 ±  0.75) x 
IO- 2 min- 1  at 411°, and EaT = 38.6 ± 4.5 kcal. It is thus 
apparent that (TMP) itself cannot decay with simple 
first-order properties, and this is evident from the lack of 
any reasonably linear behavior of In (TMP) us. t plots. 
The data leading to eq 15 and 16 are found in Table I.

R e a c t io n  T im e ,  t (m in)
F igure 5 . Plots of phosphate co n ten t of various kinds, in arb i
trary  units, vs. tim e  for the  40 0°  reactio n  of N a 3 ( P 0 3) 3 +  
N a N 0 3 as d e te rm ined  from  31P nm r an alyses of quenched re a c 
tion residues.

Attempts were made to elucidate the structure of the 
unknown intermediate arising in the early stages of a 
TMP reaction in terms of the numbers of end and middle 
groups. Ratios were taken of phosphorus content in the 
form of unidentified end groups to phosphorus content in 
the form of unidentified middle groups for various times 
in a reaction. In all cases consistent ratio values were not 
obtained, indicating the likely existence of more than one 
unknown intermediate phosphate.

As mentioned, at a time shortly after (TPP) has 
achieved its maximum, as in Figure 5, the reaction is es
sentially a simple degradation of TPP to PP.

2P3O10s_ + [O2-] 3P2 074- (17)
Table II summarizes the data for this process for 400, 411, 
425, and 437°, and also shows adjusted reaction times 
from whose new zero points the kinetics can be deduced. 
These kinetics clearly result as second order in (TPP) in 
the presence of excess (approximately constant concentra
tion) NaN03 solvent. Plots of [1 /(TPP) ] us. adjusted 
time, t', yield linear curves from whose slopes second- 
order rate constants result as k2 = (3.63 =fc 0.17) X 10-2 
(au) ' 1 min- 1 at 400°, k2 = (5.14 ± 0.58) X 10“ 2 (au) “ 1 

min- 1  at 411°, k2 = (9.58 ± 0.62) x 10-2 (au) - 1 min- 1 at 
425°, and k2 =  (13.08 ±  0.62) X 10“ 2 (au) “ 1 min“ 1 at 
437°. These values yield an activation energy Ea2 = 34.1 
± 2 .6  kcal.

As for the gas evolution work, rate data and plots for 
the direct reactions of NasP3Oio with NaN03 are not re
corded here but are available elsewhere.16 This is again 
because of the complications of the solubility problem, 
and the fact that sufficient data are already available for 
this reaction in terms of the adjusted reaction times, t', of 
the latter part of the Na3(P03)3 + NaN03 reaction, as 
tabulated in Table II and subsequently analyzed.

D. General Discussion. The salient features of this work 
may be summarized as follow. (NaPOs)*, Na3(P03)3, Na4- 
(P0 3)4, and Na5P3Oio all react with excess molten 
NaN03 to yield Na4P207, and N02 and 0 2 in 4:1 molar 
ratio at temperatures of ca. 400° and above, and P4Oio 
reacts with NaN03 at 325° to yield Na3(P03)3, all in ac
cordance with eq 12. Na4P207, Na3(P03)3, and NaaP3Oio 
react with excess molten LiN03 at ca. 420° and above to 
degrade completely to P043- (eq 13), indicating a strong
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TABLE I: Summary of Degradation Data for the Apparent Trimetaphosphate “Complex,” (CP), and Sum of This Complex and 
Trimetaphosphate, [(CP) +  (TMP)], at 400 and 411° for f > 1 min

Reaction time, 
t, min

(CP), arbitrary 
units (au) -L o g  (CP)

[(CP) + (TMP)],
arbitrary units (au) — LggffCP) + (TM P)]

400°
1 .00 0 .7 7 0 0 .113 51 1 .160 - 0 . 0 6 4 4 6
2 .0 0 0 .7 2 2 0 .1 4 1 4 6 0 .9 6 8 0 .0 1 4 1 2
3 .5 0 0 .5 7 0 0 .2 4 4 1 3 0 .8 0 0 0 .096 91
5 .0 0 0 .5 4 5 0 .2 6 3 6 0 0 .7 3 6 0 .1 3 3 1 2
6 .5 0 0 .4 2 3 0 .3 7 3 6 6 0 .5 7 3 0 .2 4 1 8 5
8 .0 0 0 .2 9 8 0 .5 2 1 7 6 0 .4 8 6 0 .3 1 3 3 6

10 .00 0 .2 5 6 0 .5 9 1 7 6 0 .4 4 4 0 .3 5 2 6 2
1 2 .0 0 0 .2 1 5 0 .6 6 7 5 6 0.331 0 .4 8 0 1 7

[A-i = (1 2 .3 5  ±  0 .7 5 ) X  1 0 - 2  m in - 1 ] [fci' == (1 0 .8 7  ±  0 .3 6 ) X  1 0 - 2  m in - 1 ]

411°
1 .00 0 .7 6 0 0 .1 1 9 1 9 0 .9 8 2 0 .0 0 7 8 9
2 .0 0 0 .5 6 9 0 .2 4 4 8 9 0.771 0 .1 1 2 9 5
3 .0 0 0 .4 8 3 0 .3 1 6 0 5 0.661 0 .1 7 9 8 0
4 .0 0 0 .4 4 3 0 .3 5 3 6 0 0.621 0 .206 91
5 .0 0 0 .3 6 3 0 .4 4 0 0 9 0 .4 9 5 0 .3 0 5 3 9
6 .0 0 0 .3 1 3 0 .5 0 4 4 6 0 .4 1 7 0 .3 7 9 8 6
7 .00 0.221 0 .6 3 0 7 8 0 .3 2 4 0 .4 8 9 4 5

05II ±  0 .8 1 ) X  1 0 - 2  m in - 1 ] [*1 ' = (1 6 .8 9  ±  0 .7 5 ) X  1 0 - 2  m in - 1 ]
(E at =: 3 0 .9  ±  8 .9  kcal) ( £ a /  = 3 8 .6  ±  4 .5  kcal)

cation effect probably in the form of -P-O-P- bond weak
ening by induction.

Kinetic studies of the NasjPOaH + excess NaNC>3 reac
tion by measurement of the rate of total gas evolution in
dicate that such a reaction proceeds in two stages (Figure 
1 ) with an inflection point occurring at essentially the 
same time that the P3O105- ion has reached a maximum 
concentration (Figure 5), as shown by nmr studies of the 
quenched reaction samples. At or shortly after this inflec
tion point (the adjusted time scale, t', of Table II), the 
process consists solely of a se.cond-order reaction in P3- 
O105 _ going to P2O74 _ by reaction with NaNO3 solvent, with 
no intermediates being detectable by this nmr technique 
(Figures 2-5). This latter reaction essentially constitutes 
stage II on the gas evolution curve, during which the total 
volume of gases is generated in a pseudo-first-order man
ner in accordance with eq 14. At time less than 1 min, a 
“complex” phosphate, CP, consisting wholly of nmr- 
equivalent middle groups, has attained a maximum con
centration greater than that of the remaining (P(V);j3 it
self, and subsequently decays during stage I of the reac
tion with first-order behavior (Table I). In addition, the 
sum of (P0 3 )33- and CP concentrations decays during 
stage I with essentially first-order behavior as well (Table 
I). During stage I an essentially steady-state trace amount 
of (P0 3 )44- persists (Figures 2-4), having also been 
formed during the first minute of reaction. The decay of 
CP, TMP, and TTMP progresses to TPP via more than 
one complicated, unidentifiable intermediate consisting of 
various numbers of end and middle groups (Figures 2-4). 
Stage I of the reaction of (POaH3- with NO3 - proceeds 
much more slowly, if at all, under vacuum than it does 
under an ambient atmosphere. At present it is not yet 
possible' to elucidate further any detailed mechanism for 
stage I. One may summarize at best for now that
Stage I

(P 03)33“ — 3— ► P3O105“ + 2N 02 + 0.5O2 (18a)
NaN03

Stage II
k2

2P3O105~---------- - 3P20 ;4" + 2N 02 + 0.50, (18b)
NaN03

in which stage I progresses via CP, (P0 3 )33- itself, and a 
trace of (P03 )44 through further unidentifiable interme
diates, to P3O105-. In addition, from separate studies with 
P3O105- itself, it is known that reaction 18b proceeds 
equally well under vacuum or an atmosphere, in contrast 
to 18a. In view of the work of Zambonin and Jordan, 6 

stage II is probably preferably written as eq 18b rather 
than eq 17, although the latter implies the net addition of
O2- from excess NO3 - ions not necessarily as the free 
oxide ion.

Tentative suggestions concerning the nature of CP may 
be advanced. Crutchfield, et al.,1* observed a relatively 
weak resonance at ca. 21.2 ppm in the 31P nmr spectrum 
of an aqueous solution containing a variety of polyphos
phate ions, and tentatively assigned this resonance to the 
(PC>3)55_ ion. This is essentially the chemical shift of our 
CP resonance. However, it is difficult to visualize the 
rapid production of a significant amount of such a species 
from (POsH3- in the present work without a noticeable 
quantity of end groups appearing as well. Scale molecular 
models show that it is possible to envision a structure of 
the type

or [(P03)3'N 03]4~

in which each 0 atom of N03- is coordinated to one of 
the P atoms of the (P03)33- ring. Such fivefold coordina
tion is not unknown for phosphorus (e.g., PC15), which is 
even known to exhibit sixfold coordination (e.g., PC16). 
This increase in covalency can be achieved by phosphorus 
accepting electron pairs into its empty d orbitals. In view

O-
O'

0 0
\ /

J.-0-N'O.I
0

-0
'0
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TABLE II: Summary of the Production of Na4P207 End Product 
from the Reaction of Molten NaN03 with Na5P3O10 
Produced from the Na3(P03)3 +  NaN03 Reaction at 
400, 411, 425, and 437°

Reaction time, 
f, min

Adjusted reaction 
tim e,6 T , min

(TPP), arbitrary 
units (au)

[1 /(TP P ) ], 
(a u )“ 1

400°

[(PO3VNO3

followed by

0 0
0 —  P —  O — P  —  0 —  P —  O -

I I
0 00

(19)

29 .0 0 .0 1 .213 0 .8 2 4 O 0 0
3 2 .0 3 .0 1 .073 0 .9 3 2 I I I
3 4 .0 5 .0 1.011 0 .9 8 9 0 1

- "
ö I O — P -I 0  —  P  —

4 1 .0 12 .0 0 .9 1 4 1 .094 I
0

I
0

1
04 3 .0 14 .0 0 .7 4 4 1 .344

52 .0 2 3 .0 0 .6 2 3 1 .605
63 .0 3 4 .0 0 .485 2 .0 6 2

+  N O ,

P.,0,, +  N ,0 „ (20)
[k2 =

22.0
25 .0
28 .0  
3 5 .0

[k2 -

(3 .6 3  ±  0 .1 7 ) X  1 0 ~ 2 ( a u ) - 1 

411°
0.0
3 .0
6.0 

13 .0
(5 .1 4  ±  0 .5 8 ) X  10  

425°

1 .077
0 .8 2 3
0 .7 8 0
0 .6 1 0

0 .9 2 9
1 .215
1 .282
1 .5 7 7

(au) '

9 .0 0 .0 1 .088 0 .9 1 9
10.5 1.5 0 .9 6 9 1.031
12 .0 3 .0 0 .9 0 0 1.111
14 .0 5 .0 0 .7 1 6 1 .3 9 7
16 .0 7.0 0 .6 3 8 1 .5 6 7

( k 2 =  (9 .5 8  ±  0 .6 2 ) X  10 “ 2 (au ) _1 m in - 1 ]

437°
6.0 0 .0 0 .9 7 6 1 .025
7.0 1.0 0 .9 0 5 1 .105
8 .0 2 .0 0.821 1 .218
9 .5 3 .5 0 .6 9 6 1 .4 3 7

11 .0 5 .0 0 .6 0 0 1 .6 6 7
[k2 = (1 3 .0 8  ±  0 .6 2 ) X  1 0 -2  (au) 

Ea2 = 34 .1  ±  2 .6  kcal

0 Total elapsed time from start of N a3(P03)3 +  N a N 0 3 reaction. 
6 From new zero time taken at about maximum experimental value of 
(TPP).

after which N2O5 decomposes in its usual way to 2NO2 + 
O.5 O2, etc. Thus, the nitrophosphate could be one of the 
unidentifiable intermediates. Whatever the nature of CP 
it forms very rapidly from TMP, yet there must exist an 
equilibrium with TMP, or other controlling mechanism, 
since TMP continues to coexist with CP during all of 
stage I, presumably itself decaying to TPP through still 
another process. Of course, processes of the type of eq 19 
and 20 do not account for the inhibition of stage I under 
vacuum, and for the role of the small amount of (POsL4-. 
In addition, one must admit the possibility of one or more 
relatively unstable phosphate intermediates being 
changed in form by hydrolysis upon dissolution in water 
for the nmr analyses.

In conclusion, further work needs to be done to try to 
isolate and identify CP, as well as the other unknown in
termediates. It would also be highly desirable to be able 
to obtain nmr spectra of the reacting system itself, with
out quenching and dissolution in water. It would also be 
worthwhile to employ a different solvent with which to 
take up the reaction residues. However, in view of the dif
ficulties already encountered in completely dissolving suf
ficient amounts of these sparingly soluble samples in min
imum water, to yield reasonably intense nmr spectra, the 
search for good alternate solvents is pessimistic at pres
ent.

of the ability of phosphorus to increase its coordination 
number through dative bonding, a structure for CP simi
lar to the above does not seem unreasonable. Perhaps a 
conceivable next step in the stage I mechanism, involving 
CP, could then be
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Ion-molecule reactions occurring in ionized monogermane have been studied by high-pressure mass spec
trometry at pressures up to 200 p and rate constants for second- and third-order reactions of all primary 
ions have been measured. As expected the reactions observed and the specific reaction rates are much 
more similar to those occurring in monosilane than to those occurring in methane.

Recent interest in the ion-molecule reactions occurring 
in ionized monosilane2'4 has developed in an effort to elu
cidate possible ionic mechanisms in the radiolysis5“7 and 
other high-energy reactions8“10 of monosilane, in view of 
the fact that ionic mechanisms are well established in 
methane systems.11’12 Since ion-molecule reactions in 
monosilane differ significantly from those in methane,13 it 
is of interest to determine those in monogermane to un
cover any correlations of the germane system with its 
lighter group IV analogs and for their possible importance 
in high-energy systems where ions are present.
Experimental Section

Appearance potential measurements and low-pressure 
(2-10 p ) kinetic studies were carried out on a Bendix 
Model 14-101 time-of-flight mass spectrometer, the basic 
design of which has been described previously.2’14 The 
ionizing electron beam was pulsed at 10 kc/sec with pulse 
width 1.4 psec during appearance potential measure
ments and 0.25 psec during the kinetic studies at 75-eV 
electron energy. A 280-V ion drawout pulse of 2.5 psec 
was imposed after a variable delay time of 0.00 to 1.00 p- 
sec. Source pressures were measured with a calibrated 
McLeod gauge. Higher pressure (10-200 p) kinetic stud
ies were carried out on a Nuclide 12-90-G magnetic spec
trometer which also has been described elsewhere.15 The 
electron beam energy was 70 eV, the repeller potential 
was 6.25 V/cm leading to an ion-exit energy of 2.1 eV, and 
the accelerating voltage was 2500 V. Source pressure, as a 
function of the measured reservoir pressure, was deter
mined using the rate constant for the disappearance of 
GeH2+ obtained from the low-pressure studies.

Mono- and digermane were prepared by reduction of 
GeC>2 by KBH4 in acid solution under 100 Torr of N2 ac
cording to the method of Jolly and Drake.16 A cold trap at 
-108° and successive traps of ascarite and anhydrous 
magnesium perchlorate removed the solvent and higher 
germanes. Digermane was separated from monogermane 
by two cold traps at -117°.

Thermal drift effects17 in the time-of-flight spectrome
ter were determined by measuring the dependence of 
132Xe + and 84Kr+ intensities on time delay. As expected, 
for heavy ions the effect was negligible in the range 0.00- 
0.60 psec; thus only this range was used to determine rate 
constants and no correction factors were employed.

All experimental ion currents as a function of m/e were 
converted to monoisotopic ion currents using the natural 
abundances of germanium (70Ge, 20.5; 72Ge, 27.43%;

73Ge, 7.76%; 74Ge, 36.5; 76Ge, 7.76%) in a system of si
multaneous equations. The matrix of coefficients involved 
was inverted by the Gauss-Jordan method.
Results and Discussion

A. Low-Pressure Studies. The variation of monoger
mane ions with time delay at two source pressures is 
shown in Figure 1. Ge+ and GeH+ are essentially inde
pendent of pressure and time delay and would appear to 
be neither significant reactants nor products in secondary 
reactions; however, high-pressure studies, to be discussed 
later, show both to be reactants. GeH3+ increases both 
with pressure and time delay, while the only primary ion 
which shows a marked decrease in ion fraction is GeH2+. 
Thus, GeH2+ is the major, if not the only, reactant ion 
and GeH3+ is a secondary as well as a major primary ion. 
The variation of digermanium ions with time delay, 
shown in Figure 2, indicates they are all products of sec
ondary reactions.

Appearance potentials of the monogermanium ions and 
those digermanium ions which are accessible with a mini
mum of isotopic interference are given in Table I. Of these 
digermanium ions it appears all result from reaction of 
GeH2+ with GeH4. Formation of Ge2H6+ from bimolecu- 
lar reaction of GeH3+ can be eliminated, since this pro
cess would require an absurdly low ionization potential of 
digermane. While Ge2H6+ formation from reaction of

(1) United States Atomic Energy Commission Document No. COO- 
3416-4.

(2) G. G. Hess and F. W. Lampe, J. C hem . P h ys., 44, 2257 (1966).
(3) J. M. S. Henis, G. W. Stewart, M. K. Tripodi, and P. P. Gaspar, J. 

C h em . P hys., in press.
(4) Tung-Yang Yu, T. M. H. Cheng, V. Kempter, and F. W. Lampe, J. 

Phys. C h em . 76, 3321 (1972).
(5) W. Ando and S. Oae, Bull. C h em . S o c . Jap.. 35, 1540 (1962).
(6) G. J. Mains and T. Tiernan, USAEC Rept. No. NYO— 2007-8 

(1965).
(7) J. F. Schmidt and F. W. Lampe, J. Phys. C h em ., 73, 2706 (1969).
(8) P. P. Gaspar, B. D. Pate, and W. Eckelman, J. A m er . C h em . S o c ..  

88, 3878 (1966).
(9) P. P. Gaspar, S. A. Boch, and W. L. Eckelman, J. A m er . C hem . 

S o c .. 90, 6914 (1968).
(10) D. K. Snediker and W. W. Miller, R adioch lm . A c ta , 10, 30 (1968).
(11) F. W. Lampe, J. A m er . C h em . S o c .. 79, 1055 (1957).
(12) G. G. Meisels, W. H. Hamill, and R. R. Williams, J. Phys. C h em .. 

61, 1456 (1957).
(13) F. P. Abramson and J. H. Futrell, J. C h em . P hys.. 45, 1925 (1966), 

and references cited therein.
(14) W. C. Wiley and I. H. McLaren, R ev. Sci. Instrum ., 26, 1150 

(1955).
(15) P. Potzinger and F. W. Lampe, J. Phys. C h em . 74, 587 (1970).
(16) W. J. Jolly and J. E. Drake, USAEC Rept. No. UCRL 9615, Univer

sity of California, Los Angeles, Calif. (1961).
(17) P. M. Becker and F. W. Lampe, J. C h em . P h ys., 42, 3857 (1965).
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Figure 1. Ion frac tions  of p rim ary Ions as a function of delay  
tim e: □ , 4 .9  O , 8 .7  p..

Figure 2. Ion frac tions  of secon dary ions as a function of delay  
tim e.

GeH2+ is energetically feasible, it is unlikely that the life
time of the excited Ge2H6+ so formed is sufficiently long 
for its detection in a bimolecular process. As will be dis
cussed later the high-pressure studies indicate the forma
tion of Ge2H6+ to be a termolecular process and also that 
Ge2H5+ arises from reaction of GeH3+. Thus, we conclude 
that the important bimolecular reactions in monogermane 
are

GeH2+ + GeH„ ^  GeH3+ + GeH3 (1)
GeH2+ + GeH„ Ge2+ + 3H2 (2)

GeH,+ + GeH„ Ge2H+ + 2H, + H (3)

TABLE I: Appearance Potentials of Monogermanium and Some 
Digermanium Ions from GeH4Q

Ion Ap, eV Ion AP, eV

70G e + 
70G eH  + 
76G e H 2 + 
76G e H 3 +

10 .4  ±  0 .2  
11.2 ± 0.2
11 .9  ±  0 .2
10 .9  =  0 .2

70G e 2 + 
70G e 2 H + 
70G e 2 H 2 + 
70G e 2H 3 + 
70G e 2 H 4 +

12.0 ± 0.2
11 .9  ±  0 .2
11 .9  ±  0 .3
12 .0  ±  0 .3
11 .9  ±  0 .3

a Argon used as internal standard.

GeH2+ + GeH4 Ge2H2+ + 2FT (4)
GeH2+ + GeH4 Ge2H3+ + H2 + H (5)

GeH2+ + GeH4 *Ge2H4 + 4- H2 {6}
GeH3+ — GeH4 —*■ Ge2H5 + + H2 (7)

The rate of change of [GeH2 + ] can be written as
-d[GeH2+]/dt = S^GeHz+HGeH.,] (8)

where i indexes all reactions involving disappearance of 
GeH2+. Assuming [GeH4] is constant, integrating and re
placing ion concentration by ion fraction, X, leads to

X(GeH2+) = X°(GeH2+) exp(-2^r[GeH4]i) (9)
where X° is the initial fraction formed in the electron 
beam. Expanding the exponential in (9) with retention of 
only the linear term introduces a maximum error of 1%. 
To the same order of approximation the rate equations of 
the other ions give
X(GeH3+) = X°(GeH3+) +

(fc1X°(GeH2+) -  k7X°(GeH3+)[GeH4]i (10)
X(Ge2Hy+) = fev^2X°(GeH2+)[GeH4]i;

y = o ,..., 4 (li)
X(Ge2H5+) =/e7X0(GeH3 + )[GeH4]t+ d([GeH4]2f2) (12)

where the higher order terms in (12) denoted by i? can be 
neglected on the basis of the linearity of the plots in Fig
ure 2. Thus, Xiki and the individual ki are easily deter
mined by appropriate combination of the slopes and inter
cepts of Figures 1 and 2.

B. High-Pressure Studies. The variation of mono- and 
digermanium ions with source pressure is shown in Fig
ures 3 and 4. Ge2H3+ was also observed but the intensity 
is constant beyond 50 fi and is not shown. It is clear from 
Figure 3 that Ge+ and GeH+ also react with GeH4; also, a 
material balance indicates that reaction of GeH2+ does 
not account for the formation of all product ions. Since 
the trigermanium ions do not contribute significantly to 
the sum of ion fraction increases until after 120 Ge+ 
and GeH+ must be involved in digermanium ion forma
tion. Inasmuch as these reactions could not be identified 
by appearance potential correspondence, an attempt was 
made to eliminate reactions on energetic grounds. The 
ionization and appearance potentials and corresponding 
\Ht° of primary ions from mono- and digermane mea
sured by Saalfeld and Svec18 are given in Table II with 
the upper limits to AHf° obtained in this study. The lat
ter were calculated from calorimetric data,19 the exother-

(18) F. E. Saalfeld and H. J Svec, Inorg. C h em .. 2, 46, 50 (1963).
(19) S. R. Gunn and L. G. Green. J. Phys. C h em .. 65, 779 (1961).
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TABLE II: Ionic Heats of Formation

AHr, kcal/mol

Ion
AP from 

GeH„, eVa
AH r, 

kcal/mol Ion
AP from 

Ge2H6, eVa From AP This work

Ge + 10.7 ±  0.2 269 G e2 + 13.1 ±  0.3 341 < 3 14

GeH  + 11.3 ±  0.3 253 G e2H + 13.0 ±  0.3 286 < 2 62

G eH 2 + 11.8 ±  0.2 294 Ge2H2 + 12.9 ±  0.3 336 < 3 14

G eH 3 + 10.8 ±  0.3 219 Ge2H3 + 12.8 ±  0.3 282 < 2 62

Ge2H4 + 12.7 ±  0.3 332 < 3 14

G e2H5 + 12.6 ±  0.3 277 <2 39

G e2H6 + 12.5 ±  0.3 327

° Reference 18.

Figure 3. Ion frac tions of prim ary ions and G e 2H 7 + as a fu n c
tion of source pressure.

Figure 4. Ion frac tions  of d igerm an ium  ions as a function of 
source pressure.

micity requirement, and the observed reactions at low 
pressure. We may first observe that the appearance poten
tials measured in our work for monogermanium ions (Table 
I) are in good agreement with those of Saalfield and 
Svec.18

The heats of formation of ions from monogermane 
shown in Table II are probably the most accurate values 
available, since extreme care was taken to eliminate ex
cess kinetic energy from fragments and monoisotopic 
monogermane was used.18 For ions from digermane it was 
not possible to eliminate this excess kinetic energy and, as 
Saalfeld and Svec point out,18 the appearance potentials 
may be high. Comparison with the upper limits obtained 
in this study indicates this to be the case since the heats

of formation of digermanium ions indicate no ion-mole
cule reactions to be possible. In the absence of accurate 
thermodynamic data, indirect energetic considerations 
and material balances were used to eliminate the fol
lowing reactions.

Ge+ + GeH4 — Ge2+ + 2H2 (13)
Ge+ + GeH4 — Ge2H+ + H2 + H (14)

GeH+ + GeH4 — Ge2+ + 2H2 + H (15)
GeH+ + GeH4 — Ge2H+ + 2H2 (16)

GeH+ + GeH4 — Ge2H2+ + H2 + H (17)
GeH+ + GeH4 — Ge2H4+ + H (18)

Using the known heats of formation of GeH+ and GeH4 
and the exothermicity condition, the upper limits to the 
heats of formation of digermanium ions were calculated 
assuming they were formed by reaction of GeH+. For (15), 
(17), and (18) to be energetically possible the appearance 
potentials of the digermanium ions from Ge2H6 would be 
necessarily <7.9 eV, which is absurdly low. The initial 
slopes of the ion fraction curves of Ge2+ and Ge2H+ in 
Figure 4 in the range 0-80 n are identical with those pre
dicted, assuming that these ions come only from reactions 
of GeH2+ having rate constants determined in the low- 
pressure study. This observation eliminates (13), (14), and
(16). At pressures beyond 25 fi termolecular reactions are 
sufficiently probable for detection and possible reactions 
of Ge+ and GeH+ can be described by

I+ + GeH4 Ge,H/ + F (19)
I+ +' 2GeH4 ^ GevH,+ + F (20)

where 1+ is either primary ion and F is a neutral frag
ment. These reactions lead to an ion fraction pressure de
pendence of

In [X°(I+)/X(I+)l = fe19[GeH4]t + fc20[GeH4Pi (21)
Experimental X(Ge + ) and X(GeH+) were fitted to (21) 
and in both cases klg is very small, accounting for the fact 
that neither ion is an observed reactant at low pressure. 
This is shown in Figure 5a in which (21) is plotted for [1+] 
= [GeH+], neglecting the linear term. The analogous 
curve for Ge+ is nearly identical. The second- and third- 
order rate constants determined from the fitting procedure 
in conjunction with the low-pressure rate constants allow 
the prediction of digermanium ion fraction curves. The 
digermanium ions whose experimental pressure dependen
ces agree most closely with these predicted curves are 
taken to be the product ions. By this method the loss of 
Ge+ and GeH+ in the pressure range 0-110 n can best be
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Figure 5. T h ird -o rd er kinetic  plots: (a ) reaction  of G eH  +  ; (b) 
fo rm ation  of G e 2H 7+  from  G e H 3 +  .

accounted for by the following reactions.
Ge+ + GeH4 k 22̂ Ge,H,+ + h2 (22)

Ge+ + 2GeH4 Ge2H4+ + GeH4 (23)

GeH+ + GeH4 h 24- Ge2H3+ + H2 (24)
GeH+ + 2GeH4 *25> Ge2H5+ + GeH4 (25)

Beyond this pressure several competing reactions make it 
impossible to fit experimental ion fraction curves with a 
unique set of rate constants.

Figure 3 shows that at higher pressures GeH3+ becomes 
an important reactant ion. A material balance indicates 
the major reaction depleting GeH3+ to be

GeH3+ + 2GeH4 ^  Ge2H7+ + GeH4 (26)

since, in the pressure region where X(Ge2H7+) increases, 
GeH3+ is the only ion present in sufficient abundance to 
account for Ge2H7+ formation. In addition, the form of 
the X(Ge2H7 +) curve suggests GeH3+ as the precursor to 
Ge2H5+- The basis for this is as follows. If Ge2H7+ were 
the only ion produced by reaction of GeH3+ as in (26), 
the rate of change of [Ge2H7+] would be described by

d[Ge2H7 +]/dt = fe26[GeH4]2![GeH3+]o — [Ge2H7+]i (27)
in the pressure region where GeH2+ makes negligible con
tribution to GeH3+ formation by (1). From Figure 3, (27) 
and its integrated form, namely

In |1 -  [X(Ge2H7+)/X0(GeH3+)]l = -ft26[GeH4]2t (28)
should be valid beyond ~ 100 fi. The left-hand side of (28) 
is plotted vs. the square of the pressure in Figure 5b 
where the predicted linear relationship may be recognized 
but only at much higher pressure (>165 m) than expected 
if there were no competing reaction of GeH3+ of lower 
order. The most probable competing second-order reac
tion, analogous to (6), (22), and (24), and to the meth

ane13 and silane4 systems as well, is (7).
As mentioned above, it is the high-pressure dependence 

of X(Ge2H6+) in Figure 4 which suggests its formation by 
a termolecular rather than a second-order process as Fig
ure 2 would seem to indicate. If one assumes the second- 
order process

GeH,+ + GeH4 ^  Ge2H6+ (29)
and determines k29 from Figure 2 and an equation analo
gous to (11), the resulting rate constant predicts a high- 
pressure curve inconsistent with that obtained experimen
tally both in general shape and in the value of X  at the 
plateau. If instead one assumes that &2g, determined 
from Figure 2, is actually k3o/[GeH4] where fe30 is the 
third-order rate constant corresponding to

GeH,+ + 2GeH„ Ge,H6+ + GeH4 (30)

one obtains a functional dependence consistent within ex
perimental error with the experimental curves at all pres
sures.

It should be pointed out that the appropriate value of t 
in the pressure region corresponding to termolecular pro
cesses is not the collision-free residence time but depends 
on the pressure. Using the E jP  value at 150 /¿, our source 
dimensions, and the drift velocity results of Warneck20 
adjusted to the average monogermanium ion mass, the 
average residence time over the pressure range was cal
culated to be 1.2 X  10~5sec.

The rate constants obtained as described above are 
summarized in Table III with the rate constants for analo
gous reactions in monosilane.

Figure 6 shows the intensities of the trigermanium ions 
observed as a function of source pressure cubed, with the 
exception of Ge3H4+ whose curve is nearly identical with 
that of Ge3H2 + . In the region of significant trigermanium 
ion intensity increase, the primary ions are essentially de
pleted (Figure 3) and thus the precursors must be diger
manium ions. Of the trigermanium ions only Ge3+ and 
Ge3H3+ are cubic in the pressure over a large range (0-165 
n). Contrasted with this cubic pressure dependence from 
zero pressure, Ge3H2+, Ge3H4+, and Ge3H5+ appear at a 
much higher pressure f ~ 135 fi) and increase with at least 
a fourth-order pressure dependence. The intensities of the 
remaining trigermanium ions, Ge3He f , Ge3H7+, Ge3Hg+, 
and Ge3H9+, have essentially the same pressure depen
dence, the order of which increases gradually as the pres
sure is increased, indicating that these ions or their pre
cursors are formed by more than one process depending on 
the pressure region. Since Ge2H4+ and Ge2Hs+, which are 
formed in two processes, are the only digermanium ions 
whose intensity decreases in the pressure region corre
sponding to significant trigermanium ion intensity in
crease, it is reasonable that these are the reactant ions in
volved. The similarity of both reactant ion curves as well 
as that of product ions, coupled with a lack of accurate 
thermodynamic data for both di- and trigermane, pre
clude further reaction identification.

From Table III four reactions can be placed into the fol
lowing form at low pressure

]GeH,+ + GeH4 ==* GeHr GeH4+

Ge2Hv+2+ + H2 (31)

(20) P. Warneck, J. C h em . P h ys ., 46, 502 (1967).
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TABLE III: Comparison of Reactions in Monogermane and Monosilane

k X  1010, cm3/molecule sec
Reactant Product

Eq no. ion ion M =  Sia M =  Ge

B im olecu lar R eactions
22 M + M 2H 2+ 4 .8  ±  0 .6; 3 .2  ±  0 .3 1 .0  ± 0 . 2

M H  + m 2h  + 0 .7  ±  0 .2; N ot observed
24 m 2h 3 + 2 .8  ±  0 .07 ; 2 .0  ±  0 .3 < 0 .2 5

1 m h 2+ m h 3 + 10 .7  ±  0 .2; 2 .5  ±  0 .3 2 .8  ±  0 .3
2 m 2+ N ot observed; 0 .4 8  ±  0 .0 5
3 m 2h + N ot observed; not observed 0 .5 3  ±  0 .0 5
4 m 2h 2 + 0 .5 5  ±  0 .0 7 5 ; 0.31 ±  0 .0 6 1.1 ±  0.1
5 m 2h 3 + N ot observed; not observed 0 .7 9  ±  0 .0 8
6 m 2h 4 + 2.5; 1.1 ±  0.1 1 .6  ±  0.1

m 2h 5 + N ot observed; 0 .0 8  ±  0 .02
7 m h 3 + m 2h 5+ 0 .2 4  ±  0 .04 ; 0 .0 7  ±  0 .0 2 0 .9 8  ±  0.1

X 0 0 3 6/m olecule2 sec
M =  SI6 M =  Ge

T e rm o lec u la r R eactions
23 M + M 2H 4 + 1.4  ±  0 .6 1.0 ±  0 .5
25 M H  + m 2h 5+ 1 .3  ±  0 .5 1.1 ±  0 .5
30 m h 2+ m 2h 6 + N ot observed 7 ±  3
26 m h 3+ m 2h 7+ 1 .8  ±  0 .7 1 .4 4  ±  0 .6

“ References 3 and 4. 6 Reference 4.

Figure 6. Ion fractions of trigermanium ions as a function of 
source pressure.

while at high pressure, the collisional stabilization of the 
intermediate must be added, viz.

GeHxGeH4+ + GeH4 Ge2HI+4+ + GeH4
(x  = 0, ..., 3) (32)

where the experimental rate constants for each form are 
nearly the same regardless of the value of x. This is also 
the case in methane13 and silane which suggests similar

intermediates which are not symmetrical but are such as 
to encourage elimination of H2. The only primary ion 
which undergoes other bimolecular reactions in addition 
to that of (31) is GeH2+. Here the nonsymmetrical nature 
of the intermediate is suggested further by the large dis
crepancy in the distribution of ions resulting from decom
position of the intermediate and that resulting from pri
mary ionization of digermane shown in Table IV. How
ever, as was pointed out for the silane system,2 the con
siderable excess energy of GeH2-GeH4+ 18-19 relative to 
Ge2H6+ may result in the absence of Ge2H6+ from the 
secondary spectrum, as well as alter the probability of for
mation of other ions. The distinguishing feature among 
the six reactions of GeH2+ at thermal energies is the con
sistent inverse relationship between the probability of the 
intermediate decomposing to a given product ion and the 
amount of molecular rearrangement necessary. This indi
cates that if the intermediate is the same for all reactions 
and energy transfer is efficient, increasing ion impact 
energies would reverse this trend. This effect is well es
tablished in methane13 and there is some evidence it oc
curs in silane3 as well. By comparison with the lighter

TABLE IV: Relative Abundance of Digermanium Ions front 
Primary Ionization of Digermane and Secondary Spectra of 
GeH2 + +  GeH4

Ion Primary“ Secondary

G e2 + 67.6 28.2
G e2H + 62.4 30.4
G e2H2+ 100.0 65.8
Ge2 H3 ~̂ 33.5 49.3
G e2H4 + 72.7 100.0
G e2H 5+ 28.8 0
G e2H6+ 42.6 0

0 Electron energy, 70 eV.
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group IV hydrides the reactions in germane are more simi
lar to those in silane as expected. The main differences 
are the formation of a small amount of Ge2+ and the pre
cursors to M2H+ and M2H3+. While C2 type ions are cer
tainly formed in methane, 13 the preference for condensa
tion in the silane and germane systems is replaced by a 
preference for atomic ion transfer. Furthermore, there is 
no evidence for product ions in methane larger than the 
C3 type, 13 while in silane and germane very large poly
mers have been observed. This difference can be account
ed for partly on the basis of relative size' and by the differ
ence in the primary ion spectra, i.e., the distribution of 
potential reactants. 21

From the collisional stabilization model, (31) and (32), 
it is easily shown that the measured second- and third- 
order rate constants are respectively

fe(2) =  feaf e d / ( f e - a  +  fed)

k {3) = feaf e s / ( f e - a  +  fed)

Thus for the case x = 3, the ratio fes/fed is equivalent to

fe26/fe7 = 1.4 x 10 _16. The analogous ratios are the same, 
within experimental error, for all x in both the germane 
and silane systems, with the exception of that for the 
reactions involving Si2H7+ in silane for which fes/fed = 3 

x 10-15. In terms of rhe model, this order of magnitude 
difference results from a difference in the probability of 
the two paths open to dissociation of the intermediate. 
For the exceptional case in silane, dissociation to original 
reactants is favored over dissociation to products (fe_a »  
fed) while for the others both paths are equally likely, and 
by the same considerations the lifetime of the intermedi
ates for the latter cases is an order of magnitude longer.
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A H igh-Pressure Investigation of the R h od iu m /P a llad iu m /H yd rogen  System

B. Baranowski, S. Majchrzak, and Ted B. Flanagan*1
Institu te o f  P h ys ica l C h em istry , P olish  A c a d e m y  o f  S c i e n c e s ,  W arsaw , P oland ( R e c e iv e d  M ay 3, 1972).

An investigation of the absorption of hydrogen at high pressures by a series of Rh/Pd alloys up to 80% 
(atom) rhodium is reported. These alloys absorb large quantities of hydrogen, e.g., the Rh(30%)/Pd alloy 
attains an H-to-Pd atomic ratio of 1.44 (H-to-metal atomic ratio of 1.00 ± 0.02 at 5100 atm). This dem
onstrates that rhodium can act as an absorber of hydrogen when situated in the palladium matrix. Data 
are extrapolated to the experimental conditions necessary to form the ,3 phase in the Rh/H2 system.

Introduction
The absorption of hydrogen by palladium has been the 

subject of many investigations2 and the extension to ab
sorption studies of alloys of palladium has been a natural 
one. The absorption of hydrogen by silver/palladium alloys 
has evoked great interest3-6 because of both practical and 
theoretical reasons. Silver is adjacent to palladium in the 
periodic table and evidence is available that it donates elec
trons to the partially empty d band of palladium.7 Al
though the rigid band model is no longer believed to be 
fully valid,8 silver atoms are still believed to act as elec
tron donors to the empty palladium d bands.9 Models of 
absorption for the silver/palladium/hydrogen system have 
been proposed in which both the hydrogen and silver 
atoms act as electron donators to the d band of palladi
um.5 Other alloying elements which have filled d bands 
have been tested similarly.10’11 By way of contrast, there 
is no simple picture available for the interpretation of hy
drogen absorption data where the alloying elements also 
have holes in the d band, e.g., platinum and rhodium. 
The rhodium /palladium /hydrogen system is of particular 
interest because of rhodium’s adjacent position to palladi-

um in the periodic table.
Tammann and Rccha12 studied this system by electro

lytic charging but their data are of limited usefulness. 
The first detailed study was performed by Tverdovskii 
and Stetsenko13 who investigated this system by removing

(1) Chemlstry Department, University of Vermont, Burlington, Vt.
(2) F. A. Lewis, “The Palladium/Hydrogen System,” Academie Press 

New York, N. Y., 1967.
(3) (a) A. Sieverts and H. Hagen, 2. Phys. C h em ., Abt. A, 174, 359 

(1935); (b) G. Rosenhall, Ann. Phys. (L eip z ig ), 24, 297 (1935).
(4) A. C. Makrides, J. Pnys. C h em ., 68, 2160 (1964).
(5) H. Brodowsky and E. Poeschel, Z. P hys. C h em . (F rankfurt am  

M ain), 4 4 , 143 (1965).
(6) A. Carson and F. A. Lewis, Trans. F araday S o c . , 63,1453 (1967).
(7) N. F. Mo» and H. ^ones, "The Theory of Metals and Alloys,” Clar

endon Press, Oxford, 1936.
(8) E .g., F. M. Mueller.A. J. Freeman, J. Dlmmock, and A. M. Furdy- 

na, Phys. R ev. B, 1,4617 (1970).
(9) J. S. Dugdale and A. M. Guenault, Phil. M ag., 13, 503 (1966).

(10) H. Brodowsky and A. Husemann, B er. B u n s en g es . Phys. C h em ., 
70,626(1966).

(11) K. Allard, A. Maeland, J. Simons, and T. B. Flanagan, J. Phys. 
C h em ., 72,136(1968).

(12) G. Tammann and H. Rocha, F es tch r . S ieb e r ts ch . P la tin sch m elze , 
3,213(1931).

(13) I. P. Tverdovskii and A. I. Stetsenko, D okl. A kad . N auk SSSR , 84, 
997 (1952).
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TABLE I: Lattice Parameters of H-Free Rh/Pd Alloys ( — 190°)

%  Rh a, A %  Rh a, A

0 3.884 30 3.857
5 3.881 40 3.851

10 3.876 60 3.833
15 3.871 80 3.816
20 3.866

hydrogen anodically from fully charged, dispersed alloys. 
Absorption isotherms were constructed from electrode po
tential-current passed relationships. Lewis and cowork- 
ers14-15 also investigated this system electrochemically. 
Both absorption and desorption isotherms were derived up 
to hydrogen pressures of about 5 atm. The only gas phase 
study available has been that of Brodowsky and Huse- 
mann10 which was limited to the (Rh) 5%/Pd alloy. They 
found that AH h°, i.e., the relative partial molar enthalpy 
at infinite dilution, was less exothermic than that for pure 
palladium. In keeping with predictions of the “lattice 
strain-electron donation” model10’16 this suggests that 
the H-H interaction is greater in this alloy than in pure 
palladium and this is borne out by the data10 and is con
sistent with the smaller lattice spacings of these alloys 
compared to pure palladium.17 These earlier studies, 
which were limited to pressures <5 atm,10’13'15 found no 
evidence of any unusual behavior in this system save the 
fact that the 1-atm hydrogen solubility was somewhat 
greater in alloys of about 5% rhodium content than in 
pure palladium (25°).

Quite recently the authors noted that several rhodium/ 
palladium alloys absorb hydrogen rather dramatically at 
high pressures of gaseous hydrogen.18 For example, at 5100 
atm (25°) a value of H-to-Pd atomic ratio = 1.44 ± 0.02 
(H-to-metal ratio of n = 1.00 ± 0.02) was found for a 
Rh(30%)/Pd alloy. This proves that rhodium can function 
as an absorber of hydrogen, at least, when it is situated 
within the palladium matrix. The observation of values of 
n, H-to-metal ratios, = 1.00 ± 0.02 is noteworthy because 
such a ratio has not been directly observed in high-pres
sure studies of the Pd/H2 system, i.e., direct analysis has 
not yielded such a nearly stoichiometric ratio but, of 
course, a stoichiometric ratio may have been formed with
in the high-pressure vessel prior to analysis,19 however, 
the estimated pressure at which PdH would be formed is 
greater than that needed for the 20 and 30% rhodium alloys. 
Oates and Flanagan20 have, by a different technique, 
recently prepared PdH (n = 0.99 ± 0.01) using direct re
action of H atoms with palladium.

The motive of the present research was to extend the 
previous high-pressure study18 to alloys of larger rhodium 
content in order to be able to predict the pressure at 
which pure rhodium may absorb hydrogen. Another mo
tive was to attempt to understand why such large hydro
gen contents were found in certain of the Rh/Pd alloys at 
relatively low pressures.
Experimental Section

The reaction vessel and the arrangement suitable for 
high pressures of gaseous hydrogen have been described 
elsewhere.21 The course of absorption was followed in situ 
by changes of electrical resistance of the sample as a func
tion of hydrogen pressure. The pressure was determined 
by the electrical resistance of a manganin wire within the 
reaction vessel.

d ata  all have the sam e slope. The region w h ere  s to ich io m etric  
hydrides a re  fo rm ed  for the 20  and 3 0 %  alloys a re  ind icated  
along the p axis by arrow s. The stra igh t-lin e  segm ents  all have  
the sa m e slope.

The samples were in the form of thin foil, ~10 p, which 
weighed ~10mg.

The hydrogen contents of the samples were determined 
by cooling the high-pressure vessel ( — —50°), reducing the 
pressure, and analyzing the content mass spectrometrical- 
ly. X-Ray diffraction patterns of the hydrogen-containing 
samples were determined generally at -190° in order to 
avoid loss of hydrogen. The alloys were all face-centered 
cubic and showed no evidence of any ordering (Table I).
Results

Since hydrogen contents cannot be measured directly in 
the high-pressure vessel, electrical resistance measure
ments were employed to monitor the course of hydrogen 
absorption. In the special case of rhodium/palladium al
loys, it appears that rather definite conclusions can be 
drawn about the hydrogen content from the behavior of 
the electrical resistance-pressure relationships.

Figure 1 shows the values of R/Ro, the electrical resis
tance at any hydrogen content to the hydrogen-free resis
tance, as a function of the hydrogen pressure. The rela
tionships all exhibit an initial region where R/Ro is nearly 
unchanged with pressure (not shown) and absorption does 
not occur.; this is followed by a rapid increase of R/Ro with 
pressure and thereafter values of R/Ro decline slowly with 
pressure. The noteworthy feature of this system is that 
after cooling the vessel (—50°) and analyzing the hydrogen 
contents of the sample, stoichiometric H-to-metal ratios of 
1 were found for the 20 and 30% Rh/Pd alloys in the pres
sure range between 2335 and 5060 atm which is indicated on 
Figure 1 (Table II).

Since it is known that nearly stoichiometric ratios were 
formed in the indicated region for the 20 and 30% alloys, it

(14) J. Green and F. A. Lewis, Trans. F araday S o c .. 62, 971 (1966).
(15) J. Barton, J. Green, and F. A. Lewis, Trans. F a rad ay S o c . , 62, 960 

(1966).
(16) FI. Brodowsky, Z. P hys. C h em . (Frankfurt am  M ain), 44, 129 

(1965).
(17) E. Raub, FI. Beeskow, and D. Menzel, Z. Metallk.. 50, 428 (1959).
(18) T. B. Flanagan, B. Baranowski, and S. Majchrzak, J. Phys. C h em ., 

74,4299(1970).
(19) E.g., B. Baranowski, Platinum M eta ls R ev ., 16,10 (1972).
(20) W. A. Oates and T. B. Flanagan, N ature (L on d on ), 231, 19 (1971).
(21) B. Baranowski and W. Bujnowskl, R o cz . C h em ., 44, 2271 (1970).
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TABLE II: Hydrogen Contents and Lattice Parameters Observed 
in Rh/Pd Alloys after Removal from High-Pressure Vessel

do, A ■
Maximum after 
H2 pres- removal 

sure (atm) from 
attained pressure

Alloy, H-to-Pd H-to-metal before vessel
%  Rh atom ratio atom ratio cooling (-190°)

5 0.90 ±  0.02 0 . 8 6  ±  0 .0 2 2,300
5 0 .8 6 0.82 5,100 4.073
5 0.95 0.91 23,200 4 .065

10 0.99 0.89 2,300
10 1 .0 2 0.92 21,300 4.079
15 1.07 0.91 21,300 4.077
20 1.15 0.91 2,300
2 0 1.26 1.01 5,100 4 .O83
20 1 .2 2 0.97 23,200 4.074
30 1.34 0.93 2,300
30 1.44 1 .0 0 5,100 4.070
30 1.46 1.01 23,200 4.068
40 1.52 0.90 2,300
40 1.61 0.96 5,100 4 .O65
40 1.52 0.90 23,200 4.072

can be reasonably assumed that comparable behavior in 
the relationships for other alloys implies that a stoichio
metric hydride has also been formed for that alloy. Thus, 
for the 40% alloy, which gave upon analysis values of re = 
0.90 and 0.95 (Table II) and a further value of 0.90 after 
reaching 22,900 atm, it can be assumed that a stoichio
metric ratio was attained, ~4000 atm, but hydrogen was 
lost prior to analysis. It should be added that for this alloy 
H-to-Pd atom ratios of 1.52 and 1.61 were found at 2300 
and 5100 atm, respectively. The small decrease in the 
values of R/Ro with pressure after attainment of stoichi
ometry can be attributed to the effect of pressure upon 
the electrical resistance of the hydride. For a pressure 
change from 10,000 to 20,000 atm Bridgman22 noted a de
crease in R/Ro of 2% (Pd) and 1.6% (Rh).

The observed changes are in the right direction to be 
attributed to a purely hydrostatic pressure effect but are 
somewhat smaller, ~1%. This is not unreasonable be
cause the hydride would be expected to behave differently 
from the pure metals or alloys. Thus, the presence of hy
drogen in palladium decreases Young’s modulus23 and in
creases its hardness.24 The slopes of the region in the R/Ro 
against pressure relationships corresponding to purely 
pressure effects are comparable for the 20 and 30% alloys 
which suggests that similar slopes for the other Rh/Pd al
loys can be attributed to purely pressure effects and 
therefore a stoichiometric hydride has been formed.

Ratios of re = 1 were noted by analysis to correspond to 
ratios of R/R0 slightly before the onset of the linear region 
in the R/Ro against p relationship. Of course, the term 
stoichiometric hydride refers to the analysis and undoubt
edly unfilled interstitial sites exist when n = 1 ± 0.02 and 
these unfilled sites, which introduce disorder into the sys
tem, would be expected to contribute significantly to the 
electrical resistance. For example, in the pure palladium/ 
H2 system at re = 0.015, R/Ro = 1.05 (25°).25 If a compa
rable effect occurs in these alloy systems, the small differ
ence observed in values of R/Ro at the “stoichiometry” 
ratio and at the onset of the linear region would corre
spond to Are = 0.006. It is suggested that stoichiometry 
may, in fact, only occur where the R/Ro against p rela
tionships become linear. On this basis, the pressures at

R / R o

Figure 2. A bsorption and desorption rela tionsh ips observed  for 
the  20  and 3 0 %  R h /P d  alloys (25 ° ).

TABLE III: Estimated Pressures where Stoichiometric Hydrides 
Are Formed (25°)

%  Rh Pressure, atm %  Rh Pressure, atm

0 >24 ,000 30 7 , 0 0 0
5 22,000 ±  2,000 40 4 , 0 0 0

10 19,000 60 18,000
15 16,000 80 >30,000
20 10,000

which stoichiometric hydrides are formed can be estimat
ed from Figure 1 and are given in Table III. It is of inter
est that the pressure at which a stoichiometric hydride 
forms exhibits a minimum at about the Rh(40%)/Pd alloy.

Figures 2 and 3 show values of R/Ro recorded against 
log p during absorption and desorption of hydrogen for 
several alloys. A marked hysteresis can be noted indicat
ing the presence of a two-phase a-fl region in analogy with 
the behavior of the Pd/H2 system.2 The hysteresis extends 
over many thousands of atmospheres of pressure in the al
loys of higher rhodium content. The two-phase nature of 
these systems was confirmed in some cases by the X-ray 
diffraction patterns of the hydrogen-containing alloys.

The fortunate combination of the relatively low-pres
sure range needed for the formation of the /S phase and 
the large hysteresis helps to retain the hydrogen in the 20 
and 30% Rh/Pd alloys prior to their analysis. By contrast, 
the Rh(40%)/Pd alloy appeared to lose some of its hydro
gen and the 60 and 80% Rh/Pd alloys lost all of their hy
drogen prior to analysis.
(22) P. W. Bridgman, D a ed a lu s, 77,187 (1949).
(23) F. Kruger and H. Jungnitz, 2. Tech. P h ys., 17, 302 (1936).
(24) T. Sugero and H. Kowaka, M em . Inst. S ci. Ind. R es ., O saka  Univ., 

11,119(1954).
(25) T. B. Flanagan and F. A. Lewis, Z. Phys. C h em . (F rankfurt am  

M ain), 27, 104 (1960).
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Figure 3. Absorption and desorption re lationships observed  for 
the 60  and 8 0 %  R h /P d  alloys (2 5 ° ).

A ternary phase diagram is shown in Figure 4. Again 
the marked contrast with previously examined binary pal
ladium alloy/H2 systems can be noted. The hydrogen con
tents have been estimated from the lattice parameters 
corresponding to the a and 0 phases and these estimations 
should be accurate to n = ±0.05.26 From the behavior 
shown in Figure 4 there is no reason to suspect the pure 
rhodium will not absorb hydrogen to form a hydrogen-rich 
0 phase, although attempts made in this laboratory to 
date have failed.
Discussion

In marked contrast to the behavior of the other Pd bi
nary alloy/H2 systems which have been studied,2 the lat
tice parameter of the 0 phase hydrides of the Rh/Pd al
loys increase with Rh content at least for those with Rh 
contents below 50%. This is consistent with the large hy
drogen contents observed in these alloys.

Values of i.e., the Gibbs’ free energy change
for the reaction FbQatm) + (Rh/Pd/H2)a —* (Rh/Pd/H )̂# 
can be estimated from the fugacity at which the relative re
sistance rises steeply with pressure (Figure 2). Although data 
are available for the fugacity-pressure relationship only to 
about 3000 atm,27 the relationship can be extrapolated 
further28 if the constants determining the relationship are 
assumed to be independent of pressure. It is of interest 
that on this basis a pressure of 21,000 atm equals 109 atm 
in fugacity.19 A plot of AGa^g° against percentage of rho
dium in the alloy is shown in Figure 5 together with the 
data of Green and Lewis for the 2.7, 7.1, and 10.0% Rh/Pd 
alloys. The data of the two studies are in good agreement.

It may be anticipated from Figure 5 that pure rhodium 
will form a second nonstoichiometric 0 phase at log {  = 
12(25°) or p = 35,000 atm (25°). Since this pressure ex
ceeds the range of the present high-pressure equipment, it 
is desirable to find alternative experimental conditions for 
the synthesis of 0  phase Rh/H2. A value of A//a— g° can be 
estimated from the extrapolated value of f, 1012 atm, at 
298°K and the observation that the average value of 
AS„-»g° for various face-centered-cubic metals and alloys

Figure 4. T ern ary  phase d iagram  for the R h /P d /H  system  (25°) 
as co m pared  to severa l o thers  system s: A g /P d /H  (re f 5); P t/  
P d /H  (A. M a e la n d  and T. B. F lanagan , J. Phys. Chem., 68, 
1419 (1964)); A u /P d /H  (A . M aeland  and T. B. F lan ag an , ibid., 
69, 3575 (1965)). S ince  the 60 and 8 0 %  R h /P d  alloys form  0 
phases, the  im m lscib ility  gap can be extended as shown by the  
dotted lines. Th e  co ncentra tion  variab les X h , Xpa, and X m  are  
a to m ic  frac tions of hydrogen, pallad ium , and added m e ta l, re 
spectively.

Figure 5. R elationship  betw een A G a g° and p e rc e n ta g e  Rh as 
d ete rm ined  from  the fugacity  at w hich the va lues of R / R o  in c reas e  
rapidly during absorption: •  , ref 14: O, presen t data .

is -25 + 5 cal/deg mol H2 .2 On this basis, a value of 
AHa^g° of 8800 ± 1500 cal/mol H2 can be estimated. A 
pressure of 30,000 atm (f  = 1011 atm) can be obtained in 
the present apparatus and at this pressure the tempera
ture at which absorption corresponding to the a —► 0 
transformation should occur is 83 ± 12°. An attempt is 
being made to prepare 0 phase Rh/H2 under these condi
tions. One problem connected with the attempted synthe
sis of this hydride is that the diffusion coefficient of hy
drogen in rhodium is probably very small. One of the au-

(26) B. Baranowski, S. Majchrzak, and T. B. Flanagan, J. Phys. F, 1, 
258 (1971).

(27) W. DeGraaff, Thesis, University of Amsterdam, 1960.
(28) B. Baranowski, unpublished results.

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 . 1, 1 9 7 3



R/
R.

Rhodium/Palladium/Hydrogen System 39

Rh%
Figure 6. R elationship  be tw een  the  va lu e  of R / R o  observed  
w hen fu rther absorption of hydrogen has ap p aren tly  ceased  
(25°) and %  Rh in alloy.

thors and his coworker29 have measured the diffusion 
coefficients in Rh/Pd alloys and it was observed that in 
passing from pure palladium to Rh(40%)/Pd the diffusion 
coefficient declines by a factor of 1000. Oates and McLel- 
lan30 have recently found a value of 12.8 kcal/mol of H2 for 
the relative partial molar enthalpy of absorption of hydrogen 
by rhodium at high temperatures and small hydrogen con
tents. The difference in this value and that observed, for 
example, in the Ni/H2 system30 is only about 4 kcal and 
therefore it is not unlikely that rhodium will absorb hy
drogen. The difference in the value at infinite dilution 
and that estimated for the a —* /? transition is 4.0 ± 1.5 
kcal/mol of H2 . The increase in the exothermicity in pass
ing from a vanishing small concentration to the a —► fi 
transition is due mainly to the H/H attractive interaction 
in the Pd/H2 system. It can be assumed that a similar ef
fect operates in the Rh/Eh system.

Andersen31 has recently calculated a value of 1.27 holes in 
the d band for rhodium in contrast to the value of 0.37 for 
palladium.32 If rhodium does indeed absorb hydrogen, it can 
be assumed that this large number of holes in the d band is 
a factor. Switendick and coworkers33 have recently reported 
that some of the electrons from hydrogen in ¡3 Pd/H2 occupy 
sp states below the d bands of palladium. It will be of ex
treme interest to ascertain what such band calculations 
will give for the Q Rh/Fk system.

The electrical resistance-pressure relationships (25°) 
observed here require some comment because of the for
mation of stoichiometric hydrides in several of the alloys. 
It is surprising that the values of R/R0 (Figure 1) did not 
decline to very small values when stoichiometry was ob
tained. In the Pd/H2 system, values of R/R° fall to values 
below 1 at very high pressures (Figure 1). Such behavior is 
not unexpected because complete order exists when stoi
chiometry is attainec. The residual resistivity due to scat
tering by impurities should vanish at this point. The fact 
that the metallic alloy matrix has itself disorder should 
not alter this argument because values of R/Ro are mea
sured and both R and Ro contain the disorder inherent in 
the alloy. The values of R/Ro in the pressure range where 
the resistance changes are apparently caused only by pres
sure increases, and not by absorption of hydrogen, in
crease steadily in passing from pure palladium to Rh(80%)/ 
Pd (Figure 6). In fact, the relationship is closely linear be
tween alloy content and the limiting value of R/Ro up to 
Rh(40%)/Pd.

The changes of R/Rq with pressure during the desorp
tion of hydrogen (Figure 1) is similar to the trends noted 
by Lewis and coworkers for low content Rh/Pd and Ni/Pd 
alloys,14’15 i.e., the values of R/Ro increase to greater 
values during the desorption cycle than were observed 
during absorption.
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M echanism  of D eca y  o f Alkyl R adica ls  in Irradiated Polyethylene on 
Exposure to Air as Studied by E lectron Spin R e son a n ce
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The mechanism of decay of alkyl radicals in the crystalline region of polyethylene has been investigated. 
The decay of alkyl radicals is observed with various kinds of polyethylene by electron spin resonance. A 
close relation is found between the decay rate and the sizes of crystallites. It is suggested that the alkyl 
radicals trapped in the crystalline region migrate to the surfaces of crystallites through hydrogen abstrac
tion and decay by reaction with oxygen at the surfaces. The kinetics of the radical decay is well ex
plained by the diffusion theory assuming that the decay rate is controlled by the rate of radical migra
tion in the crystallites. The diffusion constant of alkyl radicals is estimated to be 3.0 X 10 18 cm2/sec at 
20°. It is shown that the migration of alkyl radicals occur intermolecularly rather than intramolecularly 
and the activation energy of migration is 18 kcal/mol.

Introduction
The free radicals produced in irradiated polyethylene 

have been investigated by many workers using electron 
spin resonance (esr). The identification of free radicals 
has been established. The irradiation of polyethylene at 
77°K causes the formation of alkyl radicals, -CH2- 
CHCH2-. When the irradiated sample is warmed up to 
room temperature or the sample is irradiated at room 
temperature, the allyl radicals, -CH2CHCH=CH-, are 
observed. These radicals are more stable than the alkyl 
radicals under vacuum but decay more rapidly in reactive 
gases such as oxygen. Various interpretations have so far 
been made concerning the kinetics of alkyl radical decay. 
It seems that discussion has been concentrated on wheth
er the decay kinetics is first or second order. In the first- 
order kinetics,1-4 the decay is presumed to consist of more 
than two stages with different rate constants. Other work
ers have suggested that the decay curve of the radicals 
can be analyzed by the second-order kinetics,5 8 though 
the initial and the last stages of the actual decay curve do 
not coincide with the second-order kinetics. We have also 
investigated the decay of alkyl radicals under vacuum at 
room temperature and suggested that part of the alkyl 
radicals convert to allyl radicals with first-order kinetics 
and the rest decay with second-order kinetics.9

However, the kinetics of radical decay under grafting 
reactions have not been clearly explained by either first- 
or second-order kinetics. Though the monomers cannot 
diffuse into the crystalline regions, they can react with the 
radicals which come out of the inside of crystallites by 
migration along or across the chains. Since rate of reac
tion with monomers at the surface of crystallite is much 
faster than the rate of radical migration,10 the decay rate 
should be controlled by the rate of migration. Waterman 
and Dole4 have suggested that the alkyl radicals migrate 
by hydrogen transfer across the polymer chains. Shimada, 
Kashiwabara, and Sohma8 have argued that alkyl radicals 
migrate along the polymer chains.

Here, we will report that the rate of alkyl radical decay 
in the atmosphere of reactive gases can be well explained 
by the diffusion of radicals in the crystallites of polyethyl

ene and the diffusion constant is estimated from the ex
periment with various crystallite sizes of polyethylene.

Experimental Section
Samples used are high-density polyethylene (Sholex 

6050) and radiation-polymerized polyethylene (Taka- 
thene). Sholex 6050 samples were prepared in various 
forms. Powder samples were prepared by boiling the pellet 
of polyethylene in 3% xylene solution and cooling to room 
temperature; the xylene was replaced by acetone and the 
resulting solution was allowed to dry at room tempera
ture. Single crystal samples were prepared in 0.1% xylene 
solution at 75 and 85° for 48 hr. Annealed samples were 
prepared by heat treatments of single crystals at 110, 120, 
and 125° for 24 hr. The thickness of lammelae in single 
crystal samples was determined by measurement of the 
long period of X-ray small-angle scattering. Takathene 
was used in powder form as polymerized in gas phase of 
400 kg/cm2; sample P3 was polymerized at 30°; and sam
ple P12 was polymerized at 70°. The percentages of crys
tallinity are 83, 77, and 63% for the powder samples of 
Sholex 6050, Takathene P3, and Takathene P12, respec
tively. Samples were packed in esr quartz tubes of 10 mm
o.d.

The samples were irradiated with electrons of 2 MeV 
from a resonant transformer type of electron accelerator in

(1) E. J. Lawton, J. S. Balwit, and R. S. Powell, J. C h em . P h ys., 33, 
395, 405 (1960).

(2) M. Dole and F. Cracco, J. Phys. C h em ., 66, 193 (1962).
(3) F. Cracco, A. J. Arvia, and M. Dole, J. C h em . P h ys.. 37, 2449 

(1962).
(4) D. C. Waterman and M. Dole, J. Phys. C h em ., 74, 1913 (1970).
(5) M. G. Ormerod, P olym er, 4, 451 (1963).
(6) A. Charlesby, D. Libby, and M. G. Ormerod, P roc . R oy. S o c ., S er. 

A, 262, 207 (1961).
(7) S. Nara, S. Shimada, H. Kashiwabara, and J. Sohma, J. Polym . 

S ci., Part A -2 , 6, 1435 (1968).
(8) S. Shimada, H. Kashiwabara, and J. Sohma, J. Polym . S ci.. P art 

A -2 , 8, 1291 (1970).
(9) T. Seguchi and N. Tamura, "Large Radiation Sources for Industrial 

Processes," IAEA, Vienna, 1969, p 353.
(10) Diffusion constant of oxygen In the amorphous region of polyethyl

ene Is D =  1.5 X 10“ 7 cm2/sec, G. A. Bohm, J. Polym . S ci., Part 
A -2 , 5, 639 (1967).
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(b)
Figure 1. M o dels  of the  crysta llite  form : (a ) p la te -lik e  and (b) 
sp herical.

air at room temperature up to the dosage of 3 Mrads. The 
dose rate was 0.1 Mrad/sec. Esr spectra were repeatedly 
recorded immediately after irradiation with Varian V-4502 
X-band spectrometer using 100-kHz field modulation.

Diffusion Equation
A diffusion equation is expressed as

du(x,y,z, t) 
dt =  °(

jF , JP_
dx2 dy2 + dz2 ) u (x ,y ,z ,t) (1)

where D is the diffusion constant of radicals, and 
u(x,y,z,t) is the concentration of the radicals at point 
(x,y,z) and a time t. In case (case I) the crystallite form of 
polyethylene is plate-like as shown in Figure la, eq 1 be
comes

du(x,t)/dt = D(d2u(x,t)/dx2) (2)
In case (case II) the crystallite is spherical as shown in 
Figure lb, eq 1 is reduced to

du(r,t) „ ( d 2u (r,t) , 2du(r,t)\  
dt ~  U \ dr2 + rdr )  {6)

where r is radius of the sphere. In case I the direction of 
radical diffusion is perpendicular to the surface of plate (x 
direction in eq 1). The equation is solved with the fol
lowing conditions: (a) the distribution of initial radicals is 
homogeneous in the crystalline regions, u{x,t) = uo at t = 
0; (b) the concentration of radicals at the surface of crys
tallite is always zero, u(x,t) = 0 at x = 0 and L, where L 
is the thickness of the crystallite plate. Equation 2 can be 
written by Fourier transformation as

u (x ,t) =  V  —  sin x\e~x'11 (4)
t i  n7r VL )

where n = 2k -  1 (odd number) and Xn2 = n2ir2D/L2. 
Concentration of the total radicals in the crystallite after 
time t is determined by integration of eq 4 from x = 0 to x 
= L as

U (t) =  A  f u {x ,t)dx, (5)
"0

where A is the area of the cross section. Substitution of eq 
4 into eq 5 yields

m t )  = ^  [ e ~ ^  + |  p  e- (6X>)2' + ••■)

(6)
The relationship between U(t) and t can be calculated 
when Ai2 = n2D/L2 is known. Equation 6 can be also ap
plied when the direction of diffusion is isotropic if the 
area of cross section is much larger than the thickness.

In case II, the form of crystallite is spherical and the

Figure 3. Esr sp ectru m  at 2 0 “ fo r po lyethylene (Sholex 6 0 5 0 )  
im m ed ia te ly  a fte r irradiation in a ir. B roken  line shows a c o m 
ponent of peroxy rad icals .

direction of diffusion is isotropic. Equation 3 is solved 
with the same conditions of plate-like crystallite, u(r,t) = 
uo at t = 0 and u(r,t) = 0 at r = R, where R is a distance 
from center to surface. The solution for eq 3 can be writ
ten as

. , 2R ~  ( - i r  . . .
u(r,t) = —  2  ̂ „  ~ e Xm ' sin rmrr

~R ~ (7)

where Am2 = m2ir2D/R2 and m = 1,2,3, . . . The concentra
tion of the total radicals U(t) in the crystallite after time 
t is determined by integration eq 7 from r = 0 to r = R as

U (t) = f  47rr2u(r,t)dr (8)
Jo

Equation 8 can be calculated with computer when Ai2 = 
tt2D/R2 is given. Figure 2 shows the changes of U(t) with 
time t in the case of D/R2 = 2 x 10̂ 5 in eq 8 and D/L2 = 
10“ 5 in eq 6.

Results
(1) Radical Species Trapped in Air at Room Tempera

ture. When polyethylene is irradiated in air at room tem
perature, the esr spectrum obtained immediately after ir
radiation consists of a six-line component with a slight 
amount of an asymmetrical component as shown in Figure 
3; the six-line spectrum is assigned to alkyl radicals and 
asymmetric line spectrum to peroxy radicals as is well 
known. Allyl radicals or dienyl radicals are not observed 
and are presumed to rapidly react with oxygen. From the 
experiment with the oriented mat of single crystals, it was 
found that the radicals trapped immediately after irradia
tion in air consist mainly of alkyl radicals trapped in crys-
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Figure 4. D ec ay  of a lkyl rad ica ls  In air a t 2 0 “ : (a ) Sholex 6 0 5 0
( O ) ,  observed; (---------), ca lcu la ted  from  eq 8 for D / f l 2 =  9 .6  X
1 0 - 6  s e c - 1 ; (----------), ca lcu la te d  from  eq  6 for D / L 2 =  4 .6  X
1 0 - 6  s e c - 1 : (b ) T a ka th e n e , ( A ) ,  P3; ( O ) ,  P12 observed. Solid  
lines a re  ca lcu la te d  from  eq 8: D / f l 2 =  1 .4  X  1 0 -5  s e c -1  and 
D / f l 2 =  2 .5  X  1 0 -5  s e c - 1 .

talline regions at room temperature.
(2) Decay of Alkyl Radicals in Air. The decay of alkyl 

radicals with the powder samples of Sholex 6050 in air at 
20° and that with Takathene P3 and P12 is shown in 
Figure 4. Here the concentration of alkyl radicals is mea
sured from the height of outermost peaks of six-line spec
trum, since the outermost peaks do not overlap with the 
peaks due to radicals such as peroxy or allyl radicals and 
the shape of the outermost peaks does not change with the 
radical concentration. The initial concentrations of radi
cals are 9.8, 2.4, and 5.3 (1017 spins/g) for Sholex 6050, 
Takathene F'3, and Takathene P12, respectively. The 
decay rate in air is much faster than that observed under 
vacuum; the half-life of the radicals is about 20 hr under 
vacuum and about 3 hr in air. The behavior of radical 
decay does not agree with the formula, dc/di = kcn (n = 
1, 2, 1.5, etc.).

Assuming that the alkyl radicals can migrate in the 
crystalline regions of polyethylene and rapidly react with 
oxygen at the surface of crystallites, the rate of decay is 
controlled by the radical migration. Then the diffusion 
theory would be applied to the analysis of the decay curve 
in Figure 4. The migration of alkyl radicals in the crystal
lites suggests proton transfer either intramolecular

-CH2CHCH2-^ -C H 2CH2CHCH2- (a)
or intermolecular

-CH2CHCH2-  __  ̂ - ch2ch2ch2-
- c h2ch2ch2-  -CH2CHCH2-  (b)

Two assumptions are made, namely, that the distribution 
of alkyl radicals immediately after irradiation is homoge
neous and that there are no radicals at the surface of crys

Figure 5. D e c a y  of alkyl rad icals  In air at 20° in po lyethylene  
crysta llized  at 75° (a ) and 85° (b ): ( O ) ,  observed; (---------), c a l
cu lated  from  eq 8; (----------), ca lcu la ted  from  eq 6.

tallites. The first assumption is reasonable because a first 
measurement immediately after irradiation (relative in
tensity 1.0 at time zero) was carried out within 10 min 
after irradiation, which is much shorter compared with 
the decay rate. The second assumption is based on the 
fact that molecules of oxygen can penetrate into amor
phous region to reach the surface of crystallite and react 
with alkyl radicals.

Although the actual form of crystallite is thought to be 
complex, two simplified forms can be treated: plate-like 
and spherical crystallites. Equation 6 is applied to the 
case of plate-like crystallites and eq 8 to the case of spher
ical crystallites. Calculated decay curves thus obtained 
are shown in Figure 4. The solid line and the broken line 
are for the cases D/R2 = 9.6 X  10-6 sec-1 in eq 8 and 
D/L2 = 4.6 X  10-6 sec-1 in eq 6, respectively (Figure 4a). 
The upper line and the lower line in Figure 4b are for the 
cases D/R2 = 1.4 x 10-5 sec-1 and D/R2 = 2.5 X 10-5 
sec-1 in eq 8, respectively. These results show that the 
curve from eq 8 agrees well with the observed plots.

When the single crystal samples that crystallized at 75 
and 85° are irradiated, the decays of alkyl radicals are 
similar to the powder samples as shown in Figure 5. The 
solid line and the broken line in Figure 5 are calculated 
using eq 8 and 6, respectively. The solid line shows good 
agreement with the observed points except the slight de
viation at the initial stage. On the other hand, the broken 
line agrees with the observed points at the initial stage, 
but then greatly deviates.

The decay curves obtained with annealed single crystals 
are shown in Figures 6a and 6b for the samples crystal
lized at 75 and 85°, respectively; the solid line is calcula
ted from eq 8 and the broken line is calculated from eq 6. 
It is well known that single crystal sample consists of lam
ellae crystals and the thickening of lamellae is induced by
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Figure 6. D e c a y  of a lkyl rad ica ls  in air a t 2CT in po lyethylene  
crysta llized  at 75 (a ) and at 85° (b ), and an n ea led  at 110  ( O ) ,  
120  ( □ ) ,  and 125° ( A ) .  Solid line ca lcu la ted  from  eq 8 . B roken  
line ca lcu la te d  from  eq 6 for an nea ling  te m p e ra tu re  of 125°.

annealing of the sample. With thickening of lamellae the 
decay rate decreases, i.e., D/R2 in eq 8 or D/L2 in eq 6 
decreases. The relationship between annealing tempera
ture and the calculated values of D/R2 and D/L2 are pre
sented in Table I; these values are derived from eq 8 and 
6 best fitted with the observed points. Changes of lamel
lae thickness with annealing temperature, measured by 
X-ray small-angle scattering, are also shown in Table I.

If the diffusion constants D does not change with sam
ples, the values of D/R2 or D/L2 depend only on crystal
lite size. In such cases the values 2R and L can te calcu
lated using the data in Table I. These data are presented 
in Table II for the cases D = 4.0 x 10~18, 3.0 X 10~18, 
and 2.5 X 10-18 cm2/sec.

(3) Temperature Dependence of Decay Rate. The radi
cal decay in air was investigated at different temperatures 
above 20° with single crystal samples. As shown in Figure 
7, it also obeys eq 8 and the decay rate depends on tem
perature. Since the size of crystallite does not change, the

TABLE I: D / R 2 and D / L 2 for Annealed Samples and the Long 
Period from X-Ray Small-Angle Scattering

Crystal-
lization 

temp, "C
Annealing 
temp, °C

D / R 2. 1 0 “ 6 
sec-1

D / L 2. 10 ~6 
sec-1

Long 
period, A

75 11.1 4 .6 8 113
110 6 .95 3 .0 4 123
120 4 .3 3 2.01 189
125 3 .1 8 1.61 265

85 8 .9 6 3 .7 6 123
110 7 .9 3 3 .5 0 128
120 4 .6 5 2 .1 6 171
125 3 .4 5 1 .76 221

Figure 7. D e c a y  of a lky  rad ica ls  in po lyethy len e crystallized  at 
85°. S tored  in a ir a t 2 2  ( © ) ,  3 0  ( E ) ,  and 40° ( A )  afte r irrad ia
tion. Solid line ca lcu la te d  from  eq 8.

D/R2 depends only on D. The relation between In D and 
1/T is linear as shown in Figure 8, from the slope of which 
activation energy of radical diffusion is calculated to be
17.9 and 17.5 keal/mol for the samples crystallized at 75 
and 85°, respectively.

Discussion
It was found that the decay of alkyl radicals in air is 

well explained by the diffusion of radicals in the crystal
line regions. Although a part of alkyl radicals would decay 
by recombination or be converted to allyl radicals through 
the reaction with double bond in the crystalline region, 
the relative amount of radicals decaying through such 
processes is very small in air. Since the decay curve ob
tained with powder samples obeys eq 8 well, it is suggest
ed that the presumed initial conditions to solve diffusion 
equations are reasonable.

It should be noted that in the single crystal samples, 
the decay curve is explained well by using eq 8 rather 
than eq 6. Since the single crystals of polyethylene consist 
of lamellae-like crystals, which have thickness of about 
100 A and width of a few microns, and the molecular 
chains are oriented perpendicular to the surface of lamel
lae, the decay curve should obey eq 6 assuming the alkyl 
radicals migrate only along the molecular chains or the 
lamellae consist of perfect crystals even if the migration is 
random. Therefore, the alkyl radicals must migrate inter- 
molecularly rather than intramolecularly and the lamellae
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TABLE II: Crystallite Sizes L(A) and 2ff(A) of Annealed Samples 
for Three Cases of Diffusion Constant D a

Crystallite size. A
Crystal-
Ization
temp,

°C

Anneal
ing

temp,
°C

a b c

L 2 R L 2 R L 2 R

75 93 120 80 104 73 95
110 115 152 100 131 91 120
120 140 182 122 167 111 152
125 157 224 137 194 125 177

85 103 134 89 115 82 106
110 107 142 94 123 85 112
120 136 186 118 161 108 146
125 151 214 131 187 119 170

(a) 4.0 X  1C '-18, (b) 3.0 X  1 0 -1S, and (c) 2.5 X  10 _ 18 cm 2/sec.

crystal must have many defects which behave like surfac
es of crystals for the reaction with reactive gases such as 
oxygen.

The form of crystallites can be adequately approxima
ted by sphere rather than plate. The slight deviation of the 
calculated curve from the observed plots at the initial 
stage of the radical decay may be due to rough approxi
mation of crystallite form. Supposedly the actual form of 
single crystals is rectangular rather than spherical forms.

The decay rate of the radicals in the annealed single 
crystals is slower than that observed in the original sam
ples. Though the same results have been reported by Or- 
merod11 and Takamatsu and Kaibara,12 they have not 
given clear explanation for such phenomena. As shown in 
Table I, X2/ir2 = D/R2 in eq 8 or A2/*-2 = D/L2 in eq 6 de
creases with thickening of lamellae. When the migration 
rate of alkyl radicals or the diffusion constant D does not 
change by the annealing of sample, X2/ir2 should be pro
portional to l/R2 or 1/L2. Since R or especially L of an
nealed single crystals can be measured by X-ray small- 
angle scattering, we can estimate D. The values L and 2R 
are compared with long periods measured by X-ray small- 
angle scattering in Table I. It is found that the values of 
the long periods agree well with 2R. This result also sup
ports the model of intermolecular migration of radicals in 
the crystalline regions. To fit these values of long periods 
with L, diffusion constant D must greatly increase with 
annealing temperature, such phenomena are unlikely to 
occur.

Crystallite sizes of Takathene are estimated, as shown 
in Table III, assuming that the diffusion constant in Tak- 
athene are the same as in Sholex 6050. The relative values 
of crystallite size derived by this method are in good 
agreement with the relative values obtained by X-ray dif
fraction.13 This result supports the fact that the decay 
rate of alkyl radicals depends on the crystallite size of 
polyethylene. The most probable value of diffusion con
stant is estimated to be D = 3 x 10-18 cm2/sec at 20° as
suming 2R corresponds to long period.

Since the decay rate at a certain temperature depends 
only on diffusion constants, the linear relation between In 
D and 1/T is obtained as shown in Figure 8. The activa-

TABLE III: D / R 2 and 2R  for Various Samples in the Case D  = 3.0 
X  1 0 18 cm2/sec

Sample
D /R 2, 1 0 - 5 

sec-1 2R, A
Crystal 
size,“ A

Sholex 6 0 5 0 1 .07 106 207
T a k a th e n e  P3 2 .5 63 120
T a k a th e n e  P 1 2 1.4 92 180

° The value was measured from a width of the (110) peak of X-ray 
diffraction.13

tion energy of radical diffusion derived from Arrhenius 
plot is about 18 kcal/mol. This value is in good agreement 
with the value 17 kcal/mol obtained by Waterman and 
Dole4 and the value 18 kcal/mol obtained by Shimada, et 
al.,8 although they obtained these values of activation 
energy using the first-order kinetics. The activation ener
gy for radical migration would be divided into two compo
nents, that is, the energy a neighboring proton approach
ing the radical (£ph) and the energy the radical extracting 
a proton (Ech). In vapor-phase reactions of low molecular 
weight compounds the activation energy for alkyl radicals 
to extract protons is 12-13 kcal/mol.14’15 Waterman and 
Dole have reported that the activation energy of alkyl rad
ical decay of polyethylene in hydrogen gas is 13 kcal/mol.4 
In our experiment £ph becomes 5 kcal/mol, when Ech is 
taken to be 13 kcal/mol.

Although the diffusion constant D of radicals is presum
ably dependent upon the molecular motions in the crys
tallite region of polyethylene, the values of £ph thus ob
tained are much smaller than the activation energy of the 
molecular motions such as a or f3 process to which nmr or 
dynamic mechanical studies refer.16-17 Activation energies 
of these processes are reported as 40-50 and 14-17 kcal/ 
mol16 for a and ¡3 processes, respectively. The value of £Jph 
is rather near to the value of y process. Since the y  pro
cess is assigned to the local molecular motions of noncrys
talline regions of polyethylene it seems that no correlation 
exists between the radical migration and the molecular 
motions. However, the molecular motions of radical sites 
are supposed to differ with the motions of parent mole
cules, since the radical sites in the crystalline regions form 
a kind of defects. Molecular motion must have some role 
in the radical migration in the crystalline regions of poly
ethylene.
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The yields of excited singlet states formed on the electron irradiation of cyclohexane solution of a series 
of naphthalene and anthracene derivatives and also of a number of miscellaneous scintillators have been 
determined by a method which involves a comparison of the yields of radiation and light stimulated fluores
cence from the solutions. Determinations have also been made of the triplet-triplet extinction coefficient of 
the naphthalene derivatives and also for anthracene and 9-bromoanthracene. Estimates are thus obtained 
for the ratios of the yield of initial triplet excited states formed to the yield of excited singlet states for these 
compounds, i.e., G(Th:G(S). For the naphthalene derivatives G(Th:G(S) ~ 1.0 and for anthracene and
9-bromoanthracene G(T)j: G(S) =; 1.5. The effect of excimer formation on G(S) has been illustrated for 
PPO and anthracene and the rate constants for excimer formation for these solutes have been estimated to 
be 5.6 ± 1.4 x 109 and 7.4 ± 2.0 X 109 M ~1 sec-1, respectively.

Introduction

The radiolysis of cyclohexane solutions of aromatic hy
drocarbons is known to give rise to singlet and triplet ex
cited states of the solute. While it is generally agreed that 
some, if not all, of these excited states are formed in ion 
recombination reactions following initial charge scaveng
ing by the solute,1-5 there is some doubt as to the propor
tion of singlet and triplet states produced. Some workers 
have claimed that the singlet yield is small relative to the 
triplet yield,6’7 while others have presented evidence in 
favor of comparable yields of both excited states.5-8'9

Baxendale and Wardman5 have reported determinations 
of the absolute yields of singlet and triplet states for solu
tions of biphenyl, naphthalene, and anthracene in cyclo
hexane. In the case of naphthalene, they find that the sin
glet yield, G(S), and the initial triplet yield, G(T)¡, i.e., 
that yield of triplet excited states not formed by intersys
tem crossing from the singlet excited state, are very simi
lar (i.e., G(T)i/G(S) ~ 1.0), in agreement with our earlier 
results.8-9 However, for both biphenyl and anthracene, 
they find G(T)¡/G(S) 2.0.

From their examination by pulse radiolysis of a series of 
anthracene derivatives, Kemp and Roberts6 concluded 
that the singlet yield was negligible in comparison with 
the triplet yield. This conclusion was based on the obser
vation that the total triplet yield, G(T), appeared to be 
independent of 0f, the fluorescence quantum yield of the 
anthracene (i.e., the yield of singlets which do not inter
system cross to give triplets). However, if substituents do 
not significantly affect the radiation chemistry, then one 
would expect to find a higher G(T) for a nonfluorescent 
anthracene, such as the 9-bromo derivative, than for a 
highly fluorescent anthracene, such as the 9,10-dimethyl 
derivative. One would in fact predict an increase of co. 
50%.

As part of a program aimed at resolving these dis
crepancies and ascertaining what factors determine scin
tillation efficiencies, we have measured the absolute sin
glet yields for a variety of aromatic solutes in cyclohexane 
using a technique referred to in an earlier communica

tion.8'9 In a few cases we have also determined the absolute 
triplet yields for comparison.
Experimental Section

The pulse radiolysis facility and sample preparation 
techniques have been fully described elsewhere.10’11 How
ever in the present study an EMI 9781 photomultiplier 
was used throughout. The sample cell was as previously 
described11 except that the wall opposite that through 
which the electron beam entered was also of optical quali
ty-

Determination of Singlet Yields. The method used to 
measure singlet yields relies upon the assumption that the 
fate of singlet excited molecules is independent of their 
mode of formation. The fluorescence from solutions irra
diated with pulses of electrons is measured using the 
pulse radiolysis detection system (see above) and the effi
ciency of the light collection and detection system is then 
calibrated by observing the fluorescence from the solution 
when stimulated by uv light.

Pulse radiolysis of a solution of a fluorescent aromatic 
compound in cyclohexane produced a burst of fluores
cence which usually followed closely the shape of the elec
tron pulse (rectangular and 600 nsec wide for most of this 
work). For compounds with relatively long fluorescence life
times, the shape of the light pulse was modified to the
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Figure 1. F lu o re sc en c e  em ission at 340 nm from  solutions of 
n aphthalene in cyclo hexane: (a ) 1 0 -2  M  solution su b jec ted  to a 
500 rad, 600 nsec e lectron  pulse; (b) 2 X  2 0 -3  M  solution sub
je c ted  to photoexcitation by the a c  light source (313 nm , 1015 
quanta s e c - 1 ).

expected dorsal, as shown in Figure la for the case of 
naphthalene. The calibration procedure was carried out 
by illuminating the solution with a suitable mercury line 
from a Hanovia 550-W medium-pressure lamp with an ap
propriate combination of glass and solution filters. The 
exciting light was focussed through the cell window oppo
site to that through which the electron beam entered. The 
solution thus emitted a train of fluorescence pulses, fol
lowing the power output waveform of the ac light source 
(see Figure lb).

Photographs of the radiation and photoinduced light 
pulses were taken under identical conditions of photomul
tiplier gain, though it was necessary to employ a much 
greater output load resistance in order to observe the rela
tively weak photoinduced signal. The time profiles so ob
tained were then enlarged and traced onto graph paper so 
that the area under each light pulse could be measured by 
the cut-out-and-weigh procedure. Having carried out 
dosimetry and actinometry of the electron and light puls
es, respectively, it .was then possible to calculate the ra
diation chemical yield of excited singlet states using

G(S) = (Ar/Ap)(aA./p/lr)Cmol (100eV)-1 (1)
where Ar and Ap are the areas under the radiation induced 
and photoinduced light pulses, respectively, a\ is the per
centage of the exciting light absorbed by the solution at 
the exciting wavelength A, Ip is the intensity of the light 
source (in photons per 10-msec pulse), h  is the intensity 
of the radiation source (in eV per pulse), and C is a con
stant which incorporates the output loads and sweep 
speeds for the two sets of photographs. In our work, 
dosimetry and actinometry were carried out using aqueous 
solutions of potassium ferrocyanide12 and potassium fer- 
rioxalate,13 respectively. In employing eq 1 we make the 
assumption that delayed fluoresence is insignificant in 
comparison with normal fluorescence. In the pulse radiol
ysis experiments the time scales are such that this is so 
and in the case of photoexcitation of the solutes the ex
periments of Parker and Hatchard14 and Parker, Hat- 
chard, and Joyce15 indicate that at the rates of light ab
sorption used in this work-delayed fluorescence is again 
insignificant in comparison with normal fluorescence.

In practice, it was usually necessary to employ a more 
dilute solution for the photoexcitation measurements than 
for the pulse radiolysis in order to avoid any reduction in 
the yield of fluorescence across the 7-mm cell due to the 
inner filter effect. To this end, the optical density of the 
solution used for these photographs was adjusted to be 
<0.2 at the exciting wavelength. Thus it is necessary to 
make the further assumption that the ratio a\/Ap is inde
pendent of concentration, an assumption which is valid 
except when excimer formation is significant (see below) 
since the observed fluorescence signal was shown to be a 
linear function of the per cent absorption. This same ob
servation was taken as evidence that the collection effi
ciency of the optical system was insensitive to variations 
across the cell of the concentration of fluorescing excited 
singlet states.

In the present work, this method was used to measure 
G(S) at some chosen concentration of solute, where ex
cimer effects were unimportant, and G values at other 
concentrations were calculated by direct proportion from 
a knowledge of the relative fluorescence intensities.

Determination of Triplet Yields. The products G ( T ) c t , 
where €t is the maximum extinction coefficient of the 
triplet-triplet absorption, were measured using 600-nsec 
pulses of about 5 krads and a monochromator bandwidth 
of 2 nm. Corrections for decay of the triplet during the 
electron pulse were made, but seldom amounted to more 
than 5%.

Two methods were used to estimate extinction coeffi
cient, er. For the naphthalenes studied, we employed the 
energy transfer method described by Bensasson and 
Land.16 The triplet extinction coefficients of anthrancene 
and 9-bromoanthracene were determined using a flash pho
tolysis technique which compares the absorption due to the 
triplet with the transient depletion of the ground-state ab
sorption.17
Results and Discussion

Singlet Yields. In Figure 2 we have plotted G(S) against 
log([solute] M) for a variety of naphthalene derivatives in 
cyclohexane. It is clear that, within experimental error, 
there is very little difference between one derivative and 
another, though 1-chloronaphthalene may be slightly 
anomalous. Figure 3 shows a similar plot for several an
thracene derivatives. Deviations from the smooth curve 
are apparent at higher concentrations for some anthra
cenes because of self-quenching of the singlet state. Nev
ertheless, in the region where this is unimportant (<10-3 
M) the anthracenes behave very similarly, with the nota
ble exception of 9-bromoanthracene which has a lower 
G(S) at all concentrations.

Finally, in Table I we have collected G(S) values for a 
variety of solutes at various concentrations so that com
parisons may be made. These figures reveal little in the 
way of a general pattern, though it may be that there is a 
trend for the physically larger molecules to have some
what higher singlet yields than the smaller ones at the
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61, 492 (1965).

(13) C. G. Hatchard and C. A. Parker, P roc . R oy. S o c .. S e c . A. 235, 
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T he 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 !. 77, N o . 1, 1 9 7 3



Pulse Radiolysis of Cyclohexane Solutions 47

0.8 r

6 +  lo g ( [ s o lu t e ] ,  M).

0.4

0.3

“  0.2 to

0.1 -

1 2  3 4
6  +  lo g ( E s o l u t e ] ,  / ^ ) .

Figure 2. V aria tion  of G (S ) with solute co ncentra tion  for a variety  
of n aphthalene deriva tives  in cyclo hexane; O , naphthalene; A , 
2 ,3 -d im eth yl naphthalene; V ,  2 ,6 -d im eth y ln ap h th a le n e ; □ , 
acen ap h th en e, 0 ,  1 -ch lo ro n ap h th a len e .

Figure 3. V aria tion  of G (S ) w ith so lute co ncentra tion  for a variety  
of an th ra ce n e  derivatives in cyclo hexane: O , an th ra ce n e; A , 9 -  
b rom o anthracene ; V ,  9 ,10 -d ich lo ro an th rac en e ; □ ,9 ,1 0 -d im e th y l-  
an th racene; 0 ,  9 ,1 0 -d ip h en y la n th race n e .

TABLE I

Solute Concentration, M G (S )a

B enzene i o - 2 0.25 ±  0.05
Toluene IO “ 2 0.40
p -X y len e 1 0 “ 2 0.40
N ap h th a le n e 1 0 - 2 0 .66
N ap h th a len e 1 0 ~ 3 0.23
A n th rac en e 1 0 - 3 0.18
Biphenyl 1 0 - 3 0.38
p-Terp heny l 1 e r 3 0.27
P ery lene 5 X  K T 4 (sat) 0.25
T P B 6 K T 3 0.31
PPO c 1CT3 0.25
P P D d 1 0 -3 0.25
a -N P O e 1 e r 3 0.26
n -N P O 5 X  1e r 5 0.068
PO P O P 7 5 X  I O " 5 0 .1 1 2
p -Q u ate rp h en y l 6 X  IO “ 5 (sat) 0.077

a G(S) to ±10% , except where otherwise indicated. b Tetraphenylbuta- 
diene, c 2,5-Diphenyloxazole. a 2,5-Dlphenyl-1,3,4-oxadlazole. e2-(1- 
Naphthyl)-5-phenyloxazole. f  p-Bis[2-(5-phenyloxazolyl) Jbenzene.

same concentration, perhaps indicating a dependence of 
electron-capturing ability on molecular size. The rather 
low G(S) for benzene as compared with toluene and p-xy- 
lene may reflect a breakdown of the assumption that the 
behavior of the singlet excited states is independent of 
their origin. In the case of benzene there may be, for ex
ample, more isomerization of the excited state(s) formed 
radiation chemically than of that formed by excitation 
with 253.7-nm light, so that G(S) is underestimated by 
our method.

Similar reasoning may explain the rather high result 
obtained for biphenyl (which we were able to reproduce in 
a second experiment). However, this result does not agree 
with the figures reported by Baxendale and Wardman5 
who found very similar G(S) values for biphenyl, naph
thalene, and anthracene. Since our results for naphtha
lene and anthracene agree fairly well with those of Baxen
dale and Wardman, we can offer no explanation at present

TABLE II: Triplet Absorption Spectra and Total Triplet Yields, 
G (T), for Pulse-Irradiated 1 0 '2 M  Solutions of Various 
Naphthalenes in Cyclohexane

Solute er. / I T ' e m - 1 ^max> nm G(T)6t G (T)°

N ap h th a len e 2 3 ,4 0 0 4 1 2 .5 2 2 ,6 0 0 0 .96
2 ,3 -D im e th y ln ap h th a len e 2 2 ,0 0 0 4 2 0 1 8 ,8 0 0 0 .86
2 ,6 -D lm e th y ln a p h th a le n e 2 0 ,7 0 0 425 1 9 ,9 0 0 0 .9 6
A cen ap h th en e 1 5 ,0 0 0 4 3 2 .5 1 3 ,0 0 0 0 .8 7
1 -C h lo ronaphtha lene 2 0 ,7 0 0 4 1 7 .5 1 8 ,1 0 0 0 .8 7

° G(T) to ±  ~10% . 

for this discrepancy.
Triplet Yields. In order that comparisons may be made 

with singlet yields, we have determined the total triplet 
yields, G(T), for a limited number of aromatic solutes in 
cyclohexane. Unfortunately, while it is relatively simple to 
measure the product of G(T) and er, the independent de
termination of G(T) and ct is more difficult.

Using the method described by Bensasson and Land,16 
we have measured 6t for the naphthalene derivatives rep
resented in Figure 2. These values, together with corre
sponding estimates of Amax, G(T)er, and hence G(T), are 
given in Table II for 1CT2 M  solutions. In each case, the 
variation of G(T)«t with concentration was found to be 
closely similar to that of G(S), so that normalized plots of 
G(T)fT or G(S) vs. log [solute] are superimposable.

Using values of fa  obtained from the literature and as
suming that 0f = 1 ~<Pf , one may calculate what fraction 
of the total triplet yield arises via intersystem crossing 
from the excited singlet state. Table III gives the values of 
G(T)j which we deduce.

For each derivative, G(T)i:G(S) is close to 1:1, but 
G(T) does not reveal the expected dependence on 4>t . This 
is perhaps due to the solutes having efficiencies of sca
venging electrons and positive charge which fortuitously 
obscure the dependence on <pr-

Using the flash photolytic technique described by' Had
ley and Keller,17 we have also determined the maximum 
extinction coefficients for the triplet-triplet absorptions of
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TABLE III: Relative Yields of Singlet and Triplet States in the 
Radiolysis of 10~2 M  Solutions of Various Naphthalenes 
in Cyclohexane

Solute G(S) 0 f G(T)i G(T)i/G(S)

N ap h th a le n e  0 .6 6
2 ,3 -D im e th y ln a p h th a le n e  0 .6 0
2 ,6 -D im e th y ln a p h th a le n e  0 .6 3
A cen ap h th en e  0 .6 6
1 -C h lo ro n ap h th a le n e  0 .5 7  ±  0 .1 0

0 .2 9 °  0 .5 0  0 .7 6  ± 0 .1 5  
0 .3 8 6 0 .4 8  0 .8 0  ± 0 .1 6  
0 .4 3 b 0 .6 0  0 .9 5  ± 0 .1 9  
0 .5 5 “ 0 .5 7  0 .8 6  ± 0 .1 7  
0 .0 4 c 0 .3 3  0 .5 8  ±  0 .16

°C. A. Parker and T. A. Joyce, Trans. F araday S o c . , 62, 2785 (1966). 
6 I. B. Berlman, "Handbook of Fluorescence Spectra of Aromatic Mole
cules,” Academic Press, New York, N. Y., 1965. c J. G. Calvert and J. N. 
Pitts, Jr., “Photochemistry," Wiley, New York, N. Y., 1966.

anthracene and 9-bromoanthracene to be 73,700 (Xmax 425 
nm, bandwidth 2 nm) and 67,600 M-1 cm-1 (Xmax 427.5 
nm, bandwidth 2 nm). Table IV summarizes the results 
for the anthracenes. The total triplet yield for 9-bromoan- 
thracene is rather similar to that for anthracene, despite 
the difference in 4>t . This appears to be due primarily to 
the smaller G(S) of the bromo derivative, though G(T)i 
may also be somewhat reduced. The lower total excited 
state yield found for 9-bromoanthracene (and perhaps 1- 
chloronaphthalene) may indicate that, in the case of the 
halogenated aromatics, some dissociation of the anion 
formed on electron capture (reaction I) may occur before 
neutralization takes place

(A-Br) + e -*• (A-Br) ■ ~ — A • ± Br ~ (I)
thereby reducing the yield of excited states obtained in 
reaction II.

(A-Br) •  ̂+ (A-Br) • + —1 • 3( A-Br) * (II)
Our results for anthracene and 9-bromoanthracene suggest 
that for both compounds G(T)i:G(S) ~ 3:2. These re
sults are to be compared with those of Baxendale and 
Wardman5 who found G(Th:G(S) ^ 2 :1  for anthracene 
although this difference is primarily due to these authors 
using the value of ft determined by Bensasson and 
Land.15

The earlier experiments of Kemp and Roberts were ap
parently too insensitive to detect differences in the overall 
triplet yield, G(T), from one anthracene to another.

Concentration Dependence of Excited State Yields. It is 
generally a rather difficult matter to fit exactly the de
pendence of G(S) and G(T) on solute concentration to a 
well-defined mathematical expression. Elsewhere,9 it has 
been shown that the data for naphthalene in cyclohexane 
can be fitted to an equation of the type
G('naph*) = bs'Gn + fcsGgi X

| a _ 1/2[n a p h ]1/2/ ( l  +  a _ 1/2[n a p h ]1/2)[ X

) a + 1/2[n a p h ]1/2/ ( l  +  a + 1/2[n a p h ]1/2)j (2)

Figure 4. D em onstra tion  of the ap p ro x im ate  valid ity  of eq  3: • ,  p- 
xylene; O , naphthalene .

where Gn and Ggi are the yields of free and geminate ions, 
respectively, ba' and fes. are factors which represent the 
fraction of ion recombinations of the type

naph+ + naph~ —► ^naph*
which leads to the formation of singlet excited naphtha
lene (generally different for free and geminate ion recom
binations), and a . and a+ are parameters related to the 
efficiency with which naphthalene scavenges the geminate 
ion pairs (CgHi2 - + , e_) and (C6Hi2 - + , naph- ), respec
tively. Similar equations may be written to describe the 
variation of total and initial triplet yields with concentra
tion.

It is readily shown that eq 2 reduces to the approximate 
form given by

G(S)“1 a* (baGgi)~H l +  A[naph]-1/2) (3)
where A = (a_~1/2 + a+_1/2), so that plots of G(S)_1 
against [solute] ~1/2 are approximately linear over certain 
concentration ranges. This is demonstrated in Figures 4 
and 5, where such plots are given for p-xylene, naphtha
lene, anthracene, and PPO.

The plots of Figure 5 show the effect of excimer forma
tion on the measured value of G(S). It is possible from 
these data to make estimates of the rate constants for ex-

TABLE IV: Yields of Excited States in the Radiolysis of 10 3 M  Solutions of Various Anthracenes in Cyclohexane

Solute G(S) G(T)fT(Amax. nm) G(T) 0F G (T), G (T )i/G (S )

A n th rac en e 0 .1 8 2 7 ,0 0 0  (4 2 0 ) 0 .37 0 .3 0 a 0 .2 4 1 .3 3  ±  0 .2 5
9 -B ro m o a n th ra c e n e 0 .1 2  ±  0 .0 2 2 1 ,7 0 0  (4 2 5 ) 0 .3 2 0 .0 2 5 0 .2 0 1 .6 7  ±  0 .3 0
9 ,1 0 -D ic h lo ro a n th ra c e n e 0 .1 6 2 1 ,1 0 0  (4 1 7 .5 ) 0 .5 6 c
9 ,1 0 -D im e th y la n th ra c e n e 0 .1 8 1 4 ,5 0 0  (4 2 7 .5 ) 0 .8 9 d
9 ,1 0 -D lp h e n y la n th ra c e n e 0 .1 6 6 ,0 0 0  (4 4 5 ) 0 .8 9 d

“ See footnote a, Table III. °T. Medinger and F. Wilkinson, Trans. F araday S o c . , 61, 620 (1965). c See footnote b. Table III. d C  A Parker and T A 
Joyce, C h em . C om m u n ., 744 (1967).
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Figure 5. A pplication of eq 3 to system s w h ere  ex c im e r form ation  
is significant: • ,  PPO; O , an th racen e .

cimer formation, provided it is assumed that eq 3 holds in 
the concentration range 10"2-10_1 M. On this basis we 
find values of 5.6 ± 1.4 x 109 and 7.4 ± 2.0 x 109 M"1 
sec"1 (one point only) for the self-quenching rate con
stants of PPO and anthracene, respectively.
Conclusions

The application of an absolute method for determining 
the radiation chemical yields of excited singlet states has 
been demonstrated. The results indicate that in the con

centration region 10"3- 10 2 M  there is little difference 
between the energy-capturing abilities of different aro
matic solutes. In most cases the yield of singlet excited 
states probably constitutes an appreciable fraction of the 
total excited state yield, indicating that spurs produced in 
cyclohexane radiolysis are small in size.18

The dependence of excited state yield on solute concen
tration is complicated by several factors including the dif
ferential contribution made by free ions9 and the possibil
ity of excimer formation. However, a knowledge of the bK, 
bt, and a values for the various scintillators would provide 
an adequate description of the factors affecting the ef
ficiencies of excited state formation and charge scaveng
ing, and should provide a basis for correlating these with 
structural properties of the solute. These parameters can 
be obtained from detailed studies of the effects of charge 
scavengers on the yields of excited states.9

Assessments of G(S):G(T)t are critically dependent on 
the values of c t  used and therefore reflect any uncertainty 
in this parameter which at the moment shows wide varia
tions depending on the method used for its determination.
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the S. R. C. for financial assistance and the award of a 
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(18) J. L. Magee, “Comparative Effects of Radiation,’’ M. Burton, J. S.
Kirby-Smith, and J. L Magee, Ed., Wiley, London, 1960, p 130.
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Following photolysis of oxygen-metal atom mixtures isolated in inert gas matrices at 4°K, the visible ab
sorption spectra of MnO and CuO were observed. Vibrational progressions starting at 5809 and 4829 À 
were found for MnO and CuO, respectively. No esr signals attributable to CuO were observed, although 
the optical spectra indicated concentrations in excess of the minimum detectable concentration. This re
sult is interpreted in terms of a 2fl ground state for CuO.

Although there has been a great deal of interest in the 
spectra of the first-row transition metal monoxides,2 only 
the first few members of the series have been extensively 
studied since the remainder do not exist in the equilibri
um vapor in any large concentration.3 The electronic 
spectra of the diatomic oxides CrO-ZnO have been re
ported in emission, and in a few cases in absorption,2 but 
in general the nature of the states involved remains un
known.

Many of these molecules exhibit several emission band 
systems in the visible and ultraviolet regions, and it is of

considerable interest to establish which of these systems 
terminate in the ground state. The recent results of Shirk 
and Bass4 indicate that only the blue-green system of 
CuO involves the ground state, in contrast with earlier

(1) Present address: Experimental Station, E. I. du Pont de Nemours & 
Co., Wilmington, Delaware 19898.

(2) B. Rosen, “Données Spectroscopigues Relatives aux Molécules 
Diatomiques,” Pergamon Press, Oxford, 1971.

(3) See, for example, R. T. Grimley, R. P. Burns, and M. G. Inghram, J. 
C h em . P hys.. 35,551 (1961).

(4) J. S. Shirk and A. M. Bass, J. C h em . P h ys., 52, 1894 (1970).
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Figure 1. S p e c tra  of the (1 ,0 ) band of C u 180  in an argon m atrix  
as recorded  (a) following photolysis a t 4°K ; (b) fo llow ing w a rm 
ing to ~ 1 0 ° K ;  and (c ) fo llow ing further w arm ing  to ~ 1 7 ° K .  The  
d ata  of Shirk and Bass (re f 4 ) a re  shown as bars at the  bottom . 
W avelength  m arkers  a re  at 10-A Intervals.

work.® Their fluorescence measurements on the matrix- 
isolated molecule indicate that the red system is due to 
the B-A transition and, on the basis of the fluorescence 
measurements, they tentatively conclude that the ground 
state of CuO is 2U, as might be expected by analogy with 
AgO.6 Although the ground state of MnO has been tenta
tively assigned as a 2Z by observation of the visible spec
trum,7 virtually nothing is known of the ultraviolet transi
tion reported by Callear and Norrish.8 We have carefully 
examined the optical spectra of MnO and CuO isolated in 
inert gas matrices in order to establish which transitions 
involve the ground state.

Because of the possibility of a change in the ground 
state relative to AgO, similar to that observed in the TiO- 
ZrO and perhaps the VO-NbO pairs,9 we have searched 
for esr lines attributable to CuO in order to establish 
whether the ground state is 22 or 2If.
Experimental Section

The general matrix trapping apparatus has been de
scribed.10’11 Csl and CaF2 were employed as deposition 
target materials for the optical experiments and a flat 
sapphire rod was used for the esr experiments. No differ
ences in the optical spectra were observed with the vari
ous targets. The target was cooled to 4°K for all experi
ments. Oxygen and rare gas (all research grade) were used 
without further purification and were mixed in approxi
mately a 1:200 ratio. Isotopically enriched 1802 (Oak 
Ridge National Laboratories) was used in some experi
ments.

The oxygen-rare gas mixture was cocondensed onto the 
target with a molecular beam of metal atoms produced by 
vaporizing the metal from resistively heated graphite or 
tantalum crucibles. Initial concentrations of O2 and metal 
atoms were approximately equal.

In some of the optical experiments, the matrices were 
annealed using a temperature control device similar to 
that described by Weltner and McLeod.10 The tempera
ture of the deposition target was monitored with a chro-

mel-gold (2.1 atomic per cent iron) thermocouple'embed
ded in the copper block housing the target. Several exper
iments using neon as a matrix gas demonstrated the ab
sence of thermal gradients across the target and the ab
sence of a significant temperature gradient between the 
copper block and the target.

Following deposition, the matrix was photolyzed using a 
xenon resonance lamp similar to that described by War- 
neck.12 LiF or CaF2 windows in the cryostat were used to 
pass the 1470-A radiation from the lamp, and the gap be
tween the lamp and cryostat was purged with nitrogen.

Ultraviolet and visible spectra were recorded using a 
Jarrell-Ash 0.5-m Ebert spectrograph equipped with ap
propriate sources and photomultipliers. Infrared spectra 
were recorded using a Perkin-Elmer 621. Esr experiments 
were carried out in a cryostat described previously,11 and 
a Varian V4500 X-band superheterodyne spectrometer. 
The instrument sensitivity at 4°K is approximately 1 X 
1013 AH  spins at S/N = 1, where AH  is the line width, in 
gauss, of the esr signal.
Results

CuO. Prior to photolysis, only the Cu atom absorption 
bands and esr lines were observed. Following photolysis, 
our visible spectra are in agreement with those of Shirk 
and Bass,4 except for a difference in intensities. They ob
served that each vibrational band was split into three 
components, two strong and closely spaced and one weak 
and separated from the others by ~250 cm-1. The weak 
band and one of the strong bands were considered to be 
shifted by matrix effects. We observed the same bands, 
only the intensity was reversed. The (1,0) band of Cu180 
is shown in Figure 1, as recorded (a) immediately fol
lowing photolysis; (b) after warming to ~10°K; and (c) 
after warming the matrix to ~17°K. The absorption spec
trum reported by Shirk and Bass is shown at the bottom 
of the figure. The fine structure on the strong absorption 
band at 4794 A almost completely disappears upon warm
ing to ~10°K and the weak bands to the blue completely 
disappear upon further warming.

The esr experiments were carried out using matrices 
that exhibited fairly strong blue-green absorption bands. 
Approximately 1 X 1017 CuO molecules were produced 
during the photolysis, as estimated from a knowledge of 
the initial copper atom concentration and the decrease 
( —50%) in the copper atom esr signals.13 Following pho
tolysis, the esr spectrum was carefully scanned from 0-11 
kG, with negative results.

MnO. No absorption bands other than those attribut
able to manganese atoms were found in the unphotolyzed 
matrices and no perturbations of the atomic bands were 
observed.14 Following photolysis of an 02“ argon matrix 
containing Mn atoms, a progression of bands starting at 
5808 A appeared. The first three members of the progres-

(5) A. Antic-Jovanovic, D. S. Pesic, and A. G. Gaydon, P roc . R oy. 
S o c . ,  S e c . A, 307, 399 (1968).

(6) U. Uhler, Ark. P hys., 7,125 (1953).
(7) J. G. Kay, private communication, 1969.
(8) A. B. Callear and R. G. W. Norrish, P roc . R oy. S o c . ,  S e c  A 259, 

304 (1960).
(9) C. J. Cheetham and R. F. Barrow, Advan. High Tem p. C h em  1, 7 

(1967).
(10) W. Weltner, Jr., and D. McLeod, Jr., J. C h em . P h ys ., 45, 3096 

(1966).
(11) P. H. Kasai, E. B. Whipple, and W. Weltner, Jr., J. C h em . P hys  

44,2581(1966).
(12) P. Warneck, Appl. Opt., 1,721 (1962).
(13) P. H. Kasai and D. McLeod, Jr., J. C hem . P h ys., 55,1566 (1971).
(14) D. M. Mann and H. P. Broida, J. C h em . P hys., 55,84 (1971).
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W A VELENG TH ( a )

Figure 2. Absorption sp ectra  of M n 160  in argon observed (a) 
following photolysis at 4°K  and (b) fo llow ing w arm ing  the  m atrix  
at ~ 1 0 ° K . WAVELENGTH (X)

sion are shown in Figure 2a. As may be seen, the absorp
tion bands are quite broad (~100 À) and their center is 
difficult to determine. If the matrix is allowed to warm to 
~10°K and then quenched back to 4°K, spectrum (b) is re
corded. All of the bands have sharpened considerably with 
little or no loss in intensity. Upon warming to higher tem
peratures, no new effects were observed other than the 
normal decrease in band intensity following a solid-state 
diffusion.

Figure 3 illustrates the complete band progressions ob
served for Mn160 and Mn180, both spectra recorded after 
warming the matrix to ~10°K. No other absorption bands 
attributable to MnO were observed in this study despite a 
careful search of the region 2500-2700 À.

The observed band positions and vibrational frequencies 
for both oxygen isotopes of MnO are given in Table I. The 
ratio (i'(180)/i'(160)) is also given in the table, the theo
retical value being 0.9558. Variations in the listed ratio 
are due primarily to an uncertainty of ±0.5 Â in the de
termination of the band centers.

Figure 3. O bserved  v ibrationa l progressions for M n 160  and M n- 
180.

TABLE I: Observed Absorption Bands of MnO in an 
Argon Matrix at 4°Ka

Mn160 Mn180

v' X, Á v, cm -1
AG(v'
+  y2) x, à v, cm -1

AG(v'
+  y2)

k(180)/
i/(160 )b

0 5809 17,210
732 5806

17,219
700 0.956

1 5572 17,942
727 5579

17,919
691 0.950

2 5355 18,669
725 5372

18,610
693 0.956

3 5155 19,394
729 5179

19,303
691 0.947

4 4968 20,123 5000 19,994
“ Bands observed after annealing the matrix at 1CTK to remove broad

ening. b Theoretical ratio 0.9558.

TABLE II: Observed Absorption Bands of MnO in a 
Neon Matrix at 4°K

A very weak infrared absorption band was observed at 
822 cm-1, which may be due to Mn160, but we are unable 
to make a definite assignment since we were unable to ob
serve the corresponding band for Mn180.

Although absorption bands were obtained after photo- 
lyzing a neon matrix, they were much weaker than those 
obtained in argon matrices. Evidently, photolysis proceeds 
at a much slower rate in neon; a similar trend from argon 
to neon was observed in the photolytic production of CN 
from ICN.15 The absorption bands in neon were also very 
broad and quite similar to the unannealed argon bands. 
Annealing in neon matrices is difficult because it requires 
more precise temperature control and was not done here. 
The positions of the bands in neon are listed in Table II 
along with the vibrational frequencies. 18C>2 experiments 
were not attempted.
Discussion

Spin Resonance Experiments. It is well known that 22 
ground state molecules isolated in inert gas matrices in 
sufficient numbers give strong, narrow esr signals in the 
region of g = 2 (for example, CuF2 in argon),11 while reso
nances due to 2I1 molecules have not been observed. The 
resonances of a random distribution of 2I1 molecules with 
unquenched orbital degeneracy will be broadened beyond 
detection due to excessive g tensor anisotropy. Our failure 
to observe any resonances other than those previously re
ported for Cu atoms13 despite the fact that the number of

v' X, Â v, cm -1

0 5571 17,945
1 5346 18,700
2 5146 19,427

CuO molecules in the matrix exceeded the sensitivity of 
the instrument by at least two orders of magnitude indi
cates that the ground state of CuO is 2II, similar to that 
observed for AgO,6 and in agreement with Shirk and 
Bass.4

Optical Spectra. The carriers of the bands observed here 
have been established from earlier gas-phase studies.2’5’7 
As expected from earlier results,16’17 the observed vibra
tional spacings in argon are slightly lower and in neon 
slightly higher than those found in the gas phase (746.6 
cm-1 for Mn160 7 and 615 cm-1 for CuO5). The position 
of the (0,0) band of MnO in neon is, within experimental 
error, the same as that observed in the gas phase (17,941.7 
cm-1),7 while the argon (0,0) band is shifted 730 cm"1 to 
the red. A shift of comparable magnitude was observed by 
Shirk and Bass and by us for CuO in argon.

(15) W. C. Easley and W. Weltner, Jr., J. C h em . P h ys.. 52,197 (1970).
(16) W. Weltner, Jr., and D. McLeod, Jr., J. Phys. C h em .. 69, 3488 

(1965).
(17) W. Weltner, Jr., and D. McLeod, Jr., J. C h em . P h ys.. 42, 882 

(1965).
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The variation in intensities between the CuO spectra 
obtained here and those of Shirk and Bass4 may be due to 
the relatively high concentration of O2 in our matrices, 
although some care was taken to reproduce the previous 
experimental conditions. Dilution experiments could con
ceivably resolve this question, but our purpose in the CuO 
work was to provide a large enough concentration of CuO 
in the matrix so that we would be assured of strong esr 
signals if the molecule had a 22 ground state. Since the 
production of oxide species proceeds slowly at 4°K, requir
ing extended (4 hr) periods of photolysis even in concen
trated matrices, higher dilution was not worthwhile. An
other explanation for the band intensity differences is the 
population of two different matrix sites at different pho
tolysis temperatures, our experiments being carried out at 
4°K and those of Shirk and Bass4 at 14°K. Such an expla
nation is somewhat speculative, but appears to be the 
most reasonable if our C>2 :Ar ratio is close to that used 
earlier.

Our failure to observe MnO bands in the region of

2500-2700 A in the 4°K spectra indicates that the bands 
reported by Callear and Norrish8 in absorption probably 
do not involve the ground state.
Conclusion

MnO and CuO have been prepared in inert matrices by 
photolysis of oxygen in the presence of metal atoms. Ab
sorption bands corresponding to the visible system of 
MnO and the blue-green system of CuO were observed. 
The ultraviolet system of MnO was not observed, indicat
ing that it probably does not involve the ground state.

The failure to observe electron spin resonances attribut
able to CuO indicates that the ground state of the mole
cule is 2n.
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Detailed studies of the Raman and infrared line shapes of magnesium nitrate-water systems ranging 
from dilute solutions to hydrate melts are reported. No evidence of contact ion pairs has been found up 
to saturation at 25°. Weak perturbations of the spectra of solvated nitrate ion suggest solvent-shared ion 
pairs in solutions more concentrated than 2.5 M. The nitrate ion exists in three environments in hydrate 
melts. As water content is diminished the free nitrate concentration is reduced and a fraction of the an
ions are oriented in monodentate fashion in the field of Mg2+. Further reduction of water causes some 
nitrate ions to assume a bidentate orientation. This labile structure becomes frozen into the crystalline 
tetrahydrate and dihydrates.

Introduction
Six water molecules bind to the magnesium ion to 

create an approximately octahedral hexaquomagnesium 
cation in crystalline hexahydrates.1’2 The peripheral hy
dration sphere is probably similar in aqueous solution.3-4 
The stability of this species is consistent with the high 
charge-to-radius ratio of Mg2+, 3.3, and the high hydra
tion energy.5 It has been inferred from both conductance6 
and vapor pressure measurements7 that complex forma
tion between Mg2+ and NOs- in aqueous solutions is un
likely. In a previous communication we reported that the 
absence of Raman intensity in the region ~740 cm-1 pro
vided strong evidence that no contact ion pairs were 
formed in aqueous Mg(NC>3)2 solutions up to saturation at 
25°.8 Vollmar9 also concluded that ion pair formation was 
unfavorable in this system, from a study of the 1050-cm_1 
Raman line intensity of the N0 3 - ion.

We now report detailed studies of the magnesium ni
trate-water systems ranging from dilute aqueous solutions 
to hydrate melts. Vibrational spectral studies of the hexa-, 
tetra-, and dihydrated magnesium nitrate crystals have 
also been completed and are reported elsewhere.10 Spec-

(1) A. Braibanti, A. Triripicchio, A. M. M. Lantredi, and F. Bigoli, A cta  
C rysta llogr., S e c t .B , 25, 354 (1969).
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(3) H. G. Hertz, A n g ew . C h em ., Int. Ed. Engl., 9,124 (1970).
(4) S. F. Lincoln, C oord . C hem . R ev ., 6, 309 (1971).
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tral studies have previously been reported by Hester and 
Krishnan11-12 and more recently by Peleg.13
Experimental Section

Aqueous solutions were prepared from distilled water 
and Mg(N03)2-6H20 (Fisher certified ACS reagent). 
They were treated with activated charcoal and filtered 
through a 0.45-g Millipore filter. Densities were measured 
and the molar ratios of water to magnesium nitrate (R) 
were calculated from the known concentration. Raman 
spectra were excited by the 435.8-nm line of a Toronto arc 
and recorded with a Cary 81 Raman spectrophotometer. 
Infrared spectra were recorded on a Beckman IR-9 spec
trometer, using either silver chloride windows or a 60° sil
ver chloride prism and the Wilks Model 9 multiple inter
nal reflection (MIR) accessory. Sample temperature was 
controlled at 25°.

To obtain samples with R < 6, Mg(N03)2-6H20 was 
placed under vacuum at 30-40°. The partially dehydrated 
magnesium nitrate was melted at 150° in an oven and 
transferred to a specially designed high-temperature 
Raman cell. The tube containing the sample was posi
tioned in an unsilvered dewar. Nitrogen gas was passed 
through a flowmeter and heater and then evenly distribut
ed within the dewar through numerous holes in a gas inlet 
tube. The temperature in the cell was controlled by regu
lating the voltage in the heater coil and the flow rate of 
nitrogen. It was monitored by a chromel-alumel thermo
couple in conjunction with a dc differential voltmeter and 
a Beckman 10 in. recorder. The temperature in the cell 
could be maintained up to 200° with a fluctuation of less 
than 3°. The cell is illustrated elsewhere.14 The water 
contents of the melts were determined by Karl Fisher ti
tration. Samples with a water to magnesium nitrate ratio 
greater than 3 were stable as melts, but with ratios less 
than 3 slight decomposition occurred during a prolonged 
heating period. Spectra which consisted of closely spaced 
and overlapping lines were analyzed with a computer fa
cility.15
Results and Discussion

Aqueous Solutions. Two Raman bands at ca. 240 and 
357 cm-1 were observed besides the water bands at ca. 70 
and 170 cm“ 1 in the low-frequency region. The 240-cm-1 
band is very weak and broad. The 357-cm-1 band is po
larized and its intensity is directly proportional to the 
concentration of magnesium ions up to 3.85 M. Its fre
quency is independent of concentration within 1 cm“1 
and its half-width is 45 ± 2 cm-1. A band at 315 cm-1 re
ported by da Silviera, et al.,16’17 was not found in this 
study. The 240- and 357-cm-1 bands have previously been 
assigned to the Mg(H2 0 )62+ species;17“19 a higher fre
quency is observed for crystals. The properties of the line 
suggest that, up to saturation, the Mg2+ ion is aquated by 
six water molecules. A solvation number of six has been 
inferred from pmr experiments.20’21

An aquated nitrate ion is known to generate vibrational 
lines at 718 tq(E'), 830 i/2(A2"), 1049 MAT), -1354 and 
~1410 t>3(E'), and 1660 cm-1 2i'2(AT). A weak feature at 
about 690 cm-1 is attributed to water in the environment 
of nitrate.22 Mg(N03)2 solutions generate a single 718- 
cm_1 Raman band. The position shifts upward by only
1.5 cm-1 and the integrated intensity is directly propor
tional to concentration. In contrast, its line width in
creases from 21 to 29 cm-1 over the composition range. In 
heavy water a single infrared and Raman line at 721 cm-1

was observed. These observations confirm that no contact 
ion pairs are formed until forced by reduction of water.8 A 
single infrared line, 832-830 cm“1, a single overtone 2j>2, 
1659-1657 cm-1, and a single, polarized 1049-cm_1 line 
with intensity directly proportional to concentration (fre
quency change 1048-1050 cm“1; half-width change 15-17 
cm-1) support the inference that contact ion pairs are 
not formed for concentrations below 3.85 M.

Cation-anion interactions are revealed in the spectra, 
however. ¡'3(E/) appears as a broad envelope with two 
maxima in both Raman and MIR spectra. The intensity 
ratio inverts, as noted for alkali metal nitrates,22 when 
Raman and infrared spectra are compared. Computer 
analysis requires only two component bands. Raman lines 
shift from 1342 and 1405 cm“1 in dilute solution to 1344 
and 1415 cm-1 in concentrated solution. The infrared 
components are not coincident. The separation, 63-71 
cm-1, can be compared with 56 cm-1 observed for 1+ 
ions and 74 cm“ 1 observed for 3+ cations.23 The striking 
properties are the decrease of the depolarization ratio of 
the 1344-cm-1 line when C >  2.5 M  and the downward 
shift of the infrared line from 1344 to 1325 cm“ 1. A lower 
frequency polarized Raman component in this region has 
been previously observed when ion pairs are present.23 In 
the absence of strong indications of contact ion pairs, the 
presence of a solvent shared ion pair is suggested. It is 
known that the Raman spectrum does not substantially 
reveal second nearest neighbor interactions. The broaden
ing of i<4(E'), Raman activity of i'2(A2") in concentrated 
solutions, and its small shift to lower frequencies are con
sistent with a weak perturbation. The infrared activity of 
iqfAiO could also be indicative; although this digression 
from Z)3fc selection rules is believed to be a feature of the 
solvated nitrate ion, a significantly higher molar intensity 
for concentrated solutions is attributable to perturbations 
by the cation. The high charge density of Mg2+ makes the 
formation and detection of the elusive solvent-shared ion 
pair a possibility. The perturbation is not sufficient to 
generate a set of vibrational bands well separated from 
those of the solvated nitrate ion.

The infrared-active, water bending mode occurs at 1636 
cm-1 for dilute solutions. It broadens, shifts to higher fre
quency (1645 cm“ 1) as the salt concentration increases, 
and becomes asymmetric indicating the presence of sever
al water environments. It is inferred that a line at 1636 
cm“ 1 from bulk water is replaced by a line with greater 
molar intensity at 1650 cm“ 1 from the water of Mg(H2- 
0)62+. The molar intensity increase is attributed to polar
ization of H20 by Mg2+. The observed displacement of 
the OH stretching band of water (ca. 3500 cm"1) toward 
higher frequencies with increasing concentration of salt is

(11) R. E. Hester and K. Krishnan, J. C h em . P h ys., 47, 1747 (1967).
(12) R. E. Hester and K. Krishnan, J. C h em . S o c . A, 1955 (1968).
(13) M. Peleg, J. P hys. C h em ., 76, 1019 (1972).
(14) T. G. Chang, Ph.D. Pnesls, University of Waterloo, Waterloo, Ontar

io, Canada, 1972. Details, additional tables of data, and illustrations 
of spectra can also be found in this source.

(15) A. R. Davis, D. E. rish, R. B. Roden, and A. J. Weerheim, Appl. 
S p e c t r o s c ., 26, 384 (1972).

(16) A. da Sllveira and E. Bauer, C. R. A ca d . S ci., 195, 416 (1932).
(17) A. da Silveira, M. A. Marques, and N. M. Marques, Mol. P hys.. 9, 

271 (1965).
(18) R. Lafont, Ann. Phys. (P a ris), 4, 905 (1959).
(19) V. Ananthanarayanan, J. C h em . P h ys ., 52, 3844 (1970).
(20) A. Fratiello, R. E. Lee, V. M. Nishida, and R. E. Schuster, J. C h em . 

P hys., 48, 3705 (1968).
(21) N. A. Matwiyoff and H. Taube, J. A m er . C h em . S o c ., 90, 2796 

(1968).
(22) D. E. Irish and A. R. Davis, Can. J. C h em ., 46, 943 (1968).
(23) D. L. Nelson and D. E. Irish, J. C h em . P h ys., 54, 4479 (1971).
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Figure 2. Total in tensities (in tegrated  intensity re la tive  to /4 S9 of 
C C I4) of the r/4 (E ')  m ode of vibration for the aqueous solutions  
of various m etal n itra tes as functions of n itra te  ion c o n c e n tra 
tion: □  , S r ( N 0 3) 2; O , C a ( N 0 3) 2; •  A g N 0 3; A, N H 4N 0 3; ■ , 
N a N 0 3; +  , M g (N 0 3) 2.

Figure 1. Argon ion laser R am an and In frared  sp ectra  in 2 0 0 0 -  
3 0 0 0 -c m _1 region for M g ( N 0 3) 2 '6 D 20  crystals and Its sa tu ra 
ted solution in D 20 .

typical of the perturbation of the water spectrum by large 
anions and has been attributed to the disruption of water 
structure and formation of bonds between water and ions. 24 
Similarities exist between the spectra of, crystals of 
Mg(N0 3 )2 -6H2 0 10 and Mg(N0 s)2 -6D2 0  and their re
spective saturated solutions (Figure 1). If each maximum 
in the spectrum of the crystal is attributed to a symmetric 
O-H stretch in a distinct environment it is apparent that 
there are four different environments for 0-H in the crys
tal. 10 If, on the other hand, some of the maxima result 
from coupling, the number of distinct sites in the crystal 
will be less than four. The distinctions become less clear 
and the lines broaden due to rapid exchange in the liquid 
phase but the structure of the concentrated solution can 
be considered to approach that of the hexahydrate.

Intensity comparisons for a series of cations is also in
structive. The total relative integrated intensity (718 and 
~740 cm-1, if present) in the j/4(E') region is plotted 
against N03'  concentration in Figure 2. The intensities 
exhibit positive departures from the linearity exhibited by 
Mg2+ in the order Sr2+ > Ca2+ > Ag+ ~ Na+ ~ NH4+. 
This order does not correlate with that for the refractive 
indices of the solutions (Figure 325) but parallels the de
gree of formation of ion pairs in these systems. This is fur
ther support for the lack of ion pairs in the magnesium 
system. Although ion pairs have not been observed by 
Raman spectroscopy in NH4NO3 solutions evidence of 
them was provided by Wishaw and Stokes. 263 The pertur-

N0~ . M

Figure 3. R efrac tive  indices of N a N 0 3, A g N 0 3, N H 4N 0 3, 
M g ( N 0 3) 2, C a ( N 0 3) 2, and S r ( N 0 3) 2 in aqueous solutions: O , 
A g N 0 3; X, S r ( N 0 3) 2; O , C a ( N 0 3) 2 (re f 2 5 ); +  , M g ( N 0 3) 2; □ , 
N H 4N 0 3; A , N a N 0 3 (re f 2 5 ).

bation of the nitrate ion by NH4+ is not sufficient to gen
erate a set of distinctive lines separable from those of 
aquated nitrate ion (cf. NaN0326b). The intensity data 
for i»4(E') converge to a common slope in dilute solution
(24) G. E. Walrafen, J. C h em . P h ys., 36, 1035 (1962).
(25) Y.-K. Sze, M.Sc. Thesis, University of Waterloo, Waterloo, Ontario, 

Canada, 1970.
(26) (a) B. F. Wishaw and R. H. Stokes, Trans. F araday S o c ., 49, 27 

(1935); (b) J. D. Riddell, D. J. Lockwood, and D. E. Irish, Can. J. 
C h em ., 50, 2951 (1972).
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TABLE I: Curver Analyzed Results in the 660-800-cm 1 Region for Mg(N03)2-nH20 Melts

R
Temp,

°C
v,

cm -1
/2 1 

cm -1
/,<*
%

V ,
cm -1

A v - t / 2 .
cm -1

/,“
%

V ,
cm - 1

A p i / 2 i

cm -1 %
V ,

cm -1
A k i / 2 ,  
cm - 1

l,U
%

6.03 98 718 30 71.9 739 32 27.0 759 18 1.0 686 26 1.7
5.17 98 718 29 63.6 740 34 33.7 759 19 2.5 690 25 1.4
4.44 98 717 28 56.8 740 34 39.7 758 20 5.6
4.06 98 718 29 54.8 741 33 33.6 759 22 11.7 690 22 1.4
3.45 99 717 28 45.4 739 36 38.0 759 26 17.0 693 20 1.1
2.90 134 716 29' 49.2 740 35 27.4 760 29 25.2
2.18 137 716 29 43.3 739 37 24.7 763 28 34.6

° Intensity expressed as (///total) 100%.

Figure 4. ¡ M A / )  band in tensities of aq ueous solutions of various  
m etal nitrates as functions of n itra te  ion co ncentra tion : O , 
A g N 0 3; X, N H 4N 0 3; + ,  M g (N 0 3) 2: A, S r ( N 0 3) 2; S, N a N 0 3 (ref 
2 5 ); □ , N a N 0 3 (re f 2 2 ); ▲, C a ( N 0 3) 2 (re f 2 5 ).

Figure 5. R am an sp ectra  for M g (N 0 3) 2 -x H 20  m elts: upper 
sp ectrum  shows contours in 6 2 0 - 8 2 0 - c m " 1 region, 10 c m -1  slit 
width; low er shows 1 0 0 0 -1 1 0 0 -c m  " 1 reg ion , 5 c m " 1 slit w idth.

and this slope has been used as the molar intensity of free 
nitrate ion, J f , in several studies. The value 4.05 ± 0.02 x
10-3 M-1 relative to the 459-cm-1 intensity of CCU ap
pears to be independent of cation and concentration. The 
curvatures suggest that Jf is less than the molar intensity 
of the ion pairs, J b , although the difference is probably 
not large for 1+ cations.

The intensities of the i<i(AT) line are presented in Fig
ure 4. It is clear that the rules which describe the rela
tionship between intensity and concentration of a polar
ized band are different from those for a depolarized band 
and are not readily apparent. Silver nitrate in particular 
exhibits a number of unique spectral properties and will 
be discussed in detail in a subsequent paper. The lineari
ties are not consistent with the data of Vollmar.9

Hydrate Melts. At temperatures of 98° and R = 6 three

lines were observed in the low-frequency region; 82, 240, 
and 345 cm-1. On reduction of R the 240-cm-1 line disap
peared, the 345-cm-1 line shifted down to about 340 cm"1 
and became very weak, the 82 cm-1 line shifted upward 
to 90 cm-1, and a 190-cm"1 line was observed when R <
3.0. The 90- and 190-cm-1 lines may be attributed to re
stricted translatory or rotatory motions of nitrate ion. The 
other features are consistent with aquated magnesium 
cations.

Nitrate ions exist in three distinct environments in 
these systems. Raman spectra of the r^E ') region and ¡q- 
(AT) region reveal several closely spaced lines (Figure 
5). Computer analysis indicates three components in each 
region: 717, 739, and 759 cm-1 (Table I and Figure 6A) 
and 1052, 1064, and 1039 cm-1. The frequency of r2 and 
2j-2 drops from 825 to 819 cm-1 and from 1648 to 1637
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TABLE II: Raman Frequencies“ of the Three Kinds of Nitrate Ions in Hydrated Magnesium Nitrate Melts

Free nitrate ion Monodentate nitrate ion Bidentate nitrate ion

71 8  dp V3(A i ), V 5(B i ) 
82 5  dp ^ 6(B 2)

1052  p ¡¡2 (A ,)
13 60  p ¡ M A ,)
14 30  dp M B ! )
1648  p 2 ¡ M A ,)

74 0  dp ¡ M A , ) ,  ( B i )
821 dp t>6(B2)

1039  p i/2(A i )
1330  p ¡ M A ,)
1466  dp ¡ M B ,)
1642  p 2 v6 (A i )

759 dp ¡ M A , ) ,  ^5 (B i ) 
819  dp ¡ M B 2)

1064 p ¡M A ,)
13 77  dp ¡M B ,)
1 5 1 5  p y , (A , )
16 37  p ■ 2i>6 {A , )

a Frequencies of the v, and ¡<4 bands are uncertain to about 10 cm 1 because of serious overlapping.

F igure 6 . C om pu ter an alyzed  contours from  6 6 0  to 8 0 0  c m ~ 1 
and from  1 2 3 0  to 16 20  c m -1  for M g (N 0 3 ) 2 -x H 2 0  m elts. The  
m olar ratios of w a te r to m agnesium  n itra te  a re  shown beside  
the  contours.

cm-1, a feature which is also characteristic of cation- 
anion contact. The envelope in the ¡ME') region resolves 
into three pairs of lines (Figure 6B). For R = 6 two pairs 
are apparent at 1424 dp, 1356 p and 1456 dp, 1330 p. As R 
is reduced the intensity of the first pair continuously de
creases and the intensity of the second pair rises to a 
maximum at about R = 3.5. A third pair, 1507-1521 p, 
1377 dp increases in intensity as R is reduced below three. 
These positions are probably within 10 cm“ 1 but the 
trends are clear and similar to those observed for the ¡¡4 

and ¡¡1 regions. The intensity changes, illustrated for the 
Vi region in Figure 7, permit division of the lines into 
three groups as summarized in Table II.

The assignments of the lines (Table II) are based on a 
C211 perturbation of NO3 ". The positions differ but the 
trends parallel those observed for the three different crys
talline hydrates. 10 For example, 1052 changing to 1039 for 
monodentate and 1064 for bidentate types of nitrate is 
paralleled by 1060 (hexahydrate) changing to 1050 (tet- 
rahydrate) and 1070 cm- 1  (dihydrate). The orientation to 
the cation, monodentate or bidentate, is inferred from the 
polarization of the 1330- and 1515-cm_1 lines, respective-

R
Figure 7 . P erc en ta g e  intensity in the 7 1 7 -, 7 3 9 -, and 7 5 9 -c m _1 
lines as a  function of f t

ly, and from their comparative intensities. 27-29 Because 
the molar intensities of the three types of nitrate are un
known, and the total intensities of the samples have not 
been calibrated against a standard, the populations in the 
three environments cannot be deduced. It is possible that 
bound nitrate also contributes intensity at 717 cm- 1  (Fig
ure 7) in these melts and thus inferences concerning pop
ulations may be unreliable. It appears, however, that as R 
decreases, outer-sphere nitrate is replaced by nitrate ion 
contacting Mg2+ in monodentate fashion which converts 
to bidentate fashion on further reduction of water content. 
It has been shown that this coordination scheme is frozen 
into the crystalline hydrates. 10

These conclusions differ from those of Peleg13 who 
adopted a model involving nonspecific, increasing pertur
bation of nitrate ion with decreasing water content. Evi
dence for contact cation-anion aggregates presented above 
is strong however at R = 6 and 98° and is interpretable in 
terms of a distribution of nitrate ions between several en
vironments. The analysis of the ¡¡4 region differs in that 
Peleg assumed only one line which continuously shifts 
from 725 (R = 6 ) to 755 cm- 1  (R = 2) in addition to the 
717-cm1 band; in our interpretation this shifting contour 
has been analyzed in terms of two bands from nitrate ions 
in two different environments which differ in orientation 
to the cation. Similarly the changing contours in the ¡»i 
and ¡¡3 regions have been interpreted in terms of lines

(27) H. Brintzlnger and R. E. Flester, Inorg. C h em ., 5, 980 (1966).
(28) R. E. Hester and W. E. Grossman, Inorg . C h em ., 5,1308 (1966).
(29) D. Smith, D. W. James, and J. P. Devlin, J. C h em . P hys., 54, 4437 

(1971).
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from these three types of nitrate ion, which successively 
become significant as water content decreases, rather than 
by abrupt changes at particular values of R. The evidence 
for the monodentate-to-bidentate reorientation has also 
not been advanced before. It should be noted that aqueous 
systems at 98° and with R > 6 which were studied by 
Peleg have not been examined in this work. We anticipate 
that as the water content increases the concentrations of 
contact ion aggregates smoothly decrease at 98°. The 
higher temperature may enhance inner-sphere interac
tion. 30

No extensive water structure can exist in these melts 
and all water must be strongly oriented by the ions. The 
Raman active water bending vibration is weak and ob
scured by 2 v 2  of nitrate ion. The intensity at 3250 cm 1 is 
greatly diminished and the contour maximum shifts from 
3425 to 3510 cm-1. Although the lines are still broad, re
flecting rapid exchange of water among a number of sites 
such that computer analysis does not appear fruitful, the 
positions of maxima are very similar to the sharper fea
tures observed for each corresponding crystalline sam
ple. 10

C o n c lu s io n s

The constitution of the Mg(N0 3 )2-H2 0  systems is con
veniently summarized in terms of a series of equilibria

Scheme I: Equilibria in the Mg(N0 3 )2-H2 0  System

Mg(H,0)62+ + NQfiaql Mg2+(H20)6N0,“
solvent-shared

ion-pair

Mg2+(N03-),(H20)6_i Mg2+(N03-) l(H20)6_2>
monodentate bidentate

(Scheme I) sensitive to the water content. Solvent-shared 
ion pairs are present when 2 < C < 3.9 (25°) (i.e., 42 < R 
< 11). Contact ion aggregates are present when R is 6 

(98°) and a monodentate to bidentate conversion occurs as 
water is further reduced. Although six coordination can be 
retained about Mg2+ when R < 6 (cf. ref 10) it need not 
be so.
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Infrared S pectru m  o f the W ater-H ydroch loric  A cid  C om plex in Solid Nitrogen
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The infrared spectrum was recorded of the 1:1 complex of HC1 and H2O (and the deuterated counter
parts) isolated in a nitrogen matrix at 15°K. The H2O-HC1 complex absorbs at 2638, 2540, and 460 cm-1, 
whereas D20-DC1 absorbs at 1916, 1849, and 330 cm '1. The spectra of the mixed isotopic species show 
that the hydrogen atoms are not equivalent. This fact, and a comparison to the spectra of prototype 
compounds, show that the complex does not involve hydronium :on, but, rather, a simple hydrogen 
bond, H20---H-C1, in which the HC1 hydrogen atom remains attached to the chlorine atom. This re
sult can be rationalized with thermodynamic considerations about tne stability of an isolated H3O f -Cl'  
ion pair.

It is well established that an equimolar mixture of HC1 
and H2O condenses to an ionic crystal made up of H3 0 + 
and Cl- ions. 1 -2 However, it seems likely that this forma
tion of H30+ may depend to a significant extent upon the 
stabilization furnished by the crystalline environment. 3-4 

Whether the proton transfer from HC1 to H2O would 
occur in absence of this stabilization is not known, a mat
ter whose importance is enhanced by the often presumed 
presence of H30+ in aqueous solutions of strong acids.

In principle, the dimer formed between a molecule of 
H20 and a molecule of HC1 could be spectroscopically 
studied either in the gas phase or in inert solvent solu
tions. However, such studies of weakly bound complexes

are rather difficult, in part because of the diffuse infrared 
spectra displayed by hydrogen bonded substances, and 
because solubilities are very low in the weakly interacting 
infrared transparent solvents. Consequently, we have em
ployed the matrix isolation technique to investigate the 
nature of the hydrogen bond formed, be tween single mole
cules of HC1 and H2O and to determine whether the com
plex can be said to involve H3 0 +.
(1) C. C. Ferriso and D. F. Hornig, J. C h em . P h ys .. 23, 1464 (1955).
(2) Y. K. Yoon and G. B. Carpenter, A c ta  C rysta llogr.. 12, 17 (1959).
(3) C. A. Coulson, "Valence,” 1st ed, Oxford University Press, New 

York, N. Y., 1952, p 268.
(4) C. Kittel, "Introduction to Solid-State Physics," Wiley, New York, N. 

Y., 1971.
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Figure 1. (a ) Th e  infrared spectrum  of HCI and DCI Isolated in a  
nitrogen m atrix  a t 15°K . (b) Th e  lr sp ectrum  of D 20  isolated In 
a N 2 m atrix  under th e  s a m e conditions.

Experimental Section
We used a conventional double dewar, liquid hydrogen 

cold cell, equipped with two deposition inlets and a cesi
um iodide cold window. In each experiment, about 40 
mmol of a matrix sample was deposited at 5 mmol/hr. 
The window temperature was maintained at 15°K and its 
temperature was monitored during deposition and spec
troscopic study with a Au-Co/Cu thermocouple embed
ded in the window. The infrared spectrum was scanned 
from 200 to 4000 cm”1 with a Perkin-Elmer Model 225 in
frared spectrophotometer. Frequency accuracy was ±0.5 
cm” 1 and the spectral slit width was 2.0 cm-1 at 3000 
cm-1.

Some samples were prepared by placing 2 ± 0.2 Torr 
pressure of H2O vapor in a 3-1. bulb, then an equal pres
sure of HCI was added, followed by 700 Torr of N2 to give 
a mixture with approximate composition H2 0 :HC1:N2 
= 1:1:350. For two-jet experiments, an H20:N2 = 
1:175 mixture was prepared in one bulb and an HC1:N2 
= 1:175 mixture in another and then, the two mixtures 
were simultaneously deposited from separate deposition 
lines. Both HCI (Matheson, 99%) and DCI (Merke, Ltd., 
Canada) were purified by double distillation from a Dry 
Ice-acetone bath into a liquid nitrogen trap. Both liquid 
H20 and D20 (ICN, 99.8%) were used without purifica
tion except for degassing by repeated freeze-thaw cycles 
under vacuum, using a Dry Ice-acetone bath.
Results

For reference, spectra were recorded of the parent sub
stances, HCI, DCI, H20, and D20, each in turn deposited 
alone in N2 in a mole ratio of 1 to 350. Then HCI and H20 
were examined together, both with single- and two-jet de
positions. Next, a succession of experiments were con
ducted using a variety of isotopic mixtures.

Parent Spectra. Figure la shows the spectra of HCLN2 

and DC1:N2 samples, as recorded between 3400 and 1800 
cm” 1. At this concentration, HCI absorbs at 2854 (0.85) 
and 2810 (0.39) cm”1 (optical densities are given paren
thetically). The DCI bands are found at 2062 (0.89) and 
2033 (0.30) cm-1. Figure lb shows the spectrum of a

3400 3000 2500 , 2000 1800
V (cm )

Figure 2. (a ) The  in frared  spectrum  of the products of a o n e -je t  
deposition of H 20 : H C I : N 2 a t 1 :1 :3 5 0 , over the sp ectra l re 
gion 3 4 0 0 -1 8 0 0  c m ” 1, (b) The infrared sp ectrum  of the p rod 
ucts of a tw o -je t codeposition of HCI and D 20 ,  both 1 :1 7 5  in 
N 2.

D20:N2 = 1:350 sample in this same spectral region. 
Six distinguishable features are observed, at 2761 (0.35), 
2722 (0.10), 2704 (0.13), 2645 (0.06), 2590 (0.10), and 2495 
(0.08) cm-1. When an H20:N2 = 1:350 sample is depos
ited, there are no absorptions in the region 3400-1800 
cm"1.

None of these parent molecule spectra displayed any 
absorption in the spectral range 600-250 cm-1. Of course, 
the water bending modes were observed: H20 at 1600 
cm-1, HDO at 1402 cm” 1, and D20 at 1178 cm-1. Three 
weak absorptions that seemed related to each other were 
occasionally observed at 1260, 1070, and 815 cm-1; these 
features grew after diffusion and they are attributed to 
H20 polymeric species.

HCI + H-2.0. Figure 2a shows part of the spectrum of an 
H20:HC1:N2 = 1:1:350 mixture deposited from a sin
gle jet. The HCI absorptions shown in Figure la are clear
ly apparent together with two new broad features at 2638 
and 2540 c m 1. The latter, more prominent band is about 
50 cm-1 in breadth at half-height. The apparent absorp
tion near 2330 cm”1 is not reproducible (in these and in 
the spectra of isotopically substituted samples) and is evi
dently due to instrument drift in the region of atmospher
ic C02 absorption. In the spectra of some samples, there 
were other quite weak bands at 900, 970, and 1200 cm-1, 
the last extremely broad, all of which were too weak and 
irreproducible to be assigned to the absorber responsible 
for the 2540-cm-1 band.

Figure 3a shows the spectral range 600-200 cm-1 for the 
same sample whose spectrum is shown in Figure 2a. There 
is a broad band centered at 460 cm-1 with a shoulder at 
520 cm-1. All of these absorptions are listed in Table I to
gether with their optical densities.

No new bands could be detected near 3500 cm” 1, but 
this spectral region is badly obscured by parent H20 
bands.

The sample whose spectrum is shown in Figures 2a and 
3a was carefully warmed to 35-40°K and then recooled to 
15°K. All of the features listed in the first column of 
Table I disappeared (though the low-frequency spectrum
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Figure 3. (a ) Th e  ir sp ectrum  of the products of a o n e -je t d e p o 
sition of HCI and H 20 ,  in th e  sp ectra l region 6 0 0 -2 0 0  c m ' 1. (b) 
The sam e sp ectra l region for the products of the  o n e -je t deposi
tion of DCI and D 20  in N 2.

TABLE I: Absorption Frequencies“ and Optical Densities6 of 
Water and Hydrochloric Acid Mixtures (N2,15°K)

H20:HCI D20 : DCI D20:HCI H20:DCI
», cm - 1  », cm - 1  i/,cm _1  r .c m - 1

2 6 3 8  (0 .5 7 )  2 6 4 5  (0 .1 2 )
2 5 4 0  (0 .8 5 )  2 5 3 3  (0 .2 9 )

1 9 1 6 (0 .3 4 )  1 9 1 5 (0 .3 8 )
18 49  (0 .3 8 ) 1850  (0 .3 9 )

5 2 0  (0 .1 4 )
4 6 0  (0 .3 1 )

3 9 3  (0 .0 6 )
3 3 0  (0 .1 8 )

Figure 4. (a ) Th e  in frared  sp ectrum  of the  products of the o n e - 
je t deposition of DCI and D 20  in N 2, a t 1 :1 :3 5 0 , over the re 
gion 3 4 0 0 -1 8 0 0  c m - 1 , (b) The ir sp ectrum  of th e  products of 
the  tw o -je t codeposition of DCI and H 20 ,  both 1 :1 7 5  in N 2.

H

0 Absorptions also observed in the parent molecule matrix spectra are 
omitted as well as absorptions that grow on diffusion (see text). 6 Optical 
densities are given parenthetically.

was of poor quality because of scattering) and intense, 
broad bands centered near 3400, 2800, and 1600 cm-1 ap
peared, all attributable to polymers and higher aggregates 
of H2O and HCI.

A two-jet experiment was conducted with H20 and HCI 
and the bands at 2638 and 2540 cm-1 were reproduced 
with the same relative intensity to each other, though 
somewhat weaker relative to parent bands. The feature at 
460 cm_1 was observed as well, but it was more diffuse.

DCI + D2O. Figure 4a shows the 3400-1800-cm'1 spec
tral region for a D20:DC1:N2 = 1:1:350 sample. The 
HCI and DCI features show that exchange in the vacuum 
line established a D/H ratio near 3-4. The band at 2540 
cm-1 is present but weak, evidently replaced by the in
tense, and rather broad bands at 1916 and 1849 cm-1. 
Figure 3b shows no absorption at 460 cm ' 1 but a weak 
band appears near 330 cm ' 1 and a shoulder near 393 cm-1. 
The intensities of these features are listed in Table I.

HCI + D2O and DCI + H2O. Figure 2b shows the spec
trum obtained in a two-jet deposition involving HCI and 
D20. The freedom from exchange is demonstrated by the 
complete absence of the DCI parent absorptions at 2062 
cm-1. Of course, the region near 2600 cm-1 is cluttered 
by the D20  bands in this region, but a broad band at 2533 
cm ' 1 is observed that is remarkably similar to the 2540- 
cm_1 absorption shown by HCI + H20  (Figure 2a). No 
absorption whatsoever is observed near 1800 cm "1.

Figure 4b shows the counterpart two-jet deposition 
spectrum involving DCI and H20. This time, there is HCI 
parent absorption at 2854 cm -1 due to DCI exchange with 
the vacuum line. Nevertheless, the major spectral features 
are found at 1915 and 1850 cm-1 with only weak absorp
tion in the 2600-cm_1 region.

II O----------H--------------Cl <  C2v

H

III O-------- H-----------------Cl <  C2u

AH

/
IV — „ H------------ - Cl  C 3V

H
Figure 5. Four possible prototype structu res for the isolated  
H 20 -H C I com plex.

In these, as in all two-jet experiments, no definite band 
identifications could be made in the 600-200-cm _1 region.

Discussion
Figure 5 shows four possible distinctive structures of the 

H20-HC1 complex. The first structure could be character
ized as a “ normal” hydrogen bonding interaction in which 
the proton donor forms a hydrogen bond and weakens, but 
does not rupture the parent A-H bond. The structure II 
we will call a “ complete sharing” hydrogen bond, one in 
which the proton is not preferentially attached to either 
terminal atom. This would be analogous to the situation 
in (FHF)", except that the bond would not be centrosym- 
metric because the terminal atoms are different. Struc
tures III and IV involve hydronium chloride ion pairs in 
which the proton has been transferred over from HCI to 
the H20  molecule to form an identifiable H3O4 ion. Such

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 . 1, 1 9 7 3



60 B. S. Ault and G. C. Pimentel

TABLE II: Prototype Spectra Compared to H20-HCI (N2 Matrix)

System (ref)

h 2o - h c i
N 2 matrix

(CH3)20-H C I (ClHCl) -  h 3o  + -c i -  
(10) (13) (see text)

h 3o + ci
(1)

This w ork
Prototype for S tructure  

I II III IV

26 38

F req uenc ies , c m -1
3 4 0 0 -3 8 0 0 “

3 0 2 0 “
2 6 9 0

32 35

2 5 4 0 2 5 7 0 25 90
1 8 0 0 -8 0 0 “ 1 6 0 0 “ 1700
1 6 0 0 -6 0 0 “ 10 60

520 525
460 47 5

(1 0 0 )6 (1 2 0 )6
(6 0 )c (5 0 )c

° Estimated; see text. 6 Inferred from the difference between 2640 and 
2538 c m -1  (and between 2690 and 2570 cm -1 ). c Inferred from the dif
ference between 520 and 460 cm -1 (and between 525 and 475 cm - 1 ).

an ion pair could have C2v or lower symmetry (structure 
III) or Csu symmetry (structure IV).

The present work provides a significant basis for choos
ing among these four possibilities, first through the impli
cations of the mixed isotope spectra and then, further, 
through comparisons to prototype systems.

Mixed Isotope Spectra. The obvious similarities in Fig
ures 2a and 2b and again in Figures 4a and 4b show 
unequivocally that the broad absorptions centered at 2540 
and at 1849 cm-1 are due specifically to the hydrogen 
atom provided by the hydrochloric acid molecule. Under 
the conditions of the experiment, there is clearly no ex
change between this atom and the two hydrogens of the 
water molecule. This immediately rules out structure IV, 
the H30 + - Cl complex involving equivalent H atoms in 
a Czv structure. The behavior is obviously consistent with 
the hydrogen bond formation implied by structure I, in 
which the unique hydrogen atom remains closest to and 
most strongly bound to its parent chlorine atom. The evi
dence can be reconciled with structures II and III only if it 
is postulated that there is a significant barrier to inter
change among the hydrogen atoms in the complex, even 
though the unique proton has been substantially “re
leased” by the chlorine atom. This seems a particularly 
unlikely postulate for structure III, in which relatively 
small barrier to reorientation would be expected in the ion 
pair.

Thus the mixed isotope spectra favor structure I, they 
perhaps are consistent with II, they disfavor III, and they 
eliminate IV.

Prototype Compounds. Structure I is like that of the 
dimethyl ether-hydrochloric acid complex, whose spec
trum has been thoroughly studied in the gas,5-7 solution,8 
and solid9 phases. In the gas-phase spectrum, part of 
which is reproduced in Table II, the peak of the broad 
HC1 absorption is found at 2570 cm-1 (2530 cm-1 in the 
crystal9). Coarse structure is observed on both sides of the 
peak with spacings near 120 cm-1. The bending motion, 
in which the proton moves perpendicular to the hydrogen 
bond, is found at 475 cm-110 and it shifts to 335 cm-1 for 
DC1.

Structure IV can be likened to crystalline H30+ -Cl- ,

which has crystal symmetry jR3m with a rhombohedral 
unit cell.2 In this lattice, the hydronium ion is a flat pyra
mid occupying a site of C3V symmetry; each O-H forms a 
hydrogen bond to the nearest Cl-  ion. Hence the three 
hydrogen atoms are equivalent; the 0---C1 distances 
are each 2.95 A. The vibrational frequencies1 and symme
try assignments11 are 3235 (i%E), 2590 (iq,A), 1700 (¡q,E), 
and 1060 cm-1 (»2,A). This set of frequencies furnishes a 
model spectrum for structure IV, as given in Table II.

An expected spectrum for structure III can be reason
ably conjured from the H3O 1 - Cl spectrum. The 
degeneracy weighted average of the H30 + stretching 
modes, 3020 cm-1, can be taken to be a frequency charac
teristic of an O-H bond of H30+ when only that bond is 
hydrogen bonded to Cl- at 2.95-A separation. The other 
two O-H stretching modes would not be shifted by hydro
gen bonding, so they would be found at much higher 
frequencies, probably between 3400 (the mean frequency 
for NH3) and 3800 cm-1.

Though we have no direct prototype for structure II, its 
spectrum can be guessed with sufficient confidence. 
“ Complete sharing” in hydrogen bonds is well identified 
in a number of centrosymmetric cases, such as FHF- , 
(H20-H-H20) + , and in a number of 0 ---H ---0  hy
drogen bonds in acid salts. Invariably these “ complete 
sharing” situations are accompanied by extremely large 
frequency shifts,12 always exceeding 1000 cm-1, and the 
bending frequencies are always high. The two types of bi
chloride ion identified by Evans and Lo13 are also rele
vant. These workers conclude that type II crystals involve 
a centrosymmetric (C1HC1)- ion with v3 near 770 cm -1 
and the bending mode' v2 is assigned to he near 1050 
cm-1. This V3 frequency represents a shift exceeding 2000 
cm-1. In contrast, ¡>3 is found near 1575 cm-1 in type I 
crystals, where the proton is considered to be asymmetri
cally placed, hence not completely shared. With these ex
amples in mind, v3 of structure II must be below 2000 
cm-1, probably in the range 1800-800 cm-1 and the bend 
would fall in the range 1600-600 cm -1.

Table II summarizes these prototype spectra and com
pares them to the matrix spectrum reported here. The 
similarity to the (CH3)20-HC1 spectrum could hardly be 
closer and it strongly favors structure I.

Hydrogen Bond Vibrational Potential Function. By 
analogy to the (CH3)20-HC1 complex, our spectrum indi
cates that the HC1 stretching frequency is at 2540 cm -1 
and one of the Cl-H bending frequencies is at 460 cm-1. 
Treating each of these as an isolated vibration, we obtain 
force constants of 3.98 and 0.13 mdyn/A, respectively.

The assignment of the low-frequency mode at 100 cm-1, 
inferred from the structure on the 2540-cm-1 band, is 
more doubtful. The spacing in the deuterium compound 
shows a large isotope shift, which dictates that the vibra
tion be assigned as another hydrogen bending mode with a

(5) J. E. Bertie and D. J. Millen, J. C h e m . S o c . .  497, 514 (1965).
(6 ) J. Arnold and D. J. Millen, J . C h e m . S o c . .  503, 510 (1965).
(7) J. Le Calve, P. Grange, and J. Lascombe, C. R. A c a d .  S c i . ,  260, 

6065 (1965); 261, 2075 (1965).
(8 ) I. M. Aref'ev and V. I. Malyshev, O p t. S p e k t r o s k . ,  13, 1 1 2  (1962).
(9) R. M. Seel and N. Sheppard, S p e c t r o c h im .  A c ta ,  P a r t  A ,  25, 1287 

(1969).
(10) J. E. Bertie and M. V. Falk, “On the Infrared Spectrum of Gaseous 

(CH3)20-H CI,” Paper 17, International Conference on Hydrogen 
Bonding, August 2 1-2 5 , Ottawa, Canada.

(11) M. Fournier, G. Maskharpa, D. Rousselet, and J. Potler, C. R. 
A c a d .  S c i . ,  269, 279 (1969).

(12) H. N. Shrlvastava and J. C. Speakman, J. C h e m . S o c . ,  1151 
(1961).

(13) J. C. Evans and G. Y-S. Lo, J. P h y s . C h e m .,  70, 1 1  (1966).

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 . 1, 1 9 7 3



Water-Hydrochloric Acid Complex in Solid Nitrogen 61

surprisingly low force constant, 0.006 mdyn/A. The spac
ing of the shoulder on the band at 460 cm-1 suggests an
other low-frequency mode at 60 cm-1. Since this spacing 
displays no deuterium shift, this mode might be the 
0---C1 stretching mode. If so, the hydrogen bond 
stretching force constant would be 0.023 mdyn/A.

We have, of course, no evidence about the hydrogen 
bond energy except that it must be near that of the 
(CH3)20-HC1 complex, which has been measured to be
7.1 kcal/mol.14

Comparison to Other Systems. Many acids react with 
water or ammonia to form ionic crystals but in very few 
cases is there evidence about the nature of the corre
sponding bimolecular complex. The H3N-NH3 complex 
was the first such system to be investigated using matrix 
isolation in a search for ion pair formation. Van Thiel and 
Pimentel15-16 examined the infrared spectra of codeposit
ed ammonia and hydrazoic acid in a nitrogen matrix. The 
spectra revealed a 400-cm_1 shift of the H-N stretching 
frequency of HN3 and a rather intense bending mode at 
1220 cm-1 but there was no evidence for the characteris
tic absorptions of ammonium ion. More recently, Jones 
and Sheppard17 have recorded the gas-phase spectrum of 
the H3N-HCN complex and concluded that the proton 
does not transfer to form an ammonium cyanide ion pair 
structure.

Clementi18’19 has attempted ab initio LCAO-SCF cal
culations on the H3N-HC1 complex. In the later work,19 
minimum energy is shown to occur at an N-Cl distance of
2.86 A ,  much shorter than the N-Cl distance in solid 
NH4CI, 3.26 A  (NaCl form). Furthermore, the energy 
minimum19 is obtained with the H atom in a position that 
is best characterized as completely shared, as in structure
II. The H---C1 distance is 1.62 A ,  0.21 A  longer than in 
HC1, and the N---H distance is 1.24 A ,  0.23 A  longer 
than in NH3. The complex is calculated to be stable by
19.5 kcal.18 Thus, this theoretical calculation suggests 
that the H3N -HC1 complex will be like the structure II, 
rather than like the structure I that was found here for the 
H2OHCI counterpart. Of course, the omission of config
uration interaction in the calculations and, hence, correla
tion energy, introduces an unknown uncertainty in the

theoretical calculations.
Thus, there are relatively few analogous cases with 

which to compare. All of the experimental results concur 
in that the proton transfer does not occur.

Thermodynamic Considerations. Since Kebarle, et al.,20 
have measured the heat of formation of gaseous H30 +, we 
can calculate AH for the gaseous reaction
H20(g) + HCl(g) —>• H30+(g) +

Cl_(g) AH = +168 kcal/mol
If ion pair formation is to occur with AH = —7 kcal, then 
the two (point) charges would have to be brought together 
to a distance of 1.90 A ,  far below the observed 2.95 A  

0---C1 distance in the H30+-C1“ crystal. Plainly, these 
energetics are quite unfavorable and they provide a gross 
rationalization of the preference for structure I.

Conclusions
These spectra strongly indicate that the H20 -HC1 

complex in solid N2 involves a hydrogen bond much like 
that in the (CH3)20-HC1 complex in which proton trans
fer to form H30+ does not occur. This conclusion is con
sistent with the other cases for which experimental infor
mation is available: H3N-HN3 (matrix) and H3N-HCN 
(gas). The ubiquitous formation of ionic crystals between 
acids and water or ammonia must, then, be attributed to 
cooperative stabilization of the ionic species by the ionic 
lattice.
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P u b lic a t io n  c o s ts  a s s is te d  b y  th e  U n iv e r s i t y  o f  C a li fo r n ia

The absorption cross section for nitric acid vapor has been determined between 190 and 325 nm at room 
temperature. The results agree with work by Dalmon over a shorter wavelength interval. The nitric acid 
spectrum is a continuum, consists of at least two different electronic states, and obeys Beer’s law 
throughout the region. The absorption cross section is above 10-17 cm2 at 190 nm, about 10-20 cm2 be
tween 240 and 290 nm, and less than 10-22 cm2 from 322 to 370 nm, which is the upper wavelength range 
of this study.

Nitric acid vapor is an important by-product of photo
chemical smog,1 and it is an important trace constituent 
in the lower stratosphere.2 For photochemical smog, the 
interesting wavelength region for the absorption coeffi
cient and quantum yields is that above 300 nm. For the 
stratosphere, the entire wavelength region above 190 nm is 
interesting. This article gives the absorption spectrum 
from 190 to 370 nm. Work is in progress concerning the 
quantum yields and the identity of the primary products 
of the photolysis processes.

Experimental Section
The observations were made with a McPherson 0.3-m 

scanning monochromator in conjunction with a multiple 
reflection long-path gas cell. The 45-1. cell consisted of a
6-ft long quartz tube, 6 in. in diameter, and nickel-plated 
stainless-steel end caps. External lines were glass or stain
less steel. The base path of the cell is 8.6 m, and optical 
paths of 8.6 to 34.4 m were used. A slit width of 0.5 mm 
gave 0.7-nm resolution. The source lamp was a Sylvania 
deuterium arc, and a set of mirrors mounted near the cell 
entrance and exit windows diverted part of the light as a 
reference beam. A filter was used above 370 nm to remove 
light diffracted in second order. The source beam was 
chopped at 400 cps and detected with a photomultiplier 
and a lock-in amplifier. Scans were recorded and evalu
ated by a PDP 8/L computer interfaced with a Fabritek 
1074 computer.

Pure nitric acid was prepared from a mixture of dry so
dium nitrate and 98.5% sulfuric acid. The distilling bulb 
was filled at Dry Ice temperature, then evacuated and 
warmed to 40°; the collecting vessel for the nitric acid was 
placed in a —40° bath (these temperature limits should 
not be exceeded, or nitric acid will decompose above 40°). 
The product was stored as a white solid at Dry Ice tem
perature. Westef greaseless Teflon and Viton O-ring stop
cocks were used. Gas samples were collected in either an 
80-cc bulb or a 3-1. bulb, and the pressure was measured 
with an oil manometer. The gas was then expanded into 
the evacuated gas cell and scans were made within 10 
min.

Nitrogen dioxide gas of 99.5% purity from Matheson Co. 
was liquified and stored for 48 hr at 0° with 1 atm of oxy
gen. The NO2 was then frozen at Dry Ice temperature and 
the oxygen was pumped off. The solid was transferred 
twice and pumped on to remove any trapped oxygen. The

white product was stored at Dry Ice temperature. Nitro
gen dioxide samples were collected in an 80-cc bulb at 
25°, and the pressure was measured with an oil manomet
er. Corrections for N2O4 were made using the equilibrium 
constant of Verhoek and Daniels.3 The gas samples were 
then expanded into the evacuated cell. The absroption 
spectrum is based on ten gas samples which gave cell con
centrations between 5 x 1014 and 3 x 1015 molecules cm3. 
The maximum amount of N2O4 present under these con
ditions was less than 0.1% of the NO2 present. Beer’s law 
was obeyed and no pressure dependence was observed be
tween 50 g. and 1 atm total pressure. The absorption spec
trum so obtained had a 1% standard deviation above 300
nm. Values of the detailed absorption cross sections of ni
trogen dioxide were stored in the computer and used to 
correct the observed nitric acid spectrum for the nitrogen 
dioxide impurity. The amount of nitrogen dioxide was de
termined from its detailed spectrum between 310 and 370 
nm, and it was found to be between 0.1 and 0.2% of the 
HNO3. The absorption due to this source was subtracted 
from the HNO3 spectra.

Fifteen gas samples of nitric acid were used and gave 
cell concentrations between 8 X  1013 and 6 X  1016 mole
cules cm-3. The composite spectrum is presented on a 
semilogarithmic plot in Figure 1. The ordinate is in cm2 
molecule-1 and the standard deviation is expressed as per 
cent at the top of the figure. The absorption is very strong 
between 190 and 210 nm, falls to much lower values be
tween 230 and 290 nm, and rapidly falls to a vanishingly 
low value above 325 nm.

Discussion
The absorption spectrum of nitric acid in Figure 1 indi

cates two or more electronic states. To effect some separa
tion of overlapping absorptions, it was assumed that the 
long-wavelength absorption was symmetrical in energy, 
centered at 260 nm. This curve is indicated by a dashed 
line in Figure 1, and it was subtracted from the total ab-

(1) P. A. Leighton, “Photochemistry of Air Pollution," Academic Press, 
New York, N. Y„ 1961.

(2) (a) D. G. Murcray, T. G. Kyle, F. M. Murcray, and W. J. Williams, J. 
O p t. S o c .  A m e r . .  59, 113 1  (1969); (b) W. J. Williams, J. N. Brooks, 
D. G. Murcray, F. M. Murcray, P. M. Fried, and J. A. Weinman, in 
press.

(3) F. Fi. Verhoek and F. Daniels, J . A m e r .  C h e m . S o c . ,  53, 1250 
(1931).
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Figure 1. Th e u ltravio le t absorption sp ectrum  of nitric acid  
vapor; ln ( /0/ / )  =  <t [H N 0 3]L, w h e re  [ H N 0 3] is in m o lecu les  
c m - 3  and L  is optical path in cm . The p e rc en ta g es  at the  top of 
the figure re fe r to the  standard deviation based on 15 gas sa m 
ples.

sorption curve to give the other dashed line. According to 
this analysis the short-wavelength absorption has its ori
gin near 280 nm.

The continuous nature of the absorption spectrum 
suggests that photodissociation is taking place. Four ener
getically possible reactions are

HNO3 + hv ^-HO + NO2 A<598nm (A)
HNO3 + hv —*■ HNO2 + 0 (3P) A < 401 nm (B)

HNO3 + hv —>► H + NO3 A< 290nm (C)
HN03 + hv —»HNC^ + 0( JD) A < 245 nm (D)

These wavelength limits are derived from thermodynamic 
data.4

This study agrees rather well with that of Dalmon5 be
tween 230 and 300 nm. The comparison is given in Table 
I. The disagreement at 290 and 300 nm could be due to 
Dalmon’s having 1.5% NO2 in his nitric acid.

For considerations of photochemical air pollution in the 
troposphere, the important region is that above 300 nm. 
The observed curve in this region is extremely sensitive to 
traces of nitrogen dioxide as impurity in the nitric acid 
and to the completeness with which corrections can be 
applied for such nitrogen dioxide and for the nitrogen te- 
troxide in equilibrium with it. In this study the nitrogen 
dioxide was kept below 0.2% and the nitrogen tetroxide 
was negligible, about 10-10 atm. To provide a firm basis 
for correcting for the 0.1 to 0.2% NO2 in our sample, we 
determined the NO2 absorption cross section at low pres
sures and with a long optical path. The absorption cross 
sections agree with those of Hall and Blacet6 between 370 
and 420 nm and are somewhat lower at shorter wave
lengths (as well as the points can be read off of their 
graph). The cross sections for NO2 between 200 and 270 
nm agreed with those of Nakayama, Kitamura, and Wa-

TABLE I: Ultraviolet Absorption Spectrum for Nitric Acid Vapor

Standard
deviation,

A.nm <7, cm2 0 O', cm 2 b %

190 1 .3 2 ( - 1 7 ) " 3
19 5 9.1 ( - 1 8 ) 3
2 0 0 5.5 ( - 1 8 ) 3
205 2.55 ( - 1 8 ) 3
2 1 0 9.7 ( - 1 9 ) 3
2 15 3.28 ( - 1 9 ) 3
2 2 0 1.4 4 ( - 1 9 ) 3
225 8.51 ( - 2 0 ) 1

230 5.35 ( - 2 0 )" 5.63 ( - 2 0 ) 1

235 3.59 ( - 2 0 ) 3.74 ( - 2 0 ) 1

240 2.56 ( - 2 0 ) 2.60 ( - 2 0 ) 1

245 2 . 1 0 ( - 2 0 ) 2 . 1 0 ( - 2 0 ) 1

250 1.9 3 ( - 2 0 ) 1.9 5 ( - 2 0 ) 1

255 1.9 1 ( - 2 0 ) 1.94 ( - 2 0 ) 1

260 1.9 3 ( - 2 0 ) 1.90 ( - 2 0 ) 1

265 1.9 1 ( - 2 0 ) 1.80 ( - 2 0 ) 1

270 1.64 ( - 2 0 ) 1.6 3 ( - 2 0 ) 1

275 1.3 4 ( - 2 0 ) 1.40 ( - 2 0 ) 1

280 1.0 7 ( - 2 0 ) 1 . 1 4 ( - 2 0 ) 1

285 8.79 ( - 2 1 ) 8.77 ( - 2 1 ) 1

290 7.26 ( - 2 1 ) 6.34 ( - 2 1 ) 1

295 5.73 ( - 2 1 ) 4.26 ( - 2 1 ) 5
300 4.59 ( - 2 1 ) 2 .76 ( - 2 1 ) 5
305 1 . 6 8 ( - 2 1 ) 5
3 10 9.5 ( - 2 2 ) 5
3 15 4.7 ( - 2 2 ) 5
320 1 . 8 ( - 2 2 ) 5
325 2 ( - 2 3 ) > 1 0

“ Reference 5. "This work. c 5.35 ( -2 0 )  means 5.35 X 1 e r 20; 
In (/o//) =  <t[HN03]L

tanabe7 within their experimental error of 30%. The re
producibility and sensitivity of the apparatus are such 
that between 330 and 370 nm

<t(HN03) <S 10_22cm2

Furthermore, pure anhydrous nitric acid in the vapor or in 
the liquid state is clear and colorless, which implies no 
significant absorptions between 400 and 700 nm. We dis
agree with the strong absorption indicated for nitric acid 
vapor between 320 and 440 nm by Schmidt, et al.,8 and 
we suggest that they have present some major impurity or 
an instrumental malfunction.

Acknowledgment. This work was supported in part by 
the Climatic Impact Assessment Program by means of an 
interagency agreement between the Department of Trans
portation and the Atomic Energy Commission, and in 
part by AP-104 Air Pollution Control Office, Environmen
tal Protection Agency.
(4) “JANAF Thermochemical Tables,” 2nd ed, Report No. NSRDS-NBS- 

37, National Bureau of Standards, Washington, D.C.
(5) R. Dalmon, M e m .  S e rv .  c h im .  é ta t .  30, 141 (1943).
(6 ) T. C. Hall and F. E. Blacet, J . C h e m . P h y s ..  20, 1745 (1952).
(7) T. Nakayama, M. Y. Kitamura. and K. Watanabe, J . C h e m . R h y s ..  

30, 1180 (1959).
(8 ) S. C. Schmidt, R. C. Amme, D. G. Murcray, A. Goldman, and F. S. 

Bonomo, N a tu r e  ( L o n d o n ) .  P h y s .  S c i . .  238, 109 (1972).

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 . 1. 1 9 7 3



64 G. Némethy and A. Ray

S o lv e n t  E f fe c t s  o n  th e  N e a r -U ltra v io le t  S p e c t r u m  o f  

P h e n o l a n d  Its D istribu tion  in M ice lla r  S o lu t io n s 1 a
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The near-uv absorption spectrum of phenol was studied as a function of solvent concentration in cyclo- 
hexane-dioxane, cyclohexane-methanol, water-ethylene glycol, dioxane-ethylene glycol, and dioxane- 
water mixtures. Besides the changes due to altered solvent refractive index, hydrogen bonding causes al
terations in the spectra. Equilibrium constants for hydrogen-bonded phenol-proton acceptor association 
in cyclohexane solution were determined as 16 ±  1 with dioxane and 10 ±  3 with methanol. It is suggest
ed that a hydrogen bond in which phenol acts as a proton donor is more important than that in which 
phenol is the proton acceptor, even in hydroxylic solvents. The spectrum of phenol in the presence of 
nonionic detergents was compared with the spectra in the above solvent pairs. It appears that phenol 
molecules entering the micelle are located in a polar environment, and are hydrogen bonded in a manner 
similar to that in aqueous or alcohol solutions.

Introduction
It is well known that near-uv spectra of aromatic com

pounds are affected both by changes in solvent polarity 
and by specific interactions causing shifts in the electron 
distribution of the molecule, such as hydrogen bonding in 
the case of phenol, aniline and similar derivatives.2-6 The 
effect of both factors on tt- tt* and n-tr* transitions have 
been discussed in general terms by several authors.2-3'7 
The hydroxyl group of phenol can act as proton donor 
toward both hydroxylic compounds and proton acceptors 
such as ketones or ethers.8-9 Many studies on such sys
tems have been carried out in an inert solvent, with small 
amounts of phenol and the proton acceptor present, in 
order to study the tt- tt* transition. On the other hand, in
teraction with a hydroxylic compound, in which the phe
nol acts as a proton acceptor, was followed by the changes 
in the n-7r* transition.7-10 While such studies on phenol 
have been carried out in the presence of a variety of polar 
proton acceptor or donor solvent components in an inert 
solvent, few investigations were extended to high concen
trations of this component;9 measurements under compa
rable conditions in diverse polar solvents are scarce, mak
ing comparisons of the effects of various polar solvents 
difficult.

In connection with an investigation of detergent micelle 
formation, in which phenol was used to detect micelles,11 
we undertook a systematic study of the changes in the 
near-uv (tt- tt*) spectrum of phenol as a function of solvent 
composition. Solvent pairs were selected to cover various 
hydrogen-bonding possibilities: an inert solvent (cyclohex
ane) in combination with a proton acceptor (dioxane) and 
with a hydroxylic solvent (methanol); dioxane in combi
nation with two hydroxylic solvents (ethylene glycol and 
water), and ethylene glycol-water mixtures. The results 
can be used to obtain limited information on the interac
tion of dissolved phenol with the micelles in detergent so
lutions.

Experimental Section
Chromatoquality (Matheson Coleman and Bell) organ

ic solvents were used. After testing for the absence of im

purities absorbing in the uv range studied, they were used 
as obtained. Mallinckrodt analytical reagent grade phenol 
was vacuum dried over anhydrous NaOH to remove water. 
For the measurements in detergent solution, Tergitol 15-
S-9, supplied by the Union Carbide Corp. (sample No. 
D-21015), was used as received. This is an alkyl (poly
ethoxy) ethanol, a nonionic detergent of the composition 
Ci5H3i(OC2H4)gOH. Samples were prepared by weight.

The spectra were recorded on a Cary 14 recording spec
trophotometer, using 0.5 or 1.0 cm path length quartz 
cells. The cell holders and compartments were thermo- 
stated at 25 ± 0.05°.

Results
Phenol concentrations were maintained between 4 and

6.5 X 10“ 4 M in all measurements of solvent effects. In 
this concentration range, self-association is absent, since 
solutions of phenol in both pure cyclohexane and pure di
oxane, tested over the concentration range from 1 x 10 5 
to 1.1 x 10_3 M, obey Beer’s law. Ito12 showed that phenol 
in inert solvents exists in the monomeric form near 5 X 
10- 4M.

Figure 1 shows the spectra of phenol in the pure sol
vents used. Spectra in binary solvent mixtures are shown 
in Figures 2-6. Figures 2 and 3 indicate the effects of add
ing a hydrogen-bonding solvent component to solutions in 
cyclohexane, while Figures 4-6 represent solutions in 
mixtures of two hydrogen bonding solvents. Due to the
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boratoire d’Enzymologie Physico-chimique et Moléculaire, Batiment 
433. Université de Paris-Sud, Orsay, France.

(2) N. S. Bayliss and E. G. McRae. J . P h y s . C h e m ..  58, 1002 (1954).
(3) G. C. Pimentel, J . A m e r .  C h e m . S o c . .  79, 3323 (1957).
(4) E. Lippert, "Hydrogen Bonding," D. Hadzi, Ed., Pergamon Press, 

New York, N.Y., 1959, p 217.
(5) F. A. Bovey and S. S. Yanari, N a tu r e  ( L o n d o n ) .  186, 1042 (1960).
(6 ) C. N. R. Rao, “Ultra-Violet and Visible Spectroscopy, Chemical Ap

plications," Plenum Press, New York, N.Y., 1967.
(7) H. McConnell, U. C h e m . P h y s .,  20, 700 (1952).
(8 ) S. Nagakura and H. Baba, J. A m e r .  C h e m . S o c . .  74, 5693 (1952).
(9) H. Baba and S. Suzuki, J . C h e m . P h y s ..  35, 1118  (1961).

(10) G. J. Brealey and M. Kasha, J . A m e r .  C h e m . S o c . .  77, 4462 
(1955).

(11) A. Ray and G. Némethy, J . P h y s . C h e m ..  75, 804 (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 . 1. 1 9 7 3



Solvent Effects on Uv Spectrum of Phenol 65

Figure 1. N ea r-u v  s p ec tra  of phenol In pure solvents: C ( -------- ),
cyc lo hexane; D ( ------ ), d ioxane; M ( ........ ), m ethanol; W (-  • • •),
w ater; E ( -------), e th y le n e  glycol. Th e  sp ectra  correspond to a
phenol co n ce n tra tio n  of 5 .5  X  1 0 ~ 4 M ,  w here  th ere  is no self- 
association .

Figure 3. N e a r-u v  s p ec tra  of phenol (5.4 X  10~4 M )  in cyc lo 
h e x a n e -m e th a n o l m ixtures . Solid cu rves show  sp ectra  in pure  
solvents (C  =  cyc lo h exan e and M =  m e th a n o l). D ashed curves  
show  sp ectra  In m ixtures . The num bers Ind ica te  the m ethanol 
concentra tion  in vol % .

Figure 2. N ea r-u v  s p ec tra  of phenol (5 .5  X  1 0 ~ 4 M )  in cyclo - 
h e xan e -d io x a n e  m ixtures . Solid curves show sp ectra  in pure  
solvents (C  =  cyc lo h exan e and D =  d io x an e ). D ashed curves  
show  s p ec tra  in m ixtures . The n um bers  ind icate  the dioxane  
concentra tion  in vol % . A bsorbance va lues  at ea ch  of the  
w avelengths ind ica ted  by arrow s w e re  used for double  
rec ip ro ca l plots (see  te x t).

low solubility of ethylene glycol in cyclohexane, methanol 
had to be used as the hydroxylic solvent component in 
Figure 3.

Discussion
Changes in the polarity of the solvent medium usually 

shift the ir-ir* transition band of aromatic compounds 
toward longer wavelengths when the refractive index of 
the solvent medium is raised (e.g., upon changing from 
water to a nonpolar organic solvent).5-12 However, if hy
drogen bonding with the solvent changes at the same 
time, its effects are superimposed on those due to chang
ing polarity. These effects are the main subject of this 
study.

Figure 4. N ea r-u v  sp ectra  o f phenol (1 .0  X  1 0 ~ 3 M )  In w a te r -  
ethy lene  glycol m ixtures. Solid cu rves show  sp ectra  in pure sol
vents (W  =  w ate r and EG =  e thy lene  g ly co l). D ashed curves  
show  sp ectra  In m ixtures. The  num bers ind ica te  the ethy lene  
glycol co ncentra tion  In vol % .

Hydrogen bonding can cause shifts of various directions 
and magnitudes ( c f .  ref 12). Formation of a hydrogen bond 
in which the phenolic hydroxyl group is the proton donor (I)
(12) M. I to, J . M o l.  S p e c t r o s c . .  4 , 125 (1960).
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Figure 5. N ea r-u v  sp ectra  of phenol (5 .7  X  10 4 M )  in d io x a n e -  
ethy lene  glycol m ixtures. Solid cu rves show  sp ectra  in pure sol
vents (D  =  d ioxane and EG =  e thy lene  g ly co l). D ashed curves  
show s p ec tre  In m ixtures. The num bers ind icate  the  ethy lene  
glycol co ncentra tion  in vol % .

Figure 6. N ea r-u v  sp e c tra  of phenol (4.8 X  1 0 - 4  M )  in w a te r -  
d ioxane m ixtures . Solid cu rves show  sp ectra  in pure solvents  
(W  =  w a te r and D =  d io x an e ). D ashed curves show s p ec tra  in 
m ixtures. The num bers ind ica te  the d ioxane co ncentra tion  in 
vol % . The dotted cu rve  m a rked  EG is the sp ectrum  in pure ethy
lene  glycol, show n h e re  for com parison (c t . D iscussion in the  
tex t).

releases electron density from the O-H bond toward the 
oxygen and hence, by an inductive effect, toward the aro
matic ring. This causes a red shift of the ir-ir* transition 
(Figure 2, cf. ref 12 and 13). Conversely, if a hydrogen bond 
is formed in which the phenolic oxygen is a proton acceptor
(II), electrons are withdrawn from the ring, and an oppo
site shift is to be expected.12-14 In a hydroxylic solvent, 
both bonds could possibly form at the same time (III); 
since their effects on the partial charges of the oxygen are 
opposite, the change in the net charge on the oxygen15 
and hence cn the aromatic ring may be small. If both hy
drogen bonds in III were to form with equal ease, the 
shift, relative to the position of the band in a non-hydro
gen-bonding solvent ought to be small.16 In pure water or 
in aliphatic alcohols, the two hydrogen bonds correspond
ing to structures I and II form equally easily. However, for 
phenol, structures of type I may be favored over those of 
type II even in hydroxylic solvent media, due to the in
creased acidity of the oxygen attached to an aromatic 
ring. In addition, there may be other effects in particular 
solvent systems, as discussed below.

In the cyclohexane-dioxane system, only type I hydro
gen bonds can form. Thus there is a simple equilibrium 
between the hydrogen-bonded complex I and the unbond
ed phenol molecule, as seen in Figure 2. The results re
ported here agree well with those of Baba and Suzuki.9 
From a double reciprocal plot (1 / ( A  -  A 0) vs. l/catoxane, 
where A 0 = absorbance of phenol in the unbonded form, 
i.e., in cyclohexane), using absorbances at several wave
lengths, indicated in Figure 2, we obtain a value K = 16 
±  1 M ~ 1 for the association constant

K  — C(phenol-dioxane com p lex ) /C p h en o lC d ioxa n e

while Baba and Suzuki’s data give9-18 K -  14 at 25°. Naga- 
kura and Baba8 report K = 15 at 23° with dioxane and K  = 
12 at 7° with ethyl ether, in a hydrocarbon solvent in 
both cases. Using the method proposed by Chignell and 
Gratzer,13 i.e., plotting (A  -  A o ) / c d ioxane vs. A, we ob
tained K = 16.4 ±  0.5 M -1. Thus most of the changes in

the spectra occur when the first few per cents of dioxane 
are added. Similar changes in the spectrum were observed 
by Mizushima, et al.,19 for phenol in isooctane solution 
upon the addition of amides.

Since cyclohexane and methanol are not completely 
miscible at 25°, measurements in this solvent system were 
limited to the composition ranges 0-4 and 75-100 vol% 
methanol. In the former range, the change of the spec
trum is similar to that observed in the cyclohexane-diox- 
ane system, i.e., there is a rapid decrease of the non-hy- 
drogen-bonded peaks, and a slight increase in the absorp
tion at higher wavelengths (Figure 3). However, the newly 
appearing peaks (corresponding to hydrogen-bonded phe
nol) are not well separated from the former peaks. Recip
rocal plots, based on the absorbances at 271.0 and 277.5 
nm (non-hydrogen-bonded peaks), give an equilibrium 
constant, analogous to that defined in eq 1, K = 11 ±  1 
M - 1 . The plot of (A -  A o ) / c methanoi vs. A  at 277.5 nm 
yields K = 8 ±  2 M -1. While the plotted data show some 
scatter, it appears that the spectral change in this compo
sition range can be described in terms of the formation of 
a 1:1 complex between phenol and methanol. This would 
agree with a preference for structure I over III, as dis
cussed above.

(13) D. A. Chignell and W. B. Gratzer, J. P h y s . C h e m ..  72, 2934 (1968).
(14) H. Grinspan, J. Birnbaum, and J. Feitelson, B io c h im ,  B io p h y s .  A d a .  

126, 13 (1966).
(15) C f. calculations for water: J. Del Bene and J. A. Pople, J . C h e m .  

P h y s ..  52, 4858 (1970).
(16) Actually, all species probably coexist in a hydroxylic solvent since 

the extent of hydrogen bonding is less than complete. 17 In addition, 
distorted (bent or stretched) hydrogen bonds, of less than maximal 
strength, may be present. 17 The net effect of all this would be a 
broadening of the bands around the absorption maxima correspond
ing to structure III and a “smearing" out of the features of the 
spectrum. This is observed often (cf. Figure 1).

(17) For a review of relevant arguments in the case of liquid water, see 
e .g . ,  (a) G. Nemethy, A n n .  1st. S u p e r .  S a n ita .  6 , 491 (1970); (b) 
D. Eisenberg and W. Kauzmann, "The Structure and Properties of 
Water,” Oxford University Press, New York, N.Y., 1969.

(18) Based on the value at 20°, K  =  16.4, reported by them and cor
rected by using the A H  value they report.

(19) S. I. Mizushima, M. Tsuboi, T. Shimanouchi, and Y. Tsuda, S p e c -  
t r o c h im .  A c ta ,  7, 100 (1954).

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 . 1, 1 9 7 3



Solvent Effects on Uv Spectrum of Dhenol 67

The spectra in pure methanol and pure ethylene glycol 
are very similar; the extinction coefficient is higher in the 
former. Upon addition of cyclohexane to methanol (in the 
high methanol region), no shif: appears, but merely a de- § 
crease in the intensity. Both observations can be ascribed "2 
to the change in solvent polarity. £

In pure water, pure ethylene glycol, and their mixtures, ° 
only a broad peak and a shoulder are seen (Figure 4). o 
Going from ethylene glycol to water, the wavelength of the 
peak shifts gradually from 273.0 to 269.8 nm, that of the 
shoulder from about 278.0 to 275.0 nm. This is accompa
nied by a fairly uniform intensity decrease of the entire 
band (cf. ref 14). These changes can be attributed to the 
effect of solvent polarity. Apparently there is no change in 
the predominant manner of hydrogen bonding of the phe
nol, as expected.

In dioxane-ethylene glycol mixtures, increasing the 
amount of ethylene glycol causes a decrease in intensity 
and a loss of the details of the band; the 280.0 nm peak in 
dioxane becomes a shoulder in ethylene glycol, and the 
shoulder at 268.0 nm disappears (Figure 5). The intensity 
of the main peak decreases, but there is only a very slight 
change in wavelength (from 273.3 to 272.7 nm). The re
fractive index of the two solvents is very close, so that any 
changes in the wavelength would be due to changes in hy
drogen bonding, as discussed above. Thus, apparently, in 
spite of the ability of the added EG to form type II hydro
gen bonds on the phenol molecules, such bonds are not 
present extensively, or if they form, they do not affect the 
spectrum significantly. The former conclusion is consis
tent with the above discussion of the relative stability of 
type I and II hydrogen bonds.

In dioxane-water mixtures, the changes up to about 
40% water are similar to those reported above for dioxane- 
EG mixtures (over the entire concentration range); the 
spectrum in 40% water-60% dioxane is very similar to 
that in pure EG. Further addition of water causes changes 
similar to those in the EG-water mixtures (Figure 6). 
Thus it appears that at relatively low water concentra
tions, the same changes in hydrogen bonding or local me
dium effect occur as in dioxane-EG mixtures, but be
tween 40 and 100% water, the medium effect, as expressed 
in the changing refractive index, becomes important. 
These findings are similar to those seen for tyrosine in 
these mixtures.14

In both solvent systems containing dioxane, the absence 
of a wavelength change might reflect a lack of hydrogen 
bonding of type II and III. First, the bond of type II prob
ably is less stable, as discussed above. Second, since the 
concentration of dioxane is much higher than that of phe
nol, the first molecules of water or ethylene glycol added 
bind mostly to dioxane molecules which are better hydro
gen acceptors than is phenol.

In aqueous solutions, dioxane alters the spectrum more 
than ethylene glycol (Figures 4 and 6); the changes caused 
by about 60% dioxane and 10C% EG are very similar. This 
observation agrees well with the result reported by Grin- 
span, et a/.,14 on the effects of dioxane and ethanol on the 
spectrum of tyrosine; they found that dioxane appeared 
about twice as effective in changing the wavelength of the 
maximum.

In conclusion, the changes of the near-uv spectrum of 
phenol, in solvent mixtures containing small amounts of 
polar solvents in a hydrocarbon as the main component, 
show the rapid onset of hydrogen bonding, with the OH

Figure 7. N ea r-u v  sp ectrum  of phenol (6 X 70“4 M )  in aqueous
solution in the p resen ce  (........ ) and ab sen ce  ( ---------) of detergent
m icelles . The de te rg en t is Terg ito l 15 -S -9  a t 2 X  1 0 “ 2 At con
cen tration .

group of the phenol acting as proton donor. At higher con
centrations of the polar component, or in mixtures of two 
polar solvents, the changes in the spectra seem to reflect 
mostly general solvent effects, and do not furnish informa
tion regarding details of the hydrogen-bonding equilibria.

Spectrum of Phenol in Detergent Micelle Solution. In 
an earlier publication,11 we showed that the near-uv spec
trum of dissolved phenol can be used to detect the forma
tion of micelles in detergent solutions. The technique is 
similar in principle to that based on solubilization.20 
When micelles are formed, some of the phenol is incorpo
rated into them. The resulting red shift, due to the 
change in the polarity of the environment of the phenol 
molecules, can be detected by a difference spectrophoto- 
metric technique.11 It was also expected that a compari
son of the absorption spectra under these conditions pro
vides some information on the local environment of the 
phenol in the micelles. It was shown in several studies 
that various aromatic derivatives20-22 can be incorporated 
into micelles, with concomitant changes in the uv spec
trum. It has also been suggested that phenol23 and other 
aromatic derivatives containing a hydroxyl group24 form 
complexes with polyethylene glycol by means of hydrogen 
bonding to the ether oxygens.

Mukerjee22 discussed the effects of solubilization in two 
different regions of nonionic micelles, viz., the hydrocar
bon core and its interface, or the polyoxyethylene mantle, 
using hydroxy and other derivatives of benzoic acid as ex
amples, and showed that the chemical nature of the 
solubilizate affects greatly the distribution between these 
regions.

Figure 7 shows the absorption spectrum of a 6 x 10“ 4 
M solution of phenol in a 2 X 10-2 M solution of Tergitol 
15-S-9, as compared with the same phenol concentration 
in pure water. This detergent concentration is 24 times 
higher than the critical micelle concentration (8.3 x 10“ 4 
M), so that the concentration of micelles is of the same 
order of magnitude as that of the phenol. Consequently, 
many of the phenol molecules can be expected to be dis
solved in a micelle. However, the spectrum differs very

(20) Reviewed by T. Nakagawa, 'Ncnionic Surfactants,” M. J. Schick, 
Ed., Marcel Dekker, New York, N.Y., 1967, p 558.

(21) S. Riegelman, N. A. Allawala, M. K. Hrenoff, and L. A. Strait, J. 
C o l lo id  S c i . ,  13 , 208 11958).

(22) P. Mukerjee, J. P h a rm .  S c i . .  60, 1528 (1971).
(23) D. Guttman and T. Higuchi, J . P h a rm .  S c i . .  45,659 (1956).
(24) B. A. Mulley and A. D. Metcalf, J .  P h a rm .  P h a rm a c o l . .  8 , 774 

(1956).
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little from that in pure water. The main peak is not shift
ed, but there is a general broadening of the spectrum at 
the long-wavelength side and a blurring of the distinction 
between the peak and the shoulder. The spectrum could 
be interpreted as the superposition of the spectrum in 
water and of a weaker spectrum corresponding to that 
found in methanol or ethylene glycol (cf. Figure 1). It does 
not correspond to that in a uniform mixed aqueous solvent 
medium {cf. Figure 4 or 6). Thus it appears that the phe
nol molecules incorporated in the micelle are hydrogen

bonded in the manner found in water or alcohols, and that 
their environment is polar, i.e., they do not penetrate into 
the alkyl interior of the micelle. However, the lack of defi
nite features in the spectrum of Figure 7 precludes the 
drawing of more detailed or specific conclusions.
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Carbon-13 magnetic resonance (13C nmr) spectra of gem-quality diamonds, powdered natural graphite, 
and four coals were obtained as part of a comprehensive spectral investigation of the structure of coal 
and other carbonaceous materials. The chemical shift in diamond was found to agree well with empirical 
predictions based on prior studies of pure aliphatic and alicyclic hydrocarbons. The spectrum of graphite 
reflects both a chemical shift anisotropy and the semiconductivity of the material. The results for the 
coals were compared with those for diamond and graphite and found to be best rationalized in terms of 
increasing carbon aromaticity with increasing coal rank leading finally to the formation of graphite-like 
structures.

Introduction
Despite recent advances in experimental techniques,1-5 

applications of carbon-13 magnetic resonance (13C nmr) 
spectrometry to materials in the solid state are relatively 
few. Of the studies that have appeared in the literature, 
most have been concerned with the determination of 
chemical shift anisotropies,5-8 although some have been 
devoted to semiconductors,910 intercalation compounds,10 
and simple paramagnetic systems.11 It is of interest that 
one of the earliest observations of dynamic nuclear polar
ization in a nonmetallic solid was the result of a 13C nmr 
experiment.12

Practically nonexistent in the literature are actual ex
amples of the use of 13C nmr in problems typical of those 
encountered by the practicing chemist engaged in struc
ture elucidation of solids of complex chemical makeup. 
The present authors have applied 13C nmr to studies of 
the chemical structure of coal. After detecting the 13C 
resonance in an anthracitic coal,13 the high aromaticity of 
anthracites was confirmed by comparing a later, more 
highly resolved spectrum with that of solid adamantane.14 
It should be noted that Pines, Gibby, and Waugh2 have 
recently shown that spin-decoupled, high-resolution spec
tra of solids can be obtained by use of a specialized series 
of pulse sequences followed by a Fourier transformation. 
These experiments, though quite exciting, are generally

beyond the scope of most laboratories; the work described 
in the present paper was all accomplished using conven
tional broadline techniques with accompanying signal 
averaging of spectra. The primary purpose of tins investi
gation is to deduce information about the chemical struc
ture of coal and the changes that occur in chemical struc
ture during the coalification process. Because of the long 
periods of signal averaging required, the coals studied 
were limited to four: two bituminous coals, an anthracite, 
and a meta-anthracite. In addition, spectra of the two al- 
lotropes of carbon, diamond and graphite, were also ob-

(1) J. S. Waugh and L. M. Huber, J. C h e m . P h y s .,  47, 1862 (1967).
(2) A. Pines, M. G. Gibby, and J. S. Waugh, J .  C h e m . P h y s ..  56, 1776 

(1972).
(3) M. Schwab and E. L. Hahn, J . C h e m . P h y s ..  52, 3152 (1970).
(4) H. E. Bleich and A. G, Redfield, J . C h e m . P h y s .,  55, 5405 (1971 ).
(5) C. S. Yannoni and H. E. Bleich, J. C h e m . P h y s ..  55, 5406 (1971).
(6 ) P. C. Lauterbur, P h y s . R e v . L e t t . .  1,3 4 3  (1958).
(7) A. Pines, W-K. Rhim, and J. S. Waugh, J . C h e m . P h y s ..  54, 5438

(19 71) .
(8 ) A. Pines, W-K. Rhim, and J. S. Waugh, J . M a g n . R e s o n a n c e .  6 , 457

(1972) .
(9) M. N. Alexander, P h y s . R e v ..  172, 331 (1968).

(10) G. P. Carver, P h y s . R e v . B . 2, 2284 (1970).
(11) D. G. Davis, J .  C h e m . P h y s .,  46, 388 (1967).
(12) A. Abragam, A. Landesman, and J. M. Winter, C. R. 4c a d .  S e i. .  

247, 1852 (1958).
(13) H. L, Retcofsky and R. A. Friedel, "Spectrometry of FLels," R. A. 

Friedel, Ed., Plenum Press, New York, N. Y., 1970, p 99.
(14) H. L. Retcofsky and R. A. Friedel, A n a l.  C h e m .,  43, 485 (1971 ).
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Figure 1. 1 5 .0 8 5 -M H z  13C nm r sp ectra  of se lec ted  coals .

tained since the presence of both graphite-like layers15 
and diamond-like structures16 in coal has been consid
ered.

Experimental Section
The four coals examined were high-quality vitrains sep

arated petrographically from bulk samples. The graphite 
was a polycrystalline sample from Madagascar; the dia
monds were gem-quality ones believed to be low in para
magnetic impurities. Spectra were obtained essentially as 
described in a previous publication14 and are presented as 
first derivatives of the dispersion mode. All chemical 
shifts are referred to that of carbon disulfide and are des
ignated 5C. The semiconductivity of the graphite sample 
was such that the sample had to be finely ground and dis
persed in silica in order to prevent electrical contact be
tween the particles.

Results and Discussion
Representative spectra of the four coals investigated are 

reproduced in Figure 1; that of diamonds is shown in Fig
ure 2. The spectrum of graphite is not shown but is quali
tatively quite similar to that of the meta-anthracite (Fig
ure 1, bottom).

Diamonds. The 13C nmr spectrum of gem-quality dia
monds (Figure 2) yields a chemical shift <5C of 156 ppm 
with an estimated error of ~ ±3  ppm. The chemical shift 
is well within the range of values reported for quaternary 
carbons in paraffins17'18 and not far removed from the av
erage chemical shift observed for solid adamantane.2’14 It 
is concluded that the diamond chemical shift is little dif

ferent from those of carbon atoms in similar chemical en
vironments.

Diamond crystals being dilute in magnetic nuclei and 
having a structure which should result in essentially an 
isotropic chemical shift, would be expected to exhibit a 
reasonably narrow nuclear resonance even in the tube of 
randomly oriented stones used in the present determina
tion. The observed line width 0.4 G is due to instrumental 
broadening and does not represent the natural line width 
of the resonance. This is readily apparent from Figure 2; 
the resonance of the external carbon disulfide chemical 
shift standard (5C = 0) exhibits essentially the same line 
width as the diamonds, although it is well known that the 
natural line width in liquid carbon disulfide is less than 1 
mG.

Graphite. The 13C resonance in graphite was first de
tected by Abragam, Landesman, and Winter12 using nu
clear Overhauser enhancement. By saturating the electron 
spin resonance absorption, a nuclear polarization of 3-12% 
of the maximum theoretical value was observed. Twelve 
years later, Carver10 reported the 13C resonance in spec
troscopic-grade graphite powder as part of a study of ce
sium-graphite intercalation compounds. Most of Carver’s 
measurements were made at temperatures near that of 
liquid helium using a pulse spectrometer. In the present 
work, room-temperature, broadline 13C nmr spectra of
(15) H. Brusset, J. Devaux, and A. Guinier, C o m p t .  R e n d .,  216, 152 

(1943).
(16) R. A. Friedel, S c ie n c e ,  130, 220 (1959).
(17) R. A. Friedel and H. L. Retcofsky, J. A m e r .  C h e m .  Soc., 85, 1300 

(1963).
(18) L. P. Undeman and J. Q. Adams, A n a l.  C h e m .,  43, 1245 (1971).
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Figure 2. 13C nm r spectrum  of d iam onds (2 5 0  scan s ).

natural graphite powder were acquired. It should be noted 
that a room-temperature spin-lattice relaxation time Ti 
of 89 ±  10 sec has been reported for spectroscopic graph
ite.10

The nuclear magnetic resonance line shape exhibited by 
graphite suggests an anisotropic chemical shift. An axially 
symmetric shielding tensor would be predicted on the 
basis of the well-known molecular and crystal structure of 
graphite. Spectra obtained at higher magnetic fields or 
single crystal studies (in progress) should permit determi
nation of the principal components of the tensor. Other 
properties of graphite, e.g., the esr g factor,19 also are an
isotropic.

The maximum in the graphite spectrum occurs at 5C 
~35 ppm, a much lower chemical shift than that pub
lished for any condensed polynuclear aromatic hydrocar
bon.20' 23 13C spectral data for very large polynuclears 
such as circumanthracene, ovalene, and circumovalene, 
which possess two-dimensional networks of hexagonal 
rings similar to but much fewer in number than those in 
graphite, are not available for comparison. The observed 
width of the graphite resonance was measured to be ~1.0 
G; the asymmetry of the spectrum precludes extraction of 
a value for the spin-spin relaxation time T2.

Probably the most unusual feature of the graphite spec
trum is that the resonance is inverted relative to that of 
diamond. A tentative explanation, based on passage con
ditions used in the experiments, is proposed for this be
havior. Weger,24 in his comprehensive study of passage 
effects in paramagnetic resonance experiments, has shown 
that the major effect on first derivative, dispersion mode 
spectra in going from rapid (adiabatic) passage to slow 
passage is inversion of the resonance. He further shows 
that the spectrum obtained in either of the two cases is 
independent of the direction in which the magnetic field 
is scanned. In the present investigation, all spectra ob
tained by scanning from low to high magnetic field were 
identical with the corresponding ones obtained while 
scanning from high to low field. Long periods for nuclear 
relaxation would be expected in the case of diamond since 
the material is dilute in magnetic nuclei; in the case of 
graphite, the presence of conduction electrons and charge

carriers would probably lead to faster relaxation. Our re
sults suggest, therefore, that the diamond spectra were 
obtained under conditions of fast passage, whereas essen
tially slow passage conditions were satisfied in the case of 
graphite. This argument is admittedly speculative at this 
time.

Coals. The 13C spectra of the coals examined (Figure 1) 
are presented in order of increasing rank (degree of coalifi- 
cation); the spectrum of the most highly metamorphosed 
material appears at the bottom of the figure. The width of 
the coal resonances decreases with increasing rank for the 
three lower rank samples; in the case of the meta-anthra
cite, the signal inverts and broadens. The position of max
imum signal intensity appears near 5C = 65 ppm, the 
chemical shift value for liquid benzene,25 in each case ex
cept that of the meta-anthracite which exhibits its maxi
mum (inverted!) at considerably lower magnetic field. To 
account for this behavior, both chemical and physical 
properties of coals must be considered.

Since all coals exhibit esr signals, it is important to 
consider the possible effects of the presence of paramag
netic species, presumably free radicals in the case of most 
coals, upon the line widths of the nuclear resonances. The 
paramagnetic contribution to the line width can be 
approximated by the equation9-26

AH  = 3 .8 7  hn

where 7  is the magnetogyric ratio of the electron, h is the 
modified Planck constant, and n is the concentration of 
unpaired spins in the sample. In the case of the coals 
studied, the esr intensities of which have been previously

(19) G. Wagoner, P ro c .  C a rb o n  C o n f. ,  4 th ,  197 (1960).
(20) H. L. Retcofsky, J. M. Hoffman, Jr., and R. A. Friedel, J . C h e m .  

P h y s .,  46,4545 (1967).
(21) T. D. Alger, D. M. Grant, and E. G. Paul, J . A m e r .  C h e m . S o c . ,  8 8 , 

5397 (1966).
(22) R. J. Pugmire, D. M. Grant, M. J. Robins, and P. K. Robins, J. 

A m e r .  C h e m . S o c . .  91,6381 (1969).
(23) N. Defay, D. Zimmerman, and R. H. Martin, T e t r a h e d r o n  L e t t . ,  No. 

21, 1871 (1971).
(24) M. Weger, B e l l  S y s te m  T e c h . J . ,  39, 10 13  (1960).
(25) P. C. Lauterbur, J. A m e r .  C h e m . S o c .,  83, 1838 (1961).
(26) A. Abragam, “Principles of Nuclear Magnetism," 0<ford University 

Press, London, 1961, p 128.

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



13C Nmr in Diamonds, Coals, and Graphite 71

reported,27 plots of esr intensities expressed as free radi
cals/gram of coal and 13C spectral line widths vs. carbon 
content (or other property) of the coals should show the 
same or quite similar functional dependence. That this is 
not the case is evident from the two lower plots of Figure
3. It should be noted that the initial exponential increase 
of free-radical concentration with carbon content of coals 
(Figure 3, middle) is based on esr measurements made on 
a large number of coals;27 the 13C line width data, how
ever, ¿ire limited to the four samples of coal under discus
sion.

The inversion of the 13C resonance in the meta-anthra
cite is tentatively attributed to passage effects of the type 
proposed above for the case of graphite. Both materials 
exhibit semiconductivity which probably leads to rapid 
rates of nuclear relaxation. A plot of the electrical resis
tivity of coals as a function of carbon content of the coals 
(Figure 3, top) illustrates the semiconductor properties of 
the high rank coal. The resisitivity plot is a composite one 
prepared from the experimental results of Schuyer and 
van Krevelen28 and those of Ouchi.29 It is interesting that 
each of the three plots of Figure 3 shows a pronounced in
flection point near a carbon content value of 93%.

The 13C results are best rationalized in terms of existing 
theories of coal constitution and coal metamorphosis; for 
background material, the reader is referred to three excel
lent reviews.30-32 Coals, in general, are considered to be 
highly aromatic materials and a major feature of coal 
metamorphosis is the progressive increase in the size and 
number of condensed aromatic ring structures at the ex
pense of nonaromatic material. In coals of very high rank, 
these aromatic structures become increasingly graphitic as 
evidence by the semiconductivity28 and the graphite-like 
X-ray diffraction patterns32-33 of anthracites and meta-an- 
thracites.

The position of spectral maxima for the two bituminous 
coals and the anthracite sample confirms the relatively 
high carbon aromaticity of these materials. The much 
lower absorption in the spectral region attributed to satu
rated carbons in the anthracite spectrum indicates that 
aliphatic material is present in only small amounts if at 
all.

In the case of the coal of 83% carbon content, the reso
nance is broad and exhibits considerable intensity in the 
region of absorption by saturated carbons. This suggests 
that this material has the lowest aromaticity of the coals 
studied, a hypothesis in accord with other spectral studies 
of these coals.34 Dipolar broadening, due to the presence 
of hydrogen in the lower rank coals, undoubtedly accounts 
for some of the observed line widths, however, paramag
netic contribution to the line widths, as considered above, 
appears negligible. Upon close inspection, the spectrum of 
the 83% carbon coal appears partially resolved into two 
components; the low-field or.e could be assigned to aro-

Figure 3. S om e properties of coals.

matic carbons, the high-field one to nonaromatic carbons. 
The signal/noise ratio in the spectrum, however, is quite 
low; the possibility of obtaining more highly resolved 
spectra, perhaps at higher magnetic fields, is an attractive 
one and should be explored. The present results do, how
ever, provide strong evidence for an increase in carbon 
aromaticity of coals as the coalification process progresses. 
Another point of interest concerning the spectrum of the 
anthracitic coal is that the presence of large quantities of 
diamond-like structures can be ruled out strictly on the 
basis of spectral comparison. The spectrum of the meta
anthracite, because of its similarity to that of graphite, 
indicates qualitatively the presence of graphite-like struc
tures in agreement with X-ray and electrical conductivity 
data.
(27) H. L. Retcofsky, J. VI. Stark, and R. A. Friedel. A n a l.  C h e m ..  40, 

1699 (1968).
(28) J. Schuyer and D. W. van Krevelen, F u e l.  34. 213  (1955).
(29) K. Ouchi. F u e l.  46. 71 (1967).
(30) H. Tschamler and E. DeRuiter, “Chemistry of Coal Utilization." 

Suppl. Vol., H. H. Lowry, Ed.. Wiley, New York, N. Y., 1963. p 35.
(31) D. W. van Krevelen, 'Coal,” Elsevier, Amsterdam, 1961. p 431.
(32) J. G. Speight, A p p l.  S p e c t r o s c .  R e v ..  5, 2 11 (1971).
(33) M. Mentser, H. J. O'Donnell, and S. Ergun, F u e l.  41, 153 (1962).
(34) Reference 13, p 70.
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The 170  and 14N o-ir polarization parameters were calculated for the groups C2N-O and H2N-O using 
localized a molecular orbitals. The isotropic 170  and 14N hyperfine splittings for 2,2,6,6-tetramethyl-4- 
piperdone 1-oxyl (TMPO) were measured in various solvents. The observed splittings and the calculated 
polarization parameters were used to calculate the pir spin densities on the nitrogen and oxygen atoms, 
which were found to be essentially equal. A completely independent estimate of the spin densities was 
made on the basis of the esr spectrum of a frozen solution of TMPO, from which the anisotropic 170  hy
perfine tensor could be estimated. Taken together with the observed isotropic 170  splitting in solution 
the results lead again to the conclusion that pow — Pn’ . The theoretical and experimental results are 
only compatible if the group is assumed to be bent with respect to the rest of the molecule.

Introduction
Free radicals containing one or more nitroxyl groups are 

currently the subject of intense theoretical and experi
mental interest. In the great majority of such radicals the 
unpaired spin is almost entirely concentrated in a pir or
bital built, to a first approximation, from 2p orbitals on 
the nitrogen and oxygen atoms of the >NO group. Despite 
the comparative simplicity of the ir system as compared 
to that in most other it radicals, there is not a concensus 
of opinion as to the distribution of spin in the NO group, 
and the magnitudes of the relevant a-ir polarization pa
rameters. For example, the spin density on the nitrogen 
atom has been estimated to be as low as 0.231 and as high 
as 0.8 to 0.9.2 Furthermore, a number of authors3 have ac
cepted the equation

a N =  Q n n n p n  ( 1 )

as describing the relation between the spin density in the 
nitrogen p7r orbital and the observed nitrogen splitting 
constant. The implied independence of aN on po (the spin 
density in the oxygen pir orbital) seems improbable con
sidering that Qooc for the carbonyl group, has been esti
mated to fall in the range from —16 to —27 G.4 Further
more QccN has been calculated as -5  G in the amino 
radical fragment.5

In part I of the present paper we present the results of 
calculations of the <j- w parameters of the planar ir frag
ments

H\  C\>N— 0 and > N — 0
Hr

Experimentally observed values of aN in nitroxide radicals 
are plentiful6 and a few values for a°, the 170  isotropic 
hyperfine splitting, are also available.7 In part II of this 
paper we report measurements of the isotropic 170 split
ting of 2,2,6,6-tetramethyl-4-piperidone 1-oxyl (TMPO) in 
various solvents and also the frozen solution esr spectrum 
of this radical, from which the anisotropic 170 hyperfine 
interaction can be estimated.

In part III we use the experimental isotropic splitting 
constants and the calculated ct- tt parameters to estimate 
the spin density distribution in the >NO group of TMPO.

In addition we have used the observed anisotropic 170  
interaction to independently estimate spin densities. In 
attempting to rationalize the observed splitting constants 
account was taken of the pyramidal conformation of the 
bonds around the nitrogen atom, as revealed by the results 
of X-ray structure analysis.8

I. Calculation of a-ir Parameters
Method of Calculation, a-ir parameters were calculated 

for the nitrogen (14N) and oxygen (170) nuclei of the two 
fragments shown. We assume that both fragments are pla
nar, the nuclei lying in the xy plane, which thus contains 
the interatomic a bonds and lone pairs on the oxygen 
atom. Subsequently the effect of bending of the >NO 
group will be estimated. The unpaired electron is in a px 
orbital approximated as a linear combination of oxygen 
and nitrogen 2p2 orbitals, and having a nodal plane con
taining the nuclei. Interatomic distances (in A) were 
taken as follows: C-N, 1.45; H-N, 1.03; N-O, 1.23.9 The 
bonds around the nitrogen atom were assumed to be at 
120° to each other. The a bond system was built from Sla
ter nodeless Is, 2s, 2px, and 2pv atomic orbitals with ex
ponents taken from Clementi and Raimondi.10

To obtain values for the rr-rr parameters of an atom A, 
it is necessary to evaluate the elements of the rr—ir polar
ization matrix which are given by the well-known expres
sion

(1) O. Kikuchi, B u ll.  C h e m . S o c .  J a p . ,  42, 118 7  (1969).
(2) C. L. Hamilton and H. M. McConnell, “Structural Chemistry and 

Molecular Biology," A. Rich and N. Davidson, Ed., W. H. Freeman, 
San Francisco, Calif., 1968, p 115 .

(3) See, for example, A. Carrington and J. D. Santos-Veiga, M o l.  P h y s .,  
5 ,2 1 (1962).

(4) R. Poupko, B. L. Silver, and M. Rubinstein, J . A m e r .  C h e m . S o c . ,  
92, 4512 (1970).

(5) R. Poupko and B. L. Silver, J . A m e r .  C h e m . S o c . ,  93, 575 (1971).
(6 ) A. L. Buchachenko. "Stable Radicals,” Consultants Bureau New 

York, 1965, p 1 1 1 .
(7) (a) J. C. Baird, J . C h e m . P h y s .,  37, 1879 (1962); (b) Z. Luz, B. L. 

Silver, and C. Eden, ib id . ,  44, 4421 (1966); (c) R. J. Faber, F. W. 
Markley, and J. A. Weil, ib id . ,  46,1652 (1967).

(8 ) J. Lajzbrowicz-Bonneteau, A c t a  C r y s ta l lo g r . ,  S e c t .  B . 24, 196 
(1968).

(9) "Tables of Interatomic Distances and Configuration in Molecules 
and Ions," C h e m . S o c .  S p e c .  P u b i ,  No. 1 1 ,241 (1958).

(10) E. Clementi and D. L. Raimondi, J . C h e m . P h y s .,  38, 2686 (1963).
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16
A = T

{ d i ( p z ) r \ e 2 /  r12\(p2)sg ,,*)
[E (0 ) -  E( i p)\

X
TABLE I: Calculated Energies (eV) for the MOs of 
H2NO, C2NO, and H2CO

<y i(r a)o p*{r A) ( 2)

The symbols in this expression are defined in Henning’s 
paper.11

The construction of the molecular orbitals was carried 
out using Melchior’s12 method which lays particular em
phasis on the orthogonalization of the localized molecular 
orbitals of the basic a set. The exchange integrals in eq 2 
were computed using a program written by N. Epstein of 
this department. The estimation of the singlet-triplet (a 
bonding —* a* antibonding) excitation energies is dis
cussed in the next section. Calculations on the carbonyl 
group4 showed that the values obtained for the a-ir pa
rameters are comparatively insensitive to the details of 
the a bonding system. For example, a change from sp2 to 
sp hybridization on oxygen, or the use of a polarity pa
rameter of 0.7 for the carbonyl group caused only small 
changes in the calculated <r-ir parameters. The elements 
of the Q matrix for 14N and 170 were, therefore, calculat
ed only for a model using sp2 hybridization on oxygen.

The elements of the Q matrices for 170  and 14N, calcu
lated from eq 2, are listed below. The excitation energies 
have been left as parameters and are symbolized by the 
letters A to J. J and H are interbond excitation energies 
between similar bonds.

A = oxygen nonbonding —*• N -0 a* antibonding 
B = N -0 <r bonding —*-N-0 a* antibonding 
C = N-H a bonding —»-N-H <r* antibonding 
D = N-H a bonding —»N -0  <r* antibonding 
E = C-N a bonding —*■ C-N <r* antibonding 
F = C-N a bonding — N -0 a* antibonding 
G = N -0  a bonding —"C-N a* antibonding 
H = N-C o-bonding —»N-C' a* antibonding 
I = N -0 a bonding —► N-H a* antibonding 
J = N-H a bonding —► N-H' a* antibonding

In terms of these energies the values of the Q matrix for 
C2NO are (in gauss)
Qoo0 = -4.48 + 37.53/A + 21.00/13
Qcross0 = -0.32 -  3.05/A + 0.11/G + 0.07/B 
Q n n °  = -0.90 + 1.04/A -  18.26/B + 1.22/F + 0.27/G
Q nnn = -5.73 + 5.59/B + 5.08 ¡H  + 10.48/E + 4.45/G +

6.86/F
QcrossN = —0.15 + 0.91/E + 1.78/G + 0.14/F 
QooN = -0.44 + 0.47/A -  6.42/13 + 0.17/F 
and for H2NO
Qoo° = - 4.52 + 37.93/A + 20.88/jB 
Qcross0 = -0.31 -  2.92/A + 0.28/B + 0.11/7 
qnno = -0.89 + 1.3/A -  17.8/B + 1.69¡D + 0.26/7
qnnn =  _ 5 . 4 5  + 5 .4 / 5  + 9.42/C + 4.68/J + 6.93/D +

4.66/7
QcroSSN = -0.15 + 0.82/C + 0.8/D + 2.06/7 
QooN = -0.45 + 0.6/A -  6.33/B -  0.26/7

In the above expressions a number of very small contribu
tions have been neglected.

At this stage two problems arise: (1) the estimation of 
the excitation energies, and (2) the question of the planar
ity or nonplanarity of actual nitroxide radicals. Help is 
available in the theoretical and experimental results of 
previous workers, which we now discuss.

Estimation of Excitation Energies. The results of some 
calculations on the H2NO and C2NO fragments are sum
marized in Table I. In view of the similarity of the H2NO

H2NOa c 2n o 6 h 2n o c H2COd h 2c o °

^a■\ a - 4 1 . 2 4 - 3 6 . 5 5 - 3 9 . 8 4 - 3 7 . 1 2 - 3 9 .9 6
2 a , a - 2 9 . 8 - 2 2 . 0 1 - 2 9 . 5 4 - 2 2 . 7 6 - 2 6 .6 7
1 b2 7r - 2 2 . 9 - 1 6 . 1 0 - 2 0 . 1 4 - 1 8 .2 9 - 2 2 .4 6
3 a , 0 - 1 9 . 2 - 7 . 4 7 - 1 7 . 8 3 - 1 5 . 4 7 - 1 8 .4 8
1 b, 7T - 1 8 . 5 3 - 1 3 .4 1 - 1 8 . 4 8 - 1 2 . 7 4 - 1 6 .9 7
2 b2 nb - 1 4 . 7 5 - 7 . 4 4 - 1 3 . 5 - 1 0 . 4 3 - 1 4 . 5 2
2 b, 7r * - 4 . 9 6 - 2 . 3 9 - 1 1 . 2 5 6 .69 2 .9 9
4 a , 0 3 .4 0 2 6 .3 8 16 .67 3 .1 5
3 b 2 a 6 .9 0 3 6 .4 9 2 0 . 2 2 6 .3 4
5 a , ( 7 * 10 .34 7 9 .9 8 2 2 .2 4 9 .1 0

“ Reference 14. s Reference 16. c Reference 15. d Reference 13.

and H2CO fragments and the desirability of comparing 
the results of the present work with the results for the 
carbonyl group, we also include the orbital energies for 
H2CO given by Newton and Palke13 and Kikuchi.14 De
spite the widely different theoretical approaches of Kiku
chi and Sallotto and Burnelle,15 there is a remarkably 
good agreement between the calculated energies of almost 
all the orbitals of H2NO. Not surprisingly, since the same 
method was used in both calculations, Kikuchi’s results 
for H2CO are very similar to his results for H2NO. New
ton and Palkes’ results for H2CO cover a wider energy 
range than those of Kikuchi’s and therefore activation 
energies estimated from their results will tend to give 
lower values of the elements of the Q matrix. It should be 
noted that the values in the table taken from Newton and 
Palke do not include two very low lying ai levels which 
are essentially pure Iso and lsc orbitals.

It is obviously not possible to directly use the energies 
in Table I16 in our calculations but they can be a guide to 
the range of energies which we can claim to be physically 
acceptable. Kikuchi’s energy levels for H2CO are bunched 
together closer than those he calculates for H2NO. The 
only excitation energies of relevance are those between ai 
levels, and all pairs of ai levels in H2NO are between 1 
and 2 eV ( ~0.04-0.08 au) further apart than the corre
sponding levels in H2CO. We conclude that the excitation 
energies chosen for H2NO should be of the order of 0.05- 
0.10 au larger than the corresponding energies chosen for 
H2CO in a comparable calculation.4 The a ^  a* intra
bond excitation, P, will therefore be taken as 1.15 au. For 
purposes of comparison with the results for H2CO the ele
ments of the Q matrix are plotted as a function of P. As in 
the treatment of the carbonyl group, and for the same 
reasons, we will take the oxygen nonbonding — <r*(N-0) 
energy as a fixed proportion (0.9-1.0) of the intrabond 
ofN-O) —* <r*(N-0) excitation energy.

Melchior, in his original paper, using the present meth
od of calculation,12 calculated the elements of the Q ma
trix as functions of the ratio R of intrabond to interbond 
excitation energies. Values of R of less than unity were 
used, for reasons given by Melchior. The elements of the 
Q matrix are in general found not to be oversensitive to 
reasonable variations in the value taken for R. In the pres-
(11) J. C. M. Henning, J . C h e m . P h y s .,  44, 2139 (1966).
(12) M. T. Melchior, J . C h e m . P h y s ..  50, 5 11 (1969).
(13) M. D. Newton and W. E. Palke, J. C h e m . P h y s ..  45, 2329 (1966).
(14) O. Kikuchi, B u ll.  C h e m . S o c .  J a p . .  42, 47 (1969).
(15) A. W. Sallotto and L Burnelle, J . C h e m . P h y s .,  53, 333 (1970).
(16) G. Berthier, H. Lenalre, A. Rassat, and A. Veillard, T h e o r. C h im .

A c ta .  3, 213 (1965).
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TABLE II: Polarization Constants (in Gauss) for H2NO

P Qoo° wcross Q n n 0 QooN QcrossN Q n n n

0.9 60.8 - 3 . 1 - 1 7 . 8 - 6 . 8 2.7 23.9

A  =  P 1 . 0 54.3 - 2 . 8 - 1 6 . 1 - 6 . 2 2.4 2 1 . 0

B  =  P 1 . 1 48.9 - 2 . 6 - 1 4 . 7 - 5 . 7 2 . 2 18 .6
D  =  P / 0.75 1 . 2 44.5 - 2 . 4 - 1 3 . 7 - 5 . 2 2 . 0 16.6

1 .3 40.7 - 2 . 2 - 1 2 . 6 - 4 . 9 1 . 8 14.9

0.9 60.5 - 3 . 1 - 1 8 . 2 - 6 . 8 2 . 2 20.5
A  =  P 1 . 0 54.1 - 2 . 8 - 1 6 . 5 - 6 . 2 2 . 0 17 .9
B  =  P 1 . 1 48.7 - 2 . 6 - 1 5 . 1 - 5 . 7 1 . 8 -5 .8
D  =  P /0 .5 5 1 . 2 44.3 - 2 . 4 - 1 3 . 9 - 5 . 2 1 . 6 -4 .0

1.3 40.5 - 2 . 2 - 1 2 . 9 - 4 . 9 1.5 '2 .5

0.9 65.5 - 3 . 4 - 1 7 . 7 - 6 . 8 2.7 23.9
A  =  P 1 . 0 58.5 - 3 . 1 - 1 6 . 0 - 6 . 1 2.4 2 1 . 0

B  =  0.9P 1 . 1 52.8 - 2 . 8 - 1 4 . 6 - 5 . 6 2 . 2 ’ 8 . 6

D  =  P /  0.75 1 . 2 48.0 - 2 . 6 - 1 3 . 5 - 5 . 2 2 . 0 16.6
1.3 43.9 - 2 . 5 - 1 2 . 5 - 4 . 8 1 . 8 14.9

0.9 65.5 - 3 . 5 - 1 8 . 1 - 6 . 8 2 . 2 20.5
A  =  P 1 . 0 58.5 - 3 . 1 - 1 6 . 3 - 6 . 1 2 . 0 17 .9
B  =  0.9P 1 . 1 52.8 - 2 . 9 - 1 4 . 9 - 5 . 6 1 . 8 15 .8
D  =  P /0 .5 5 1 . 2 48.0 - 2 . 7 - 1 3 . 8 - 5 . 2 1 . 6 14.0

1 .3 43.9 - 2 . 5 - 1 2 . 8 - 4 . 8 1.5 12 .5

INTRABO ND EXCITATIO N ENERG Y (a u ) INTRABOND EX C ITA T IO N  EN E R G Y  (au.)

Figure 1. Polarization constants as a function of the intrabond
excitation energy for the fragments C 2NO (---------) and H2NO ( -
— ). The n —«■ a *  excitation energy A  and the < r (N -0 )  —►  a *  
(N -O )  excitat'on energy B  are both set equal to P . The <r(C -N ) 
—► a *  (N -O )  excitation energy F  and the cr(H -N ) —  a *  (N -O )  
energy D are given by P / 0.75.

ent calculations R is defined as B/F and values of R =
O. 55 and 0.75 were taken.

The excitation energies of the type Iso —1- <r*(N-0) and 
I s n  —*• a *  (N-O) can confidently be approximated by the 
Is -* 2s excitation energies of the relevant atoms, as de
termined from X-ray term values.17

The elements of the Q matrix for C2NO were calculated 
as a function of the o/N-O) —*■ tr*(N-0) excitation energy
P, and with the following sets of conditions
1. A = B = P
2. A = B = P
3. A =  0 .9 P
4. A = 0 .9 P 
where E = B and

F = P/0.75 
F = P/ 0.55 
B = P 
B = P

= H = F. Here

F = P/ 0.75 
F = P/0.55 

we have equated sev-

Figure 2. Sam e as Figure 1 except that F  =  D  =  P / 0 . 5 5 .

eral of the interbond excitation energies. This simplifica
tion is forced on us by lack of detailed information on the 
relevant energies, but they are certainly expected to be of 
comparable magnitude. Plots of these results are given in 
Figures 1-4 which also contain the corresponding plots for 
H2NO. The detailed numerical results are in Tables II-IV.

a-Tr Parameters Results. The a-ir parameters for 170 
are, not surprisingly, similar to those obtained using the 
same method of calculation for 170 in the carbonyl group. 
Qoo° for the carbonyl group was estimated to fall in the 
range 53.9-64 G . A point of interest is the relatively large 
negative value of Q n n '0 ( ------15 G ) which may be com
pared with the value of - 2 1  G  for Q cc°- On the other 
hand, the small value of QooN may be a source of comfort 
to those who have maintained that aN depends only on 
pn . The range of values for Q n n n falls slightly lower than
(17) “International Critical Tables of Numerical Data Physics, Chemistry, 

and Technology,” Vol. 5, McGraw-Hill, N. Y., p 392.
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TABLE III: Polarization Constants (in Gauss) for C2NO

P Ooo° n  oAcross O n n ° QcoN n  nW c r o s s Q n n n

0.9 60.5 - 3 . 6 - 1 8 . 8 — 5.9 2.4 25.8
A  =  P 1 . 0 54.1 - 3 . 3 - 1 7 . 0 — S.3 2 . 2 2 2 . 6

B  =  P 1 . 1 48.8 - 3 . 1 - 1 5 . 5 - 5 . 8 2 . 0 2 0 . 0

F  =  P / 0.75 1 . 2 44.3 - 2 . 8 - 1 4 . 3 - 5 . 3 1 . 8 17.9
1 .3 40.6 - 2 . 6 - 1 3 . 3 - 4 . 9 1 . 6 16 .1

0.9 60.5 - 3 . 6 - 1 9 . 1 - 7 . 1 2 . 0 2 2 . 2

A  =  P 1 . 0 54.1 - 3 . 3 - 1 7 . 3 - 8 . 4 1 . 8 19.4
B  =  P 1 . 1 48.8 - 3 . 0 - 1 5 . 8 - 5 . 8 1 . 6 17 .1
F  =  P / 0.55 1 . 2 44.3 - 2 . 8 - 1 4 . 6 - 5 . 4 1 .5 15 .2

1 .3 40.6 - 2 . 6 - 1 3 . 5 - 5 . 0 1 .3 13 .6

0.9 65.2 - 4 . 0 - 1 8 . 7 - 6 . 8 2.4 25.8
A  =  P 1 . 0 58.2 - 3 . 6 - 1 6 . 9 - 6 . 1 2 . 2 2 2 . 6

B  =  0.9P 1 . 1 52.5 - 3 . 3 - 1 5 . 4 - 5 . 6 2 . 0 2 0 . 0

F  =  P j  0 .75 1 . 2 47.8 - 3 . 1 - 1 4 . 2 - 5 . 2 1 . 8 17 .9
1.3 43.8 - 2 . 8 - 1 3 . 2 - 4 . 8 1 . 6 16 .1

0.9 65.2 - 4 . 0 - 1 9 . 0 - 7 . 0 2 . 0 2 2 . 1

A  =  P 1 . 0 58.2 - 3 . 6 - 1 7 . 2 - 6 . 3 1 . 8 19.4
B  =  0.9 P 1 . 1 52.5 - 3 . 3 - 1 5 . 7 - 5 . 7 1 . 6 17 .1
F  =  P / 0.55 1 . 2 47.8 - 3 . 1 - 1 4 . 5 - 5 . 3 1 .5 15 .2

1.3 43.8 - 2 . 8 - 1 3 . 4 - 4 . 9 1 .3 13 .6

INTRABOND EXCITATION ENERGY (o.u.)
Figure 3. S a m e  as F igure 1 ex ce p t that A  =  0 .9 P , B  =  P , F  =  
D  =  P / 0.75.

most semiempirical estimates in the literature,18 the ma
jority of which refer to the carbon bonded amine group.

In the above treatment the fragments H2NO and C2NO 
were assumed planar. There is very good evidence that 
this is not realistic. Experimentally, X-ray structure anal
ysis8 has shown that in TMPO the N -0 bond is inclined 
at 21° to the plane defined by the C-N-C nuclei. On the 
theoretical side, Sallotto and Bumelle15 have found that 
the planar conformation of H2NO is unstable with respect 
to bending in agreement with the energetic predictions of 
the Walsh diagrams (they estimate an equilibrium out- 
of-plane bending angle of 26°).

Of course the Q matrices calculated above refer strictly 
only to planar fragments, but it is not very likely that the 
elements of Q° will be significantly affected by bending. 
Using an SCF all-valence-electron method. Douady, et 
al.,19 found that the energies of the orbitals calculated for

Figure 4. S a m e  as F igure 1 ex ce p t that A  =  0.9P. B  =  P , F  =  

D  =  P / 0.55.

H2NO, and the magnitudes of the products f'2sN(V)- 
C2sN(<r*) are hardly affected by bending up to 15°. The value 
of C2s°(<r)C2s°(<r*) should be even less sensitive to bend
ing, and we feel that the previously estimated elements of 
the Q° matrix should apply equally well to radicals bent 
at the nitrogen atom. From the results of Douady, et al., 
we may conclude that the a-x polarization parameters QN 
are not very sensitive to moderate bending. We will, 
therefore, take the calculated values of the Q matrix to 
apply to both planar and bent nitroxide radicals. In other 
words bending will be assumed not to affect the contribu
tion of polarization to the isotropic hyperfine interaction. 
In the case of the amine -NH2 group it was found neces
sary to assume bending in order to account for the ob-
(18) E. T. Kaizer and L. Kevan, ‘‘Radical Ions,” Interscience, New York, 

N. Y., p 24.
(19) J. Douady, Y. Ellinger, A. Rassat, R. Suleva, and G. Berthier, M o l.  

P h y s .,  17, 217  (1969).
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TABLE IV: Polarization Constants (in Gauss) Using P  = 1.15 au

A B F Q o o ° QcrossN Qnn° QooN Qcrosŝ Qnnn

P p P / 0 .7 5 4 6 .6
h 2n o

- 2 . 5 - 1 3 . 9 - 5 . 6 2 . 1 18.1
P p P /0 .5 5 4 6 .6 - 2 . 5 - 1 4 . 3 - 5 . 6 1 . 6 1 5 .2

0 .9  P p P / 0 .7 5 4 8 .6 - 2 . 5 - 1 3 . 8 - 5 . 5 2 . 1 1 8 .0
0 .9 P p P /0 .5 5 4 8 .6 - 2 . 8 - 1 4 .1 - 5 . 4 1.7 15 .2

P p P / 0 .7 5 4 6 .4
c 2n o

- 2 . 9 - 1 4 . 9 - 5 . 5 1 . 8 18 .9
P p P /0 .5 5 4 6 .4 - 2 . 9 - 1 5 .1 - 5 . 5 1.5 16.1

0 .9  P p P / 0 .7 5 4 8 .4 - 3 . 2 - 1 4 . 8 - 5 . 4 1.9 1 8 .9
0 .9  P p P / 0 . 5 5 4 8 .4 - 3 . 2 - 1 5 . 0 - 5 . 5 1.5 1 6 .0

served nitrogen and proton coupling constants.5 In the 
case of nitroxides it is known that bending occurs in 
TMPO, and presumable most other nonconjugated nitrox- 
ide radicals can be taken as being bent.

Bending affects the nitrogen hyperfine coupling by in
troducing some s character into the orbital containing the 
odd electron, which results in additional positive spin 
density at the nitrogen nucleus. The magnitude of this ef
fect is not easy to predict. One approach is to estimate 
from the bending angle the degree of hybridation of the 
nitrogen 2s and 2p orbitals. The consequences for the 
isotropic nitrogen splitting are expressed in the equation20

qn =  aN(Q) +  550(2 tan2 0)pN (3)

In part III we will use the calculated Q matrix, the ob
served 170  and 14N hyperfine splittings, and eq 3 to dis
cuss spin density distribution in the nitroxyl group.

I I .  Experimental Measurements and Results
Synthesis of 170-Labeled TMPO. TMPO enriched in 170 

(in the nitroxyl group) was synthesized by the oxidation of 
triacetoneamine with H21702. The 170-enriched hydrogen 
peroxide was obtained by hydrolyzing Na2170 2 prepared 
from sodium metal and 170-enriched oxygen gas. The oxi
dation of the amine was carried out in the presence of 
phosphotungstic acid, following the prescription of Briere, 
et al.21 TMPO enriched to 5% in 170  was used for esr 
studies in solution. A sample enriched to 55% 170  was 
used for the frozen solution spectra. Esr spectra were re
corded on a Varian V-4503 X-band spectrometer. The 
field was calibrated with an aqueous solution of Fremy’s 
salt taking aN = 13.0 G and g = 2.0057.

Spectrum of 170-Labeled TMPO. The X-band esr spec
trum of 170-labeled TMPO ( ~5 atom %) was observed in

TABLE V: Observed 13C, 14N, and 170 Isotropic Hyperfine 
Splittings and g  Values for 2,2,6,6-Tetramethyl-4-piperdone 
1-Oxyl at 21 ±  1°

Solvent Sc 3 n a0 9

B enzene 14 .45 19 .29 2 .0 0 6 2
Toluene 5 .4 2 1 4 .4 7 1 9 .5 2 2 .0 0 6 3
N -N -D im e th y lfo rm a m id e 5 .4 2 1 4 .6 6 1 9 .4 0 2 .0 0 6 2
M ethy lene  ch loride 5 .45 1 4 .7 7 1 9 .3 6 2 .006 1
D im ethyl sulfoxide 5 .92 1 4 .9 0 1 9 .7 4 2 .0 0 6 0
1-B utano l 5 .6 6 15.01 19.11 2 .0 0 6 0
F o rm am id e 5 .75 15 .28 18 .88 2 .0 0 6 0
Ethylene glycol 5.81 1 5 .4 0 18 .72 2 .0061
Ethyl e th e r 1 5 .9 4 17 .84
W ate r 6 .0 4 16.01 17 .86 2 .0 0 5 8
1 0  M  lith ium  ch loride 6 . 1 2 16.11 17 .57 2 .0 0 5 6

Figure 5. X -B and  esr sp ectrum  of 1 7 0 -la b e le d  T M P O  in b en zen e  
at 2 1 °.

a variety of solvents. The results are tabulated in Table V 
and a typical spectrum is shown in Figure 5. All the hy
perfine coupling constants observable, a0, aN, and aP, are 
solvent dependent, as is the g value. The doubtful signifi
cance of the measured values of ac will be discussed later. 
The esr spectrum of a frozen solution of 170-labeled 
TMPO in ethyl ether is shown in Figure 6. Satellites due 
to 170  are clearly visible. The observed nitrogen hyperfine 
splitting, 32.1 G, is obviously equated to AN(!I). Using this 
value and the splitting of 406.6 G between the extreme 
170  satellites we obtain a value of 68.4 G for A°(||). The 
value of Ao(-L) is probably too small to give observable 
satellites in frozen solution.

III. Spin Densities
The 14N and 170  splitting constants can be written as

a N  = f  ( 8 )  +  Q n n N P N  +  Q o O N P O +  QcrossN(pOPN)1/2 

a0 = Q o O ° P O  + Q n N ° P N  + Qcross°(pOPN)1/2
where f(6) is given by eq 3. To solve these equations we 
choose (cf. Table IV) the values of the Q matrix for P = 
1.15 au and the conditions A = B = P  and F = P/0.55. 
Taking the values of aN and cP observed in ethyl ether, 
i.e., 15.94 and 17.84 G, respectively, we obtain po = 0.55, 
Pn = 0.45, and 6 = 17. These values are slightly changed 
if the overlap between the p7r orbitals is taken into ac
count, but such a correction is not felt to be justified in 
view of the uncertainties in the value of the Q matrix. 
Since we have decided to accept P = 1.15 au, the calcu-
(20) R. W. Fessenden, J . P h y s . C h e m ..  7 1,7 4  (1967).
(21) R. Briere, FI. Lemaire, and A. Rassat, B u ll.  S o c .  C h im .  F r  3273 

(1965).
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Figure 6. X -B and  esr sp ectrum  of a frozen  solution of 1 7 0 - la -  
beled TM P O  in ethyl e ther. The m ain nitrogen hyperfine lines 
are  o ff-scale .

lated spin densities and the bending angle are those that 
we will refer to as the “ theoretically calculated” values. 
As a matter of interest, the values corresponding to two 
other, extreme choices for the elements of the Q matrix 
are given here. For Qoo° = 65.2(40.5), Q c ross0  = 
—2.9(-2.5), Q n n °  = -19.1( -13.5), QooN = —6.9( —4.2), 
Q c rossN = 2.4(1.3), and Q n n n  = 25.8(13.6), we obtain re
spectively po = 0.46(0.6), pn = 0.54(0.4), and 6 = 
10°(20°). We conclude that for any reasonable choice of 
excitation values the calculated spin densities on oxygen 
and nitrogen are roughly equal. The value of 0.55 for po is 
in sharp contrast to the results of Hamilton and McCon
nell2 who find pn ~  0.8 to 0.9 on the basis of the observed 
isotropic and anisotropic 14N splittings. Their discussion 
is partially based on the assumption that the C2N-O 
group is planar. For TMPO this is certainly not true, and 
it seems probable that all nitroxides bonded to sp3-hybri- 
dized carbon atoms are bent. Using a value of 27 G, calcu
lated for the perpendicular one-electron anisotropic di
pole-dipole interaction of 14N, the observed 14N splittings 
of 31 G (I!) and 5-6 G (_L) are stated to be compatible 
with pn = 0.8. In fact the splittings are far more compat
ible with pn = 0.6 (using the observed isotropic 14N split
ting of ~15 G). Furthermore, there is much evidence that 
the anisotropic dipole-dipole parameters calculated from 
Slater orbitals are too low. Morton, Rowlands and Whif- 
fen22 calculate 2/3 to be 34 G for 14N, using Hartree-Fock 
orbitals. Hurd and Coodin23 put 2/3 at 39.6 G. Using these 
values we obtain pn = 0.47 (MRW) or 0.40 (HC).

Newton and Palke13 calculate po — Pc for the carbonyl 
group and Kikuchi14 calculates po —  p n  for the H2NO 
radical. In general the fact that N is more electronegative 
than C should give a shift of the bonding electrons toward 
nitrogen and a corresponding shift away from nitrogen of 
the antibonding electrons as compared to the carbonyl 
group. Thus pn for the nitroxide group can be expected to 
be smaller than pc for the isolated carbonyl group. Such a 
group occurs in the hexamethyl acetone ketyl radical for 
which Broze and Luz24 estimate pc as 0.7-0.8. On this 
argument it seems likely that p n does not exceed 0.7 in 
the >NO group. A similar conclusion has been reached by 
Hoffman and Eames25 on the basis of protonation effects 
on the esr spectrum of TMPO.

Strong independent support for a relatively high spin

density on oxygen comes from the value of 68.4 G for 
A°(||) observed in the frozen ethyl ether solution spectrum 
of TMPO. In the same solvent at room temperature, a0 =
17.8 G, so that, assuming an axially symmetric dipolar 
tensor, we obtain AdiP°(ll) = 49.4 G and Adip°(_L) = 
-24.7 G. The value for AdipN(ll) given by Griffith, et al, 
is ~17 G.26 Estimates of 28 for 170  range from 83.4 G for 
170~ ion27 to 120 G given by Hurd and Coodin, which 
correspond here to po = 0.60 and po = 0.40. From studies 
of the 170  hyperfine tensor in small radicals,28 it appears 
that the value of 103 G given for 2/3 by Morton, Rowlands, 
and Whiffen22 is the most consistent with experimental 
results. This corresponds to po = 0.49 in the present case. 
If we use these author’s value of 34 G for 2/3 for 14N we 
obtain a spin density of p n  =  0.49, i . e . ,  p o  ~  p n . Using 
Hurd and Coodin’s value for 2(3 (14N) of 39.6 G we obtain 
P n  =  0.42, and once again po —  p n . Thus the spin densi
ties estimated by this method agree well with those esti
mated theoretically in this work.

The H2NO radical29 has a very low nitrogen splitting 
(11.9 G) for a nitroxide radical with the unpaired electron 
confined to the >NO group. This could be due either to a 
low spin density on nitrogen, or to a small bending, or to 
both. It would be of interest to measure the 170  splitting 
in this radical. If we take the a-tr parameters calculated 
here and assume that the spin density is distributed as 
estimated for TMPO, we obtain a bending angle of 13° 
using eq 3 compared to the calculated value of 26° given 
by Burnelle and Sallotto. It is of interest that if we take 
the nitroxide group in TMPO to be planar, we obtain 
aN = 5.44. This can be compared with aN = 7.68 calculated 
for planar H2NO and aN = 6.32 calculated for planar 
dimethyl nitroxide.30 Thus widely different theoretical 
approaches applied to planar nitroxides all lead to a value 
of aN which is far smaller than that observed experimen
tally. Although the values of 6 derived in this work should 
not be taken too seriously, since it is doubtful if eq 2 is 
strictly applicable, there can be no doubt that bending 
is necessary to account for the observed values of aN.

Solvent Effects. Solvent effects on the g value and on 
aN have been observed and discussed by Kawamura, et 
al.,31 who gave a detailed analysis of the various contribu
tions to the g shift. The solvent effect on the g value of 
TMPO parallels that observed for diphenyl nitroxide and 
di-ieri-butyl nitroxide.31 In view of the smallness of the ob
served solvent effect on the g value and the numerous sim
plifying assumptions made by Kawamura, et al., in their 
analysis, we feel that their conclusions are only qualitively 
significant.

Changes in the form and energies of it* orbitals can di-

(22) J. R. Morton, J. R. Rowlands, and D. H. Whiffen, N a ll.  P h y s . L a b ..  
G r. B r it . ,  C ir c . ,  No. BPR 13.

(23) C. M. Hurd and P. Coodin, J .  P h y s . C h e m . S o lid s ,  28, 523 (1967).
(24) M. Broze and Z. Luz, J. C h e m . P h y s .,  51,749 (1969).
(25) B. M. Hoffman and T. B. Eames, J . A m e r .  C h e m . S o c .,  97, 2169 

(1969).
(26) O. H. Griffith, D. W. Cornell, and H. M. McConnell, J . C h e m . P h y s .,  

43, 2909 (1965).
(27) E. Clementi and A. D. McLean, P h y s . R e v . A , 133, 419 (1964).
(28) (a) Z. Luz, A. Reuveni, R. W. Holmberg, and B. L. Silver, J . C h e m .  

P h y s .,  51, 4017 (1969); (b) S. Schlick, B. L. Silver, and Z. Luz, 
ib id . ,  52, 1232 (1970); (c) ib id . ,  54, 867 (1971); (d) A. Reuveni, Z. 
Luz, and B. L. Silver, ib id . ,  53, 4619 (1970); (e) S. Schlick, ib id . ,  
56, 654 (1972).

(29) J. Q. Adams, S. K. Nicksic, and J. R. Thomas, J . C h e m . P h y s .,  45, 
654 (1966).

(30) I. Morishima, K. Endo, and T. Yonezawa, C h e m . P h y s . L e t t . ,  9, 143 
(1971).

(31) (a) T. Kawamura, S. Matsunami, and T. Yonezawa, B u ll.  C h e m .  
S o c . J a p . ,  40, 1 1 1 1  (1967); (b) T. Kawamura, S. Matsunami, T. 
Yonezawa, and K. r ukui, ib id . ,  38, 1935 (1965).

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 . 1, 1 9 7 3



78 C. J. Stacy and R. L. Arnett

rectly affect the g values and the spin distribution, but 
will not affect the elements of the Q matrix to first order, 
a fact which has been implicity assumed, and occasionally 
explicitly stated, in all previous treatments of solvent ef
fects on hyperfine splitting constants. The possible effects 
of change of solvent include, among other things, (a) 
changes in the distribution of the unpaired electron, (b) 
changes in the energy of the lone pair electrons (c) 
changes in the energies of the it and 7r* orbitals, and (d) 
changes in the energies of the cr and a* orbitals. We be
lieve and assume that changes in solvent affect po and pn 
but do not significantly alter the Q matrices, and that 
changes in aP and aN are mainly due to changes in spin 
density distribution. From Table V it can be seen that 
solvents which reduce aN, increase a0, which does not 
prove very much, but is at least consistent with our as
sumption and the conservation of total spin density.

Morishima, et al.,30 have made INDO calculations on the 
hyperfine coupling constants in dimethyl nitroxide and on 
the expected effect of hydrogen bonding on the constants. 
Their calculated coupling constants are in poor agreement 
with experiment. They predict an increase in oN in going 
from nonhydrogen bonding to hydrogen bonding solvents, 
and a decrease in cP, as observed here. However, they pre
dict the effect on a° to be much larger than that on aN, 
whereas, from Table V, it can be seen that the changes in 
o° and aN are very similar in going from benzene to water.

The esr spectrum of isotopically normal TMPO shows 
13C satellites on either side of the three main (14N) lines. 
In 13C-enriched (58.6%) di-fert-butyl nitroxide (DTBN), 
the observed 13C satellites have been shown32 to be due to 
a superposition of the satellites due to the tertiary carbon 
and the methyl (/J) carbons, with splitting constants of 
5.36 and 4.83 G, respectively, in 10 M aqueous LiCl solu
tion. In isotopically normal DTBN the two sets of satel
lites could no“ be differentiated. In the case of the radical

studied in this work only one set of 13C satellites was ob
served. The measured splitting constant aP for these lines 
is listed, for various solvents, in Table II. It can be seen 
that cP decreases with decreasing aN, as would be expect
ed, since the spin density at the 13C nuclei (either a or /3) 
is probably proportional to the spin density at tne nitro
gen atom, and not significantly dependent on po. It is not 
possible to make a quantitive analysis of the 13C splittings 
since the work on DTBN indicates that the satellites are 
probably due to a superposition of a and /3 13C satellites. 
The symbol ac is thus merely a shorthand notation for the 
measured separation in gauss between the observed satel
lites.

Conclusion
Taken together, the theoretically calculated g- t  param

eters for the nitroxyl group and the observed isotropic 14N 
and 170  splittings lead to an estimate of the spin density 
distribution which is in good agreement with that derived, 
completely independently, from the anisotropic hyperfine 
tensors. The unpaired electron is found to be shared al
most equally between the nitrogen and oxygen atoms. The 
nitrogen and oxygen isotropic splitting constants of organ
ic nitroxides are known to be relatively insensitive to sub
stitution, a fact which suggests that the spin densities es
timated in this work are applicable to most nitroxide rad
icals.33
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Experimental criteria are presented to determine the region of validity of the intrinsic viscosity-molecu
lar weight relation proposed by Stockmayer and Fixman for use in good solvents. Use of these criteria in 
several good solvents yields the same value for unperturbed polymer dimensions as do measurements 
made at “ 0” conditions. Intrinsic viscosity determinations conforming to these criteria, made in two good 
solvents, allow the determination of weight-average molecular weights of the polymer solute.

I. Introduction
The unperturbed conformation of a polymer chain de

termines a molecular weight independent constant, so2/ 
M, characteristic of the structure of the macromolecule; 
so2 is the unperturbed mean-square distance of centers of 
mass from the center of gravity of a macromolecule having

molecular weight Ai.1 ■2 When the object of an experimen
tal investigation is to gain knowledge about polymer

(1) P. J. Flory, “Statistical Mechanics of Chain Molecules,” Inter- 
science, New York, N. Y., 1969.

(2) T. M. Birshteln and 0. B. Ptltsyn, "Conformations of Macromole
cules,” Interscience, New York, N. Y., 1966.
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TABLE I: Molecular Weights of Polymers

Polymer M n  X IO“ 3’ <rM n  X I O -3 M w  X 10“ 3 x  1 e r 3 M g  X IO “ 3 Mw/M „

1 2.2 2.98 0.06 2,76 1.36
3 3.9 5.12 0.05 4.78 1.31

1 0 1 0 . 0 13.34 0.16 12.41 1.33
30 34,7 0.3 41.7 0 . 6 39.9 1.20
44 50.2 0.4 53.3 0.9 52.4 1.06

1 0 0 87,5 3.5 109.9 1,1 103.9 1.26
58 100.7 3.2 122.8 0.9 117.0 1.22
64 139.0 4.6 188.0 3.2 174.0 1.35
67 182.0 8.2 244.0 5.0 227.0 1.34

“ Polymers 1 ,3 ,  and 10 by ebullioscopy, all others by osmometry. b M g  Is that viscosity-average molecular weight appropriate for 8 conditions; it's value 
is here taken as M n '  /4 MW3/4.

structure through observation of so2/M, the experimenter 
frequently determines intrinsic viscosities, [7/], for mem
bers of a homologous series and interprets his results 
through the Flory-Fox relation

[v] = KAP/2, K = ^(6s02/M)3/2 (1)
For example, linear polyethylene, the simplest structured 
polymer, has been investigated and the results inter
preted3’4 by eq 1 to give an observed value for so2/M in 
good agreement with the theoretical values calculated by 
Hoeve5 and by Abe, Jemigan, and Flory6 using the rota
tional isomeric model. In eq 1, $ is a universal constant.

In order to use relation 1 an experimental requirement 
is imposed that there be no perturbation of the polymer 
molecule by the solvent. The time and labor necessary to 
establish such conditions for each polymer structure of in
terest make it highly desirable to explore for means of de
termination of so2/M by less onerous experimentation. 
Kurata and Stockmayer7 have given a survey of the theo
retical work aimed at extending relation 1 to include the 
effect of dimensional perturbation by good solvents. 
Among these works, a relation proposed by Stockmayer 
and Fixman8 has appealing simplicity but suffers in its 
failure to handle adequately large polymer-solvent inter
actions.9 Nevertheless, if the object of an investigation is 
to determine unperturbed polymer dimensions (as is our 
object here) rather than examine large polymer-solvent 
interactions, then certain experimental criteria for regions 
of validity of the Stockmayer-Fixman relation are sug
gested by the relation itself. This work presents these cri
teria and compares the values of So2/M  obtained by using 
them in good solvents with a value obtained by direct 6 
condition measurements.

II. Experimental Section
The polymers used in this investigation are nearly 

monodisperse hydrogenated polybutadienes prepared by 
polymerizing butadiene in cyclohexane using butyllithium 
as initiator10’11 and subsequently hydrogenating the solu
tion using Girdler prereduced nickel catalyst.12 Infrared 
analyses monitored the unsaturation, oxidation, and sol
vent removal.

Analyses of the parent polybutadienes by infrared13 
yielded 19 vinyl groups per 1000 carbon atoms. Because of 
its high sensitivity, this determination was taken as the 
number of ethyl side chains in the hydrogenated product; 
spectra after hydrogenation were entirely consistent with 
this interpretation. Molecular weights were obtained by 
procedures described previously (weight-average from

scattered light measurements,14 number average by 
ebullioscopy15 for the lower molecular weight samples, 
and osmometry16for the higher).

The intrinsic viscosities were determined using stan
dard procedures4 taking care to avoid oxidation of the so
lutions.

III. Results
The observed molecular weights, together with esti

mates of their standard deviations, a, are listed in Table 
I. The ratio, Mw/M r, given in the last column provides a 
measure of the degree of polydispersity.

The observed intrinsic viscosities and other pertinent 
quantities are listed in Table II. Relative viscosities, yr, 
measured in several solvents and at two temperatures 
were related to polymer concentration, c, by the usual 
equations

In Tr = [t/]c(1 + k"[-n]c)
which in turn determined the intrinsic viscosity, [77], and 
the molecular weight independent interaction constant, 
k". The values of k' ' listed in the table are seen to be cor
related with solvent power; the values range from +0.22 
for the 8 solvent (1-dodecanol at 125°) to —0.11 for the 
best solvent.

IV. Interpretation
The relation suggested by Stockmayer and Fixman8 to 

replace (1) for good solvents may be written
lv) = KM 112 + JM

(3) R. Chiang, J. P h y s . C h e m .,  69, 1645 (1965); 70, 2348 (1966); A. 
Nakajima, ef a/., J . P o ly m .  S c i . ,  P a r t C ,  15, 285 (1966).

(4) C. J. Stacy and R. L. Arnett, J. P h y s . C h e m ..  69, 3109 (1965).
(5) C. A. J. Hoeve, J . C h e m . P h y s ..  35, 1266 (1961).
(6 ) A. Abe, R. L. Jernigan, and P. J. Flory, J . A m e r .  C h e m . S o c . .  8 8 , 

631 (1966); P. J. Flory and R. L. Jernigan, J . C h e m . P h y s ..  42, 
3509 (1965).

(7) M. Kurata and W. H Stockmayer, F o r t s c h r .  H o c h p o ly m .  F o r s c h . .  3, 
196(1963).

(8 ) W. H. Stockmayer and M. Fixman, J . P o ly m . S c i . .  P a r t  C. 1. 137 
(1963).

(9) G. C. Berry, J .  C h e m . P h y s ..  44, 4550 (1966); 46, 1338 (1967).
(10) R. P. Zellnskl and C. F. Wofford, J. P o ly m . S c i . .  P a r i  A -3 .  93 

(1965).
(11) H. L. Hsleh, J . P o ly m . S c i . .  P a r t  A - 3 .  191 (1965); J. N. Short, R. P. 

Zellnski, and O. F. McKinney, IUPAC Symposium on Macromolecu- 
lar Chemistry, Tokyc, Japan, 1966.

(12) C. W. Moberly, “Hydrogenation of Polymers," In “Encyclopedia of 
Polymer Science and Technology," Vol. VII, Wiley, New York, N. Y., 
1967.

(13) R. S. Silas, J. Yates, and V. Thornton, A n a l.  C h e m ..  31, 529 
(1959).

(14) C. J. Stacy and R. L. Arnett, J. P o ly m .  S c i . ,  P a r t  A -2 ,  167 (1964).
(15) R. L. Arnett, M. E. Smith, and B. O. Buell, J . P o ly m . S c i. .  P a r t  A -1 .  

2753 (1963).
(16) R. L. Arnett and R. Q. Gregg, J . P h y s .  C h e m ..  74, 1593 (1970).
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TABLE II: Intrinsic Viscosity

Solvent“

Polymer

1 2 2 3 „ 4 
Temp, C

4 5 6

125 125 140 125 125 
H .d l/g  X 10 2

140 140 125

1 7.2 9.1 1 0 . 8

3 13 .5 16.0 18 .5
-o 26.7 3 3.1 40.4
30 53.5 56.4 60.2 7 1 .1 7 1 .3 7 1.0 8 1.2 93.6
¿4 6 1.3 68.7 73.9 89.8 90.1 89.8 103.8 1 2 1 . 2

1 0 0 93.9 10 2 .7 1 1 1 . 3 13 7 .5 14 0.3 166.4 19 5.8
58 95.8 109.8 11 9 .5 1 5 1 .2 15 2 .0 1 5 1 .4 17 9 .5 2 10 .5
64 117 .0 13 6 .5 1 5 1 . 1 19 6 .5 19 7 .2 196.8 236.1 284.1
67 13 2 .9 15 2 .1 178 .8 236.7 2 3 7.7 232.6 289.8 343.8

<r[v]> d l/g  X 10 2 1 . 1 1 . 8 0.7 0.5 0 . 8 0.5 0.3 1 . 2

k "  X 10 2 2 2 . 1 14.4 8.57 - 2 . 6 3 - 2 .4 6 - 2 . 6 7 -8 . 2 4 - 1 1 . 4

“ Key to solvents: (1) 1-dodecanol, (2) biphenyl, (3) hexadecane, (4) 1-chloronaphthalene, (5) tetrahydronaphthalene, (6 ) decahydronaphthalene.

for monodisperse polymer, which becomes

[17] = KMs112 + JMW (2)
for polydisperse polymer, where

Me = [ c - ^ c  ¡Mi1/2]2 = (M1'2)^2

The parameter J provides a measure of the perturbation of 
the polymer molecules by the solvent; its value is zero at d 
conditions. A pleasing feature of relation 2 is that, although 
an operational definition of viscosity-average molecular 
weight is possible (the solution, Mv, of the quadratic [r?] = 
K(MV)1/2 + JMV), it is neither desirable nor required in 
order that there be physical meaning for the molecular 
weight averages appearing in eq 2. The weight-average 
molecular weight, Mw, is a familiar quantity and Me is that 
viscosity-average molecular weight appropriate for 8 con
ditions.

When eq 2 is rewritten in the form

[v]/Me1/2 = K + JMw/Me1'2 (3)

certain experimental tests for the validity of the Stock- 
mayer Fixman formula suggest themselves, (i) Equation 3 
being that of a straight line, the data, plotted according to
(3), must be linear. Berry9 has demonstrated that when 
the polymer-solvent interaction is sufficiently large, from 
either a high molecular weight or a strong solvent, the 
data are not linear; only the linear region may be used to 
determine K. (ii) Outside a possible small second-order 
specific solvent effect, K  is constant, at constant tempera
ture, for a fixed polymer structure;1 therefore, not only 
must the data be linear for each solvent, they must also 
extrapolate tc a common intercept in order for (3) to be 
valid. An experimental survey of several solvents serves as 
a test for these requirements.

We display, in Figures 1 and 2, the data of Tables I and 
II plotted in the form of relation 3. An independent, pre
liminary treatment of the data for each solvent deter
mined straight lines with no significant difference in in
tercepts, except for decahydronaphthalene at 125°. The 
solid lines in both figures represent final, weighted least- 
squares fits of combined data at each temperature, with 
the constraint that there be a common intercept. Decahy

dronaphthalene data were not used in the final fitting. 
Data for the three lowest molecular weight polymers were 
used in neither fitting, since they are outside the range of 
validity of relations 1 and 2. In Figure 1, the hexadecane 
measurements, although used in the fitting, are not shown 
as they nearly coincide with those for 1-chloronaphtha
lene. Also from Figure 1, which contains measurements 
at 6 conditions, we learn that with the restrictions noted 
above, relation 2 used with good solvents, yields the same 
value of K  as do measurements made under 6 conditions. 
Indeed the solvents, biphenyl, 1-chloronaphthalene, and 
hexadecane give the measured value K  = (2.80 ±  0.09) x 
10' 3 while the 8 solvent, 1-dodecanol yields K = (2.80 ±  
0.03) X 10_3. Table III lists the results of the fitting 
shown in Figures 1 and 2. The last column of the table 
gives the values of so2/M calculated according to relation 
1 using $ = 2.5 x 1021.

We wish to point out another aspect of relation 2.
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Figure 2. In trins ic  v is c o s ity -m o le c u la r w eigh t re la tions in sever
al so lvents a t 140°.

Under the restrictive experimental conditions for validity, 
measurements of [77] made in two solvents may be used to 
give each of the two average molecular weights appearing 
in (2). Since for a given polymer only [?j] and J change as 
the solvent changes, we obtain

Mw = (b?]2 -M i)/(< /2 —Ji) (4)
and

Me = [(«/ahh -  Ji M2)/K(J2 -  J1)}2 (5)
where subscripts identify the quantities for the two sol
vents. Relation 4 should prove quite useful in that it pro
vides a means of obtaining weight-average, rather than 
viscosity-average, molecular weights from intrinsic viscos
ity determinations made in good solvents. Figure 3 dis
plays the data of two pairs of solvents plotted according to 
relation 4. It is noteworthy that data for the low molecular 
weight polymers are points on this line even though they 
are not part of the set described by eq 2.

Any specific solvent effect must be quite small for the 
systems we have explored here; the two quite dissimilar 
solvents, hexadecane and 1-chloronaphthalene, yield al
most identical results.

Finally, we note that the unperturbed dimensions in

Figure 3. In trinsic viscosity d iffe re n c e -m o le c u la r  w eigh t relation  
for solvent pairs.

TABLE III: Constants of Eq 2 for Ethyl-Branched Polymer0 
at Two Temperatures

Temp,
°C

Sol
vent6 K  X 10 3 o k  X 103 J x  1 0 6 t r j  X 1 06

(so 2 / M )  
x 1 0 17

12 5 1 2.796 0.034 0 . 0 0 1.79 6
2 0.95 0 .16
3 4.38 0 .14
4 4.39 0 .14

140 2 2.75 1 0.095 1.98 0.27 1.7 76
4 4.55 0.30
5 6.89 0.32

0 Nineteen ethyl groups per 1000 carbon atoms. 6 Key to solvents given 
In Table II.

Table III are smaller than accepted values for linear poly
ethylene.3’4 This trend has been confirmed with polymers 
of higher ethyl branch content, and will be the subject of 
a later contribution. A preliminary summary has recently 
appeared.17
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An equation of state for medium-density high-temperature conditions has been developed based upon an 
Abel-type covolume model. The formation of discrete clusters was examined using statistical thermody
namics but was found to be unimportant to the equation of state for most conditions considered here. 
Theoretical PV isotherms using this simple model agreed to within several per cent with experimental 
PV isotherms for Ar, N2, and C02 for densities between about 0.001 and 1.5 g/cm3 for temperatures 
about 100°K greater than the critical temperature. For these conditions the ideal gas, van der Waals, and 
Beattie-Bridgman models agreed only to within about 25%. Agreement for H20  was less satisfactory and 
comparable to that obtained with the other models.

Introduction
The conversion of the chemical energy in a condensed 

explosive via a detonation to expansion work (rock shat
tering, plate pushing, etc.) involves expansion of the high- 
pressure, hot, gaseous detonation products to ambient 
pressure, cold, high-velocity gas. With a CHNO con
densed explosive, for example, the gas pressure of the det
onation products (typically CO, C02, H20, and N2) de
creases from 105 to 1 atm, the gas temperature decreases 
from 3000 to ~350°K, and the gas density decreases from 
2 to ~0.001 g/'cm3.

Calculation of the actual degree of this conversion is 
dependent upon the coupling of the equation of state 
(EOS) of the expanding gas with gas.dynamics and espe
cially with reaction kinetics. For example, maintenance of 
shifting equilibrium in the expanding products continual
ly liberates heat and thereby causes the expansion process 
to differ from a frozen-expansion process,1 while slow sec
ondary exothermic reactions in the expanding gas can sig
nificantly affect the gas dynamics and even lead to secon
dary shocks2 which reheat and thus repressurize the ex
panding gas. Therefore, whether cold, low-pressure, high- 
velocity gas or warm, medium-pressure, medium-velocity 
gas is present at a certain time and place in the system 
depends upon the EOS, gas dynamics, and kinetics in the 
expanding products.

Numerous EOS for the high-density detonation re
gion3“6 and the low-density highly expanded gas7 have been 
formulated, but no satisfactory model for medium-density 
conditions appears to be available.8 In the medium-dense 
range, real gas effects such as molecular volume, inter
molecule repulsion, long-range interaction, and perhaps 
cluster formation should occur and contribute to the EOS. 
Furthermore, since clusters seemingly are more reactive 
than the parent monomer molecules,9 cluster formation 
would be especially important to the reactivity of the sys
tem.

In this paper we develop an EOS for a medium-dense 
system assuming (1) the formation of discrete clusters and
(2) that the volume available for translational motion of 
monomer and clusters is the physical volume of the sys
tem minus the volume occupied by monomer and clusters.

Cluster formation in compressed gases was mentioned by 
Boltzmann and has been intensively studied for low-den
sity conditions in view of the importance of clusters in nu
cléation from the vapor phase.10’11 The empirical virial 
coefficients also have been interpreted in terms of clus
ters.7'12’13 Although a cluster model has been used for liq
uid-type conditions,14 i.e., a medium-dense, low-tempera
ture system, such conditions are customarily analyzed in 
terms of a covolume cage model wherein a monomer mol
ecule undergoes translational motion within a well-defined 
cage of lattice-type molecules.6 Thus, previous models of 
a medium-dense system usually follow a liquid approach, 
while our model follows a gas approach using an Abel-type 
model.6

Approach
Background. Cluster formation has been described in 

terms of discrete clusters, long-range interaction,7 molec
ular dynamics,15 and other16 models. The discrete-cluster 
approach has been formulated in terms of using the mac
roscopic surface energy for the cluster10 and, by Reed12 
and others,11-17 in terms of statistical thermodynamics 
based upon the translational, rotational, and vibrational

(1) D. L. Ornellas, J. H. Carpenter, and S. R. Gunn, R e v . S c i .  I n s t r u m . ,  
37, 907 (1966).

(2) W. G. Courtney, “Condensation in a Rarefaction Wave," Thiokol 
Chemical Corp., Reaction Motors Division, Dec 1965.

(3) E. B. Gruneisen, H a n d b .  P h y s ..  10, 22 (1926).
(4) S. J. Jacobs, A m e r .  R o c k e t  S o c . ,  30, 151 (1960).
(5) M. J. Kamlet and S. J. Jacobs, J. C h e m . P h y s .,  48, 23 (1968).
(6 ) J. O. Hirschfelder, C. F. Curtiss, and R. B, Bird, “Molecular Theory 

of Gases and Liquids," Wiley, New York, N. Y., 1954, Chapter 4.
(7) Reference 6 , Chapter 3.
(8 ) J. J. Martin, In d .  E n g . C h e m .,  59, No. 12, 34 (1967).
(9) D. Golomb and R. D. Good, J . C h e m . P h y s .,  49, 4176 (1968).

(10) J. Frenkel, “Kinetic Theory of Liquids," Dover Publications, New 
York, N. Y„ 1955, Chapter 7.

(11) For example, W. G. Courtney, J . P h y s . C h e m .,  72, 421 (1968).
(12) S. G. Reed, Jr., J . C h e m . P h y s .,  20, 208 (1952).
(13) H. W. Woolley, J. C h e m . P h y s .,  21, 236 (1953).
(14) G. Nemethy and H. A. Scheraga, J . C h e m . P h y s .,  36, 3382 (1962); 

W. J. Dunning, Proceedings of the Case Institute of Technology 
Symposium on Nucléation, Cleveland, Ohio, 1965, p 1.

(15) B. F. Alder and T. E. Wainwright, J . C h e m . P h y s .,  33,1439 (1960).
(16) H. Reiss, J. L. Katz, and E. R. Cohen, J . C h e m . P h y s .,  48, 5553 

(1968).
(17) For example, J. Lothe and G. M. Pound, J . C h e m . P h y s .,  36, 2080 

(1962); 45,630 (1966).
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partition functions of the monomer molecule and cluster. 
The surface-energy approach has become highly contro
versial11 and indeed is of limited usefulness for present 
purposes where temperatures usually are well above the 
critical temperature of the gas. We will follow Reed’s dis
crete-cluster statistical thermodynamic approach.

The concentration equilibrium constant Kg for the reac
tion of g molecules of monomer A to form an Ag cluster 
can be represented by

Kg = Cg/fCtjg (1)
where Cg and Ci are the equilibrium concentrations of the 
Ag cluster and the A monomer in the system in molecules 
and clusters/cm3. Assuming that intramolecular vibra
tions are conserved and free rotation of a molecule in the 
cluster occurs, the equilibrium constant is related to the 
cluster and monomer partition functions by

Kg = Qt0QrQvexp(-Eo/kT)/(qt0)g (2)
where Qt°, Qr, and Qv are the translational, rotational, 
and intermolecular vibrational partition functions of the 
cluster, q t° is the translation partition function of the mo
nomer, and Eo is the cluster zero point energy. Partition
functions can be written as

Qt° = (2 -K gm k T / h ^ / V  (3)

Qr = 8ir2(2 irIgkT) 3/2 / <rgh3 (4)

Qv = (l,exp(-fri'i/2feT)/[l _ exp(-h n / k T )] (5)
<7t° = (2irmkT/h2)3,2/V (6)

where the translational standard state is one molecule and 
cluster/cm3, V is the standard-state volume in the system 
available for translation (here, V = 1 cm3), m is the mass 
of the monomer gas molecule, k is Boltzmann’s constant, 
T is absolute temperature, h is Planck’s constant, Ig = 
(2irmg/5)(3mg/4irpg)2/3 and is the moment of inertia of 
the cluster which is assumed to be spherical for Ig calcula
tions,18 pg is the density of the cluster and is assumed 
here to be equal to the bulk density of the solid at its 
freezing point, ag is the rotational symmetry numbers of 
the cluster, and zy is the vibrational frequency of the ith 
intermolecular vibrational mode in the Ag cluster. As for
mulated above, Qv is the product of the vibrational parti
tion functions of all intermolecular vibrational modes in 
the cluster and Eo is the sum of the minimum values of 
the potential energy curves of each intermolecular vibra
tional mode relative to the infinitely separated monomer.

The main problems in predicting Kg then are to evalu
ate the vibrational partition function Qv and the volume 
V available for translation. Reed’s approach to cluster 
thermodynamics was (1) intramolecular vibrations were 
assumed to be conserved curing cluster formation; (2) 
central-force intermolecular forces were assumed and rep
resented by the Lennard-Jones 6-12 potential function;
(3) the monomer-cluster mixture was assumed to behave 
as an ideal gas with no long-range interaction; (4) clusters 
containing two to eight molecules were considered; (5) 
only one configuration of a specific size cluster was calcu
lated (all other configurations having the same number of 
nearest neighbor bonds were assumed to have the same 
Kg)\ (6) only nearest neighbor interactions between the 
molecules in a cluster were considered; (7) small classical 
harmonic vibrations around equilibrium positions by the 
molecules in the cluster were assumed; and (8) the vol-

TA B LE I: C luster G eo m etries

Molecules
in cluster Configuration a s

2 D im e r 2
3 Triang le  6
4 T e tra h e d 'o n  12
5 Trigonal bipyram id 12
6  O ctah ed ro n  24
7 O ctah edron  +  1 on a fa c e  1
8 a O ctah edron  +  2 on a d ja c e n t fac es  2
8 b O ctah edron  +  2 on opposite fac es  jo ined  by 2

an apex
8 c O c ta h e d 'o n  +  2 on sy m m etrica lly  opposite 6

fa c e s  1
9 a  O ctah edron  +  3 on a d ja c e n t fac es
9b O ctah edron  +  2 on a d ja c e n t fa c e s  +  1 on 1

opposite fac e
9 c  O ctah ed ro n  +  3 on sym m etrica lly  opposite 3

fa c e s  4
10a O ctah edron  +  4 on a d ja c e n t faces  
10b O ctah edron  +  3 on a d ja c e n t fa c e s  +  1 on 3

fa c e  joined by an edge
10 c  O ctah ecro n  +  3 on a d ja c e n t fa c e s  +  1 on 1

fa c e  jo ined  by an apex
10d O ctah edron  +  3 on a d ja c e n t fa c e s  +  1 on 1

opposite fa c e  4
10e O ctah edron  +  4 on linearly  opposite faces
10f O ctah edron  +  4 on sym m etrica lly  opposite 12

faces
11 a  O ctah ed ro n  +  5 (s a m e  as 9a  ex ce p t ex tra  9 a  1 

m o lecu les  a re  now  v a ca n c ie s )
11b O ctah edron  +  5 (s a m e  as 9b ex ce p t ex tra  9b  1

m olecu les  a re  now va ca n c ie s )
11 c  O ctah edron  +  5 (s a m e  as 9c  ex ce p t ex tra  9 c  3 

m olecu les  are  now v a ca n c ie s )
12 a  O ctah edron  +  6  (s a m e  as 8 a ex ce p t ex tra  8 a 2 

m olecu les  a re  now v a ca n c ie s )
1 2b O ctah edron  +  6  (s a m e  as 8 b ex ce p t ex tra  8 b 2 

m o lecu les  a re  now va ca n c ie s )
12c  O ctah edron  +  6  (s a m e  as 8 c ex ce p t ex tra  8 c 6  

m o lecu les  a re  now va ca n c ie s )
13 O ctah ed ro n  +  7 1
14 O ctah edron  +  8  (2  co m p le te  shells) 24

ume occupied by monomer and clusters was assumed neg
ligible.

Present Approach. In the present work, the following 
modifications were made to Reed’s approach: (4') clusters 
containing up to .14 molecules were evaluated; (5') for 
clusters containing two to five molecules, all configura
tions that resulted in the minimization of cluster poten
tial energy were examined (for larger clusters, configura
tions having inner-shell octahedral geometry were used. A 
total of 26 cluster geometries were examined (Table I)); 
(6') nonnearest neighbor interactions were examined; (7') 
anharmonicity for the dimer was examined; and (8') a co
volume term was included in the equation of state. Re
cently Burton19 also used the 6-12 harmonic vibration ap
proach to calculate Cg. He considered Ar and used cluster 
geometries based upon a central atom and successive 
shells of face-centered-cubic atoms. Vibration frequencies 
computed here for Ar are similar to those of Burton.

(18) The moment of inertia for the dimer using the exact formula Ig  =  
m / 2 w r 2 differed By less than 5 %  from the value obtained by the 
text equation.

(19) J. J. Burton, J . C h e m . P h y s ..  52, 345 (1970).
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DISPLACEMENT FROM EQUILIBRIUM, A
Figure 1. Potential en ergy curves for d im ers.

TA B LE II: M o n o m er D ata

Monomer p , a g /c m 3 Vo, cm 3 d k .  °K e. à

Argon 1.78 0 .1 8 0 1 1 6 .0 6 3 .4 6 5 6
N itrogen 1 .0 2 6 0 . 1 2 0 9 5 .0 5 c 3 .6 9 8 c
C arbon dioxide 1 .5 6 0 0 .1 4 0 1 8 9 .0 d 4 .4 8 6 d
W ate r 1 . 0 0 0 0 .1 5 0 3 7 3 .0 e 2 .6 8 0 e

a N. A. Lange, Ed., "Handbook of Chemistry," McGraw-Hill, New 
York, N. Y., 1961, p 214. 6 M. Trautz, A. Melster, and R. Zink, A n n .  P h y s ..  
7, 409 (1930). c A. Michels, H. Wouters, and J. deBoer, P h y s ic a .  1, 587 
(1934). a A. Michels and C. Michels, P ro c .  R o y  S o c . .  S e c .  A . 153, 
201 (1936). e F. G. Keyes, L. B. Smith, and H. T. Gerry, P ro c .  A m e r .  A c a d .  
A r t s  S c i . .  70, 32C (1936).

For each cluster configuration, the molecules were ini
tially placed at face-centered solid-lattice positions. The 
total potentia. energy of the cluster, <hg, is the sum of all 
the Lennard-Jones potential energies due to the inter- 
molecular distance ru between the rth andyth molecules

Figure 2. Potentia l en ergy curves tor C 0 2 trim er.

/drtj terms is equal to zero, but the individual terms 
are not zero. The longer range attraction terms with a 
positive value of d$g/drtj cause the cluster to become 
somewhat smaller and hence shorten the nearest neighbor 
intermolecular distance to less than the dimer value. The 
d&g fdrij terms for the shorter ru thus have negative 
values.

The resulting matrix was diagonalized by the Jacobi 
technique21 to obtain eigenvectors associated with the 
motions of the 3g-6 normal vibrational modes (3g-5 for 
dimer) and the eigenvalues associated with the energy 
levels of these normal modes. With the harmonic approxi
mation, the eigenvalues can be used to calculate and 
then Qv in eq 5. To examine the extent of anharmonicity, 
potential energy curves for various normal vibrational mo
tions were calculated for several clusters. Figure 1 shows 
the energy curves for dimers and indicates definite 
anharmonicity. Figure 2 shows that two of the three nor
mal modes of the CO2 trimer also exhibit anharmonicity. 
Potential energy curves for larger clusters were much 
steeper and exhibited much less asymmetry. The vibra
tional partition function for a one-dimensional anharmon- 
ic oscillator22 is

Qv = 2„exp|-[(n+ %)(o>e/feT) -
( n + % ) W e / f e r + . . . ] |  (8 )

= 'kL iM W rtj)12 ~ (O/Tij)«] (7)
where 6 is the value of ru when $g = 0 and e is the maxi
mum attractive energy and occurs at ru = 21/60 (Table
II). The total potential energy <hg then was minimized 
with respect to the positions of all the molecules. For 
clusters containing two to five molecules, displacements of 
all molecules :n all three coordinate directions were per
mitted. For larger clusters, the equilibrium positions were 
taken as those giving the minimum ig  while maintaining 
octahedral geometry.

The conventional 3g X 3g force-constant matrix20 then 
was generated. In calculations assuming only nearest 
neighbor interactions, the equilibrium positions of the 
molecules are such that all nearest neighbor intermolecu
lar distances were equal to the molecular separation for 
the dimer. Since each first derivative of the potential 
function, d$g/dry, is zero, the individual matrix ele
ments are the coefficients of the second derivatives in 
terms of Cartesian coordinate displacements. When non- 
nearest neighbors are included, the summation over all

where n is the vibrational level (n = 0,1,2, . . . )  and o>e and 
wexe are related to the 2nd, 3rd, etc., derivatives of $g.

Covolume Treatment. We assumed that the volume 
available for translational motion of the monomer and 
cluster is

V = V' — XgUgVg (9)
where V' is the physical volume of the system, ng is the 
number of g-size clusters on the systems, and Vg is the 
volume of the Ag cluster. The cluster volume was taken to 
be ttD3/6  where D is the equilibrium distance between the 
centers of the farthest separated molecules in the cluster. 
The monomer volume V° (Table II) was computed using 
the dimer distance for D. This approach approximates a

(20) G. Herzberg, “Infrared and Raman Spectra,” Van Nostrand, New 
York, N. Y„ 1945, Chapter 2.

(21) D. K. Faddeeva and V. N. Faddeeva, "Computational Methods of 
Linear Algebra,” W. H. Freeman, San Francisco, Calif., 1963, p 
480.

(22) G. W. King, "Spectroscopy and Molecular Structure,” Holt, Rein
hart and Winston, New York, N. Y., 1964, p 164.
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Figure 3. C luster co ncen tra tio n  vs. cluster s ize a t 85 0°K  and 
m on om er co n cen tra tio n  of 4 .6 3  X  1 0 21 m o le c u le s /c m 3.

DENSITY, g/cm3
0.2I 1.5 0.2I I.06

Figure 4. C luster co ncentra tion  vs. m o n o m e r co ncentra tions for 
C 0 2.

soft-sphere model that includes compressibility, i.e., for a 
hard-sphere model23

Vg = 4(irD3/6)
Equation of State. Rearrangement of the equilibrium 

constant in eq 1 gives

Cg/(Ci)‘  = Kg/( 1 -  2gCgVg)*-i (10)
where Ci and Cg are the monomer and cluster concentra
tions in number/cm3. Assuming negligible interaction be
tween monomer and clusters, an equation of state which 
incorporates clusters and covolume then can be written as

P = RTLgCg/[l -  ZgCgVg] (11)
and

p = mNXggCg (12)
where P is the pressure in atmospheres, R is the gas con
stant, p is gas density in g/cm3, and N  is Avogadro’s 
number.

In a typical calculation, T and Ci were arbitrarily se
lected. Cg was computed by eq 10 assuming negligible co
volume effect and then recomputed including covolume 
until successive Cg were unchanged. P and p were then 
calculated by eq 11 and 12. A CDC 3200 computer was 
used for all calculations.

Results
Cluster Thermodynamics. Cluster concentrations comput

ed by considering only nearest neighbor interactions are 
within 0.1% of the values calculated by including non- 
nearest neighbor interactions, supporting Reed’s assump
tion no. 6.

The anharmonic correction to the vibration partition 
function of the dimer increased the dimer concentration 
by less than 5% for Ar, N2, and C02 and about 10% for 
H20. However, the influence of the dimer and other clus
ters on the EOS is small. Subsequent calculations used 
the nonnearest neighbor approach with the harmonic ap
proximation.

DENSITY, g/cm3
2.0 1.0 0 5 0.25 0.20

The computed concentrations for different configura
tions of a certain-size cluster were within one order of 
magnitude of each other. For example, the concentrations 
of the three configurations of the nine molecule C02 clus
ter were calculated to be 4.18 x 10~5, 3.44 x 10~5, and
2.83 X  10-5 clusters/cm3 at 350°K and a monomer con
centration of 4.63 x 1021 molecules/cm3. Reed’s assump
tion no. 5 therefore is also supported.

Inclusion of the covolume (eq 10) resulted in a signifi
cant increase in cluster concentration. For example, for 
C02 at 350°K, the increase was a factor of 2-3 for small 
clusters and several orders of magnitude for large clusters. 
The covolume effect was less pronounced at high temper
ature but was still significant to the EOS. This increase 
was largely due to the monomer volume because of the 
small concentrations of clusters, i.e., omission of clusters 
caused a 5% decrease in the predicted pressure for C02 at 
350°K and less than a 1% decrease for other conditions 
calculated at higher temperature.

In all cases considered here, cluster concentration 
monotonically decreased as the cluster size increased. Fig-
(23) W. J. Moore, “Physical Chemistry,’' 2nd ed, Prentice-Hall, Engle

wood Clifts, N. J., 1355, p 170.
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DENSITY, g/cm3

Figure 6 . P V  iso therm s for N 2.

DENSITY, g/cm3

DENSITY, g/cm3

ure 3 shows cluster concentration vs. size for Ar, N2, CO2, 
and H2O at 850°K for a typical assumed monomer con
centration of 4.63 X 1021 molecules/cm3. The differences 
in concentrations for different configurations of a particu-

lar size cluster are insignificant on the graph. Cluster con
centrations increased significantly with increase in mono
mer concentration (Figure 4) but were still negligible 
compared to monomer concentration for conditions con
sidered here.

Equation of State. The usefulness of the present ap
proach to an EOS was tested by comparing theoretical PV 
isotherms of several gases with experimental PV data. Al
though fitting PV data is not a sensitive test of an EOS, 
this approach was used rather than matching theory and 
experiment at the critical point6 since the partly expand
ed detonation products usually are at temperatures higher 
than the critical temperature. The present EOS described 
by eq 11 and 12 included all clusters and cluster configu
rations (to g = 14) and used the nonnearest neighbor ap
proach with the harmonic approximation. However, as 
noted earlier, only the volume decrease due to monomer 
was significant in practice. PV isotherms using the ideal 
gas, van der Waals,24 and Beattie-Bridgman25 equations of 
state were also calculated for comparison purposes. The 
Beattie-Bridgman isotherms were essentially identical 
with the ideal gas isotherms for conditions examined here.

Figure 5 compares experimental PV data26’27 for Ar at 
273°K with the present covolume model and the other 
models. Agreement with the present model was within 1% 
to 1300 atm (the highest value computed here), while the 
other models predict a pressure which is 20% low above 
about 200 atm.

(24) Reference 22, p 14.
(25) Reference 6 , p 254.
(26) A. Michels, R. J. Lunbeck, and G. J. Wolkers, A p p l.  S c i .  R e s . S e c t .

A , 2, 345 (1951).
(27) A. Michels and H. Wijker, P h y s ic a ,  15, 627 (1949).
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Figure 6 presents similar data28-32 for N2. For the 
350°K isotherm, all models deviate about 30% above 
about 200 atm, although the present model gives a slightly 
smaller error. For the 1100°K isotherm, deviation occurs 
with all models above about 700 atm, but the error at 
1000 atm is 5% with the present model and 25% with the 
other models.

Figure 7 presents similar data29-33-35 for C02. At 350°K, 
agreement is very poor for all models, presumably because 
the temperature is near the critical temperature of 304°K. 
At 1100°K, the present model agrees to within 1% to 1300 
atm while the other models predict a pressure 20-30% in 
error as the pressure increases.

For H20  (Figure 8) all models deviate about 30% or 
more from the experimental pressure36'37 above about 300 
atm at 850°K and deviate about 10% at 1100°K. Inclusion 
of covolume does not significantly improve the present 
model.

Discussion

Pressures computed here agree to within several per 
cent with experimental PVT data for Ar, N2, and C02 for 
densities between about 0.001 and 1.5 g/cm3 at tempera
tures about 100°K or more above the critical tempera
tures. At temperatures nearer the critical temperature, 
the present covolume model breaks down. Comparison of 
this model with experimental PVT data indicates that de
viation becomes appreciable when the volume available 
for translational motion is less than about 80% of the 
physical volume. This deviation may be due to the break

down of the classical translational partition function, 
which assumes negligible volume of monomer and clus
ters, for such dense conditions. Also, at high densities, 
long-range interaction and repulsion energies may be im
portant,3-6 requiring an equation of state where (bE/ 
bV)r 7̂  0.

In our computation of cluster concentration, the as
sumption of harmonic vibration is drastic at the elevated 
temperatures considered here. The assumption of conser
vation of intramolecular vibrations and the use of a sim
ple 6-12 potential is similarly drastic for molecules such 
as C02 and H20, where an angle-dependent potential 
function such as the Stockmayer38 potential would be 
much more appropriate.

(28) B. H. Sage and W. N. Lacey, “Thermodynamic Properties of the 
Lighter Paraffin Hydrocarbons and Nitrogen," Lord Baltimore Press, 
Baltimore, Md., 1950.

(29) E. W. Washburn, Ed., “International Critical Tables,” McGraw-Hill, 
New York, N. Y„ 1928, p 11.

(30) R. Wiebe and V. L. Gaddy, J . A m e r .  C h e m . S o c . ,  60, 2300 (1938).
(31) E. P. Bartlett, H. L. Cupples, and T. H. Tremearne, J . A m e r .  C h e m .  

S o c .,  50, 1275 (1928)
(32) A. Michels, R. J. Lunbeck, and G. J. Wolkers, P h y s ic a ,  17, 801 

(1951).
(33) G. C. Kennedy, A m e r .  J . Sc/'., 252, 225 (1954).
(34) K. E. MacCormack and W. G. Schneider. J. C h e m . P h y s ..  18, 1269 

(1950).
(35) R. L. Sweigert, P. Weber, and R. L. Allen, In d .  E n g . C h e m .,  38, 185 

(1946).
(36) J. H. Keenan and F. G. Keyes, “Thermodynamic Properties of 

Steam," Wiley, New York, N. Y., 1953.
(37) C. A. Meyer, R. B. McClintock, G. J. Silvestri, and R. C. Spencer, 

Jr., "Thermodynamic and Transport Properties of Steam,” Ameri
can Society of Mechanical Engineers, New York. N. Y., 1967.

(38) W. H. Stockmayer, J . C h e m . P h y s ..  9, 398 (1941).

S o lu b ility  o f  M e r c u r ic  H a lid e s  in S o m e  O r g a n ic  S o lv e n ts

I. Eliezer* and S. Adida

I n s t i t u t e  o f  C h e m is t r y ,  T e l -A v iv  U n iv e r s it y ,  T e l-A v iv ,  I s r a e l  ( R e c e iv e d  J a n u a r y  13, 1 9 7 2 )  

P u b l ic a t io n  c o s ts  a s s is te d  b y  th e  T e l-A v iv  U n iv e r s i t y

The solubilities of mercuric chloride and mercuric bromide in a series of paraffinic and aromatic sol
vents and in dioxane have been measured at several temperatures. The entropy of solution of these com
pounds has been calculated and compared with the entropy of fusion. The solubility parameters of these 
salts have been computed. In the case of nonaromatic solvents, the behavior of the solutions approaches 
that of regular solutions. In the case of aromatic solvents as well as dioxane, apparent solute-solvent in
teractions increase the solubility so that the values are larger than expected from regular solution theory 
and the entropy of solution is decreased.

Introduction
The degree of molecularity of the halides of zinc, cad

mium, and mercury in nonaqjeous solvents of low dielec
tric constants, such as, benzene, dioxane, etc., has been a 
controversial subject for many years. Much of the work on 
such solutions has been done with the mercuric halides 
but it is still not clear whether in benzene solution of 
mercuric chloride there are chemical effects or whether 
the solubility is due to induced dipoles and dispersion 
forces. Measurements of dipcle moments,1 X-ray diffrac

tion,2 and uv and ir spectra3 have not really solved the 
problem as yet. It should be possible to contribute to its 
solution by adopting a thermodynamic approach and 
examining these solutions from the standpoint of the 
theory of regular solutions. This could be helpful since if

(1) (a) W. J. Curran and H. H. Wenzke, J. A m e r .  C h e m . S o c . ,  57, 
2162 (1935); (b) B. C. Curran, ib id . .  63, 1470 (1941); 64, 830 
(1942); (c) A. R. Tourky, e t  a/., J- P h y s . C h e m .,  64, 565 (1960); 
C a n . J . C h e m .,  35, 630 (1957).

(2) C. L. Van Panthaleon Van Eck, Thesis, Leiden, 1957.
(3) I. Eliezer, J . C h e m . P h y s .,  42, 3625 (1965).
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there are no chemical and orientation effects, then the 
regular solution approximation would apply and therefore 
solubility measurements and calculations of solubility pa
rameters should give results as expected for such solu
tions. If, on the other hand, there are chemical effects, 
these will cause deviations from the solubilities expected 
according to the theory and from the degree of deviation 
one should be able to draw conclusions about the degree 
of complexation.4-7

From another point of view, the theory of regular solu
tions is one of the better hypotheses brought forward to 
explain the behavior of nonelectrolytic solutions. While 
the number of systems to which it has been applied is not 
too large and these are often molecules of high symmetry, 
such as, I2, P4, Snl4, and Sn(C6H5)4, the usefulness of the 
regular solution concept is that it is a good zeroth approx
imation to a wide variety of systems and it is thus of in
terest to extend the studies to less “ ideal” molecules such 
as the mercuric halides. The theory of regular solutions 
requires, of course, that the solute be largely undissociat
ed and this makes the mercuric halides, which exhibit a 
high degree of covalency, particularly suitable.

Experimental Section
The solubility measurements were carried out by exam

ining solutions saturated with the solute by shaking at 
constant temperature. The measurement method consist
ed of tagging the solute with a radioactive isotope, 203Hg, 
and comparing the activity of aliquots of the saturated so
lution with standard solution of known solute content.

The 203Hg isotope was obtained from the Amersham 
Radiochemical Centre as HgCl2 aqueous solution. It has a 
half-life of 47 days with 0.279 MeV 100% 7 activity. This 
was measured with a well-type scintillation counter with a 
Ge-Li crystal manufacturéd.by Elscint.

Mercuric bromide was prepared by adding potassium 
hydroxide to the active chloride solution. The HgO pre
cipitate was separated by centrifugation and washed, and 
concentrated hydrobromic acid was added.

Solutions for the activity measurements were prepared 
by taking aliquots (~100 /id ) of the original solution and 
diluting with alcoholic solution of nonactive salt, then re
peatedly drying in vacuo.

Saturation of the solution necessitated shaking for 48 
hr. The temperature was kept constant within 0.05°. In 
each case several samples were counted and the average 
value was taken. The error was estimated to be less than 
1% for the more concentrated solutions increasing to 3% 
for the more dilute ones. The measurements were carried 
out at temperatures between 10 and 35°. Measurements at 
higher temperature proved to have large errors, possibly 
due to increased evaporation.

The solvents were of puriss grade and were used without 
further purification except for dioxane and chloroform. 
Dioxane was treated for peroxide removal while traces of 
ethanol (stabilizer) were removed from the chloroform by 
passing through an alumina column. However, the puri
fied chloroform keeps for only 6-7 days and was renewed 
periodically. The same instability was found in carbon 
tetrachloride.

Results
The solubility results obtained were processed as fol

lows. Curves were drawn representing the changes in solu
bility with temperature (in g per 100 g solution). Interpo
lation on the graphs permits verification of the points and

more accurate determination of some points.
Using solubilities taken from the graphs, the molar 

fractions, X2, of the solute at various temperatures were 
determined. The solubilities in the various solutions at 
different temperatures are given in Table I. Figures 1 and 
2 show the dependence of the molar fraction of the solute 
on temperature in various solvents.

Solubility Parameters. The solubility parameters of the 
solutes are given by the expression

¿2 = (AE/V2')1/2 = [(AH'' -  R D /V 2>]1/2
AHv is determined from a curve which is assumed lin

ear and gives In p as a function of 1/ Ton solute evapora
tion. The error in AHv is 1- 2%. V2’ is determined by ex
trapolation of the liquid properties to below the melting 
point. As the melting points of the chloride and bromide 
(238 and 277°) are relatively distant from 25°, the extrapo
lation involves an error of 3-4%.

The results of the calculations giving the thermodynam
ic properties of mercuric chloride and mercuric bromide 
are given in Table II.

The solubility parameters of the solutes were calculated 
from the expression correlating the solubility at 25° with 
the solubility parameters of the solvents

In a2s = In X 2 + ($12V2l/RT)(52 -  5i)2 G)
where <f>i is the volume fraction of the solvent, V'21 is the 
molar volume of the liquid solute at 25°, and a2s is the 
activity of the solute at 25°, the standard state of the so
lute being the pure liquid. The second term in this equa
tion is the activity coefficient in the regular solution 
model.

a2s is calculated from the expression
R In a2s = AHf[(Tt -  T)/TtT] +

ACp[(Tf -  T)/T] -  ACpln (Tt/T) (2)
where AH1 and Tr are the heat and temperature of melt
ing of the solute, A Cp = Cp1 -  Cps; and Cpl and Cps are 
the molar heat capacities of the liquid and solid solute, 
which are assumed constant in the range Tf -  T.

The values of 52 as calculated for various solvents from 
eq 1 are given in Table III. The uncertainty in <52, due to 
errors in X2 and V2‘, is within 0.2 units. However, it 
should be pointed out that this is not necessarily the actu
al uncertainty in the “ thermodynamic” solubility parame
ter 62 = (AEv/V)1/2, since it is obtained on the assump
tion that eq 1 is exactly correct.

The various solvents were grouped in a manner allowing 
comparison of the values of 52 in solvents which could in
volve the same kind of interactions with the solute.

Entropy Changes. The partial molar entropy of solution 
at constant pressure is given by

S2 ~ S2s = R (d lnX2/dln T)sat(dln a2/dln X2)t ■ (3)
For an ideal solution the entropy charge equals ( -R  In X 2 
+ ASF) where ASF is the molar entropy of melting at 
temperature T.

As a first approximation the factor (d In a2/d In X2)t 
remains almost unity. Assuming the solutions behave ac-

(4) J. H. Hildebrand and R. L. Scott, “Regular Solutions," Prentice-Hall, 
New York, N. Y., 1962, (a) p 119 ; (b) p 122; (cl p 125; (d) p 37; 
(e) p 171 ; (f) p 8 6 ; (g) p 1 0 2 .

(5) K. Shinoda and J. H. Hildebrand, J . P h y s . C h e m .,  69, 605 (1965).
(6 j S. K. Suri and V. Ramakrlshna, Can. J. C h e m .,  47, 3049 (1969).
(7) E. B. Smith and J. Walkley, T ra n s . F a r a d a y S o c . ,  56, 220 (1960).
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TABLE I: Solubilities of Mercuric Chloride and Bromide, 100X2 (mole%)

Solvent No. 10 °C  14°C  20°C 25°C  30°C 35°C  40°C

H gC l2

H exane 1 0 .3 8  X  1 0 - 3 0.41 X  1 0 - 3 0 .4 6  X  1 0 - 3 0 .5 5  X  I O - 3 0 .7 0  X  I O - 3 0 .9 2  X  I O - 3
H eptane 2 0 .2 2  X  1 0 - 3 0 .2 3  X  1 0 - 3 0 .2 6  X  1 0 - 3 0 .3 2  X  IO - 3 0 .4 2  X  IO - 3 0 .5 9  X  10 " 3
D ec an e 3 0.31 X  1 0 - 3 0 .3 7  X  1 0 - 3 0 .4 5  X  1 0 - 3 0.61 X  1 0 - 3 0 .8 4  X  IO - 3 0 .9 8  X  I O - 3
Isooctane 4 0.21 X  1 0 - 3 0.21 X  1 0 - 3 0 .2 3  X  1 0 - 3 0 .2 7  X  IO - 3 0 .3 4  X  IO - 3 0 .4 4  X  10 " 3
D im ethyl- 5 0 .1 9  X  IO - 3

butane
C yc lopen tane 6 0 .7 2  X  1 0 - 3 0 .8 5  X  1 0 - 3 0.11 X  IO - 2 0 .1 5  X  1 0 -2 0 .2 2  X  IO - 2
C yclohexane 7 0 .3 9  X  1 0 - 3 0 .4 3  X  1 0 - 3 0 .5 7  X  1 0 - 3 0 .7 4  X  IO - 3 0 .98  X  IO - 3 0 .1 2  X  IO - 4
M ethylcyc lo - 8 0.31 X  1 0 - 3 0 .3 6  X  1 0 - 3 0 .4 5  X  1 0 - 3 0.61 X  IO * 3 0 .8 3  X  1 0 " 3 0 .1 2  X  IO - 2

hexane
e c u 9 0 .1 4  X  1 0 - 2 0 .1 5  X  1 0 - 2 0 .1 6  X  1 0 - 2 0 .1 9  X  1 0 - 2 0 .2 7  X  IO - 2 0 .3 7  X  1 0 - 2
C H C I3 1 0 0 . 0 1 2 0 .0 1 5 0 .0 1 8 0 . 0 2 2 0 .0 2 6 0.031
B en zen e 1 1 0 .1 0 4 0 .1 1 8 0 .1 3 4 0 .1 5 6 0 .1 8 8 0 .2 2 4
To lu ene 1 2 0 .1 6 2 0 .1 7 0 0 .1 8 4 0 . 2 1 1 0 .2 4 7 0 .3 0 4
o -X y len e 13 0 .2 5 6 0 .2 7 4 0 .3 0 4 0 .3 4 9 0 .4 0 3 0 .4 6 7
m -X y lene 14 0 .1 8 7 0 .1 9 7 O.2 2 1 ' 0 .2 5 0 0 .288 0 .3 4 5
p -X y lene 15 0 .2 9 0 0 .3 0 4 0 .3 2 5 0 .3 6 3 0.431
M esity lene 16 0 .1 6 9 0 .1 8 0 0 .195 0 . 2 2 2 0 .2 6 0 0 .3 2 2
D loxane 17 0 ,4 0 9 0 .4 7 5 0 .6 0 5 0 .7 7 2 0 .9 8 4 1 .2 3

H gB r2

H exane 1 0.91 X  1 0 - 3 0 .1 0  X  1 0 - 3 0 .1 5  X  1 0 - 3 0 .2 2  X  I O - 2 0 .3 3  X IO - 2 0 .5 3  X  I O " 2
H ep tan e 2 0 .9 2  X  1 0 - 3 0 .1 0  X  10 — 2 0 .1 3  X  IO - 2 0 .2 0  X  1 0 -2 0.31 X IO - 2 0 .5 0  X  I O " 2 0 .6 3  X  I O - 2
D ec an e 3 0 .1 4  X  1 0 - 2 0 .1 6  X  I O - 2 0 .2 2  X  IO - 2 0 .3 2  X  I O - 2 0 .49  X IO - 2 0 .7 3  X  I O - 2 0 . 0 1 1
Iso o ctan e 4 0 .8 2  X  IO - 3 0 .9 2  X  1 0 - 3 0 .1 2  X  IO - 2 0 .1 6  X  I O - 2 0 .2 4  X IO - 2 0 .3 4  X  I O - 2 0 .5 4  X  I O - 2
D im ethyl- 5 0 .4 8  X  1 0 - 3 0 .6 2  X  1 0 - 3 0 .9 8  X  1 0 - 3 0 .1 5  X  I O - 2 0 .2 2  X IO - 2 0 .3 2  X  1 0 -2

butane
C yc lopen tane 6 0 .2 2  X  1 0 - 2 0 .2 7  X  1 0 - 2 0 .3 6  X  1 0 - 2 0 .5 2  X  I O - 2 0 .7 7  X  IO - 2 0 .1 2  X  1 0 - 2
C yclohexane 7 0 .1 6  X  1 0 - 2 0 .2 0  X  1 0 - 2 0 .2 8  X  IO - 2 0 .3 8  X  IO - 2 0 .5 3  X  IO " 2 0 .7 4  X  I O - 2 0 . 0 1 0
M ethy lcyc lo - 8 0 .1 8  X  1 0  —2 0 .2 4  X  1 0 - 2 0 .3 2  X  IO - 2 0 .4 4  X  I O - 2 0 .5 8  X  I O - 2 0 .9 8  X  I O - 2

hexane
e c u 9 0 .3 2  X  1 0 - 2 0 .3 9  X  I O - 2 0 .5 3  X  10 — 2 0 .7 5  X  I O - 2 0 . 0 1 0 0 .0 1 4
C H C I3 1 0 0 .0 2 3 0 .0 2 4 0 .0 2 7 0.031 0 .0 3 7 0 .0 4 9
B en zen e 1 1 0 . 1 0 1 0 . 1 2 1 0 .1 4 0 0 .1 6 6 0 .1 9 6 0 .2 3 4 0 .2 7 4
To lu ene 1 2 0 .1 5 7 0 .1 7 2 0 .1 9 5 0 .2 2 7 0 .2 3 7 0 .3 1 2 0 .3 6 3
o -X y len e 13 0 .3 0 4 0 .3 2 2 0 .3 4 6 0 .3 8 2 0 .4 2 7 0 .4 8 8 0 .5 6 0
m -X y len e 14 0.181 0 . 2 0 1 0 .2 3 0 0 .2 6 5 0 .3 0 2 0 .3 4 9 0 .4 0 3
p -X y len e 15 0 .2 7 2 0 .299 0 .3 3 2 0.371 0 .4 2 0 0 .4 8 2
M esity len e 16 0 .1 6 2 0 .1 8 2 0 .2 0 8 0 .2 3 8 0 .2 7 7 0 .3 2 5 0 .3 9 0
D ioxane 17 0 .6 2 3 0 .7 9 4 1 . 1 2 1 .42 1.50. 1 .63 1 .83

TABLE II: Thermochemical Properties of Mercuric Chloride and Bromide

A C p A H ASf AHV
Tr, (Cp1 -  Cps), at T f, In a2s at 25°, V 2 1 at Tf,
°K cal/deg/mol keal/mol at 25° cal/mol/deg at 25° keal/mol Ò2

H g C I2 550 8 “ 4.640 — 2 .6 5 e 3 .4 e 53.4  e - f 1 5 .5 0 d 1 6 . 7 d

H g B r2 5 1 1 56,c 4 . 2 8 b — 2.5 4 e 5 .5 e 62.0 e ’ f 14 .6 7 d 1 5 .5 d

a L. E. Topol and L. D. Ransom, J .  P h y s . C h e m .,  64, 1339 (1960). 6 G. J. Janz, “Molten Salts Handbook,” Academic Press, New York, N. Y., 1967. 
c International Critical Tables, McGraw-Hill, New York, N. Y. d Calculated from vapor pressure data from F. M. G. Johnson, J. A m e r .  C h e m . S o c . .  24, 
777 (19 11). e See text for the method of estimation. 1 The data for the liquid salts are taken from Janz (footnote b. above).

cording to eq 1, this factor can be calculated5
(d In a2/d In X2) = 1 -  2(<F2/X 1) In (a2/X2) (4)

The correction introduced by this factor is of the order of
1-2%. This is small compared with the uncertainty of
5-6% in the factor (d In X2/d In T)sat because of experi
mental error. The experimental results for entropy 
changes at 25° and the molar fractions of the solute in 
various solvents at this temperature are shown in Table
IV. The entropy of solution as a function of ( -R  In X 2) is 
given in Figures 3 and 4, which also show the linear rela

tionship expected for ideal solutions so as to give an indi
cation of the necessary corrections. The straight line for 
ideal solutions is of unit slope.

The entropy of melting at 25° (Table II) was calculated 
from the entropy of melting at TV and the molar heat con
stants Cp1 and Cps which are assumed constant. For the 
liquid, an extrapolation was made below the melting point 
to 298°K. As the values of the thermodynamic parameters 
used in these calculations are not known with high preci
sion, it is not possible to evaluate the entropy of fusion to 
within better than about 2 cal deg 1 mol-1, which fact
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Figure 1. Solubility of H g C b . N u m b ers  refe r to so lvents as given  
In T a b le  1.

introduces an approximation in the location of the ideal 
solution straight line in Figures 3 and 4.

Discussion
We shall discuss first the results for mercuric bromide 

as they were found to be the most accurate.
The solubility curves (Figure 2) fall in principle into 

two groups. The first includes nonaromatic solvents and 
in it the curves are arranged in the order of increasing sol-

Figure 3. Entropy of solution of m e rcu ric  ch lo -ld e  at constan t 
pressure vs. -  R  In X 2 at 25°.

TABLE III: Solubility Parameters of Mercuric 
Chloride and Bromide in Various Solvents

Solvent No. 5,
¿>2

<HgCl2)
02

(HgBr2)

H ex an e 1 7.3 17 .5 16.1
H eptane 2 7.4 17 .9 16 .3
D e c a n e 3 7 .7 17.9 16 .3
Isooctane 4 6 .9 17 .5 15 .9
D lm eth y lb u tan e 5 7 .2 18 .0 16 .3
C yc lopen tane 6 8 . 1 17 .7 16 .4
C yc lohexane 7 8 . 2 18 .2 16 .4
M e th ycyc lo h exan e 8 7 .8 17 .9 16 .3
C C I4 9 8 . 6 18.1 16 .7
C H C I3 1 0 9 .2 17 .2 16 .4
B enzene 1 1 9 .2 15 .6 15 .3
To luene 1 2 8.9 15.1 14 .7
o -X y len e 13 9 .0 14.6 14 .4
m -X y len e 14 8 . 8 1 4 .S 14 .5
p -X y len e 15 8 . 8 14 .6 14 .3
M esity len e 15 8 . 8 14.£ 14 .6
D ioxane 17 1 0 . 0 1 5 .C 14 .0

ubility which corresponds to the order of the solubility pa
rameters of the solvents. In the temperature range 20-35°, 
the curves approaching linearity are almost parallel and of 
large slope.

The second group includes the curves corresponding to 
aromatic solvents. The order of solubility parameters of 
the solvents is less well observed. The slopes are less steep 
and therefore the entropy of solution is smaller. This gives 
grounds to expect solute-solvent association which, on one 
hand, will increase the solubility beyond what is expected 
on the basis of the solubility parameter of the solvent and, 
on the other hand, will decrease the entropy of solution. 
Confirmation of this assumption comes from a comparison 
of the solubilities in benzene and chloroform. Although 
these solvents have the same solubility parameter, the 
solubility of mercuric bromide in benzene is much larger 
than in chloroform. Donor-acceptor interactions between 
the benzene and mercuric bromide8 would explain this in
crease in solubility.

A comparison of the results of calculations of &2 in the 
various solvents also leads to a distinction between two 
types of solvents. The values of (¡2 remain clustered 
around 16.1-16.4 for saturated solvents while for aromatic 
solvents values smaller than 15.0 are obtained. This

(8 ) I. Eliezer and P. Avinur, J . C h e m . P h y s ..  55, 2300 (1971).
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TABLE IV: Entropy of Solution of Mercuric Chloride and Bromide and Solubility in Various Solvents at 25°

HgCI2 HgBr2

Solvent No.
{R8 \ n X 2) / d  In T, 

cal/mol/°K
~ R  In X 2 , 

cal/mol/°K
(fie) In X2/<3 In T. 

cal/mol/°K
- R  lnX2, 

cal/mol/°K

H exane 1 27 24.2 45 2 1 .4
H ep ta n e 2 27 25.3 45 2 1 .6
D e c a n e 3 35 24.0 47 20.7
Isooctane 4 31 25.7 40 22.0
D im eth y lb u tan e 5 48 22.2
C yc lopen tane 6 39 22.1 45 19.8
C yc lohexane 7 32 23.6 41 20.4
M e th y lcyc lo h exan e 8 36 24.0 41 20.1
C C I4 9 30 2 1 .7 40 19.0
CHCI3 10 22 16.8 20 16.2
B enzene 11 20 12.9 20 12 .8
Toluene 12 18 12.3 19 12 .2
o-Xy lene 1 3 15 1 1 . 3 12 1 1 . 1
m -X y len e - 14 15 12.0 15 1 1 . 9
p-X y lene 15 12 1 1 .4 12 1 1 . 4
M esity lene 16 18 12.1 18 1 2 . 1
D ioxane 17 27 9.8 8.5

Figure 4. Entropy of solution of m e rc u ric  b rom ide at constan t 
pressure v s .. -  R  In X 2 at 25°.

agrees with the assumption of increase in solubility due to 
solvation in donor solvents such as benzene and dioxane.

It should be noted that the small variations in 82 which 
can be seen in Table III correspond to the variations found 
in systems such as Snl47 and I2.4b'c Aliphatic hydrocar
bons and cyclic branched hydrocarbons give values some
what smaller than the values for nonbranched cyclic hy
drocarbons. This effect could be explained by assuming 
donor-acceptor interaction between the solvate and the 
lone pair electrons of the methyl groups of the solvent.5 
The somewhat high 82 value for carbon tetrachloride re
mains unexplained.

We shall take as a reasonable value for 82 the value ob
tained for cyclopentane, cyclohexane, and chloroform
(16.4). In Figure 4 we again find two groups of points, 
those corresponding to inert solvents and those of the 
donor solvents. The following remarks are pertinent to 
this figure.

(a) The experimental points describe the entropy of so
lution at constant pressure. The straight line drawn gives 
the ideal entropy change at constant volume. A correction

term
(AS2)v = (AS2) p ~ ( V 2 -  V2 °)(dp/dT)v (5)

makes it possible to pass from one to the other. In order to 
calculate this term the excess volume of the solute in the 
solution must be known. Following the experiments car
ried out with Sn(C6H5)4, Snl4, Br2, and I2,4d’9 it is known 
that the excess volume of the solute increase's quickly 
when the solubility parameter of the solvent falls below
8-9. This explains the deviation of the experimental 
points for solvents such as the saturated hydrocarbons 
from the straight line.

In order to evaluate the correction term, the excess vol
ume was calculated from 10

V2 — V2° — V2°(8i — 82)2/(dE/dV)T (6)
where (dE/d V ) t  is the internal pressure of the solvent. 
This was done for the system CCl4-HgBr2 and the values 
taken for the isochcre and the internal pressure were10
11.22 atm/°K and 81.0 cal/mol, respectively, at 25°. 82 was 
taken from the solubility data as 16.7. From this, 50 ml 
was obtained for the excess volume and 15 cal/mol/°K as 
the entropy correction term. According to the graph, the 
correction needed to place the point for this system on the 
straight line is 16 cal/mol/°K.

(b) Chloroform, usually considered a good solvent (¿1 = 
9.2) for which the entropy correction at constant volume 
should be negligible, is found on the “ideal” straight line 
in the entropy graph. It has already been noted that chlo
roform behaves like an inert solvent with respect to the 
theory of solubility parameters (52 = 16.4).

(c) An interesting fact which is noteworthy concerning 
the solubility curves of mesitylene, m-xylene, and p-xy- 
lene is that all three solvents have the same solubility pa
rameter. The solubility curves of m-xylene and mesitylene 
are very close. The p-xylene curve is much higher and the 
entropy of solution is considerably smaller than the other. 
This would indicate that the interactions in p-xylene are

(9) M. Vitoria and J. Walkley, T ra n s . F a r a d a y  S o c ..  65. 62 (1969).
(10) J. H. Hildebrand, J. H. Prausnitz, and R. L. Scott, “Regular and Re

lated Solutions,’’ Van Nostrand-Reinhold, 1970, p 185.
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TABLE V: Ionization Potentials of Some Aromatic Solvents

So vent Iv, eV Ref

B enzene 9 .2 2 a
Toluene 8 .7 7 a
o-X y lene 8 .5 8 a
/77-X y lene 8 .5 8 a
p -X y len e 8 .4 8 a
M es ty lene 8 .3 9 4f

a V. J. Hammond, W. C. Price, J. P. Teegan, and A. D. Walsh, D is c u s s .  
F a r a d a y  S o c . . 53, 9 (1950).

stronger than in m-xylene and mesitylene.
If the ionization potentials of these solvents are com

pared (Table V), it is seen that Jv of mesitylene is lower 
(8.39) than those of p- and m-xylene (8.58 and 8.48). Sol
vation should have been stronger in mesitylene. It seems 
then that factors of molecular symmetry and stereometry

determine the degree of solvation by the solvent.
The solubility of the chloride is much lower than that of 

the bromide, and the results for the chloride are thus less 
accurate. However, it appears that the conclusions drawn 
for the bromide hold also for the chloride.

(1) Figure 1 shows two groups of solubility curves, cor
responding to inert saturated solvents and donor solvents 
such as benzene or dioxane. (2) According to the values of 
the solubility parameter ¿2 obtained for the various sol
vents the same difference is found in the behavior of 62 in 
the two groups of solvents. Its value is abcut 17-18 in the 
inert solvents and smaller than 15.6 in donor solvents. In 
this case, however, the values of 62 remain more scattered 
even in inert solvents and it is difficult to pinpoint the 
most probable value. (3) The chloroform solution appar
ently behaves like a regular solution. (4) The entropy 
graph also exhibits two groups of solvents. (5) The same 
remarks as above for mercuric bromide apply to the solva
tion in p- xylene.

E ffe c t iv e  F ix ed  C h a r g e  D en s ity  G o v e r n in g  M e m b r a n e  P h e n o m e n a . 

V . A  R e d u c e d  E x p r e s s io n  o f  P e r m s e le c t iv ity

Naoki Kamo,* Masako Oikawa, and Yonosuke Kobatake

F a c u lt y  o f  P h a r m a c e u t ic a l  S c ie n c e s ,  H o k k a id o  U n iv e r s it y ,  S a p p o ro ,  0 6 0 , J a p a n  ( R e c e iv e d  J u n e  2 3 . 7972)

An equation representing the degree of permselectivity of membrane-electrolyte systems was derived by 
use of the empirical expressions of the activity coefficients and mobilities of small ions in charged mem
branes reported in previous parts of this series. The expression obtained for the permselectivity was 
shown to be applicable for various combinations of membranes and 1:1 type electrolytes. The systems 
examined here were collodion-based polystyrenesulfonic acid membranes, oxidized collodion membranes, 
and dextran sulfate and protamine-incorporated collodion membranes with LiCl, KC1, NaCl, KF, and 
KIO3. Based on the permselectivity defined here a simple method for the determination of the effective 
fixed charge density which governs various transport processes in a charged membrane was proposed, 
and the implication of the permselectivity of a membrane-electrolyte system was discussed.

This series of papers is concerned with experimental 
study of the effective fixed charge density governing 
transport processes in charged membranes. In parts I1 and 
IV, 2 the mobilities and activity coefficients of small ions 
in polystyrenesulfonic acid incorporated collodion mem
branes with various 1 : 1  type electrolytes were determined 
experimentally. It was shown that both activity coeffi
cients and mobilities of small ions in charged membranes 
were represented by the same functional form with the 
“additivity rule,” found empirically in the field of poly
electrolyte solutions study, 3 and they were expressed by 
the following equations.

7+ = 7+°(C_ + tj>X)/(C- + X ), y -  = 7_° (1)
u+ = u + °(C - + 0X)/(C_ + X), u -  = u .°  (2)

Here yu 7 1°, and u\° (i = + ,—) stand for the activity 
coefficient and mobility of ion species i in the membrane 
and in the bulk solution, respectively, C_ and X  are the 
concentration of anion adsorbed in the membrane (in 
moles per liter of the water in the membrane), and the 
stoichiometric concentration of charges fixed in the mem
brane. According to the convention suggested by Guggen
heim, 4 7 +° can be equated with 7 _° for a 1 : 1  type elec
trolyte, and they are replaced by the mean activity coeffi-

(1) N. Kamo, Y. Toyoshima, H. Nozaki, and Y. Koba:ake, K o l lo id - Z .  Z.  
P o ty m .,  248, 914 (1971).

(2) T. Ueda, N. Kamo, N. Ishida, and Y. Kobatake, J . P h y s .  C h e m . .  76, 
2447 (1972).

(3) A. Katchalsky, Z. Alexadrowicz, and O. Kedem, ' Chem cal Physics 
of Ionic Solution," Wily, New York, N. Y., 1966, p 296.

(4) E. A. Guggenheim, P h il.  M a g . ,  19, 588 (1935).
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cient 7 ±° of the electrolyte component. In eq 1 and 2, $ 
represents the fraction of counterions in the unbounded 
form, i.e., excluding those tightly bound to the polymer 
skeletons constituting the membrane. <f>X may be referred 
to as the thermodynamically effective fixed charge density 
of the membrane. It must be noted that the concentration 
dependences of 7 + and of u+ have the same functional 
form with <f>X as a sole parameter, and that 7 - and u_ in 
the membrane are not affected appreciably by the pres
ence of negative charges fixed in "he membrane.

As was shown in a different series of papers, 5 various 
membrane phenomena are represented quantitatively in 
terms of the effective charge density 4>X of the membrane 
as a characteristic parameter for a given combination of 
membrane and electrolyte in question. However, each ion 
species has its own mobility in the bulk solution, and this 
leads to different values of observed membrane potential 
and of the other transport processes across the membrane 
depending on the species of electrolyte component used. 
Therefore, it may be worthy of developing a general meth
od of characterization of membrane-electrolyte systems, 
which is applicable to any system irrespective of the ion 
species involved. This will be done by introducing a pa
rameter representing the permselectivity ot the membrane 
as will be discussed in this article.

Consider a system in which a negatively charged mem
brane is immersed in an electrolyte solution of concentra
tion C. Under this condition the Donnan equilibrium for 
small ions holds between the membrane phase and the so
lution. Then we have

( 7 ± ° ) 2C2 ~  7 + C + 7 - C -  (3 )

The mass fixed transference number of anion in the mem
brane, t _, is defined by

r_ = u -C -/ (u + C +  + u -C - )  (4)
Introducing eq 1 , 2, and 3 into eq 4 together with the elec
trical neutrality condition, i.e., C+ = C - + X, we obtain

1/

(4£2 +  1) " +  1
r_ = 1 — a ---------------p---------------------

(4£2 + l)/2 +  (2a ‘ -  1)
(5 )

where £ and a stand for the relative concentration defined 
by C/<j>X, and u+°/(u+° + u.-0), respectively. On the 
other hand, the apparent transference number of anion in 
the membrane, T a p p _ , is defined from the observed mem
brane potential A<p by the following Nernst equation.

Aifi = ~(RT/F)(1 -  2 rapp-) In (C2/C1 ) (6 )
Here Ci and C2 are the concentrations of the external so
lutions on the two sides of the membrane, and R, T, and 
F  have their usual thermodynamic meanings. In part II of 
this series, 6 the difference between r_ and Tapp~ was 
shown to be less than 2% in wide range of salt concentra
tion when the averaged concentration (Ci + C2 ) / 2  was re
placed by C. Therefore, if we replace r_ by rapp~, and C 
by (Ci + C2)/2 , eq 5 is applicable even when the concen
trations on the two sides of the membrane are different. 
Rearrangement of eq 5 leads to

(4£2 + 1//2 a  -  (2a  -  1)(1 -  rapp )
Here Ps is a measure of permselectivity of the membrane-
electrolyte system as will be discussed in the subsequent 
paragraph.

When the external salt concentration C is high enough 
in comparison with 4>X, i.e., £ = C/4>X »  1, the equation 
of membrane potential :s reduced to

Atp = -(R T /F)(2a  -  1 ) In (C2/C1 ) (8 )
This equation is nothing but a diffusion potential of an 
electrolyte in the bulk solution, and/or equal to the mem
brane potential for a system with a membrane having no 
fixed charges. In this case, rapp_ becomes (1 -  a), which 
in turn, Ps defined by eq 7 reduces to zero. On the other 
hand, when C <SC 4>X, the equation for the membrane po
tential is simplified to give

A(p = -(R T /F) In (C2 /Ci) (9)
which is the largest potential difference across a charged 
membrane with a given ratio of concentrations 0 = C2/C1 . 
When the membrane potential is in line with eq 9, the 
membrane may be referred to as a perfectly permselective 
membrane, where Tapp~ becomes zero and hence Ps 
tends to unity. Therefore, one may consider that Ps de
fined by eq 7 takes a value between zero and unity de
pending on the external salt condition for a given system 
of a membrane and an electrolyte pair. Ps can be calcula
ted only from the data of the membrane potential, while 
the left-hand side of eq 7 is a function of the relative con
centration £(= C/4>X) or (Ci + C2)/2<fiX. Thus the value 
of the right-hand side of eq 7 must be independent of the 
mobilities of ion species involved. Equation 7 implies that 
Ps should give a straight line of slope unity when Ps is 
plotted against (1 + 4£2)"1/2.
Experimental Section

The procedures and apparatus for the measurements of 
the membrane potential were the same as those employed 
in previous studies.1 -5 The membrane used here were four 
different kinds of charged membranes. They were (1) 
three oxidized collodion membranes having different fixed 
charged densities (designated as M-l, M-2, and M-3); (2) 
two polystrenesulfonic acid collodion membranes used 
throughout in this series of papers (PS-1 and PS-3);
(3) protamine collodion membrane which was prepared 
according to the method reported by Sollner7 (PR mem
brane), and (4) dextran sulfate incorporated collodion 
membrane which was prepared by the method analogous to 
that of protamine collodion membranes (DS membrane). 
The salts used as electrolyte component were LiCl, KC1, 
NaCl, KF, and KIO3. Each analytical grade reagent was 
used as received. The water used was prepared by passing 
distilled water through both cation and anion exchange 
resin column. The carbon dioxide desolved in water was 
not degassed and the pH of the water was 5.5. All mea
surements were carried out in an air oven whose tempera
ture was regulated at 25°.
Results and Discussions

As an example, in Figure 1 the membrane potential 
data obtained with two PS membranes in various 1 : 1  

electrolytes are plotted as functions of log (Ci + C2) / 2 

with the ratio of concentrations 0 (= C2/C1 ) fixed at 2. 
The results at other values of 0 were essentially similar to
(5) Y. Toyoshima, M. Yuasa, Y. Kobatake, and H. Fujita, T ra n s . F a r a 

d a y  S o c . .  63, 2803 (1937); Y. Toyoshima, Y. Kobatake, and H. Fuji
ta, ib id . .  63, 2814 (1967).

(6) N. Kamo, Y. Toyoshima. and Y. Kobatake, K o llo id - Z .  Z . P o ly m ..  249, 
1061 (1971).

(7) M. Lewis and K. Sollner, J. E le c t r o c h e m .  S o c . .  106. 347 (1959).

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 , Vo/. 77, N o . 1. 7973



94 N. Kamo, M. Oikawa, and Y. Kobatake

i o g ( C| + C2 ^ 2
Figure 1. Plots of observed m e m b ran e  potentia l, A ip, against log 
(C , +  C 2) / 2  for com binations of SP-1 and S P -3  m e m b ran e  and 
LiCI, N aC I, and KCI. Th e  co ncentra tion  ratio  of tw o ex terna l so
lutions is keot at 2: O , LiCI for S P -1; © ,  N aC I for S P -1 ; © ,  KCI 
for SP-1 ; ® , LiCI for S P -3 ; © ,  N aC I for S P -3; O , KCI for S P -1 .

log  (C , + C2) / 2

Figure 3. Plots of Ps against 1 / (1  +  4 £ 2) 1/2 for various c o m b i
nations of m e m b ran e  and electro lyte: oxid ized collodion: © , KCI 
for M -1 ; O , LICI for M -1 ; 0 ,  N aC I for M -1 ; © ,  K I0 3 for M -1 ; d>, 
KCI for M -2 ; 6 ,  LiCI for M .2 ; ¿1, N aC I for M -2 ; 0 ,  K I0 3 for M -2 ; 
© - ,  KCI for M -3 ; © - ,  LiCI for M -3 ; © - ,  N aC I fo r M -3 ; © - ,  K I 0 3 
for M -3 : PSSA collodion: ® , KCI for PS-1; • ,  LiCI for P S -1; © , 
N aC I for PS-1; 3 ,  KCI for PS-3; f ,  LiCI for PS-3; ?  N aC I for 
PS-3: dextran  su lfate  c o l lo d io n : - ^ - ,  KCI for DS; , N aC I 
for DS: p ro tam in e  collodion: 0, KCI for PR; © - ,  LiCI for PR; (°>, 
N aC I for PR; - © ,  KF for PR.

value of the effective fixed charge density of a given pair 
of membrane and electrolyte (see dotted lines in Figure
2).

In a previous paper,5 we suggested that the effective 
fixed charge density </>X of a membrane-electrolyte system 
can be evaluated from the analysis of the membrane po
tential data in the concentrated region of the external salt 
solution. Thus the expansion of the apparent transference 
number rapp in powers of 1/Ci with fixed ratio of con
centrations /3 = C2/C1, and rearrangement lead to the fol
lowing equation

1 =  _ J .___  , a  r/g -  jJ | /0X \
TaPP~ 1 -  a 1 -  a J3 In 0}\C 1 )

Figure 2. Plots of Ps defined  by eq 7 against l o g ^  +  C 2) / 2  for 
the  sam e system  as in F igure 1. D otted  horizontal line shows Ps 
=  1 / v '5 ,  and the vertica l line g ives the va lue of 0 X  for the  co r
responding m em b ran e . N otations a re  the sam e as in F igure 1.

this graph. This figure illustrates that the membrane po
tential, A<f, depends on the electrolyte species or on the 
mobilities of ions involved. As shown in Figure 2, this dif
ference due to the mobilities of ions is eliminated when Ps 
defined by eq 7 is plotted against log (Ci + C2)/2, where 
the data points for various ion species are reduced in a 
single curve for the respective membrane unless the effec
tive fixed charge density of the system depends strongly 
on the species of electrolyte component. When the average 
concentration C = (Ci + C2) /2 is equal to the effective 
fixed charge density 4>X, i.e., C/4>X = | = i, the value of 
Ps must give 1 /  v'iT = 0.448. In other words, from the data 
of Ps plotted as a function of C, we can determine the

0 ( C f 2) (10)
Equation 10 illustrates that the plots of 1/ app~ against 
1/Ci with fixed 18 gives a straight line, and the values of a 
and 4>X of the system can be evaluated from the ordinate 
intercept and the slope of the straight line. The values 
thus determined for various combinations of membranes 
and electrolytes were compared with those obtained from 
Ps vs. log C plots in Table I. The agreement between 
values of <pX obtained by two different methods is satis
factory, although we have not evaluated the small varia
tion of <pX due to ion species in the present study.

Using values of 4>X predetermined by the method pro
posed above, the permselectivity Ps of all systems is re
plotted as a function of (1 + 4£2) _1/2 in Figure 3. Here 
the straight line of slope unity is the theoretical line with 
the assumption that the value of <t>X of each respective 
system is independent of the salt concentration. In the
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TABLE I: Comparison of <f>X Determined from Ps and from Eq 10

Membrane
4>X determined 

from P s , M
</>X determined“ 
from eq 10, A4

PSSA PS-1 0.091 0 . 0 8 2 - '0 .0 9 2
collodion PS -3 0 .0 1 4 0 . 0 1 5 - '0 .0 0 9

O xidized M -1 0 .005 0 .0 0 4 4 '- 0 . 0 0 5 8
collodion M -2 o . o u 0 .0 1 5 8 '- 0 . 0 1 6 8

M -3 0.021 0 . 0 2 3 - 0 .0 2 7
D extran

sulfate
collodion

DS 0 .0 0 2 9 0 .0 0 2 5 '- 0 .0 0 2 7

P rotam ine
collodion

PR 0 .038 0 .0 1 8  for LiCl 
0 .0 2 4  for KF  
0 .0 3 4  for N aC l, KCI

“ Deviation of 4>X values in this column depends on the electrolyte 
species used.1 '2'5

case where a positively charged membrane is concerned, 
as in the protamine collodion membranes, Ps must be de
fined as [Tapp~ -  (1 -  a )]/[l -  a -  (1 -  2a)Tapp~] in

stead of eq 7. All the data studied here fall approximately 
on a curve which deviates systematically from the straight 
line of slope unity in a dilute salt solution. As discussed in 
previous papers,1’2 8 the degree of unbounded counterions 
is slightly dependent upon the external salt concentration 
when the concentration decreases in comparison with <t>X. 
Thus the deviation of the data points from the straight 
line stems from the concentration dependence of 4>X. Fig
ure 3 shows the dependence of <t>X on the external salt 
concentration is approximately equal for all combinations 
of membranes and electrolytes studied here. It is noted 
that for the system with protamine collodion membrane 
in LiCl the data deviate appreciably from the straight line 
in the concentrated region. This is also seen in Table I 
where the value of <f>X determined from Ps, vs. log C plots 
is much smaller thar. that obtained from the other meth
od in a concentrated region of LiCl, and that the value of 
4>X for LiCl is much larger than those for KC1 or NaCl. 
Further study is necessary.

(8) M. Yuasa, Y. Kobatake, and H. Fujita, J. P h y s . C h e m .,  72, 2871 
(1968).

H y d r o p h o b ic  In te ra c t io n  in Light a n d  H e a v y  W a te r

A. Ben-Naim,* J. Wilf, and M. Yaacobi

D e p a r tm e n t  o f  I n o r g a n ic  a n d  A n a ly t ic a l  C h e m is t r y ,  T h e  H e b r e w  U n iv e r s i t y  o f  J e r u s a le m ,  J e r u s a le m ,  I s r a e l  

( R e c e iv e d  M a y  3, 1 9 7 2 )

The solubility, free energy, entropy, and enthalpy of solution of methane, ethane, n-butane, benzene, 
and biphenyl were determined in light and heavy water. The hydrophobic interaction between the pairs 
methane-methane, ethane-ethane, and benzene-benzene were computed in these two liquids. It was 
found that the strength of the hydrophobic interaction for the first two pairs is larger in H20 than in 
D20. The order seems to be reversed for the pair benzene-benzene.

I. Introduction
Heavy water is known to have similar properties to light 

water. Yet there are some, usually small, differences be
tween the two liquids. This makes them an ideal pair of 
liquids for testing various theories and conjectures made 
on the molecular origin of the outstanding properties of 
water. This paper is concerned with one aspect of these 
properties, namely, the strength of the solute-solute inter
action between two simple solutes, which is referred to as 
hydrophobic interaction (HI) 1-5 A more detailed compar
ison of the properties of light and heavy water has been 
presented by Nemethy and Scheraga.6 In this paper we 
shall refer to HI as the indirect part of the work required 
to bring two solute particles from fixed positions at infi
nite separation to a small distance from each other. More 
Specifically we define the HI between two simple solutes a 
and b at distance R by either cf the following relations

5AabH1(R) = AAab(R) -  Uab(R) (1.1)

5GebHl(R) = AGab(R) ~ Uab(R) (1.2)
where Uab(R) is the “ direct” work required to bring the 
two solute particles, a and b, from infinity to a distance R 
in vacuum. AAab(R) is the Helmholtz free energy change 
for the same process, but carried out within the liquid at 
constant temperature and volume. AGab{R) is similarly 
the change in the Gibbs free energy for the same process 
carried out within the liquid but at constant temperature 
and pressure. The advantage of subtracting Uab{R) in 
(1.1) and (1.2) has been discussed in detail in previous ar
ticles.4-5

(1) W. Kauzmann, A d v a n .  P r o te in  C h e m .,  14, 1 (1959).
(2) G. Némethy and H. A. Scheraga, J . C h e m . P h y s ..  36, 3382, 3401 

(1962); J. P h y s . C h e m ..  66, 1773 (1962).
(3) K. J. Kozak, W. S. Knight, and W. Kauzmann, J. C h e m . P h y s .,  46, 

675 (1968).
(4) A. Ben-Naim, J . C h e m . P h y s .,  54, 1387, 3696 (1971).
(5) A. Ben-Naim, J . C h e m . P h y s .,  in press.
(6) G. Némethy and H. A. Scheraga, J. C h e m . P h y s .,  41,680 (1964).
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The process carried out at constant volume is usually 
slightly simpler for a statistical mechanical treatment 
than the one at constant pressure. The latter is, however, 
more directly related to the experimental quantities which 
are measured at constant pressure. Using the approximate 
relation, derived previously,4’5 between HI and measur
able quantities we write

MabHI(ffi) = AMa + b° -  Aiia0 -  AMb° (1.3)
¿GabHI(oi) = A^a + b° ~ Afin0 ~ Ajib° (1-4)

where a + b stands for a single molecule produced by 
“ fusing” together7 the two particles a and b to a distance 
ci. Afj.,,0 is the standard free energy of solution of the so
lute a. Since the temperature dependence of Apa° is usu
ally determined at constant pressure, it is appropriate to 
define the entropy and the enthalpy of HI by the relations

5SabHI(Æ) = -(àôG»l(R)/àT)P (1.5)

5tfabHI(K) = <5GabHI(fi) + TôSabm(R) (1.6)
These quantities are then estimated at a particular dis
tance cri by

SSabHIUl) = -  |ô/ôT[AMa + b0 -  AMa° -  A«,0]),» (1.7)
5tfabHI(<ri) = 5GabHI(bl) + 7!5SabHI(<Xl) (1.8)

In this paper we report the values of the HI and the corre
sponding entropy and enthalpy of HI for the pairs meth
ane-methane, ethane-ethane, and benzene-benzene in 
light and heavy water. To the best of our knowledge, the 
only previous work with direct bearing to the present one 
has been published by Kresheck, Schneider, and Scher- 
aga.8

In the next section, we summarize some of the experi
mental aspects of our work. Section III reports the results 
of the solubilities, free energies, entropies, and enthalpies 
of solution of some simple solutes in light and heavy 
water. Section IV presents the corresponding values for 
the hydrophobic interaction and its temperature depen
dence. Possible interpretations of these results are briefly 
discussed in section V.
II. Experimental Section

A. Solubilities of Methane, Ethane, and n-Butane. The 
solubilities of methane, ethane, and n-butane were deter
mined according to the method developed by Ben-Naim 
and Baer.9 All the gases were purchased from Matheson 
(with the following purity: methane 99.97%, ethane 99.9%, 
and n-butane 99.95%). D2O, for this purpose, was from 
Darmstadt (99.75%) and was used as received.

Some modifications in the apparatus were introduced 
according to suggestions made by Wen and Hung.10 These 
modifications have improved the accuracy of the measure
ments especially for the hydrocarbons. (It is worth noting 
that the solubilities of argon, determined in the new ap
paratus, were the same as in the older one.) We believe 
that the major improvement is in reducing the total 
amount of gas adsorbed on the surface of the vacuum 
grease, a phenomenon that seems to be more important as 
the chain length of the paraffin molecule increases. (This 
was checked directly by letting the gas in contact with the 
liquid for 24 hr before starting the dissolution process. In 
this way we could minimize the error due to adsorption.) 
Our values of the Ostwald absorption coefficient were sys
tematically higher than those reported by Wen and Hung10 
(methane ~0.3%, ethane ~0.5%, and n-butane —1.2%).

Figure 1. T h re e  cells co nnected  by bridges. The initial solution  
w as p laced in cell A w h ereas  cell C conta ined  the pure solvent. 
In cell B the co ncentra tion  of the solute vapor w as m easured . 
Equilibrium  is rea ch e d  w hen the solute co ncentra tions  in A and  
C a re  equal.

The discrepancies, however, are quite small compared to 
the isotopic difference for the solubilities of these gases in 
H2O and in D2O.

B. Solubilities of Benzene and Biphenyl. The solubili
ties of benzene and biphenyl were determined spectro
scopically. Benzene was purchased from Fluka (Puriss, 
99.94%, used as received) as was biphenyl (Purum, recrys
tallized from ethanol, washed and dried at 65° until no 
effect on the spectrum of its solutions could be detected). 
Distilled water was purified by further distillation from 
alkaline KMnCU and acid K2Cr207 solutions, the conduc
tivity of the water finally used was 0.8 X 10" 6 ohm"1 
cm-1. D2O was also purchased from Fluka (99.75%) and 
used as received.

The absorbancies of the solutions and of their vapors 
were measured directly at Amax with a Perkin-Elmer spec
trophotometer (Model 450), operated with a slit width of
6.05 mm at 250 nm at low scanning speed, and fitted with 
a thermostat-controlled cell holder. The temperature was- 
maintained within 0.05° in the range of 1-50°.

Saturated solutions of benzene were obtained in two 
ways: (1) by direct mixing of benzene and water (or D2O) 
for about 48 hr and then measuring the absorbancy of the 
aqueous solution in equilibrium with the benzene (liquid) 
phase; (2) by dissolution of benzene through the vapor 
phase, in this case, there is no contact between the two 
liquids. Equilibrium is established between the aqueous 
solution and the gaseous phase.

The two methods gave identical solutions when the 
vapor pressure of benzene above the solution was equal to 
the vapor pressure of pure benzene. However, the latter 
method is superior for the purposes bf the present study. 
Here, we are interested in the limiting value of the Ost
wald absorption coefficient (see next section for more de
tails) at a very low concentration of solute. A successive 
series of solutions with decreasing concentrations of ben
zene, obtained by the second procedure, showed no devia
tion from Beer’s law. (There has been some controversy in 
the literature11-15 regarding deviations from Beer’s law of 
aqueous benzene solutions. At low concentrations of ben
zene, in which the Ostwald absorption coefficients have

(7) For more details of the process ascribed by "fusion,” and the nature 
of the approximation involved in (1.3) and (1.4), the reader is re
ferred to ref 4 and 5.

(8) G. C. Kresheck, H. Schneider, and H. A. Scheraga, J. P h y s . C h e m .,  
69, 3132 (1965).

(9) A. Ben-Naim and S. Baer, T ra n s . F a r a d a y  S o c . ,  59, 2735 (1963).
(10) Wen-Yang Wen and J. H. Hung, J. P h y s . C h e m .,  74, 170 (1970).
(11) D. S. Arnold, C. A. Plank, E. E. Erickson, and F. P. Pike, In d .  E n g . 

C h e m .,  C h e m . E n g . D a ta  S e r. ,  3, 253 (1958).
(12) L. J. Andrews and R. M. Keefer, J . A m e r .  C h e m . S o c . ,  71, 3644 

(1949).
(13) J. D. Worley, C a n . J . C h e m .,  45, 2465 (1967).
(14) F. Franks, M. Gent, and H. H. Johnson, J . C h e m . S o c . .  2716 

(1963).
(15) D. G. Marketers, A n a l.  C h e m .,  41, 195 (1969).
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been evaluated, we have found no curvatures in the plot 
of absorbancies us. concentration.)

To ensure that the system has reached equilibrium with 
its vapor, we have connected a series of three quartz cells 
by means of two bridges as depicted in Figure 1. The first 
cell contained aqueous solutions of benzene (below satura
tion, and with different concentrations at different runs). 
The second cell contained only the vapor of the solution. 
The third cell was initially filled with pure water (or 
D2O). The three cells formed a closed system so that the 
total amount of benzene was fixed. The absorbancies of 
the three cells were determined while stirring the solu
tions. The final reading was Taken when the concentra
tions of benzene in the two liquid phases were identical. 
This indicates that the system has reached complete equi
librium, particularly between the solution and its vapor. 
(In a preliminary stage of this work we have tried to de
termine directly the concentration of benzene in the vapor 
in equilibrium with the solution. The ratio of these two 
concentrations approaches a constant value after about 24 
hr. However it is difficult to be certain when the system 
has reached a complete equilibrium. In the three-cell 
method, we have quite a sharp indicator for the equilibri
um point, since the third cell is being saturated through 
the gaseous phase. It is clear that once the two liquid cells 
have equal solute concentrations, the solute is also in 
equilibrium with its vapor.)

Saturated biphenyl solutions were obtained by stirring 
the solid biphenyl with water (or D20) for about 60 hr. 
The absorbancies of these solutions were determined at 
equilibrium with excess of the solid phase. Here, since the 
saturation concentrations are quite small, one may neglect 
solute-solute interaction at these concentrations. In order 
to determine the Ostwald absorption coefficient of these 
solutions, we have also measured the optical density of 
the vapor of pure biphenyl in a 10-cm quartz cell. From 
these measurements, we obtained the concentrations of 
biphenyl in the gaseous phase, which were used to com
pute the Ostwald absorption coefficients. The overall ac
curacy of the Ostwald absorption coefficient for benzene 
and biphenvl was lower than that for the gaseous solutes 
and the reliability is believed to be within ±5%.

C. Determination of the Molar Extinction Coefficients. 
The molar extinction coefficients, f, of benzene in H20 
and in D20 were determined by measuring the absor
bancies of unsaturated solutions with known concentra
tions. The average value of e at 254 nm in both H20 and 
D20 was found to be 180 at 20°, in satisfactory agreement 
with the reported value of Marketos.15 Similarly, the 
value of f for biphenyl in H20 and D20  has been deter
mined. The average value of 5 (in both H20 and D20) at 
Xmax 247 nm was 1.05 X 104 and at Xmax 200 nm was 2.58 
X  10 ~4. (The latter was more convenient at very low con
centrations of biphenyl.)

To determine the e of benzene vapor we have adopted 
the following procedure. The absorbance of a sample of 
benzene vapor at low pressure (about 4.5 mm pressure in 
a 10-cm quartz cell at 20°) was determined at Xmax 252 
nm. Then, the total quantity of benzene was solidified by 
introducing the cell into liquified air. At this state the cell 
was quickly filled with hexane and the temperature raised 
to 20°, so that the total quantity of benzene that had 
occupied the vapor is now dissolved in hexane. Next, the 
absorbance of the solution was measured, and using the 
value16 of c 250 at Xmax 254 we could determine the con-

Figure 2. T e m p era tu re  d e p en d e n ce  of the m olar extinction co e f
fic ient of b en zen e  vapor at Xmax 252  nm (se e  section II for 
m ore de ta ils ).

centration of benzene in the solution and, hence, in the 
vapor phase as well.

Repeating the same procedure with ten samples of ben
zene vapor (at low pressures) we obtained the average 
value 7 515 (at Xmax 252 nm at 20°). Once we had deter
mined the concentration of benzene vapor at one temper
ature, we could proceed to evaluate the temperature de
pendence of e from 1 to 50°. These values are reported in 
Figure 2.

As a further check of consistency, we have determined 
the vapor pressure of benzene in equilibrium with the 
pure liquid (using the values of e obtained by the above 
procedure). Assuming that the gas phase is ideal, the 
vapor pressures, computed by p = DRT/d (with D as the 
absorbance, l the optical way, and R the gas constant), 
were found to agree within 10% with the values reported 
in the literature.

The « of biphenyl vapor (in a 10-cm quartz cell) was de
termined by measuring the e of biphenyl in hexane, cyclo
hexane, ethanol, methanol, and methylcyclohexane. As no 
regular changes in e at Xmax 247 nm in the various sol
vents were observed, we have assumed that the same 
value of f is also valid for the vapor phase, namely, e
17,000 at Xmax 236 nm. We have repeated the same mea
surements on samples of biphenyl at very low pressures 
(much lower than tne equilibrium pressure in the pres
ence of the pure solid) between 5 and 50°. No significant 
temperature effect was detected. By using this value of c, 
we could also determine the vapor pressure of the pure bi
phenyl. A nice linear plot of In P us. T~1 was obtained 
(Figure 3), which coincides with the curve obtained from 
data from another source.17

III. Thermodynamic Quantities of Solution
The basic experimental ingredient that is employed in

(16) “U. V. Atlas of Organic Compounds,” Voi. II, Butterworths, 1966.
(17) R. S. Bradley and T. G. Cleasby, J . C h e m . S o c . ,  1690 (1953).
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Figure 4. D ep e n d en ce  of the  O stw ald absorption co e ffic ien t y a 
of be n ze n e  in w a te r a t various co ncentra tions (a t t = 2 0 ° ). The  
least-squares  fit of a  straight line is also shown.

TABLE I: Polynomial Coefficients in (3.3) and the Standard 
Deviation for Each Set of Measurements

( T  1x t 0 3 )°  K

Figure 3. V ap o r p ressure (In m m ) of biphenyl as a function  of 
tem p era tu re . O pen c irc les  a re  va lues from  ref 17 and full c irc les  
are  values obta ined  sp ectroscop ically  (see section I I ) .

computing the thermodynamic quantities of solution is 
the Ostwald absorption coefficient, defined for a solute s 
in a liquid 1 by

Ys =  (P s '/P sg)eq (3.1)
where pal and pag are the molar concentrations of the so
lute s in both the liquid and the gas at equilibrium, re
spectively.

It is important to realize that although 7 S is a well-de
fined quantity without any requirements on the absolute 
magnitude of the concentrations of s in the two phases, 
one must take the proper limiting value of ya for compu
tation of the standard thermodynamic quantities. More 
specifically, the standard free energy of solution of s from 
the gas to the liquid is defined by

Ajus° = lim[—i?rin  (ps'ps*)«,] (3.2)Ih-*- 0

Note, that since the limit is taken along an equilibrium 
line, it is sufficient to let one concentration, pa or pae, 
tend to zero. In order to assure that we obtain the limiting 
value as in (3.2), we have made a series of measurements 
of 7 s at low concentrations. Figure 4 shows 7 S of benzene 
in water at various concentrations of psh It is clearly seen 
that the value of 7 S approaches a constant value. We 
have, in most of our work, determined y9 at about half of 
the saturation concentration. As for the solubilities of the 
gases methane, ethane, and butane, we have found that 
the value of y s is almost constant when the total pressure 
is reduced to one-half or to one-third of the atmospheric 
pressure. Therefore, one may safely assume that the satu
rated solutions of these gases are, to a good approxima
tion, dilute ideal solutions.

About ten values of Apa° were determined in the range 
of temperatures from 5 to 25° for the gases, and between 5 
and 50° for the benzene and biphenyl. The temperature 
dependence of Apa° was fitted to a second-degree polyno
mial of the form

A pa° = a + bT + cT2 (3,3)
(T is the temperature in °C)

from which the entropy and the enthalpy of solution were

Standard
System c b a deviation

M e th an e In H 20 - 0 .0 9 3 7 1 7 1 .3 5 9 - 1 0 9 4 4 .7 0 .8 0 7
M e th an e in D 20 - 0 .0 9 1 8 5 7 1 .2 3 3 - 1 1 1 0 2 .5 1 .36
Ethane in H 20 -0 .1 1 6 1 1 8 9 .4 3 2 - 1 4 5 0 9 .6 2 .0 3 9
E thane in D 20 - 0 .2 1 9 8 8 14 9 .8 6 - 2 3 3 3 5 .8 2.041
n -B u tan e  In H 20 - 0 .1 5 6 4 8 11 8 .8 2 - 1 9 4 2 5 .0 2 .9 4 5
n -B u tan e  in D 20 - 0 .1 2 7 0 2 1 0 4 .2 6 - 1 7 6 9 4 .0 4 .1 2 4
B enzene In H 20 - 0 .0 2 6 6 6 3 7 .1 2 2 - 9 5 3 6 .2 8 .7 8 8
B enzene In D 20 - 0 .0 3 8 6 4 4 4 .6 1 8 - 1 0 6 5 7 .5 1 5 .1 0 3
Biphenyl in H 20 - 0 .0 4 1 2 6 5 2 .0 5 7 - 1 4 7 4 0 .4 2 2 .7 9 4
Biphenyl in D 20 - 0 .0 1 9 4 5 3 9 .0 5 9 - 1 2 8 2 7 .6 2 7 .0 1 5

computed. The values of the coefficients in (3.3) as well as 
the standard deviation in each case are reported in Table I.

The value of Aps° defined in (3.2) may be interpreted in 
two different ways.18 (I) Apa° is the change of the Gibbs 
free energy19 for transferring 1 mol of solute s from the gas 
to the liquid at constant P and T. In addition, we require 
that ps1 = psg (provided that both ps* and psg are small 
enough that the phases are dilute-ideal). (II) Apa°/N° 
(with N° being the Avogadro number) is the change in the 
Gibbs free energy for transferring one solute particle from 
a fixed position in the gas phase to a fixed position20 in the 
pure solvent at constant P and T.

The first interpretation is closer to an experimental pro
cedure, and hence the more commonly used; the second 
one, on the other hand, has some advantages from a mo
lecular point of view. It can be shown18-19 that this quan
tity may be expressed as

An°/N° = f ' d f f  d Xvv[/sw(Xs,XJp(Xv,/X s,a  (3.4)

where I/sw (XS,XW) is the solute-solvent pair potential at 
the specific configuration denoted by Xs, Xw. p (Xw/X s, £) 
is the singlet conditional distribution function for solvent 
molecules around a given solute at a fixed configuration 
Xs and coupled to the extent £. Note that since Usw has a 
range of a few molecular diameters and since p(Xw/X s,£)

(18) A. Ben-Nalm In " W a t e r  a n d  A q u e o u s  S o lu t io n s , "  R. A. Horne, Ed., 
Wiley-lntersclence, New York, N. Y., 1972, Chapter 11 .

(19) In ref 18, the treatment is confined to the T V N  ensemble where the 
Helmholtz free energy changes are examined. In a similar fashion 
one may consider changes in the Gibbs free energy in the T P N  en
semble.

(20) In the case of simple spherical particles, it is suffic ent to require a 
f ix e d  position only. For more complex solute molecules, one has to 
require a fixed orientation of the molecule and also a proper aver
age over all internal rotations. For more details on this averaging 
procedure the reader is referred to ref 4 and 5.
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TA B LE li:  V a lu es  of the  O stw ald  Absorption C oeffic ien t 7 S, 
S tandard  F re e  Energy of Solution, and S tandard Entropy and 
Enthalpy of Solution for P rocesses I and II (defined  in
Section I I I )  for M e th an e  in H 20  and in D 2O a

f.°C 7s A/j s° AS„°(I) A Ss° (ll) AHS°(I) A H S°(II)

h 2o

5 0 .0 5 0 2 1654 - 2 1 - 1 9 - 4 2 0 0 - 3 7 0 0
1 0 0 .0 4 4 8 1747 - 2 0 - 1 8 - 4 0 0 0 - 3 4 0 0
15 0 .0 4 0 5 1836 - 1 9 - 1 7 - 3 7 0 0 - 3 2 0 0
20 0 .0 3 7 0 1921 - 1 8 - 1 6 - 3 4 0 0 - 2 9 0 0
25 0 .0 3 4 2 2001 - 1 7 - 1 5 - 3 1 0 0 - 2 6 0 0

D 20
5 0 .0 5 4 9 1605 - 2 2 - 2 0 - 4 6 0 0 - 4 0 0 0

1 0 0 .0 4 8 5 1703 - 2 1 - 1 9 - 4 3 0 0 - 3 7 0 0
15 0 .0 4 3 4 1797 - 2 0 - 1 8 - 4 0 0 0 - 3 5 0 0
20 0 .0 3 9 3 1886 - 1 9 - 1 7 - 3 7 0 0 - 3 2 0 0
25 0 .0 3 6 0 1971 - 1 8 - 1 6 - 3 5 0 0 - 2 9 0 0

a The 
deg.

units for A f is° and A H  are sal/mol and for A S s° are cal/mol

TABLE II I :  V a lu es  of the O stw ald  A bsorption C oeffic ien t y s, 
Standard F ree  Energy of Solution, and Standard  Entropy and
Enthalpy of Solution for P rocesses I and 11 (D e fin e d  in
Section I I I )  for E thane in H 20  and in D 2O a

t.°C 7s° A as° ASs°(l) A Ssu(ll) AHS°(I) ASs° (II)

H20
5 0 .0 8 2 0 1383 - 2 7 - 2 5 - 6 1 0 0 - 5 5 0 0

10 0.069.1 1504 - 2 6 - 2 4 - 5 7 0 0 - 5 2 0 0
15 0 .0591 1620 - 2 4 - 2 3 - 5 4 0 0 - 4 9 0 0
20 0 .0 5 1 4 17 30 - 2 3 - 2 1 - 5 1 0 0 - 4 5 0 0
25 0 .0 4 5 3 1834 - 2 2 - 2 0 - 4 7 0 0 - 4 2 0 0

d 2o

5 0 .0 8 8 9 1338 - 3 0 - 2 8 - 6 9 0 0 - 6 3 0 0
10 0 .0 7 3 3 1471 - 2 7 - 2 5 - 6 3 0 0 - 5 7 0 0
15 0 .0621 1592 - 2 5 - 2 3 - 5 6 0 0 - 5 1 0 0
20 0 .0 5 3 9 1702 - 2 3 - 2 1 - 5 0 0 0 - 4 4 0 0
25 0 .0 4 7 9 1801 - 2 0 - 1 9 - 4 3 0 0 - 3 8 0 3

°  Units as in Table i.

tends to a constant for large distances between the solvent 
and the solute, the integration over the location of the sol
vent molecule practically extends over a finite and small 
region about the location of the center of the solute. This 
“ local character” of Aps° makes it a suitable quantity for 
studying solute-solvent interactions.

It is worth noting that although the two processes I and 
II produce the same value of A^s° (per one mole or per one 
particle), the situation is somewhat more complex for the 
corresponding changes of the entropy and the enthalpy, 
lor which we have18'19

. dAp° d
A S s  (I) =  -  ~  ( p ' / p * )) (3.5)

ASs°(II) = -¿L W /d T  (3.6)
Aff„°(I) = AMs° + TASs°(I) (3.7)

AHs°(ll) = A Ms0 + TASs°(II) (3.8)
where p1 and pg are the densities of the two phases, re
spectively, and the derivatives are taken at constant pres
sure.

The second process (II) is more advantageous for the

TA B LE IV : V a lu es  of the O stw ald  Absorption C oeffic ien t 7 S, 
Standard F ree  Energy of Solution, and S tandard Entropy and 
Enthalpy of Solution for P rocesses I and II (D e fin e d  in 
Section I I I )  for n -B u tan e  in H 20  and in D 2O a

t. °C 7s° AMs° ASs°(l) AS»0 (II) AWS°(I) AH„°(II)

H 20

5 0 .0641 1519 - 3 4 - 3 2 - 7 9 0 0 - 7 3 0 0
10 0 .0511 16 74 - 3 2 - 3 0 - 7 4 0 0 - 6 9 0 0
15 0 .0 4 1 6 1821 - 3 1 - 2 9 - 7 0 0 0 - 6 4 0 0
20 0 .0 3 4 6 1960 - 2 9 - 2 7 - 6 5 0 0 - 6 0 0 0
25 0 .0 2 9 3 20 92 - 2 7 - 2 6 - 6 0 0 0 - 5 5 0 0

D 20
5 0 .0 6 8 9 1479 - 3 6 - 3 4 - 8 5 0 0 - 7 9 0 0

10 0 .0 5 3 9 1644 - 3 4 - 3 2 - 8 1 0 0 - 7 5 0 0
15 0 .0 4 3 0 1802 - 3 3 - 3 1 - 7 7 0 0 - 7 1 0 0
20 0 .0 3 5 0 1954 - 3 2 - 3 0 - 7 3 0 0 - 6 8 0 0
25 0 .0 2 8 9 2 1 0 0 - 3 0 - 2 9 - 6 9 0 0 - 6 4 0 0

“ Units as in Table I.

TA B LE V: V alues of the O stw ald  Absorption C oeffic ien t 7 «, 
S tandard F ree  Energy of Solu tion, and S tandard Entropy and
Enthalpy of Solution for P rocesses I and II (D e fin e d  in
Section I I I )  for B enzene In H 20  and in D 2O a

t. °C 7s AMs0 ASs°(l) A Ss°(l I) AHS°(I) AH»0 (II)

H20

10 7.9 - 1 1 6 3 - 2 4 - 2 2 - 8 0 0 0 - 7 4 0 0
20 5.1 - 9 4 5 - 2 3 - 2 1 - 7 8 0 0 - 7 2 0 0
30 3.4 - 7 3 4 - 2 3 - 2 1 - 7 6 0 0 - 7 1 0 0
40 2 .3 - 5 2 6 - 2 2 - 2 0 - 7 4 0 0 - 6 9 0 0
50 1 . 6 - 3 2 4 - 2 1 - 2 0 - 7 3 0 0 - 6 8 0 0

D 20

10 7.3 - 1 1 2 2 - 2 5 - 2 3 - 8 1 0 0 - 7 6 0 0
20 4 .7 - 8 9 8 - 2 4 - 2 2 - 7 9 0 0 - 7 3 0 0
30 3.1 - 6 8 2 - 2 3 - 2 1 - 7 6 0 0 - 7 1 0 0
40 2.1 - 4 7 4 - 2 2 - 2 0 - 7 4 0 0 - 6 9 0 0
50 1.5 - 2 7 4 - 2 1 - 2 0 - 7 1 0 0 - 6 6 0 0

a Units as in Table I.

following reasons. (1) The thermodynamic quantities are 
simpler to obtain from measurable quantities. (Particular
ly, one does not need the coefficient of thermal expansion 
of the solvent for evaluating the entropy associated with 
process II.) (2) Because of the local character of Aps°/N°, 
the thermodynamic quantities associated with process II 
are more suitable for interpretation in terms of solute-sol
vent interaction. (3) The quantities associated with pro
cess II are naturally involved in the approximate expres
sions for the strength of the hydrophobic interaction4-5 
and its temperature dependence (see next section for more 
details).

In Tables II-VI we report the values of ys, A^s°, ASs°, 
and AHS° (for the two processes I and II as indicated) for 
methane, ethane, n-butane, benzene, and biphenyl in 
H2O and in D2O. There are a few points that are worth 
noting regarding these quantities. (1) The values of 7S for 
methane and its temperature dependence for H20 and 
D2O are quite similar to the corresponding values for 
argon in these two solvents.21 (2) The Ostwald absorption

(21) A. Ben-Naim, J . C h e m . P h y s ., 42, 1512  (1965).
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TABLE VI: Values of the Ostwald Absorption Coefficient 7 S, 
Standard Free Energy of Solution, and Standard Entropy and 
Enthalpy of Solution for Processes I and 11 (Defined in 
Section III) for Biphenyl in H20 and in D2Oa

t. °c 7s A ms° ASs°(l) ASs°(ll) AHSÜ(I) AHS°(II)

H 20
10 357.4 -33 09 -3 1 -2 9 -12 ,000 -11 ,400
20 180.0 -3 0 2 6 -3 0 -2 8 -11 ,700 -11 ,200
30 96.2 -2 7 5 2 -2 9 - 2 7 -11 ,500 -10 ,900
40 54.2 -24 85 -2 8 - 2 6 -11 ,200 -10 ,700
50 32.0 -2 2 2 7 -2 7 - 2 5 -10 ,900 -10 ,400

D 20
10 369.5 -3 3 2 8 -3 0 -2 8 -11 ,800 -11 ,300
20 187.3 -3049 -3 0 -2 8 -11 ,700 -11 ,200
30 99.9 -2 7 7 5 -2 9 - 2 7 -11 ,600 -11 ,000
40 55.8 -2 5 0 4 -2 9 - 2 7 -11 ,400 -10 ,900
50 32.5 -2 2 3 7 -2 8 - 2 6 -11 ,300 -10 ,800

“ Units as in Table I.

TABLE VIII: Hydrophobic Interaction and the Corresponding 
Entropy and Enthalpy Values for the Reaction 
2(Ethane) —*-n-Butane (eq 4.5) in H20 and D2Oa

r, °c 5GHI ¿SHi ÒH» I

h 2O
5 -1248 18 3700

10 -13 35 18 3500
15 -14 19 17 3400
20 -14 99 15 3000
25 -1 5 7 6 14 2900

D 20
5 -11 98 22 4700

10 -1 2 9 7 18 3900
15 -1381 15 3100
20 -1 4 5 0 12 2000
25 -1 5 0 2 9 1200

a Units as in Table I.

TABLE VII: Hydrophobic Interaction and the Corresponding 
Entropy and Enthalpy Values for the Reaction 
2(Methane) —» Ethane (eq 4.4) in H20 and D20 °

f, °C 5GHI SSHl ¿HHI

h 20
5 -1 9 2 4 13 1900

10 -19 90 12 1600
15 -20 53 11 1500
20 -21 12 11 1300
25 -2 1 6 8 10 1000

D 20
5 -18 72 12 1700

10 -1 9 3 6 13 1700
15 -2 0 0 2 13 1900
20 -2071 13 2000
25 -2141 13 2000

a Units as in Table I.

coefficients of methane, ethane, and rc-butane are smaller 
in H20 than in D20  (except for rc-butane at 25°); the dif
ference between the values in the two liquids tend to di
minish as temperature increases. (3) The Ostwald absorp
tion coefficient of benzene is larger in H20  than in D20. 
In spite of the relatively low accuracy of these results, we 
believe that the sign of the isotope effect on ys is correct. 
The sign of the isotope effect on 7 S for biphenyl is esti
mated to be within the limits of our accuracy. (4) The 
standard entropy and enthalpy of solution are usually (but 
there are exceptions) more negative in D20  than in H20. 
This result is in accordance with similar ones obtained for 
argon,21 for which more accurate results could have been 
obtained.

IV. Hydrophobic Interaction
The hydrophobic interaction (HI) in this section refers 

to the indirect part of the Gibbs free energy change for 
bringing two solute particles from fixed positions at infi
nite separation to some close distance, the whole process 
being carried out within the liquid at constant pressure 
and temperature. For a particular close distance, say 1.53 
A for two methane molecules, an approximate measure of 
the strength of the HI has been suggested4-5

TABLE IX: Hydrophobic Interaction and the Corresponding 
Entropy and Enthalpy Values for the Reaction 
4(Methane) —*  n-Butane (eq 4.6) in H20 and in D2Oa

t, °C ¿GHI ¿SHi ¿ » hi

h 2O
5 -5 0 9 5 44 7500

10 -5 3 1 6 42 6700
15 -5 5 2 5 39 6400
20 -5 7 2 4 37 5600
25 -5911 34 4900

D 20
5 -4941 46 8700

10 -51 70 44 7300
15 -53 86 41 69C0
20 -5591 38 60C0
25 -57 84 35 52C0

°  Units as in Table I.

¿GHI = AMEt° -  2ApMe° (4.1)
The entropy and the enthalpy corresponding to this pro
cess are computed by

ôSm = -(ôôGHI/àT)P = ASEt°(H) -  2ASMe°(n) (4.2)
ÔH»1 = ôGm + T5S»1 (4.3)

Note that for the purpose of computing the entropy and 
the enthalpy of the HI, only process II described in section 
III is of relevance.

The HI and the corresponding entropies and enthalpies 
were computed for the following “ reactions”4-5

2(methane) “♦ethane (4.4)
2(ethane) —► rc-butane (4.5)

4(methane) —► rc-butane (4.6)
2(benzene) —►biphenyl (4.7)

and are reported in Tables VII-X. The most conspicuous 
result is that the HI for the first three reactions, (4.4),
(4.5), and (4.6), is stronger in H20 compared to D20, in 
agreement with a conclusion reported in ref 8. The isotope
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TABLE X: Hydrophobic Interaction and the Corresponding 
Entropy and Enthalpy Values for the Reaction 
2(Benzene) —► Biphenyl (eq 4.7) in H20 and D20°

t. ° c <5GHI asHI 6HHI

h20
10 -9 8 3 15 3400
20 -11 36 14 3200
30 -12 84 15 3300
40 -1 4 3 4 14 3100
50 -15 79 15 3200

D20
10 -10 85 18 3900
20 -12 53 16 3400
30 -14 10 15 3300
40 -1 5 5 6 13 2900
50 -16 89 14 2400

“ Units as in Table I.

effect for the last reaction seems to have reversed its sign. 
The entropy and the enthalpy of the HI are all positive. 
This may well be attributed tc the decrease of the “ struc
ture of the water” as the two solutes approach each other 
to a close distance.22 The strength of the HI for reactions 
4.4, 4.5, and 4.7 are in decreasing order. This effect was 
found earlier,5 and was attributed to the relative extent of 
penetration of the two molecules compared to their mo
lecular dimensions. We have estimated that the isotope 
effect on the entropy and the enthalpy of the HI are well 
within the limits of experimental error.

V. Discussion and Conclusion
The HI, being viewed as a property of the solvent, may 

be best investigated by using a pair of inert solutes. In 
fact, we have already argued4 that the simplest solute for 
this purpose could be hard spneres.23 Solutions of satura
ted paraffins may serve as a reasonable model for inert 
molecules for estimating the strength of HI. The case of 
benzene solution seems not to fall into this category prob
ably because of the stronger interaction one expects be
tween benzene and water. The results obtained for the HI 
between a pair of benzene molecules, though of some 
value in the context of the general solute-solute interac
tion problem, cannot convey faithful information on the 
properties of the solvent.

The question of interpreting the isotopic effect on the 
HI is a difficult one, since we have as yet no general rela
tion between HI and molecular properties of the solvent. 
We should like to point out some possible sources for the 
isotopic effect, though it seems that no one points to the 
correct sign of this effect.

a. Density. The density of D20, in grams/ml, is about 
10% higher than that of H20. However, expressing the 
densities in number of particles per unit volume, we get 
almost exactly the same value for the two liquids. In ref 5 
we have studied the effect of the density of the solvent on 
the solute-solute interaction at short distances. That 
study was confined to a system of Lennard-Jones particles 
in two dimensions. It was found that the strength of the 
solute-solute interaction increases with the density of the 
solvent. Although it is difficult to infer from this result 
any sound conclusion for aqueous solutions, we may ex
pect that, other things being equal, the small difference in 
the number density between H20  and D20  could not ac
count for the observed isotopic effect on HI.

b. Cohesive Energy In a simple solvent composed of, 
let us say, Lennard-Jones particles, the average cohesive 
energy may be represented by the depth of the pair poten
tial function. Using again the simplified model in ref 5, we 
found that the solute-solute interaction increases with the 
cohesive energy of the solvent. In water it is difficult to 
point out a particular parameter that conveys the cohesive 
energy. As a rough measure of this, one may take the hy
drogen bond energy which is estimated6 to be larger in 
D20 than in H20. Therefore, on the basis of hydrogen 
bond energy alone one would expect a stronger HI in D20, 
in contrast to the experimental findings.

c. Quantum Effects. Although it is extremely difficult 
to estimate the isotopic effect on the HI for such a com
plex fluid like water,25 it is believed that the difference in 
mass of about 10% between the two liquids may be impor
tant in establishing the isotopic effect on HI. In the ap
pendix we have shown that the first-order quantum cor
rection to the HI even for simple fluids may not be esti
mated without a detailed knowledge of the intermolecular 
potential. This difficulty becomes even more acute for 
complex fluids, such as water.

All the above fractional information is strictly relevant 
to a simple solvent with pairwise additive potential. The 
fact that none of these points out the source of the isoto
pic effect on HI indicates that more complicated features 
of the solvent are involved. Using classical arguments 
only, it is possible that the peculiar mode of packing of 
the water molecules in the liquid state, a feature that is 
currently referred to as the structure of water, plays an 
important role in determining the strength of the HI. 
Thus far no general relation is available between HI and 
the structure of water. Therefore, it is impossible at pres
ent to explain the isctope effect on HI by classical argu
ments. Moreover, the fact that water has small moments 
of inertia, and having a strong orientational dependence 
interaction, may indicate that quantum correction to the 
rotational degrees of freedom may be very important in 
establishing the differences between the two liquids.
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Appendix
First-Order Quantum Correction to the Free Energy of 

Cavity Formation and Hydrophobic Interaction at Zero 
Separation. Consider a system of N simple molecules con
tained in a volume V and at temperature T. Assuming
(22) Here we use the undefined concept of the “structure of water.” The 

statement made in the article is of course meaningless if one does 
not define this concept. For a reasonable definition of the structure 
of water, argument may be given to show that two methane mole
cules will enhance the structure more than a single ethane mole
cules. This point has been shown for a specific model by Nemethy 
and Scheraga.2 A more general argument, based on an exact mix
ture model approach :o  liquid water, will be published elsewhere.

(23) The HI between two hard-sphere solutes is the same as the cavity- 
cavity interaction.4 For such a pair the HI at zero separation may 
be estimated using the scaled particle theory. It has been shown 
previously4 that the HI between two cavities at zero separation is 
indeed stronger in water than in some nonaqueous solvents. This 
point has been furthe' confirmed recently by Wilhelm and Battino.^4

(24) E. Wilhelm and R. Battino, J . C h e m . P h y s ..  56, 563 (1972).
(25) H. Friedmann, P h y s ic s ,  30,921 (1964).
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pairwise additivity of the total potential energy, the 
Helmholtz free energy may be expanded in power series of 
the Planck constant h. The first-order correction to the 
classical value of the free energy, Ac 1, is26
A{T, V,N) = A C\(T,V,N) +

(h2l2A(2izkT)2m) <S, = i^(V£t7)2> (A.l)

free energy of solution of an HS in the two fluids must be 
due to quantum effect, the first order of which is27

A /iH S ° (in  q d ) -  A jU H s°(in  o h ) =
[/i2/24(27rkT)2][(l/mD)(2;(V ¡L02)Cav _ 

(l/mD)(2i(ViU)2) -
(l/mH)<2/(ViU)2>cav + (l/mnXMViU)2)] (A.5)

Here, m is the mass of a single particle, V jf/ is the gradi
ent of the total potential function with respect to Rj, and 
the average is taken over all the configurations of the sys
tem of the classical T, V,N ensemble, namely

(Si-i^VjU)2) = S • • • JdR*P(R") Z i - iN[V,0(RN)]2
(A.2)

with
P(RN) = exp[ -  0U(RN)]/ / - /  dRN exP[ '  PU(RN)] (A.3) 
and /J = (kT)^1.

The free energy of cavity formation in the system, at 
constant TVN is the same as the standard free energy of 
solution of a hard sphere (HS) having a suitable radius18

A m hk0 =A(T,V,N;<y) -  A(T,V,N) (A.4)
where A{T,V,N;a) denotes the Helmholtz free energy of 
the same system but having a cavity of radius a at some 
fixed position. This is the same as imposing a restriction 
on all the centers of the particles, R;, to be excluded from 
the spherical region v„ of radius <r about a fixed position.

Now compare two solvents, let us say am and ao, which 
are identical except for having different molecular masses, 
m h and mo, respectively. The classical free energy con
tains the mass of the particles only in the momentum par
tition function, which is the same for the system with or 
without the cavity. Hence, the classical part of A/ms° is 
independent of the mass. The difference in the standard

where { >Cav is the same average as in (A.2), but excluding 
the region va over which the integrations carried out in 
(A.2) and in (A.3). Relation A.5 may be rearranged to
AjUHs°(in am) -  A /m s°(in  an ) =

[h2(mo — (m u)/24(2TrkT)2rriDmn] X
[(2i(v,;H)2> — (2¡(V¡l/)2> cav ] (A.6)

In ref 4 we have shown that the HI between two cavities 
at zero separation is given by

8Ahshi(0) = -A ^ hs0 (A.7)
Hence

6 A h s h i ( 0 ,  in a n )  —  M h s h i ( 0 ,  in < * h )  =

-[A/XHs°(in am) -  A /iHs°(in a H>] (A.8)

Thus we see that the first-order quantum correction to the 
free energy of solution and to the HI of hard sphere will 
depend on the difference in masses, mo -  mu, and on the 
type of the pair potential operating between the particles. 
The latter cannot be estimated without a detailed knowl
edge of the pair potential even for a simple fluid of spheri
cal particles.

(26) See, for example, L. D. Landau and E. M. Lifshitz, "Statistical 
Physics," Pergamon Press, London, 1959, p 100.

(27) A strickt cavity produces a discontinous potential Into the system, 
and therefore (A.2) may not be applicable. This difficulty may be 
overcome by considering a "soft cavity," In which the repulsive po
tential Is built up continuously as the particles approach the region
Vfj.
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Q u a d ru p o le  In te ra c t io n  o f  C a rb o n  D io x id e  o n  S i l ic a -A lu m in a  S u r fa c e

Yun-yang Huang
D e p a r tm e n t  o f  C h e m is t r y ,  T e x a s  A  &  M  U n iv e r s it y ,  C o lle g e  S ta t io n ,  T e x a s  7 7 8 4 3  ( R e c e iv e d  A u g u s t  11, 1 9 7 2 )

The interaction between carbon dioxide and the specific adsorption sites on amorphous silica-alumina 
was studied by measurement of adsorption isotherms over a temperature range from 0 to .290°. These ad
sorption sites were found to be less than 1% of the surface and yielded a heat of adsorption of 14.5 kcal /  
mol. The major contribution of the adsorbate-adsorbent interaction was attributed to quadrupole energy, 
from which the electrostatic field gradient at the adsorption site of carbon dioxide was estimated to be 
-0.92 V/A2. Entropy calculation showed that adsorbed carbon dioxide was localized with almost no 
rotational degree of freedom. At surface coverages slightly above 1%, the heat decreased steeply to about 
5 kcal/mol. On these sites, the presence of surface hydroxyl groups enhanced the adsorption of carbon 
dioxide.

Introduction
On the surface of metal oxides, hydroxyl groups are al

most always present. When the material is subjected to 
extensive heat pretreatment under high vacuum, defect 
structures are formed on the surface due to the removal of 
hydroxyl groups. These surface sites, which could be ex
posed cations, oxygen vacancies, or cation vacancies, often 
show unusual catalytic activity and adsorption property. 
For example, when amorphous silica-alumina is evacu
ated at 800°, a small fraction of the surface sites is formed 
which adsorb nitrogen and carbon monoxide very specifi
cally.1 The heats of adsorption are unusually high, being 
15 kcal /mol for carbon monoxide and 9 kcal/mol for nitro
gen. These molecules have considerable quadrupole mo
ments. On the other hand, for argon and krypton, which 
have about the same or greater polarizability than nitro
gen or carbon monoxide but have zero quadrupole mo
ment, the heats of adsorption are only 2.5 and 3.3 kcal/ 
mol, respectively. The difference in adsorption behavior of 
the two groups of molecules suggests that the specific sur
face sites on the highly dehydrated silica-alumina are ca
pable of quadrupole interaction. The effect of permanent 
electric quadrupole moments of molecules on the heat of 
adsorption has been discussed by Drain2 and Hayakawa.3 
Detailed calculations of the quadrupole interaction of a 
nitrogen or a carbon dioxide molecule with the surface of 
ionic crystals show its significant contribution to the high 
heats of adsorption. It would be interesting to extend the 
investigation of silica-alumina to the adsorption of carbon 
dioxide. By determining the heat of adsorption, the nature 
of the quadrupole interaction can be better understood.

Peri4 has investigated by infrared spectroscopy the ad
sorption of carbon dioxide on silica-alumina. Much infor
mation about the adsorbed state of carbon dioxide was 
obtained. From spectra and pressure measurements at 
three temperatures, he has also roughly estimated the 
heat of adsorption to be 15 kcal/mol. These specific ad
sorption sites, designated by Peri as “ a sites,” were sug
gested to be exposed aluminum cations. The possible role 
of quadrupole interaction with carbon dioxide was also 
pointed out. However, the results of the adsorption of ni
trogen and carbon monoxide1 indicate that the heat value 
for carbon dioxide might be greater, if the quadrupole in
teraction is predominant. By carefully measuring a num
ber of adsorption isotherms over a wide temperature

range, a more detailed information about the energetics of 
the adsorbate-adsorbent interaction, the state of adsorbed 
carbon dioxide, and the surface site distribution can be 
obtained. The effect of heat treatment of silica-alumina 
on the adsorption of carbon dioxide will also be studied.

Experimental Section
Carbon dioxide, Coleman instrument grade (99.99% pu

rity) from Matheson Gas Products, was condensed in a 
liquid nitrogen cold trap, pumped for a few minutes, and 
then distilled into a gas storage bulb.

Silica-alumina, Davison 980 cracking catalyst, was ob
tained from W. R. Grace Co. It has a chemical composi
tion of 13.2% AI2O3 and a surface area of 358 m2/g when 
evacuated at temperatures below 450° and 326 m2/g after 
evacuation at 800°. All the weight indicated throughout 
this paper is based on the sample prior to heat treat
ments. The amount used in the adsorption measurement 
was 6.74 g. Weight losses after the heat treatments have 
been reported1 as 6.7% at 450° and 7.5% at 800°.

A volumetric adsorption apparatus in connection with a 
high-vacuum system was employed for the adsorption 
measurement. Pressures were measured between 1 and 
500 Torr by a mercury manometer while temperatures be
tween 0 and 300° for the adsorption runs by a chromel- 
alumel thermocouple. The sample was evacuated at 245° 
for 3 hr and an isotherm of CO2 adsorption was taken at 
25°. After further evacuation at 440° overnight, a series of 
adsorption isotherms between 0 and 241° were measured. 
The sample was again evacuated above 800° for 7 hr, the 
final temperature being 820°. Adsorption measurements 
were then taken for a temperature range between 0 and 
292.5°. In all runs, the adsorption was rapid and revers
ible.

Results and Discussion
The adsorption isotherms at 25° of carbon dioxide on 

the silica-alumina sample evacuated at 245, 440, and 
820°, respectively, are shown on Figure 1. Similar to those 
observed for the adsorption of nitrogen and carbon mon-

(1) Y. Y. Huang and P. H. Emmett, presented at the Second North 
American Meeting Df the Catalysis Society, Houston, Tex., Feb 
1971.

(2) L. E. Drain, T ra n s .  F a r a d a y  S o c . ,  49, 650 (1953).
(3) T. Hayakawa, B u ll.  C h e m . S o c .  J a p . ,  30, 236 (1957).
(4) J. B. Peri, J . P h y s .  C h e m .,  7 0 ,  3168 (1966).
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m m ol/g

Figure 1. Adsorption isotherm s at 25° of C O 2 on s ilic a -a lu m in a  
sam ple evacu ated  (1) at 245° for 3 hr, (2 ) at 4 4 0 °  for 8 hr, and 
(3 ) at 820° for 7 hr: open c irc les , adsorption; solid c irc les , d e 
sorption.

oxide,1 the uptakes at very low pressures increased with 
the temperature of pretreatment. At a pressure of about 2 
Torr, the amount of carbon dioxide adsorbed was 30 
iumol/g for the sample evacuated at 820°. This corre
sponds to 5.6 X 1012 molecules/cm2 as compared to 4.6 X 
1012 molecules /cm2 for carbon monoxide. Both are within 
the range of the surface concentration of a sites indicated 
by Peri,4namely, 3-9 X  1012 molecules/cm2.

In contrast to nitrogen and carbon monoxide, however, 
the adsorption of carbon dioxide at higher pressures was 
much greater on the sample evacuated at 245° than at 440 
or 820°. Adsorption isotherms were not linear, but were 
concave toward the pressure axis. In this region, isotherms 
of both nitrogen and carbon monoxide were nearly parallel 
to the ones obtained on the least dehydrated sample.1

A series of isotherms between 142.5 and 292.5° for the 
sample evacuated at 820° is shown on Figure 2. Isosteric 
heats of adsorption gst were determined from slopes of the 
Clausius-Clapeyron plots, i.e.,

Qst = ~R[ d  lnp/5(l/T)]9 (1)
Within the experimental region, these plots were linear. 
The variation of qst with the surface coverage 6 from 6 = 
0.001 to 0.05 is shown on Figure 3.

At 8 > 0.01, <7st is between 5 and 6 kcal/mol, the value 
which is approximately the same as that measured on gra- 
phitized carbon black.5 Its magnitude indicates that the 
interaction between carbon dioxide and the majority of 
the surface sites of the amorphous silica-alumina is due to 
ordinary van der Waals force with negligibly small elec
trostatic contributions. The heat of adsorption is slightly 
greater on the sample evacuated at 440° than that evacu
ated at 820°. The presence of surface hydroxyl groups 
seems to enhance slightly the adsorption of carbon diox
ide, as is also revealed from adsorption isotherms at 25° 
(Figure 1). In fact, strong interaction of adsorbed CO2 and 
surface hydroxyl groups was observed on 7 -alumina from 
the infrared study by Peri4 and by Parkyns.6 Bertsch and

mmol/g

Figure,2. Adsorption Isotherm s of C 0 2 on s ilic a -a lu m in a  sam ple  
evacuated  at 820°: open c irc les , adsorption; solid c irc les , d e 
sorption.

0 0.05 0.10 0.15 0.20
mmol / g

Figure 3. H ea t of adsorption of C 0 2 on s ilic a -a lu m in a  as a func
tion of su rface  co verage: open c irc les , sam ple evacu ated  at 
440°; solid c irc les , sam ple evacuated  at 820°.

Habgood7 also pointed out that small amounts of pread
sorbed water greatly accelerate the rate of carbon dioxide 
adsorption on NaX zeolite, although no evidence has 
been indicated from the infrared study on silica-alumina.

At 8 < 0.001, qst is 11.5 kcal/mol for the sample evacu
ated at 440°, but increases to 14.5 kcal/mcl after evacua
tion at 820°. The latter confirms with the value roughly 
estimated by Peri. The high heat of adsorption shows that 
carbon dioxide is in strong interaction with the specific 
sites, which are present only in a very small fraction of 
the surface. Peri suggested that these adsorption sites 
were exposed aluminum cations, which were designated as 
a sites. They were formed on the surface of silica-alumina 
as a result of extensive dehydration. In electron spin reso
nance study, Lunsford8 reported that the spectra of nitric 
oxide on 7 -alumina and silica-alumina showed consider
able hyperfine coupling with an 27A1 atom. The number of 
adsorption sites was a functuon of the degree of dehydra
tion and that the maximum number was fcund to be 4  X  
1012 sites/cm2. He concluded that the adsorption sites for 
NO were the a sites, the same for carbon dioxide. It must 
be noted that NO has a quadrupole moment between

(5) C. H. Amberg, W. B. Spencer, and R. A. Beebe, C a n . J . C h e m . ,  33, 
305 (1955).

(6) N. D. Parkyns, J. C h e m . S o c .  A, 410 (1969).
(7) L. Bertsch and H. W. Habgood, J. P h y s . C h e m ..  67, 1621 (1963).
(8) J. H. Lunsford, J . C a ta l . ,  14, 379 (1969).
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those of CO and N2,9 and its molecular properties are 
quite similar to CO. Therefore, its adsorption behavior 
would be similar to CO and N2, especially in terms of 
quadrupole interaction.

In general, the electrostatic contribution of the adsor
bate-adsorbent interaction consists mainly of polarization 
and quadrupole forces. The relative importance of these 
contributions depends on the nature of the adsorption 
sites as well as the nature of the probing molecule. Suffi
cient evidence has been displayed in a number of adsorp
tion studies, for example, argon and nitrogen on X type 
zeolites,10 carbon dioxide on X type zeolites,11 and kryp
ton on Y type zeolites.12 The fact that a sites on silica- 
alumina are specific to CO, N2, NO, and C02 but not to 
Ar and Kr clearly indicates that quadrupole interaction is 
the predominant contribution on these sites. In other 
words, the difference in heats of adsorption between the 
two groups of gas molecules must be mainly due to the 
quadrupole energy. We thus focus on the nature of this 
specific interaction between CO2 and the a sites.

The quadrupole contribution to the energy of interac
tion Uq of an axially symmetric charge system with an ar
bitrary electric field is given by the expression13

U q =  - K Q E '  (2 )

where E' is the electrostatic field gradient along the axis
of symmetry of the molecule, and Q is the quadrupole 
moment of the molecule and is defined by

Q = %J>(r,0)(3cos20 -  l)r2du (3)
where p(r,8) is the volume charge density of the molecule 
at (r,6) and the origin is the center of the molecule. Some
times, Q is defined as twice the expression 3 so that the 
coefficient % in (2) must be replaced by If Q is given 
in unit of 1026 (esu cm2) and E' in unit of V/A2, then U q 
can be expressed in unit of kcal/mol with the proper con
version factor

Uq = — 2.40QE' kcal/mol (4)
According to Stogryn and Stogryn,9 the recommended 
value of the quadrupole moment Q of carbon dioxide is 
-4.3 x 10-26 esu cm2. Thus, the quadrupole energy of in
teraction U q can be determined if the electrostatic field 
gradient E' is known, or vice versa. If the difference in 
heat of adsorption of CO2 on silica-alumina between 8 < 
0.001 and 8 > 0.05 is attributed entirely to the quadrupole 
energy, then
-U Q = qst(8 < 0.001) -  qst(8 > 0.05) =

14.5 -  5.0 = 9.5 kcal/mol (5)
So that, from eq 4, E' = -0.92 V/A2.

Along the other two perpendicular axes of a CO2 mole
cule, the principal quadrupole moments have the value 
Q xx = Q yy  = -  y2 Q22 = -%Q. At an adsorption site above 
the surface, the field gradients along the three axes must 
satisfy Laplace’s equation13

Exx' + Eyy' + Ezx = 0 (6)
If we arbitrarily take the x and y axes to be parallel and 
the z axis to be perpendicular to the surface and if the 
field gradient at the adsorption site is the same along the 
x and y directions, then Exx' = Eyy' = ~ \ E ZZ . So that, 
when a CO2 molecule is adsorbed with its axis of symme
try perpendicular to the surface, the quadrupole interac
tion is

Uq ± -  —̂ QEzz' (7)
and if it is attached to the surface in lateral position

Uqh = —HiQExx = \QEzz (8)
In the vicinity of a positive charge like an exposed Al3+ 
ion, for instance, the field gradient should be negative in 
the z direction pointing outward from the surface so that 
U q ±  is negative or attractive, but U q is positive or re
pulsive. Therefore, if the adsorption site is an exposed 
Al3+ ion, the end-on approach of the CO2 molecule would 
be a favorable position.

Some information concerning the adsorbed state of car
bon dioxide may be obtained from entropy considerations. 
From the isosteric heat of adsorption, we can calculate the 
entropy of adsorption AS

AS = Sa -  SG = —qst/T (9)
where Sa is the differential molar entropy of the adsorbed 
molecule at pressure P  and temperature T in equilibrium 
with the gas phase and Sc is the molar entropy in the gas 
phase at P  and T. So can be calculated by means of sta
tistical mechanics.14 The evaluation of Sa depends on the 
model of the adsorbed state. For a heat of adsorption as 
high as 15 kcal/mol, it is very likely that the adsorption of 
carbon dioxide would be localized. In other words, three 
translational degrees of freedom in the gas phase will be 
transformed into three modes of surface vibration, and the 
rotation of CO2 will be frozen or considerably hindered. 
Then

Sa = Sc + Sth (10)
where Sc is the configurational entropy and Sth is the 
thermal entropy. For adsorption on a uniform surface

Sc = R\n[(l-8)/8] (11)
where 8 is the surface coverage. On a heterogeneous sur
face, the evaluation of Sc is more complicated and often 
not feasible.15 The thermal entropy Sth consists of surface 
vibration, internal vibration, and surface rotation. Assum
ing that the internal vibration remains the same in the 
adsorbed state as in the gas phase, we have

AS = Sc + (Svs -  St) + (Srs -  Sr) (12)
where Svs is the entropy for surface vibration, Srs the en
tropy for surface rotation, Sr is the rotational entropy, 
and St the translational entropy in the gas phase at the 
equilibrium pressure. By the use of eq 9, we have then

Srs + Sc = -(qst/T) -  Svs + St + Sr (13)
The rotational state of the adsorbed molecule may be un
derstood if Sc and Svs can be estimated. Since no infor
mation is available about the surface vibrational frequen
cies, only the mean value can be estimated by the relation

r(C02) = v(Ax) VM(At)AE(C02)/M(C02 )A£(Ar) (14)

(9) D. E. Stogryn and A. P. Stogryn, M o l.  P h y s .,  1 1 . 3 7 1  (1966).
(10) R. M. Barrer and W. I. Stuart, P ro c .  R o y . S o c . .  S e r .  A . 249, 464 

(1959).
(11) R. M. Barrer and R. M. Gibbons, T ra n s . F a r a d a y  S o c ..  61, 948 

(1965).
(12) Y. Y. Huang, J. E. Benson, and M. Boudart, In d .  E n g . C h e m ..  

F u n d a m .,  8,346 (1969).
(13) A. D. Buckingham, Q u a r t.  R e v .,  C h e m . S o c . ,  13, 183 (1959).
(14) T. L. Hill, "Introduction to Statistical Thermodynamics," Addison- 

Wesley, Reading, Mass., 1960, Chapter 9.
(15) D. H. Everett, T ra n s . F a r a d a y  S o c . .  46,942 (1950).
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TABLE I: Entropy Calculations for Localized Adsorption of CO2 on Silica-Alumina

T.
°K 0b

Qstf
kcal/mol

- A S ,
eu

Svs«
eu

St.a
eu

S r.
eu

Srs + Sc, 
eu

S< (horn),
eu

273 0 .0 13 5 7 . 1 26.0 1 2 . 0 32.2 1 2 . 9 7 . 1 8 . 5

0.0296 6 . 1 22.4 1 2 . 4 27.7 1 2 . 9 5 . 8 6 . 9

298 0.0108 8 . 3 27.8 1 2 . 1 32.7 13 . 1 5 . 9 9 . 0

0.0200 6 . 2 20.8 1 2 . 9 28.1 13 .1 7 . 5 7 . 7

373 — 0.0075 9 . 8 26.3 1 2 . 9 33.8 13 .5 8 . 1 9 . 7

— 0.012 8 . 0 21 .4 1 3 .5 29.2 13 .5 7 . 8 8.8
500 0.0005 14.5 29.0 13 .5 35.2 14 .1 6.8 1 5 .3

0.0025 13 .5 27.0 13 .7 30.6 14 .1 4.0 1 1 . 9
- 0 . 0 0 7 5 1 1 . 7 23.4 14 .1 26.6 14 .1 3.2 9.7

“ Standard state, gas phase at 1 atm. b 0 = v/vm, where vm = 3.34 mmol/g.

Svs = ‘iR\[x/(ex -  1)]  -  ln  ( 1 - e - *)} ( 15 )

where x = hv{C02)/kT. All terms on the right-hand side 
of eq 13 as well as their sum, Srs + Sc, are listed in Table 
I as a function of temperature, surface coverage, and heat 
of adsorption. The last column is the configurational en
tropy calculated by eq 11, assuming that the surface is 
homogeneous. On a heterogeneous surface, the configura
tional entropy would be smaller, as has been indicated by 
Drain and Morrison17 and also discussed by 3verett.18 
From the last three columns of Table I, we see that the 
surface rotational entropy Srs is considerably smaller than 
the gas-phase value. Moreover, the estimation of SVs is 
only conservative because if part of the rotational degrees 
of freedom is transformed into surface vibration, the term 
Svs would be greater and hence Srs would become negligi
bly small. It can then be concluded that the adsorbed car
bon dioxide is localized with almost no surface rotation.

According to eq 4 the quadrupole interaction energy is 
proportional to the quadrupole moment of the gas mole
cule. A plot is shown on Figure 4 for a series of gases ad
sorbed on silica-alumina. With the exception of CO2, the 
correlation is quite good. Because CO2 is larger than the 
other molecules, it is likely that the end-on approach to 
the surface site would not be as close. Hence, the field 
gradient at the adsorption site of carbon dioxide would be 
smaller than that of nitrogen or carbon monoxide. As a re
sult, the quadrupole energy for carbon dioxide is not 
greater than that of carbon monoxide.

(16) W. J. C. Orr, T ra n s . F a r a d a y  S o c . .  35, 1247 (1939).
(17) L. E. Drain and J. A. Morrison, T ra n s . F a r a d a y  S o c . .  49, 654 

(1953).
(18) D. H. Everett, P ro c .  C h e m . S o c . ,  L o n d o n ,  38 (1957;.

F igure 4. Q uadrup o le  energy as a function of m o lec u lar quadru 
pole m om ent (from  adsorption data  on s ilic a -a lu m in a  evacuated  
at 8 2 0 ° ): Ar, N 2, and C O  from  Huang and E m m e tt;1 C 0 2, pres
ent w ork.

where c(Ar), M(Ar), and AE(Ar) are the vibrational fre
quency, mass, and energy of adsorption, respectively, of 
argon on potassium chloride from the work of Orr.16 This 
relation was used by Barrer and Gibbons11 in their study 
of the adsorption of CO2 on X type zeolites. The mean 
frequency ¡'(CO2) is estimated to be between 1.9 X  1012 
and 3.0 x 1012 sec-1. The surface vibrational entropy is 
then calculated by the equation
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I. S e le c t io n  o f  P a r a m e te r s  a n d  th e  B a s is  o f  C o n fig u ra t io n  In te ra c t io n  

in C lo s e d  S h e ll a n d  R e s tr ic te d  O p e n  S h e ll S e m ie m p ir ic a l  M e th o d s

J. Pancif and R. Zahradnfk*

T h e J .  H e y r o v s k y  I n s t i tu te  o f  P h y s ic a l  C h e m is t r y  a n d  E le c t r o c h e m is t r y ,  C z e c h o s lo v a k  A c a d e m y  o f  S c ie n c e s ,  P ra g u e ,  C z e c h o s lo v a k ia  

( R e c e iv e d  S e p te m b e r  10, 1 9 7 1 )

The calculations of energies and oscillator strengths of singlet-triplet and triplet-triplet transitions were 
carried out by semiempirical closed shell as well as restricted open shell methods in the rr-electron ap
proximation. The investigation was concerned with the influence of semiempirical parameters and the 
configuration interaction basis set on the energies of triplet states. On the basis of this study, a proce
dure was developed, making it possible to interpret singlet-triplet and triplet-triplet spectra with ap
proximately the same accuracy as attained by the standard Pariser-Parr-Pople method in the interpreta
tion of singlet-singlet spectra.

Introduction
The semiempirical LCI-SCF method1’2 has often been 

successfully employed for the interpretation of singlet-sin
glet spectra of conjugated compounds.3 It is known, how
ever, that the use of this method in its standard version 
for the study of singlet-triplet and especially triplet-trip
let spectra may lead to results which are not even in qual
itative agreement with experiment.4 With the recent ac
cumulation of experimental data on triplet states of con
jugated molecules, it becomes desirable to modify the ex
isting semiempirical method with a view to providing a 
satisfactory interpretation.

The failure of the conventional method is attributed by 
some authors5'6 to the different correlation energy of sin
glet and triplet states. This “ correlation error” can be re
duced by a suitable choice of the semiempirical parame
ters or by expanding the basis in the configuration inter
action. Only the letter procedure has been used to calcu
late triplet-triplet spectra. It was found that the energy of 
the lowest triplet state depends strongly on the number of 
configurations considered in the configuration interaction 
Pariser-Parr treatment.5 Inclusion of further configura
tions, which are formally singly excited with respect to 
the lowest triplet configuration, leads to the correct ratio 
of the oscillator strengths of the two intense bands in the 
triplet-triplet spectrum of naphthalene.4 By restriction of 
the configurational interaction to degenerate configura
tions of alternant hydrocarbons, it was possible to repro
duce successfully the energies of intense7 triplet-triplet 
bands,6’8 but it was necessary to scale the results, arbi
trarily by subtracting 0.4 eV. The energies and oscillator 
strengths of intense bands were also interpreted by a 
modified semiempirical method including a vibronic con
figuration interaction.9

In the present investigation, the influence of the basis 
set in the configuration interaction and of semiempirical 
parameters on the energies of triplet states and on the 
oscillator strengths of triplet-triplet transitions were ex
amined for several typical molecules. The calculations 
were carried out by means of both the “ closed shell” and 
the “ restricted open shell” versions of the PPP method. 
On the basis of this study, a procedure was developed and

applied to 15 systems, which provides an interpretation of 
all triplet-triplet bands, together with the singlet-triplet 
transition, with an accuracy of 0.2 eV. This is not possible 
by any earlier method known to the authors.

Calculations
If not otherwise specified, the standard method was 

used in the form employed in our laboratory for interpret
ing singlet-singlet spectra (see Appendix, ref 10). 
Semiempirical values of one-center integrals were taken 
from the paper by Miller, et al.,11 and are summarized in 
Table I. The two-center repulsion integrals were approxi
mated according to Mataga and Nishimoto,12 and the res
onance integrals ¡3»,, calculated according to the formula10

d„7 = -2.318 exp[0.335(p„„ -  %)] (1)
where pM7 is the bond order from the preceding iteration. 
The same parameters and approximations were employed 
in the calculations by the restricted open shell method.13 
The electronic wave function was constructed14 from the 
configurations of the lowest triplet state 3'k0, formally 
singly excited 3xki and 3T t states, and doubly excited 3'kD 
states as described in the Discussion. Typical examples of 
these configurations are presented in Figure 1. The corre
sponding matrix elements and the contributions to the 
transition moment were not derived explicitly, but were

(1) R. Pariser and R. G. Parr, J . C h e m . P h y s .,  21, 466, 767 (1953).
(2) J. A. Pople, T ra n s . F a r a d a y  S o c . ,  49, 1375 (1953).
(3) R. G. Parr, "Quantum Theory of Molecular Electronic Structure," W. 

A. Benjamin, New York, N. Y., 1963.
(4) R. L. de Grool and G. J. Hoytlnk, J. C h e m . P h y s ..  46, 4523 (1967).
(5) K. Nishimoto and L. S. Forster, J . C h e m . P h y s ..  47, 5451 (1967).
(6) M. K. Orloff, J . C h e m . P h y s .,  47, 235 (1967).
(7) For qualitative determination of the intensities of spectral bands 

see, J. N. Murrell, ‘ The Theory of the Electronic Spectra of Organic 
Molecules,” Methuen, London, 1963, p 91.

(8) J. S. Brlnen and M. <. Orloff. J . C h e m . P h y s ..  5 1 , 527 (1969).
(9) M. Bénard and A. Julg, J . C h im .  P h y s .,  67,1297 (1970).

(10) P. Hochmann, R. Zahradnik, and V. Kvasnlcka, C o lle c t .  C z e c h .  
C h e m . C o m m u n . ,  33, 3478 (1968).

(11) R. L. Miller, P. G. Lykos, and H. N. Schmeising, J. A m e r .  C h e m .  
S o c .,  84, 4623 (1967).

(12) N. Mataga and K. Nishimoto, Z. P h y s . C h e m . ( F r a n k fu r t  a m  M a in ) ,  
13, 140 (1957).

(13) C. C. J. Roothaan, R e v . M o d . P h y s ..  32,179 (1960).
(14) G. J. Hoijtnk, P u re  A p p l.  C h e m ..  1 1 ,  393 (1965).
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Figure 1. Typical exam p les  of the configurations discussed in 
this w ork.

TABLE I: Semlempirical Values for the Ionization Potential (/,,), 
the One-Center Repulsion Integral (7^ ) , and the Resonance 
Integral for a Bond Length of 1.397 À 1/3̂ °), which Were Used in 
the Calculations by the Standard and the New Parameterization

Standard parameters New parameters

Atom ft..'0 7 «, f t . 0

C arbon 1 1 .4 2  1 0 .8 4  
N itrogen 14.1 1 2 .3 0

- 2 . 3 1 8
- 2 . 3 1 8 “

8 .6  8 .2  - 2 . 5  
1 1 .6 6  9 .4 5  - 2 . 8 5 “

“ /3cn resonance integral.

TABLE II: Experimental Energies of Singlet-Triplet and 
Triplet-Triplet Transitions (eV)

Compound S - T , 7, — Tx g

N ap h th a len e

A n th rac en e

P henanthrene
Q uinoline

2 .6 4 a

1 .8 4 “

2.68“
2 .7 1 e

2 .3 2 h(w ) 
2 .9 9 “ (s) 
4 .7 7 “ (a) 
1 .4 0 d (w ) 
2 .9 1 e (s) 
4 .4 3 c (a) 
2 .5 4 “ (s) 
3 .0 8 f (s )

“ D. F. Evans, J . C h e m . S o o .,  1351 (1957). b D. Lavalette, J . C h im .  
P h y s .,  66, 1845, 1853, 1860 (1969). c G. Porter and M. W. Windsor, P ro c .  
R o y . S o c . ,  S e r .  A , 245, 238 (1958). d M. W. Windsor and J. R. Novak, The 
Triplet State Symposium, Beyrouth, 1967, p 229. f D. F. Evans, J. C h e m .  
S o c .,  2753 (1953). '  D. P. Craig and I. G. Ross, ib id . ,  1589 (1954). *  s de
notes strong, w weak, and a allowed (ref 4).

directly generated by the program with the use of general 
formulas for the first- and second-order density matrix.15

The calculations were performed for three alternant hy
drocarbons (naphthalene, anthracene, and phenanthrene) 
and one heterocyclic compound (quinoline). The experi
mental values of the energies and oscillator strengths for 
singlet-triplet and triplet-triplet transitions are presented 
in Table II. The calculations were performed by means of 
the IBM 7040 and the National Elliott 503 computers 

, with the use of programs written in Fortran IV and Auto
code Elliott by one of the authors of the present paper.

Results and Discussions

40 30 20 10 v(kK)
Figure 2. E xp erim ental T -T  spectrum  of naph th a len e  together  
with theo re tica l va lues of en erg ies and oscilla tor strengths. {J  
Is the position of the m axim um  of the experim enta l T -T  band in 
the ultravio let region the Intensity of w hich w as not s p e c ifie d ;16 
le tte rs  I, B, T, and D denote  the types of configurations Included  
in the configuration interaction trea tm en t (see F igure 1); f  
stands for oscilla to r strength; O  denotes forb idden transitions.

Before undertaking a more detailed analysis, it will be 
useful to discuss the possibilities of experimental verifica
tion of the calculations. With a few exceptions, it is not 
possible to determine experimentally the energy of a ver
tical transition in a singlet-triplet absorption spectrum, 
because this transition usually overlaps a singlet-singlet 
band of very much higher intensity. In common with 
other authors of theoretical papers we therefore compare 
the calculated energy of a singlet-triplet transition with

the experimental energy of an 0-0 band. For a similar rea
son, the energies of symmetrically forbidden triplet-trip
let bands can be measured only in the near-infrared and 
at the beginning of the visible region, i.e., where intense 
triplet-triplet bands do not interfere. On the other hand, 
the measurement of triplet spectra is limited by the oc
currence of singlet-singlet absorption at the end of the
(15) I. L. Cooper and R. McWeeny, J. C h e m . P h y s .,  45, 236 (1966).
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TABLE III: Closed Shell Calculation for Naphthalene12

Tran
sitions

I +  B +  T I +  B +  D I +  D New parameters

E. eV Log t % B % T E, eV Log t % B % D E, eV Log f  % D E, eV Log f

S — T 2.54 1.2 5 2.29 1.80 0.52 27.72 1.83 29.46 2.64
1 0.72 0.02 0.78 0.99 0.38 14 .53 1.01 14.30 1.23
2 0.74 0.36 6.16 1 .5 1 0.19 14 .36 1.48 10.34 1.2 5
3 1.62 0.04 0 .15 1.8c 0.70 84.33 1.83 83.45 1.64
4 1.85 0.00 14.89 2.04 0.00 34.10 2.00 3 4.10 1.78
5 2.86 - 0 . 3 7 6.06 2.91 2.26 0.00 2.21 2.22 2.21 2.18
6 3.76 - 0 . 6 4 0.00 13 .86 3.28 3.95 84.95 3.37 89.01 3.20 - 0 . 3 3
7 4.51 96.76 2.40 3.53 0.00 83.99 3.49 83.99 3.32
8 4.62 9 4 .13 5.86 3.64 3.88 2 7 .1 1 3.67 31.99 3.32 - 1 . 2 2
9 5 . 1 7 32.00 67.75 3.73 - 0 . 8 7 9 . 1 1 2.39 3.75  - 1 .57 83.34 3.41

10 5.23 0.00 87.40 3.78 - 1 . 6 0 0.00 83.34 3.98 - 0 . 4 7  0.86 3.80
11 5.76 35.64 62.34 4.25 1.26 98.71 4.24 99.87 4.19
12 5.80 0.04 8 7 .12 8.55 4.72 - 1 . 9 8 4.89 84.93 4.81 87.32 4.37 - 0 . 4 4
1 3 5.87 95.56 4.41 5.01 8 1 .7 7 14.82 5 . 1 1  - 0 . 5 4  18.86 4.76
14 5 . 1 5 - 0 . 4 1 0.00 18.86 5.80 - 1 .58 99.33
15 5.67 - 1 . 3 3 9.86 84 .13
16 5.75 - 0 . 6 0 95.24 4.71

“ The letters I, B, T, and D denote the types ot configurations Included In the configuration interaction (see Figure 1). The table presents transition 
energies in eV, the logarithms of the oscillator strengths log f. and the weighted contributions of the configurations of the given types to the total wave 
function.

TABLE IV: Closed Shell Calculation for Anthracene“

Tran
sitions

I +  E +  T I +  B +  D I +  D New parameters

E. eV Log f % B % T E, eV Log / % B % D E, eV Log f % D £. eV Log/

S —>■ T 1.83 0.00 1.30 1 .3 7 0.90 12.95 1.43 1 4 .1 5 1.84
1 1 . 1 9 0.08 1.41 1 .24 0.21 14.78 1 . 19 14.61 1 .3 5
2 1.63 0.47 0.22 1.82 0.38 27.98 1.79 26.72 1 .7 7
3 1.96 0.19 0.04 1.88 0.72 6.46 1.85 5.90 2.01
4 2.09 0.00 4.89 2.30 0.03 3 .14 2.25 3.21 2 .10
5 2.84 - 0 . 2 4 7.26 1.39 2.43 0.69 44.93 2.39 45.37 2.56
6 3.59 84.77 14 .59 2.57 0.64 91.78 2.54 92.69 2.83
7 3.60 0.00 96.89 3.24 - 0 . 4 6 7.96 4.21 3.40 - 0 . 1 4 4.54 2.88 - 0 . 0 6
8 4.31 7 1 .7 3 28.27 3.61 - 1 . 1 1 0 . 15 69.78 3.56 - 1 . 0 6 69.79 3.38 - 0 . 8 5
9 4.55 99.29 0.66 3.63 9.60 86.48 3.70 98.32 3.72

10 4.85 9 1.7 4 8 .1 1 3.69 6.85 90.39 3.72 96.02 3.91
1 1 5 . 1 7 2.91 97.09 4 .12 2.05 0.00 4.11 55.47 3.97
12 5.39 4.60 95.40 4 .1 7 0.00 55.49 4 .13 0.00 4.02
13 5.44 0.32 89.53 4.37 4.47 0.88 74.53 4.43 74.82 4.19
14 5.51 - 2 . 5 8 63.47 36.53 4.63 7.49 92.24 4.64 99.77 4.39 - 0 . 5 4
1 5 5.95 0.00 99.89 4.64 86.40 12 .7 7
16 4.80 9.33 80.37
1 7 4.87 - 0 . 5 7 0.06 30.21
18 5.23 80.86 18 .3 7
19 5.36 87.27 12.65
20 5.39 76.09 23.73
21 5.58 - 0 . 0 3 50.72 43.45
22 5.79 65.63 33.67

“ The letters I, B, T, and D denote the types of configurations included in the configurational interaction (see Figure 1). The table presents 
transition energies in eV, the logarithms of the oscillator strengths log I ,  and the weighted contributions of the configurations of the given types to the 
total wave function.

visible and the beginning of the ultraviolet region. Where 
a high concentration of the triplet state makes it possible 
to find triplet bands in the short-wave region, the mea
surement is subject to a considerable error in both the 
energy of the spectral maximum and in the intensity.16 
For these experimental reasons, it is an adequate test of a 
calculation of a triplet-triplet spectrum that it interpret 
all bands up to the beginning of the visible and the near- 
infrared region and the intense bands in the ultraviolet re

gion. It is known1- 18 that in calculations based on the 
Mataga-Nishimoto approximation12 of the y integrals, the 
SCF transition energies of the lowest triplet state provide 
a good estimate of the experimental energy of the singlet- 
triplet transition. Therefore, the first calculations were
(16) G. Porter and M. iN . Windsor, P ro c .  R o y . S o c . .  S e c .  A , 245, 235 

(1958).
(17) G. Wagniere, T h e o r. C h im . A c ta .  9, 312  (1968).
(18) R. Zahradnik, I. Tesar-ova, and J. Panclr, C o lle c t .  C z e c h .  C h e m .  

C o m m u n . ,  36, 2867 (1971).
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TABLE V: Closed Shell Calculation for Phenanthrene“

Tran
sitions

I +  B +  T I +  B +  D I +  D New parameters

E, eV Log f % B % T E. eV Log t % B % D E, eV Log t % D E, eV Log f

S —►  T 2.95 1 .67 0.72 2 .1 3 0.20 3 1 . 1 8 2 .14 32.29 2.78
1 0.43 0.54 2.75 0.87 0 .12 23.54 0.86 24.39 0.75
2 0.76 0.01 0.44 1.03 0.45 64.98 1.04 63.58 0.95
3 1.01 - 2 . 5 5 0.18 0.80 1.29 0.78 10.04 1.3 2 9.63 1 . 1 9 - 2 . 1 4
4 1.85 3.88 2.53 1.60 0 .16 53.78 1.59 55.91 1 .2 7
5 2.29 - 0 . 2 4 0.31 7.45 1 .7 0 - 2 . 6 0 0.09 5.53 1 .7 0 - 2 . 5 7 5.72 1.62
6 2.53 - 2 . 6 9 0.38 2.32 1.88 0.24 86.56 1.88 86.63 1.94
7 4.01 ' 5.41 93.52 1.89 0.30 52.01 1.89 53.35 2.00
8 4.08 73.08 23.40 2.60 - 2 . 5 4 0.49 68.62 2.61 - 2 . 2 6 66.84 2.29 - 2 . 2 0
9 4.51 81 .6 1 1 7 . 1 2 3.29 - 0 . 6 1 0.37 9.76 3.29 - 0 . 6 0 10.57 2.70 - 0 . 4 0

10 4.70 - 1 . 0 2 2.48 97.43 3.42 1 1 . 6 7 3 1 .5 4 3.59 94.74 3 .1 2
1 1 4.86 - 0 . 9 2 79.92 20.07 3.58 0.81 9 4 .17 3.65 34.45 3.25 - 1 . 5 4
12 4.90 3.72 - 2 . 0 8 5.76 19.3 3 3.85 - 1 . 5 4 27.68 3.37
13 5.00 3.79 1 7 .2 1 61.02 3.92 - 1 . 0 0 93.28 3.53 - 1 . 2 9
14 5 .10 3.92 - 1 . 0 4 0 .16 6.81 4 .12 72.26 3.76
15 5.24 - 0 . 3 0 4.41 6.79 15.46 3.95 - 0 . 2 8
16 5.39 - 0 . 7 0 4.53 - 0 . 7 0 3.38 1 1 . 0 3
17 5.70 - 0 . 0 8 4.55 - 1 . 3 9 1 .7 7 93.55
18 4.87 4.65 94.61

“ The letters I, B, T, and D denote the types of configurations included in the configurational interaction (see Figure 1). The table presents transition 
energies in eV, the logarithms of the oscillator strengths log I, and the weighted contributions of the configurations of the given types to the total wave 
function.

TABLE VI: Closed Shell Calculation for Quinoline“

Tran
sitions

I +  B +  T I +  B +  D I +  D New parameters

E, eV Log f % B % T E, eV Log 1 % B % D E, eV Log f % D E, eV Log f

S — T 2.49 1.24 2.36 1.78 0.50 26.18 1.81 27.94 2.77
1 0.70 - 3 . 2 1 0.28 4.53 0.98 - 4 . 1 9 0.30 14 .39 1.00 - 4 . 1 1 14.24 1.02 - 2 . 6 7
2 0.76 - 5 . 0 2 0.07 1.24 1.43 - 2 . 7 1 0.18 10.62 1.40 - 2 . 6 7 8.83 1.3 2 - 3 . 8 4
3 1.58 - 3 . 3 2 0.11 2.02 1.82 - 2 . 8 5 6.20 75.72 1.82 - 2 . 7 4 79.90 1.60 - 2 . 9 0
4 1.99 - 2 . 0 3 0.33 13.49 1.97 - 2 . 9 9 0.05 55.31 1.94 - 2 . 9 9 29.03 1.68 - 2 . 9 6
5 2.78 - 0 . 4 4 6.54 4.58 2.35 - 2 . 9 0 0.05 1 3 . 1 8 2.32 - 2 . 8 4 13 .55 2.24 - 1 . 7 9
6 3.72 - 0 . 6 7 1 .2 7 15.28 3.26 - 2 . 4 1 3.61 83.07 3.32 - 2 . 3 2 87.03 3 .1 1 - 0 . 9 3
7 4.49 - 2 . 5 3 92.92 6.42 3.47 - 1 . 8 5 1.05 7 4 .13 3.45 - 2 . 3 3 8 1 .5 7 3.18 - 0 . 5 2
8 4.63 - 1 . 1 9 88.33 1 0 . 1 5 3.56 - 1 . 1 5 5.27 19.91 3.62 - 1 . 5 5 3 1 .3 7 3.27 - 2 . 5 6
9 5 .16 - 1 . 5 6 2 7 .1 6 67.99 3.67 - 1 . 5 1 4.95 33.02 3.82 - 0 . 6 7 24.53 3.65 - - . 2 7

10 5.25 - 4 . 4 8 9.25 83.58 3.94 - 1 . 4 6 0.91 77.60 3.92 - 1 . 2 6 74.78 3.96 - - . 3 1
11 5.74 - 0 . 3 8 62.20 34.94 4.38 - 1 . 8 6 2.33 92.30 4.39 - 1 . 6 3 9 1 .5 7 4.42 - 0 . 5 6
12 5.84 - 0 . 3 5 50.43 46.02 4.90 - 2 . 3 0 1 5 . 1 3 7 1.80 5.00 - 1 . 2 5 77.66 4.53 - - . 2 6
13 5.96 - 1 . 0 4 49.53 47.58 4.96 - 1 . 3 5 45.69 25.45 5 .18 - 0 . 5 7 26.03 4.80 - - . 7 2
14 5.31 - 0 . 6 4 27.81 22.47 5.85 - 1 . 7 0 95.79 5.30 - 2 . 6 3

“ The letters I, B, T, and D denote the types of configurations included in the configuration interaction (see Figure 1). The table presents transition 
energies in eV, the logarithms of the oscillator strengths log I ,  and the weighted contributions of the configurations of the given'types to the total wave 
function.

performed with a basis limited to singly excited configura
tions (here and later considered in relation to the lowest 
triplet configuration), which are denoted in the following 
part by 3'l>i, 3d>B, and 3'1,t. A total of 40 configurations 
were employed, i.e., all that can be formally derived by 
electron promotions among eight frontier orbitals. The re
sults for the selected group of molecules are presented in 
the first column of Tables III—VI and in Figures 2 and 3. It 
is evident that this procedure successfully interprets the 
positions of the maxima of the singlet-triplet band and of 
the first intense triplet-triplet band (cf. Table II). In the 
region of the second intense triplet-triplet band observed 
for naphthalene and anthracene, however, there is no cal
culated allowed transition, and it is evidently not appro
priate to assign this band to a transition forbidden19 by

symmetry or parity. For experimentally significant bands 
(see above), the contribution of the 3,Ft configurations to 
the total wave function is not very high, and it seems pos
sible to neglect these configurations. In order to verify this 
assumption, calculations were performed for a group of 
seven alternant hydrocarbons with all 3'I'i and 34>E config
urations, which are not presented here. The experimental 
energies of singlet-triplet and strong and medium triplet- 
triplet bands were reproduced by this procedure with an 
accuracy of 0.1 eV, with one exception. This was an in
tense triplet-triplet band of polyacenes, located at 4.3 eV, 
which could not be assigned to any allowed transitions in 
this region. Orloff’s assignment of these bands to transi-

(19) W. Moffitt, J . C h e m . P h y s .,  22,320 (1954).
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TABLE VII: Restricted Open Shell Calculation (or Naphthalene0

Tran
sition

I +  B +  T I +  B +  D

E, eV Log f % B % T E. eV Log f % B % D

S —*• T 2.60 0.02 0.82 2 .14 0.04 1 2 . 1 7
1 0.82 0.42 16.59 1 .3 3 1 .87 5.64
2 0.96 0.07 1 .2 7 2.54 4.81 3.20
3 1 .7 5 0.00 28.67 2.87 0.85 93.62
4 2.03 0 .11 2.46 2.87 0.0 2.33
5 2.98 - 0 . 3 5 5.46 6.09 3.35 0.0 100.00
6 3.96 - 0 . 5 9 0.00 12 .9 3 3.43 7.39 88.57
7 4.31 98.50 5.48 3.72 50.52 4.04
8 4.82 94.47 5.49 3.90 - 0 . 7 7 8.43 1 . 1 6
9 5.29 9.74 89.84 4.23 0.0 91.96

10 5.47 0.00 7 8 .17 4.58 - 0 . 7 8 0.0 44.24
1 1 5.79 0.06 90.16 4.49 4.70 - - . 0 6 2 .1 1 95.01
1 2 4.80 36.18 30.70
13 5.62 91.86 7.99
14 5.68 - 1 . 4 0 12 . 1 8 84.36
15 5.69 0.01 0.0 5 7 .1 7

a The letters I, B, T, and D denote the types of configurations included In the configuration interaction (see Figure 1). The table presents transition 
energies in eV, the logarithms of the oscillator strengths log f , and the weighted contributions of the configurations of the given types to the total wave 
function.

TABLE VIII: Restricted Open Shell Calculation for Anthracene“

Tran
sition

1 +  B +  T I +  B +  D

E, eV Log 1 % B % T E, eV Log / % B % D

S —►  T 1 .5 3 0.00 0.08 1.46 0.02 1.93
1 3 .14 34.97 57.81 2.69 0.48 40.19
2 3.36 30.60 69.40 2.96 0.74 43.09
3 3.68 3 .1 0 6.83 3.49 2 . 1 1 20.78
4 3.87 2.51 4.72 3.73 0.01 1 1 .9 6
5 3.89 0.00 10.03 3.93 5.94 39.53
6 3.93 0.90 0 .12 4.31 4.22 87.81
7 4.23 - 0 . 5 0 4.27 5.54 4.37 - 0 . 2 9 0.39 1.50
8 4.76 0.00 7 . 1 5 4.41 20.94 74.05
9 4.78 59.80 34.68 4.74 - 0 . 7 8 3.03 39.75

10 5.21 - 0 . 0 2 60.83 30.29 4.96 0.82 0.00
1 1 5.23 2.79 97.21 5 . 1 5 25.99 53.48
12 5.46 72.66 26.41 5.37 0.64 57.30
13 5.60 53.86 41.69
14 5.64 9.90 59 .15
1 5 5.84 18 .23 70.00
16 5.93 - 0 . 1 6 85.45 14.09

“ The letters I, B, T, and D denote the types of configurations included in the configuration interacticn (see Figure 1). The table presents transition 
energies in eV, the logarithms of the oscillator strengths log /, and the weighted contributions of the configurations of the given types to the total wave 
function.

tions forbidden by parity seems unsatisfactory to us in due to 3 ' î ' d  configurations, while in the case of polyacenes
view of the high intensity.4’16 This problem was solved by a new allowed transition appears, and the difference be-
extending14 the basis set of the configurational interaction 
by excited 3'I'd configurations. The middle columns of Ta
bles III—VI present the results obtained by configuration 
interaction with the basis of all 3 ' I ' i ,  3 T b ,  and 3' I ' d  config
urations, corresponding to electron promotions among the 
five highest occupied and five lowest unoccupied molecular 
orbitals. This basis set was selected with regard to the in
ternal memory of the computers employed. The effect is a 
strong depression of the lowest triplet state, sharply low
ering the energy of the singlet-triplet transitions and in
creasing the energies of the triplet-triplet transitions, so 
that a comparison with experiment is not favorable. New 
forbidden bands in the infrared region are predominantly

tween its energy and the energy of the first allowed transi
tion suggests that this is an experimentally observed band 
in the ultraviolet region (cf. Table II). Whereas the wave 
functions of states participating in intense7, triplet transi
tions are only slightly influenced by doubly excited config
urations, the contrary applies to medium and weak bands. 
This is evidently one of the reasons why procedures6’8 
using first-order configuration interactions do not repro
duce the energies of weaker triplet bands with satisfactory 
accuracy.

The circumstance that 3̂ b configurations do not par
ticipate in experimentally interesting transitions (see 
above) induced us to perform a series of calculations
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40 30 20 10 v(kK)

Figure 3. E xperim ental T -T  spectrum  of a n th ra ce n e  together 
with theo re tica l va lues of en ergy  and oscilla to r strengths. For 
other details see caption to F igure 2.

based only on 3'I'i and 3'I'd configurations, which conse
quently corresponded to the standard Pariser-Parr Cl 
basis. The selection of this basis was particularly advanta
geous in view of the fact that suitable programs are widely 
available. The results are listed in the third column of 
Tables III—VI. A comparison shows that the only major 
change was an increase of the oscillator strength of the 
transitions in the case of naphthalene and anthracene, 
which can be assigned to the intense bands in the visible 
region of the spectrum. The energies of the triplet states 
are almost unaffected. The absolute values of the triplet- 
triplet transition energies are thus still too high in com
parison with experiment. Consequently it is evident that

even with inclusion of the 3'Pd configurations, which is 
necessary from the qualitative viewpoint, agreement with 
experiment can be obtained only by modification of the 
semiempirical parameters.

It was found5 and confirmed by us that the selection of 
another semiempirical relationship for the two-center re
pulsion integrals results in a change of the energies of the 
singlet-triplet transitions, while the energies of the trip
let-triplet transitions are influenced to a much lower ex
tent. The only possibility, therefore, is to change the 
values of the one-center integrals or, possibly, o: the reso
nance integrals. Such a method has been recently applied 
in our laboratory,20 and the calculations with the use of 
the standard bases of configuration interaction are pre
sented in the fourth column of Tables III-VI. The values 
of the one-center electronic repulsion integrals, and of 
the core resonance integral, /?c, were treated as parame
ters, the values of which were adjusted to the first and 
second experimental S-T transitions of benzene. The pa
rameters found are given in the second part of Table I. A 
similar correction was made for hetero atoms; for details 
see ref 18. The method was applied to several dozen con
jugated compounds, and the energies of the singlet-triplet 
and triplet-triplet transitions were reproduced with an 
error of 0.1-0.2 eV. A direct comparison of the transition 
moments was complicated by the circumstance that the 
experimental data are subject to a considerable error and 
also by the fact that the participation of several theoreti
cal transitions in one observed band cannot be excluded. 
A comparison with the very exact data of Brinen21 has 
shown that the calculated oscillator strengths are about 
two-three times as high, but they are at least in qualita
tive agreement with the experiment. Moreover, the use of 
the oscillator strength for quantitative calculations of 
band intensity has recently been questioned22 for methods 
with a limited basis of configyration interaction.

The necessity to introduce a new parameter set seems 
to be rather unfortunate. However, one should keep in 
mind that until now in principle there exist only two fun
damental parametrizations, those adequate for calcula
tions of ground-state properties (Dewar) and those which 
are suitable for estimates of singlet-singlet excitation 
energies (Pariser, Parr, and Pople). The third parameter 
set, introduced in this paper, is suitable for calculation of 
triplet states. In fact, however, on the basis of an exten
sive, careful and critical analysis of all yet used approxi
mations in semiempirical 7r-electronic calculations per
formed in our laboratory (during last 3 years) we have 
found that it is possible to interpret properties of both 
singlet ground (dipole moments, bond lengths, ionization 
potentials, and electron affinities) and excited states (ex
citation energies, transition moments, and dipole mo
ments) by means of a single parameter set.23 Therefore, it 
is possible to offer for calculations only two parameter 
sets, one adequate for singlet (ground and excited) states 
and the other one for triplet states. There is no reason to 
be astonished by this necessity because the correlation 
energy which is included implicitly in semiempirical pa
rameters is different for singlet and triplet states.5-6

Thus it can be said that, at least for purposes of predic
tion and identification, it is fully satisfactory to employ a
(20) J. Pancir and R. Zahradnik, T h e o r. C h im . A c ta ,  14, 426 (1969).
(21) J. S. Brinen, J . C h e m . P h y s .,  49, 586 (1968).
(22) A. E. Hansen and E. N. Svendsen, T h e o r. C h im .  A c ta ,  20, 303

(1971).
(23) J. Pancfr, I. Matousek, and R. Zahradnik, C o lle c t .  C z e c h .  C h e m .

C o m m u n . ,  to be submitted for publication.
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TABLE IX: Restricted Open Shell Calculation for Phenanthrene0

l + B + T  l + B + D

sition E, eV Log f % B % T £, eV Log f % B % D

S —* T 2.35 0.22 2.54 2.37 0.02 3.78
1 2 .1 3 1.3 2 34.64 1.68 0.57 82.14
2 2.68 8.30 36.44 1.92 0.51 65.58
3 2.71 10.82 33.95 2.14 1.00 45.60
4 2.93 - 0 . 9 3 0.01 1 7 .2 1 2.49 0.95 68.88
5 3.75 - 0 . 8 0 0.18 2 1 .6 3 2.63 - 2 . 1 2 0.23 36.01
6 3.92 5.86 77.65 2.71 1.41 80.67
7 3.96 28.70 63.35 2.86 0.57 92.00
8 3.97 - 1 . 0 2 9.40 29.68 3.54 - 2 . 5 2 0.91 77.79
9 4.69 26.00 6 1 .5 1 4.07 - 0 . 6 4 0.21 13 .05

10 4.85 8.40 80.75 4.53 0.07 55.24
11 5.23 - 0 . 2 7 34.64 4 1 .3 0 4.64 - 1 . 0 6 0.20 24.05
12 5.33 - 0 . 1 6 0.49 43.02 4.66 0.56 43.41

4.83 0.59 57 .57
4.88 - 1 . 4 6 0.39 69.20
5 . 1 1 - 0 . 5 5 0.50 2 1 . 1 1
5.25 - 0 . 2 1 1.04 49.52

“ The letters I, B, T, and D denote the types of configurations included in the configuration interaction (see Figure 1). The table presents transition 
energies In eV, the logarithms of the oscillator strengths log f, and the weighted contributions of the configurations of the given types to the total wave 
function.

method using 3'I> i and 3'I'd configurations and new param
eters because it affords the same accuracy as the conven
tional procedure in the interpretation of singlet-singlet 
spectra. A further extension of the Cl basis is thus ob
viously superfluous.

Tables VTI-IX summarize the calculations for naphtha
lene, anthracene, and phenanthrene by means of the re
stricted open shell method. The first column contains the 
results obtained with the use of singly excited configura
tions of the types 3'I'i, 3'1'b, and 3'1/t, while the second 
column relates to configurations of the types 3xPri, 3 M's, 
and 3'1' d. The depression of the lowest triplet state caused 
by the variation principle itself leads to reduced energy of 
the singlet-triplet transition. An, “ improvement” of the 
wave function of the lowest triplet state by means of the 
open shell procedure manifests itself in the fact that this 
state interacts only very little with the other configura
tions. In the case of excited triplet states, however, a 
strong mixing of configurations takes place, and, there
fore, even for transitions in the visible region it is not pos

sible to neglect any of the mentioned types of configura
tions. The calculations of the energies of triplet-triplet 
transitions are subject to a larger error than the calcula
tions by the closed shell method, and it is, therefore, ob
viously necessary to perform a special parametrization in 
this case. Consequently, the restricted open shell method 
does not appear promising for the study of triplet states. 
A more extensive comparison of the methods used is given 
in Figures 2 and 3 for naphthalene and anthracene.

Summary
The conventional PPP method does not afford satisfac

tory results for the energies of singlet-triplet and triplet- 
triplet transitions, even by a special selection of the basis 
set in configurational interaction, or by the restricted 
open shell procedure. The best results were obtained by a 
special parametrization, offering the possibility of repro
ducing the energies of triplet states with an accuracy of 
0.1-0.2 eV.
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T h e o r e t ic a l  S tu d y  o f  S in g le t -T r ip le t  an d  T r ip le t-T r ip le t  S p e c t r a .  

II. C o n ju g a te d  H y d r o c a r b o n s

J. Pancir and R. Zahradnik*

T h e  J . H e y ro v s k t f  I n s t i tu te  o f  P h y s ic a l  C h e m is t r y  a n d  E le c t r o c h e m is t r y .  C z e c h o s lo v a k  A c a d e m y  o f  S c ie n c e s ,  P ra g u e ,  C z e c h o s lo v a k ia  
( R e c e iv e d  S e p te m b e r  10, 1 9 7 1 )

The Pariser-Parr-Pople method with modified semiempirical parameters is used for calculating the 
energies and oscillator strengths of singlet-triplet and triplet-triplet transitions for 15 conjugated hydro
carbons. The triplet spectra of the individual molecules are discussed with reference to experimental 
data, and the spectral resemblances of significant bands are investigated. Additional bands, especially in 
the infrared and the.visible regions, are predicted.

Introduction
In the preceding paper1 it was shown that with suitably 

modified semiempirical parameters, the PPP method 
makes it possible to calculate the energies of singlet-trip
let and triplet-triplet transitions as accurately as singlet- 
singlet transitions. By means of recent improvements in 
triplet-triplet spectral techniques, numerous new bands 
have been found,2"13 and the polarization10-1418 as well as 
the extinction coefficients9-10 18 23 measured for the most 
intense among them. We have now attempted to subject 
these data to a more thoroughgoing theoretical interpreta
tion than that of Orloff,24 which is limited to the assign
ment of intense triplet-triplet bands. The influence of 
molecular structure upon the energy of allowed transitions 
will be shown for a typical series of benzenoid hydrocar
bons. The calculations were performed for three trans
polyenes, nine benzenoid, and three nonalternant hydro
carbons.

Calculations
Details on the computational method and parameters 

have been given.1 As this method gives too low values for 
the S-T excitation energies in polyenes, we included, sim
ilarly as in the original PPP version, the “ variable /3 ap
proximation.” The best fit was obtained by means of the 
following formula

&u„=  -2.5exp[0.2(pw -2 /3 )]  (1)
Figures 1-9 present the theoretical energies and the log

arithms of the oscillator strengths drawn into the experi
mental triplet-triplet spectra of benzenoid hydrocarbons. 
The relation between the extinction coefficient t and the 
oscillator strength /  was given by the empirical formula

log c = 4.5 + log f (2)
which has proved satisfactory in the study of singlet-sin
glet spectra.

In the application of the Platt method25 for classifying 
the individual spectral levels of benzenoid hydrocarbons, 
we have encountered numerous difficulties arising from 
the fact that the LCI-SCF and FE perimeter model wave 
functions are often different. With the aid of polarization 
diagrams25 we have succeeded in classifying some but not all 
of the triplet levels of naphthalene. For other benzenoid 
hydrocarbons, we modified the procedure. We arranged

the calculated orbital wave functions into groups accord
ing to the number of nodal planes, and within each group 
according to the energy. The individual spectral states 
were then compared with the corresponding states of 
naphthalene on the basis of the contributions of the indi
vidual configurations to the total wave function. This pro
cedure proved suitable for assigning the majority of the 
bands found experimentally, and permitted a similar clas
sification even for pericondensed hydrocarbons. We should 
like to point out, however, the somewhat different classifi
cation of triplet states,13 suggested by the similarity be
tween them and singlet-singlet spectra.

Polyenes. The lowest triplet state in the case of fully 
conjugated trans-polyenes exhibits, according to our cal
culations, a 3BU+ symmetry (here and later we employ the 
nomenclature of Pariser26), whereas in Platt’s nomencla
ture the symbol 3B is used. A singlet-triplet transition is 
spin forbidden and is polarized approximately in the di
rection of the polyene chain. Its energy decreases strongly 
with increasing chain length. The lowest triplet-triplet 
transition 3BU + —*■ 3Ag+ is forbidden by parity.23 Its ener
gy has been calculated as 14.18 kK for butadiene and
11.90 kK for hexatriene. From these values, as well as
(1) J. PancTr and R. Zahradnik, J . P h y s . C h e m ..  77, 107 (1973).
(2) H. Labhart, H e lv .  C h im . A c ta ,  47, 2279 (1964).
(3) B. R. Henry and M. Kasha, J. C h e m . P h y s ., 47, 33' 9 (1967).
(4) M. W. Windsor and J. R. Novak, "The Triplet State,-’ Cambridge 

University Press, New York, N. Y., 1967, p 229.
(5) R. Astier and Y. H. Meyer, ref 4, p 447.
(6) K. Kimura, S. Azimitan, N. Yamamoto, and H. Tsumobura, B u ll.  

C h e m . S o c .  J a p . ,  41, 1274 (1968).
(7) E. J. Land and A. J. Swallow, J . C h e m . P h y s .,  49, 5552 (1968).
(8) R. Astier and Y. H. Meyer, C h e m . P h y s . L e t t . ,  3, 399 (1969).
(9) W. Heinzelmann and H. Labhart, C h e m . P h y s . L e t t . ,  4, 2C (1969).

(10) D. Lavalette, J . C h im .  P h y s .,  66, 1845, 1853, 1860 (1969;.
(11) T. M. Naumova and V. I. Glabkovskii, O p t. S p e k t r o s k . ,  27, 228 

(1969).
(12) M. A. Slifkin and R. H. Walmsley, P h o to c h e m .  P h o to b io l . ,  13, 57 

(1971).
(13) G. Nouchi, J . C h im . P h y s ..  66, 548, 554 (1969).
(14) M. A. El-Sayed and T. Paulopoulos, J. C h e m . P h y s .,  39, 834 

(1963).
(15) K. B. Eisenthal, J . C h e m . P h y s .,  46, 3268 (1967).
(16) K. B. Eisenthal, J . C h e m . P h y s .,  50, 3120 (1969).
(17) D. Lavalette, C h e m . P h y s . L e t t . ,  3, 67 (1969).
(18) J. B. Gallivan and J. S. Brinen, J. C h e m . P h y s .,  50, 1590 (1969).
(19) R. A. Keller and S. G. Hadley, J. C h e m . P h y s .,  42, 2382 ('965).
(20) E. J. Land, P ro c .  R o y . S o c . ,  S e c .  A, 305, 457 (1966).
(21) J. S. Brinen, J . C h e m . P h y s .,  49, 586 (1968).
(22) J. S. Brinen and M. K. Orloff, J . C h e m . P h y s .,  5 1 ,5 2 7  (1959).
(23) S. G. Hadley and R. A. Keller, J . P h y s . C h e m .,  73, 4351 C969).
(24) M. K. Orloff, J . C h e m  P h y s ., 4 7 , 235 (1967).
(25) J. R. Platt, J. C h e m . P h y s .,  17,484 (1949).
(26) R. Pariser, J , C h e m . P h y s ., 24, 250 (1956).
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from the known energies of S-T transitions, it follows that 
the second triplet state lies below the first excited singlet 
state and should consequently participate in the intersys
tem crossing. Experimental proof of this assertion is lack
ing.

The first allowed triplet-triplet transition 3BU+ —► 3Ag- 
(3B —► 3C according to Platt) should be located in the ul
traviolet region. For butadiene, theory predicts an energy 
of 34.8 kK and for hexatriene 30.2 kK. The calculated 
oscillator strength f  = 0.5-1 is in agreement with 
Platt’s25'27 selection rules, because it relates to a transi
tion where the total quantum number changes by a unit. 
These calculations can not at present be compared with 
experimental data, which are lacking. The 31.25-kK band, 
measured by a giant pulse laser photolysis of benzene,28 
can be tentatively assigned to the triplet-triplet transition 
of hexatriene arising by photoreduction; a definitive as
signment, however, will require more experimental evi
dence. Direct comparison of experiment with theory in 
this region is likely to be hampered by the photochemical 
sensitivity of the polyenes and by major changes in the 
geometry of the excited states.

Benzenoid Hydrocarbons. Among all the substances 
studied, the best triplet-triplet spectral data are available 
for the benzenoid hydrocarbons, which we therefore dis
cuss in some detail. Our calculations have confirmed 
Kearns’29 general assignment of the lowest triplet state as 
3La. Although the experimental verification of the sym
metry of the lowest triplet state is complicated by the fact 
that the phosphorescence is predominantly polarized out- 
of-plane by the influence of the spin-orbit coupling with 
the air* and wa* singlet states, the in-plane components of 
the polarization confirm the Theoretical assignment (see, 
e.g., ref 18 and 30). For centrally symmetric molecules, 
the lowest allowed triplet-triplet bands will then be 
formed by the transition 3La —► 3Ka, polarized approxi
mately longitudinally, and by the transitions 3La —» 3Kh 
and 3La —»• 3Cb, polarized transversely. According to 
Platt’s rules,25 the transition 3La —> 3Cb will be less in
tense than transitions of the type 3La —► 3Ka b. From a 
study of the polarization diagrams constructed on the 
basis of the LCI-SCF functions, it follows that for mole
cules without a center of symmetry there appears an addi
tional allowed, though not intense, transition 3La —► 3Ba, 
polarized longitudinally. These conclusions will now be 
verified by a more detailed analysis of the singlet-triplet 
and triplet-triplet spectra of the individual molecules.

Benzene. The first two experimental energies of triplet 
states obtained by optical methods31'32 were used for the 
adjustment of the parameters of our procedure.33 The 
symmetry 3Biu+ corresponds to the first triplet state 3La, 
and the symmetry 3Eiu+ to the second 3Ba b state.29 To 
the excitation of the electron into the third triplet state 
3Lb of the theoretical symmetry 3B2U~ and the energy 41.2 
kK we can assign a band at 43 kK found by the method of 
electron impact.34-35 The weak triplet-triplet band of the 
energy of 23.3 kK and the extinction coefficient t 100 can 
be assigned to the symmetrically forbidden transition 
from the first into the fourth triplet state (calculated 
energy 22.7 kK) of the symmetry 3Biu+ —► 3E2B_ or 3La —► 
3Ca.b according to Platt. The energy of the 1A -*  3Ca-b 
transition is very near the energy of the singlet 4A —► 1La 
transition, casting some douot on the assignment of the 
corresponding absorption band in the electron impact 
spectrum.34 The fifth triplet state 3Ka,b of symmetry

Figure 1. T rip le t-tr ip le t spectrum  of n a p h th a le n e 36 draw n with 
the use of the extinction co e ffic ien t from  ref 21 together with 
theo re tica l d a ta ...=?.d e ro te s  position of the m axim um  of the e x 
perim enta l T -T  band in the ultravio let region intensity of which
w as not sp e c ifie d ;1 1 --------shows a llow ed  tra n s itio n s ;^ ^ -s h o w s
forbidden transitions; •*-*• shows direction of polariza tion  relative  
to the draw n orientation  of the m olecu le.

3E2B~ has, according to our calculations, energy of 52.3 
kK (relative to the singlet ground state) and thus is close 
to the ionization potential of the molecule. The transition 
3La —► 3Ka,b, of energy 39.2 kK, is the first allowed transi
tion of the triplet-triplet spectrum and corresponds to the 
measured band11 at 39.22 kK.

Naphthalene. For the first singlet-triplet transition 
1Ag” —► 3B2u+ (A —► 3La according to Platt), the calcula
ted energy of 21.3 kK is in good agreement with the experi
mental value of 21.2 kK.31 The second singlet-triplet 
transition aAg- —► 3Big+ is according to theory at 31.2 
kK, i.e., very near the singlet-singlet absorption band.

The triplet-triplet spectrum determined by Melhuish36 
was drawn with the use of Brinen’s21 value of the extinc
tion coefficient of the most intense maximum, only rela
tive absorption being measured. This is given, together 
with theoretical values, in Figure 1.

The first triplet-triplet band, which lies theoretically at
9.9 kK, is allowed by symmetry but forbidden by parity 
(transition 3B2u + —► 3Big+); it is polarized along the long
er axis of the molecule. As the parity determination of al
lowed and forbidden transition is due to approximations 
involved in the theoretical method, the bands forbidden 
by parity should be more intense than those forbidden by 
symmetry.10 Unfortunately, no measurement has as yet 
been made in the infrared region to confirm this result. 
The next band forbidden by parity is given by theory at
17.6 kK (the transition 3B2U+ —*■ 3Ag+). This region con
tains a very weak band (t 200-300) observed by Mel
huish36 and Lavalette.10 The intense band at 24.1 kK (see 
Figure 1) is undoubtedly produced by the transition 3B2U+ 
—► 3Big- (3La —► 3Ka according to Platt), and according to 
theory24 26 and experiment10 is polarized parallel to the
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Figure 2. T rip le t-tr ip le t spectrum  of a n th ra c e n e 5 together with 
theo re tica l data.c=fe denotes the position of the m axim um  of the  
experim enta l T -T  band in the u ltraviolet region, intensity of 
w hich w as not s p e c ifie d .38 For further exp lanation  see caption  
to F igure 1.

longer axis of the molecule. Our calculation shows a weak
er band nearby, 3B2u+ —*■ 3Ag- (3La —► 3Cb), which can be 
assigned to the band at 29 kK found by the method of 
pulse radiolysis.37 It is possible that the weak maxima 
found at 17.5 and 19.0 kK10-36 (see Figure 1) are the be
ginning of this band; calculation gives only the position of 
the Franck-Condon maximum. This assumption seems to 
be supported by the formal similarity of this spectrum 
and that of phenanthrene (Figure 3), but is in disagree
ment with the shift of this band on going from naphtha
lene to anthracene, which will be dealt with later. The so
lution of this problem probably would require careful vi
brational analysis of a spectrum better resolved than is 
now available.

The intense transition 3B2u+ -* 3Ag- (3La —► 3Kb) can 
be assigned to Porter’s band38 at 38.5 kK or to the band 
at 37 kK as determined in ref 11. Since this region is al
ready subject to strong singlet-singlet absorption, it is 
hardly possible to measure its relative intensity accurately 
enough. It seems, however, that in view of the similarity 
of the spectra of the polyacenes,38 and the similarity be
tween the triplet-triplet spectra and the spectra of the 
corresponding dianions,39 we have here an actually al
lowed transition. We take this in support of our assign
ment, contrary to Orloff’s classification24 of this band as 
3B2u+ - 3Blg+.

Anthracene. Anthracene belongs to the substances with 
the best-measured triplet-triplet spectra4-5 (Figure 2). 
The experimental energies of the two lowest triplet levels 
(14.87 31 and 26.1 kK40) are comparable with the theoreti
cal energies of 14.9 and 25.7 kK of the states of the sym
metries 3B2u+ and 3Blg+. Both these states are theoreti
cally below the lowest excited singlet and should conse
quently participate in the intersystem crossing. The par

Figure 3. T rip le t-tr ip le t sp ectrum  of p h e n an th re n e4 toge ther with 
theo re tica l data . For exp lanation  of sym bols, see caption  to F ig
ure 1.

ticipation of the second triplet state of anthracene in this 
process has been proven photochemically.41-42

A comparison of the triplet-triplet spectrum of anthra
cene with the spectrum of naphthalene reveals that the 
band 3La —>■ 3Ka is strongly bathochromically shifted, 
while the positions of the bands 3La —► 3Cb and 3La —► 3Kb 
are not much changed. The 3B2u+ —► 3Ag+ transition for
bidden by parity, which we are not able to classify accord
ing to Platt, is shifted strongly hypsochromically. For this 
reason, we assume that the transition 3B2u+ —» 3Ag+ par
ticipates in the case of both substances in the absorption 
in the region about 20 kK (cf. Figures 1 and 2}. As with 
naphthalene, the intensity of the band in the ultraviolet 
region has not been published (its position is indicated in 
Figure 2 by an arrow), but it can again be assumed to be 
allowed by parity as well as by symmetry. The theoretical 
transition 3La —» 3Kb, which matches this assumption, is 
very near the experimental maximum.

Phenanthrene. According to our calculations, the two
(27) J. R. Platt, J . C h e m . P h y s .,  18, 1168 (1950).
(28) R. Bonneau and J. Joussot-Dubien, C h e m . P h y s . L e t t . ,  3, 353 

(1969).
(29) D. R. Kearns, J. C h e m . P h y s ., 36,1608 (1962).
(30) M. A. El-Sayed, A c c o u n ts  C h e m . R e s .,  1 ,8  (1968).
(31) D. F. Evans, J . C h e m . S o c . ,  1351 (1957).
(32) S. D. Colson and E. R. Bernstein, J . C h e m . P h y s .,  43, 2661 (1965).
(33) J. Pancir and R. Zahradnfk, Theor. Chim. Acta, 14, 426 (1969).
(34) R. N. Compton, R. H. Huebner, P. W. Reinhardt, and L. 3. Christo- 

phorou, J. C h e m . P h y s .,  48,901 (1968).
(35) J. P. Doering, J . C h e m . P h y s .,  51,2866 (1969).
(36) W. H. Melhuish, J . C h e m . P h y s .,  50, 2779 (1969).
(37) G. R. A. Johnson and M. C. Sauer, Jr., J . C h e m . P h y s .,  51,  496 

(1969).
(38) G. Porter and M. W. Windsor, Proc. Roy. Soc., S e r. A,  245, 238 

(1958).
(39) G. J. Hoijtink, P u re  A p p l.  C h e m .,  1 1 ,  393 (1965).
(40) R. E. Kellog, J. C h e m . P h y s ., 44, 411  (1966).
(41) R. S. H. Liu and J. R. Edman, J. A m e r .  C h e m . S o c . ,  90, 213

(1968) .
(42) R. S. H. Liu and R. E. Kellog, J . A m e r .  C h e m . S o c . ,  91, 250

(1969) .
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Figure 4. T rip le t-tr ip le t sp ectrum  of p y re n e4 toge ther with theo- Figure 5. T rip le t-tr ip le t spectrum  of p y re n e 9 together with theo 
retica l data . For exp lanation  of sym bols, see caption to Figure 1. retica l data . For exp lanation  of sym bols, see caption to Figure 1.

lowest triplet states 3B2+ and 3Ai+ have energies of 22.4 
and 28.4 kK. The first energy is comparable with the ex
perimental value of 21.6 kK.31 The triplet-triplet spec
trum measured by Windsor and Novak4 and the theoreti
cal values are given in Figure 3. Besides the intense band 
with a maximum at 20.5 kK, which we assigned, in agree
ment with the measurement of the intensity21 and the po
larization,10-18 to the transition 3B2+ —► 3Ai~ (according 
to Platt 3La —► 3Ka), there appears a weaker very broad 
band, which has so far been assigned to a band forbidden 
by parity or to the transition 3La -* 3Ca.13 According to 
our results (cf. Figure 3) it can be concluded that we have 
here the beginning of the band 3B2+ —► 3B2- (3La —* 3Cb), 
whose Franck-Condon maximum is given by theory at 
18.4 kK, and which is polarized along the molecular axis. 
In the infrared region at 9.6 kK, the theory predicts a fur
ther allowed, though very weak, transition 3B2+ —» 3Ai^ 
(3La —> 3Ba), polarized perpendicularly to the molecular 
axis. No triplet-triplet spectrum has so far been measured 
in this region. The participation of the latter transition in 
the weak band in the visible region should be decided on 
the basis of the polarization measurement.

Pyrene. The lowest triplet state theoretically has the 
symmetry 3B3u+; its energy is theoretically equal to 17.2 
kK and experimentally to 16.5 kK.31 The triplet-triplet 
spectrum (Figure 4) begins at 11 kK with a band to which, 
according to our calculations, the symmetry 3B3u + — 
3B2u+ was assigned. The second triplet state consequently 
has an energy somewhat higher than that of the lowest ex
cited singlet and should thus no longer participate signifi
cantly in intersystem crossing unless the singlet state were 
thermally activated. This result was experimentally veri
fied by the study of the thermal dependence of the half- 
life of the fluorescence.4-43

Two parity forbidden but symmetry allowed transitions

of energies of 12.3 and 14.5 kK, and symmetries 3B3u + —► 
3Blg + and 3B3u+ —* 3Ag + , are probably the cause of the 
weak absorption maxima measured at 11.5 and 12.9 kK.4 
The transition 3B3u+ —► 3Big~ (3La —► 3Cb) obviously 
gives rise to the band at 19.2 kK (cf. Figures 4 and 5). In 
the intense band on the boundary between the visible and 
the ultraviolet region, three allowed transitions partici
pate according to our calculations: 3B3u+ —► 3Ag~ (3La —* 
3Ka), 3B3u+ -  3Blg-  (3La -  3Kb), and 3B3u+ -  3Ag-.

For pyrene, the triplet-triplet spectrum has been mea
sured far into the ultraviolet region, where it is to be ex
pected that our configuration interaction basis set will be 
inadequate. Nevertheless all but the shortest wavelength 
band at 39 kK can be interpreted by the method used 
(Figure 5).

Naphthacene. The theoretical difference in energy be
tween the first two triplet states is almost equal to the 
energy of the lowest singlet-triplet transition. A phospho
rescence from the second excited state is therefore possi
ble, and would explain the emission band44 at 19.5 kK, 
which was formerly ascribed to the normal phosphores
cence of naphthacene. (It is also possible, however, that 
this band was emitted by an impurity of the sample under 
study.) The calculated energy of the singlet-triplet transi
tion, 10.8 kK, is comparable with the experimental value 
of 10.3 kK.43

The first triplet-triplet transition was measured experi
mentally46 in the infrared region with a maximum at 10.4 
kK. This value is also in agreement with the energy of the

(43) B. Stevens, M. F. Thomas, and J. Jones, J . C h e m . P h y s .,  46, 405 
(1967).

(44) S. P. McGlynn, M. R. Padhye, and M. Kasha, J . C h e m . P h y s .,  23, 
593 (1955).

(45) A. A. Lamola, W. G. Herkstroeter, J. C. Dalton, and G. S. Ham
mond, J . C h e m . P h y s .,  42, 1715  (1965).

(46) R. Astier, A. Bokobza, and Y. H. Meyer, J. C h e m . P h y s ., 51, 5174 
(1969).
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Figure 6. T rip le t-tr ip le t sp ectrum  of n a p h th a c e n e 38 to g e th er with 
theo re tica l data . >=£>. denotes the position of the m axim um  of the  
band of the g rea tes t w avelength found e x p e rim e n ta lly .8 For ex 
planation of fu rther sym bols, see caption to F igure 1.

Figure 7. T rip le t-tr ip le t spectrum  of b e n z [a ]a n th ra c e n e 9 toge th 
er with theo re tica l data . For explanation of sym bols, see caption  
to F igure 1.

3B2u+ —» 3Big+ transition, 9.9 kK. The measured triplet- 
triplet spectrum given in ref 38 is presented in Figure 6. 
The bands 3B2u+ —* 3Big- (3La —► 3Ka) and 3B2U+ —► 
3Ag- (3La —► 3Kb) are relatively easy to identify; the as-

Figure 8. T rip le t-tr ip le t spectrum  of c h ry se n e9 to g e th er with th e 
oretica l data . For exp lanation  of sym bols, see caption  tc Figure 1.

Figure 9. T rip le t-tr ip le t spectrum  of tr ip h e n y le n e 13 d raw n with 
the use of the extinction co effic ien t from  ref 21 , to g e th er with 
theo re tica l data . For exp lanation  of sym bols, see caption  to F ig 
ure 1.

signment of the band 3La » 3Cb will possible only after a 
careful measurement of the spectrum in the region of 
25-30 kK.

Other Benzenoid Hydrocarbons. The energies of the sin
glet-triplet transitions of hydrocarbons with fcur rings
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co  occo
Figure 10. S p ectra l res em b lan c e  of benzenoid  hydrocarbons: 
polyacenes and th ree -rin g  hydroca'bons.

were interpreted by this method with the same accuracy 
as those with a lower number cf atoms. From the theoreti
cal viewpoint, no new findings result from the study of the 
triplet-triplet spectra of benz[a]anthracene and chrysene 
(Figures 7 and 8). The sequence of the individual bands is 
the same as for phenanthrene. It is obvious that for ener
gies higher than 30 kK, a significant role is played by con
figura tions not included in our basis set.

For triphenylene (Figure 9), two triplet-triplet bands 
have been identified, a weaker band 3B2U+ —*■ 2E2g~ (3La —► 
3Ca,b) at 15 kK and a stronger one 3B2u + — 3E2g_ (3La —* 
3Ka,b) at 23 kK.

For benzo[c]phenanthrene, a triplet-triplet spectrum 
was published in the classical paper by Porter and Wind
sor.38 Since the extinction coefficients were measured 
with only limited accuracy, this spectrum is not given 
here. However, both measured bands are easy to interpret. 
The intense band with a maximum at 19.34 kK can be 
compared with the calculated transition 3B2+ —<► 3Ag- 
(3La —► 3Ka, Pth = 19.27 kK); a broad band of medium in
tensity with maximum at 25 kK is probably formed by su
perposition of three allowed transitions, lying theoretically 
at 23.4, 25.2, and 27.0 kK. The theory predicts two further 
weak, but allowed bands in the infrared and visible re
gions; this relates to the transition 3La —► 3Cb, polarized 
along the axis of the molecule, with a maximum at 15.2 
kK, and to the transition 3La —► 3Ba, polarized perpendicu
larly with a maximum at 7.7 kK. In the case of this mole
cule it is interesting to point out the theoretical extremely 
low energy of the first triplet-triplet transition (7th = 3.6 
kK).

40

v (kK)

30

20

10

0

o x o  o c a  a xp A
Figure 11. S pectra l res em b lan c e  of benzenoid  hydrocarbons: 
four-ring  hydrocarbons.

Spectral Resemblances of Benzenoid Hydrocarbons. On 
the basis of theoretical and experimental results, it is pos
sible to characterize several typical bands in the triplet- 
triplet spectra. The very intense band 3La —► 3Ka (log 
rmax = 4-5), which is polarized longitudinally, has a rich 
vibrational structure, and the 0-0 transition is usually at 
the same time a vertical transition. The band 3La » 3Kb, 
polarized perpendicularly to the band 3La —► 3Ka, is usu
ally very intense for polyacenes and somewhat weaker for 
other hydrocarbons, mostly without a resolved vibrational 
structure. The band 3La —» 3Ca, parallel to it, is over
lapped in the polyacene case by the band 3La —» 3Ka; it is 
of medium intensity (log imax = 3-4) and usually has a 
vibrational structure. The transition 3La —► 3Ba, which 
should be allowed for molecules without central symme
try, lies theoretically in the infrared region.

Figures 10 and 11 present the changes in the energies of 
triplet-triplet transitions as a function of structure. Lin
ear annélation (Figure 10) is characterized by a strong 
bathochromic shift of the 3B2u~ —► 3Big~ band (3La -► 
3Ka); the energies of the allowed bands 3La —*■ 3Kb and 
3La —► 3Cb, beginning with naphthalene, are not essential
ly changed by additional annélation. The band 3B2u+ —► 
3Ag+, forbidden by parity, which probably is the cause of 
the weak absorption of naphthalene and anthracene in the 
visible region, shifts hypsochromically with rising number 
of atoms, and already for naphthacene its maximum is, 
according to theoretical results, overlapped by the band 
3B2u~ —► 3Big-. The energy of the lowest triplet-triplet 
transition attains its maximum for anthracene and then
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TABLE I: Spectral Characteristics of Azulene

Singlet-triplet
transitions

Triplet-triplet transitions

No. E , kK Log t

Polarization 
in relation 
to axis of 
moleculeNo. E , kK

1 14.64 1 2.93 - 3 . 1 4 0 _L
2 1 7 .5 7 2 6.98 - 2 . 3 2 6 .1

3 15 .46 - 1 . 7 5 6 II
4 19.3 3 - 0 . 9 0 8 II
5 24.00 - 1 . 9 7 8 _L
6 24.75 - 0 . 9 2 8 _L
7 25.05 - 0 . 6 1 6 ||
8 30.47 - 4 . 1 8 6 II
9 33.49 - 1 . 7 8 9 _L

10 34.70 - 2 . 1 1 2 _L
11 38.29 - 0 . 8 3 3

TABLE II: Spectral Characteristics of Acenaphthylene

Triplet-triplet transitions

Singlet-triplet Polarization
transitions in relation

to axis of
No. E. kK No. £, kK Log f molecule

1 1 7 . 1 1 1 2.77 - 2 . 6 2 9 _L
2 19.88 2 9.53 - 3 . 0 8 6 II

3 17.48 - 3 . 4 7 6 II
4 17 .5 3 - 1 . 7 6 9 1
5 18 .72 - 2 . 8 4 6
6 19.69 - 2 . 5 2 2 ||
7 23.94 - 1 . 0 9 1 _L
8 27.61 - 0 . 5 8 2 II
9 28.38 - 0 . 8 6 6 1

10 3 0.16 - 1 . 1 0 0 II
11 3 2 .1 7 - 1 . 7 0 4 ±

12 32.55 - 0 . 4 3 7 ||
13 3 5 .1 0 - 1 . 8 9 5 ±

14 38.52 - 1 . 7 7 5 II

again slowly decreases with further annelation.
Annelation of the phenanthrene type (Figures 10 and 

11) leads to an interchange of the bands 3L a -*• 3Ka and 
3L a —*■ 3Cb; the latter transition probably participates in the 
medium absorption band in the visible region of phen
anthrene and related compounds.

With our relatively small configuration interaction basis 
set, we cannot expect to obtain correct values of the transi
tion moment. (For more details see ref 1.) Nevertheless, 
after a comparison of our calculations with available experi
mental data10'19“21 we have concluded that our modified 
procedure can give at least qualitative information on the 
relative intensity of the individual bands as a function of 
the structure of the molecule. An increase of the number of 
atoms in polyacenes is accompanied by a roughly parallel 
increase in the intensity of the transitions 3L a -* 3Kb and 
3La — 3Cb; beginning with naphthalene, the intensity of 
the band 3L a —► 3Ka gradually decreases. The study of iso
mers of equal numbers of atoms reveals that a deviation 
from the linear arrangement of the rings leads to a de
crease in the intensity of all studied allowed bands. 
Weakening is least for the band 3L a —► 3Kh. The transition 
3L a —► 3Cb is most sensitive to the change, the intensity 
falling by as much as two orders of magnitude.

Nonalternant Hydrocarbons. Three molecules of this

TABLE III: Spectral Characteristics of Fluoranthene

Triplet-triplet transitions

Singlet-triplet Polarization
transitions in relation

to axis of
No. E. kK No. E. kK Log f  molecule

1 3 .21 - 2 . 4 8 1 ±

2 9.32 - 2 . 8 7 2 ±

3 11 .8 8 - 1 . 7 6 0 ±

4 13 .20 - 1 . 3 7 1 IS
5 15.41 - 2 . 0 8 8 _L
6 15.44 - 1 . 9 6 4 II
7 16 .1 9 - 2 . 5 0 4 _L
8 17 .93 - 2 . 2 7 0 II
9 19.60 - 1 . 3 9 2 II

10 24.67 - 0 . 6 5 1 _L
11 24.92 - 0 . 2 0 5 II
12 27.29 - 1 . 7 7 0 II
13 28.58 - 0 . 7 3 7 _L
14 30.32 - 1 . 5 1 6 II
15 30.99 - 1 . 2 2 1 T

group have been studied, namely, acenaphthylene, fluo
ranthene, and azulene. For all three molecules we know 
the singlet-triplet spectrum,3147-48 which in the case of 
acenaphthylene and fluoranthene is in agreement with the 
calculated data. For azulene48 there is rather large differ
ence between the calculated and the experimental energy 
(about 4 kK). For the time being we are not able to ex
plain such a disagreement. The low half-life of the emis
sion of the observed singlet-triplet seems noteworthy.49 
Theoretical data on the triplet spectra of these three sub
stances are given in Tables I—III. For triplet-triplet spec
tra, experimental data are very scarce. For azulene, a 
band is known at 20 kK, which can be assigned to the 
theoretical transition 3B2 —► 3B2 (3La —► 3Ka) with an 
energy of 19.3 kK, polarized parallel to the axis of the 
molecule. For fluoranthene we have found a strong ab
sorption band, beginning at 23 kK and with its first maxi
mum at about 25 kK. This band could not be measured 
further, because its wavelength is at the end of the spec
tral range of the spectrograph employed. Theoretically it 
can be assigned to the transition 3Ai —* 3Ai (3La —► 3Ka 
according to Platt) of energy 24.9 kK, polarized in the di
rection of the axis of the molecule.

On the basis of these data, it seems that this method is 
also suitable for the study of triplet states of nonalternant 
hydrocarbons. A complete analysis of triplet-triplet spec
tra, however, requires far more detailed experimental data 
than at present available.

Conclusion
It was the aim of this work to examine the suitability of 

the modified PPP method1-33 for the study of triplet 
states of molecules, as well as to discuss the known sin
glet-triplet and triplet-triplet spectra of conjugated hy
drocarbons. Spectral similarities have been studied in 
particular for benzenoid hydrocarbons, where a wealth of 
experimental data are available. In the present paper we 
have not published all calculations. Pertinent tables will 
be sent on request.
(47) C. Dijgraaf, Ph.D. Thesis, University of Amsterdam, 1962.
(48) P. M. Rentzepis, C h e m . P h y s . L e t t . .  3, 717  (1969)
(49) G. W. Robinson and R. P. Frosch, J . C h e m . P h y s ..  38, 1187  

(1963).
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T h e o r e t ic a l  S tu d y  o f  T ra n s it io n s  fro m  th e  F irst to  H igh er E x c ite d  S in g le t  S ta te s

J. Pancir and R. Zahradnik*

T h e J .  H e y ro v s k p  I n s t i tu te  o f  P h y s ic a l  C h e m is t r y  a n d  E le c t r o c h e m is t r y ,  C z e c h o s lo v a k  A c a d e m y  o f  S c ie n c e s ,  P ra g u e ,  C z e c h o s lo v a k ia  

( R e c e iv e d  S e p te m b e r  10, 1 9 7 1 )

The energies and oscillator strengths of electronic transitions from the first excited singlet state were cal
culated for eight conjugated hydrocarbons by the semiempirical Pariser-Parr-Pople' method. The calcu
lations are compared with available experimental data.

Introduction
The spectroscopy of molecules in electronically excited 

states belongs undoubtedly among the significant recent 
advances of electronic spectroscopy. Whereas triplet-trip
let transitions have been known for years,1“6 the measure
ment of absorption bands from the first excited state7-15 
has been made possible only by the development of nano
second flash photolysis.16 The theoretical interpretation of 
the measured spectra must bs based, as in the case of 
triplet-triplet spectra,17 upon a comparison of the relative 
intensities and thus on the oscillator strengths of the indi
vidual bands. It is the aim of this investigation to show 
that the semiempirical Pariser-Parr-Pople (PPP) method 
is suitable for such an interpretation.

Calculations
The calculations were performed by means of a slightly 

modified version of the PPP method, used in our laborato
r y « , 19  f o r  the study of singlet-singlet spectra. In the pres
ent paper we have employed a different expression to cal
culate the resonance integral

= -9.44S„ (1)
where S „  is the overlap integral between the 2pz Slater 
atomic orbitals on those centers g and v which are con
nected by a chemical bond. The bond lengths were cor
rected in each SCF iteration20 by means of the relation

r „  = —0.19p„ + 1.523 (2)
where pM is the bond order of the bond between the 
atoms g and v. These relationships appear to be more 
exact than those given in ref 19, but their introduction ex
erts little influence on the calculated positions and inten
sities of the bands. The calculations were performed on an 
Elliott 503 computer by means of a program formulated in 
the Autocode Elliott language for the purposes of the 
present study.

Results and Discussion
The question of the selection of the basis set for the 

configuration interaction was thoroughly examined for 
triplet-triplet transitions in ref 17. It was found17 that the 
basis set of the singly excited configurations (with regard 
to the ground state) is sufficient for electronic transitions 
up to 30-35 kK. We have taken this result in the present 
work for calculations of the spectra from the first excited 
singlet state, which are formally similar to the triplet- 
triplet spectra. The configuration interaction matrix was

based on all configurations of singly excited states (with 
regard to the ground state), and corresponding to transi
tions among ten frontier orbitals, while for benzene all 
singly excited configurations were employed. In the pres
ent paper we consider more thoroughly the influence of 
the geometry of excited states on the singlet-singlet tran
sition energies. On the assumption that eq 2 can be ap
plied to molecules in excited states, it was possible to 
modify the semiempirical method so as to calculate the 
resonance and the repulsion integrals by using the theo
retical bond lengths in the electronic state 1 Wa2+ = 2~1/2- 
[V12' + V21' ] (nomenclature taken from ref 21), which 
participates to a considerable extent in the excited singlet 
state of lowest energy in the case of the molecules under 
investigat ion.

The calculation was carried out for naphthalene. In 
view of the geometry of the virtual singlet state, the wave 
number of the S0 -* Si transition fell to 31.2 kK and cor
responds exactly to the wave number of the maximum of 
the fluorescence band.22 The absorption transitions from 
the first excited singlet state were very insensitive to a 
change of geometry, and the energies of the individual 
bands differed on an average by 0.08 eV. For this reason, 
we calculated the transition moment directly from the 
wave functions obtained by the standard method.

The theoretical energies, the logarithms of the oscillator 
strengths, and the directions of the transition moments

(1) D. C. McClure, J. C h e m .  P h y s . .  17, 905 (1949).
(2) D. P. Craig and I. G. Foss, J. C h e m .  S o c . .  1589 (1954).
(3) G. Porter and M. W. Windsor, P r o c .  R o y .  S o c . .  S e r .  A,  245, 235 

(1958).
(4) G. Nouchl, J. C h im .  P h y s . ,  66, 548, 554 (1969).
(5) W. Heinzelmann and H. Labhart, C h e m .  P h y s .  L e t t . ,  4, 20 (1969).
(6) D. Lavalette, J. C h im .  P h y s . .  66, 1845, 1853, 1860 (1969).
(7) Y. Nakato, N. Yam anoto ,  and H. Tsumobura, C h e m .  P h y s .  Le tt . .  2, 

57 (1968).
(8) R. Bonneau, J. Faure, and J. Joussot-Dublen, C h e m .  P h y s .  Le tt . .  2, 

65 (1968).
(9) J. R. Novak and M. W. Windsor, S c i e n c e ,  161, 1342 (1968).

(10) G. Porter and M. R. Topp, N a t u r e  ( L o n d o n ) .  220, 1228 (1968).
(11) R. Bonneau and J. Joussot-Dubien, C h e m .  P h y s .  Let t . .  3, 353 

(1969).
(12) J. B. Birks, C h e m .  P h y s .  Let t . .  3, 567 (1969).
(13) D. S. Klinger and A. C. Albrecht, J. C h e m .  P h y s . .  50, 4109 (1969).
(14) L. M. Theard, F. C. Peterson, and R. A. Holroyd, J. C h e m .  P h y s . .  

51, 4126 (1969).
(15) P. M. Rentzepis, personal communication.
(16) L. Patterson and G. Porter, C h e m .  Brit .. 6, 246 (1970).
(17) J. Pancft and R. Zahradnfk, J. P h y s .  C h e m . .  77, 107 (1973).
(18) J. Koutecky, P. Hochmann, and J. Mlchl, J. C h e m .  P h y s . .  40, 2439 

(1964).
(19) P. Hochmann, R. Zahradblk, and V. Kvasnlcka, C o l l e c t .  C z e c h .  

C h e m .  C o m m u n . ,  33, 3478 (1968).
(20) A. Julg and M. Benard, T e t r a h e d r o n ,  24, 5575 (1968).
(21) R. Parlser, J. C h e m .  Dh y s . .  24, 250 (1956).
(22) I. B. Berlman, “ Handbook of Fluorescence Spectra of Aromatic 

Molecules," Academic Press, New York, N. Y., 1965.
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TABLE I: LCI-SCF Spectral Characteristics of the Transitions from the First Excited Singlet State

Compound

Benzene

Naphthalene

Phenanthrene

Pyrene

Benz[a ¡anthracene

E, 10 ~ 3 
cm - 1 Angle,“ deg Log t b Eexpti Compound

E, 10 -  3 
cm - 1 Angle,0 deg Log f b E e x i

9.97 17.09
16.66 17.98 192 - 0 . 5 0 1  17 .9 ,« -
16.66 ,20.4C 18.88
28.36 20.06 198 - 0 . 7 7 5
28.36 21.40 195 - 1 . 2 5 0

3.83 22.00
12.48 23.67 168 - 0 . 8 6 4
12.61 26.39 293 - 0 . 9 3 6
14 .14 26.92
16.42 28.73 13 1 - 1 . 6 3 6
16.66 29.34 224 - 2 . 3 3 3
23.36 31.49 18 - 1 . 7 0 9
24.60 0 - 0 . 1 7 7  2 3 .3 ,d 2 1 .5e Benzo[a]pyrene 7.51
29.07 8.10 204 - 1 . 8 1 4
29.08 270 -Ô .5 4 6 r i 9.27 12 2 - 1 . 5 4 5
29.46 180 - 1 . 0 1 5 f i 10 .21
29.76 r Y i 10.92 17 5 - 2 . 7 5 6

4.18 90 - 2 . 8 2 1 1 1 . 3 2
7.50 13 .5 1 182 - 1 . 4 2 7

1 0 . 1 1 270 - 1 . 7 4 7 15 .78
10.79 0 - 1 . 3 6 8 18 .1 4 198 - 0 . 1 1 3  18 .7 '
12.95 18.99
14.90 20.49 47 - 0 . 3 7 2
17.49 22.44 152 - 0 . 6 2 1
1 8 .1 3 23.28
18.66 90 - 3 . 6 2 8 23.89 13 7 - 1 . 2 2 9
19.81 90 - 0 . 1 2 4  19 .8 ' 24.57 26 - 1 . 7 0 3
23.43 26.05 124 - 2 . 2 9 0
23.45 26 .13
23.96 180 - 2 . 5 5 9 27.25
24.64 90 - 2 . 3 9 0 27.61 262 - 2 . 4 0 6
2 7 .1 3 270 - 0 . 9 2 8 30.19
27.51 0 - 0 . 4 7 4 31.44 3 1 5 - 3 . 4 8 9
28.89 3 1.66 323 - 2 . 7 5 1
30.53 0 - 1 . 9 8 2 Triphenylene 2.83

1.59 6.37
8.01 6.37
8.14 90 - 2 . 0 2 1 7.68 - 3 . 3 7 6

10.81 7.68 - 3 . 3 7 6
12.62 1 1 .8 2 - 0 . 8 4 1
13 .63 1 1 .8 2 - 0 . 8 4 1
14.75 15 .59
15 .45 15 .59
15.60 180 - 2 . 6 9 2 15.81
2 1 .3 3 0 - 0 . 4 3 0  2 1 .3 ' ’ 16.44
21.96 270 0.010 17 .59
2 2 .1 3 18.07 - 0 . 4 7 2
22.22 18 .07 - 0 . 4 7 2
25.01 19.39
2 5 .12 270 - 1 . 9 3 2  . 24.00 - 2 . 7 2 9  2 5 .0 '
26.98 24.00 - 2 . 7 2 9
27.32 180 - 0 . 9 7 1 24.22
28.39 24.22
30.62 24.91
30.95 28.51

1.45 338 - 2 . 7 4 7 30.02
6.65 31.94 - 2 . 8 3 1
6.82 39 - 1 . 4 7 4 3 1.94 - 2 . 8 3 1
9.91 1 - 1 . 8 2 0 Azulene 11 .6 2 270 - 2 . 7 4 8

10.56 18 .56 360 - 1 . 3 1 9
12.05 3 1 2 - 1 . 1 5 7 2 1 .5 2 90 - 1 . 5 0 6
14.92 v—/ 28.54 180 - 1 . 3 5 7
16.97 25 - 0 . 3 3 4 3 1 .3 1 270 - 0 . 8 3 6

a Polarization angle with regard to the x axis. 6 Logarithm of the oscillator strength. c Reference 11. d Reference 8. e  Reference 1 4 . '  Reference 10.
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Theoretical Study of Excited-State Transition 123

are listed for eight conjugated hydrocarbons in Table I, 
together with the experimental data. As far as the latter 
are concerned, it must be borne in mind that the experi
mental arrangements permitted only very intense bands 
to be measured, that the determination of the wave num
bers of absorption maxima is not very exact and, finally, 
that the measurement is possible only for bands in regions 
where neither singlet-singlet transitions from the ground 
state nor intense triplet-triplet transitions take place. As 
a consequence, few bands have been measured. By an im
provement of experimental technique, however, it should 
be possible to measure medium bands as well, particular
ly in the visible and near-infrared regions.

The structure of the wave functions of the states partic
ipating in the allowed transitions is very complex, and it 
has not been possible, therefore, to classify the individual 
bands as was done for triplet-triplet transitions.17 On the 
basis of a comparison of the wave functions of singlet 
states with the functions corresponding to triplet states, 
and the calculated directions of the transition moments, it 
was possible to assign the most intense band to the 4Lb —* 
iRt, transition of Platt,23 however, this assignment cannot 
be supported by polarization diagrams.23 It is interesting 
that in the case of all benzenoid hydrocarbons, this band 
follows the triplet band, 3La -► 3K a, and is bathochromi- 
cally shifted in relation to it. The experimental shift for 
all benzenoid hydrocarbons, except phenanthrene, is con
stant and amounts to about 2.6 kK.

Apart from benzene, the difference between the mea
sured and the calculated energies of intense spectral 
maxima does not exceed 0.2 eV and corresponds to the 
inaccuracy of the experimental method. For benzene, the 
difference is larger (about 0.5 eV), and we have not been 
able to find a satisfactory explanation. The possibility of 
the formation of an excimer was excluded by ref 11, how

ever, the participation of a-w *  transitions or a change in 
the solvation energy due to loss of the high symmetry of 
the molecule in the excited state, cannot be excluded.

In the case of benzo[a]pyrene it is possible to specify23 
the lowest calculated excited singlet state as 1La, which is 
in disagreement with experiment.24 For this reason, the 
oscillator strengths were also calculated from the second 
excited singlet state, which can be classified as 4Lb. The 
agreement of the experimental and the theoretical results 
(see Table I) confirms that the further excitation takes 
place from the 4Lb state. Since the difference between 
theoretical and experimental energies of the 1La and the 
4Lb states is very small (theoretically 0.05 eV), it is clear 
that the theory is not at fault. In addition, this error can 
be explained at least partly by the energy differences of 
the 0-0 and the Franck-Condon transitions (c/. the pub
lished absorption spectrum24).

C o n c lu s io n

By means of the semiempirical PPP method, it was 
found that the measured bands of the absorption spectra 
from the excited singlet state correspond to the electronic 
transitions with the highest oscillator strength. The most 
intense transition 1Lb -*  4Kb is very near the 1La —► 3Ka 
transition of the triplet spectrum. It has been shown that 
the changes in the bond lengths accompanying the excita
tion of the molecule exert only a very small influence 
upon the energies of the absorption bands under investi
gation. The spectral characteristics given in Table I may 
be of use for experimenters studying properties of excited 
states of molecules.

(23) J. R. Platt, J. C h em . Phys.. 17, 484 (1949).
(24) "UV Atlas of Organic Compounds," Verlag Chemie, Weinheim 

Bergstr., Germany, 1966.
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w i t h  C a r b o n  D i s u l f i d e ,  C a r b o n y l  S u l f i d e ,  a n d  T h i o p h o s g e n e

G e n e  W . T a y lo r1

D ep a rtm en t o f  C hem istry, K a n sa s S ta te  U niversity, M anhattan, K a n sa s 6 6 5 0 2  (R e c e iv e d  A u gu st 16, 1971) 

P ublication  c o s t s  a s s is te d  b y  th e U.S. A rm y R e s e a r c h  O ffic e— D urham

The energy transfer reactions of metastable Ar atoms with carbon disulfide, carbonyl sulfide, and thio
phosgene have been investigated in a fast flow system by spectroscopic observation cf the resulting 
chemiluminescence. The reactions of metastable Xe atoms with SCS and SCO also were studied. Diag
nostic tests for the presence of the resonance and metastable states of Xe and Ar are summarized and 
applied. The energy transfer reactions principally resulted in observations of the CSiAMI, v' —► X 12 + , 
v ") and the CS(a3II, v' —► X 12 + , v ") transitions; however, electronic excitation of the CO*, CI2*, and 
S* fragments also were observed. The Ar* +  SCCI2 and SCS reactions also appear to give some new car
bon monosulfide emissions, which probably are from higher triplet states. Relative intensities of the ob
served spectra from each reaction are reported and discussed. The reaction, ArOPi) + SCO —*■ CS(A1 II; 
v' < 6) + 0 (3P) +  ArOSo) yields Do° (SC-O) < 144.6 kcal/mol and AHi0° (CS) < 52.5 kcal/mol.

In tr o d u c tio n

Recently, considerable interest has been focused on the 
energy transfer reactions of rare gas metastable (3Po,2) 
atoms2 as a source of electronic excitation for the spectro
scopic, thermodynamic, and kinetic study of a variety of 
molecules. These energy transfer reactions, which have 
been studied in flow systems, cover a large energy range 
and, for some cases, provide a relatively “clean” source of 
radicals, electronically excited diatomics, and other tran
sient species, the study of which .is important to astro
physics, environmental pollution, and the understanding 
of elementary reactions. The same energy range can be 
reached by direct photolysis, which excites to the singlet 
electronic manifold, while the rare gas metastable reac
tions initially yield the triplet electronic state of the re
agent. For molecules with ionization potentials less than
11.7 eV, the reactions with Ar* provide a potential meth
od for the determination of the importance of Penning 
ionization relative to other available reaction paths, and 
further study is needed in this area. This paper presents 
some results for the general reaction, Ar* + R-CS — CS* 
+ R + Ar (R-CS = SCS, OCS, and SCC12) and Xe* + 
R-CS —»■ R + CS* + Xe (R-CS = CS2 and OCS). An as
terisk will be used to denote electronic excitation. For sit
uations in which this can lead to confusion, the electronic. 
states will be explicitly noted. As will become evident 
later, the discharge flow technique predominately yields 
the Ar(3P0,2) and Xe(sP2) states; however, small concen
trations of resonance states are present under some exper
imental conditions of operation.

The utility of rare gas metastable atom energy transfer 
reactions with polyatomic molecules leading to dissocia
tive excitation for placing upper limits on bond energies 
has been successfully demonstrated.3 The highest ob
served level of the excited fragment gives the upper limit 
to the bond energy; e.g ., for Ar* +  RCS — R + Ar +  CS* 
the relation is D°(R-CS) <  E,\r* — Ecs*. The usefulness 
of the metastable atom reactions in obtaining reliable 
upper limits for bond energies and heats of formation for 
transient species depends greatly on the reaction being 
studied and on a complete knowledge of the energy car
riers present. The latter limitation depends upon the ex
perimental configuration2-315'4 and can be alleviated by

the consistent application of diagnostic tests for the 
known energy carriers. Some important diagnostic tests in 
the Ar* and Xe* reaction systems will be summarized. In 
the present study values of Z)°(SC-0) and Aifro°(CS) 
were obtained which support the lower range of values re
ported by the JANAF Tables.53

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

Two flow tubes were employed in these studies. (1) The 
28-mm i.d. flow tube pictured in Figure 1 was used to 
view the spectra under diffuse flame conditions (low re
agent concentrations). Most observations were taken at 
the second quartz window ~ 5  cm downstream from the 
initial mixing zone. (2) A flow tube identical with that 
described by Stedman and Setser4 was employed for view
ing the initial mixing zone under tight flame conditions 
(high reagent concentrations). Limited control over the 
type and quantity of metastable and resonance states pro
duced by the hollow cathode discharge was achieved by 
the use of light traps and extended delay times (greater 
distances) between the discharge and initial mixing zone. 
Consequently, several configurations of the discharge tube 
were employed and these are described later.

The argon flow was held constant ( ~650 pmol sec-1 ) in 
all experiments and typical reagent flows were from 0.1 to
10.0 ¿¿mol sec-1 . The method of production of Xe* meta
stables was identical with that previously described.4 
Both flow tubes were mechanically pumped with an Ed
ward’s 1000 1. min-1 single-stage pump resulting in a flow

(1) Present address: University of California, Los Alamos Scientific Lab
oratory, Los Alamos, N. M. 87544.

(2) D. H. Stedman and D. W. Setser, P rog . R ea c t . Kir.et., 6, 4, 
(1971).

(3) (a) D. W. Setser and D. H. Stedman, J. C h em  P hys., 49, 467 
(1968); (b) D. H. Stedman, ibid., 52, 3966 (1970) (c) J A. Meyer 
and D. W. Setser, J. Phys. C h em ., 74, 3452 (1970). The A H{ °- 
( C 3 N )  was incorrectly calculated; the correct value for the quoted 
data should read A H r° (C3N) <  149 kcal/mol.

(4) D. H. Stedman and D. W. Setser, J. C h em . P hys., 52, 3957 (1970), 
and references therein.

(5) (a) "JANAF Thermochemical Tables,” Dow Chemical Co., Midland, 
Mich., 1965, and references therein; (b) "Bond Dissociation Ener
gies in Simple Molecules,” U. S. Department of Commerce, 
NSRDS-NBS-31, 1970, and references therein; (c) E. Gallegos and 
R. W. Kiser, J. Phys. C h em ., 65, 1177 (1961); (d) C. L.'Beckel, M. 
Shafi, and R. Engelke, J. M ol. S p e c t r o s c ., 40, 519 (1972), and 
references therein.
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Hollow

Figure 1. Diagram of flow tube, 28 mm (i.d.) and hollow tanta
lum cathode discharge in configuration C-1. The quartz windows 
were spaced 50 mm apart. The upper and lower entry ports 
were separated 80 and 30 mm from the center of the third 
quartz window, respectively.

velocity of ~ 2  X 103 cm sec-1 at a total pressure of 2 
Torr.

Argon (N.R.C.) was used directly from the tank after 
passing, at low pressures, through a cold trap (77°K) 
packed with 5A molecular sieve and metered into the tan
talum hollow cathode discharge.38 b 4 Xenon was Mathe- 
son research grade. The carbonyl sulfide was Matheson
C.P. grade, thiophosgene was Aldrich reagent grade, and 
carbon disulfide was Baker reagent grade. Dilute mixtures 
of these reagents with Ar(l:10) were prepared and stored 
in 12-1. Pyrex vessels from which they were used.

The spectra were obtained on a 0.75-m Jarrell-Ash, 
Czerny-Turner scanning monochromator equipped with a
S.S.R. photon counter and E.M.I. 9558QA photomultipli
er tube.

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

Ar* + CS2. The argon metastable energy transfer reac
tion with carbon disulfide was investigated under both 
tight and diffuse flame conditions, i.e., with CS2 flows of 
~10.0 and ~0.10 Mmol sec-1 , respectively. Under tight 
flame conditions (the flame was a pale yellow-green) the 
only banded emission was the strong CSiAMI; u' <  7 —>■ 
X 12 + ; it " )  system. A weak pair of S atom emissions at
1900.3 and 1914.7 A  were assigned to the (5S2° —► 3P2) and 
(5S2° —*■ 3Pi) transitions. The atomic S(5S2°) state at 
~6.53 eV is energetically accessible only for CS(X12 + ) 
formation; S(3S°) is also energetically feasible, but the 
S(3S° —* 3P) transitions occur outside of our range of de
tection. The S(1S —► 4D) transition at 7726 A would have 
been masked by an overlapping argon line from the dis
charge; however, even if S(1S) is produced from Ar* +  
CS2 it would be difficult to detect because removal by 
collisions with Ar6 and CS2 is fast. The S(1S) quenching 
rate constants6 for Ar and SCO have been reported to be 
<,5 X 10-15 and 1.0 X 10-11 cc molecules-1 sec-1 , respec
tively. The rate constant for S(1S) quenching by CS2 has 
not yet been reported, but is probably slightly larger than 
that for SCO. The mean radiative lifetime of the S(1S) is 
~500 msec.6 For diffuse flame conditions and 2 Torr, [Ar] 
~  1017 molecules cc-1 and [CS2] ~  1012 molecules cc-1 ,

) |(A  x 1 0 “ )

Figure 2. CS(a3 Il; v' < 3 —* X12 + ) spectrum from Ar(3P0,2) + 
SCS reaction. Total pressure was 2 Torr. The CS2 flow was 
~0.1 Mmol/sec.

the ratio o f  quen ch ing  to  radiative loss w ould  be 50-100 
and observation  o f  the S (JS —1- 1D ) tran sition  w ould  not be 
exp ected . U nder d iffuse flam e con d ition s  the C S (A  —► X )  
and the S a tom  ( 5S° —*■ 3P ) tran sition  in tensities d e 
creased, as exp ected , for low er [C S 2], and a relatively 
strong C S (a 3II; it' <  3 —1► X 42  + ; v " )  C am eron  em ission  
A . T h e  suppression  o f  the C S (a  -*• X )  em ission  w ith  in 
creasing [C S2] in d ica ted  a fast e lectron ic quen ch in g rea c
tion  betw een  the relatively  long lived  C S (a ) and C S 2 .7a,b 
T h e  relative v ibra tiona l pop u la tion s  o f  C S (a 3Il) were esti
m ated  from  the ratios o f  the in tegrated ban d  areas for 
a given progression  to  the tota l in tegrated area o f  the C S (a  
—*■ X )  em ission ; i . e . ,  ’ZiAij/l.ijAij, where A is the band 
area and i and j  in d icate  the upper and low er v ibrationa l 
states, respectively . For the data  o f  Figure 2, 2 -T orr tota l 
pressure, the p op u lations are v '  =  0 (1 .00 ), 1 (0 .86), 2(1 .62), 
and 3 (0 .81). D a ta 711 taken  at 0.3 T orr  gave relative v ib ra 
tional p op u lations o f  v '  =  0 (1 .00 ), 1 (1 .31), 2 (2 .75), and 
3 (1 .19 ); these m ust be close  to  the in itia l relative v ib ra 
tional p op u lation s and ev id en tly  som e relaxation  has oc-

(6) R. J. Donovan and D. Husain, C h em . R ev ., 70, 489 (1970), and ref
erences therein.

(7) (a) G. W. Taylor, unpublished results. The C S (a3II) diatomic was 
generated from Ar* +  SCCI2, which gave the most intense down
stream emission from this molecule. Experiments were done in 
which sufficient SCCI2 was added to remove Ar*, then SCS, OCS, 
and additional SCCI2 were added downstream of the Ar* +  SCCI2 
flame. Using the fixed-point observation technique, quenching rate 
constants, /((SCS) >  6.9 X  10- " ,  /<(OCS) >  8.5 X 10-1 >, and 
/((SCCI2) >  3.5 X 10-11 cc molecules- ' sec-1 , were calculated 
from log (///0) =  >fq[Q]f. The reliability of these measurements is 
probably no better than a factor of 5. (b) L. G. Piper, W. C. Rich
ardson, G. W. Taylor, and D W. Setser, D iscu ss . F araday S o c ..  
53, 100 (1972); (c) A. Tewarson and H. B. Palmer, J. M ole. 
S p e c t r o s c ., 27, 246 (1368); (d) H. B. Palmer, J. C h em . P hys.. 54, 
3245 (1971).
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TABLE I: Frank-Condon Factors“ for CS(a3ll —*• X’ 2 + )

v'

v " 0 1 2 3 4 5

0 3622s 3481 3353 3235 3128 3029
0.774 0.192 0.029 0.004 0.000 0.000

1 3797 3642 3502 3374 3258 3151
0.201 0.410 0.294 0.078 0.015 0.002

2 3988 3818 3664 3524 3397 3281
0.023 0.322 0.165 0.315 0.132 0.034

3 4197 4008 3839 3685 3547 3421
0.002 0.067 0.364 0.035 0.272 0.177

4 4426 4217 4030 3861 3709 3571
0.000 0.008 0.123 0.339 0.000 0.192

5 4678 4445 4238 4052 3885 3734
0.000 0.001 0.021 0.181 0.266 0.031

“ Calculated on an IBM-360 computer by the "asymptotic expansion 
method" of Chang and Karplus.8 * The upper value in table Is the vacuum 
wavelength (A) of the bandhead calculated from the molecular con- 
stants9b and the lower number is the F-C factor.8

curred at 2-Torr pressure. The band strengths o f CS(a —► 
X ) are not known, but the Franck-Condon (F -C ) factors 
(Table I) were calculated by the “ asym ptotic expansion 
m ethod”  of Chang and K arplus,8 using recent molecular 
constants.9 The calculated F -C  factors and integrated 
band intensities from the A v  = - 1  sequence in Figure 2 
yield relative vibrational populations of u' =  0(1.00), 
1(0.67), 2(1.13), and 3(0.65). The agreement with the pop
ulations from the integrated intensity m ethod is satisfac
tory. Even under the most sensitive conditions, no v ' =  4 
level was ever detected. This may indicate a strong per
turbation9 at the = 4  level similar to that existing in 
the CO (a) state.103

In the 4200-7200-A region approximately 18 new bands 
were observed (see Figure 4 in ref 9b). The energy spac- 
ings and multiheaded character o f these bands indicates 
that, at least, three band systems are involved and 
similarities between these bands and the known triplet- 
triplet emissions of C O 10 suggest that they should be as
signed to higher CS triplet states. Unfortunately, these 
bands are weak and com plex; thus a definitive analysis 
was not attem pted.

A r* +  S C O . In earlier work113 (also see ref 4, Figure 2) 
we reported the very weak C S(a3II; u' <  2 —► X 12 + ; v " )  
transition and the much stronger fourth positive CSfAMI, 
u' <  6 —*■ X 12 + , v " )  from the “ golden”  Ar* +  SCO flame. 
The intensity o f the CS fourth positive from SCO was 
only slightly less than that from Ar* +  SCS. The S (5S° * 
3P) transitions were also present, being m uch stronger 
than those from Ar +  SC S; S (1S —*• aD ) and S (3S° ► 3P) 
were not detectable for the reasons previously discussed. 
For tight flame conditions the CS(a -*■ X ) was insignificant 
relative to the C S(A  » X ) emission intensity; however, 
upon decreasing [SCO] (diffuse flam e), the C S(a —* X ) in
tensity increased more than a factor o f  100 relative to the 
total emission intensity and a fast electronic quenching73 
of CS(a) by SCO must occur. For the same experimental 
conditions, the CS(a) vibrational populations were similar 
to those just discussed for Ar +  C S 2  (Figure 2); emission 
from v '  >  3 was never observed.

In addition to the CS* emission, strong CO* emissions, 
which are responsible for the golden color of the flame, 
were observed (Figure 3). The following transitions were 
assigned:910 C O (a3lI; v ’ < 3 —► X 12  + ; v " ) ,  Cameron

Figure 3. CO triplet-triplet band systems. The figure shows as
signments to the triplet, Asundi, and Herman bands resulting 
from Ar(3P0.2) +  OCS reaction. Argon lines scattered from the 
discharge have been omitted from the figure.

bands (not included in Figure 3); CO(d3A; v ' <  7 —1- a3II; 
v ” ), triplet bands; CO(e32 - ; v' <  4 —► a3Il; v " ) ,  Herman 
system; andC0(a32 + ; u' <  1 0 --a 3II; v " ) ,  Asundi bands.

A r* +  S C C I 2 . Only a limited number of experiments 
were conducted with thiophosgene because of its toxicity 
and the related inconvenience of handling. However, sev
eral interesting results were extracted from a brief exami
nation. Emissions from CS(A; t/ < 7 —* X ; v " )  and CS(a; 
u' <  3 ~ * X ;  v " )  were present. The CS(a —* X) intensity 
decreased by a factor of ~ 3 -5  in changing from diffuse to 
tight flame conditions; indicating that SCCI2 has a small
er rate constant for electronic quenching of CS(a) than 
either SCO or SCS (see ref 7a). Consequently, Ar* +  
SCCI2 was investigated by mostly viewing the tight Ar* +  
SCCI2 flame (pale yellow-green). The bands tentatively 
attributed to CS triplet-triplet emissions from Ar* + SCS 
also were observed from Ar* +  SCCI2 in the 4200-7000-A 
region. In addition to the emissions just described, an ap
parent continium maximum at 2050 A was observed. This 
continuum could not be observed below 1850 A on our in
strument because of the C>2(B32 U_ —*■ X 32 g_ ) Schumann- 
Runge absorption; however, vacuum-ultraviolet spectro
scopic studies1115 show a cut-off of the continuum between 
1600 and 1700 A. The observed continuum is probably 
from CI2* ; however, unambiguous assignment has not yet 
been made. In the Ar* +  OCCI2 reaction the 3075- and 
2580-A CI2 continua were present,113 but in Ar* +  SCCI2 
this region is overlapped by intense CS(A — X) emission.

X e *  + S C O . The reaction of Xe* with carbonyl sulfide 
gave no detectable chemiluminescence from either OCS or 
fragments. Emission from fragments was not expected 
since Xe* (~ 9 .4  eV) only has sufficient energy to disso
ciate OCS without electronic excitation of the fragments.

X e *  +  S C S . Four experimental configurations of the 
apparatus were tested and are designated as C-l through 
C-4. (C-l) The hollow cathode discharge was separated 
from the initial mixing zone by a single light trap and 90° 
bend. The delay time, calculated from the reciprocal of 
the flow velocity times the linear distance between the 
discharge and mixing zone, was 1-2 msec. (C-2) This con
figuration was identical with C-l except the distance be-

(8) T. Y. Chang and M. Karplus, J. C h em . P hys., 52, 783 (1970).
(9) (a) R. W. Field and T. H. Bergeman, J. C h em . P h ys., 54, 2936 

(1971); (b) G. W. Taylor, D. W. Setser, and J. A. Coxon, J. M ole. 
S p e c t r o s c ., 44, 108 (1972).

(10) (a) P. H. Krupenie, Nat. Stand. R ef. D ata S er ., No. 5, (1966); (b) 
R. W. B. Pearse and A. G. Gaydon, “The Identification of Molecular 
Spectra," 3rd ed, Wiley, New York, N. Y., 1963.

(11) (a) G. W. Taylor and D. W. Setser, C h em . Phys. L ett., 8, 51 
(1971); (b) W. H. Duewer, Kansas State University, private com
munication.
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TABLE II: Observations of the Xe* + SCS Reaction as a Function 
of the Experimental Configuration

Config- Observed
Energy carries present uration6 spectrum

Ar*, Xe(3 Po,i,2>) C-1c CS(A; v’ ~  3 — X)c 
and (a; v j  < 2 —*X)

Ar*, Xe(3P0 ,i,2) C-2C CS(A; /  ~  3 -*X )c 
and (a; /  < 2 — X)

Xe(3Pi ,2) C-3 CS(a; v' < 2 —-X)
Xe(3P0,i ,2) C-4 CS(a; v' < 2 — X)

°The presence of the CS(A —*  X) emission in this system indicates the 
presence of Ar* formed as a consequence of resonance radiation trap
ping by the argon carrier gas. The argon state cannot be definitely 
assigned but probably is 3Pi or 3P2. 6 See text for a description of the 
configurations. ‘‘The CS(A —* X) spectrum in this system is very weak, 
and v' ~  3 is the highest detectable level; however, the CS(A —» X) 
resulting from Ar* +  C S2 is excited to the v' =  6 level.

tween discharge and mixing zone was lengthened so that 
the delay time was 6 -8  msec. (C-3) The discharge and ini
tial mixing zone were separated by two light traps and 
two 90° bends. The delay time was 6 -8  msec. (C -4) This 
configuration was identical with C-3 except the delay time 
was shortened to 2 -3  msec.

A diagnostic test for Ar+ now is available;12 namely, 
adding HBr and observing emission from HBr+ (A 22 + —* 
X 2II;). This test was applied to C - l  o f the present system, 
but no evidence for HBr+ (A * X ) emission was found. 
As far as is known, metastable argon atoms ( 3Po,2 ) in an 
approximate ratio of 1:5 and trace quantities of atoms in 
the resonance states ( 3P i, 1P i) are the only significant 
energy carriers from this hollow cathode flow apparatus.

The results o f the X e*  +  SCS reaction for various ex
perimental configurations are summarized in Table II. For 
short delay times (1 -2  msec) between the discharge and 
mixing zone and for a tight flame X e*  +  SCS gave CS(A; 
v' ~  3 —*• X , v " )  and (a; u' ~  2 —1► X ; v " ) .  These em is
sions were quite weak and the highest vibrational levels 
assigned are uncertain. Upon extending the delay time to
6-8 msec (C -2), the C S(A ), ar.d (a) were still evident. The 
addition of a second light trap and 90° bend (C-3) at the 
long delay tim e (6 -8  msec) caused the C S(A ) emission to 
disappear, but the CS (a; v' < 2 —► X ; v " )  remained. The 
delay time was then decreased to 2-3 msec (C -4), and the 
CS(a) was still evident, but the CS(A) did not return.

The disappearance o f the C S(A  —► X ) from the C-3 and 
4 configurations is clear evidence that this emission does 
not arise from the X e (3Po) reaction because 3Po was pres
ent in C-4. Apparently C S(A ) emission arises from Ar* +  
SCS with Ar* (the excited state was not identified, but 
could be 3P i or 3P 2 > being formed by resonance radiation 
trapping outside o f the discharge.2 The C S(A  —► X ) em is
sion was not found from X e (3P0) even though the 9.4 eV 
of energy is sufficient to dissociate S C -S  and to excite the 
C S(A ; v ' < 6)! The X e (3P i.2 ) +  SCS dissociative excita
tion must give only CS(a; iF < 2 —»• X ; a " )  since this 
emission was found from C-3, with no X e ( 3Po) present. It 
is worth noting that the CSla —► X ) spectrum from X e 
(3P i ,2 ) appears unchanged with respect to vibrational ex
citation in the presence of X e (3Po). It was earlier re
ported13 that C S(A ) was excited from X e (3P i) +  SCS, 
but the present result shows this is not the case.

R ela tive  In ten sities. The relative integrated band inten
sities taken from diffuse flame conditions for each Ar* +  
R -C S  reaction are given in Table III. The reported values 
are the ratios o f the integrated peak areas for a given band

system to the total integrated areas o f all observable 
emissions between 1900 and 8000 A, corrected for the 
m onochrom ator response as a function of wavelength. The 
relative intensities o f the CS(a —  X ) and CO (a —  X ) 
were obtained under diffuse flame conditions, where losses 
due to electronic quenching by the parent molecule should 
be minimized, and are noted in Table III as being lower 
lim it values to account for any remaining collisional loss
es. The most significant source of error in the relative in
tensities arises from the necessary extrapolation of the 
m onochromator response curve below ~2200 A. This is 
most significant to the S lines at ~1900 A and to a few of 
the CS(A  —► X ) bands; however, the extrapolation is not 
believed to introduce a serious error.

W auchop and Broida14 have recently shown that 
C O (d3A, a '32+  and a3II) come from C 0 2+ +  e recom bi
nation in the H e(233) +  CO 2 reaction. The possibility 
that the CS triplet states from A r(3Po,2 ) +  R -C S  arise 
from ion-electron recom bination was tested in the present 
study by adding SF6 as an electron scavenger to the Ar* 
+  R -C S  reaction and observing the relative integrated 
band intensities. The addition of SF6 did not affect the 
relative band intensifies in any way; therefore, all o f the 
observed emissions from Ar* +  R -C S  are assigned to dis
sociative excitation reactions.

Table III is a first step toward partitioning the rate con
stants71' for quenching o f metastable argon atoms into the 
individual reaction channels. The ionization potentials of 
SCS (10.08 eV ),O C S (11.24 eV), and SCC12 (~ 1 0  eV) all 
lie just below the metastable Ar atom energy (11.7 eV); 
therefore, Penning and associative ionization reaction 
channels are possible and prevent assignment of absolute 
cross sections to the known channels. Additionally, some 
reaction channels probably exist that are beyond the 
detectability of the present experiments; e.g ., the S (3S° —*• 
3P) transitions already suggested.

The rate constants and reactive cross sections (in pa
rentheses) for quenching A r(3P 2) by OCS and SCS have 
recently been reported as 5.0 x  10“ 10 (98 A 2) and 5.6 x  
10-10 cc m olecu le-1  se c -1 (115 A 2), respectively.7b The 
A r(3P2) quenching rate constant with SCC12 has not yet 
been determined. Approxim ately 70% o f the dissociative 
excitation from A r(3Po,2) +  OCS results in excited car
bon monoxide and ground state ( 3P) sulfur atoms. The 
ratio of CO -to-C S emissions is ~ 2 0 :1 . O f the available 
channels leading to CO, two of these constitute 92% of the 
total CO production.

A r(3P0,2) +  OCS — C O (d3A) +  S (3P) +  ArUSo) (1)

A r(3P0,2) +  OCS -  C 0 ( X 12  + ) +  S (5S°) +  A r(1S0) (2)

Reaction 2 accounts for 30% o f the total reaction and is 
one of the few examples in these energy transfer reactions 
where spin is not conserved. This same reaction was ob 
served, but very weakly ~1 .0% , in the Ar* +  SCS reac
tion.

A r (3P0,2) +  SCS —  C S iX ^ + J  +  S (5S°) +  ArOSo) (3)

The energy o f the S (5S°) is 6.53 eV; therefore, reaction 2 
and 3 will be 2.1 and 1.1 eV exotherm ic, respectively (see 
discussion of A / i f0° (C S) that follows). The exotherm icity

(12) M. J. Haugh and K. C. Bayes, J. C h em . P hys.. 54, 1472 (1971).
(13) G. W. Taylor and D. W. Setser, 162nd National Meeting of the

American Chemical Society, Washington, D. C., Sept 1971.
(14) T. W. Wauchop and H. P. Broida, J. Quant. S p e c t r o s c . Radiat.

Transfer. 12, 371 (1972).
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TABLE lit: Relative Intensities“ of Observed Spectra

Observed spectra

Reaction6 CS(a —* X)c CS(A —*  X) CS (triplets —» a) CO(a —» X)c CO(d —» a) CO (a' —  a) CO(e — a) S(5S° — 3 P)

A r* +  SCS > 0 . 0 1 0.97 0 . 0 2 < 0 . 0 1

A r* +  OCS > 0 . 0 1 0.03 >0.04 0.58 0.03 0 . 0 1 0.30
A r* +  SCCI2“ >0.09 0 . 8 8 0.03

“ The relative intensities were taken as the ratio of the total band area of the observed spectrum to the total area of all observed emiss ons (1950- 
8000 A), adjusted for response of the monochromator as a function of wavelength. Reaction channels (Penning ionization, etc.) which do not result in 
emission, of course, are not included. 6 The ratios reported here were taken from spectra obtained solely from the C-4 experimental configuration. 
“The relative intensities of the CS(a —» X) and CO(a —►  X) have been indicated as being somewhat larger than the number given to allow for possible 
electronic quenching by the parent molecule. “ Does not include the vacuum-ultraviolet continuum.

TABLE IV: Summary of Diagnostic Tests for Ar* and Xe* ’Pi, 3Po, 3Pi, and 3P2 States“

System Level Reagent Reaction Diagnostic test

Ar* 1Pi n 2 Ar(’P-i) + N2 —► N2(C 3I1u; v' < 3) + Ar(’S0) Presence of v’ = 3 in N2(C —* B)
Ar* 3Po n 2 Ar(3P0) +  N2 —  N2(C 3IIu; v ’ < 2 ) + Ar(’S0) N2 (C3 Il)p with v' < 2

Xe* 6 3Po C 2N 2 Xe(3P0) + C2N2 — CN(B2 2; v' < 2 ) + Xe(’S0) Presence of CN(B; v' < 2 —► A)
Ar*c 3P1 None
Xe*c,d 3P1 n 2 Xe(3Pi) + N2 (B3IIg; /  <  5) + Xe(’S0) Presence of v’ =  5 in N2i B —► A)

“ Most of these diagnostic tests were taken from ref 2-4. “ An additional test was discovered for Xe(3P0) using Xe* +  N2; it is the presence of the 
N2(B '32 u~; v' < 2 —► X '2 g + ; v " )  spectrum. cAr* and Xe'*(3P1) concentrations are maintained by a collisional excitation-deexcitation process of the 
3P0 and 3Pj states leading to a (3Pt) steady-state concentration (see R. Turner, e t  a/., Phys. R ev. B, 15, 121 (1967):* 140, A426 (1955); Can J. Phys., 
41, 1949 (1963)1. “ The presence of Xe(3P2) is implied by the presence of N2(B; v' <  4).

Figure 4. Expanded view of the 2-0, 1-0, 0-0, and 0-1 se 
quences of the C S  forth positive bands. The highest observed 
level of vibrational excitation Is to the v' =  6 level. The 7 -5  
transition m a y  be present, but It Is badly overlapped by the 1-0 
transition.

o f  n e ith er rea ctio n  is su ffic ien t to  give  an e le ctro n ica lly  
e x cited  d ia to m ic  fra g m e n t, b u t  th e  S ( 3S ° )  s ta te  m a y  be  
fo rm ed  ra th er th a n  S ( 5S ° ) .

D0°(SC-O) and A f f f0° (CS) from A r f ’ P J  + SCO. T h e  
rea ctio n , X e ( 3P i ,2) +  S C S  — - C S  (a ; v' <  2 ) +  S ( 3P ) +  
X e ^ S o ) ,  d id  n o t g ive  a u se fu l u p p e r l im it  fo r  D0° ( S C - S ) ,

sin ce th e  h ig h  lev els  o f  C S (a )  w ere n o t fo u n d . F or th e  A r *  
rea ctio n s a  sh arp  c u t o ff  in th e  v ib ra tio n a l p o p u la tio n s  at  
v' =  4  w as o b serv e d . T h u s  th e  C S ( a 3II —► X x2  + ) em iss io n  
sy stem  w as n o t u se fu l as a m e a n s  for d e te r m in in g  lim its  
to  th e  b o n d  en ergies.

T h e  rea ctio n  A r *  +  S C O  w as stu d ie d  u sin g  th e  ex p er i
m e n ta l c o n fig u ra tio n  C - l .  T h e  te st for A r ( ’ P i )  (see  T a b le
IV )  w as carried  o u t an d  th e  p resen ce  o f  N 2 ( C 3IIU, v' =  3) 
co n firm ed  th a t  A r  ( xP i )  w as p resen t. T h e  reso n a n ce  sta te  
m a y  be re m o v e d  b y  u sin g  c o n fig u ra tio n s C -3  or C -4  co n 
ta in in g  d o u b le  lig h t tr a p s ; h ow ever, th e  in ten sity  o f  th e  
C S ( A  —► X )  w as so  d im in ish e d  in th ese  co n fig u ra tio n s  
th a t  a ss ig n m e n t o f  th e  h ig h est v ib ra tio n a l level w as d iff i 
c u lt . T h ere fo re , w e ch o se  to  use th e  d a ta  h a v in g  A r ( xP i )  
as th e  h ig h est en ergy  carrier. T h e  re a ctio n , A r O P i)  +  
S C O  —*• C S ( A ;  u' < 6 ) +  0 ( 3P ) +  A r ( 1So) m a y  be u sed  to  
c a lc u la te  a re lia b le  u p p e r lim it  for Dq° ( S C - O )  a n d  A H ro°- 
( C S ) ,  sin ce  th e  life tim e  o f C S (A )  (2  X  1 0 ~ 7 s e c )15 is 
sh o rt an d  c o llis io n a l re la x a tio n  does n o t occu r . T h e  en ergy  
o f  th e  h ig h est o b serv e d  lev el (F igu re  4 ) , C S (A M I ; u' =  6 ) ,  
is 4 4 ,8 1 1 .8  c m ^ 1 a b o v e  C S l X ^  + j v"  =  0 ) 16 a n d  th e  e n er
gy  o f  A r ( xP i)  is 9 5 ,4 0 0  c m - 1 ab o v e  A r ( 1S 0) .2 T h e  0 °K  
e n th a lp ie s  o f  fo rm a tio n  for O C S  (1 1 ,5 7 7 .1  c m 1) an d  
0 ( 3P 2) ( 2 0 ,6 3 5 .8  c m - 1 ) w ere ta k e n  fro m  J A N A F  T a b le s .5® 
C o m b in in g  th ese  te rm s a ccord in g  to  eq  I, re su lts  in

A i / f0° ( C S )  <  E[A r ^ P i ) ]  -  E [ C S ( A ; v' < 6 )]  -

A f t 0°[O (* P 2 )]  +  A t f r o ° ( O C S )  (I)

A H fo ° (C S )  <  5 2 .5  k c a l /m o l  a n d  fro m  th is  v a lu e  D o ° ( S C -  
O ) <  1 4 4 .6  k c a l /m o l  is c a lc u la te d . F ro m  th e A d =  + 2  s e 
q u en ce  in F igu re 4 it  se em s lik ely  th a t  v' =  7 is p resen t, 
b u t th e  7 - 5  b a n d  b a d ly  ov erla p p ed  b y  th e  A d =  + 1  s e 
q u e n c e . E v e ry  a t te m p t  to  u n a m b ig u o u s ly  d e te c t  v' = 7 
fa ile d  an d  th e  u p p e r  lim it  v a lu e  o f  A / i r 0 ° ( C S )  w as c a lc u -

(15) S. J. Silvers, T. H. Bergeman, and W. Klemperer, J. C h em . Phys.,
52, 4385 (1970).

(16) A. Lagerqvist, H. Westerlund, C. V. Wright, and R. F. Barrow, Ark.
F ys., 14, 387 (1958); 18, 543 (1960).
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la ted  u sin g  v' =  6 . T h e  c a lc u la te d  v a lu es  co m p a re  fa v o r
a b ly  b u t  are su b s ta n tia lly  low er ( ~ 2  k ca l) th a n  th e  p re s

e n tly  a c ce p ted  v a lu e s  for A H f C° ( C S ) ,  5 4 .2  +  5 k c a l /m o l ,5a 
a n d  D o ° ( S C - 0 ) ,  150  ±  5  k c a l /m o l .5b_d T h e  m o s t  u n cer
ta in  q u a n tity  in eq  I is £ [ C S ( A ) ] ,  sin ce  th e  p resen ce  o f  
e m issio n  fro m  u' = 7  c o u ld  n o t be  d e fin ite ly  a sc erta in ed . 
In clu sio n  o f  th e  v' =  7 lev el w ou ld  low er A fir o ° (C S )  b y  
~ 2 . 5  k ca l /m o l .  T h e  p o ss ib ility  o f  d isso c ia tio n  fro m  O C S  
m o le cu le s  w ith  e x c ita tio n  in the b e n d in g  m o d e s  ( ~ 1 . 5  
k c a l /q u a n t u m ) 17 w a s n e g le c te d ; th is  co u ld  raise th e  u p per  
lim it  o f  A H fo ° (C S ) . H o w e v e r, ex c ita tio n  o f th e  O C S  b e n d 
ing m o d e s  w ou ld  b e  e x p ec te d  to  re su lt in  ro ta tio n a l rath er  
th a n  v ib ra tio n a l e x c ita tio n  o f  C S I A M I) . S in c e  th e  tr a n sla 
tio n a l an d  ro ta tio n a l en ergy  o f th e  p ro d u c ts  h ave  been  n e 
g lected , a n d  sin ce h ig h er C S (A )  v ib ra tio n a l lev els  m a y  be  
p o p u la te d , A H fo ° (C S )  <  5 2 .5  k c a l /m o l  an d  D o ° ( S C - 0 )  <  
1 4 4 .6  k ca l /m o l  are u p p e r  l im it  v a lu es .

O k a b e 18 h a s  re c e n tly  rep orted  v a lu es  o f  A H r 0° ( C S )  =  
6 4 .9 6  ±  0 .4  k c a l /m o l  a n d  C 0° ( S C - S )  =  1 0 2 .9 2  ±  0 .3 2  
k c a l /m o l  fro m  th e  th re sh o ld  m e a su r e m e n t o f  th e  v a c u u m -  
u ltra v io le t p h o to d isso c ia tio n  o f  S C S  to  C S I A R I )  +  S ( 3P ).  
T h e se  v a lu es  cr itic a lly  d isagree w ith  b o th  ou r d erived  
D o ° ( S C -S )  <  9 0 .4  k c a l /m o l  an d  th e  a c c e p ted  v a lu e s .5 
O k a b e 18 o b serv ed  th e  to ta l flu o resen ce  ( 2 3 0 0 -4 2 0 0  A) from  
C S 2 as a fu n c tio n  o f  th e  in c id e n t w a v e le n g th ; th e  o n set o f  
flu o rescen ce  w a s a ssig n ed  to  an  in c id e n t p h o to n  en ergy o f
9 .2 7  e V  (1 3 3 7  A). T h e  to ta l flu o rescen ce  w as n o t reso lved  
in to  v ib ra tio n a l c o m p o n e n ts , b u t  e x p e r im e n ts  w ith  th e  
1 2 3 6 -A  K r  line w ere d on e  in  w h ich  th e  C S fA M l; u' < 5  —► 
X 12 + ) e m iss io n  w as re so lv ed . T h e  v a lu e  o f  D o ° ( C S -S )  <
4 .4 6  e V  is th e  th re sh o ld  en ergy , 9 .2 7  e V , less  T o tC S fA M l;  
v' =  0 )] , 4 .8 1  e V .16 O k a b e ’s v a lu e  o f D o ° ( S C - S ) 18 a lso  is 
an u p p er l im it  m e a su r e m e n t, sin ce  th e  o n se t o f  th e  d isso 
c ia tio n  m u s t  be  se le c te d  for th e  correct d isso c ia tiv e  m e c h 
a n ism  an d  th e  in itia l tr a n sla tio n a l, ro ta tio n a l, a n d  v ib r a 
tio n a l en ergies o f  th e  p ro d u c ts  h av e  b een  n e g le c te d .

A  s ig n ific a n t u n c e r ta in ty  in O k a b e ’s v a lu e 18 c o u ld  be  
fro m  th e  a ssu m p tio n  th a t  C S i A 1! ! )  is p ro d u c ed  in 0 ' =  0

a t  th e  th resh o ld  en ergy . T h e  in clu sio n  o f in itia l v ib ra tio n 
al ex c ita tio n  in C S ( A 1! ! ) w o u ld  low er O k a b e ’s D o °(S C S )  
b y  ~ 2 . 7  k c a l /v ib r a t io n a l lev e l. O k a b e 18 h a s  argued  th a t  
S O D z )  is n o t p ro d u c ed  in th e  p h o to ly sis  o f  C S 2 a t 1 2 0 0 -  
2 0 0 0  A on th e  b a sis  o f  p h o to ly sis  s tu d ie s19 at 1 8 5 0 -2 3 0 0  
a n d  1 9 0 0 -2 1 0 0  A. H o w e v e r, b o th  o f  th ese  s tu d ie s  were  
d on e a t  h igh  p ressu res o f  in ert b a th  ga ses a n d  recen t e v i
d en c e  sh ow s th a t  S ( 1D z ) q u e n c h in g  ra tes are rea so n a b ly  
f a s t .6 In  our o p in io n  th e  p ro d u c tio n  o f S ( 1D 2 ) in th e  p h o 
to ly sis  region  1 2 0 0 -2 0 0 0  A ca n n o t y e t  be e lim in a te d  from  
c o n sid e r a tio n .20
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P r e s s u r e - J u m p  R e l a x a t i o n  K i n e t i c s  o f  t h e  C o m p l e x a t i o n  o f  

N i c k e l ( l i )  T h i o c y a n a t e  i n  M e t h a n o l 1
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P re ssu re -ju m p  re la x a tio n  sp ec tra  o f  th e  c o m p le x a tio n  o f  N i ( N C S ) +  an d  N C S  in m e th a n o l in  th e  c o n 
c en tra tio n  range l O ^ - l O “ 1 M  a n d  a t  th e  te m p e ra tu re s  1 9 .7 , 25 , 3 0 , a n d  3 3 .5 °  are rep orted  as th e  a v e r 

a g ed  re la x a tio n  t im e s . T h e  d a ta  are in terp reted  b y  a tw o -s te p  d isso c ia tiv e  in terch an g e  m e c h a n is m . In  
te rm s o f th is  m e c h a n ism  th e  a c tiv a tio n  p a r a m e te rs  su gg est an in crease o f  th e a c tiv a tio n  en tro p y  for s o l

v e n t e x ch a n g e  o f N i ( M e O H ) 5N C S + w ith  resp ec t to  N i l M e O H l e 2 * .  C a lc u la tio n s  o f  th e  ou ter -sp h e re  p a 
ra m eters ASo a n d  AH0 are d on e  in a corrected  w ay  b y  m e a n s  o f th e  F u oss th eory  o f  a sso c ia tio n . A lt e r 
n a te  ca lc u la tio n s  o f  A S o  an d  AHo b y  m e a n s  o f  th e  B je rru m  th eory  are rep orted .

In tr o d u c tio n

A fte r  th e d e v e lo p m e n t o f  th e  te ch n iq u es o f  re la x a tio n  
k in etics an d  th eir a p p lic a tio n  to  aq u eo u s s o lu t io n s ,2® a c 
tiv ity  in recen t years h a s  sh ifte d  to  the in v estig a tio n  o f  
th e  m e c h a n ism  o f c o m p le x a tio n  o f tra n sitio n  m e ta ls  in  
n o n a q u e o u s so lv e n ts . T h e  gen eral E ig e n  m u ltis te p  m e c h a 
n is m ,2® recla ssified  b y  L a n g fo rd 2b as d isso c ia tiv e  in ter
ch a n g e , h as fo u n d  su p p o rt in th e  w ork b y  E llg e n  an d  
P ea rso n 3 for N i 2 + in m e th a n o l w ith  v a rio u s n u cle o p h ilic  
lig a n d s.

M o re  recen tly , h ow ever, B e n n e tto  an d  C a ld in 4 h ave  
q u e stio n e d  th e  general v a lid ity  o f  th e  re lation  kf = Kgky 
(w h ere K0 is the o u ter -sp h ere  io n -p a ir  p re -e q u ilib ra tio n  
c o n sta n t an d  ky is th e rate  c o n sta n t for so lv e n t e x c h a n g e ). 
B e n n e tto  a n c  C a ld in 4 argue th a t v a lu es  o f  fef (e x p t) as low  
as 1 /1 0 0  o f  th e  requ ired  p ro d u c t Koky h ave  b een  fo u n d . It 
is true th a t th e  /?exch sh o u ld  be m u ltip lie d  b y  a s ta tis t ic a l  
factor 1 /S ,  w ith  S  a p a ra m e te r  co rresp on d in g  to  th e  s o lv a 
tion  n u m b e r  o f  th e  c a tio n  in th e seco n d  co ord in a tio n  
sh e ll. H o w e v e r, S  h as b een  fo u n d  in w a ter2b to  be e q u a l to  
5 -1 0  (b y  c o m p a rin g  ftf (e x p t)  w ith  Kokexch), a b o u t one  
order o f  m a g n itu d e  too  s m a ll  in  order to  ra tio n a lize  th e  
ab o v e  d ifferen ces.

T h e  d o u b t th a t so m e  o f th e  ob served  d isc rep a n c ies5 
w ere d u e  to  th e  th e o re tic a lly  c a lc u la te d  K0 w as c larified  
w h en  an  in v e stig a tio n 6 o f th e o u ter -sp h ere  io n -p a ir  fo r m a 
tio n  p ro ved  th a t th e c a lc u la te d  Ko’s co rresp on d  in  order o f  
m a g n itu d e  to  th e  e x p e r im e n ta l on es.

T h e  p ro b lem  o f d e te r m in in g  th e  m e c h a n ism  o f c o m 
p le x a tio n  b e c o m es  even  m ore c h a lle n g in g  w h en  th e e n 
tran ce  o f th e  secon d  lig a n d  is co n sid ered . H a m m e s  and  
S te in fe ld 7 w ere th e  first to  n o tice  ch a n g es in  th e  rate  c o n 
sta n ts  o f  su b stitu tio n  w ith  resp ect to th e  e n tra n ce  o f  the  
first lig a n d  in th e  case  o f  a q u eo u s N i 2 + a n d  C o 2+ w ith  
a m in o  a c id s . A  q u a lita tiv e  ra tio n a liz a tio n  in te rm s o f a re 
lea sin g  e ffe c t on  th e rate o f  th e  ex ch a n g e  o f th e  so lv e n t b y  
th e  first liga n d  w as p ro p o sed . L a ter , s im ila r  resu lts  w ere  
fo u n d  b y  H u n t , et ai, in  a series o f  p a p e r s .8

R e c e n tly  th e  pressure ju m p  k in e tics  o f  N i N C S +  w ith  
N C S '  in M e O H  at 25° h ave  b een  in v estig a te d  b y  H o ff 
m a n n , et al,9 T h e  sa m e  rate c o n sta n t, w ith in  e x p er im e n ta l  
error, th a t  E llg e n  a n d  P ea rso n 3 d eterm in e d  for th e  process  
N i ( M e O H ) 62 + +  N C S '  —  N i ( M e O H ) 5N C S + ,  n a m e ly , k{ 
=  1 .5  X 10® M " 1 s e c ' 1, h a s  b een  fo u n d . H o w e v e r , w h ere
as K0 = 150  M “ 1 for a 2 :1  e le c tro ly te , Ko is o n ly  10 M _1

for a 1 :1  e le c tro ly te . T h e re fo re , for th e  rea ctio n  stu d ie d  
b y  E llg e n  an d  P ea rso n  (a ssu m in g  th e in terch a n g e  m e c h a 
n ism ) ky — l x  10 3 s e c - 1  w h ich  is in e x c e lle n t accord  
w ith  the rate c o n sta n t for so lv en t e x c h a n g e . O n  th e  c o n 

trary , for th e  rea ctio n  stu d ies  b y  H o ffm a n n , et ai.,9 ky = 
15 X 103 s e c “ 1, th a t is, 15 t im e s  as h ig h . T h e  d o u b t  th a t  a 
circu lar a rg u m en t h a d  b e e n  u se d , n a m e ly , th a t  th e  d iffer- 

■ en ces  w ere d u e  to  th e  a ssu m p tio n  o f th e  m e c h a n is m  ra th 
er th a n  to  d ifferen ces in rates o f  ex ch a n g e  o f N iS 6 2+  w ith  
resp ec t to  N i S 5N C S +  (S  =  M e O H ) ,  w as p resen t.

O n e  w ay  to  try  to  ascerta in  th e  rea lity  o f  a d ifferen ce  
b e tw ee n  th e  tw o rea ctio n s w as to  d eterm in e  th e  p a r a m e 
ters o f  a c tiv a tio n  for th e  secon d  rea ctio n . F or th is  reason  
it w as d ec id e d  to  re in v estig a te  N i ( N C S )2 in  m e th a n o l b y  
th e  a v a ila b le  p re ssu re -ju m p  re la x a tio n  te c h n iq u e  e x te n d 
in g  th e  w ork  to  va rio u s te m p e ra tu re s .

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

T h e  p re ssu re -ju m p  in stru m e n ta tio n  h as b een  d escrib ed  
e lse w h ere .5 ’10 F or th e  p resen t w ork th e  3 C -6 6  T e k tro n ix  
carrier a m p lifie r  co n n ec te d  to  th e  564  osc illo sco p e  w as  
u sed . T h e  te m p e ra tu re  o f  th e  so lu tio n  w as m a in ta in e d  
w ith in  ± 0 .0 5 °  b y  a F o rm a  J u n io r c ircu la tin g  b a th . T h e  
te m p e ra tu re  o f  th e  so lu tio n s in th e p re ssu re -ju m p  cell w as  
m e a su red  b y  a P t — P t -1 0 %  R h  th e rm o c o u p le  a sse m b ly  
w ith in  ± 0 .1 ° .
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Ni(NCS)2 (K & K Labs.) was dried at 105° and used 
without further purification. Methanol (Matheson Cole
man) (ACS) was distilled over aluminum amalgam in a
5-ft all-Pyrex Vigreux column collecting only the central 
portion (about 1/3). The boiling point was 64.5°. Solutions 
were prepared by weighing Ni(NCS)2 on an analytical 
balance (Mettler 6 H) and dissolving the salt into a volu
metric flask. Dilutions from this stock solution were pre
pared by pipetting a desired amount into a volumetric 
flask and diluting to mark with distilled methanol. The 
comparison solution for the pressure-jump cell was pre
pared by matching the impedance of the Ni(NCS)2 so
lution to be examined with a methanolic solution of BU4- 
NBr.

Two stock solutions were prepared during the present 
work. Dilutions from both solutions gave the same results 
within experimental error.

Filling of the pressure-jump cell took less than 60 sec. 
Longer period exposure to atmosphere gave no apparent 
deviations in pressure-jump relaxation spectra.

After having filled the cell, the system was left to reach 
temperature equilibrium; generally, 1 hr was sufficient. 
This was checked by the pressure-jump recording which 
was repeated at 15-min intervals until constancy of relax
ation times within experimental error was reached. About 
five-seven photographs of the relaxation spectra were re
corded for each solution.

R e s u lt s

Table I reports the concentrations and averaged relaxa
tion times with their standard deviations at the various 
temperatures investigated. The relaxation times were cal
culated from the oscillograph recordings as 1 /e of the or
dinate corresponding to the maximum displacements of 
the bridge potential.

C a lc u la t io n s

In the concentration range investigated (10 a—10” 3 M )  
the concentration of Ni2+ is negligible (Table II). Hoff
mann, e t  a l.,9 have shown that the average ligand number 
n determined through potentiometric titrations can be 
quantitatively reproduced by considering only the species 
NiNCS+ and Ni(NCS)2 without the necessity of account

ing for higher aggregates such as Ni(NCS)3~ and 
Ni(NCS)42 - . The two thermodynamic formation con
stants for the two former species are9 K\ = 4.9 X 105 M  
and K 2 = 2000 M - 1 at 25°.

Because of the above, at 25° the system Ni(NCS)2 in 
MeOH in the concen:ration range in question (Table II) is 
in effect a 1 : 1  electrolyte, that is, NiNCS+ and NCS~ 
partially associated to Ni(NCS)2, all the other species 
being negligible.

This being the case, a plot of r_1 vs. V~C, with C the 
total concentration cf electrolyte, should be approxima- 
tively a straight line. Indeed, according to Eigen2a for a 
symmetrical electrolyse one may write

T ~ 1 =  k f d  +  k H ( 1 )

where

and

6 ^  2aCy^2

K  = k t/kH

for large K  one has a =  l / V K c  and taking y ± 2 
first approximation

1 as a

TABLE I: Concentrations of Ni(NCS)2, Averaged Relaxation 
Times, and Their Standard Deviations at the Various 
Temperatures Investigated

C. M t , msec C, M T, msec

t =  19.7° f =  25°

0.001 4.08 ±  0.05
0.002 6.65 ±  1.33 0.002 3.74 ±  0.10
0.005 4.70 ±  0.50 0.005 2.63 ±  0.17
0.010 3.76 ±  0.39 0.010 1.84 ±  0.24
0.025 2.37 ±  0.11 0.025 1.31 ±  0.10
0.05 1.56 ±  0.10 0.05 0.88 ±  0.03
0.10 1.21 ±  0.15 0.10 0.67 ±  0.04

t  =  30° t  =  33.5
O

0.001 3.41 ±  0.21 0.001 2.70 ±  0.11
0.002 2.82 ±  0.10 0.002 2.09 ±  0.12
0.005 2.17 ±  0.06 0.005 1.50 ±  0.20
0.010 1.45 ±  0.07 0.010 1.20 ±  0.09
0.015 . 0.93 ±  0.09 0.025 0.775 ±  0.03g

.0.05 0.72 ±  0.03 0.05 0.57-^ ±  0.036
0.10 0.50 ±  0.04 0.10 0.386 ±  0.01q

“  r e  +  *■

Plots of r_1 vs. W  for Ni(NCS)2 in MeOH at 19.7, 25, 
30, and 33.5° are shown in Figure 1 . The solid straight 
lines have been calculated by least-squares analysis. This 
analysis gives at 25° a slope = 4523.9 M ~1/2 s e c 1 and an 
intercept = 78.80 sec-1 . Ratio of slope over intercept gives 
K  =  824 which is of the same order of magnitude as 
the thermodynamic9 K 2 =  2000 M -1 . Then k f = 6.49 x 
104 M _1 sec- 1  and k R =  78.8 sec-1 .

In the same figure the crosses represent the average 
data of Hoffmann, e t  al.,9 at 25°. The agreement with the 
present data is excellent. The straight lines reproduce the 
trend of the data without systematic deviations within ex
perimental error.

At 25° it would be enough to use the value of K 2 = 2000 
to compute 6. Since, however, no association data 

are available at the other temperatures, a successive ap
proximation method has been tested to see whether kinet
ic data would suffice to provide K 2 and therefore 8. With 
the value of K 2 determined from the r_1 vs. v T  plot, a
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TABLE II: Concentration of Various Species Present for Ni(NCS)2 in MeOH in the Concentration Range 10 3-10 1M°

■ [NI(NCS)2], M» [Ni2+], M [NiNCS + j, M [NCS- ], M • [Ni(NCS)2], M

0.001 3.00 X  10 -6 5.72 X  10 -4 5.80 X  10 -4 4.30 X  10 -4

0.005 4.00 X  10 -6 1.55 X  10 -3 1.57 X  10 -3 3.45 X  10 -3

0.010 4.60 X  10 -6 2.48 X  10 -3 2.50 X  10-3 7.50 X  10 -3

0.050 7.06 X  10 -6 7.52 X  10-3 7.53 X  10 -3 4.25 X  10 -2

0.10 8.9 X  10 -6 1.15 X  1 0 -2 1.15 X  1 0 -2 8.85 X  1 0 -2

° Calculations based on K, =  490,000 M ~ 1 and K2 =  2000 /W-1 . 6 Stoichiometric concentration of the salt.

TABLE III: Results of k ( (Af-1 sec"'), k R (sec-1), Their 
Standard Deviation, and Average Ratio K  (M -1) for Ni(NCS)2 
in MeOH at the Temperatures Investigated

t, °C kf. (M -1 sec-1)1 0 -5 k k , sec -1 K2, (M - 1 ) 10-3

19.7 0.66 ±  0.04 27 ±  27
25 1.40 ±  0.05 73 ±  25 1.9
30 2.21 ±  0.08 72 ±  33 3.1
33.5 3.32 ±  0.14 91 ±  54 3.7

first set of values of 6 has been computed as follows. A 
two equation system has been solved

K2
1 — a

a2Cy±2

-  log y±2 =
2 S ][Ca 

1 +  A a ]/ Ca

(3)

where S and A  are the Debye-Hiickel values. The param
eter a has been set a =  6 X  10-8 cm, as done by Ellgen 
and Pearson.3 Starting with the above value, within two 
cycles of approximations, one obtains k t = 1.40 X  105 
M -1 sec-1 and k R = 73.17 sec-1 , their ratio being K 2 = 
1915 M -1 in good accord with the thermodynamic K 2 = 
2000 M -1 . The above figures have been calculated by 
least-squares analysis. Considering the last figures ap
proximate enough to be taken as final, statistical analysis 
of standard error on slope and intercept11 give k f =  (1.40 
±  0.05) 10® M -1 sec-1 , k R = (73 ±  25) sec-1 <and average 
K 2 = 1.9 x 103 M -1 .

Similar calculations at 30 and 33.5° are reported in Fig
ure 2 and Table III together with the data at 25°. For the 
data at 19.7°, since k R is practically zero, the value of K 2 
has been obtained as extrapolation of a plot of log K 2 vs. 
1/T  giving X 2 = 1.2 x 103M -1 .

In order to correlate the data of k t at various tempera
tures, the Evring expression has been used

k ,  =  e - \ H , * / R T  ( 4 )

a plot of log {k f ¡T )  vs. 1 /T  gives an intercept = 17.46 ±  
0.90 and a slope = -4422 ±  269, both being calculated by 
least-squares analysis (Figure 2, insert). Then because

kintercept = log ^ +  0.43 —ß -

. A H f *
stape -  2.30 R

one obtains ASf = 32.6 ±  4.1 eu and A H t * =  20.2 ±  1.2 
kcal/mol.

D is c u s s io n

By retaining the interchange mechanism26 for the pres
ent reaction

Figure 2. Plot of r 1 (sec 1) vs. 6 = 2a c y ± 2 (M) for Ni(NCS) 2 

at the temperatures investigated. Insert shows plot of log {k t/T) 

(A4- 1 sec-1) vs. (1 /T) (deg-1) for Ni(NCS) 2 in MeOH.

(SCN)S,NiS2+ +  NCS" (SCNiSjNi2+S, NCS~

S4Ni(NCS)2 (5)

with S a solvent molecule, the rate constants for the over
all process

(SCN)S4Ni2+ +  NCS-  i  S4Ni(NCS)2 (6)k\{

are related to the above ones by the expressions k j =  K^k-f 
and k R =  k - i .  One may retain the Fuoss12 association 
constant for K o  and for a 1:1 electrolyte in methanol one 
has

„  4w N a3 /|ZaZ b|c 2\ „ jn ,n.
K° =  ^ o o r exp \-aD vr)  “ 9 4 8  M (7)

for a = 6 X  10-8 cm. Then.at 25° k f =  14.7 x 103 sec-1 , 
about 15 times the rate of solvent exchange from the first 
coordination shell of NiS62+, as already observed.9

Using the same mechanism, the two relations between 
enthalpies and entropies, respectively, may be derived

AH,* = A H 0 +  AH /  (8)

ASf * =  AS,, +  A S ,*

By retaining the values of A H 0 and ASo calculated 
through the Fuoss theory (see Appendix), the calculated 
activation parameters for the second step of the mecha
nism of association of NiNCS+ and NCS- in methanol 
are

(11) Y. Beer, "Introduction to the Theory of Error," 2nd ed, Addison- 
Wesley, Reading, Mass., 1962, Chapter VI.

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 . 1, 1 9 7 3



Complexation of NI(NCS)2 in Methanol 133

A H t±  = (20.2 -  1.4) ±  1.2 = 18.8 ±  1.2 kcal/mol 
AS f  = (32.6 -  9.1) ±  4.1 = 23.5 ±  4.1 eu

It may be seen that although the reported inconsistencies 
(see Appendix) for ASo and A H q are theoretically signifi
cant, they are numerically small and contained within the 
standard errors of A H (*  and A S t * .

C om parison  o f  A c tiv a tio n  P a ra m eters fo r  S o lv en t S u b 
stitu tion  and E xch an ge. The activation parameters for 
solvent exchange from the first coordination shell of Ni- 
(MeOH)62+ are A H exch* = 15.8 kcal/mol and A S eXc h *  =
8.0 eu.13 It may be seen that the enthalpy of activation for 
the entrance of the second ligand NCS-  is comparable 
with one for solvent exchange. The difference in the rates 
of solvent substitution from NiS62+ and NiS5NCS+ seems 
due mainly to an increase in the entropy of activation for 
solvent substitution of the second species. In other words, 
the obtained results suggest that2b the “dissociative event” 
of ejecting one solvent molecule from the activated com
plex is entropically easier for NiS5NCS+ than for NiS62+.

A parallel effect of a slight increase in the enthalpy of 
activation and strong increase in the entropy of activation 
for solvent exchange has been found by Hunt, e t  a l.,s for 
Ni(H2 0 )62+, Ni(H20)4 bipy2+, and Ni(H20)2  bipy22+ the 
values being A H exch* =  12.1 dfc 0.5, 12.6 ±  0.5, and 13.7 
±  0.5 kcal/mol and ASexch* = 2.6 ±  2, 5.1 ±  2, and 9.2 ±  
4 eu, respectively. Clearly, extensive data are needed for 
any generalization to be drawn.

In substance, the present data and the previous ones by 
Ellgen3 are consistent with the Eigen dissociative inter
change mechanism if one accepts the hypothesis that the 
rate of solvent exch a n g e  from Ni(MeOH)s NCS+ is larger 
than for Ni(MeOH)62+.

C om parison  o f  S econ d -O rd er  A c tiv a tio n  P aram eters. 
The objection could be advanced that the conclusion just 
reached for the activation parameters is based on the as
sumption of the interchange mechanism, namely, it is vi
tiated by the same circularity in argumentation9 that 
gives k i  = 15 X 103 sec-1 from the experimental k t -  1.5 
x 105 M -1 sec-1 .

It is important therefore to be able tp compare the ex
perimental A H f*  and ASr* with the activation parame
ters for solvent exchange w ith ou t the drawback of the as
sumption of a particular mechanism.

This may be done, according to Caldin and Bennetto,4 
by transforming the activation parameters for the first- 
order rate constant of solvent exchange, kexchl , to the pa
rameters for the second-order rate constant, feexchn , called 
total exchange rate.4 The relation between the two con
stants is4

b  II _  b I 1l[ ±  ,Q ,ft-exch — ftexch ^ g j  yu )

where N c is the coordination number of the cation in the 
first coordination sphere taker, as 6 and [S] is the concen
tration of solvent. At 25° for methanol p = 0.7866 g/cc, [S] 
= (1000 x 0.7866/32.04) = 24.551 and Awh11 = 0.25 X 
103 sec-1 .4 Assumption of Eyring expressions for feexch11 

and feexch1 with elimination of the frequency factors kT/h, 
taking the derivative with respect to T  of the logarithmic 
expressions for feexch11 and kexch1, and neglecting the de
pendence of [S] on temperature give the identity

A H e x c h * 11 =  A H e x c h *1 

' Then from the expression

one may calculate A S ex c h *n  = + 5 . 6  eu in accord with 
Bennetto and Caldin.4 The same result could be obtained 
from the relation

A Sexd/11 =  ASexcl/ !' + R In ^

It may then be seen that the second-order entropy of 
activation for so lven t exch a n g e  from NiS62+ is only 5 .6  eu 
compared to the determined ASf* = 3 2 .6  ±  4.1 eu for so l
v en t su b stitu tion  from (NiNCS)+Ss. This seems to prove 
that there is a substantial increase for the entropic pa
rameter of activation for solvent ejection from NiS62+ to 
NiNCS+Sg (unless one invokes the unlikely possibility of 
a ligand participation in the free energy of the activated 
rate, namely a Sn2 or associative activation mode of sub
stitution211 for NiNCS+Ss).

One should point out, however, in evaluating the above 
result, that criticism has appeared14 concerning formula 9 
and the conversion of feexch1 to kexCh11 using the bulk sol
vent concentration.

A p p e n d ix

C alcu la tion  o f  A H o and ASo fo r  th e O u ter-S p h ere  Pre- 
E quilibra tion  P rocess. The usual procedure reported in 
textbooks15 is to calculate AG ° from a model (so called 
double-sphere model) visualizing two charged spheres Z + e  
and Z_e, brought from infinity to the contact distance a. 
This result extended to one mole of ions is

\Z+Z-\e2
AG» = —N  1 +Da (10)

which may be rewritten, multiplying and dividing by T  
and recalling that N  = R/k, with R the gas constant

AG0 = - R T b  (11)

with b the Bjerrum parameter b =  \Z+ Z _\ e2/aDkT. 
Notice that since AG3 = - R T  In K 0, this implies K 0 =  
e b, namely, the Denison-Ramsey16 association constant 
calculated from a Born cycle.

The calculation of ASo then proceeds as usual15

A S 0 = - ( ^  =  f l 6 + * T §

and since

d f t ___ /  J_ d In D\
dT -  b [ t  +  dT )

ASo = (12)

which is identical with the usual formula reported in text 
books.15

AS,, = -  N \Z+Z-\e2
Da P

once the transformations indicated between eq 10 and 11

(12) R. M. Fuoss, J. A m er . C hem . S o c . , 80, 5059 (1958).
(13) Z. Luz and S. Meiboom, J. C h em . P h ys., 40, 2688 (1964).
(14) C. H. Langford, J. C hem . E duc., 46, 557 (1969).
(15) K. J. Laidler, "Chemical Kinetics," McGraw-Hill, New York, N. Y., 

1965 Chapter 5, p 212; A. A. Frost and R. G. Pearson, "Kinetics 
and Mechanism,"J. Wiley, New York, N. Y., 2nd ed, 1961, Chapter 
7, p 135.

(16) J. T. Denison and J. B. Ramsey, J. A m er . C h em . S o c .. 77, 2615, 
(1955).
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are p e rfo rm e d . I f  one w rites

AHo = AGo + TASo

one o b ta in s

AHa = -R T b  ( l + f ^ f )

T h e  ab o v e  is co n siste n t w ith  th e  use o f  th e D e n is o n -R a m -  
se y 16 e q u a tio n  for K o , n a m e ly , K d r  =  eb. I f, h ow ever, th e  
F u o ss  a sso cia tio n  c o n sta n t12 Kp =  Ko°eb is re ta in ed  as is 
u su a lly  th e  case  for Ko, an  in co n siste n cy  occu rs in th e  
ab o v e  c a lc u la tio n s  o f  A G o , A S o , a n d  AHo a n d  c o n se q u e n t
ly  in  A H f  a n d  A S i * - i n  eq  8 . In  fa c t  if  K0 -  K0°eb

Kb
Air N  a 3 

1000
b3Q(b) 47r Na3

e7 Y ~ 4d Y (15)

w ith

_  \Z,Z2le3 
1 ”  rDkT

(In  fa c t , on ly  for low  D w here b is large b3Q(b) ~ eb/b ~ 
eb a n d  th e  tw o  th eories give s im ila r  n u m e ric a l v a lu es  o f  
a sso cia tio n  c o n sta n ts .)  T h erefo re  given

In K Bj =  In 3 K 0° +  3 In b +  In Q(b)
d In ffBj /  3 dQ(6)\dfe _

dT \ b +  Q(b) db )  AT

AG0 =  -  RT In K0° -  RTb 
ASo =  RinKo0 -  RTb

1 AQ(b) \ / l  d l n D N
Q(b) dè M í 1 dT )

C o m p a rin g  eq  14 w ith  11 an d  12 we m a y  n o tice  th a t  th e  
te rm s -R T  In Ko° a n d  R In Ko°, resp ec tiv e ly , are m issin g  
in  th e  la tte r  eq u a tio n s .

In  th e  F u o ss  e q u a tio n  th e  te rm s Ko° =  47rIVa3/3 0 0 0  re p 
resen t, a p p ro x im a te ly , th e  v o lu m e  fra c tio n  d u e  to  1 m o l o f  
ions or, in  oth er w ord s, th e  e x c lu d e d  v o lu m e  fro m  th e  so 
lu tio n  d u e  to  th e  p resen ce  o f io n s .17 It is n a tu ra l th en  
th a t, b e ca u se  o f th e  en trop ic  n a tu re  o f Ko° in  th e  a sso c ia 
tio n  c o n sta n t Ko (rep resen tin g  th e  p ro b a b ility  o f  co llision  
b e tw ee n  n eu tra l p a rtic le s  in creasin g  w ith  th e  cross sectio n  
7ra2) ,17 Ko° h a d  to a p p ea r in th e  A S o  e x p re ssio n . C o m b i
n a tio n  o f  eq  14  to  c a lc u la te  AH0 gives th e  sa m e  exp ression  
as eq  13 sin ce  th e  te rm s RT In Ko° ca n ce l o u t. H e n c e , the  
tw o th eories, th e  D e n is o n -R a m s e y  a n d  th e  F u o ss , give the  
sa m e  resu lt for AHo, b u t  n ot for A S o  a n d  A G o- U n fo r tu 
n a te ly , m a n y  au th ors h av e  u sed  eq  12 for c a lc u la tin g  A S o , 
a n d  in  c a lc u la tin g  AHo h av e  u sed  th e F u o ss  exp ressio n  for 
A G o

AHo = RT In KF -  RTb

AH0 = ~ RT In Ko° ~ RTb[l +  ^ p )

m ix in g  u p  th e  tw o th eories a n d  in tro d u cin g  in c o n siste n 
cies su ch  as o m ittin g  th e  R In Ko° te rm s for A S o  a n d  im 
p ro p erly  in tro d u cin g  —RT\n Kq° in to  AHo.

A t  2 5 ° , for m e th a n o l (d  log  Dfdt) =  - 0 . 2 6 4  X  1 0 - 2 , D 
= 3 2 .6 3 , a  = 6 x  1 0 ~ 8 c m , a n d  \Z+Z_\ — 1 g iv in g  K0° =  
0 .5 4 5  a n d  A S o  =  - 1 . 2 0  +  1 0 .3  =  9 .1  eu .

N o tic e  th a t b y  re ten tion  o f  th e  D e n is o n -R a m s e y  th eory  
for Ko, A S o  =  1 0 .3  eu .

S im ila r ly , for AHo fro m  eq  13 RTb = 168 8  ca l, RT^b (d  
In D/dT) = - 3 0 7 1  ca l, a n d  A H0 = 1 .3 8  k c a l /m o l .  T h e  
term  — RT In K0° = 358  c a l /m o l  if  im p ro p er ly  in tro d u ce d  
in  th e  AHo exp ression  w ou ld  m a k e  AHo = 1 -7 4  k c a l /m o l .

E x c e p tio n s  co u ld  be ra ised  for h a v in g  u sed  th e  F u o ss  or 
th e  D e n is o n -R a m s e y  th e o ry  in stea d  o f  th e  m o re  a ccu rate  
B jerru m  th eory  to  e v a lu a te  th e  th e r m o d y n a m ic  p a r a m e 
ters A S o  a n d  A H0. T h e  F u o ss  s ta tis t ic a l th e o ry  is superior  
to  th e  th e r m o d y n a m ic  th eory  b y  D e n iso n  a n d  R a m s e y  b e 
cau se it  c o n ta in s  th e  p re ex p o n e n tia l te rm  Ko° w h ich  a c 
c o u n ts  for th e  e x c lu d e d  v o lu m e  d u e  to  th e  p resen ce  o f  1 
m o l o f  ion s per liter o f  so lu tio n . H o w e v e r , it  h as b e e n  e x 
p e r im e n ta lly  sh o w n 18 th a t  th e  e x p o n e n tia l te rm  eb o f  th e  
F u oss th e o ry  is an  a p p ro x im a tio n  to  th e  B je rru m  te rm  b3 
Q(b) in  th e  exp ression

th en

■ ( r ,  , b AQ(b)\ ( l  , A l n D \
A S o  — ñ  In K b¡ . R T  [ 3  +  Q(by ¿ T . ) [ T +  d T  J

b u t19

a n d

AQ(b) _  , -4  6 
dò -

A S„ -  R [ in  Kb, ( 3  +  ¿3q (&) )  ( l  +  <j In t )

also

(16)

A H o  =  —  R T \ n  K b, +  T A S o  

AHo = ~Rt ( 3 + ¿¿Qÿj'j ( l  +  (H i/ t )  (17)

A t  25° in  m e th a n o l a = 6  x  1CD8 c m , b = 2 .8 5 8 , Q(b) = 
0 .3 0 5 , KBj = 1 1 .6 3  M - \  A S 0 =  1 3 .6 3  e u , a n d  A H0 =
2 .6  k c a l /m o l .  I t  m a y  b e  seen  th a t  a lth o u g h  th e se  la st  tw o  
figu res are s ig n ific a n tly  d iffe re n t fro m  th e  on es c a lc u la te d  
b y  th e  F u o ss  th eo ry , n a m e ly , A S o  =  9 -1  eu  an d  AHo =  1 .4  
k c a l /m o l , th e  d ifferen ces are o f  th e  orders o f  th e  sta n d a rd  
errors o f  A S f *  a n d  A H ^. In  an y  case  th e  co n clu sio n s o f  
th e  p resen t w ork  re m a in  u n a ltered  regard less o f  th e  th eory  
ch o sen  for c a lc u la tin g  th e  ou ter -sp h ere  a sso c ia tio n  p a r a m 

e te rs .20

(17) S. Petrucci, “Ionic Interactions," Academic Press, New York,
N. Y., Vol I, 1971, p 136.

(18) C. DeRossi, B. Sesta, M. Battistini, and S. Petrucci, J. A m er . 
C hem . S o c ., 94,2961 (1972).

(19) A. Bronwell, “Advanced Mathematics in Physics and Engineering,” 
McGraw-Hill, New York, N. Y., 1953, p 110.

(20) Note Added in Proof. In the above calculations of AGo, AHo and 
ASo the concentration scale used was the molarity. For thermo
dynamic calculations it may be useful to modify the derivation to the 
molality concentration scale. Given m p c , with m, p, and c the 
molality, solvent density, and molarity, respectively, K m and Kc the 
equilibrium constants in the two units, it follows that K m =  Kcp 
(neglecting differences in the activity coefficients). Then

d In Km/AT =  d ln K c/d T - a
with a  (the expansion coeeficient of the solution) =  — (d In p/AT). 
If one identifies Kc with one of the theoretically calculable associa
tion constants, say K Fuoss, then eq 14 and 13 from above become 

AG 0 =  RT In K0° -  RTb -  RT In p 
A S 0 =  R In K0° - RTb d In D/dT +  R In p -  R Ta  

A H a =  - R T b G  +  d In D/d In T) -  RT2a  
The additional contribution to AG0, A S 0, and A H 0 in methanol at 
25° (p =  0.7866 g/cm3, a  =  1.16 X  10“ 3 deg“ 1) are 5 A G 0 =
O. 14 kcal/mol, <5ASo =  — 1.2 eu, and <5AH0 =  —0.21 kcal/mol, 
bringing the thermodynamic parameters In the molality scale to A  So 
=  7.9 eu and A H0 =  1.2 kcal/mol.
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C O M M U N I C A T I O N S  T O  T H E  E D IT O R

O n  th e  I s o t o p e  E f f e c t  in th e  D e c o m p o s i t i o n  o f  

A m m o n i a  o n  T u n g s t e n  S u r f a c e s

Sir: It w as recen tly  su g g e ste d  b y  S h e e ts  a n d  B ly h o ld e r 1 
th a t th e  o b serv e d  iso top e  e ffec t in th e  d e c o m p o sit io n  o f  
a m m o n ia  on  tu n g ste n  su rfa ces co u ld  b e  u n d ersto o d  as a 
/3 -secon d a ry  iso top e  e ffec t, a llo w in g  n itrogen  d eso rp tio n  to  
be rate lim itin g . T h e ir  co n clu sio n  th a t  th is  in terp retation  
b rin gs h a r m o n y  to  iso to p e 2 -3 an d  k in e tic 4 -5 m e a su r e m e n ts  
is o p tim is tic  a n d  it is b a se d  on  a very  se lectiv e  a n d  in co r
rect use o f  th e  a v a ila b le  d a ta . In  th e  k in etic  m e a su r e 
m e n ts  referred t o 4 -5 th e  au th ors use  th e  term  n itrogen  d e 
sorp tion  rate l im it in g  in th e  sen se th a t  n itrog en  d eso rp 
tion  alone occu rs in th e  r a te -lim it in g  s te p . T h e  p rim e  e v i
d en c e  for th is  co n clu sio n  is th a t  th e  su rfa ce  in term ed ia te  
contains no hydrogen. It is a ssu m e d  th a t th e  su rfa ce  is 
sa tu ra te d  w ith  n itro g en  a n d  th a t h yd rogen  d eso rp tio n  is 
e x tr e m e ly  fa st a t te m p e ra tu re s  b e lo w  th o se  requ ired  for 
n itrogen  d eso rp tio n . T h e s e  co n clu sio n s , far from  b e in g  re
so lv ed  w ith  th e  iso to p e  e ffec t b y  th e  m o d e l o f  S h e e ts  and  
B ly h o ld e r  are c o m p le te ly  a t va ria n ce  w ith  it. N o  su ch  se c 
on d a ry  iso top e  e ffe c t  is p o ss ib le  in a su rface d ev o id  o f h y 
drogen  (in  th e  a b sen c e  o f a carb on  sk ele to n  th e  te rm  fS 
seco n d a ry  is c o n fu sin g  a n d  w ill n ot be  a d o p te d ). F u rth e r 
m ore , th is  c o n flic t no lon g er e x ists . T h e r m a l d eso rp tio n  
m a ss sp e c tro m e tr y  s tu d ie s 6 -7 o f  th e  in tera ctio n  o f  a m m o 
n ia  w ith  tu n g ste n  su rfa ces h ave  sh ow n  th a t a t s te a d y  sta te  
d u rin g  c a ta ly tic  d e c o m p o sit io n , e x c e p t a t very low  re a c 
ta n t p ressu re, th e  su rfa ce  is sa tu ra te d  w ith  a sp ec ies (q 
sp ecies) w h ich  does co n ta in  h y d ro g en . P o ssib le  reason s for 
a m isin terp re ta tio n  o f  T a m a r u ’s e x p e r im e n ts 4 h av e  been  
p re se n te d .8 M a ts u s h ita  a n d  H a n s e n ’s e x p e r im e n ts5 w ere  
carried  o u t a t to o  low  a te m p e ra tu re  a n d  re a cta n t pressure  
to  p erm it fo rm a tio n  o f th e  h y d r o g e n -c o n ta in in g  q sp ec ies .

S h ee ts  a n d  B ly h o ld e r  h av e  been  se le ctiv e  in th eir use  o f  
th e  th e rm a l d eso rp tio n  m a ss  sp ec tro m e tr ic  d a ta . T h e se  
e x p erim e n ts  are ra th er m ore chan d eso rb ed  gas an a ly sis  
an d  co n ta in  m ore in fo rm a tio n  th a n  o v erall su rfa ce  s to ic h i
o m e try . L e t us su m m a rise  th is  in fo r m a tio n . In  1966 , it 
w as p o in ted  o u t 9 th a t  th e  d eso rp tio n  rate o f  ¡3 n itrog en  (at  
th e  tim e , th e  o n ly  k n ow n  su rface sp ec ies o f  n itrog en  on  
tu n g ste n  sta b le  a t c a ta ly tic  te m p e ra tu re s) w as m ore th a n  
1 0 7 tim e s  slow er th a n  nitrogen  p ro d u c tio n  d u rin g  a m m o 
n ia  d e c o m p o sit io n  on  tu n g ste n  su rfa ces . C le a rly  a p rocess, 
or p ro cesses, m u s t  be  id en tified  w h ich  allow s th is  faster  
d eso rp tio n  o f n itrog en . S in c e  th a t tim e  tw o a d d itio n a l  
su rface sp ec ies h av e  been  id en tified , <5 n itro g en 5 -7 an d  the  
q s p e c ie s .6 -7 T h e  fo rm a tio n  an d  d e c o m p o sit io n  rea ctio n s  
w h ich  ca n  occu r ca n  be su m m a riz e d  in th e  fo llow in g  w ay  
(w here W s d en o te s  a su rfa ce  tu n g sten  a to m )

2 W S +  N H 3(g) -  W / N (0 )  +  % H 2(g) (1)

W 2sN (/3 ) —  2 W S +  % N 2 (g) (2)

t W2sN(/3) + NH3(g) --»-2WSN(5) +  %H2(g) (3)
o

2WSN(<5) —*■ 2WS + N2(g) (4)

2WsN(5) + NH3( g ) - W 2sN3H(>)) + H2(g) (5)

W2sN3H(?;) - *W 2aN(/3) + N2(g) + H(g) (6)

While the kinetic parameters for these reactions are 
known, for the present purposes the relative rates will be 
adequate and these are (1) > (3) > >  (5) and (2) < < <  (4) 
< (6). It can be seen that as the surface density of nitro
gen increases the rate of nitrogen desorption increases, 
reactions 2, 4, and 6, but also the rate of formation of the 
adlayer decreases, reactions 1, 3, and 5. For any given 
reaction conditions, viz., reactant pressure and catalyst 
temperature, a steady state will be attained in which the 
rate of formation and removal of the surface intermediates 
will be equal. This determines the nature of the surface 
intermediate. Reaction 2 is too slow to be part of the de
composition mechanism. Since the rate of reaction 5 is 
dependent on the reactant pressure, we anticipate two re
gimes for the decomposition mechanism determined by 
competition between reactions 4 and 5. At high reactant 
pressure reaction 6 should be rate limiting and we antici
pate a hydrogen isotope effect, whereas at very low reac
tant pressure reaction 4 should be rate limiting and the 
isotope effect should disappear. The observed kinetic pa
rameters for reactions 3-6 suggest that the transition pres
sure should be in the vicinity of 10 Torr at 1000°K; this 
is currently under investigation.

Reaction 6 is unlikely to be an elementary step. The de
sorption of N2 and H are closely related at the molecular 
level since the desorption peaks are simultaneous and first 
order. However, the critical question of whether on the 
time scale of molecular vibrations hydrogen desorption 
precedes or follows nitrogen desorption is clearly not an
swered by such experiments. An answer must await, at 
least, an unambiguous determination of the structure of 
the q adlayer. Two structures have been proposed,7 (a) 
WN2H-WN and (b) W N2-WNH, both of which preserve 
the N-H bond of the reactant. Sheets and Blyholder1 
question this assumption, which is surprising since it is a 
requirement of their model. It is known that N-H bond 
breaking becomes increasingly difficult as the density of 
the adlayer increases.7 Structures a and b imply the fol
lowing pairs of elementary steps for reaction 6

W NjH-W N — WN2-WN + H(g) (6a)

(1 ) R. Sheets and G. Blyholder, J. Phys. C h em .. 76, 970 (1972).
(2) J. C. Jungers and H. S. Taylor, J. A m er. C h em . S o c ., 57, 679 

(1935).
(3) R. M. Barrer, Trans. F araday S o c .. 32,490 (1936).
(4) K. Tamaru, Trans. F araday S o c .. 57, 1410 (1961).
(5) K. Matsushita and R. 3. Hansen. J. C hem . Phys.. 52, 4877 (1970).
(6) P. T. Dawson and Y. K. Peng, J. C hem . P hys.. 52, 1014 (1970).
(7) Y. K. Peng and P. T. Dawson. J. C h em . Phys.. 54, 950 (1971).
(8) P. T. Dawson and R. S. Hansen. J. C h em . P hys.. 48, 623 (1968).
(9) P. T. Dawson and R. S. Hansen, J. C h em . Phys.. 45, 3148 (1966).
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W N 2 - W N - W 2N  +  N 2(g)

W N 2 - W N H  —  W - W H N  +  N 2 (g ) (6 b )

W  • W N H  —*• W 2N  +  H (g )

a n d  a p rim a ry  or se co n d a ry  n a tu re , re sp ec tiv e ly , for th e  
iso top e  e ffe c t. B o th  p o ssib ilitie s  a d e q u a te ly  a c c o u n t for  
th e  th e r m a l d eso rp tio n  resu lts . M o le c u la r  n itro g en , a n i 
tro g en , 10 is w ea k ly  c h e m iso rb e d , d eso rb in g  a t  m u c h  low er  
te m p e ra tu re s  th a n  th e  t} sp ecies, viz., 4 0 0 °K  co m p a re d  
w ith  9 0 0 ° K . T h u s  in (6 a) its d eso rp tio n  w o u ld  im m e d ia te 
ly  fo llow  th a t  o f  H . In  ( 6 b ) , d eso rp tio n  o f N 2 w o u ld  free  
a d ja c en t su rfa ce  tu n g ste n  a to m s for fo rm a tio n  o f  tr a n s i
tio n  sta te s  in b rea k in g  th e  N - H  b o n d  o f  th e  im id e  group  
a n d  H  d eso rp tio n  w o u ld  fo llow  im m e d ia te ly . H o w e v e r , th e  
re lative  in s ta b ility  o f  ad so rb ed  N 2 su g g ests  th a t  its  d e 
sorp tion  w ou ld  n o t b e  ra te  lim itin g  a n d  it se em s u n lik ely  
th a t  an  in d u c tiv e  e ffec t from  an  a d ja c e n t N H  (or N D )  
grou p  w ou ld  lea d  to  a s ta b iliz a tio n  o f  th e  req u ired  m a g n i
tu d e . In  th e  a ltern a tiv e  m o d e l ( 6 a) th e  p resen ce  o f  an  
N - H  b o n d  in th e  N 2 sp ec ies , i.e., N - N H ,  forces a low er  
b o n d  order for th e  N - N  b o n d , stron ger b o n d in g  to  th e  su r
face a n d  a sp ec ies  d eso rb in g  at h igh er te m p e ra tu re  as o b 
serv ed .

T h e  b eh a v io r o f  co a d so rb ed  film s  o f  C O  a n d  N H 3 on  
iron an d  n ick e l f ilm s  rep orted  b y  S h e e ts  a n d  B ly h o ld e r  
h as litt le  in  c o m m o n  w ith  th e  a d la y er  d u rin g  a m m o n ia  
d e c o m p o sit io n  on  tu n g ste n . N H 3 a n d  N D 3 c o n ta in  a lone  
electro n  p air  an d  one w ou ld  a n tic ip a te  th a t  ch e m iso rb e d  
N H 3 w ou ld  b o n d  to  a tra n sitio n  m e ta l su rfa ce  w ith  a c 
c o m p a n y in g  electro n  d o n a tio n  to  th e  m e ta l. T h is  w ou ld  
resu lt in a d ip o le  array w h ich  w ou ld  low er th e  w ork  fu n c 
tio n  o f th e  su rfa ce . T h is  w as c o n firm e d  in 196 8  in fie ld  
e m issio n  e x p er im e n ts  o f  D a w so n  a n d  H a n s e n ; 8 c h e m i
sorb ed  N H S ch a n g es th e  w ork fu n c tio n  o f  a tu n g ste n  su r 
face  b y  a m o u n ts  v a ry in g  fro m  - 1 . 0  to  - 1 . 6  e V  d ep e n d in g  
on cry sta llo g ra p h ic  or ie n ta tio n . A t  c a ta ly tic  te m p e ra tu re s  
u n d isso c ia ted  a m m o n ia  a d so rp tio n  d oes n o t o c cu r . H y d r o 
gen  d eso rp tio n  a c c o m p a n ie s  a m m o n ia  a d so rp tio n  in th e  
fo rm a tio n  o f b o th  <5 n itrog en  (3 ) an d  th e  y sp ec ies (5 ) .  T h e  
w ork fu n c tio n s  o f  th e  5 an d  rj ad la y ers  h av e  recen tly  been  
m easu red  in th is  la b o ra to ry  an d  are fo u n d  to  be  4 .7 0  an d
5 .0 0  e V , re sp ec tiv e ly . S in c e  th e  e m ittin g  region s in b o th  
ca ses co rresp on d  to  th o se  e m ittin g  for th e  c le a n  su rface  
(w ork  fu n ctio n  4 .5 0  e V ) , we ca n  co n clu d e  th a t  th e  8 a n d  t} 
sp ecies ch a n ge  th e  w ork fu n c tio n  b y  + 0 .2 0  a n d  + 0 .5 0  e V , 
re sp ec tiv e ly . T h u s , w h a tev er th e  stru ctu re  o f th e  17 a d 
lay er , w h eth er it c o n ta in s  N H  grou p s, N - N H  grou p s, or 
n eith er, th e  in co rp oration  o f  h yd rogen  in to  th e  su rfa ce  via 
rea ctio n  5 h a s  th e  e ffec t o f  withdrawing e lectro n s fro m  th e  
tu n g ste n . T h e  electro n  d o n a tio n  p ictu re  o f  S h e e ts  an d  
B ly h o ld e r  is u n sa tisfa cto ry .

F in a lly  w e are co n cern ed  as to  th e  m a g n itu d e  a n tic i
p a te d  for a seco n d a ry  iso top e  e ffec t for th is  re a ctio n . B y  
im p lic a tio n , 1  an  ob served  iso top e  e ffec t o f  1 .6 2 -3 co m p a red  
w ith  a q u o te d  m a x im u m  o f  1 .5  for ^ -se c o n d a r y  iso to p e  e f
fe c ts 1 1  len d s cred en ce  to  th e  se co n d a ry  iso to p e  m e c h a 
n ism . It sh o u ld  be p o in ted  o u t th a t seco n d a ry  iso to p e  e f
fec ts  are gen era lly  m u c h  sm a lle r  th a n  th is  a n d  th ere  is no  
e v id en ce  to  su g g e st th a t su ch  a large v a lu e  w o u ld  be a p 
p ropriate  for th e  e ffec t u n d er  d iscu ssio n , e.g., rea ctio n  6 b . 
M o re  im p o r ta n t s till th e  m a x im u m  ^ -se c o n d a r y  isotop e  
effec t o f  1 .5  is for room temperature w h ereas th a t  o b 
served  in th e  d e c o m p o sit io n  o f N H 3 a n d  N D 3 on  tu n g ste n  
su rfa ces is for a te m p e ra tu re  o f 1 0 0 0 °K . T h e  e x a c t te m 
peratu re  d ep e n d e n c e  o f  seco n d a ry  iso to p e  e ffec ts  is im p o s 

sib le  to  p re d ic t b u t on e w ou ld  a n tic ip a te  th a t , d ep e n d in g  
on th e  re la tiv e  m a g n itu d e s  o f  th e  v ib ra tio n a l freq u en cies  
a n d  te m p e ra tu re , th e  m a g n itu d e  o f  th e  iso to p e  e ffec t  
varies e x p o n e n tia lly  as e ith er 1/T or 1 / T 2, or b o th  i f  th e  
re a ctin g  sy s te m  c o n ta in s  h ig h - a n d  lo w -fre q u e n c y  v ib r a 
t io n s . 1 2 -13  In  th e  la tte r  ca se  a n o m a lo u s  te m p e ra tu re  
d ep e n d e n c ies  (m a x im a , m in im a , a n d  crossovers) are p o s 
sib le  if  th e  h ig h - a n d  lo w -fre q u e n cy  co n tr ib u tio n s  to  th e  
iso to p e  e ffec t are o p p o site  in  s ig n . 13  In  th is  ca se , h ow ever, 
th e  overall e ffe c t is e x p ec te d  to  be  sm a lle r  an d  in a n y  case  
over a large te m p e ra tu re  range th e  m a g n itu d e  o f  th e  iso - • 
to p e  e ffec t w ill still  d im in ish . I t  h a s  b een  p o in te d  o u t 13 

th a t  su ch  a n o m a lie s  are e x p ec ted  to  b e  e v e n  less freq u en t  
in  k in e tic  iso to p e  e ffec ts  th a n  in th e  e q u ilib r iu m  iso to p e  
effec ts  c o n sid ered . T h e  ex istin g  e v id en ce  su g g e sts  th a t  
secon d a ry  iso to p e  e ffec ts  w o u ld  n o t h av e  su ffic ie n t m a g n i
tu d e  at 1 0 0 0 °K  to  a c c o u n t for th e  o b served  e ffe c t. N o  su ch  
p ro b le m s  arise w ith  th e  p rim a ry  iso top e  e ffe c t in te rp re ta 
tio n . T h e  d ifferen ces in th e  zero p o in t en ergy  for th e  six  
n o rm a l v ib ra tio n a l m o d e s  o f  N H 3 a n d  N D 3 va ry  fro m  575  
to  2 6 0 0  ca l m o l - 1 . W ith o u t  a d eta ile d  k n o w led g e  o f  th e  
rea ctio n  tra je cto ry  a n d  p o te n tia l su rfa ce  it  is u n certa in  
w h a t m a g n itu d e  a  p r im a ry  isotop e  e ffe c t w o u ld  a tta in  b u t  
it w ou ld  be e x p ec te d  to  lie b etw een  th ese  lim its . In  order  
to  a c c o u n t for N H 3 d e c o m p o sit io n  occu rrin g  1 .6  tim e s  
fa ste r  th a n  N D 3 a t 1 0 0 0 °K  a d ifferen ce  in a c tiv a tio n  e n er
gy  o f  9 4 0  ca l m o l - 1  is req u ired . T h is  d oes in d e ed  fa ll  
w ith in  th e  lim its  e x p ec te d  for a fu ll p r im a ry  iso to p e  e ffect  
a n d  p ro vid es stro n g  ev id e n ce  for th is  m e c h a n is m .

In  co n clu sio n , th e  id en tific a tio n  o f a h y d r o g e n -c o n ta in 
in g  t] sp ec ies d u rin g  th e  c a ta ly tic  d e c o m p o sit io n  o f  N H 3 

on tu n g ste n  su rfa ces h a s  re m o v e d  a n y  p ro b le m s crea ted  
b y  th e  e x isten c e  o f  a h yd rogen  iso top e  e ffe c t. H o w e v e r, 
th ere  is still c o n sid era b le  sp ec u la tio n  as to  th e  n a tu re  o f  
th e  iso top e  e ffe c t. N e v e rth e le ss , its m a g n itu d e  su g g ests  
th a t  it is a p rim a ry  isotop e  e ffe c t. C o n v e rse ly , th is  
stren g th en s th o se  stru ctu ra l m o d e ls  w h ich  im p ly  a p ri
m a ry  isotop e  e ffec t.

(10) G. Ehrlich, J. C h em . Phys., 34, 29 (1961).
(11) J. March, Advan. Org. C h em ., 6, 216 (1968).
(12) M. Wolfsberg and M. J. Stern, Pure Appl. C h em ., 8, 225 (1964).
(13) M. J. Stern, W. Spindel, and E. U. Monse, J. C h em . P h ys., 48, 

2908 (1968).
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TABLE I: Ions Observed in the Al-Au-C System

Ion

Appearance potential, eV
Relative intensity ------------------------------------------------
(2147 K, 30 eV) Present work Literature Parent species

AI + 1 . 0 0 Standard 5.984* Al
AIC+ 1.7 X 10“ 6 14.0 ±  1.0 AIC2, (AIC?)
aic2+ 2.4 X 10^ 5 9.3 ±  1.0 aic2_
ai2+ 2.5 X IO“ 5 5.4 ±  1.0 ai2

ai2c + 1.3 X 10“ 6 a ai2c?, ai2c2

AI2C2 ' 6.4 X IO“ 5 8.0 ±  0.5 ai2c2

Au + ~7  X 10~ 2 Standard 9.22* Au
AIAu + 3.4 X 10~ 1 7.6 ±  0.3 AlAu
AIAuC+ l. O ! 01 a AlAuC?, AlAuC;
AIAuC2 + 2.0 X IO“ 6 a AIAuC2

Au2 + a 9.5 ±  0.3 9.2,c9.7d Au2

a Not measured. * Reference 5. c Reference 6. d References 7 and 8.

TABLE li: Third-Law Enthalpies for Reactions Involving 
AIC2(g), AI2C2(g), and AIAuC2(g)

-A[(Gt0 - H o°)/T], AH0° (III), 
Temp, K Log Kp JK - 1 mol-1 k jm o l"1

Al (g) +  2C(s) = AIC2 (g)
2082 — 4.858a 56.65 311.6
2113 -4.505 56.58 301.8
2147 -4.818 56.51 319.4
2171 -4.784 56.46 321.4
2162 -4.818 56.48 321.5

Av 315.1 ±  7.6( =t21 ) 1

Al2 (g) + 2C(s) = AI2C2 (g)
2051 0.218a’c 35.38 64.0
2074 0.386 35.41 58.1
2085 0.423 35.43 57.0
2059 0.537 35.39 51.7
2082 0.333 35.42 60.5
2113 0.492 35.47 55.1
2147 0.346 35.52 62.1
2171 0.106 35.55 72.8
2162 0.126 35.54 71.6

Av 61.4 ±  6.7(±20)

AlAu (g) + 2C(s) = AIAuC2 (g)
2113 — 5.325“ *d 49.50 320.0
2147 -5.332 49.57 325.6
2171 -5.191 49.61 323.5
2162 -5.247 49.60 324.4

Av 323.4 ±  2.1 (±20)*

<■ K p =  (/(AIC2+ )//(AI + ))(a(AI)/<r(AIC2))30ev(7(AI + )/7(AIC2 + ))(1/ 
a(C))2. The cross sections for Al and C were taken from Mann (ref 9). 
(<t(AI)/<t(AIC2)) =  0.6246. The y  terms were assumed to cancel and the 
activity of graphite was assumed to be 1. 6 Overall estimated uncertainty. 
c K p =  (/(AI2C2 + )//(AI2 + ))(e(AI2)/fflAI2C2)h„Pv(7(AI2 + )/7(AI2C2 + )) 
(1/a(C))2; (<r(AI2)/<r(AI2C2)) =  0.7755. “ Kp =  (/(AIAuC2 + )//(AIAu + ))- 
(CT(AIAu)/<7(AIAuC2))30ev(7(AIAu + )/7 (AIAuC2 + ))(1/a(C))2; (<r(AIAu)/ 
ct(AIAuC2)) =  0.7921.

id en tified  an d  m e a su red  th e  d isso c ia tio n  en ergies o f  the  
m o lecu les  A I C 2 , A I2C 2 , an d  A lA u C 2 . C h u p k a , et al.,3 h ave  
p revio u sly  id en tified  A I2C 2 b u t w ere u n certa in  w ith  regard  
to th e  e x isten c e  o f  oth er a lu m in u m -c a r b o n  m o le c u le s .

T h e  m a ss  sp ec tro m e te r  an d  e x p e r im e n ta l p rocedu re  
used  in th e  p resen t s tu d y  h av e  b een  d esc rib ed  a d e q u a te ly  
e lsew h ere .2 ’4 T h e  a lu m in u m -c a r b o n -c o n ta in in g  m o le cu le s  
w ere ob served  w ith  th e  m a ss  sp ec tro m e te r  b y  v a p o rizin g  a 
m ix tu re  o f A l  an d  A u  fro m  a g ra p h ite  liner in a ta n ta lu m

Knudsen cell. The ions reported in Table I58 were ob
served when the sample was heated to temperatures above 
2000 K. The appearance potentials (AP) measured for 
A1C2+, Al2+, A12C2+, A1Au+, and Au2+ indicated that 
these were parent molecular ions whose neutral precursors 
originated in the Knudsen cell. A1C+ is probably a frag
ment ion from A1C2 because of its high AP of 14 eV. We 
assume that A1AuC2 + is a parent molecular ion while the 
origin of the low-intensity A12C + and AlAuC+ are uncer
tain.

Ion intensity measurements were made for the ions of 
interest over the temperature range of 2051 to 2171 K. 
The pressure calibration independent reactions involving 
AIC2, AI2C2, and AIAUC2 are listed in Table II9 along 
with the logarithms of the equilibrium constants, free- 
energy function changes, and third-law heats of reaction 
at each experimental temperature.

The values of the thermodynamic functions for Al(g) 
and C(s) were taken from the JANAF tables;10 for Al2(g) 
and AlAu(g) other recently reported2® values were used. 
For AlC2(g) a linear asymmetric Al-C-C structure and for 
Al2C2(g) a linear symmetric Al-C-C-Al structure were 
chosen by analogy to other metal dicarbides.2b The Al-C 
interatomic distance was estimated as 1 .61  A , consistent 
with the choice of Chupka, e t  al.,3 while the C-C distance 
of 1 .31  A  was taken from C2(g) -11 The fundamental vibra
tional frequencies were calculated according to the va
lence force formulation.12 The stretching force constant 
for the Al-C was assumed to be 5 .0  X 1 0 2 N /m 8 and the 
C-C force constant of 9 .2 5  X 10 2 N/m  was taken from 
C2(g)-11 The calculated frequencies in cm-1 for AIC2 are 
7 55 , 5 0 3 (2 ) , and 1751 and for A12C2, 184 2 , 4 9 2 , 1011 , 
3 2 1 (2 ) , and 1 0 9 (2 ) . For AlAuC2(g) a linear Al-C-C-Au

(3) W. A. Chupka, J. Berkowitz. C. F. Giese, and M. G. Inghram, J. 
Phys. C h em .. 62,611 (1958).

(4) C. A. Stearns and F. J. Kohl, N ASA T ech . N ote. No. D-5027
(1969) ; No. D-5646 (1970).

(5) R. W. Kiser, "Introduction to Mass Spectrometry," Prentice-Hall, 
Englewood Cliffs, N. J., ‘ 965, Appendix IV.

(6) K. A. Gingerich, J. C hem . P hys.. 50, 5426 (1969).
(7) K. A. Gingerich, J. C hem . P hys.. 54, 2646 (1971).
(8) K. A. Gingerich and FI C. Finkbelner, J. C h em . P hys.. 52, 2956

(1970) .
(9) J. B. Mann, J. C h em . P hys.. 46, 1646 (1967).

(10) D. R. Stull, Ed., "JANAF Thermochemical Tables,” Dow Chemical 
Company. Midland, Mich.

(11) G. Flerzberg, "Molecular Spectra and Molecular Structure. Vol. I. 
Spectra of Diatomic Molecules," 2nd ed, Van Nostrand, New York. 
N. Y., 1950, Appendix.

(12) G. Herzberg, “Molecular Spectra and Molecular Structure. Vol. II. 
Infrared and Raman Spectra of Polyatomic Molecules,” Van Nos
trand, New York, N. Y., 1945.
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stru ctu re  w as a ssu m e d  an d  th e  A u -C  stretch in g  force c o n 
s ta n t w as ta k e n  as eq u al to  th e  A l - C  force c o n sta n t. T h e  
A u -C  in tera to m ic  d ista n c e  o f  1 .8 6  A  w as o b ta in e d  b y  
co m p a riso n  o f th e  v a lu es  fro m  A u S i  a n d  A u B  w ith  th e  P t, 
R h , R u , a n d  Ir ca rb id es , silic id es , a n d  b o r id e s .13“15 T h e  
n eg a tiv e  o f  th e  free-en erg y  fu n ctio n s in J K " 1 m o l - 1  at  
2 0 0 0 , 2 10 0 . a n d  2 2 0 0  K  are 2 8 4 .7 9 , 2 8 7 .4 0 , an d  2 8 9 .9 0  for 
A lC a (g ) ; 3 4 7 .1 9 , 3 5 0 .9 3 , an d  3 5 4 .5 2  for A l2C 2(g ) ; an d  
3 7 9 .5 5 , 3 8 3 .3 2 , an d  3 8 6 .9 4  for A lA u C 2(g ) .

T h e  a to m iz a tio n  en ergies for th e m o le c u le s  w ere c a lc u 
la ted  b y  c o m b in in g  th e  th ird -la w  h e a ts  o f  th e  rea ctio n s  
listed  in T a b le  II w ith  th e  h e a t o f  fo rm a tio n  o f C (g ) , 

=  7 0 9 .5  ±  1 .9  kJ m o l“ 1, 10 th e  d isso c ia tio n  en ergy  
o f  A l2 (g ) , Do° = 1 4 9 .8  ±  14 kJ m o l“ 1, 23 a n d  th e  d isso c ia 
tio n  en ergy  o f A lA u ( g ) , D0° = 3 2 2 .2  ±  6 kJ m o l - 1 : 16 
D o ,a to m s°(A lC 2) =  1104  ±  21 kJ m o l -^ 0 ,atom s °(A 12C 2) =
1507 ±  25 kJ m o l“ 1, a n d  D 0 ,atom3° ( A lA u C 2) =  1418  ±  21 
kJ m o l“ 1. T h e  a to m iz a tio n  energy o f  A l2C 2(g) is in  good  
ag reem en t w ith  th e  va lu e  c a lc u la te d  fro m  th e  e x p e r im e n 
ta l resu lts  o f  C h u p k a , et al.,3 o f  1556 ±  42  kJ m o l - 1 .

T h e  m e a su r e m e n t o f  th e d isso c ia tio n  en ergies o f  A 1C 2 
an d  A12C 2 is an  e x ten sio n  o f  p reviou s w ork in th is  la b o ra 
tory on  th e  d e te r m in a tio n  o f th e  s ta b ilitie s  o f  th e  tr a n si
tio n  m e ta l d ica rb id e s  an d  c o m p a riso n  o f  m e ta l-c a r b id e  
and -o x id e  b o n d  e n erg ie s .2b A g a in  w e see th a t  d ica rb id e  
m o le cu le s  are fo rm ed  w h ich  are a n a lo g o u s to  th e  sta b le  
m o n o x id es  A lO  a n d  A120 .  For m o st m e ta l d ica rb id e  m o le 
cu les it is fo u n d  th a t  th e  d isso c ia tio n  en ergy o f  th e  M - C 2 
b o n d  is 4 0 -1 3 0  kJ m o l - 1  less th a n  th a t  o f  th e  co rresp o n d 
ing M - 0  b o n d . T h e  A l - C  b o n d  in A 1C 2 is an  ap p a ren t e x 
cep tio n  to  th is  e m p iric a l ru le b e ca u se  £ ( A 1 - C 2) o f  5 1 4 .2  ±  
21 is s lig h tly  h igh er th a n  D o °(A 1 0 )  o f  502  ±  15 kJ 
m o l - 1 . 17 O n  th e  oth er h a n d , each  A l - C  b o n d  in A12 C 2 o f  
4 59  kJ m o l“ 1 is 63  kJ m o l“ 1 low er in en ergy  th a n  th e  
A l - 0  b o n d s in A l 20 ( g )  a n d  fo llow s the tren d  for m o st  
m e ta l d ica rb id e s .

F or th e  A lA u C 2 m o le c u le  we h ave  a ssu m e d  th e  s tr u c 
ture A l - C - C - A u .  I f  th e  energies o f  th e  A l - C  an d  C -C  
b o n d s  are su b tra c te d  from  th e  e x p e r im e n ta lly  d eterm in e d  
a to m iz a tio n  en ergy , th e  b a la n c e  (36 5  kJ m o l " 1) m a y  rep 
resen t th e  en ergy for an  A u -C  b o n d . T h is  v a lu e  is co n sis 
te n t w ith  an  u p p er l im it  (3 7 5  kJ m o l “ 1) d e te r m in e d 14 for  
Do° o f  th e u n o b serv ed  A u C  m o le cu le .

(13) A. VandterAuwera-Mahieu, R. Peeters, N. S. McIntyre, and J. 
Drowart, Trans. F araday S o c ., 66,809 (1970).

(14) A. VanderAuwera-Mahieu and J. Drowart, C h em . Phys. L ett., 1, 
311 (1967).

(15) N. S. McIntyre, A. VanderAuwera-Mahieu, and J. Drowart, Trans. 
F araday S o c ., 64, 3006 (1968).

(16) K. A. Gingerlch, J. C rystal G row th, 9, 31 (1971).
(17) M. Farber, R. D. Srivastava, and O. M. Uy. J. C h em . S o c . ,  F araday  

Trans. 1. 68, 249 (1972).

N a tio n a l A ero n au tics  a n d  Carl A. Stearns
S p a c e  A d m in is tra tio n  Fred J. Kohl*

Lew is R e s e a rc h  C e n te r  
C leve lan d , Ohio 4 4 1 3 5
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A  C r y s t a l lo g r a p h ic  S tu d y  o f  t h e  S tr u c tu r e  

o f  a  P a r tia lly  F ille d  A m m o n i a  S o r p t io n  

C o m p l e x  o f  Z e o l i t e  4 A

< P ublication  c o s t s  a s s is te d  b y  The N ational Institute o f  Health

Sir: In th e  cry sta l stru ctu re  o f th e  n early  fille d  32  a m 

m o n ia  c o m p le x 1  o f  zeo lite  4 A , four so rp tio n  sites c o n ta in 
ing 8 , 4 , 8 , an d  12 N H 3 m o le c u le s , re sp ec tiv e ly , w ere  
fo u n d . T h e  m o s t  fa v o ra b le  site  a t lesser lo a d in g s , or the  
site  se lected  b y  th e  first m o le cu le s  to  en ter each  u n it ce ll, 
w as n o t d e te r m in e d . A c c o rd in g ly , th e  h e a t o f  sorp tion  
w h ich  m ig h t b e  c a lc u la te d  from  th e  in itia l slop e  o f  th e  
so rp tio n  iso th e rm 1  c a n n o t b e  asso cia ted  w ith  a p a rticu la r  
site . T o  reso lve th is  issu e , th e  e igh t a m m o n ia  (p e r Prriim 
u n it ce ll) c o m p le x  w as p rep ared  an d  stu d ie d  b y  c r y sta llo 
grap h ic  p ro ced u res s im ila r  to  th o se  p rev io u sly  e m p lo y e d . 1

A  sin gle  cry sta l o f  zeo lite  4 A , a cu b e  C .070  m m  on an  
ed g e , w as d eh y d ra ted  a t 3 5 0 ° an d  1 0 " 6 T o rr  for 24  h r, an d  
w as th en  ex p o sed  to  z eo litic a lly  dried  a m m o n ia  gas a t 2 8 °  
an d  a t  a p ressu re o f  12 T o rr for 30  hr. T h e  c ry sta l in  its  
gla ss c a p illa ry  w as th e n  sea led  o ff  fro m  th e  v a c u u m  s y s 
te m  a n d  s tu d ie d  w ith o u t exposu re to  th e  a tm o sp h e re . T h e  
cell c o n sta n t b a sed  on  a lea st-sq u a res  tr e a tm e n t o f  15 in 
ten se  re flection s is 1 2 .2 8 9 (5 )  A . O f  th e  in ten sities  o b 
serv ed , 137 u n iq u e  reflection s w ere sig n ific a n t a t th e  3<r 
lev el a n d  th ese  w ere u sed  th rou g h ou t.

T h e  in itia l stru ctu ra l p a ra m eters  u sed  in le a st-sq u a res  
re fin e m en t w ere th o se  p revio u sly  fo u n d 1 for N a , S i, A l, 
an d  O  a to m s in th e  32  a m m o n ia  zeo lite  4 A  c o m p le x . T h e  
tw e lfth  so d iu m  ion , fou n d  in th e  stru ctu re  o f d eh y d ra ted  
4 A 2 w as in c lu d e d  a n d  refin ed  w ell. T h e  error in d ices  at 
co n vergen ce w ith  th is  m o d el w ere R\ =  0 .0 6 7  a n d  R 2 =  
0 .0 7 6 , a n d  th e  g o od n ess o f  f it  w as 0 .9 2 . T h e  fin a l p a r a m e 
ters are given  in T a b le  I , an d  a ta b u la t io n  o f stru ctu re  
factors is a v a ila b le . 3

A  d ifferen ce  F ou rier sy n th e sis  w as p rep ared  a n d  re fin e 
m e n ts  w ere a tte m p te d  at th e  p o sitio n s o f  severa l sm a ll  
p ea k s fo u n d  th ere , even  th o u g h  th is  fu n c tio n  ap p ea re d  to  
be p a rticu la rly  fea tu reless . T h e  p o sitio n s for n itrogen  
a to m s  as d e te r m in e d  in th e  fille d  a m m o n ia  c o m p le x 1 w ere  
su b je c te d  to  le a st-sq u a r e s  re fin e m en t at o c c u p a n c ies  co r
resp o n d in g  to  four n itrogen  a to m s per e q u ip o in t. P ositio n s  
o ff  th reefo ld  a x es w ere a lso  co n sid ered  a n d  th e ir  re fin e 
m e n t w as a t te m p te d . In  no case w as a site  lo c a te d  w h ich  
sa tisfied  th e  e le m e n ta ry  c ry sta llo g ra p h ic  criteria  o f  s ta tis 
t ic a lly  sig n ific a n t o c c u p a n c y  a n d  low ered  error fu n c tio n s .

I t  a p p ea rs th a t  even  at a lo a d in g  o f  as few  as e igh t a m 
m o n ia  m o le c u le s  per u n it  cell th e  sorb ed  m o le c u le s  are 
not p re d o m in a n tly  fo u n d  a t one k in d  o f  sorp tion  s ite . P e r 
h a p s all three k in d s o f  N a +  co m p e te  fa v o ra b ly  a t  room  
te m p e ra tu re  for N H 3 a sso cia tio n , all a t  sices w here fu rth er  
h yd rogen  b o n d in g  ca n  occu r to  fram ew ork  o x y g en  a to m s . 
T h is  resu lt is co n siste n t w ith  th e  c o m p le te  a b sen c e  o f  an y  
in d ica tio n  o f p la te a u in g  or u n ev en n ess  in th e  so rp tio n  iso 
th e r m ; 1  even  th e  first d eriva tiv e  d ecreases en tire ly  reg u 
larly  as a fu n c tio n  o f a m m o n ia  co n te n t.

T h e  zeo lite  fram ew ork  a n d  ca tio n  p o sitio n s h a v e  altered  
slig h tly  u p on  th e  in tro d u ctio n  o f  e ig h t a m m o n ia  m o le 
c u les , c o n firm in g  th a t sorp tion  h as in d eed  occu rred  (see  
T a b le  II) . T h e  geo m etries  o f  th e  fu lly  a m m o n ia te d  an d  
fu lly  h y d ra te d  4 A  stru ctu res are very  s im ila r , 1 -4 a n d  m a y  
be referred to  as th e  re lax ed  co n fo rm a tio n , th e  c o n fo r m a 
tio n  o f  zeo lite  4 A  a t its sy n th esis . E ig h t  a m m o n ia  m o le -

(1) R. Y. Yanagida and K. Seff, J. Phys. C h em .. 76, 2597 (1972).
(2) R. Y. Yanagida and K. Seff, J. Phys. C h em ., In press.
(3) Listings of the observed and calculated structure factors for both 

structures 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, 
American Chemical Society, 1155 Sixteenth Si., N.W., Washington, 
D. C. 20036. Remit check or money order for $3.0C for photocopy 
or $2.00 for microfiche, referring to code number J PC-73-138.

(4) V. Gramllch and W. M. Meier, Z. K ristallogr., 133, 134 (1971).
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TABLE I: Positional, Thermal, and Occupancy Parameters“

Wyckoff
position X y Z

S. Â 2 or 
b n  and £>,2

Occupancy
factor

(Si,Al) 24(A) 0 0.1831 (5) 0.3721 (4) 1.70(8) 1
0 (1 ) 1 2 (h) 0 0.2251(15) 1 / 2 2.1(4) 1
0 (2 ) 1 2 (») 0 0.2917(11) 0.2917(11) 2.9(4) 1
0(3) 24(m) 0.1124(8) 0.1124(8) 0.3433(11) 2.8(3) 1
Na(1 ) 8(g) 0.2016(9) 0.2016(9) 0.2016(9) 0.0064(8) * 1

0.0052(16)
Na(2) 24 (m) 0.027(5) 0.431(3) 0.431(3) 3.3(15) 1 / 8
Na(3) 1 2  (/) 0.23(2) 0.23(2) 1 / 2 1 0 (8 ) 1 / 1 2

a Standard deviations are in the units of the least significant digit given for the corresponding parameter. See ref 1 for the Identities of the atoms 6 For
Na(1), the anisotropic temperature factor =  expf-b,. (h2 +  k2 +  P) -  bu (hk  +  hl +  kl)].

TABLE II: Selected Structural Parameters

Dehydrated 4Aa 4A-8NH3 4A-32NH3i’

Cell constant 12.263(2) 12.289(5) 12.29(1)
Distance of Na(1) from 0(3) plane 0 .2 0 (1 ) 0.26(1) 0.59(1)
Framework angle at 0(1 ) 145(1) 143(1) 145(1)
Framework angle at 0(2t 166(1) 163(1) 159(1)
Framework angle at O(31 146(1) 144(1) 142(1)
Na(1)-0(3) 2.32(1) 2.33(1) 2.35(2)
Na (1 ) —O (2) 2.90(1) 2.92(1) 2.98(1)
Na (2) —0 (2) 2.40(6) 2.43(6) 2.70(14)
Na(2)-0(1) 2.64(3) 2.68(3) 2.90(14)
Na(3)-0(3) 2.47(7) 2.75(25) C
Na(3)—0(1 ) 2.51(7) 2.77(25) C

a Reference 2. 6 Reference 1. c Na(3) was not located In this structure.

cu les, th e n , su ffic e  to  retu rn  th e d eh y d ra ted  4 A  stru ctu re  
p art o f  th e  w a y  to  its re lax ed  s ta te . Q u a lita t iv e ly  s im ila r  
effects  are o b serv e d  in a tr im e th y la m in e  sorp tion  c o m 
p le x 5 o f  zeo lite  4 A  p rep a red  in a s im ila r  w ay.

Acknowledgment. T h is  w ork w as su p p o rted  b y  th e  U . S . 
A r m y  R esea rch  O ffic e — D u r h a m . W e  are a lso  in d e b te d  to  
th e N S F  for th e ir  a ss ista n c e  (G ra n t N o . G P -1 8 2 1 3 )  in the  
p u rch ase  o f  th e  d iffra c to m e te r , a n d  to  th e  U n iv e rsity  o f  
H a w a ii C o m p u ta t io n  C e n te r .

(5) R. Y. Yanagida, M. S. Thesis, University of Hawaii, 1973.

Departm ent of Chem istry  Russell Y. Yanagida
University of Ha waii Karl Seff*
Honolulu, H aw aii 9 6 8 2 2
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D e t e c t io n  o f  F lu o r o a lk y l  a n d  A c y l  R a d i c a ls  in th e  

G a s - P h a s e  P h o t o ly s is  o f  K e t o n e s  a n d  A ld e h y d e s  b y  

E le c t r o n  S p in  R e s o n a n c e  G a s - P h a s e  S p in  

T r a p p in g  T e c h n i q u e s 1

Publication c o s t s  a s s is te d  b y  th e E nviron m enta l P ro tec tio n  A g e n c y

Sir: In recen t c o m m u n ic a tio n s 2 a te c h n iq u e  for th e  d e te c 
tio n  an d  id en tific a tio n  o f  g a s -p h a se  free ra d ica ls  a t re la 
tiv e ly  low  p ressu res ( ~ 0 . 1  T o rr) has b een  d esc rib e d . T h u s  
w h en  a z o m e th a n e  is p h o to ly z e d  a t  0 .1 0 -0 .2 0  T o rr in a flow  
e x p e r im e n t u p str e a m  fro m  p ow d ered  p h en y l IV -te rt-b u ty l  
nitrone ( P B N ) , th e  m e th y l ra d ica l a d d itio n  p ro d u c t, a-

methylbenzyl ferf-butyl nitroxide, can be collected in a 
liquid nitrogen trap downstream.3 The contents of the 
trap are analyzed by esr after the addition of benzene and 
warming to room temperature. The apparatus used and 
typical results have been shown.2 Methyl radicals were also 
detected from the photolysis of acetone and ethyl radicals 
from the photolysis of 3-pentanone, tetraethyllead, and 
diethylmercury.

CH:1N = N C H 3 2CH:j- +  N 2

0  O

1 I
CH„- +  C(1H ,C H = N C (C H :])J — *  C6H,CH(CH:i)N a C H :1).,

In  a continuation of this study, the results summarized 
in Table I have been obtained. Trifluoromethyl and pen- 
tafluoroethyl radicals are readily detected by PBN in the 
photolysis of the iodides in the gas phase. The spectrum 
obtained from 1,3-dichlorotetrafluoroacetone is almost 
identical with that obtained from photolysis of pentafluo- 
roethyl iodide and is assigned on this basis to the chloro- 
difluoromethyl spin adduct.5 Although methyl or trifluo-

(1) This work is supported by the Environmental Protection Agency Air 
Pollution Control Office, Public Health Service, Grant No. AP 
01096.

(2) E. G. Janzen and I. G. Lopp, J. Phys. C h em .. 76, 2056 (1972); see 
also E. G. Janzen and J. L. Gerlock, N ature (L on d on ). 222, 867
(1969) .

(3) This method of detecting radicals has wide application in liquid solu
tion and has been named spin trapping.4 The nitroxide produced is 
called a spin adduct. For reviews see E. G. Janzen, A c co u n ts  
C hem . R es ., 4, 31 (1971); C. Lagercrantz, J. Phys. C h em ., 75, 
3466 (1971); M. J. Perkins, C h em . S o c ., S p ec . Publ.. No. 24, 97
(1970) .

(4) E. G. Janzen and B. J. Blackburn, J. A m er . C h em . S o c .. 91, 4481 
(1969).

(5) Presumably the radical could also be produced from the loss of 
chlorine atom6 but no evidence for chlorine atom chemistry was 
found.
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TABLE I: Conditions for the Detection of Radicals by Phenyl ferf-Butyl Nitrone in the Photolysis of Ketones and Aldehydes

Compounds Lamp“
Pressure, 0

Torr
Time,0

hr Radicals detected^

c f 3i LP

in0I0

1 - 3 c f 3

c f 3c f 2i LP 0.1 2 .5 c f 3c f 2

(CIC=2)2CO HP 0.07-0.10 3 .5 e cicf2

(CICF2)2CO LP 0.10-0.15 3 e CICFj
CF3COCH3 HP 0.025-0.10 2 - 5 e c f 3

CF3COCH3 HP 0.025 +  0.3N2 4 e c f 3

CF3COCH3 HP 0.07 +  0.7N2 4 e c f 3

CF3COCH3 LP 0.025-0.4 2.5 -6 .5 e c h 3

CF3COCH3 LP 0.025 +  0.25-2.5N2 4 e c h 3

c f 3c o c h 3 LP/Hg* 0.05-0.25 2 - 4 e c f 3

c f 3c o c h 3 LP/Hg* 0.015-0.05 +  0.5N2 4 - 5 e c f 3

c f 3c o c f 3 HP 0 . 1 3 - 4 e c f 3

HCHO HP/F 0.06 4 H C = 0  (H C = 0 )'
CH3CHO HP 0.05-0.06 4 CH3 (CH3i CH3C = 0 )/'
c f 3cho HP 0.1 4 c f 3

c h 3c h 2ch o HP 0 . 1 4 CH3CH2 (CH3CH2)f'
c h 3c h 2c h 2ch o HP 0 . 2 4 CH3CH2CH2 (CH3CH2CH2,

H C = 0 ) >

a LP =  low-pressure Hg lamp; HP =  high pressure Hg lamp with Pyrex filter; LP/Hg* with Hg vapor sensitization; HP/F =  with Corning CS 7-54 filter to 
cut outvisib e region 450-660 nm; we gratefully acknowledge Professor K. Kuwata for this suggestion. 6Total pressure in photolysis cell of ketone or alde
hyde; in some cases total pressure is increased by addition of N2. Pressure ranges indicated give range of pressures studied in different experiments. 
c Total time of photolysis and collection of spin adducts. a Hyperfine splittings of PBN spin adducts in gauss for CçHsCHfR) N (O-) C(CH3)3: R =  CH3, 
9n =  14.82, a<jH =  3.47 (ref 2): R =  CF3, an =  13.30, =  a-,F =  1.54 (E. G. Janzen and B. J. Blackburn, J. A m er . C h em . S o c . , 90, 5909 (1968));
R =  CF3CF2, a N =  14.05, a jH <  1.2, a /  =  1.46; R =  CICF2, a N =  14.06, a/ 1 <  1.3, a /  =  2.14; R =  CH3CH2, a N =  13.99, a,jH =  3.08 (ref 4); R = 
CH3CH 2CH2, 3 n =  13,8, a<j” =  3.2; R =  HCO, 3 n =  14.02, a,sH =  3.17, a7H =  1.36. eThe PBN chamber was warmed to 40-50° to increase the num
ber of radicals detected. ^The radicals Indicated were detected by ferf-nltrosobutane produced in situ by photolysis of PBN in the gas phase. Hyperfine 
splittings in gauss for RN (0-)C(CH3) 3 (see Table II for R =  acyl): R =  CH3, aN =  15.5, agH =  11.3 (G. Chapelet-Letourneux, H. Lemaire, and A. Rassat, 
Bull. S o c . Chim. Fr., 3283 (1965)); R =  CH3CH2, aN =  15.9, a^H =  13.8, (G. Chapelet-Letourneux, H. Lemaire, R. Lenk, M. A. Maréchal, and A. Rassat, 
Bull. S o c . Chim. Fr., 3963 (1968); R -  CH3CH2CH2, 3 n =  13.8, aH =3.2; see E. G. Janzen, Top. S te r e o c h e m .. 6 , 177 (1971), for tables of nitroxide cou
pling constants.

romethyl radicals are readily detected in the photolysis of 
acetone,2 1,1,1-trifluoroacetone or hexafluoroacetone (see 
Table I for wavelength dependence on the structure of 
radical produced in the photolysis of trifluoroacetone), no 
acetyl radicals could be detected by this method. In a so
lution experiment in benzene at room temperature the 
acetyl spin adduct can be obtained by allowing ferf-bu- 
toxy radicals (from di-tert-butylperoxalate. a thermal 
source of fert-butoxy radicals (BuO-) at room tempera
ture) to react with acetaldehyde in the presence of PBN

0 0

INI
BuOOCCOOBu — 2BuO- +  2CO,

ch;;cho ch3c= o c6h5ch(coch:!;n((»c(CH ,),
aN = 14.16, a /  = 3.1 G

This approach was unsuccessful with trifluoroacetaldehyde • 
and the following reaction sequence was used to make the 
trifluoroacetyl spin adduct of PBN in solution

c6h5ch,cocf3 c6h5chcocf3 <;BuN=0>
C6H5CH(C0 CF3)N(0 -XXCH3)3

aN = 14.0, a "  = 5.4 G

It is clear from the difference in splitting constants that 
the spectra of the acetyl spin adducts could be recognized 
in the presence of the methyl or trifluoromethyl spin ad
ducts if present in significant quantities. Formyl radicals 
were detected by PBN in the photolysis of formaldehyde 
in the gas phase. In benzene solution spectra of the formyl 
PBN spin adduct could be obtained by reacting tert-

TABLE II: Conditions for the Detection of Radicals by 
lert-Nitrosobutane in the Photolysis of Ketones and Aldehydes“

Compound Lamp
Pressure,

Torr
Time,

hr
Radicals

detected0

CH3N2CH3 HP/F 0 . 2 3 CH3

CH3COCH3 L P 0.18-0.20 3 c h 3c = o
CH3COCH3 LP/Hg* 0.15-0.20 3 c h 3c = o
c f 3c o c h 3 LP 0.20-5.0 4 c f 3, c h 3c= o
CF3COCH3 LP 0.5-2.75 1 c f 3, c h 3c = o
CF3COCH3 LP/Hg* 0.20-0.25 2 c f 3, c h 3c= o
CF3COCH3 HP/F 0 . 2 0 2 . 5 c h 3, c h 3c = o
HCHO HP/F 0 . 1 0 3 . 5 H C = 0
CH3CHO HP/F 0.25 2 c h 3c = o
CH3CHO HP/F 0.5 +  0.5N2 2 c h 3c = o
c f 3ch o HP/F 0.25 2 c f 3

“ The column titles and symbols have the same meaning as In Table I; 
ferf-nitrosobutane was 0.01-0.025 Torr pressure. 1 Hyperfine splittings of 
ferf-NB spin adducts In gauss for RN(0-)C(CH3)3: R =  CF3, aN =  a s F = 
12.28 (K. J. Klabunde, J. A m er . C h em . S o c ., 92, 2427 (1970); R = ' 
CH3CO, aN =  7.86 (A. Mackor, Th. A. J-. W. Waier, and Th. J. DeBoer, 
Tetrahedron. 24, 1623 (1968)); R = HCO, aN =  6.93, a e H =  1.4 (J. W. 
Hartgerlnk, J. B. F. N. Engberts, and Th. J. de Boer, T etrahed ron  L ett 
2709 (1971).

butoxy radicals with formaldehyde in the presence of PBN

BuO- • PBN
HCHO ------ * H— C = 0  -----► C6H5CH(CHO)N((»C(CH3)3

aN = 14.02, aaH =  317, a " = 1.36 G

We are forced to conclude that acetyl radicals do not add

(6 ) R. Bowles, J. R. Majer, and J. C. Robb, Trans, ra ra d a y  S o c ., 58, 
1541 (1962).
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to  P B N  in a g a s -p h a se  e x p e r im e n t u n d er th e  co n d ition s  
d esc rib ed , or if  a d d itio n  occu rs th e  sp in  a d d u c t is n o t c o l
lec te d  w here it  ca n  be d e te c te d  b y  our m e th o d .

In  th e  p h o to ly sis  o f  a ld e h y d e s , ex tra  lin es in th e  sp ectra  
o b ta in ed  c o u ld  be a ssig n e d  to  ac y l a n d  a lk yl sp in  a d d u c ts  
o f  fe r f-n itr o so b u ta n e  (see  fo o tn o te  /  o f  T a b le  I ) . A p p a r e n t 
ly  P B N  su b lim e d  to  so m e  e x te n t in to  th e  p h o to ly sis  c h a m 
ber a n d  w as p h o to ly z e d  in th e  gas p h a se  to  tert-n itro so b u - 
ta n e  ( t -N B ) .  T h is  c o m p o u n d  is an  e x c e lle n t sp in  trap  in 
so lu tio n 3 a n d  a lso  a p p a r e n tly  in th e  ga s p h ase  (a s  fu rth er  
e x p e r im e n ts  h a v e  sh o w n , see b e lo w ). A ls o  so m e  d i-te r t -  
b u ty l n itrox id e  is p ro d u c ed  fro m  th e  p h o to ly sis  o f  t - N B .7 
It sh o u ld  be n o ted  th a t  th e  u se fu ln e ss  o f  t -N B  as a sp in  
trap  m a y  b e  lim ite d  b e c a u se  re la tiv e ly  large a m o u n ts  o f  
d i-fe r t -b u ty l  n itro x id e  are p ro d u c ed  d u rin g  th e  p h o to ly sis  
an d  c o lle c ted  a lo n g  w ith  th e  sp in  a d d u c ts . T h e  d i -ie r f -  
b u ty l n itro x id e  tr ip le t  o fte n  d o m in a te s  certa in  p ortion s o f  
th e  ob served  sp e c tru m .

In  an  e ffort to  fin d  a sp in  trap  su ita b le  for d etec tin g  
b o th  a c e ty l a n d  a lk y l ra d ic a ls , te r f-n itro so b u ta n e  va p or  
w as u sed  in stea d  o f  P B N  u n d er s im ila r  co n d itio n s . P re 
lim in a ry  re su lts  are sh o w n  in T a b le  II. F or so m e  reason , 
u n k n ow n  to  u s a t  th is  t im e , m e th y l ra d ic a ls  are d iffic u lt  
to  d e te c t  b y  th is  m e th o d  in th e  p h o to ly sis  o f  aceton e  or 
a c e ta ld e h y d e  b u t  n o t a z o m e th a n e . T r iflu o r o m e th y l, fo r 
m y l, a n d  a c ety l ra d ica ls  are re a d ily  d e te c te d . N o  tr iflu o - 
ro a c ety l ra d ica ls  are d e te c te d  in th e  p h o to ly sis  o f  tr iflu o - 
ro aceton e  or h ex a flu o ro a ce to n e  a lth o u g h  in b e n zen e  so lu 
tio n  a t  ro o m  te m p e ra tu re  th e  sp e c tru m  o f  th e  triflu o ro - 
ac ety l fe r f -b u ty l  n itro x id e  co u ld  be o b ta in ed

„  BuO- • i-NB
CF3CHO ---------*  CF3C = 0  ------->- CF3C O N ((»C (C H 3)3

aN = 5.92, a /  = 0.88

A lth o u g h  th e  d a ta  o b ta in e d  b y  th e  tw o  sp in  tra p s are 
n o t en tirely  c o n siste n t, th e  fo llo w in g  co n clu sio n s ca n  be  
m a d e . In  th e  lo w -p ressu re  g a s -p h a se  p h o to ly sis  o f  k eton es  
an d  a ld e h y d es a t  ro o m  te m p e ra tu re  (1 )  aceton e  d isso 
cia tes to  m e th y l a n d  a c ety l ra d ic a ls . (2 ) H e x a flu o r o a c e 
to n e  d isso c ia tes  to  tr iflu o ro m eth y l ra d ica ls  an d  C O . T r i -  
flu o ro acety l ra d ic a ls , i f  p ro d u c ed  a t  all in th e  p h o to ly sis , 
a p p a ren tly  d isso c ia te  m o re  re a d ily  th a n  if  p ro d u c ed  c h e m 
ica lly  in b e n z en e  a t ro o m  te m p e ra tu re . (3 )  T riflu o r o a c e - 
ton e d isso c ia te s  to  tr iflu o ro m e th y l a n d  a c ety l ra d ica ls  at 
longer w a v e len g th s  b u t  a t  sh orter w a v e len g th s  m e th y l an d  
triflu oroacety l ra d ica ls  are p ro d u c ed  (a lth o u g h  th e  la tte r  
h as n ot been  d e te c te d ) . T h e  la tte r  resu lt m a y  b e  reversed  
to  th e  form er in  th e  p resen ce  o f  m e rc u ry  v a p o r or tert- 
n itro so b u ta n e  (or th e  p ro d u c ts  o f  its  p h o to ly sis ) . (4)  
F o rm a ld eh y d e  d isso c ia te s  to  fo rm y l ra d ica l a n d  h yd rogen  
a to m  (th e  la tte r  h a s  n o t b e e n  d e te c te d  to  d a te ) . (5 )  A c e t 
a ld e h y d e , p ro p io n a ld e h y d e , a n d  b u ty r a ld e h y d e  d issoc iate  
in to  m e th y l, e th y l, an d  p ro p y l ra d ica ls , re sp ec tiv e ly , and  
fo rm y l ra d ica l (a lth o u g h  to  d a te  th e  la tte r  h as been  d e 
te cted  on ly  fro m  th e  la st  n a m e d  c o m p o u n d ). T h e  d e te c 
tio n  o f  a c e ty l ra d ic a ls  b y  t -N B  in th e  p h o to ly sis  o f  a c e ta l
d eh y d e  is th e  o n ly  e x c e p tio n  b u t  th e  s ig n ific a n ce  o f  th is  
resu lt is n o t u n d ersto o d  a t  th is  t im e . (6 )  T r iflu o r o a c e ta l-  
deh yd e d isso c ia te s  in to  tr iflu o ro m eth y l a n d  fo rm y l ra d i
cals (a lth o u g h  th e  la tte r  h a s  n o t b e e n  d etec te d  to  d a te ) .

S o m e  o f  th e  ab o v e  c o n c lu sio n s h a v e  b een  rea ch ed  b y  
others on th e  b a sis  o f  d iffe re n t s tu d ie s .8 T h u s  th e  e x is 
ten ce  o f a c ety l ra d ic a ls  in  th e  p h o to ly sis  o f  a c e to n e 9 or 
triflu o ro aceto n e10 is v erified  b y  th e  iso la tio n  o f  b ia c e ty l

u n d er  certa in  c o n d itio n s . M o s t  rep orts agree th a t tr iflu o 
ro a c ety l is very  u n s ta b le 11 an d  o n ly  a trace o f  h exa flu oro - 
b ia c e ty l h as been  o b served  in th e  fla sh  p h o to ly sis  o f  h e x a 
flu o ro aceto n e  a t  1 9 5 ° K .12 T h e  p ro d u c tio n  o f  alk yl and  
form yl ra d ica ls  fro m  th e  p h o to ly sis  o f  a ld e h y d es  (h yd rogen  
a to m s a n d  fo rm y l ra d ica ls  fro m  fo rm a ld e h y d e ) has been  
sh ow n  to  occu r b y  ra d ica l sca v e n g in g  w ith  I2 or N O ,8 b u t  
u su a lly  th ese  s tu d ie s  h av e  b een  carried  o u t a t h igher t e m 
p eratu res th a n  u sed  in th is  w ork.

F o r m a ld e h y d e  w as h a n d le d  b y  th e  m e th o d  o f  S p en ce  
a n d  W i ld .13 T r iflu o r o a c sta ld e h y d e  w as gen era ted  b y  d ro p - 
w ise a d d itio n  o f  p o ly p h o sp h o ric  acid  to  th e  e th y l h e m ia c e -  
ta l o f  tr iflu o ro a c e ta ld e h y d e  (c o m m e r c ia lly  a v a ila b le  from  
P C R ) a t 1 5 0 -1 8 0 ° . l ,l ,l -T r i f lu o r o -3 -p h e n y la c e t o n e  w as  
m a d e  b y  th e  m e th o d  o f  S y k e s , T a t lo w , an d  T h o m a s .14

(7) The 'unknown triplet" in -ef 2 is probably di-feri-butyl nitroxide pro
duced in this manner.

(8) See R. B. Cundall and A. S. Davies, Progr. R ea ct. K inet. 4, 149
(1967)  .

(9) M. Barak and D. W. G. Style, N ature (L on d on ). 135, 307 (1935).
(10) E. A. Dawidowicz and C. R. Patrick, J. C h em . S o c ., 4250 (1964).
(11) P. B. Ayscough and J. C. Polanyi, Trans. F araday S o c .. 52, 960 

(1956); B. G. Tucker and E. Whittle, ibid.. 61, 484 (1965); J. J. 
Magenheimer and R. B. Timmons, J. C hem . P hys.. 52, 2790 
(1970).

(12) J. S. E. McIntosh and G. B. Porter, Trans. F araday S o c ., 64, 119
(1968) .

(13) R. Spence and W. Wild, J. C h em . S o c .. 338 (1935).
(14) A. Sykes, J. C. Tatlow, and C. R. Thomas, J. C h em . S o c .. 835 

(1956).
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I n te r a c t io n  o f  O x y g e n  w ith  A c e t o n e  a n d

2 -P r o p a n o l  A d s o r b e d  o n  M a g n e s i u m  O x id e

Sir: A s  an  ex te n sio n  o f th e  w ork on  th e  fo rm a tio n  o f  o le 
f in -o x y g e n  ad so rp tio n  c o m p le x e s  o n ’ o x id e  c a ta ly s ts ,1 th e  
in frared  stu d y  o f th e  in tera ctio n  o f  ox y g en  w ith  aceton e  
a n d  2 -p ro p a n o l ad so rb ed  on  M g O  w as carried  o u t . A  series  
o f sp ec tra  w as o b ta in e d  b y  a d m issio n  o f  ox yg en  a t  room  
tem p e ra tu re  on  M g O  co n ta in in g  p re v io u sly  ad so rb ed  ac e - 
to n e-d 6  a n d  th en  ra isin g  th e  te m p e ra tu re  o f  th e  c a ta ly st . 
T h e  sp ec tra  are sh ow n  in F igu re 1. It is seen  th a t  new  
b a n d s  a p p ea r a t  1 60 2 , 157 6 , an d  1408  c m ' 1 on a d m issio n  
o f  o x y g en . O n  ra isin g  th e  te m p e ra tu re  to  190° th e  b a n d  at 
1602 c m - 1  d isa p p ea rs  w h ile  th e  b a n d s  at 1576 and  1408  
c m " 1 in crease in in te n sity . T h e  b a n d s  at 1576 a n d  1408  
c m “ 1 a p p ea r as a p a ir  a n d  occu r in th e  ca rb o x y la te  fre 
q u e n c y  ra n ge . F u rth erm o re , no sh ift in freq u en cy  w as o b 
serv ed  w ith  b o th  b a n d s  w h en  a d so rb in g  u n d eu te ra ted  a c e 
to n e  in p la ce  o f  a c e to n e -d 6 . T h u s , b o th  b a n d s  ca n  be a t 
tr ib u ted  to  th e  su rfa ce  c a rb o x y la te  grou p s. It w as fou n d  
th a t  a d so rp tio n  o f  ox y g en  w as in d u c e d  a lrea d y  a t room  
te m p e ra tu re  b y  a c eto n e  p rev io u sly  a d so rb e d , its in d u ced  
a m o u n t b e in g  n ea rly  0 .6  tim e s  th e  a m o u n t o f  aceton e  a d 
so rb ed . S u c h  b e h a v io r  to g e th e r  w ith  th e  a p p ea ra n ce  o f  a 
tra n sie n t b a n d  a t 1602  c m “ 1 su g g e st th a t  th e  fo rm a tio n  o f  
a c e to n e -o x y g e n  a d so rp tio n  c o m p le x  ta k e s  p la ce , w h ich  is 
c o n v erted  to  th e  su rfa ce  c o m p o u n d  c o n ta in in g  th e  c a rb o x 
y la te  g rou p s. T h e  b a n d  a t 1602  c m “ 1 ap p ea rs  to  be a t tr ib 

u ta b le  to  su ch  an  ad so rp tio n  c o m p le x .

T h e  J o u r n a l  o l  P h y s ic a l  C h e m is t r y ,  V o l. 17 , N o . 1, 1 9 7 3
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Figure 1. Infrared spectra of acetone-d6 adsorbed on MgO: (a) 
MgO (129 mg) outgassed at 500°; (b) after 2-hr adsorption of 
acetone-cf6 followed by 2-min evacuation at 25°; (c) 20 hr after 
admission of 17 mm of oxygen at 25°; (d) after 2 hr at 80°; (e) 
after 2 hr at 190°. (The ordinates are displaced to avoid over
lapping of traces.)

S im ila r  e x p er im e n ts  w ere carried  o u t w ith  2 -p ro p a n o l-  
d-j ad so rb ed  on  M g O . A fte r  a d m issio n  o f  ox y g en  n o  ch a n ge  
in  th e  sp ec tra  w as o b served  a t  ro om  te m p e ra tu re , b u t  on  
ra isin g  th e  te m p e ra tu re  to  160° n ew  b a n d s  a p p ea re d  at 
1600  a n d  141 8  c m - 1  w h ile  th e  b a n d  at 1179  c m - 1  d u e  to  th e  
a lk o x id e  grou p  b e g a n  to  d isa p p e a r .2 T h e  b a n d s  a t 160 0  a n d  
1418  c m -1  are a ttr ib u te d  to  th e  ca rb o x y la te  grou p s b y  
a n a lo g y  w ith  a c eto n e  d escrib ed  a b o v e . T h e  a d so rp tio n  o f  
ox y g en  in d u ce d  b y  2 -p ro p a n o l p rev io u sly  a d so rb e d  w as  
fo u n d  to  occu r arou n d  1 2 0 -1 4 0 ° . S im u lta n e o u s ly  w ith  th e  
ox yg en  a d so rp tio n  aceton e  w as fo u n d  to  d eso rb  fro m  th e  
su rfa ce . S u c h  b eh a v io r su gg ests  th a t, d u rin g th e  in tera ctio n  
o f o x yg en  w ith  2 -p ro p a n o l on  M g O , 2 -p ro p a n o l is d e h y d ro 

ge n a te d  to  a c eto n e , w h ich  is d eso rb ed  fro m  th e  su rfa ce  or 
co n v erted  to  th e  a c e to n e -o x y g e n  c o m p le x  a n d  th e n  to  th e  
su rfa ce  c o m p o u n d  co n ta in in g  th e  c a rb o x y la te  g rou p s. S in c e  
th e  fo rm a tio n  o f th e  ca rb o x y la te  grou p  fro m  a c eto n e  ta k e s  
p la ce  even  a t room  tem p e ra tu re  as d esc rib ed  a b o v e , d e 
h y d ro g en a tio n  o f  2 -p ro p a n o l to  aceton e  a p p ea rs to  p ro ceed  
a t a slow er rate c o m p a re d  to  th e  su b se q u e n t s te p , i.e., th e  
fo rm a tio n  o f  th e  c a rb o x y la te  grou p s. I t  w as fo u n d  in a s e p 
arate  e x p e r im e n t th a t  in th e  ab sen c e  o f  ox y g en  d e h y d ro g e n 
a tio n  o f 2 -p ro p a n o l ad so rb ed  on  M g O  ta k es p la ce  arou n d  
4 0 0 ° . T h is  su g g ests  th a t  th e  d eh y d ro g en a tio n  o f  2 -p ro p a n o l  
is a c ce lera ted  b y  th e  p resen ce  o f ox y g en  a lth o u g h  th e  n atu re  
o f  su ch  a c ce lera tio n  is n o t y e t  clear.

(1) Y. Kubokawa, T. Ono, T. Tomino, and N. Yano, Bull. C h em . S o c . 
Jap.. 43, 291 (1970).

(2) Although the appearance of the transient band was uncertain, it ap
peared that the band at 1600 cm -1 was composed of two overlap
ping bands in contrast with the band at 1418 c m -1

Departm ent of Applied  Chem istry  Yutaka Kubokawa*
University of O sa k a  Prefecture Hlsashi Miyata
M ozu -U m em ach i, Saka i, O saka, Jap an  MasayuklWakamiya
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