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On the Stereochemistry of the Decay-Induced Gas-Phase Halogen Exchange in 
Diastereomeric 2,3-Dichlorobutanes1

Samuel H. Daniel, Hans J. Ache,*

Department of Chemistry. Virginia Polytechnic Institute and State University. Blacksburg. Virginia 24061

and Gerhard Stocklin

Institut fur Nuktearchemic. Kerntorschungsanlage Jülich. Julich. West Germany {Received January 18. 1974)

The stereochemistry of halogen-for-halogen substitution at asymmetric carbon atoms by decay-produced 
bromine and iodine species was studied in diastereomeric alkyl halide molecules such as d .l-  and m e s o -
2,3-dichlorobutane. Energetic 80Br ions were generated v ia  the 8 0 n'Br(IT)80Br nuclear process using 
CF 3 8 °mBr as source and allowed to react with the substrate molecules while still possessing excess kinet
ic energy or after having become thermalized in collisions with argon atoms. 125I ions were produced via  
the EC decay of 1 2 5 Xe. In unmoderated systems a predominance of retention of configuration is generally 
observed. In the presence of excess argon, however, the degree of stereospecificity of the reaction varies 
with the type of diastereomer used as substrate. In the case of the thermodynamically less stable d .l  sys
tem the stereospecificity decreases from about 2.5 (as expressed by the ratio of retention to inversion) in 
the absence of Ar moderator to 0.4 at high Ar concentrations whereas, under the same conditions, only 
small changes in the stereospecificity are observed if the meso diastereomer is the substrate. The results 
are explained on the basis of an electrophilic substitution involving a front-side attack of a positive halo
gen ion. In the case of the d .l  system the initially formed halocarbocation can then undergo two compet
ing processes: excitation racemization or Cl* transfer, which, depending on the environment, can be 
kinetically or thermodynamically controlled.

Introduction
Previous work bv several investigators has suggested 

that a considerable fraction of the halogen species gener
ated by nuclear processes involving inner shell vacancies 
such as 8 0 mBr(IT)80Br or 1 2 5 X e(E C )125I reacts as ther
mal ionic species with organic substrate molecules in the 
gas phase . 2 1 4

The isomeric transition (IT) of 80mBr incorporated in 
alkyl bromides gives rise to vacancy cascades following in
ternal conversion and eventually to a substantial fragmen
tation of the molecule via  Coulomb explosion leading to 
80Br ions with multiple positive charges . 1 5  Similarly, the 
electron capture decay (EC) of 125Xe results in the forma
tion of multiply charged positive 125I ions.

If these processes occur in the presence of a large excess 
of a rare gas having an ionization potential intermediate 
between the first and second ionization potential of Br or 
I the charge of the 80Br or 125I ions will be rapidly reduced

to unity by charge transfer processes , 1 5  while the excess 
kinetic energy of some electron volts resulting from the 
Coulomb explosion or neutrino emission, respectively, is 
removed from the ions in unreactive collisions. The result
ing thermal 8 0 Br* or 125U ions can subsequently undergo 
electrophilic reactions with organic substrate molecules.

This is quite different from the hot homolvtic substitu
tion reactions of nucleogenic tritium and halogen atoms 
resulting from neutron-induced nuclear reactions, where 
the recoil species have very high initial kinetic energies 
and lose their possible charge very quickly while slowing 
down to the chemical energy range where they react pre
dominantly as neutral atoms . 1 6  Thus, it seems that the 
study of the reactions of d e c a y - in d u c e d  halogen species 
could significantly contribute to our knowledge of the de
tailed reaction mechanisms and parameters involved in 
electrophilic substitution reactions of simple hydrocarbons 
in the gas phase. It appears that this technique can be of
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special importance in cases where other methods such as 
ion cyclotron resonance or high-pressure mass spectrome
try cannot provide the necessary information, i .e ., in cases 
where one wishes to study the stereochemistry of the reac
tion or where several isomers may result from the substi
tution. An interesting application of this technique is the 
recent investigation by Cacace and Stocklin 7  in which 
they studied the isomer distribution following the electro
philic attack of halogen in various benzene derivatives.

In the present study we tried to assess the stereochemi
cal course of the decay-induced halogen for halogen sub
stitution following 8 0 mBr(IT)80Br and 1 2 5 X e(E C )125I in 
m e s o -  and d,/-2,3-dichlorobutane in the gas phase under 
various experimental conditions. An attempt will be made 
to explain the observed results in terms of a mechanism 
which involves an electrophilic (front side) attack of the 
halogen ion at the asymmetric carbon atom leading to the 
formation of a relatively long-lived complex which may 
undergo subsequently racemization. This mechanism is 
similar to the mechanism recently proposed by Cacace 1 7  

for the gas-phase electrophilic attack of gaseous BrOnsted 
acids such as 3 HeT+ at asymmetric carbon atoms.

Experimental Section
M a te r ia ls . CF 3 Br, CH 2 = C H -C H = C H 2, Cl2. and 0 2  

were obtained from Matheson Chemical Co. with a stated 
purity level greater than 99.0%. Argon and xenon with a 
stated purity level of 99.999% were purchased from Air 
Reduction Co. and used without further purification. The 
meso and d ,l  forms of 2,3-dichlorobutane were prepared 
by stereospecific addition of Cl2  to tra n s -  and c/.s-2-bu- 
tene, respectively . 1 8

The products were purified by gas chromatography, 
using 4-m glass columns (5 mm i.d.) with 20% DEGS on 
Chromosorb W, 60-80 mesh at 80° and 100 cc of He/min. 
Similarly, the diastereomers of l-bromo-2,3-dichlorobu- 
tanes and the diastereomers of 2-bromo-2,3-dichlorobu- 
tanes were obtained by stereospecific addition of Cl2  to 
cis - and t r a n s - l -  and -2 -bromo-2 -butene (purchased from 
K & K). respectively. Purification was achieved by gas 
chromatography on the columns described above at 1 1 0 °.

e r y th r o -  and threo-2-bromo-3-chlorobutane and 2-iodo-
3-chlorobutane which were used in small amounts as car
riers were prepared following procedures described in the 
literature1 9 - 2 1  and subsequently gas chromatographically 
purified . 2 2

P r e p a r a t io n  o f  s0B r S o u rce . CF3Br was preferentially 
used as the 80Br source because of its ionization potential 
of 12.3 eV, which lies above that of B r+ and thus would 
not interfere with the Br+ reaction by charge transfer.

A few milligrams of CF3Br were sealed in a quartz cap
illary and irradiated in the VPI and SU nuclear reactor at 
a neutron flux density of about 1012n cm - 2  sec - 1  for 30 
min at 40°. After the reactor irradiation the contents of 
the quartz ampoule were subjected to gas chromatograph
ic purification on a 2-m Poropak Q column. The CF3Br 
fraction, containing 8 0 mBr-, 8 0 Br-, and 82Br labeled CF3Br 
formed during the irradiation, was trapped and trans
ferred to the reaction vessel. 2 3  The other radioisotopes of 
bromine produced do not impose any problems, since they 
lead to stable daughters not giving rise to any relevant 
products.

P r e p a r a tio n  o f  125X e .  About 15 ml of Xe at 5 atm were 
sealed in quartz ampoules and neutron irradiated in the 
FRJ - 1  nuclear reactor of the Nuclear Research Center 
•Juelich at neutron flux density of 8  x 1 0 1 2  cm - 2  sec 1  for

a period of 75 min. Aliquots of about 2 ml (STP) were 
subsequently transferred into the reaction vessel. The 
other radioisotopes of Xe produced during neutron irra
diation do not interfere since the EC decay of 127Xe leads 
to the stable (nondetectable) 127I and the neutron rich 
isotopes of Xe decay by /(3 emission to Cs isotopes.

P r e p a r a tio n  o f  R e a c t io n  M ix tu r e .  The reaction was car
ried out in a spherical, specifically designed, Pyrex glass 
vessel with a total volume of 500 ml. In- and outlet valves 
were Kontes’ greaseless high vacuum values. The vessel 
was filled by standard vacuum line technique with the 
desired amounts of reactants and additives.

In the case of the Br+ investigation the reaction mix
ture was allowed to stand (in the dark, at room tempera
ture) for 100 min to permit the 80Br to attain equilibrium 
with the 89mBr while in the reaction vessel.

In the case of the 1 2 5 I* experiments the exposure time 
was 70 min at room temperature.

S a m p le  A n a ly s is . At the end of the reaction the 80Br or 
125I labeled products were collected in traps at liquid ni
trogen temperature and appropriate amount of carriers 
dissolved in CH 2 C12  added. The resulting solution was 
washed first with aqueous (dilute) Na 2 S 0 3  solution then 
with distilled water and dried. The analysis of the 80Br or 
125I labeled products was accomplished by a discontin
uous radio-gas chromatographic technique . 2 3  2 4

Columns used were either a 4-m glass column (5 mm 
i.d.) with 20% DEGS on Chromosorb W 60-80 mesh, tem
perature programmed, or a 8 -m glass column (5 mm i.d.) 
15% SF-96 on Chromosorb W, 60-80 mesh operated at 80°. 
The latter column was used for the separation of the dia- 
stereomeric 2-iodo-3-chlorobutanes.

R a d io a c t iv i ty  A s s a y . The separated radioactive prod
ucts were directly trapped from the effluent gas stream by 
bubbling the effluent gas from the gas chromatograph 
through toluene solutions containing liquid scintillation 
fluors. More than 99% of all the reaction products identi
fied in this investigation were retained in the solution, 
with the exception of CF3 Br, for which calibration runs 
were carried out and appropriate corrections made . 2 3

The 8 0 Br-counting was done by liquid scintillation spec
trometry applying appropriate energy discrimination.

Alternatively the 125I labeled fractions were adsorbed on 
charcoal tubes2 4  and counted in a well type scintillation 
counter. Radionuclidic purity was checked by y  spectrom
etry in the case of 80Br by using the 665-keV line . 2 5

The radiochemical yields of the products, i .e ., the ratio 
of the 80Br activity present at the end of the reaction in 
each individual product to the total 80Br activity (at end 
of the reaction) were computed by using the well-known 
equations for radioactive decay and growth. In the case of 
125I U i / 2  = 60 days) decay corrections were not necessary 
due to the long half-life and the radiochemical yields were 
obtained by comparing the activity of the individual frac
tions with that of the total activity directly measured on 
an aliquot.

Results and Discussion
Several series of experiments were carried out to identi

fy the products resulting from the reaction of 80Br and 
125I species generated in the nuclear decay of 80mBr or 
125Xe with m e s o -  and d, /-2,3-dichlorobutane as substrate 
in the gas phase and to determine their relative radio
chemical yields.

Of particular interest for this study were the 80Br or 125I 
substitution products derived from the two diastereomers
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of the 2,3-dichlorobutane substrate molecules, which in
clude in the case of meso-2,3-dichlorobutane the following 
products as shown schematically

H  H

Br H

I I
CH,—  C —  C — CH, C

I I
Cl Cl 

Cl H

I I
■ CH,— C —  C — CH, D

I» I
Br Cl 

( <0 .0 1 % )

CH —  C — C —  CH, C H — C — C — CH„

' l l '  I* I
H Cl Br Cl

(1 -2 %)
B A

(numbers in parentheses are the radiochemical yields in 
per cent of total 80Br formed in reaction mixture): (1) the 
eo't/iro-2-bromo-3-chlorobutane as a result of 8 0 Br-for-Cl 
substitution under retention of configuration (A); (2) the 
t/veo-2-bromo-3-chlorobutane as a result of 8 0 Br-for-Cl 
substitution under inversion of configuration; (3) the two 
diastereomers resulting from 8 0 Br-for-H substitution (with 
(C) or without (D) retention of configuration); (4) the 
products formed as a result of 8 0 Br-for-H substitution in 
one of the methyl group (E and F) (the product was the 
diastereomers of l-bromo-2,3-dichlorobutane). (Corre
sponding products are formed following 80Br substitution 
in the d ,l  form of 2,3-dichlorobutane.)

Previous 80Br substitution experiments2 3  with substrate 
molecules such as CH 3 CI or CH 2 CI2  have already indicat
ed that the probability of 8 0 Br-for-H substitution in mole
cules where the 80Br is given a choice to substitute either 
a H or Cl (attached to the same carbon atom) is very 
small compared with 8 0 Br-for-Cl substitution.

A similar trend was observed in the present study where 
the radiochemical yields of the 2-bromo-2,3-dichlorobu- 
tane were found to be too small ( < 0 .0 1 %) to allow a rea
sonable quantitative determination of the two diastereo
mers.

As expected 8 0 Br-for-H substitution at the methyl group 
leading to the l-bromo-2,3-dichlorobutanes proceeds with 
a relatively good radiochemical yield (about 1 - 2 %) and 
leads almost exclusively to the product which has retained 
its original configuration.

Thus in the following only the relative yields of the 
products resulting from halogen for halogen substitution 
will be reported and discussed.

In the first series of experiments the effect of Ar moder
ator on the stereochemical course of the 8 0 Br-for-Cl sub
stitution in m e s o -  and cU-dichlorobutane was studied in 
the gas phase. The reaction was carried out in a 500-ml 
Pyrex vessel containing 12 Torr of the substrate, 15 Torr 
of CF 3 8 0 mBr, which served as the source of 8 0 Br, and 20 
Torr of O 2  as scavenger. Various amounts of argon were 
added to this mixture; the reaction time was 100 min. The 
results are shown in Figure 1, where the ratio of retention 
to inversion, i .e ., the ratio of 80Br found in the
2-bromo-3-chlorobutane molecule formed under retention 
and inversion of configuration, respectively, is plotted as a 
function of the mole per cent argon present and the total 
pressure of the system. The results clearly suggest that 
when meso-2,3-dichlorobutane is the substrate argon addi-

50 100 200 1000

TOTAL PR ESSU R E  (TORR)

Figure 1. Ratio of 80Br for Cl substitution product form ed via re
tention to that formed via inversion of configuration .plotted as a 
function of argon concentration and total pressure of the reac
tion m ixture fo llow ing 80mB r(IT )80Br in m e s o -  and d . l -2,3-d i
chlorobutane system (The reaction products are e r y t h r o -  and 
t h r e o - 2rbrom o-3-chlorobutane, respective ly.): substrate pres
sure: 12 Torr; CF3 80mBr, 15 Torr; 0 2. 20 Torr; reaction volume 
500 ml, exposure tim e 100 min, room temperature.

fives have only a small effect on the stereochemical course 
of the substitution, i .e ., on the relative yields of 80Br la
beled e r y th r o -  and ihreo-2-bromo-3-chlorobutane, whereas 
when the d ,l  form is the substrate under the same experi
mental conditions a drastic reduction of this ratio from
2.5 to 0.4 representing the ratio of relative yields of 80Br 
labeled th r e o -  to eryf/iro-2-bromo-3-chlorobutane can be 
observed.

Since in this series of experiments the moderator con
centration was increased by adding additional argon to 
the reaction mixture which was consistently made up of 
about 12 Torr of substrate, 20 Torr of CFsBr. and 20 Torr 
of O 2  the total pressure of the system increased simulta
neously from about 50 to 1000 Torr. Thus the observed ef
fect could be due to either one of the two parameters: in
creased total pressure or increased argon concentration or 
both.

The effect of total pressure within the above range on 
the stereochemistry of the halogen exchange was tested in 
a second series of experiments, where the composition of 
the reaction mixture which included over 94 mol % mod
erator was kept constant, while the total pressure was 
changed. The fact that within the pressure range under 
investigation no change in the retention to inversion ratio 
was observed (Figure 2) clearly indicates that under these 
experimental conditions the system is insensitive to an 
about tenfold change in total pressure . 2 6  The variations in 
the retention to inversion ratio found in the 8 0 Br-d,/-2,3- 
dichlorobutane system (Figure 1) must therefore be asso
ciated with the presence of increasing amounts of argon.

Similarly, moderator experiments have also been car
ried out for I-for-Cl substitution at constant pressure (15 
Torr) in d, (-2,3-dichlorobutane using the 1 2 5 X e(E C )125I 
process. The halogen-for-halogen substitution products 
were now the diastereomers of 2-chloro-3-iodobutane. In
active xenon was also used as moderator. The trend dis-
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-----------1 i !-----------r
PRESSURE DEPENDENCE 
OF X FOR C l EXCHANGE 

I  80B r, d ,1 DCB 

H  1251, d. t  DCB 
m  80Br, meso DCB

0
0 2 0 0  4 0 0  6 0 0  8 0 0

TOTAL P R E S S U R E  (TORR)

1 0 0 0

F igure  2 . R a t io  o f h a lo g e n  fo r  C l s u b s titu t io n  p ro d u c t  fo rm e d  v i a  

r e te n t io n  to  th a t  fo rm e d  v i a  in v e rs io n  o f c o n f ig u ra t io n  p lo tte d  as  
fu n c t io n  o f to ta l p re s s u re . ( I )  8 0m B r ( I T ) 80B r in c ( . /-2 ,3 -d ic h lo r o -  
b u ta n e ;  re te n t io n , f h r e o -2 -b r o m o -3 -c h lo r o b u ta n e ;  in v e rs io n ,  
e r y fb r o -2 -b r o m o -3 -c h lo r o b u ta n e ;  c o m p o s it io n  o f r e a c t io n  m ix 
tu re  D C B  1 .4 % , C F 3 8 0 m B r 1 .8 % , 0 2 2 .5 % ,  a n d  A r 9 4 .3 ;  r e a c 
t io n  v o lu m e  5 0 0  m l. e x p o s u re  t im e  1 0 0  m in , ro o m  te m p e r a tu r e .  
( I I )  125X e ( E C )  125l in d . / -2 ,3 -d ic h lo r o b u ta n e ;  re te n t io n , t h r e o -  

2 , io d o -3 -c h lo r o b u ta n e ;  in v e rs io n , e r y fb r o -2 - io d o -3 -c h lo r o b u ta n e ;  
c o m p o s it io n  o f r e a c t io n  m ix tu re  D C B  4 % . X e  9 6 % :  r e a c t io n  v o l
u m e  5 0 0  m l, e x p o s u re  t im e  7 0  m in , ro o m  te m p e r a tu r e .  ( I l l )  
SOrrlB r ( I T ) 80B r in m e s o -2 ,3 -d ic h lo r o b u ta n e ;  re te n t io n , e r y l h r o - 2 -  
b r o m o -3 -c h lo r o b u ta n e ;  in v e rs io n . f b r e o -2 -b r o m o -3 -c h lo r o b u ta n e ;  
c o m p o s it io n  o f r e a c t io n  m ix tu re  a n d  e x p e r im e n ta l  c o n d it io n s  
s a m e  a s  in I .

played by the results shown in Figure 3 (for experimental 
conditions see legend of figure) is very similar to that ob
served in the corresponding substitution reactions with 
80Br as the reactant, although the absolute radiochemical 
yields are somewhat lower (0 .2 % vs. 1 - 2 % in the case of 
Br substitution). It seems that the retention to inversion 
ratio again approaches a limiting value of about 0.5. 
which (within the experimental error) is identical with the 
corresponding value (0.4) found for 80Br substitution.

The results may then be summarized as follows. (1) The 
ratio retention/inversion is not pressure dependent in the 
range from 50 to 1000 Torr. (2) The ratio retention/inver
sion is affected by the addition of moderator only to a 
small extent if meso-DCB is the substrate and approaches 
a limiting value of approximately 3.2. (3) The ratio reten
tion/inversion decreases drastically with increasing mod
erator concentration if d,/-DCB is the substrate, ap
proaching a value of about 0.4-0.5. This effect seems to be 
independent of the type of halogen; (8 0 mBr(IT)80Br or 
1 2 5 X e(E C ) 1 2 5 I) and the nature of the rare gas (Ar or Xe) 
used as moderator.

These findings clearly indicate that the stereochemical 
course of the nuclear decay-induced halogen-for-halogen 
substitution leads to results considerably different from 
those observed with the same substrates when the substi
tuting halogen species are neutral, hot 3 8 C1 or 3 9 C1 pro 
duced v ia  the 3 7 Cl(n,7 )38Cl or 4 0 Ar(7 ,p )39Cl nuclear pro
cesses2 7 - 2 8  where 3 8 C1 (or 3 9 C1) for Cl substitution in the 
gas phase results predominantly (>90%) in the formation 
of products obtained under retention of configuration. 
Furthermore, the stereochemical course in hot homolytic 
substitution is not influenced by the addition of modera
tors.28ab

As mentioned in the Introduction, the basic difference

0 4  -  - |

L , _____ i i ____  i . . ._  J
0  20  4 0  6 0  ’ 8 0  100

M O LE  %  XENON

F igure  3. R a tio  o f ,2 5 l fo r  C l s u b s titu t io n  p ro d u c ts  f o r m e d  v i a  r e 
te n tio n  to  th a t  fo r m e d  v i a  in v e rs io n  o f c o n f ig u ra t io n  p lo tte d  a s  
fu n c t io n  o f m o le  p e r  c e n t  x e n o n  p r e s e n t , fo l lo w in g  
125X e ( E C ) ,2 5 l in c f . /-2 ,3 -d ic h lo ro b u ta n e :  r e te n t io n , f b r e o -2 - io d o -
3 -c h lo r o b u ta n e ;  in v e rs io n , e r y fb r o -2 - io d o -3 -c h lo r o b u ta n e ;  to ta l  
p re s s u re  o f re a c t io n  m ix tu re  15  T o rr ;  r e a c t io n  v o lu m e  5 0 0  m l, 
e x p o s u re  t im e  7 0  m in  ro o m  te m p e r a tu r e .

between the halogen species produced v ia  (n ,7 ) or other 
nuclear reactions and via  a nuclear decay is that in the 
former case the initially charged halogen ion undergoes a 
sufficiently large number of collisions with the surround
ing matter to lose its charge long before it reacts chemi
cally, which will be true also in the presence of excess rare 
gases. 1 6  On the other hand, the halogen, generated in the 
nuclear decay, is also formed as a highly charged 
species , 1 5  however, it usually acquires much less kinetic 
energy (as a consequence of the nuclear decay process) 
and is more likely to reach thermal energies before it be
comes completely neutralized , 9  this even more so if the 
surrounding matter, such as argon or xenon, has an ion
ization potential which lies between the first and second 
ionization potential of the bromine (or iodine).

Thus, it can be safely assumed that in the present 
study, especially in the presence of argon or xenon moder
ator, the reacting species is a singly charged Br+ or I+ . 
The possible contribution of radical species leading to 
halogen-for-halogen substitution in the diastereomeric
2,3-dichlorobutane was examined by adding 1,3-butadiene 
as scavenger, which was found to be very efficient to sup
press radical reactions in the Rowland and Wai study . 2 8  

The results, as summarized in Table I, do not show any 
significant effect of the added 1,3-butadiene on the prod
uct ratio and therefore do not support the presence of rad
ical recombination mechanisms contributing to the overall 
substitution under these experimental conditions.

Thus in analogy with previous studies7  2 3  2 5  on the elec
trophilic reactions of decay produced Br+, one can postu
late a mechanism in which 8 0 Br+ ions attack the sub
strate yielding excited halocarbocation ( 1 ). that can either 
decompose (2), or become stabilized (3) followed bv elimi
nation of a proton or halide ion, most likely by transfer to 
another substrate molecule, yielding the final reaction 
product.

If one adopts this reaction sequence the observed results 
can then be explained by the following mechanism. In 
both systems the halogen species makes its attack prefer-
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“ Br+ +  CH— CHCl— CHCl— CH,

[CH— CHCl— CHCl— CH;!" ' ' JBr]+ v

-  [CH,—  CHCl— CHCl— CH, " Br] x
decomposition
-----------------*■ fragments

[CH,— CHCl— CHCl— CH,] 

™Br

(ll

(3)

entially (>70%) from the front side resulting in a three- 
centered bond structure1 7 - 2 9 ’ 3 0

Cl Cl---Br
\ V /

CH,C— C— C— CH,
I I

H H
thus yielding a substitution product which retains the 
original configuration.

To account for the considerable amount of “ inversion” 
which occurred in the case of the d ,l  form upon addition 
of moderator, one would have to postulate that the result
ing complex survives immediate decomposition, i .e ., its 
energy contents is not exceedingly high, however, the 
complex has sufficient energy for racemization to occur 
during the lifetime of the complex leading to the observed 
ratio of erythro to threo product which at high Ar concen
trations is close to the thermodynamic equilibrium con
centration of the two diastereomers. On the other hand, 
only a slight increase in the stereospecificity of the substi
tution reaction occurs when meso-2,3-dichlorobutane is 
the substrate. The initial attack by the electrophile pre
dominantly leads to the erythro form (retention), but the 
threo product is also formed (possibly by back-side at
tack). Excitation racemization, if it occurs, will not lead 
to drastic changes since the two diastereomers are present 
in yields close to their thermodynamic equilibrium. The 
thermodynamically less stable threo form will be predom
inantly affected by excitation racemization giving rise to 
the erythro form. Indeed, the ratio erythro to threo is seen 
to slightly increase with increasing moderator concentra
tion.

In order to further test this excitation racemization 
mechanism one would have to add very efficient energy 
sinks, which would quickly remove any excess energy from 
the complex, or strong (gaseous) Bransted bases to initiate 
a quick C1+ transfer, i .e ., to reduce the possibility for ra
cemization either by deactivation of the complex or by 
shortening the lifetime of the complex.

A preliminary experiment in this direction was done by 
adding small amounts of methanol (vapor), which is 
known to be a good energy sink and a relatively strong 
Bransted base, to the system. The results, listed in Table 
I, show a drastic increase in retention of the original con

figuration if d,/-2,3-dichlorobutane is the substrate and 
Br+ the electrophile, whereas only a slight change in the 
stereospecificity is observed when meso-2,3-dichlorobu- 
tane is the substrate.

The fact that only the d ,l  system is affected by the ad
dition of methanol is in the agreement with the assump
tions made above and the findings demonstrated in Fig
ures 1, 3, and 4. Obviously, the postulated “ excitation ra
cemization”  occurs to a significant extent only in the 
thermodynamically less stable d ,l  system. In the meso 
form racemization plays a minor role since a front-side at
tack of the halogen ion leads preferentially to the thermo
dynamically stable erythro form whereas in the d ,l  system 
mostly the thermodynamically less stable erythro diast- 
ereomer is initially formed. In this latter case racemiza
tion is either kinetically or thermodynamically controlled, 
depending on the environment . 3 1  The assumption of two 
competing processes occurring after the formation of the 
halocarbocation in the d ,l  system, namely, racemization 
and C l+ transfer (see eq 4) would then explain the trends 
observed in Figures 1, 3, and 4. As the Ar concentration 
increases, racemization also increases due to the lacking 
possibility for Cl+ transfer to substrate molecules. In the 
presence of methanol the stereospecificity increases, since 
Cl+ transfer to this molecule is more effective than to 
substrate molecules.

ci*
front-side attack

d , l  form-------------------- «. [halocarbocation]*

+ acceptor
racemization quick

Cl transfer

[halocarbocation]*
+ RX I Cl+ transfer

[erythro + threo products]

[erythro product] (4)

Additional studies using different Brpnsted bases and 
other good energy sinks which would change the rate of 
energy and Cl+ or proton transfer and thus affect the life
time of the postulated complex are presently carried out 
to test the proposed mechanism.

TABLE I: 80Br Found in Each of the Two Diastereomers of 2-Bromo-3-chlorobutane (BCB)° Following 
80mBr(IT)80Br in meso- or d,/-2,3-Dichlorobutanes (DCB) Under Various Experimental Conditions

A d d it iv e s ,  T o r r 6 %  s»Br in  B C B C
S u b s tr a te
(1 2  T o r r ) O l A r C H 2= C H - C H = = C H i CH3OH E r y t h r o T h r e o

meso-DCB 2D 760 78.2 2 1 . 8

20 760 2 0 75.4 24.6
20 760 1 0 80.2 19.8

d,/-DCB 20 760 70.0 30.0
20 760 2 0 62.1 37.9
20 760 1 0 8.5 91.5

a I n  %  o f  80B r  in c o r p o r a te d  in to  B C B  e r y t h r o  +  th r e o  =  1 0 0 % . b E a c h  sa m p le  c o n t a in s  20  T o r r  o f  C F 3 8°mB r . E x p e r im e n ts  w e re  c a r r ie d  o u t  in  a  5 0 0 -m  
P y r e x  v esse l; r e a c t io n  t im e  w a s  100 m in  a t  r o o m  te m p e ra tu re . c Q u o t e d  v a lu e s  a re  th e  a v e r a g e  o f  f o u r  t o  f iv e  e x p e r im e n ts .
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5 0  IO 0  I0 0 0

TOTAL PRESSURE (TORR)

F igu re  4. R atio  o f 80Br labe led  e ry th ro -  to  th re o -2 -b ro m o -3 -c h lo - 
ro bu ta ne  vs. m o le  per ce n t a rgon p re se n t in re a c tio n  m ix tu re  
fo llo w in g  80mB r ( lT )80Br in m eso-  and d ,/-2 ,3 -d ich lo ro b u ta n e . 
E xperim en ta l co n d itio n  sam e as d e sc rib e d  in F igu re  1.
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The spectra and decay kinetics of C 5 H 9  (C 5 H 1 0  represents cyclopentane) and C5 H 9 O 2  radicals have been 
studied. These radicals were generated in aqueous solutions containing cyclopentane and N 2 O in the 
presence and in the absence of O2 . The optical absorption of C 5 H 9 O2  has a peak at 270 nm. t 1450 ±  150 
M - 1  cm -1 . The following reaction rate constants have been measured: fe(CsH9 0 2  + C5 H 9 O 2 ) = ( 1 . 2  ±  
0.15) X 107  M - 1 sec“ 1, k ( C 5Hg +  C5 H9) = (1.0 ±  0.2) x  109  M “ 1  s e c "1, A(C5 H 9  + 0 2) = (4.9 ±  0.6) x 
109  M “ 1  s e c -1, and fe(OH + C 5 H 1 0 ) = (4.9 ±  0.7) X 10® M - 1  sec-1 . Neither C 5 H 9  nor C 5 H 9 O 2  transfer 
electrons to tetranitromethane. C 5 H 9 O 2  does not decompose to produce C>2 ~ •

Introduction
The existence of O 2 - radicals in living systems2 3  has 

greatly contributed toward renewed interest in the chem
istry and kinetics of various peroxy radicals. Many organic 
peroxy radicals can also, in principle, participate in cellu
lar metabolism either directly or uia  undesirable side 
reactions. For most of the organic peroxy radicals direct or 
indirect decomposition to C>2 ~ can theoretically take place 
and in fact in the esr flow experiments2 1 1  only the latter 
one could be seen at longer times. On the other hand, 
considerable evidence is accumulating for the existence of 
various organic peroxy radicals in aqueous solutions3  5  at 
least in the early stages following the reaction of their pre
cursors with oxygen. In view of those uncertainties com 
prehensive investigation of the reaction of O 2  with various 
classes of organic radicals in aqueous solutions is desir
able. In this work, reactions of cyclopentane radicals with 
O 2  and the formation of peroxy radicals and their ulti
mate fate were investigated. Cyclopentane was chosen on 
the basis of its considerable solubility in water, and the 
formation of only one type of radical through its reaction 
with OH.

Experimental Section
Unless otherwise stated, the linear accelerator at the 

Hahn-Meitner-Institute was used, at 10 MeV and 10-A 
current. Pulse duration ranged from 5 to 50 nsec. A Tek
tronix 549 memory scope was used. The light source was 
450-W X e-H g lamp. Carl Zeiss M4QIII prism monochro
mator was employed. No scattered light could be observed 
under our measuring conditions. A flow system composed 
of Pyrex glass and polyethylene tubing was used to fill 
and empty the 4-cm long irradiation cell. The cell was 
emptied and refilled after each pulse. All solutions con
tained mixtures of N 2 O -O 2 , except in a few cases where 
N 2 O only was used. The same gas mixtures were used to 
push the irradiated solutions away from the irradiation 
cell, to push the solutions to the cell, and to saturate the 
solutions.

Cyclopentane was added in excess (the maximum gas 
phase volume above the solutions taken into account) and 
vigorously stirred with the solutions for at least 30 min. 
The temperature was 22.5 ±  0.5°. The vapor pressure of 
cyclopentane at 22.5° is 285 mm.

M a te r ia ls . Water was first deionized with the aid of an 
ion exchanger, and then triply distilled. All other materi
als were of high purity grade and used as received except 
tetranitromethane, which was washed with water until all 
yellow materials disappeared. Solutions of tetranitro
methane were prepared within 1 hr before use. They were 
protected from photolysis by means of a glass filter (320- 
nm cutoff) and a shutter between the lamp and irradia
tion cell which was opened 1  sec before pulsing.

Results and Discussion
C5//9 R a d ica ls . An aqueous solution saturated with cy

clopentane, and equilibrated with N 2 O, is expected to un
dergo the following reactions upon pulse irradiation

H.,0 ------------* eaq“ , H, OH, H A . H„ H;tO+, OH“ (1)
e.,,,“  +  NX) — *- N2 +  OH +  OH“ (2)

OH +  C5 Hlfl — ► C\R, +  HX) (3)

The H atoms may either recombine or react with cyclo- 
pentane according to

H +  O A o — ► H, +  C-.H9 (4)
Since our solutions were buffered, we expect excess of 
HsO+ and O H - to decay to their equilibrium concentra
tions. Thus, within less than 0.5 p s e c ,  C 5 H 9  is expected to 
form with a yield G(CsHg) = G(e) +  G(OH). A fraction of 
the H atoms probably reacts with the cyclopentane at a 
slower rate. The spectrum of C 5 H 9  radicals is given in 
Figure la. The peak must be at 235 nm or lower in the uv. 
The extinction coefficient of C5 H 9  at 248 nm, f 2 4 8 (C 5 H9) 
480 M _ 1  cm -1 , was calculated by the comparison of the 
C 5 H 9  absorption to the 0 2 “ absorption observed in a 2  

m M  formate solution saturated with a N 2 O -O 2  gas mix
ture (ratio 2:1). Dosimetry with a similar solution of 0.1 
M  formate gave exactly the same <2 4 8 (C 5 H9) when the 
yield in the dosimeter was taken 4% higher (due to scav
enging from spurs by 0.1 M  formate), and a small correc
tion ( — 5%) was made for recombination of OH in compe
tition with reaction 4 under the conditions of the mea
surements. H atoms (G (H )/[G (O H ) + G(e)] = 0.1) were 
assumed not to react quickly with cyclopentane. The 
C 5 H 9  radicals decay away according to

2 C5H9  — ► C1 0 H1S (0 )
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Figure 1. Absorption spectra of C5H9, C5H9O2. and 0 2" rad i
cals: 2.5 M  cyclopentane (saturated solution) at pH 7 (10 ' 3 M  
NaH2P 0 4 +  10 “ 3 M  Na2H P 04). (a) The solution was equ ilib ra t
ed with N20 ; [C5H9] =  1.30 X  10 ' 5 M . (b) The solution was 
equilibrated with N20 - 0 2 gas m ixture (4:1 in volum e); [ 0 2] = 
1.7 X  10 ' 4 M , [CsH90 2) =  1.28 X  10 ' 5 M . The line represents 
the extinction coeffic ient, e, co rrec ted7 for 14% 0 2'  which was 
present together with C5H90 2. The crosses represent the experi
mental optical densities, when the t  scale is multiplied by 5.1 X  
10 ' 5. (c) The absorption spectrum  of 0 2“  (from ref 7).

and/or
— *  C II +  ( ' H.

A relatively small (about 10%) residual absorption re
mains. An average value 2 k 5 =  (2.0 ±  0.4) X  109  M “ 1  

sec ' 1  was calculated at various initial concentrations of 
C5H9 radicals ranging from 1.6 X  10“ 6 to3  X  1 0 ' 5 M.

When O 2  is also present, it reacts with the C 5 H 9  ac
cording to

C H. +  O C.11,0 (6)

As a result, a different absorption spectrum is observed 
(Figure lb ) with a broad peak at 268 nm. The formation 
of C5H9O2 was followed at 270 nm as a function of O2 
concentration. The results are presented in Table I.

S p e c tr u m  a n d  D e c a y  o f  C 5H gO 2 . The absorption spec
trum of C 5 H 9 O 2  is presented in Figure lb . Under our con
ditions. 14% of the primary radicals (including practically 
all H atoms, as well as a small fraction of eaq' )  reacted 
directly with O2 . At pH 7, this resulted in the formation 
of some O 2  ~, according to reactions 7 and 8 , and equilib
rium 9. The occurrence of these reactions, and the frac
tion of O 2 “ was concluded from the known G  values of the 
primary radicals, and the reaction rate constants of eaq'  
with O 2  and with N 2 O. It was also confirmed by conduc
tivity and by electron transfer to tetranitromethane mea
surements, as will be discussed later. Corrections of the 
spectrum have been carried out for this effect, as well as 
for about 3% of the C5H9 radicals that escape reaction 6, 
under the conditions of Figure lb . The extinction coeffi
cient of C 5 H 9 O 2  at 270 nm was measured by the compari
son of the absorbance obtained in cyclopentane O 2 -N 2 O 
solutions to the absorbance of O 2 '  in formate solutions 
(i 2 4 8  2000 M ' 1  cm 1  used) and to the absorbance of ni- 
troform (i 3 5 0  14,800 A/ ' 1  cm -1 ) in tetranitromethane 
(TNM) solutions which were irradiated with the same 
dose using the same gas mixture. We found that in 0.1 M  
formate, the yield of radicals was 4% higher compared to 
2 mM  formate. In 1.8 X  10' 4  M  TNM  the yield was 6 %  

higher than in 5 X  10 ' 5  M  TNM . An average value 
£2 7 0 (C 5 H 9 O2) = (1450 ±  150) M ' 1  cm ' 1  was obtained

TABLE I: Reactivity of C5Hn Radicals toward Oy
(O . ], M  1 0 -~9 X  kr,, M  _I s e c -1

6 . 0  X  1 0 ' 5 5 .  b h

1 . 6  X  1 0 ' 4 5 . 1 b

2 . 5  X  1 0 4 . 5 “

3 . 7  X  1 0 4 . 0 “

4 . 1  X  1 0  “ 4 4 . 5 b
Av 4 . 9  ±  0 . 6

" p H  7 .0  (p h o s p h a te  b u f fe r  10 “ 3 M  N a H .P O i +  10 ~3 M  N a .-H P O O ,
2 .5  m M  c y c lo p e n t a n e  (a  s a tu ra te d  s o lu t io n ,  v a p o r  p re ssu re  0 .3 7 5  a t m ) ,  
N .O  p re s e n t  a t  a  p a r t ia l  p re ssu re  o f  (0 .6 2 5  — 740  [0-_*]) a t m . E a c h  v a lu e  
r e p re se n ts  a n  a v e r a g e  o f  3 - 4  e x p e r im e n ts . A  sm a ll  c o r r e c t io n  f o r  r e a c t io n  5
(5 crr ) w a s  c a r r ie d  o u t .  f' In it ia l  [C sH 9] =  1 .2  X  10 
2 .5  X  1 0 -s  M .

5 M . c In it ia l  [C 5H 9I =

TABLE II: Measurements of k 10 at 270 nm“
I n it ia l  [O-: ] X  10 fi, 2k  X  1 0 - ' ,

M M  s e c -1

1 8 . 0 2.1
1 0 . 0 2.7

3 . 0 2.5
n E a c h  v a lu e  in  th e  ta b le  is  a n  a v e r a g e  o f  th r e e  d e te r m in a t io n s .  S o lu t io n s  

c o n t a in e d  1.4 X  10 M  0_> a n d  2 .5  m M  c y c lo p e n t a n e ,  a n d  w e re  e q u i l i 
b r a te d  w it h  0 .5 2  a tm  o f  N .O .

after corrections for variation of yields with the concentra
tions of solutes, recombination of radicals, and formation 
of some 0 2'  in the cyclopentane solutions. Each of these 
corrections was always less then 5%.

H +  0 , — H02 (7)
eMq-  +  0 2 — *- O,-  (8 )

HO, H+ +  0 ,“  pK  =  4.86-7 (9)

The decay of the absorbance of C 5 H 9 O 2  was found to be 
second order. Measurements at 270 nm are presented in 
Table II. An average rate constant f t i o  = (1.2 ±  0.15) X  

107  M “ 1  s e c 1  was obtained. This value was confirmed by 
measurements at several other wavelengths and [O 2 ].

2C TLO , — *  (C5H 90 ,h  (10)

Very little, if any, absorbance due to the products of 
reaction 10 could be observed. A tetroxide, the most likely 
product of reaction 1 0 , is not expected to have a large ab
sorption in the wavelength region >240 nm. It most likely 
decomposes in one or more steps to cyclopentanone, cyclo- 
pentanol, and O 2 .

T ra n s fe r  to  T N M .  It has been concluded from the fol
lowing experiments that neither C5H9 nor C5H9O2 trans
fer electrons to tetranitromethane. When solutions con
taining 6  x 10' 5  to 10“ 4  M  TNM , cyclopentane (saturat
ed). O 2 . and N20  were pulse irradiated, nitroform (N F ')  
was formed with a yield that corresponded to G(H) plus 
the fraction of eaq'  which was expected to react either 
with O 2  or with TN M . The rate of N F“ formation in such 
solutions agreed with k(G>2 ~ +  TN M ) = 2 X  10® M “ 1  

s e c '1. This is in agreement with the known8  value for this 
rate constant, and supports our suggestion that O 2 '  
(formed mainly by reaction 7 and equilibrium 9) is re
sponsible for the major part of N F '. The N F ' yield was 
always less than 18% of the total yield of radicals. Similar 
experiments in the absence of 0 2  showed that the N F ' 
formation ( ~ 1 0 % of the total yield) could be accounted 
by the reaction of TNM  with H and eaq'  in competition 
with N 2 O.

C o n d u c t iv i ty  M e a s u r e m e n ts . Conductivity measure
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ments in solution containing cyclopentane (saturated) and 
N2O-O2 mixtures were carried out at both pH 5.5 
(HCIO4) and 9.3 (NaOH). The yield of conducting species 
assumed to be H+ and O 2 " ,  measured from the increase 
in conductivity at pH 5.5 and the decrease in conductivity 
at pH 9.3 as a result of an electron pulse. At both pH’s we 
found that the yield of conducting species, assumed to be 
H+ + O2", was about 15% of the total radical yield, and 
could be accounted for by reactions 7-9, in competition 
with reaction 2 . These experiments are in agreement with 
the TNM  tests, showing (a) a small fraction of the radi
cals forms conducting species, H + +  O2" ,  as expected, 
and (b) C5H9O2 does not decompose to give O2- . The low 
conductivity at pH 9.3 remained unchanged for at least 
0.5 sec decaying to about 50% at 2.5 sec. During that time 
C5H9O2 decayed away. (Initial [C5H9O2] was 1  X  10" 6

M.) No indications were found for the formation of hydro- 
tetroxide which at that pH should be in the ROOOO" 
form and contribute to the conductivity with G  s  3.

C o m p e t i t i o n  E x p e r im e n ts  f o r  th e  D e te r m in a t io n  o f  k 3. 
We took advantage of the fact that O2" reduces TNM 
while C5H9O2 does not to discriminate between the two 
peroxy radicals. In a TNM  solution, equilibrated with 
N2O-O2 gas mixture, and containing both formate and 
TNM , any OH radicals which react according to (3) will 
not lead to N F" formation, while OH radicals that react 
according to (11) lead to NF" formation by the reactions 

OH + HCOr — ► HO + C02~  ( 1 1 )
12-14. The effect of [formate] on the yield of NF" can be 

COT +  0 2  — ► CO, + O r ( 1 2 )
c o r  +  TNM — ► CO, +  NF" +  NO, ,(13)

O f  +  TNM — *- O, +  NF" +  NO, (14)
used in order to calculate k 3/fen ratios, according to

k-Jk  n =  ([formate]/[cyclopentane])LZ)F(N F_ ) —
D (N F ")]/[D (N F ") -  Ocp(N F")] (15)

where DF(N F ") is the absorbance of NF" at 350 nm, 
when all OH radicals react according to (11), D(NF ) is the 
absorbance of NF at 350 nm under competition condi
tions, and DCP(NF ) is the optical density at 350 nm 
when cyclopentane but no formate is present. The results, 
given in Table III, give an average kz/kxx  = 1.4 ±  0 .2 . 
Using fen = 3.5 x  10® M " 1  sec - 1 , 9  we obtain k 3 = (4.9 ±  
0.7) X 10® M " J sec-1 . (The error limits do not include the 
error in fen.)

Conclusions
In the reactions of O 2  and hydrocarbon radicals, such as 

C 5 H 9 , hydrocarbon peroxy radicals are formed rather than

TABLE III: Competition between HCO,“ and 
Cyclopentane for OH Radicals"

[Formate],
m  M 102 X / ) ( N F  - ) IO2 X / r '(N F - ) kz/ku

5 . 6 3 2 . 7
0 . 5 0 9 . 2 3 2 . 7 1 . 3 0

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

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

3 . 2 1 8 . 5
2 . 0 7 . 7 1 8 . 5 1 . 9 2

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

n Measured at 350 nm, 1 mM  NaHiPOt 4- 1 m M  Na>HPOi buffer; 
10_l M  T N M ; [cyclopentane] = 2.5 X 10 ~'A M  (saturated solution). Each 
value in the table is an average of two runs.

O 2 " . On the basis of conductivity measurements and the 
lack of electron transfer processes in TN M  solutions, we 
may exclude spontaneous decay of C 5 H 9 O 2  radicals to 
O2 " (at t <  1 sec). Formation of a hydrotetroxide 
C 5 H 9 O 4 H could not be observed either. In that respect its 
chemistry is comparable to that of non a  peroxy radicals,
e .g ., t-BuOH peroxy radicals which show neither acid- 
base properties (pH 3-13.6)10 nor subsequent formation of 
hydrotetroxides . 1 1  This sharply contrasts the behavior of 
a-hydroxy peroxy radicals . 1 1

A c k n o w le d g m e n t . We are indebted to Professor A. Hen- 
glein for valuable comments and discussions and Dr. J. 
Lilie for helpful discussions and assistance in conductivity 
measurements.

One of us (M. S.) acknowledges partial financial sup
port from NIH Grant No. GM-13 557 and AEC Contract 
No. AT-(40-l)-3408.

References and Notes
(1) (a) Department of Physical Chemistry, The Hebrew University of 

Jerusalem, Jerusalem 91 000. Israel, (b) In part of the fulfillment 
of the requirements for M.Sc. degree at the Department of Physical 
Chemistry. The Hebrew University, Jerusalem 91 000, Israel.

(2) (a) I. Frldovich, Accounts Chem. Res.. 5, 321 (1972); (b) G. Czap- 
ski. Ann. Rev. Phys. Chem., 22, 171 (1971 ).

(3) M. Simic and E. Hayon, Biochem. Biophys. Res. Commun., 50. 364
(1973).

(4) T Erlksen, A. Henglein. and K. Stockhausen, Trans. Faraday Soc., 
69, 337 (1972).

(5) M. T. Downes and H, C. Sutton, Trans. Faraday S oc, 69, 263
(1973).

(6) J. Rabanl and S. O. Nielsen, J. Phys. Chem.. 73, 3736 (1969).
(7) D. Behar, G. Czapskl, J. Rabani, L. M. Dorfman, and H. A. 

Schwarz, J. Phys. Chem., 74, 3209 (1970).
(8) J. Rabanl, W. A. Mulac, and M. S. Matheson, J. Phys. Chem., 69. 

53 (1965).
(9) M. S. Matheson, W. A. Mulac. J. L. Weeks, and J. Rabani, J. Phys. 

Chem.. 70. 2092 (1966).
(10) M. Simic, P. Neta, and E. Hayon, J. Phys. Chem.. 73, 3794 (1969).
(11) K. Stockhausen, A. Fojtik, and A. Henglein, Ber. Bunsenges. Phys. 

Chem., 74, 34 (1970).

The Journal ot Physical Chemistry. Voi. 78. No 17, 1974



1052 Turan Söylemez and Robert H. Schuler
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The radiolysis of aqueous solutions of cyclopentane and cyclopentene containing 10-2 M  N2O or 10-3 M 
H-  has been studied in considerable detail using 14C radio-gas chromatographic methods. In the studies 
on cyclopentane the initial yields for production of cyclopentene and dicyclopentyl were found to be, re
spectively, 1.75 and 1.23 for acidic solutions (where eaq is converted to H) and 1.95 and 1.36 for those 
containing N2O (where eaq-  is converted to OH). The yields for attack on cyclopentane, 6.0 and 6.7, re
spectively, for the acidic and N2O containing solutions, agree quite well with the total yields of primary 
radicals (6.3 and 6.6) so that the material balance is excellent. From the relative yields the dispropor
tionation to combination ratio for reaction between two cyclopentyl radicals in aqueous solution is 1.4 
(±0.1). The studies on cyclopentene solutions give a similar ratio for reaction between cyclopentyl and 
cyclopentyl-2-ol radicals. The product distribution from cyclopentene solutions containing N20  indicates 
that 23% of the OH radicals attack cyclopentene by abstraction of an allylic H atom and pulse radiolytic 
studies give a value for this abstraction ~28%. Auxiliary studies on the rates of the radical reactions and 
on the esr and optical spectroscopic properties of the intermediate radicals are reported. The optical 
studies show that cyclopentyl radical absorbs only weakly with the absorption decreasing monotonically 
with increase in wavelength above 215 nm («215 ~1000M -1 cm-1 , (300 ~100M -1 cm-1 ). Cyclopentenyl 
radical, however, exhibits an intense well-defined absorption band at 242 nm («242 >8000 M~ 1 cm-1 ; 
width at half maximum = 20 nm). In the radiolysis of saturated aqueous solutions of cyclopentane (2.5 X 
10- 3 M) secondary reactions of H and OH with product cyclopentene become extremely important at 
doses >1018 eV/g (>3% conversion). For the acidic solutions the cyclopentene reaches a plateau of 3 X 
10-  5 M, in accord with expectations from the measured disproportionation-to-combination ratio and the 
high selectivity (a factor ~60) for addition of H to this product. For the N20  containing solutions the cy
clopentene reaches a higher level (9 x 10“ 5 M ) because of the dominant importance of the less selective 
OH radicals. In general there is very good agreement between the experimental observations on the 
course of the radiolysis of cyclopentane and predictions based on the yields of radicals produced from the 
water and the relative rate constants for the different competing reactions which are known either from 
absolute rate measurements or from the studies on cyclopentene solutions.

Introduction
Except for the recent study of Stevens, Clarke, and 

Hart3 on the radiolysis of aqueous solutions of methane 
there has been no report of a detailed examination of 
product formation in the radiolysis of aqueous solutions of 
saturated aliphatic hydrocarbons. Appropriate studies on 
solutions of this simplest class of organic solutes are, of 
course, difficult because of their limited solubility al
though the results of such studies should be of consider
able interest to general discussions of the initial and sec
ondary reactions that occur with more complicated sub
strates. Of particular importance is the fact that direct 
reaction of hydrated electrons with the aliphatic hydro
carbons does not occur. The lower molecular weight hy
drocarbons are sufficiently soluble, and sufficiently sensi
tive analytical methods are currently available so that sig
nificant studies can be carried out. Among liquid saturat
ed hydrocarbons the most suitable choice for such studies 
would seem to be cyclopentane both because it is the 
most soluble (2.5 X 10-  3 M) and because its radical 
chemistry is expected to be relatively simple since all H 
atoms are chemically equivalent. We have examined the 
products formed in the radiolysis of aqueous solutions of 
cyclopentane by radio-gas chromatographic methods and 
report the results here. In particular, attention has been 
focused on the relative importance of the combination and

disproportionation reactions of the cyclopentyl radicals 
produced by the attack of H atoms and OH radicals on 
the solute. During the initial studies it soon became evi
dent that secondary radical reactions involving product 
cyclopentene were of considerable importance in deter
mining the overall course of the reaction even at conver
sions of a few per cent so that an auxiliary study on the 
radiolysis of aqueous solutions of cyclopentene has also 
been carried out. It is shown here that information ob
tained from these latter studies makes it possible to pre
dict the course of the radiolysis of cyclopentane solutions 
up to doses ~1019 eV/g quite accurately. While these 
studies do not, in retrospect, provide any results that 
could not have been anticipated reasonably well from ap
propriate knowledge of the primary yields and the rate 
constants for the various competing abstraction, combina
tion, and disproportionation reactions, they do serve to 
point up the various factors which must be considered in 
obtaining a reasonably complete description for even such 
a simple system.

Experimental Section
Materials. A 73.8-mg sample of cyclopentane-14C (spe- 

fic activity 1.9 Ci/mol) was obtained from New England 
Nuclear Co. This material was purified gas chromatographi- 
cally and the resultant sample shown to be free of detect
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able traces of radiation-produced product. It was stored 
on a vacuum line in a vessel sealed with a metallic bel
lows sealed valve.

Cyclopentene-14C (which was not available commercial
ly) was prepared by dehydrating cyclopentanol-14C (spe
cific activity 1.9 Ci/mol) also obtained from New England 
Nuclear Co. Dehydration was accomplished by passing 
the cyclopentanol sample through a 1-m column of acti
vated alumina at 350° together with helium carrier gas at 
a flow rate of 50 cc/min. These conditions were optimized 
by studies with inactive cyclopentanol and such that 98% 
dehydration occurred within the contact period of 2 min. 
The cyclopentene-14C (20 mg) was then purified chroma- 
tographically and stored as above.

Nonradioactive hydrocarbons were Phillips Research 
Grade. The cyclopentane used in the optical pulse radiol
ysis studies was chromatographed through silica gel in 
order to eliminate unsaturated impurities then extracted 
a number of times with water. The cyclopentene used in 
the pulse experiments was extracted 5-10 times, first with 
water and then with strong base, in order to remove im
purities which otherwise absorbed strongly at short wave
lengths. After extraction, saturated cyclopentene solutions 
were transparent down to a wavelength of 220 nm. Car
boxylic acid derivatives were obtained from Frinton Labo
ratories. Bromocyclopentane was from K and K Laborato
ries and cyclopentanol from Matheson Coleman and Bell. 
Chlorocyclopentane and the reference compounds cyclo- 
pentylcyclopentane, 2-cyclopentylcyclopentanol, and 3- 
cyclopentylcyclopentene were obtained from Chemical 
Samples Corp. Other chemicals were of the reagent grades 
usually used in studies such as these.

Sample Preparation and Irradiation. A 0.3-cc sample of 
triply distilled water (containing 10" 3 M  H2SO4 for stud
ies at pH 3) was outgassed on a vacuum line and trans
ferred into a Pyrex irradiation cell 3 cm long and 0.5 cm 
i.d. The desired amounts of 14C labeled hydrocarbon and 
N2O were metered out on the vacuum line, transferred to 
the irradiation cell, and the cell was sealed. The vapor 
volume within the cell (0.1- 0.2 cc) was noted and the 
fraction of hydrocarbon in the solution phase calculated 
from Henry’s law as described below. The sample was 
shaken on a mechanical shaker for at least 1 hr before ir
radiation. 7 -Irradiations were carried out inside 60Co 
sources at dose rates determined by Fricke dosimetry to 
be 7.6 X  1016 or 9.7 X  1017 eV g" 1 min-1 . Irradiations 
were normally from 1 to 10 min and absorbed doses in the 
range 4  x  1017-2 X  1019 eV/g.

Radio-Gas Chromatographic Analysis. The radio-gas 
chromatographic apparatus used was similar to that de
scribed by Warman and Rzad.4 The column effluent, after 
being examined by a thermal conductivity detector, was 
oxidized in a CuO furnace at 750°, passed through a dehy- 
drite train to absorb water, and counted in a flow propor
tional counter having an internal volume of ~50 cc. Heli
um was used as the eluting gas and methane added to 
provide a suitable counting mixture. Residence time of 
the sample within the counter was ~30 sec so that for a 
specific activity of 2 Ci/mol an activity level equal to the 
background rate (~200 cpm) corresponded to ~ 10-10 
mol. Both the integral count and counting rate were mon
itored. The response of the counting equipment was cali
brated during the course of the various experiments using 
known volumes of toluene-14C of low specific activity. The 
specific activities of the different samples were intercom- 
pared on a liquid scintillation counter.

Radiolysis of Aqueous Solutions of c-C 5H10 and c-C 5H8

After irradiation the total sample was introduced into 
the chromatographic apparatus by breaking the ampoule 
in the eluting stream as described by Warman and Rzad.4 
This approach (in contrast to using a syringe technique 
merely to sample the liquid phase) was used because it 
was desired to obtain total transfer of the sample for a 
measurement of the hydrocarbon content. The high vola
tility of the hydrocarbons used makes it difficult to sam
ple the aqueous phase of the irradiated samples accurate
ly-

The radiolysis products were separated from the large 
volume of water by using Porapak R (Waters Associates 
Inc.) as the second stage of a two stage column. A prelim
inary separation of the water, cyclopentane, and cyclopen
tene from the other products was carried out on the first 
stage (a 2-m column packed with 25% on 30-60 mesh 
Chromosorb silicone grease operated at 60°) and these 
substances were trapped on the Porapak column held at 
25°. The Porapak column was replaced by a second sili
cone grease column and the elution of the remaining prod
ucts continued by appropriate temperature programming. 
The cyclopentene and cyclopentane were then eluted from 
the Porapak column at 150° and separated on a silica gel 
column at 50°. A typical chromatogram of an irradiated 
cyclopentene solution is shown in Figure 1 (available on 
microfilm, see paragraph at end of text regarding supple
mentary material). In this case the product cyclopentane 
appears as a very nicely resolved peak in front of the cy
clopentene and is readily measurable with high accuracy 
even at the level of 10" 6 M. The oxygenated products (cy- 
clopentanone, cyclopentanol, 3(cyclopentyl-2-ol)cyclopen- 
tene, and 2-cyclopentylcyclopentanol) exhibit less well- 
defined peaks and because of tailing their yields are 
subject to more uncertainty. Cyclopenten-3-ol, which is 
expected to be produced in the studies of cyclopentene, 
was missed because it eluted from the first column in 8 
min and could not be separated from the water. The cyc- 
lopentyl-2-ol dimer (2-cyclopentyl-2-ol-cyclopentanol) 
eluted at a long time and had a poorly defined peak. In 
studies of cyclopentane solutions, the product cyclopen
tene appears on the tail of the cyclopentane so that the 
background is somewhat higher and measurable levels are 
in the range upward of 10" 5 M. In this case the dimers 
(mostly cyclopentylcyclopentane, 3(cyclopentyl)cyclopen- 
tene, and 2-cyclopentylcyclopentanol) were not resolved 
and the total activity was measured as a unit. The yields, 
as measured by the activity level, are in terms of mole
cules of cyclopentene incorporated into the product. The 
fact that specific activity of the dimers was twice that of 
the starting material was taken into account in stating 
these yields.

Examination of Intermediates. The radical intermedi
ates present in the cyclopentane and cyclopentene solu
tions were examined both by the in situ radiolysis-esr 
technique of Eiben and Fessenden5 and by the optical 
pulse radiolysis methods developed by Patterson and 
Lilie.6 The latter provides signal averaging capability 
which is extremely useful for studying the hydrocarbon 
solutions. Flow systems were used in both cases. For the 
esr experiments a continuous beam of 2.8-MeV electrons 
from a Van de Graaff accelerator was used at an absorbed 
dose rate ~1020 eV g" 1 sec"1. The residence time of the 
sample within the irradiation volume was ~25 msec so 
that the sample received a dose sufficient to consume 
~0.5 mM  hydrocarbon. In the pulse radiolysis experi
ments, exposures (also with 2.8-MeV electrons) were of
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~l-/nsec duration at currents up to 50 mA for absorbed 
doses of up to 6 X  1017 eV/g. The samples were changed 
between pulses. For wavelengths below 260 nm a correc
tion for scattered light of wavelength longer than 290 nm 
was made from measurements of the intensity of light 
transmitted by a 2-mm Pyrex 053 filter (290-nm cutoff). 
The level of scattered light was essentially constant but 
the total light level decreased continuously with decreas
ing wavelength so that this correction became important 
for wavelengths below 250 /nm (for transparent samples 
the scattered light of long wavelength was ~ 10% of the 
incident light at 230 nm and ~20% at 220 nm).

Rate Constant Measurements. Second-order rate con
stants for attack of H atoms on cyclopentane, cyclopen- 
tene, and a number of related substances were determined 
by competitive measurements using the reaction between 
H atoms and deuterioisopropyl alcohol as the reference 
reaction (see Neta, Holdren, and Schuler).7 The rate con
stant for the latter reaction was taken as 1.05 X  107 M - 1 
sec- 1 with the latter based on the absolute measurement 
of 1.0 X  109 M -  1 sec-  1 for addition of H atoms to benzoic 
acid.8

Rate constants for OH reactions were determined in 
competitive pulse radiolysis experiments using the loss of 
intermediate from the reaction of OH with SON- (k = 1.1 
X  1 0 10 M- 1 sec- 1)9 or with p-nitrobenzoate anion (k = 
2.6 X  1 0 9 M - 1 sec-  1)10 as the indicator.

Absolute second-order rate constants for loss of cyclo
pentyl and cyclopentenyl radicals were determined by 
measuring the median lifetimes of the radicals produced 
at known concentrations in pulse experiments. The total 
initial radical concentrations were determined by mea
surement of the absorption of (SCN)2- produced by an 
equivalent dose. The latter was assumed to be produced 
in N20  saturated solutions with a yield of 6.0 and to have 
€ 475 = 7600 M~ 1 cm-1 .11 Doses were intercompared via a 
secondary emission monitor.
Results and Discussion

The solubilities of the hydrocarbons in water are of crit
ical importance in the analysis of the kinetic data ob
tained in these studies. This situation is true even below 
the solubility limit because the high vapor pressure of the 
hydrocarbons results in an appreciable fraction of the hy
drocarbon being present in the vapor phase. There is, in 
fact, relatively little reliable information on the solubili
ties of liquid hydrocarbons with the most comprehensive 
summary being the 1966 report by McAuliffe.12 Other 
data, where it exists, frequently differ considerably.13 In 
the case of cyclohexane, for example, a value a factor of 3 
higher than McAuliffe’s solubility has been reported.13a It 
was therefore considered desirable to make our own inde
pendent determinations. Solutions were saturated with 
the hydrocarbon in closed vessels, shaken vigorously and, 
after they had been allowed to stand for 1 day, 0.5-cc por
tions were withdrawn directly from the aqueous phase 
into gas-tight syringes through a septum in direct contact 
with the aqueous phase. The hypodermic needle was not 
allowed to come into contact with the hydrocarbon phase. 
These samples were then analyzed by gas chromatograph
ic methods. The sensitivity of the thermal conductivity 
detector for the individual hydrocarbons was determined 
by examining known solutions of the hydrocarbons in no
nane. The solubilities determined in this work are in quite 
good agreement with those reported by McAuliffe, as is 
indicated in Table I. Values for cyclohexane (determined

TABLE I: Solubilities o f Hydrocarbons 
in Water at 23°

Solubility, mM
McAuliffe" Present results

Cyclopentane 2 . 2 2.5
Cyclohexane o.65b 0 . 6 8

Cyclopentene 7.9 8 . 2

Cyclohexene 2 . 6 2 . 6

Pentane 0 .53c
Hexane 0 . 1 0 r
Heptane 0.03
Octane 0.008
1-Pentene 2 . 1

2-Pen tene 2.9
1 -Hexene 0.59

a Reference 12. b Values of 0.75 and 1.70 have also been reported (ref 
13a and b). c Values of 0.54 and 0.21 for pentane and hexane, respectively, 
have been reported in ref 13c.
by a related radiochemical method) and cyclohexene were 
also measured in the present study and these values are 
reported in Table I along with literature values on the C5 
and Cg straight chain hydrocarbons which illustrate the 
trends of solubility with structure. It is seen that the cy
clic compounds are a factor of 4-5 more soluble than their 
straight chain analogs and that the solubility drops off 
rapidly with increased size. In general the olefins are a 
factor of 3-4 more soluble than the corresponding alkanes. 
Of the liquid hydrocarbons cyclopentane and cyclopentene 
are, from the solubility point of view, obviously the best 
choices for the present type of study.

In the following it is assumed that below the solubility 
limit the solutions are ideal and that the hydrocarbon 
concentration is controlled by Henry’s law. Accordingly 
the fraction of the amount of solute in solution was taken 
as (1 + P°VK/R T ,S'ijv<i ) 1 where P° is the vapor pressure 
of the hydrocarbon, Vt and Vg are the liquid and vapor 
volumes, Snyd is the solubility of the hydrocarbon in 
water, and R and T  are the usual gas constant and abso
lute temperature. For cells having 50% vapor volume 
these fractions are only 0.13 and 0.28, respectively, for cy
clopentane and cyclopentene. It is seen that even where 
the amount of solute added to the system is below the sol
ubility limit the problem of knowing the exact concentra
tion is, indeed, very severe if there is any vapor volume 
remaining in the irradiation cell. Detailed kinetic studies 
on hydrocarbon solutions are made extremely difficult be
cause of uncertainty about the concentration in solution. 
Because the irradiation periods were short (<10 min) it is 
assumed in the following kinetic treatments that volatile 
products did not escape from solution during the period of 
the irradiation.

Rate Constants for the Reactions of the Primary Radi
cals. Hydrated electrons should not react with either cy
clopentane or cyclopentene so that in the absence of an 
electron scavenger the hydrated electrons produced from 
the water presumably will react with H+ ion to form hy
drogen atoms. In the presence of N20  they will be rapidly 
converted to OH radicals. If an electron scavenger is not 
intentionally added to the system it is possible that hy
drated electrons might interfere somewhat by reacting 
with certain radiation produced products such as cyclo- 
pentanone.

While the rate constants for reaction of H atoms with 
both cyclopentane and cyclohexane have previously been 
measured by an esr method, the values reported (3  X  1 0 7 
M- 1 sec- 1 in both cases) represent the results of single
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experiments on saturated solutions and are subject to con
siderable uncertainty.14 A pulse radiolytic determination 
of 4 X 1 0 7 M  1 sec-  1 for reaction of H with cyclohexane 
in aqueous solution has also been reported by Sauer and 
Mani.15 Both measurements on cyclohexane are, however, 
based on a solubility of 1 .7  mM  and need to be corrected 
upward to 8  and 10  X 1 0 7 M -1 sec-1  by virtue of the 
lower solubility indicated in Table I. Because of these sol
ubility problems it was also decided to examine the sim
ple carboxylic acid derivatives where the rate constants 
should be similar to (but slightly lower than) those for the 
hydrocarbons16 and solutions of known concentrations can 
be prepared more readily. The H2 and HD yields from so
lutions containing both isopropyl alcohol-c^ and the vari
ous solutes of interest here are given in Table II (available 
on microfilm). In these experiments the vapor volume 
represented only ~ 2 0 %  of the cell volume so that ~ 3 7  
and ~ 6 0 %  of the cyclopentane and cyclopentene added 
would be in solution and errors in determining these fac
tors should not affect the results in more than a relatively 
minor way. The total rate constants for the reaction of H 
atoms with these solutes relative to the abstraction of H 
from isopropyl alcohol-d6 were calculated according to the 
methods described by Neta, Holdren, and Schuler7 and 
are given in the final column. The absolute rate constants 
obtained on the basis of an assumed value for the refer
ence reaction of 1 .0 5  X 1 0 7 M  1 sec-1  are given in Table 
HI. For the saturated compounds some loss of H atoms by 
addition to product olefin is evident from the fact that the 
observed total hydrogen yield is only 2 .8 - 3 .2 .  Since the 
relative rates are calculated from the observed H2 and HD 
yields, such a loss has no effect on the rate constant deter
minations. For the unsaturated compounds the addition 
reactions dominate as expected but abstraction also oc
curs to an important extent, as is manifested by the fact 
that the H2 yields are 0 . 3 - 0 .4 units above the molecular 
yield (see the entry for acrylic acid). The fraction of H 
atoms which abstract from the cycloolefins are given in 
the second column of Table III and the partial rates for 
the abstraction and addition reactions in the final two 
columns.

The rate constants given in Table III for cyclopentane 
and cyclohexane are very reasonable in view of the values 
of ~ 5  X 107 M~ 1 sec-1  measured for the carboxylic acids 
since carboxyl groups are known to decrease H atom ab
straction rate constants by a factor of between 1 and 2.16 
The value for cyclohexane agrees well with the previous 
values obtained in the esr14 and pulse radiolysis15 experi
ments after corrections have been made as indicated 
above. The esr value for reaction with cyclopentane, 
which after correction has been made to the solubility of 
Table I is 20 X  107 M -1  sec-1 , appears to be unquestion
ably too high and probably reflects secondary reactions 
with product cyclopentene at the dose rates employed.

Rate constants for reaction of H atoms with the cyclo
olefins have not previously been reported but the values are 
expected to be in the range of 1-5 X 109 M - 1 sec- 1 typi
cal for addition to unsaturated systems.17 The values 
given in Table III appear to be reasonable but may be 
somewhat high in view of the lower values for addition to 
the unsaturated acids. The ratio of the rate constant for 
addition to cyclopentene to that for abstraction from cy
clopentane is ~60 and in agreement with the ratio for the 
corresponding carboxylic acid. This value of the ratio will 
be used in the following kinetic treatment. The partial 
rate constant for abstraction from the cycloolefins is con-

TABLE III: H Atom Reaction Rates with 
Aliphatic Hydrocarbons

ktotaIh k:,hJ‘ ¿add4
x  10-; . x  l o - ; ,  x  10-;,

M - '  1V I - '  M  “ 1
Hydrocarbon / HabX' c m 1 c m -] c m 1

Cyclopentane 1 0 1 0

Cyclopentanecarboxylic acid 4. 8 4. 8

Cyclohexane 7 7
Cyelohexanecarboxylic acid 5. 0 5. 0

Acrylic acid 0 .0 0 2 1 0 <5 2 1 0

Cyclopentene 0 .08 580 50 530
Cyclopentene-1 -carboxylic 0 .06 330 2 0 310

acid
Cyclohexene 0 .09 610 50 560
Cyclohexene-1 -carboxylic 0 .07 310 2 0 290

acid
Cyclohexene-4-carboxylic 0 .07 280 2 0 260

acid
a Fraction of H atoms undergoing abstraction reactions 'calculated on the

assumption that the molecular 11 yield in these solutions is 0.411. 4 Based on 
a rate constant of 1.05 X 10" M-1 sec' 1 for the abstraction of D from 
(CD^CDOH.

siderably higher than that for abstraction from saturated 
systems and indicates that abstraction occurs predomi
nantly at the allylic positions. For cyclopentene the par
tial rate per allylic H atom (~1 X 108 M ~1 sec-1 ) is 
about a factor of 10 greater than the comparable rate for 
abstraction from cyclopentane, in agreement with the 
general conclusions of Witter and Neta18 from studies on 
other unsaturated systems. Abstraction from the CH2 po
sition of cyclopentene should have a partial rate similar to 
that of cyclopentane and account for less than 1% of the 
total H atom chemistry.

The rate constants for the reactions of OH with cyclo
pentane and cyclopentene were determined by measuring 
the diminution of the absorption of the transient produced 
by OH attack on p-nitrobenzoic acid (for cyclopentane) or 
thiocyanate (for cyclopentene) upon saturating a given so
lution with the hydrocarbon. Values of 3.0 and 7.0 X 109 
M-  1 sec- \ respectively, were obtained. Both values are of 
the magnitude expected from information on the rates of 
abstraction from and addition to other saturated and un
saturated systems of similar size.17 In particular Anbar, 
Meyerstein, and Neta19 have reported a value of 4 x  109 
M ~1 sec- 1 (corrected, see ref 19b) for reaction of OH with 
cyclopentanecarboxylic acid. It is seen that there is very 
little selectivity in the reaction of OH radicals. While OH 
is, of course, expected mainly to add to cyclopentene, H 
abstraction will also be important. The partial rate con
stant for abstraction from the allylic positions should be 
>1.2 X 109 M-1 sec-1  so that 2-cyclopentenyl radical (re
ferred to subsequently as cyclopentenyl) should be an im
portant intermediate. For purposes of making preliminary 
estimates of the product distribution we will assume that 
20% of the OH abstracts H from the 3 position and, as we 
will see below, a value of this magnitude is borne out by 
the analysis of the product distribution. Abstraction of H 
from the 4 position should have a partial rate constant 
~0.6 X 109 M - 1 sec- 1 so that the 3-cyclopentenyl radical 
should account for ~ 8% of the chemistry.

Radical Intermediates. Esr Studies. If secondary reac
tions involving product are unimportant, cyclopentyl radi
cal should be the only radical produced from the solute in 
the case of cyclopentane. This radical is readily identified 
from its 10 “ line" esr pattern where each “ line” should 
have further observable structure resulting from splitting
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F igure 2. Partial esr spectrum  of cyclopentenyl radical produced 
in the irradiation of N20  saturated aqueous solution of cyclopen- 
tene at pH 13.5. The total spectrum consists of 30 "lines' de
scribed by the param eters aH(tv*) =  14.19 G (two equivalent 
protons), a H(«) =  2.81 G (one proton), a u (3) =  22.74 G (four 
equivalent protons), and g =  2.00265. The second-order pat
terns of (a) the 16th “ line" and (b) the 21st and 22nd “ lines" 
(counting from  low to high field) are illustrated. The 2.81-G 
splitting by the unique proton is illustrated by the separation be
tween “ lines" 21 and 22. The hyperfine constants correspond to 
spin densities of 0.57 at the starred (extreme) and —0.11 at the 
unstarred (central) position of the ally lic  system. The observed
3-hyperfine constant (22.74 G) is somewhat larger than the 
value of 20.0 G predicted by m ultiplying the 35.1-G 3 hyperfine 
constant of cyclopentyl radical by the spin density of 0.57 on the 
adjacent cv-carbon atcm. If the contributions to the wave func
tion add constructively a spin density of only ~ 0 .0 2  on the ad
jacent /3-carbon atom is suffic ient to explain this difference.

by the y protons and by second-order effects,20 This radi
cal is, in fact, the only one distinguishable during in situ 
esr experiments on neutral solutions (phosphate buffered) 
saturated both with N20  (to convert ear,~ to OH) and 
with cyclopentane. The lines are weak but are readily ob
servable on the high-field side since they are somewhat 
enhanced by CIDEP effects.21 The esr parameters in 
aqueous solution at room temperature are oH ( « ) = 20.85 
±  0.10, aH(3) = 35.11 ±  0.03 (four equivalent protons), 
and aH(7 ) = 0.50 ±  0.03 G (four equivalent protons) with 
g = 2.00256 ±  0.00003 and the observed line width is 0.14
G. The hyperfine constant of the a proton is somewhat 
lower than the value of 21.48 G reported in liquid cyclo
pentane at -40°20 but the 3 and y constants are essential
ly identical with the respective values of 35.16 and 0.53 G 
previously found. Since a -proton hyperfine constants are 
expected to decrease with increase in temperature22-23 the 
difference between the two studies reflects, to a certain 
extent, the temperature difference between the measure
ments. Fischer24 gives a value of aH(o) = 21.05 G for cyc
lopentyl radical in ether solution at room temperature.

Studies similar to the above on a neutral N2O saturated 
cyclopentene solution gave only a very weak esr spectrum. 
The most intense lines were those of the cyclopentenyl 
radical (see below) indicating that abstraction of the allyl
ic hydrogen atoms by -OH is a reasonably major process. 
A large number of weaker lines were also present but the 
patterns were not sufficiently defined for a detailed as
signment. Presumably these lines are attributable to the 
radical cyclopentyl-2-ol which is expected to be the pre
dominant species present in this case. Cyclopentene was 
also examined at pH 13.5 where OH is converted to 0 “ 
and H atom abstraction by the 0~ becomes a very impor
tant reaction.25 The principal radical observed was the 
cyclopentenyl produced by abstraction of H from the al
lylic positions of the cyclopentene. This radical has a 30- 
line esr spectrum (two equivalent a protons at the ex
tremities and one unique a proton at the central position 
of an allylic system and four equivalent 3 protons) so that 
the individual lines are weak as is illustrated in Figure 2. 
From the observed intensities one can conclude that com
parable concentrations of radicals are present at steady 
state in the respective experiments on solutions of cvclo-

Wavelength-nm

Figure 3. Absorption spectrum  of cyclopentyl radical. M easure
ments were made 3 Msec after a 1 Msec pulse. Each point rep
resents the average of four experim ents carried out on N20 -sa t- 
urated cyclopentane-saturated aqueous solutions. Doses were 
~ 3  X  1 0 17 e V /g  (3 0  gM cyclopentyl radical) and samples 
were changed between pulses. Appropriate corrections for sca t
tered light have been made and extinction coe ffic ients have 
been calculated from  the dosimetry as described in the text. The 
absorption spectrum  of cyclopentene is given by the dashed 
curve and that for the cyclopentane lies much further into the 
uv.28a

pentane and cyclopentene. The esr parameters of cyclo
pentenyl in this study are aH{a*) = 14.19 (two equivalent 
protons), aH(a) = 2.81 and aH(/3) = 22.74 G (four equiva
lent protons), and g = 2.00265. Only a qualitative esr 
spectrum of cyclopentenyl radical produced in the radiol
ysis of liquid cyclopentene has previously been reported26 
although unpublished independent measurements by Fes
senden and Ogawa in hydrocarbon solutions27 have given 
parameters comparable to those observed here. The quan
tity 2aH(«*) — aH(a) = 25.57 G can be compared with the 
related value of 25.60 G obtained for the assignment of the
14.83 and 13.93 G constants in allyl radical,20 respective
ly, to the protons cis and trans to the unique proton in 
allyl radical. Krusic and Kochi have previously28 come to 
the same assignment from an intercomparison of the hyper
fine constants of the cis- and trans- 1-methyl allyl radicals.

Radical Intermediates. Pulse Radiolysis Studies. Pulse 
radiolysis experiments on cyclopentane solutions at pH 10 
(N20  saturated) gave the absorption spectrum of Figure 3 
3 /¿sec after a 1-Msec pulse. In these experiments the peri
od for OH attack is 0.1 Msec and for H atom attack 3 Msec 
so that effectively all of the OH and 50% of the H atoms 
should have been converted to cyclopentyl radicals at the 
time of observation. From the dosimetry the total initial 
radical concentration is 30 gM. The correction for loss of 
radicals by recombination at 3 Msec is estimated from the 
kinetic results described below to be ~15% so that the 
yield of radicals present at the time of observation is ex
pected to be 5.4. There will be no important loss of these 
radicals by reaction with products because the products 
are formed on a time scale one to two orders of magnitude 
greater than the initial abstraction reactions. The extinc
tion coefficients given in Figure 3 are based on this yield 
together with a comparison of the incremental absorban
ces observed in the cyclopentane solutions with those 
found at identical doses with SCN~ (G(SCN)2~ = 6.0; 
i49o(SCN)2- = 7600 1 cm - M.28a

The spectrum of Figure 3 should be attributable to eye-
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lopentyl radical. Sauer and Mani15 have, however, re
ported an absorption spectrum for cyclohexyl radical in 
aqueous solution with a maximum at 240 nm and an ex
tinction coefficient at that wavelength of 1500 M  1 cm- 1. 
Since one expects that cyclopentyl and cyclohexyl radicals 
will have more or less similar absorption spectra the pres
ent results appear to be at variance with this previous re
port. Pulse radiolysis studies on solutions saturated with 
cyclopentyl bromide or chloride containing terf-butyl al
cohol to remove OH also gave a component to the absorp
tion assignable to cyclopentyl radical formed by eaq-  at
tack on the halide which was essentially identical with 
that indicated in Figure 3. Studies on 10 mM  cyclopenta- 
nol solutions saturated with N2O showed some complica
tions at long wavelengths and long times but there was no 
component at short times which contributed to the ab
sorption in the region of 230-260 nm significantly in ex
cess of that of Figure 3. We conclude that the spectrum of 
Figure 3 represents cyclopentyl radical and that the ab
sorption increases monotonically with decrease in wave
length. There is no manifestation of any maximum at 240 
nm. Cyclopentane itself does not absorb significantly 
above 200 nm (t2io <0.1 M~ 1 cm-1 ) and cyclopentene ab
sorbs only weakly (t 210 ~  100 M - 1 cm-  a) .

The spectrum indicated by the crosses in Figure 4 was 
observed in the pulse irradiation of N2O saturated solu
tions of cyclopentene at pH 10.5. The radicals formed in 
the addition reactions are expectec to exhibit spectra sim
ilar to that of Figure 3 so that it would appear that the 
maximum at ~240 nm can be ascribed largely to cyclo- 
pentenyl radicals produced by abstraction of an allylic hy
drogen atom. That this is the case is shown by the spec
trum at pH 14 (the circles in Figure 4) where a narrow (20 
nm at half-maximum) well-defined and moderately in
tense Gaussian shaped absorption band is observed at 242 
nm. The esr studies clearly show that cyclopentenyl is ex
tremely important at this pH and there is little question 
but that this absorption band can be assigned to cyclo
pentenyl radical. The growth period of this band is <0.5 
Msec for a solution saturated with cyclopentene. Taking 
the solubility to be <0.008 M  the rate constant for O" at
tack on the cyclopentene is >2 x 108 M -1 sec-1 . At pH 
13 where the ratio of [O ]:[OH] is —10:1 the absorption at 
242 nm has risen by one-half of the difference between its 
values at pH 10.5 and 14 so that a rate constant ~7 X 108 
M~ 1 sec-  1 is indicated for the reaction of O- . The contri
bution of OH at pH 14 is, accordingly, only ~10%. Since 
the rate constant for addition of O- to aromatic systems 
is low24 we have assumed that addition to cyclopentene 
and other side reactions of O- are important and have 
calculated the extinction coefficients on the basis of a cy
clopentenyl yield of 6.0 at pH 14. The values in Figure 4 
are, therefore, lower limits with the actual values proba
bly being ~ 20% larger and somewhat dependent on the 
relative frequency for abstraction of hydrogen from the 4 
position of cyclopentene.

The spectrum observed at pH 10.5 is more complex 
than that found at higher pH ar.d obviously has a contrib
uting absorption that is somewhat more intense than that 
of cyclopentyl radical. From the figure a background 
~1300 cm-1 per OH at the cyclopentenyl maximum is 
reasonable and if we subtract this background from the 
observed value of 4100 cm-1 per OH and divide by an ex
tinction coefficient of 10,000 M~ 1 cm-  1 we obtain a value 
of 28% for the fraction of OH which abstracts an allylic hy
drogen atom from cyclopentene. Because of background

Wavelength-nm

F igure 4. Absorption spectrum of cyclopentenyl radical (O ) as 
observed in the pulse radiolysis of aqueous solutions of cyc lo 
pentene at pH 14 (N 20  saturated). Observations are 2 Msec 
after a 1-Msec pulse which produced an initial concentration 
~ 1 0 -5  M. Results represent the average of four experiments. 
Extinction coeffic ients are determ ined on the assumption of a 
yield of 6.0. Data at pH 10.5 (X ) , taken under s im ilar condi
tions, show that cyclopentenyl is produced at the lower pH in 
reduced yield and that an additional interm ediate contributes an 
underlying absorption in the region im mediately above 200 nm. 
The dashed curve is the spectrum of cyclopentyl radical from 
Figure 3.

from other radicals and uncertainty in the extinction coef
ficient this value is regarded as somewhat less reliable 
than the value of 23% indicated by the chemical measure
ments described below.

Rate Constants for the Radical-Radical Reactions. 
Since first-order reactions of the radicals are not expected 
to compete with the radical-radical reactions even at the 
lowest dose rates used here, the absolute rates for the sec
ond-order processes do not come into the kinetic treat
ment of product formation in any direct way as long as 
only one type of radical is present. Where reaction be
tween different types is important, some knowledge of the 
rate constants for the different combination reactions is 
useful. Data on the disappearance of cyclopentyl and cy
clopentenyl radicals are given in Figures 5 and 6 (avail
able on microfilm). Rate constants for radical disappear
ance (2ku where ku is specified for the reaction R + R —*■ 
products) were determined from the initial total radical 
concentration [R]o, as given by the dosimetry, and the 
observed median lifetime fm, i.e., the period required for 
loss of 50% of the radicals (ku = (2[R]ofm)~ J). Values of
2.0 and 1.5 x 109 M~1 sec-1  were obtained for, respec
tively, cyclopentyl and cyclopentenyl. In both cases the 
decay follows good second-order kinetics out of 90% decay 
as is illustrated in the figures. In the experiment on cyclo
pentene at pH 10.5 the decay is more complex and there 
is a residual absorption which amounts to about 10% of 
the initial signal. If one corrects for this then the median 
lifetime of the species absorbing at 242 nm is similar to 
that at pH 14. It seems likely that this residual may be 
caused by product cyclopentadiene which has an extinc
tion coefficient ~3000 M - 1 cm-  1 at this wavelength. If so 
the yield of cyclopentadiene is ~0.3 and it is indeed sur
prising that a larger residual is not observed in the experi
ment at pH 14 since cyclopentadiene should be even a
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TABLE IV: Yields of Products Formed in the 
• -Radiolysis of Aqueous Solutions of Cyclopentene 
Containing 10 2 M  N .O

Product G(produet)''

Cyclopentanone ~ 0 .5 5
Cyclopentanol 0 .96
3(Cyclopentyl-2-ol)cyclopentene 0 .56  X 2 = 1 .12 '
2-Cyclopentylcyclopentanol 0.21 X 2 = 0 .42 '
Cyclopentane 0.31
T otal observed 3.36''

n All of the solutions were saturated with C-14 labeled cyclopentene.
' Yields are taken from the linear dependences indicated in Figure 4. ' Given 
in units of cyclopentene incorporated in the product. The yields of these 
dimers are one-half the values quoted in the last column. '' In addition an 
approximate yield of 1.0 was observed for 2(cyclopentyl-2-ol)cyclopentanol 
and a yield (i. 7 must be included in the material balance considerations 
to account for the reformation of cyclopentene. The principal missing 
product appears to be eyclof>enten-3-ol which elutes with the water.

more important product there. The second-order rate con
stants, as measured in these pulse experiments, show that 
in spite of its conjugation cyclopentenyl reacts nearly as 
rapidly as does cyclopentyl so that in the steady-state 
studies there should be relatively little selectivity between 
the various possible radical-radical reactions.

Radiolysis of Cyclopentene Solutions. In aqueous solu
tions of cyclopentene the radiolysis products are, to a 
large extent, protected from secondary attack by the high 
reactivity of the cyclopentene so that product formation is 
expected to be very nearly linearly dependent on dose. As 
a result, the yields observed at reasonable doses should 
directly reflect the relative importance of both the differ
ent initial reactions and the various competing termina
tion processes. This system will be discussed first since 
the information obtained is useful in the discussion of the 
cyclopentane system to follow.

(a) Studies in the Presence of N2O. The principal prod
ucts observed in the radiolysis of cyclopentene solutions 
were, as has been already indicated in the chromatogram 
of Figure 1, cyclopentane, cyclopentanone, cyclopentanol, 
3(cyclopentyl-2-ol)cyclopentene, and 2-cyclopentylcyclo- 
pentanol. For solutions ~ 8  mM  in cyclopentene and 20 
rnM in N2O the yields of all products except cyclopenta
none increased linearly with dose up to doses of ~ 6  x 
1018 eV/g, as is illustrated in Figure 7 (available in micro
film). The yield of cyclopentanone, which is the stable 
tautomeric form of the cyclopentene-l-ol expected to be 
produced in the disproportionation of cyclopentyl-2-ol 
radicals, appears to decrease as the dose increases. Since 
the cyclopentanone concentration does not rise to the 
point where the reaction with eaq- will compete signifi
cantly with scavenging by N2O we must assume that the 
apparent drop of its yield results from secondary reactions 
such as electron transfer. The yields indicated by Figure 7 
are summarized in Table IV. From the mechanism dis
cussed below one also expects an appreciable yield of both 
2(cyclopentyl-2-ol)cyclopentanol and cyclopentene-3-ol 
and minor yields of cyclopentadiene and the three dimeric 
products produced from the combination of cyclopentyl 
and cyclopentenyl radicals. The latter, which from the re
tention time of cyclopentylcyclopentane should appear 
just before the 2-cyclopentylcyclopentanol, were produced 
in such small yields that they were lost in the back
ground. In the chromatographic procedure used, the cy- 
clopentene-3-ol was not observed since it eluted from the 
silicone grease column along with the water. The dimer 
2 (cyclopentyl-2-ol) cyclopentanol had such a broad peak

that it could not be measured accurately but was pro
duced with a G ~  0.5. A careful examination, which 
should have detected a yield of even a few tenths, showed 
no observable cyclopentadiene. While the net yield of this 
product is certainly low, some should be formed and it 
seems likely that cyclopentadiene is sufficiently reactive 
that it is consumed as it is formed by secondary reactions 
of the radicals.

It is expected that at normal pH values (i . e <12) the 
H atoms and OH radicals produced from the water29 will 
for the most part add to cyclopentene to give cyclopentyl 
and cyclopentyl-2-ol radicals although, as indicated 
above, a significant yield of cyclopentenyl radicals should 
also be produced by abstraction of hydrogen atoms from 
the allylic positions. The radicals produced by OH ab
straction of hydrogen from the 4 position will give prod
ucts similar to those of cyclopentenyl and will not be ex
plicitly treated here. As mentioned in the Introduction, 
reaction of hydrated electrons with hydrocarbons does not 
occur so that in the presence of N2O they should be quan
titatively converted to OH radicals. If /absH and /abs0H are 
the fractions of the reactions of H and OH where abstrac
tion occurs, then the initial chemical reactions can be de
scribed by

H +  c-CsHs ------- -  -  e-CIL- (1)

f,J'
----------- rC,H?- +  H.: (1A)

1 f , °H
OH +  c-C.5H„ ------c-C6H8OH- (2)

/  „ ""
— 1:1— *- rO ll • +  H O (2A)

From the rate studies reported above /absH can be taken 
as 0.08 and / abs0 H  as ~0.2. In the case of neutral N20-sat- 
urated solutions GH = 0.6 and Goh = 6.029 so that the 
yields for cyclopentyl, cyclopentyl-2-ol, and cyclopentenyl 
radicals produced by reactions 1 and 2 can be estimated 
to be ~0.56, 4.8, and 1.24, respectively. One of the prime 
objectives of the analysis of the chemical results is to de
termine more accurately the yields of the latter two radi
cals. It can readily be seen that the yield of cyclopentyl 
radicals must be at least equal to the sum of the yields of 
cyclopentane and 2-cyclopentylcyclopentanol (i.e., >0.52) 
and the yield of cyclopentenyl radical must be greater 
than that of 3(cyclopentyl-2-ol)cyclopentene (>0.56). 
Given that the ratio between disproportionation and com
bination of cyclopentenyl and cyclopentyl-2-ol radicals is 
~1 the latter yield is more realistically greater than 1.1 so 
that the above estimates seem very reasonable.

The three radicals produced by these reactions will un
dergo six sets of combination and disproportionation reac-
tions

c-Q-,H9' +  c-C-.H, ■ —*■ Cu,H18 (3C)
-► c-C,H10 +  c-C5Hs (3D)

c-C,HsOH- +  c-C5HsOH- — C10Hls(OHb (4C)

— c-C5H„OH + e-C5H70H<cC5H,0) (4D) 
rC7H- + c-C-H7- — CltlHu (50

— r C H. +  c-C.H. (5D)

e-C-.H»- +  c-CaH,OH- — C10HI7OH (60

— c-C5H)0 +  c-C5H7OH(c-C5H„0) (6 D)

— c-QHs +  c-C5E,OH (6 D')
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c-C H.OH- ±  cT-.H;- — C10H15OH (VC)
— c-C5H, + ( -C H.OHu-C.H.O) (7D)
— rC H. ±  c-C H..OH (TDD

c-C II. ±  cC 11/ -  C,„HIS <80
- c-QH, +  <-C H. <8D)

-*■ cC,Hs +  c-C-,H1(J (8D'>

with the disproportionation involved in reactions 6-8 pro
ceeding in two possible directions. The mechanism is fur
ther complicated by the fact that disproportionation reac
tions 4D, 6D, and 7D give either cyclopentene-3-ol or cy- 
clopentanone depending on the site from which the H 
atom is transferred. At the dose rates of these experiments 
the radical production rates are 1.2 X 10“ 7 and 1.6 x 
10“ 6 M /sec and from the measured rate constants the 
mean radical lifetimes are calculated to be 60 and 15 
msec. In saturated solutions, addition of the radicals to 
the cyclopentene will be important if the rate constants 
for these addition reactions are greater than ~102 M~ 1 
sec” 1. Rate constants approaching this magnitude seem 
likely30 so that addition undoubtedly occurs to at least a 
small extent and one can expect a loss of radicals by addi
tion reactions at dose rates not too much lower than those 
employed here. There is, however, no obvious loss of mo
nomeric products nor any apparent dose rate dependence 
(see Figure 7). In particular the cyclopentyl radicals can
not be adding to cyclopentene significantly since their 
yield is essentially completely accounted for by the ob
served cyclopentane and 2-cyclopentylcyclopentanol. Sec
ondary abstraction reactions of the radicals are at least 
somewhat slower31 and not expected to be of importance 
at the solute concentrations of these experiments.

In treating the data it is useful to begin by considering 
as a first approximation the relative importance of the 
different reactions as indicated by the above estimates of 
the individual radical yields. The measured rate constants 
show that in all cases the radicals disappear at rates ap
proaching the diffusion-controlled limit so that the rela
tive frequency of the competing reactions should be con
trolled by the encounter rates and not be very far from 
statistical. For N2O saturated solutions the reactions of 
cyclopentenyl radical with itself and with cyclopentyl 
should be of only minor importance and, because cyclo
pentyl radicals represent only ~ 10% of the radicals pro
duced, reaction 3 should account for only ~1% of the 
total chemistry. The yields for reactions 3-8 should be in 
the approximate ratios of 1:49:4:14:28:4. It is seen that 
each of the three sets of reactions involving cyclopentyl- 
2-ol radicals are important and, in particular, that the 
reaction between this radical and cyclopentenyl is expect
ed to contribute very significantly. This expectation is 
borne out by the very high yield observed for the combi
nation product of this reaction.

A more complete description of the scheme represented 
by reactions 3-8 requires knowledge of the relative rates of 
disproportionation to combination for each of the reac
tions and this information must basically be derived from 
the measured product yields. The disproportionation- 
combination ratio for reaction between cyclohexvl radicals 
produced by the photolysis of diphenylmercury in cyclo
hexane has been determined by Cramer to be 1.1 ±  0.132 
and a value of this magnitude can be taken as reasonably 
typical for reactions between radicals resulting from the 
loss of a secondary hydrogen atom from a saturated sys
tem.33 Analysis of the data is complicated by the fact that

reactions 6-8 undergo two different disproportionation 
reactions. From the relationship given by Holroyd and 
Klein,33 which empirically relates the observed relative 
rates of disproportionation and combination to the entro
py difference between the disproportionation products and 
the dimer of the radical, one can show that the relative 
importance of reactions 8D and 8D' is

log k j k „  =  0.131 AS° (9)
where AS° is the difference between the standard en
tropies of the two sets of disproportionation products. The 
standard entropies of formation of cyclopentane and cy
clopentene are, respectively, 70.0 and 69.2 cal deg“ 1 
mol-1 .34 The entropy of cvclopentadiene is not available 
in the API tables but can be estimated as 63.9 cal deg“ 1 
mol“ 1 by subtracting the entropy difference34 of 5.3 cal 
deg“ 1 mol“ 1 between 2-pentene and ci's-pentadiene from 
that of cyclopentene. If Holroyd and Klein’s generaliza
tion is at all applicable to the present case it can be esti
mated from the resultant difference of 4.5 cal deg“ 1 
mol“ 1 that reaction 8D should be favored over reaction 
8D' by a factor of ~4  and it seems likely that reaction 7D 
will be similarly favored over 7D'.

The high yield of cyclopentane observed here shows that 
more than 50% of the cyclopentyl radicals undergo dispro
portionation processes with the principal contribution 
being from reaction 6D. The only other sources of cyclo
pentane are reactions 3D and 8D' each of which, from the 
above, should contribute yields of only ~0.015. The yield 
for reaction 6D can, therefore, be accurately given as 0.28 
(± 0.02). Since 2-cyclopentylcyclopentanol is produced 
only by reaction 6C one obtains a ratio for (?6d/^ 6c of 
0.28/0.21 = 1.35 (±0.1). This ratio is in reasonable accord 
with Cramer’s value of 1.1 for disproportionation of cyclo
hexyl radicals. The contribution of reactions 6C and D to 
the overall chemistry corresponds to a yield of 2(0.31) + 
0.42 = 1.04 or 16% of the total (compared with the 14% a 
priori estimate given above). A cyclopentyl yield of 0.49 is 
involved in these reactions so that, together with an addi
tional yield ~0.06 from reaction 3, essentially all of the 
expected cyclopentyl radicals are accounted for. Reaction 
8 must occur to some extent but there is obviously very 
little room for any major contribution.

Both cyclopentyl and cyclopentenyl radicals will disap
pear mostly by reaction with cyclopentyl-2-ol radicals so 
that the ratio of 2.6 observed between the products 3(cy- 
clopentyl-2-ol)cyclopentene and 2-cyclopentylcyclopentanol 
should give an approximate measure of the relative yields 
of these two radicals. The disproportionation-combination 
ratio involved in the reactions of cyclopentenyl radicals 
may be somewhat lower than the value of 1.35 given 
above35 so that the observed product ratio should be cor
rected downward. Taking kD/kç as 1, the relative yield for 
the two radicals is 2.3 from which one can estimate the 
yield for the cyclopentenyl radicals as 1.4, i.e., 21% of the 
total radicals. Of this only ~0.05 is ascribed to abstrac
tion of the allylic hydrogens by H and the remainder 
(1.35) to abstraction by OH. The fractional attack on the 
allylic hydrogen atoms, /abs0H, is from these chemical re
sults ~0.23. The pulse radiolysis studies discussed above 
show that the abstraction cannot be more than 50% great
er. Taking the total rate for the OH reaction as 7.0 X 109 
M” 1 sec-1 the partial rate constant for abstraction from 
the allylic position is 1.6 X 109 M “ 1 sec-1 . Michael and 
Hart36 estimate that 30 and 45% of OH abstracts hydro
gen from 1.3- and 1,4-cyclohexadiene and that the partial
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rate constants are, respectively, 2.9 and 3.4 X 109 M ~1
sec- 1.

Cvclopentanol is produced principally by reaction 4D 
and to a lesser extent by reactions 6D' and 7D'. A reason
able contribution for the latter two reactions is ~ 0.10 
leaving a yield of 0.86 to be assigned to reaction 4D. Ifwe 
assume a disproportionation-combination ratio of 1.35 for 
reaction 4 then the total yield for this reaction is 3.0. 
Adding to this value yields of 0.49 for reaction 6 and 1.12 
for reaction 7, the cyclopentenyl-2-ol radical yield is 4.6. 
Together with the yield of 1.35 for cyclopentenyl produc
tion by H abstraction the total yield for OH attack on the 
cvclopentene is 5.95 so that the reactions of all of the OH 
initially produced appear to be accounted for quite well.

As far as the yields indicated in Table IV are concerned 
an additional yield of ~0.7 should be included for the cy- 
clopentene produced from the disproportionation reactions 
3D, 5D, 6Dr, and particularly 7D. The remaining yields 
required for material balance are largely attributed to the 
oxygenated products 2(cyclopentyl-2-ol)cyclopentanol 
(measured to be ~2 X 0.5 and, taking kn/kç. as 1.35, esti
mated from the above scheme to be 1.3) and cyclopen- 
tene-3-ol (estimated by difference as 1.1). It is clear that 
the latter must be large since reactions 4D, 6D, and 7D 
should account for 40-50% of the radical combination 
reactions and the cyclopentanone observed represents less 
than V2 of the product CsHsO. This estimate of the cvclo- 
pentene-3-ol indicates that transfer of H from the CH2 
position of the radical occurs twice as often as transfer 
from the CH(OH) position, i.e., there is little selectivity 
in this transfer. The unmeasured products from reactions 
3, 5, and 8 should not contribute more than 0.2 units so 
that a total radical yield of ~6.7 is accounted for by the 
above. There is no evidence in the above yields of any sig
nificant addition of organic radicals to the cyclopentene.

(b) Studies at pH 3. At pH 3 the yields of H atoms and 
OH radicals are, respectively, ~3.5 and 2.829 so that, 
from the above measurements of /absH and /abs0H, the ini
tial yields of the organic radicals should be 3.2 for cyclo
pentyl, 2.15 for cyclopentyl-2-ol, and 0.95 for cyclopenten
yl. All reactions except 5 are important and the product 
distribution becomes qualitatively different and much 
more complex than that for the N2O solutions. At this pH 
cyclopentane is expected to be a major product and since 
it is measurable with reasonable accuracy attention was 
focused on its production. The buildup of cyclopentane 
was found to be linear to a dose of 1019 eV/g with the 
yield being 0.93. Assuming again that reactions 3-8 occur 
statistically, their relative frequency should be 
26:12:2:35:10:15. The cyclopentane yield can be estimated 
as the sum of contributions from reaction 3D [( 1/2) ( 1.35/
2.35) (0.26)(6.3) = 0.47], from reaction 6D (0.80(1.35/
2.35) (0.35) (6.3) = 0.51) and from reaction 8D'
(0.20(0.10)1.0/2.0(6.3) = 0.06) for a total of 1.04. The 
agreement with the observed yield seems reasonably satis
factory. The principal sources of cvclopentane are reac
tions 3 and 6 which should represent ~60% of the total 
chemistry or a yield ~3.8. Again it is clear from the high 
yield of cyclopentane that disproportionation must be an 
extremely important fate of the cyclopentyl radicals, i.e., 
that the observed cyclopentane can be accounted for only 
ifkD/kr > 1.

Radiolysis of Cyclopentane Solutions. In its early stag
es. the radiolvsis of cyclopentane solutions should be very 
simple in that only cyclopentyl radicals will be produced 
by the abstraction reactions

H + c-C5HR1 — r-C IL- + H, (10)

OH + c-C,H]0 — ► c-C5H,,- + 11,0 (11)
Initially the only important radical-radical reactions will 
be 3C and 3D so that cyclopentene and cyclopentyl-cyclo
pentane should be the only observed products. Their ini
tial yields should be, respectively, [(G h  + G o h )/2][& d /  
&c / ( 1  + kjj/kç,)] and [(G h  + G 0 h ) / 2 ] [ 1 / 1  + kD/kç)]. Tak
ing ko/kç as 1.35 from the above, it is estimated from the 
primary radical yields that the initial cyclopentene and 
dimer yields should be 1.80 and 1.35 for solutions at pH 3 
and 1.90 and 1.40 for N2O containing solutions. Both 
cases have been studied for solutions saturated with cyclo
pentane. It is found that within experimental error the 
total dimers build up linearly with dose (to a dose of 1019 
eV/g) with the yield for the acidic solutions (1.23) being 
slightly lower than that (1.35) for the N2O solutions. Sub
traction of these values from one-half the expected total 
radical yields suggests that the disproportionation prod
ucts have yields of 1.9 and 2.0, respectively, and that 
kn/ki- for reaction between cyclopentyl radicals is ~1.5.

The above argument involves an estimate of the impor
tance of disproportionation from the observed absolute 
yield of dimer and it is obviously much better to compare 
directly the disproportionation and combination products. 
It is, however, seen in Figure 8 that the rate of cyclopen
tene production decreases so rapidly with dose that it is 
difficult to determine accurately the initial yields of this 
product. Measurements in the region ~ 5  X 1017 eV/g give 
yields ~1.8 and 1.2 for the N2O containing and pH 3 so
lutions but these values are already somewhat lower than 
the true initial yields. The cyclopentene content of the 
samples levels off for doses >5 X 1019 eV/g and it is ob
vious from this fact that the high reactivity of the cyclo
pentene toward the radicals produced from the water re
sults in a situation where the rate of cyclopentene con
sumption by reactions 1 and 2 balances its rate of forma
tion.

While reactions 1-8 must, in principle, be considered in 
addition to reactions 10 and 11 such a general treatment 
is difficult and it is convenient to proceed to the interme
diate stage where one is principally interested in the re
moval of cyclopentene via reactions 1 and 2. Since H 
atoms are considerably more selective in their reactions 
with cyclopentene (k1/k9 ~  60) than are OH radicals 
(k2/k10 ~  2) reaction 1 comes into play first and is of con
siderable importance even when cyclopentene is present 
at the ~ 1% level, i.e.. ~3 x 10-5  M. The considerably 
greater dose dependence for cyclopentene production at 
pH 3 than for the N2O containing solutions is readily un
derstood in terms of the relatively greater contribution 
from H atom reactions in the first instance. We will now 
attempt to describe the course of the cyclopentene radiol
ysis in terms of the parameters derived from the kinetic 
measurements and from the observations on the cyclopen
tene system.

One can first consider the region below 1018 eV/g where 
the concentration of product cyclopentene is less than 3 X 
10- 8 M  and interference by reaction 2 is only of minor im
portance, i.e., >90% of the OH reactions are with cyclo
pentane. At these doses the consumption of cyclopentane 
is <4% so that loss of starting material is not a serious 
complication. Since cvclopentyl radicals are for the most 
part re-formed in reaction 1, as a reasonable approxima
tion we can take their yield to be constant and equal to
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Figure 8. Production of cyclopentene in the radiolysis of cyc lo 
pentane solutions (▲ ,¥ ) at pH 3 and ( • . + )  containing 0.02 M 
N20. Flagged points are at a dose rate of 9.8 X 10”  eV g “ 1 
m in - 1 ; others at a dose rate of 7.6 X 1016. Curves A are ca lcu 
lated by integration of eq 12 which takes into account removal 
of cyclopentene only by the reaction of H atoms (k-,//<10 =  60). 
Curves B are calculated by integration of eq 13 and include 
both a decreased rate of production of cyclopentyl radical as 
the irradiation progresses and removal of cyclopentene by H 
and OH (k2/ k 11 =  2.3). The solid curves C represent a sim ilar 
calculation w ithout the correction for the decreased rate of cy 
clopentyl production and with k2/ku  taken as 5. The open points 
(O ,A ) represent correction of the data at the particu lar doses 
by factors relating the solid curves to the initial slope in the la t
ter calculation. The linear dependences (dotted lines) represent 
initial yields of 1.75 and 1.95.

G(H) + G (OH). The rate for production of cyclopentene 
then becomes
d(c-C,HQ 10

d D = ^ [ G ( H )  +  G(OH)]-
1 /?|)/kç

G(H)

2 1 +  kD/kc 
A,[c-C5HS]

Ajc-C5HJ +  A,,[c-Ç-H (12)

Integration of eq 12 with kD/kc = 1.35 and k^/kg = 60 
gives the dashed curves A of Figure 8 for the solutions at pH 
3 (G(H) = 3.5; G(OH) = 2.8) and those containing N2O 
(G(H) = 0.6; G(OH) = 6.0). With kD/kc = 1.35 one cal
culates that only 29% of the cyclopentyl radicals are con
verted to cyclopentene in reaction 3. Since H atoms repre
sent 56% of the initial radicals at pH 3 the rate of cyclo
pentene production by cyclopentyl disproportionation is 
balanced by its consumption in reaction 1 when cyclopen
tene reaches a concentration of 3-4 X 10“ 5 M  (where 
~50% of the H atoms react with the cyclopentene). At 
such a concentration only ~3% of the OH radicals will 
react with the cyclopentene and contribute a yield of only 
~0.1 to its consumption. At doses <1018 eV/g we can use 
calculations based on eq 12 to correct the observations for 
the loss of cyclopentene via reaction 1 to get a better esti
mate of the initial production rate. Correction of the data 
by factors obtained from a trial integration of eq 12 shows 
a linear dependence with a slope corresponding to an ini
tial yield of 1.7. The corrections are, however, appreciable 
(~60% at 1018 eV/g) and a substantial error is possible. 
For N2O containing solutions the H atoms are only 9% of 
the total so that this simplified model predicts that cyclo
pentene should continue to be produced even when all of 
the H atoms react with the cyclopentene. Below 1018 eV/g 
the correction factors are small (<15%) and reasonable

well known for the N20  containing solutions. The data 
appropriately corrected gives an initial slope correspond
ing to a yield of 1.9. These values indicate a dispropor
tionation to combination ratio of ~1.4.

Considerations on the N20  containing solutions at high
er doses are somewhat more problematical since the reac
tion of OH with the cyclopentene both reduces the yield 
of cyclopentyl radicals and also changes the nature of the 
terminating radical-radical reactions. The H atoms will 
mainly add to cyclopentene and continue to give cyclo
pentyl radicals but OH abstraction from the dimer prod
uct becomes important and results in a decrease in the 
cyclopentyl yield. A reasonable (but still approximate) 
description of the rate for cyclopentene production is

G(H) +  G(OH) x
d(c-C5H8) _  10 

d D ~ N
[c-C Æ J/ic-C Æ ,,],,____ '

1 +  (A2[c-C5H8]/A Jc-Q H 10]0).
1 kD/kc
2 1 +  kD/kc

G(H)
ftJtrCsHj/feioic-QHj,, _

1  + (A’ ,[c-C5Hs]/^10[c-C;H1„]„)
AL,[cC,H8]/A „[K :,H ,0]n 

1 +  (A^c-Q H J /A J c-QHh,]«
(13)

The initial cyclopentane concentration, [c-CsHiolo, is 
taken as representative of the total saturated hydrocarbon 
since cyclopentene represents less than 4% of the total. 
The factor multiplying G(OH) in the first term of eq 13 
has been introduced to take into account the decreased 
importance of OH abstraction from cyclopentane as the 
irradiation progresses. The last two terms represent the 
loss of cyclopentene by secondary reactions of H and OH. 
Integration of eq 13 with kD/kç taken as 1.4, as 60
and A2/A11 as 2.3 gives the curves labeled B in Figure 8 
([C-C5H10] was evaluated as [c-C5Hi0] -  [c-C5H8] -  
(G(H) + G (O H ))/(l + kD/kc)). The correction for a de
crease in the production of cyclopentyl radicals results in 
the negative slope at high doses. Since such is not, in fact, 
observed this correction appears to be somewhat overesti
mated. The solid curves in the figure are results of inte
grations of an expression similar to eq 13 but with k2/ku  
taken as 5 and without the term correcting for a decreased 
cyclopentyl production. It is seen that these calculations 
empirically fit the data extremely well and are used below 
to extrapolate the data to the initial slope.

For the acidic solutions the terms added to eq 12 serve 
to correct for the perturbing influence of the OH reactions 
with a very high degree of accuracy since the concentra
tion of cyclopentene is maintained below 4 X 10" 5 M 
where reaction 2 represents little of the OH chemistry 
(<3%). Trial integrations of eq 13 shows that the concen
tration level reached by the cyclopentene is insensitive to 
the choice of A2/A 10 but extremely sensitive to the choice 
of both kn/kc and Aj/Ag, i.e., an increased rate of produc
tion by the disproportionation reactions will be compen
sated for if the relative rate of reaction 1 is, in fact, high
er. Given that ki/k9 is close to 60 then Ad/Ac must, in 
fact, be close to the value of 1.4 used in calculating the 
curves of Figure 1 (and vice versa). Equation 13 also de
scribes the cyclopentene production from N20  containing 
solutions up to doses ~3 X 1018 eV/g but breaks down 
somewhat at higher doses since the additional complica
tions resulting from the introduction of other secondary 
processes become important. In particular in the region of 
5 x  1018 eV/g cyclopentene is produced with a net yield
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s o m e w h a t low er th a n  can rea d ily  be  a c c o u n te d  for if  fe2/  
fen is as low  as 2 .3 . T h e  a priori c a lc u la tio n s  a lso  p red ict  
th a t in th e  N 20  co n ta in in g  so lu tio n s th e  c y cio p en ten e  
sh ou ld  reach  a lev el ~ 1 . 1  x  1 0 " 4 M  (at a d ose  ~  10 19 
e V /g )  w h erea s th e  a c tu a l p la te a u  is ~ 2 5 %  low er. T h e  d if 
feren ces are , h ow ever, sm a ll an d  co rresp on d  to  a c y c io 
p en ten e  y ie ld  w h ich  is low  b v  a b o u t 0 .1  in th e  region  o f  
10 19 e V /g  w here ~ 2 5 %  o f  th e  cy c io p e n te n e  h as been  c o n 
su m e d . It is seen  in F igure 8 th a t the a g re e m en t is e x c e l
lent if  fe2/&11  can  be ta k e n  as large as 5 b u t it is d iffic u lt  
to  see how  fe2 ca n  be m u c h  greater or fen  m u c h  sm a lle r  
th a n  th e  a b so lu te  v a lu es  given  a b o v e . It se em s lik ely , 
th erefore, th a t so m e  m in o r seco n d a ry  p ro cesses are r e m o v 
ing 5 -1 0 %  m o re  cy cio p e n te n e  th a n  a c c o u n te d  for b y  the  
ab o v e  m e c h a n ism .

T r ia l in teg ra tio n s o f  eq 13 can  be u sed  to  o b ta in  th e  
fa ctors b y  w h ich  th e ob served  c y c io p e n te n e  y ie ld s  sh ou ld  
be m u ltip lie d  to  correct th e m  to th e  in itia l v a lu es . D a ta  
u p  to 3 X  1 0 18 e V /g ,  so co rrected , are illu stra te d  in F igure  
8  a n d  give in itia l y ie ld s  o f  1 .7 5  a n d  1 .95  for th e  a c id ic  an d  
N 20  co n ta in in g  so lu tio n s , re sp ec tiv e ly . T h e  ra tio s o f  th ese  
y ie ld s  to  th o se  o f  th e  d im e r  (1 .2 3  a n d  1 .3 6 ) g ive  v a lu e s  for 
feo/fec o f  1 .4 2  an d  1 .4 3 . (C o rre ctin g  th e  N 20  re su lts  a c 
cord in g to  curve B  g iv es  an  in itia l y ie ld  o f  1 .8 5  a n d  kD/kc 
o f  1 .36 .1  T h e  d isp ro p o rtio n a tio n  to  c o m b in a tio n  ra tio  for 
th e rea ctio n  b etw een  tw o  c y c lo p e n ty l ra d ic a ls , as  d e te r 
m in ed  from  th ese stu d ies  on  c y c lo p e n ta n e  so lu tio n s , is, 
th erefore, 1 .4  an d  is regarded  as h a v in g  a very  h igh  level 
o f  re lia b ility  (b ette r  th a n  1 0 % )  sin ce  it in e ffec t d ep e n d s  
on ly  on  the m e a su r e m e n t o f  th e  re la tiv e  a c tiv itie s  in th e  
c y c lo p e n ty l-c y c lo p e n ta n e  a n d  c y c io p e n te n e  fra c tio n s as 
e x tra p o la te d  to  zero d ose  a n d  is not su b je c t  to th e  a b s o 

lu te  ca lib ra tio n s  im p lic it  in th e in terp reta tio n  o f  other  
s tu d ie s . T h e  to ta l ra d ical y ie ld s  sh o u ld  be tw ice  th e  su m  
o f  th e  in itia l y ie ld s  o f  cy cio p e n te n e  an d  d im e r  an d  are re
sp e c tiv e ly  6 .0  a n d  6 .6  for th e  a c id ic  a n d  N 20  sa tu ra ted  
so lu tio n s (c o m p a re d  w ith  th e  e x p e c te d  y ie ld s  o f  6 .3  an d  
6 .6 )  so th a t th e m a te ria l b a la n c e  is, in fa c t , seen  to  b e  e x 
ce llen t.
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Radiation Chemical Studies on Systems Related to Ascorbic Acid. The Radiolysis of 
Aqueous Solutions of a-Bromotetronic Acid1

Mary A. Schuler, Kishan Bhatia, and Robert H. Schuler*
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The radiolysis of aqueous solutions of «-bromotetronic acid has been examined in order to provide back
ground information on the radiation chemical reactions of ascorbic acid. It has been shown that in the 
presence of an H atom donor its reaction with hydrated electrons results very nearly in the quantitative 
reduction to bromide ion and tetronic acid. Optical pulse radiolysis studies indicate, however, that the 
radical produced as a result of the attack by hydrated electrons do not abstract hydrogen rapidly. These 
optical studies suggest that the radical anions expected to result from bromide elimination protonate 
very rapidly. Conductometric pulse radiolysis experiments confirm that the radicals present at microse
cond times are neutral and show that ionic products are produced only at very much longer times fol
lowing the disproportionation of these radicals. These studies make it evident that radical oxyanions 
having the structure -C (0 “ )= C -  can protonate very rapidly at the radical site. Oxidation of «-bromo- 
tetronic acid by OH produces bromide ion in 28% yield, presumably as a results of addition at the bro
mine position followed by loss of HBr. The majority of the OH radicals, however, appear to react either 
by addition to the 3 position or via electron transfer and do not yield bromide. Esr and optical pulse ra
diolysis studies show that the organic radical produced by oxidative debromination is a tricarbonyl radi
cal anion identical with that present in the radiolysis of «-hydroxytetronic acid and very similar to the 
intermediate present in the oxidation of ascorbic acid. Both optical and conductometric pulse radiolysis 
studies confirm a yield ~30% for the dehydrobromination process and also show that the loss of HBr oc
curs rapidly (<1 psec) and that the resultant radicals, which are relatively unreactive when present by 
themselves, disproportionate rapidly with other radicals produced in this system (k ~  109 M ' 1 s e c '1). 
The present study shows that with «-bromotetronic acid addition of OH to the double bond is at least as 
important as electron transfer and indicates that addition is involved to an important extent in the oxi
dation of «-hydroxytetronic and ascorbic acids by OH radicals.

Introduction
Esr studies of the radicals produced by OH attack on 

«-bromotetronic acid

CH2C<OH)=CBrC=0

(referred to subsequently as bromotetronic acid or BrTr) 
have shown that radical I is the principal radical present

O'

at millisecond times.2 This radical is identical with that 
produced by oxidation of «-hydroxytetronic acid

CHo— C(0H)=(X0H)C=0

(hydroxytetronic acid or HOTr) with OH radicals and is 
directly related to the intermediate involved in the oxida
tion of ascorbic acid in various chemical and biochemical 
processes.2 Presumably this radical is produced by attack 
of OH at the 2 position of bromotetronic acid (which ex
ists as the anion at pH 7) followed by loss of HBr.

O'
-A'4 '■'l

tj/  \ /H C = Cy .3
0 Br

"H

+ OH
.0 . 0

C'
c - c

0/  I X Br 
0 
H

I + HBr

(la)

(lb)

In these previous studies the esr spectrum of radical I ob
served during in situ radiolysis was only about one tenth 
as intense as that observed for hydroxytetronic acid under 
identical irradiation conditions.2 This observation implies 
either that this radical is produced very inefficiently (as 
would be expected if electron transfer to OH is the main 
source of radical I in the hydroxytetronic acid system) or 
that it is rapidly removed by reaction with other radicals 
produced in the radiolysis. The studies of the radiation 
chemistry of aqueous solution of bromotetronic acid by 
product analysis and by pulse radiolysis methods which 
are reported here were carried out in order to investigate 
the cause of the low intensity of the spectrum of radical I 
in the esr experiments and to provide background infor
mation related to the radiation chemical reactions of 
ascorbic acid.

Experimental Section
Materials. The initial experiments were carried out on a 

sample of bromotetronic acid obtained from the Alfred
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Bader Chem ical Co. This material was chocolate brown in 
color and contained a significant amount of bromide im 
purity. The sample was decolorized and the bromide re
moved by charcoal treatment in ethyl acetate solution fol
lowed by recrystallization from ethyl acetate. The resul
tant sample, used in the initial experiments, showed no 
detectable bromide (< 0 .1 %) but contained about 1 % 
tetronic acid impurity which made it unsuitable for the 
liquid chromatographic studies. Subsequently a sample of 
bromotetronic acid was synthesized according to the 
method of K um ler . 3 The recrystallized product (white 
needles) melted with decomposition at 179.0-179.5° (lit. 
mp 183°) and was shown by liquid chromatographic anal
ysis to contain 0.08% tetronic acid. Titration with NaOH 
gave nominal equivalent weight of 181.0 (equiv wt B rTr =
179.0) which corresponds to a bromotetronic acid content 
of 98.9%. A sample of tetronic acid for calibration of the 
liquid chromatographic system and other ancillary studies 
was prepared from the bromotetronic acid bv reduction 
with sodium am algam . 3 -4 Liquid chromatographic analy
sis showed that this material initially obtained contained 
7 mol % bromotetronic acid. T he tetronic acid was ex
tracted from aqueous solution at pH 2.7 with ethyl acetate 
and recrystallized from ether. The resultant sample, 
which melted at 135.5-136.0° (lit. mp 141°). contained 
0.3% bromotetronic acid and had a titer corresponding to 
nominal equivalent weight of 100.8 (equiv wt HTr =
100.0) . The latter corresponds to a purity level of 99.2 wt 
% though the melting point indicates that impurities are 
present to the extent of several mole per cent. Hydroxy- 
tetronic acid was kindly furnished by Y . Kirino who syn
thesized it by the method of M icheel and Jung . 5 Ascorbic 
acid was obtained from Calbiochem . W ater was distilled 
in an all glass apparatus and for the more critical experi
ments was quadruply distilled including stages of basic 
permanganate and acid dichromate. The electron lifetime 
in the latter was 30-60 ^sec. In most cases samples were 
buffered to pH 7 with 10 3 M  phosphate (2 x  10- 3  M  
K H 2P O 4 neutralized with K O H ). Studies in basic solution 
were at pH 10.7-11.3 (0.5-2 mM  K O H ). Solutions of both 
the bromotetronic and tetronic acids were very stable, i.e., 
little change in 10- 4  M  solutions was observed over peri
ods of weeks. Hvdroxytetronic and ascorbic acids in solu
tion. however, disappeared very rapidly, particularly at 
low concentrations where the amount of dissolved oxygen 
was sufficient to react with the starting m aterial. Solu
tions of the latter purged of oxygen were more stable but 
it was, in general, difficult to work at concentrations less 
than Kb 4 M .

S tea d y-S ta te  Irradiations. Where it was desired to ex
amine the reaction of eaq- , the samples containing 0 .0 1 -  
0.5 M  ferf-butyl alcohol were purged of oxygen by bub
bling with high purity nitrogen. The reactions of OH were 
studied with samples saturated with N 2 0  which both re
placed the oxygen and served to convert eaq~ to OH. 
Product analyses were carried out on samples irradiated 
with 60Co 7 -rays at dose rates of 5.5 x  1( ) 16 or 8.2 x  101 7  

eV g - 1  m in - 1 . Dosimetry was carried out with the Fricke 
(ferrous sulfate) system. Where tetronic acid was m ea
sured. doses ranged upward from 5.5 x  101 5  eV/g (87 
rads). The bromide measurements were made in the range
4-160 x  101 7  eV/g (6000-250,000 rads).

Brom ide Analysis. An Orion 94-35A (bromide) ion se
lective electrode was used for the bromide measurements 
in much the same way as previously described in the work 
with brom ouracil. 6 Bromotetronic acid does not hydrolyze

measurably so that there was no problem from back
ground production of Br . It was, however, necessary to 
make a small correction for Br in the starting material.

Liquid Chromatographic Analysis. The liquid chroma
tographic apparatus used was that described by B hatia 7 

as modified to operate up to 6000 psi .8 The columns used 
to separate the tetronic acids (2 . 1  mm i.d. x  1 m) were 
packed with Reeve Angel Pellionex A S or Dupont No. 
820505 strong anion exchange m aterial. W ater buffered 
with 0.01 M  N a 2B 4 0 7  (pH 9) was used as the eluent. C ol
umns were operated isothermally at 40° and a flow rate of 
0 . 6  ml/min with samples being injected through a loop of 
0.189 ml volume. The column effluent was monitored 
spectrophotometrically at 254 nm (Laboratory D ata Con
trol Model 1285 uv monitor). Certain of the chrom ato
graphic peaks were collected and their absorption spectra 
examined with a Cary 14 spectrophotometer.

Pulse Radiolysis Experiments . Optical pulse radiolysis 
experiments were carried out with the computerized sys
tem described by Patterson and L ilie . 9 The signal averag
ing capabilities of this system were used to particular ad
vantage in the studies within the absorption band of bro
motetronic acid where the level of light transm itted by 
the sample was very low. Van de Graaff electrons (2 .8  

MeV, ~ 1 0  mA, 0 .5 - 2  ^sec) were used. Radical concentra
tions and extinction coefficients were determined by refer
ence to thiocyanate dosimetry with e4 9o[(SCN )2 ~ ] taken 
as 7600  M - 1  cm - 1 . 10 Doses were in the range 1016- 1 0 17 

eV/g (2 0 0 - 2 0 0 0  rads) so that initial radical concentrations 
were from 1 to 10 p M .  A flow system was employed with 
the sample being replenished between pulses. Because of 
the large volume of solutions required and the limited 
supply of the m aterials being examined most studies were 
carried out at concentrations ~  10 4 M  or lower. In par
ticular studies in the region where the starting materials 
absorb strongly were carried out at concentrations of ~ 2  

x  1 0 “ 5 M  where upward of 15%  of the incident light was 
transmitted by the 2-cm cell. In these cases doses were 
limited to 2 X  1016 eV/g so that the solute was depleted 
by < 1 0 %.

Conductivity experiments using the 10-MHz bridge de
scribed by Lilie and Fessenden1 1  were carried out to ex
amine for the production of ionic products. Equivalent 
conductances were determined by reference to a yield of
3.14 for the production of HC1 (A = 425 mhos cm 2 

equiv- 1 ) from saturated C H 3 C1 solutes . 12

Results and Discussion
Rate Constants for Reaction of eaq- and O H . The rate 

constants for reaction of eaq- with bromotetronic. tetron
ic. and ascorbic acids were measured in phosphate buff
ered (10~3 M )  solutions by following the absorption of 
eaq_ at 600 nm in pulse radiolvsis experiments. The re
sults, which refer to reaction of eaq with the respective 
monoanions. 13  are summarized in Table I. Schoneshofer14 

has previously reported a value of 4 X 108 M - 1  sec - 1  for 
the reaction of eaq- with ascorbate anion.

Experiments on a 32 p M  solution of bromotetronic acid 
at pH 10.7 showed that its loss by reaction with eaq- 
could also be followed at 270 nm where the product of the 
reaction appears to have very little absorption (see below). 
M easurements at this wavelength gave a reaction period 
U 1 /2 ) of 7.0 Msec which was essentially identical with that 
of 6.9 Msec for loss of eaq~ (measured at 600 nm). The rate 
constant of 2.5 X 109 M - 1  sec - 1  (after correction for eaq '
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TABLE I: Rate Constants for Reaction of 
eaq“ and OH"

¿(eaq ), M-1 sec-1“ ¿(OH), M-1 sec-1
a - B r o m o t e t r o n i c

a c i d
T e t r o n i c  a c i d  

a - H y d r o x y  t e t r o n i c  
a c i d

A s c o r b i c  a c i d

4.4 X 109*

~ 108
e

3.0 X 108'

7.7 X 109C

9.2 X 109d
4.7 X 109

(7 X 109)/
" Measurements were made at pH 7 in 10“3 M phosphate buffer. At this 

pH all of the solutes are present in their anionic form (see footnote 13). 
ierf-Butyl alcohol (0.1 M) was used to remove the OH radicals and the dose 
per pulse adjusted to produce an initial eaq “ concentration of 10 “6 where the 
decay period in the absence of added solute was >30 nsec. The solute con
centration was adjusted to give a pseudo-first-order period of 2-5 ¿xsec and 
the second-order rate constant calculated from the corrected decay period 
and known solute concentration. At the ionic strength of these solutions 
(^0.03) the rates for reaction of eaq ~ are expected to be ^ 20% greater than 
in infinitely dilute solutions. b A 32 \iM solution at pH 10.5 showed a reac
tion period of 7.0 usec from the loss of bromotetronic acid at 270 nm and 6.9 
Msec from the loss of eaq - at 600 nm giving a rate constant of 2.5 X 109 M -1 
sec-1. c Determined from the loss of BrTr at 258 and also from the produc
tion of radical I at 360. d Determined from the loss of HTr at 248. c Not 
measured. Assumed to be similar to that of ascorbic acid, f Schoneshofer 
(ref 14) reports a value of 4 X 108 M -1 sec -1 for eaq ~ + ascorbate anion and 
7 X 109 M -1 sec -1 for OH + ascorbate anion.

d e c a y )  is .  h o w e v e r ,  s o m e w h a t  l o w e r  t h a n  t h a t  f r o m  t h e  

d e t e r m i n a t i o n  a t  p H  7 .

T h e  r a t e  c o n s t a n t s  f o r  r e a c t i o n  o f  O H  w i t h  B r T r  a n d  

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

i n t e r m e d i a t e  r a d i c a l s  a t  360 n m .  I n  t h e  c a s e  o f  B r T r  t h e  

r e a c t i o n  w a s  a l s o  f o l l o w e d  a t  2 5 8  n m  w h e r e  a  n e t  d e c r e a s e  

i n  a b s o r p t i o n  o c c u r s  ( s e e  b e l o w ) .  F o r  a  2 1  fiM s o l u t i o n  

i d e n t i c a l  p e r i o d s  o f  4 . 3  nsec w e r e  d e t e r m i n e d  a t  t h e  t w o  

w a v e l e n g t h s  g i v i n g  a  r a t e  c o n s t a n t  o f  7.7 X 109 M - 1  

s e c - 1 . T h e  r e s u l t s  o f  t h e  O H  r a t e  m e a s u r e m e n t s  a r e  s u m 

m a r i z e d  i n  T a b l e  I .

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

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

h a s  p r e v i o u s l y  b e e n  s h o w n  t o  b e  r e l a t i v e l y  l o w  ( 1 . 1  x  1 0 8 

M 1 s e c - 1 ) . 15 W h i l e  r e a c t i o n  w i t h  b r o m o t e t r o n i c  a c i d  is  

u n d o u b t e d l y  s o m e w h a t  f a s t e r  ( p e r h a p s  5  x  1 0 8 M - 1  

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

e x t e n t  in  t h e  s t e a d y - s t a t e  s t u d i e s  a n d  n o t  a t  a l l  a t  t h e  

s h o r t  t i m e s  o f  m o s t  o f  t h e  p u l s e  e x p e r i m e n t s .

Reaction of e a q -  with a-Bromotetronic Acid. H y d r a t e d  

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

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

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

b r o m o t e t r o n i c  a c i d  o n e  e x p e c t s  t h e  r e a c t i o n  o f  e a q _ t o  r e 

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

e.g.

+  BrTr
H\  0

r / 'c= c  
cr

+  Br (2)

II

F ig u re  1 . B r -  p ro d u c t io n  re s u lt in g  f ro m  th e  re a c t io n  o f e a q -  
w ith  b r o m o te tr o n ic  a c id  a t p H  7 . S o lu tio n s  w e r e  ( V )  0 .5 9 ,  ( • )  
1 .2 , a n d  ( A )  2 .3  m/W in B rT r a n d  c o n ta in e d  m M  p h o s p h a te  b u ff 
e r ,  a n d  0 .5  M  fe r f -b u ty l a lc o h o l to  r e m o v e  O H . T h e  d a s h e d  lin e  
c o r re s p o n d s  to  a  y ie ld  o f 2 .7 8  w h ic h  is th e  e x p e c te d  in itia l y ie ld  
fo r  th e  2 .3  m M  s o lu tio n . T h e  so lid  c u r v e s  t a k e  in to  a c c o u n t  th e  
e f f e c t  o f p ro d u c t  b u ild u p  by  n u m e r ic a l in te g ra t io n  o f e q  6  a s  d is 
c u s s e d  in th e  te x t.

t h a t ,  i n  f a c t ,  t h e  o v e r a l l  r e a c t i o n  is  m o r e  c o m p l e x  t h a n  

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

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

( H T r ) ,  i.e.

II + KH

H. o  .0
V  A

H / c_cx
0 H

+  R-

HTr

(3)

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

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

m e n t s .

a. Bromide Production. T h e  p r o d u c t i o n  o f  b r o m i d e  i o n  

w i t h  d o s e  i s  i l l u s t r a t e d  i n  F i g u r e  1 f o r  0 . 5 9 .  1 . 2 ,  a n d  2 . 3  

mM b r o m o t e t r o n i c  a c i d  s o l u t i o n s  c o n t a i n i n g  0 . 5  M tert- 
b u t y l  a l c o h o l  t o  r e m o v e  O H .  I n  t h e s e  e x p e r i m e n t s  it  is  e s 

t i m a t e d  t h a t  t h e  r e a c t i o n s  o f  O H  s h o u l d  c o n t r i b u t e  a  B r -  

y i e l d  o f  < 0 . 0 5 .  T h e  r a d i a t i o n  c h e m i c a l  y i e l d s  m e a s u r e d  a t  

a  d o s e  ~ 5  X  1 0 18 e V / g  a r e  i n  t h e  r a n g e  2 . 0  t o  2 . 6  B r '  p e r  

1 0 0  e V  b u t  it i s  s e e n  i n  t h e  f i g u r e  t h a t  a t  t h e  l o w e s t  c o n 

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

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

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

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

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

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

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

p r o d u c t  is  t e t r o n i c  a c i d .  S i n c e ,  a s  i n d i c a t e d  i n  T a b l e  I, 

t e t r o n i c  a c i d  r e a c t s  o n l y  r e l a t i v e l y  s l o w l y  w i t h  e aq “

I n  t h e  s o m e w h a t  s i m i l a r  c a s e s  o f  p - b r o m o p h e n o l  a n d  5 -  

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

e l i m i n a t i o n  is  q u a n t i t a t i v e  a n d  t h a t  t h e  r e a c t i o n  o f  t h e  

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

k i n e t i c s . 1 6 -17 T h e  r a t e  c o n s t a n t s  f o r  a b s t r a c t i o n  o f  h y d r o 

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

r e a c t i n g  e n t i t y  is  a  <x r a d i c a l .  O n  t h e  s u r f a c e  t h e  p r e s e n t  

c a s e  a p p e a r s  t o  b e  s i m i l a r  b u t  s i n c e  r e a c t i o n  o f  e a q -  is  

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

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

e.,q +  HTr — products (4)

i.e. ki /k2 ~  0 .0 3 .  t h e  e f f e c t  o f  t h i s  p r o d u c t  is  n o t  e x p e c t e d  

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

t i o n a l  p r o d u c t  w h i c h  i s  e x p e c t e d  t o  c o m p e t e  f o r  e a q -  is , o f  

c o u r s e ,  t h e  p e r o x i d e  f o r m e d  a s  a  m o l e c u l a r  p r o d u c t .  A l 

t h o u g h  t h e  y i e l d  o f  t h i s  p r o d u c t  is  l o w  ( 0 . 7 ) 18 r e a c t i o n  

w i t h  e a q -

e,q“ +  H_,0, OH + OH“ (5)
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is important because k5/k2 = 2.8 (k5 = 1.23 x 1010 M " 1 
sec_1).19 Taking into account the effects of buildup of 
tetronic acid and peroxide the differential equation de
scribing the production of bromide becomes
d( Br ) 

d D 1 + kJjUTr]
fc,[BrTr]

h  [H,Q2]\1 
k, [BrTr]/J (6)

where Ge is the initial yield for reaction of electrons with 
the bromotetronic acid at the concentration of the partic
ular experiment and / e is the fraction of these reactions 
which gives bromide. If we approximate [BrTr] by [BrTr]0 
— [Br ], [HTr] by [Br ] and assume that the peroxide 
builds up linearly with a G of 0.7 then with taken as 1 
and the yields for electron scavenging by the bromotetron
ic acid as the values (2.67, 2.72. and 2.78) obtained for the 
particular concentrations from the empirical expression of 
Balkas. Fendler, and Schuler12 integration of eq 6 gives 
the solid curves of Figure 1. Since all of the quantities in 
eq 6 except fe are known, these curves constitute an a 
priori prediction of the bromide production on the as
sumption that /e is unity. The agreement between the re
sults and the calculated curves is, however, slightly illuso
ry in that upon saturation of these solutions with N2O a 
Br" yield ~0.30 over and above that expected from the 
failure of the N2O and alcohol to scavenge eaq" and OH 
remains. It seems likely that H atoms, which will not be 
scavenged by the alcohol at the concentration used, are 
the source of this additional yield.

One can approximate the initial yields by correcting the 
observed Br" concentrations for the fall off resulting from 
reactions 4 and 5. Since eq 6 describes the course of the 
radiolysis reasonably well, appropriate correction factors 
for a particular dose and concentration can be determined 
by intercomparing the results of trial integrations of this 
equation with the corresponding initial slope (/,.Gt,D /10). 
Data corrected in this manner show good linearity with 
the slopes corresponding to initial yields of 2.52. 2.72. and 
2.83 for the 0.59. 1.2, and 2.3 mM solutions. If we correct 
for the background Br" yield of 0.30 indicated above we 
obtain net yields of 2.22. 2.42, and 2.53 to be ascribed to 
the reaction of eaq". The latter values are 90-95% of the 
value of 2.70 expected12 for millimolar bromotetronic acid 
solutions. It is clear that at these concentrations reaction 
2 produces bromide ion very nearly quantitatively.

b. Chromatographic Studies of the Products. Liquid 
chromatographic examination of irradiated bromotetronic 
acid solutions containing ferf-butyl alcohol as an OH 
scavenger shows that tetronic acid is an extremely impor
tant product as has. of course, already been anticipated in 
writing eq 2 and 3. Illustrative chromatograms are pre
sented in Figure 2. In the initial experiments it was shown 
that the peak which appears at 11 min had an absorption 
spectrum similar but not identical with that of either 
bromo- or hydroxytetronic acid. From the fact that the 
maximum (248 nm) was shifted to lower wavelengths it 
was speculated that this product was tetronic acid and 
subsequent comparison with an authentic sample provid
ed a confirmation.

Appropriate spectroscopic data on the compounds of in
terest are given in Table II (available on microfilm, see 
paragraph at end of text regarding supplementary materi
al). The extinction coefficients at 254 nm are sufficiently 
high ('-15,000 M “ 1 cm "1) that products are readily mea
surable at the 10“ 7 M  level (as is illustrated in Figure 2a) 
and one experiment on 10"5 M bromotetronic showed that 
the tetronic acid impurity present at a concentration of

Figure 2. Liquid chrom atogram s of (a) a 1 0 " 5 M BrTr solution 
irradiated to a dose of 5.5 X 1015 e V /g  and (b) a 1 0 '4 M BrTr 
solution irradiated to a dose of 5.5 X 1016 e V /g . Solutions were 
buffered to pH 7, contained 0.02 M ferf-butyl a lcohol to remove 
OH, and were purged with N2. The two m ajor peaks correspond 
to product te tron ic acid (recorded at attenuations of 2 and 20) 
and unreacted brom otetronic acid (recorded at attenuations of 
10 and 100). The high sensitivity of the liquid chrom atographic 
approach is illustrated in a where the te tron ic acid produced is 
only 1 0 " 7 M.

10~&8 M  was detectable with a signal-to-noise ratio —2/1. 
These results substantiate the previous assertions16 about 
the high sensitivity potentially available in appropriate 
liquid chromatographic experiments. The chromatograms 
of Figure 2 represent experiments carried out on (a) a 
10" 5 M solution irradiated to a dose of 5.5 x 1015 eV/g 
(87 rads) and (b) on a 10" 4 M solution irradiated 10 times 
more.

The production of tetronic acid was determined by 
comparing its peak height with that of a reference sample 
and typical results are given in Figure 3. At the doses 
used here only a small fraction of the BrTr has reacted so 
that the effects of product buildup can be taken into ac
count reasonably well by methods similar to those de
scribed above and the initial slopes determined accurate
ly. At 10" 3 M  BrTr the yield for production of tetronic 
acid was found to be 2.85 in good agreement with the ini
tial yield of bromide (2.72) although the tetronic acid 
measurements were made at very much lower doses 
(—1017 eV/g). A yield of 0.25 was observed from N20  sat
urated solutions 2.4 X 10" 4 M  in BrTr both with and 
without ferf-butyl alcohol. Since only 0.8% of the eaq" 
will escape being scavenged by the N20. this yield is at
tributed mostly to the reduction of radicals resulting from 
H atom addition. The net yield produced in reactions 2 
and 3 is, therefore. 2.63 which is 97% of the yield expected 
for reaction of eaq" with the bromotetronic acid at milli
molar concentrations.12 It is clear that provided reaction 
with secondary products does not interfere (as is com
mented on below) attack on bromotetronic acid bv eaq" in 
the presence of an appropriately high concentration of H 
atom donor results very nearly in its quantitative reduc
tion to tetronic acid.

Data for 10"5, 2.5 x 10"5, and 10 4 M solutions con
taining 0.02 M  ferf-butyl alcohol are given in Figure 3. 
The initial yields are, respectively, 1.59, 2.22, and 2.36. 
Various experiments at 10" 5 M  with different samples of 
water gave yields which were only 40-60% of the expected 
2.6 and showed that, in fact, the yields were dependent on
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F igure 3. Production of te tron lc acid from  N2 purged solutions 
(O ) 1.0 X 1 0 " 5 M. (A )  2.5 X 1 0 " 5 M. and ( • )  1,0 X 10 4 M 
In brom otetronlc acid and 0.02 M In ferf-butyl alcohol (pH 7). 
The solid curves represent the results of numerical Integrations 
for d [H T r]/d f taken equal to d [B r ” ] /d f  of eq 6 with fe =  0.60, 
0.85, and 0.90. The la tter correspond to yields of 1.59, 2.22, 
and 2.36. The initial slopes at the highest and lowest concentra
tions are given by the dashed lines in the figure in order to ind i
cate the magnitude of the e ffect of product buildup. Note the 
point just above the origin (representing the measurement of 
Figure 2a) where the yield (1.3) is in very reasonable agree
ment with the measurements at tenfold higher doses.

the concentration of ferf-butyl alcohol used (decreasing 
with increase in ferf-butyl alcohol from 0.1 to 0.5 M ). It is 
apparent that at this low a concentration of BrTr impuri
ties introduced with the alcohol (very probably ketones) 
interfere with reaction 2. At 10" 5 M  BrTr the period for 
reaction 2 is 20 ^sec which is the magnitude of the elec
tron lifetime observed in pulse experiments. Apparently 
reactive impurities such as H2O2, residual 0 2, or other 
impurities are present at the few micromolar level. In the 
buffered solutions reaction of eaq" with H2PO4 will even 
be important (for 10 ” 5 M  BrTr 1 0 '3 M H2PO4" is expected 
to scavenge ~20% of eaq"). One set of experiments at 10” 5 
M  BrTr using samples outgassed by the pumping proce
dure described by Johnson and Allen20 showed even lower 
yields. The fact that the yield appears to be low by ~40% 
at 10“ 5 M  indicates that the yields will be low by ~20 
and 6% at 2.5 X 10-5 and 10” 4 M, respectively. The esti
mate of 6% at 10 4 M  cannot be far in error and gives a 
corrected value of 2.51 or ~5% less than expected. Effects 
of impurities at 10"3 M  should be less than 1%. While 
sufficient analytical sensitivity is available to carry out 
experiments readily at solute concentrations even as low 
as 10"6 M, spurious reactions, particularly those of eaq” , 
mask any fundamental significance of the results ob
tained. The present studies emphasize the great difficul
ties involved in attempts to examine quantitatively the 
reactions of eaq” with solutes at concentrations below 
10” 4 M.

Experiments on N2O saturated solutions in the absence 
of alcohol showed, as expected, that OH radicals are not a 
source of tetronic acid. One can, therefore, examine for 
the production of this product in the absence of any in
tentionally added H atom source. Irradiation of a 10” 4 M  
BrTr solution gave a yield of 1.7. This yield is surprisingly 
high and gives a hint that protonation of the radical anion 
(either before or after Br” elimination) may be important.

c. Spectroscopic Studies of the Reactions. The change

Figure 4. Spectra of irradiated 5 X 1CT 5 M solutions of bromo- 
te tronic acid, (a) Solutions purged with N2 and containing 0.02 
M ferf-butyl alcohol at doses of (1) 0, (2) 5.5, (3) 11, and (4) 
22 X 1017 eV /g . The dashed curve is the spectrum  of tetronic 
acid normalized to the same concentration. The extinction coef
fic ients are equal to 255 nm (the vertica l dashed line) so that 
an isosbestic point should exist at this wavelength if there is 
quantitative conversion of BrTr to HTr. Comparison of curves 1 
and 3 shows that there is a 6% loss in the absorbance at 255 
nm which corresponds to a yield of 0.15 for the net loss of BrTr 
+  HTr at a dose of 11 X 1017 eV /g . (b) Solutions saturated 
with N20  at doses of (1) 0, (2), 2.8, (3) 5.5, (4) 12, and (5) 22 
X 1017 eV /g . At the lowest dose the loss of absorption corre 
sponds to G ( — BrTr) of only 3.0 which by comparison with Fig
ure 12 implies that a product is present which absorbs in the re
gion of 260 nm.

in the absorption spectrum of a 50 pM solution of BrTr 
containing 1 mM  isopropyl alcohol irradiated to doses of
5.5, 11, and 22 x 1017 eV/g is illustrated in Figure 4a. Su
perimposed on this figure is the spectrum of tetronic acid 
at the same concentration. The importance of the conver
sion of BrTr to HTr is qualitatively evident but at the 
highest dose complications are obvious from the relatively 
high absorption in the regions of 200-210 and 270-300 nm. 
The extinction coefficients of these two compounds are 
equal at 255 nm so that if conversion were quantitative 
one should observe an isosbestic point at this wavelength. 
It is seen, however, that at the higher doses there is a sig
nificant decrease in absorption at 255 nm which shows 
that products other than tetronic acid are formed. At 1.1 
X 1018 eV/g the loss of absorbance at 255 nm (curve 3 in 
Figure 4a) corresponds to a net yield of ~ 6% of the total 
reaction expected. The rate of loss increases with dose so 
that it seems likely that secondary reactions are at least 
partially responsible. One can also see from Figure 4a that 
the BrTr concentration can be followed spectrophotomet- 
rically at 270 nm with little interference from the absorp
tion of HTr although complications from other products 
are apparent at the higher doses.

d. Pulse Radiolysis Studies of the Intermediates. Pulse 
radiolysis studies were undertaken on the assumption that 
reactions 2 and 3 were mainly responsible for the produc
tion of tetronic acid. Extensive investigations, however, 
failed to confirm such a simple explanation. The pertinent 
details are briefly summarized in Figures 5a and 6. In the 
particular set of experiments reported in these figures 0.01 
M  ferf-butyl alcohol was added to a 3 x 10 5 M  BrTr so
lution to remove the OH radicals but approximately 5% of 
the OH still reacts with the BrTr. In the region of 270 nm 
the transmission increases w'ith a period of 4.4 nsec w'hich, 
as mentioned above, corresponds to the decay of eaq" and 
the magnitude of the change shows that the bromotetronic 
acid is essentially quantitatively consumed. However, as 
is seen in Figure 5a, the increase in transmission below
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fb)

Figure 5. a The differentia l spectrum  resulting from  the reaction 
of eaq-  with BrTr 'as observed at 150 Msec in the pulse radio ly
sis of a 30 nM solution at pH 7 (10 -3  M phosphate; N2 purged). 
The dose in these experiments was ~-2 X 1016 e V /g  per pulse 
and produced 1 0 -6 M eaq- . Solid c irc les are for a solution con
taining 0.01 M ferf-butyl alcohol to remove the OH radicals 
(~ 5 %  of the OH still reacts with the BrTr and contributes about 
-1 0 0 0  units in the region of 260 nm) H atoms are not e ffective 
ly scavenged by this concentration of ferf-butyl alcohol and may 
contribute several thousand units to the decrease provided the 
rate constant for their reaction is > 1 0 9 M -1 s e c - '.  Open c ir
cles are for a solution to which 0.1 M methyl alcohol was also 
added where H atom and OH radica ls will be completely scav
enged. Triangles are for a solution 0.4 M in methyl alcohol satu
rated with N20 . The ordinate scale Is based on a yield of 2.6 for 
reaction of eaq-  with the BrTr. The dashed curve represents the 
negative of the absorption spectrum  of BrTr and the solid curve 
the difference between the spectrum  of HTr and of BrTr. (b) 
The differentia l spectrum  resulting from  the reaction of OH with 
BrTr as observed at 10 n sec  (24 mM  BrTr, pH 10.5 N20  saturat
ed, dose ~ 1  e V /g  per pulse). In this case the ordinate scale is 
based on a yield of 6.0 for reaction of OH with the BrTr. The 
product has a significant absorption in the regions of 230 and 
280 nm and is assumed to increase m onatonically toward lower 
wavelength in the inte-m ediate region (dashed curve). The solid 
curve represents the superposition of the BrTr spectrum  on this 
background.

F ig u re  6 . Effect of adding methyl alcohol to solutions containing 
30 nM BrTr and 0.01 M ferf-butyl a lcohol as observed at 255 
nm (pH 7; N2 purged). The extinction coeffic ients of bromo- 
tetronic and tetronic acids are equal at this wavelength so that if 
reactions 2 and 3 are quantitative one expects to see a recovery 
to the base line with the period being that of reaction 3. The 
fact that the recovery period does not decrease as expected 
upon increase in the methyl alcohol at the molar concentrations 
given in the figure indicates that the relatively small e ffects ob
served cannot be attributed to simple radical scavenging by the 
methyl alcohol. In these experim ents the dose was lim ited to 
produce an initial radical concentration of only 10 -6  M. Be
cause of the low wavelength and high absorption of the sample 
the transm itted light level was low (~ 1 %  of that available at 
400 /tM ) and the increm ental signal of the same magnitude as 
the noise level in the photom ultip lier output. It was possible, 
however, to employ signal averaging methods to give very rea
sonable data. The data of this figure represent averaging over 25 
experiments where each point represents the experim entally 
measured difference between the light level fo llow ing a pulse 
and that in a blank experiment. The points along the abscissa 
(☆ ) are for a dummy experiment and illustrate the uncertainty 
involved in such a subtraction.

observed is its protonated form, radical III, i.e.
260 nm is considerably less than expected from the loss of 
BrTr so that the species produced by eaq- attack on the 
BrTr must absorb intensely in this region. After comple
tion of the scavenging of eaq- at about 30 Msec the absorb
ance was constant out to more than 200 Msec. Below 250 
nm there is a net absorption by the product. The differ
ence between the differential spectrum and that of bro- 
motetronic acid is very similar to that of tetronic acid but 
only about 75% as intense. The spectrum observed does 
not change appreciably upon addition of more ferf-butyl 
alcohol (up to 0.1 A/), methyl alcohol (up to 0.4 M), or 
isopropyl alcohol (up to 0.01 M). Since it is not likely that 
the rate constant for H atom abstraction from ferf-butyl 
alcohol by radical II is greater than 107 M -1 sec-1 reac
tion 3 should not be complete in the experiments at 10- 2 
M  at the times of observation, i.e., ~330 Msec. As is seen 
in Figure 6 addition of methyl alcohol does cause a small 
increase in absorption on the 100-Msec time scale but the 
period involved does not continue to decrease as more al
cohol is added as is required if scavenging of an interme
diate is involved. The results with ferf-butyl and isopro
pyl alcohols were similar. In none of these experiments 
did the net absorption in the region of 245 nm exceed the 
level indicated for the methanol containing solutions in 
Figure 5a so that the degree of conversion is not depen
dent on the alcohol concentration. One concludes that the 
absorbing species is not product tetronic acid but rather 
an intermediate that reacts with methanol with a rate 
constant < 105 M -1 sec-1 . Radical II is structurally simi
lar to uracilyl and expected to abstract hydrogen from the 
alcohols quite rapidly.17 We note at this point that radical 
II is an anion and suggest rather than the species being

H
I/O

II +  H,0 — <- H ('( . ,C 0  +  OH-

III
Because of the short time scale, at a pH of 7 or greater 
protonation must involve reaction of radical II directly 
with water. Radical III is a ir radical and should abstract 
hydrogen relatively slowly.

e. Conductometric Studies. Pulse conductivity studies 
provide a ready test of the above suggestion since radical 
III is neutral and reaction 7 replenishes the OH- con
sumed by the hydrogen ions initially produced. Conducto
metric pulse radiolysis studies on a 1.5 X 10 ' 4 M  solution 
containing 0.02 M  ferf-butyl alcohol at pH 10.5 showed 
traces such as are illustrated in Figure 7a and 7b. The 
change of conductance expected from reaction 2 is A(Br- ) 
— A(OH ) + A(II) -  A(BrTr- ) ~  -115 mhos cm2 
equiv-1 whereas the net effect of reactions 2 and 7 is 
A(Br- ) -  A(BrTr- ) ~  0. Since the equivalent conduc
tance of Br- is very likely greater than that of bromo- 
tetronic acid anion, the latter quantity should, in fact, be 
somewhat positive. Initially one sees a slight increase in 
conductance which based on a G(eaq- ) = 2.6 corresponds 
to a change in equivalent conductance of +28 mhos cm2 
equiv- 1 and it is obvious that protonation occurred.

Over the longer term we see a decrease in conductance 
which clearly follows second-order kinetics (the initial pe
riod is inversely proportional to dose) and is presumably 
mainly the result of disproportionation of radical III. In

The Journal of Physical Chemistry. Vol. 78. No. 11. 1974



Radiolysis of Aqueous Solutions of a -B rom ote tron ic  Acid 1069

i

F ig u re  7 . C o n d u c to m e tr ic  p u ls e  ra d io ly s is  t r a c e s  fo r  (a  a n d  b)
1 .5  X  1 0  “ 4 M  B rT r  c o n ta in in g  0 .0 2  M  fe r f -b u ty l a lc o h o l a t p H
1 0 .5  ( N 2 p u rg e d )  a n d  (c  a n d  d ) 1 .2  X  1 0  4 M  B rT r s a tu ra te d  
w ith  N 20 .  L o w e r  t r a c e s  g iv e  th e  c o n d u c t iv ity  a t  (a  a n d  c ) 2 0  
M s e c /d iv is io n  a n d  (b  a n d  d ) 1 0 0  ju s e c /d iv is io n . R e la t iv e  s e n s i
t iv it ie s  a re  fo r  (a  a n d  b) 2 a n d  (c  a n d  d ) 5 . U p p e r  t r a c e s  g ive  
th e  c u r re n t  in te g ra l w h ic h  c o r re s p o n d s  to  d o s e s  o f ( a  a n d  b ) 1 .6  
X  1 0 16 e V / g  p e r  d iv is io n  a n d  (c  a n d  d ) 3 .2  X  1 0 ’ ° e V  g so  
th a t  th e  in itia l to ta l r a d ic a l c o n c e n tr a t io n s  w e r e ,  r e s p e c t iv e ly ,  
~ 7  a n d  1 0  X  1 0 “ 6 M .  A r ro w s  in d ic a te  th e  te rm in a t io n  o f th e  
p u ls e . N o te  e s p e c ia l ly  th e  s lig h t in itia l in c r e a s e  in a  a n d  b.

Figure 7b the median lifetime is 120 Msec so that the rate 
constant is ~ 1.2 x 109 M “ 1 sec“ 1, i.e., the disproportion
ation is essentially diffusion controlled. Upon dispropor
tionation this radical will either be reduced to tetronic 
acid or be oxidized to hvdroxytetronic acid, both of which 
are ionized so that the conductance should ultimately 
change by approximately A(Br“ ) — A(OH ), i.e., -115 
mhos cm2 equiv“ 1. The observed change is —122 mhos 
cm2 equiv” 1. If combination reactions involving radical III 
were important one would expect very little change in 
conductance so that it is very evident that disproportiona
tion dominates. The radical lifetime in the steady-state 
experiments is considerably longer l ~ 10“ 2 sec) than in 
these pulse studies so in that case abstraction reactions 
may take place in competition with disproportionation. 
The high yield of tetronic acid in the presence of alcohols 
suggests abstraction rate constants ~  104 M ~ 1 sec“ U

f. The Absorption S pectru m  of Radical III. At this point 
it seems reasonably clear that the species manifest in the 
region of 250 nm at microsecond times is radical III. This 
radical also absorbs in the region above 300 nm as indicat
ed by the solid points in Figure 8. A moderately intense 
band is observed in the region of 350 nm <e35o 1060 M  1 
cm “ 1) with a very long tail out to ~500 nm. Saturation of 
the solutions with N20  gave a negligible background 
(crosses) showing that the absorbing species is not pro
duced by unscavenged OH. A similar absorption in the re
gion of 350 nm and at longer wavelengths has been ob
served for the radical substituted with Br at the 2 position 
(open circles in Figure 8) and will be discussed below. The 
fact that these radicals absorb at relatively long wave
lengths is readily understandable since in these radicals 
the unpaired electron is in a t orbital having contribu
tions from both of the carbonyl groups. In radical II the 
electron (in a a orbital) is localized on C2 so that signifi
cant absorption is not expected in this region. For exam
ple, uracilyl radical, which presumably has an electronic 
configuration similar to II, does not appear to absorb sig
nificantly above 300 nm.21 The 2-hydroxv analog of radi

F ig u re  8 . S p e c t r a  o f ra d ic a ls  I I I  ( • )  a n d  IV  ( O ) . T h e  s p e c tr u m  of 
ra d ic a l I I I  w a s  o b ta in e d  a t 2 0  M s ec  fro m  a  1 0 ” 4 M  B rT r  s o lu tio n  
c o n ta in in g  0 .1  M  fe r f -b u ty l a lc o h o l to  re m o v e  O H  r a d ic a ls  ( N 2 
p u rg e d ; p H  1 0 .7 ) .  S a tu ra t io n  o f th is  s o lu tio n  g iv e s  a  v e ry  lo w  
b a c k g ro u n d  ( X )  s h o w in g  th a t  O H  r a d ic a ls  d o  n o t c o n tr ib u te .  
S im ila r  s p e c tr a  w e r e  o b s e rv e d  a t  p H  7 fo r  s o lu tio n s  c o n ta in in g  
0 .0 1  a n d  0 .1  M  is o p ro p y l a lc o h o l. T h e  s p e c tr u m  o f ra d ic a l IV  
w a s  o b ta in e d  a t  1 0  m s e c  fro m  a  1 0 ” 3 M  B rT r  s o lu tio n  c o n ta in 
ing 0 .1  M  K B r  ( N 20  s a tu ra te d ;  p H  1 0 .9 ) .  In  th is  e x p e r im e n t  th e  
p e r io d  fo r  o x id a tio n  o f B rT r by B r2 “  is 1 .4  M s e c  so  th a t  o x id a tio n  
Is w ith in  1 %  o f b e in g  c o m p le te  a t  th e  t im e  o f th e  m e a s u r e m e n t .  
D o s e s  w e r e  5 - 1 0  X  1 0 16 e V / g  p e r  p u ls e . T h e  p o in ts  fo r  ra d ic a l  
IV  re p re s e n t  th e  d a ta  fro m  in d iv id u a l e x p e r im e n ts  a n d  th o s e  fo r  
ra d ic a l 111 th e  a v e r a g e  o v e r  fo u r  e x p e r im e n ts .

cal III (discussed below) has a considerably more intense 
band at 360 nm but no significant absorption above 400 
nm.

g. S um m ary. The above can be summarized by indicat
ing that in the presence of an appropriate H atom donor 
eac|“ reacts with bromotetronic acid at low dose rates to 
produce bromide ion and tetronic acid nearly quantita
tively. i.e.. with an efficiency >90%. Pulse studies indi
cate that an intermediate is produced which has an ab
sorption spectrum very similar to but somewhat less in
tense than that of tetronic acid. From detailed examina
tion of the results of pulse radiolysis studies it is suggest
ed that this intermediate is a neutral entity produced by 
protonating the anion radical which results from halide 
elimination following electron capture. Pulse conductivity- 
studies confirm this suggestion and shown that at high 
concentrations the radicals disappear largely by dispro
portionation. It is pointed out that in this system the ini
tial radical is an oxvanion which has the unpaired elec
tron coupled to the oxygen through an ethylenic linkage. 
In this configuration protonation at the radical site be
comes readily possible so that the radical chemistry can 
be qualitatively different from that of other radicals which 
on the surface seem to be similar. While detailed studies 
of tetronic acid production can be carried out at very low 
solute concentrations (i.e., 10“ 5 M  and below) interfer
ence by competing electron scavengers becomes evident 
and vitiates attempts to use this system to directly mea
sure the yield of eaq“ which reacts with scavengers at low 
concentrations. Such attempts are further complicated by 
the fact that secondary conversion of the intermediate 
radical to tetronic acid is relatively slow.

Reaction of O H  with a-Brom otetronic Acid. The studies 
with OH are. of course, more directly relevant to studies 
on ascorbic acid since, as mentioned in the Introduction, 
oxidative debromination is known from esr studies2 to 
produce a radical very similar to that present during the
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oxidation of ascorbic acid. One hopes from measurements 
on bromide production to get some insight into the rela
tive frequency for reaction of OH by addition at the C2 
position (reaction 1) and by competing addition at the C3 
position and/or electron transfer. The latter two reactions 
will have the same net effect, i.e.

B r T r -  +  OH A  f  + OH- 
C—-T

X
0  Bi-

fS)

IV

It is of particular importance to know whether or not ad
dition of OH contributes significantly in these systems or 
whether an electron transfer mechanism dominates.

a. Bromide Production. In this case the bromide pro
duction does not appear to be affected to any considerable 
extent by product buildup since one observes essentially 
linear vield-dose curves with no pronounced dependence 
of the yield on concentration even at doses ~1019 eV/g. 
The yields measured at a dose of 6 X 1018 eV/g are 1.58. 
1.68, and 1.91 for 0.59, 1.2, and 2.30 mM  solutions. These 
yields include small contributions from eaq which escape 
being scavenged by the X 20  (0.05. 0.10. and 0.19, respec
tively). The OH radical reacts relatively slowly with both 
Br- and H20 2 (H OH + Br") = 1 x 109 M 1 sec k(OH 
+ H20 2) = 2 x 107 M 1 sec" 1)1922 so that neither of 
these products is expected to interfere significantly. Trial 
integrations of the appropriate differential equation de
scribing the effect of product buildup shows that there 
would have been observable curvature to the yield-dose 
plots if G(product)fc(OH + product) were greater than 
~20% of G(OH)/t(OH + BrTr). Using this ratio as an 
upper limit the calculations place corresponding limits of 
0.13, 0.08, and 0.04 on the differences between true initial 
yields and the values measured at 6 x 1018 eV/g. Making 
both of the above corrections the net initial yields ascriba- 
ble to OH reactions are in the ranges 1.53-1.66. 1.58-1.66. 
and 1.72-1.76 for the 0.6. 1.2. and 2.3 mill solutions, re
spectively. From these measurements the yield of bromide 
ion in millimolar solutions of BrTr can be taken as 1.7 ± 
0.1 or 28% of the total OH yield of 6.0 appropriate to N20  
saturated solutions. Bromide elimination in reaction 1 is 
very rapid (<1 Msec) so that this yield presumably repre
sents an upper limit for the attack of OH at the bromide 
position.

b. Spectroscopic and Chromatographic Studies. The 
change in the absorption spectrum of a N20  saturated 5 x 
10 5 M  solution of BrTr with dose is illustrated in Figure 
4b. The decrease of absorption at 258 nm is approximately 
linear with dose and gives a lower limit to the yield for 
consumption of BrTr of 3.0. No contribution from any in
tensely absorbing product is directly apparent although 
the fact that the loss in absorption is less than indicated 
in Figure 9 implies some such contribution. One expects 
at least a small yield of hydroxytetronic acid which has a 
strong absorption in this region (see Table II) as a result 
of disproportionation of radical I. Liquid chromatographic 
examination of a 1.8 x 10" 4 M  solution irradiated to a 
dose of 1.8 X  1018 eV/g showed that hydroxytetronic acid 
was produced with a yield ~0.9 but the amount detected 
decreased rapidly as the result of post-irradiation oxida
tion23 so that a quantitative study w-as not feasible (hy
droxytetronic acid eluted in front of tetronic acid: the 
identity of this peak was confirmed by showing its absorp
tion spectrum to be identical with that of an authentic

F ig u re  9 . T h e  c o n s u m p tio n  o f b r o m o te tr o n lc  a c id  a t  p H  7  a s  
m e a s u re d  in liq u id  c h r o m a to g r a p h ic  e x p e r im e n ts .  T h e  d a s h e d  
l in e  c o r re s p o n d s  to  a n  in itia l y ie ld  o f - 4 . 1 .

F ig u re  1 0 . S p e c tru m  o b s e rv e d  a t  1 0  n s e c  fo r  a  N 20  s a tu ra te d  
1 0 "  3 M  s o lu tio n  o f B rT r  a t  Ph 1 0 .9 .  T h e  s p e c tr a  o f r a d ic a l I ( -
- )  a n d  r a d ic a l IV  ( --------- ) a r e  s u p e r im p o s e d . D o s e s  w e r e  ~ 5  X
1 0 16 e V / g  p e r  p u ls e  a n d  th e  p o in ts  re p re s e n t  th e  a v e r a g e  o v e r  
fo u r  e x p e r im e n ts .

sample). It was possible to follow the consumption of bro- 
motetronic acid in chromatographic experiments and the 
results are given in Figure 9. The initial yield (G(-BrTr)) 
is 4.1 which is less than the yield of OH (6.0) but consid
erably greater than that of bromide (1.7). It is clear the 
OH is consumed in reactions that do not readily yield bro
mide.

c. Pulse Radiolysis Studies. While the in situ esr experi
ments2 have demonstrated that radical I is an important 
intermediate they have provided little direct information 
on the quantitative aspects and one is still not sure at this 
point that the bromide produced results entirely from 
reaction 1. It is desirable, therefore, to have auxiliary evi
dence from pulse radiolvsis studies. The experimental 
points in Figure 10 give the absorption spectrum observed 
~5 nsec after pulse irradiation of a nitrous oxide saturat
ed 1 mM solution of bromotetronic acid at pH 10.8 (OH 
reaction period is ~0.1 nsec). A moderately intense ab
sorption band similar to that reported for the intermedi
ate produced from ascorbic acid14-24 occurs in the region 
of 350 nm indicating that radical I is very likely present at 
Msec times. Similar, but slightly less intense, spectra were 
observed at concentrations of 10"5 and 10"4 M.

An authentic spectrum of radical I was obtained by oxi
dizing 1.5 X  10" 4 M  hydroxytetronic acid with Br2" (pro
duced bv reaction of OH with 10" 2 M  Br ) and is com
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pared in Figure 11 with the spectrum obtained in similar 
experiments on ascorbic acid. The period for reaction of 
Br2 with the hydroxytetronic acid was 9 Msec (deter
mined by following the loss of Br2" at 415 nm where radi
cal I has negligible absorption; k = 5.0 x 108 M -1 s e c 1) 
so that the reaction was essentially complete 65 Msec after 
the pulse where the spectrum of Figure 11 was obtained. 
The extinction coefficients were calculated on the as
sumption that OH is quantitatively converted to radical I. 
as seems likely since both electron transfer and addition 
of Br to either end of the double bond should ultimately 
lead to this radical. In this case there is essentially no 
decay of radical I so that the observations can be carried 
out at relatively long times. As is shown in the figure a 
spectrum of identical shape was also observed in the reac
tion of OH with 10" 4 M  hydroxytetronic acid but these 
more direct studies were somewhat susceptible to interfer
ence by oxidation products and secondary reactions and 
the intensities were 15% lower than when the radical was 
prepared via the Br2" path. The comparison of the spec
trum of radical I with that of the intermediate in the 
ascorbic acid case shows them to be very similar with the 
former having a somewhat more Gaussian shape and a 
lower absorption in the 300-320-nir region. This similarity 
is, of course, expected since the esr studies show their 
electronic structures to be very similar (the g factors and 
13C hyperfine constants2 are essentially identical and in
dicate that the unpaired electron is in a highly delocalized 
orbital with important contributions from spin density on 
the carbonyl oxygen atoms).

The absorption spectrum of radical I, which has a maxi
mum at 358 nm («358 3450 M " 1 cm -1), is superimposed in 
Figure 10 on the spectrum observed for OH attack on bro- 
motetronic acid. In the latter case the maximum (356 nm) 
has been shifted slightly toward lower wavelength but 
there clearly is a broad underlying absorption which can 
cause such a shift. One suspects that radical IV is mainly 
responsible for this underlying absorption, particularly 
after the assignment of an absorption at 350 nm to radical
III. Radical IV was prepared by oxidizing bromotetronic 
acid with Br2", i.e.

B rf +  BrTr" — «■ IV +  2Br-  (9)

The rate constant for reaction 9 was determined to be 4.9 
x 108 M 1 sec-1 by measuring the disappearance of both 
Br2~ and BrTr. The absorption spectrum given by the 
open circles in Figure 8 appears to be attributable entirely 
to radical IV.25 This spectrum, wnich has a maximum at 
346 nm (<346 1500 cm -1 M " 1), is very similar to that for 
radical III, and is superimposed as the dotted curve in 
Figure 10. Radical IV appears to account for the long 
wavelength tail observed in the case of OH attack on bro
motetronic acid.

All three curves cross at 390 nm indicating that OH is 
converted almost completely either to radical I or IV. The 
relatively high absorption in the region of 300-320 nm 
shows that a small amount of some additional species 
which absorbs strongly in this region must also be pro
duced. At 350 nm radical IV has an extinction coefficient 
of 1380 M " 1 cm -1 . Using successive approximations, with 
the assumption that the observed extinction coefficient 
(2050 M " 4 cm 4) is the sum of contributions from radi
cals I and IV. the contribution from I rapidly converges to 
990 M " 1 cm " 1 or 32% of that of the extinction coefficient 
for the radical produced from hydroxytetronic acid. (The 
conductometric pulse radiolysis studies described below

Wavelength, nm

F ig u re  1 1 . S p e c t r a  o b s e rv e d  fo r  ra d ic a l I p ro d u c e d  by  o x id iz in g  
1 0 " 4 M  h y d ro x y te tro n ic  a c id  w ith  B r2 "  ( • )  a n d  w ith  O H  ( O ) .  A 
c o m p a ra t iv e  s p e c tru m  o f th e  ra d ic a l p r o d u c e d  by o x id iz in g  
a s c o rb ic  a c id  w ith  B r2 ~ ( A )  is a ls o  g iv e n . D o s e s  w e r e  ~ 2  X  
1 0 16 e V / g  p e r  p u ls e  a n d  th e  p o in ts  r e p re s e n t  th e  a v e r a g e  o v e r  
fo u r  e x p e r im e n ts .

also indicate that ~30% of the OH attacks bromotetronic 
acid at the bromide position.) These spectroscopic data 
show that the yields of Br" and radical I are identical and 
therefore indicate that no bromide is produced except for 
that resulting from reaction 1. One must conclude that 
the C-Br bond in radical IV remains intact even following 
disproportionation of the radicals.

Pulse radiolysis studies on a N20  saturated 2 x 10" 5 M 
solution of BrTr gave the differential spectrum of Figure 
5b at 50 Msec. There is a strong increase in transmission at 
258 nm which corresponds to about 80% of the extinction 
coefficient of BrTr. One sees, however, that a product re
sults in an increased absorption in the vicinity of 230 and 
290 nm. If we assume that the background absorption in
creases monotonically, as is indicated by the dashed line 
in the figure, then superposition of the negative of the ab
sorption spectrum of BrTr gives excellent agreement with 
the observations. Because of the correction for the back
ground absorption and also because of the relatively large 
contribution from scattered light (the transmission of the 
sample was only 15% at 250 nm and as a result the scat
tered light correction was —■ 30%) there is an uncertainty 
of 10- 20% in the magnitude of the loss in absorbance at
tributable to consumption of BrTr. Both corrections are, 
however, reasonable so that the loss of BrTr resulting 
from OH attack appears to be very nearly quantitative at 
~  100 Msec.

The above results suggest that over the long term bro
motetronic acid is in part re-formed as the result of the 
reduction of radical IV in disproportionation processes. 
Experiments on a 5 X  10" 5 M solution irradiated with a 
dose sufficient to produce 2 x 10" 5 M  of OH radicals 
showed, in fact, a partial recovery ( —15% at 200 Msec) of 
the absorption of BrTr as the radicals disproportionated. 
Because of clipping of the initial cusp and additional 
decay at long times the total recovery is estimated to be 
somewhat larger (■—• 25 ±  5%) and in reasonable agree
ment with the amount by which the destruction of BrTr is 
low in the 60Co experiments (32%).

d. Conductometric Studies. Conductivity studies pro
vide more definitive information on the branching of the 
OH attack via reactions 1 and 8. Typical traces are illus
trated in Figure 7c and 7d. For a 10" 4 M  bromotetronic 
acid solution at pH 10.8 (N20  saturated) one observes an
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increase in the conductivity of 60 mhos cm2 equiv-1 im
mediately after the pulse (based on an OH yield of 6.0). 
This increase was quite consistent from run to run and is 
believed to be accurate to ~5%. For reaction 1 one ex
pects an increment in conductance of A ( B r )  -  A(OH") 
~  -115 mhos cm2 equiv" 1 (assuming that the conductan
ces of radical I and BrTr anion are similar). For reaction 8 
the change should be A(OH") -  A(BrTr") ~  142 mhos 
cm2 equiv"1. The fact that the initial change is apprecia
bly positive indicates qualitatively that reaction 8 is more 
important than reaction 2. Solution of the expression 
which equates the observed initial increment to the sum 
of the contributions from reactions 1 and 8 gives 0.32 as 
the fractional importance of reaction 1, in very good 
agreement with the expectations from the bromide and 
optical measurements. If we assume that reactions 1 and 8 
contribute the only conducting species then this measure
ment is, in fact, the one most free of possible interpretive 
complications.

As the radicals recombine the conductivity decreases by 
126 units and approaches a level of —66 mhos cm2 
equiv" 1 (see Figure 7d). This decrease clearly follows sec
ond-order kinetics (the median lifetime is inversely pro
portional to dose; k ~  1.5 x 109 M _1 sec"1) and very 
obviously represents the changes resulting from dispropor
tionation reactions. (Radical combination would not be 
expected to result in significant changes in conductivity 
and is apparently completely unimportant here.) The 
magnitude of the decrease indicates that approximately 
one OH" is consumed for each radical undergoing dispro
portionation. Disproportionation will effectively involve 
the oxidation and reduction of radicals I and IV. Reduc
tion of radical IV will result in the re-formation of bromo- 
tetronic acid and account for the recovery of the absorp
tion noted above and also the fact that the yield for con
sumption of BrTr is only ~70% of the OH yield. Reaction 
of radical IV with radical I apparently results primarily in 
its oxidation since reduction would produce a 50% recov
ery of BrTr and little change in conductivity (dispropor
tionation in this latter direction essentially involves elec
tron transfer to re-form BrTr at the expense of I). We will 
assume, therefore, that in 20% of the instances radical IV 
is reduced by disproportionationating with itself, that in 
30% of the instances radical I is reduced by disproportion- 
ating with IV and that in 50% of the instances radical IV 
is oxidized. Reduction of I and IV will result in increases 
in conductivity of 192 and 50 mhos cm2 equiv-1 as a re
sult of the production of OH" and BrTr", respectively. 
Oxidation of IV must, therefore, account for the very large 
decrease in conductance and it is implied that each radi
cal oxidized must effectively consume at least two OH". 
The most obvious suggestion is that radical IV hydroxy- 
lates at the C2 position but such a reaction would be ex
pected to result in the elimination of bromide along with 
the formation of 2,3.4-trioxotetrahydrofuran (TTHF), i.e.

IV +  OH“
\  / Os
/ C ^ = 0  + HBr

^ C- C%0 0
TTHF

(10)

In the steady-state experiments no significant bromide is 
produced over and above that formed in reaction 1. We 
tentatively suggest, therefore, that hydroxylation occurs at 
the C4 position, i.e.

IV +  20H”

H
l / 0N

HO— C C = 0V /
/ y=c\

O Br

+ H,0 (11)

Reaction 11 involves a change in equivalent conductance 
of ~  -334 mhos cm2 equiv"1. (The change for reaction 10 
is -307 mhos cm2 equiv"1.) According to the above, the 
partial contributions to the observed conductance change 
will be ~0.30 X  192 = +58 units from the reduction of 
radical I, ~0.20 X  50 = +10 units from the reduction of 
radical IV, and ~0.50 X  -334 = -167 units from the oxi
dation of IV. The net conductance change in the dispro
portionation processes should therefore be ~  —99 mhos 
cm2 equiv" 1 (reaction 10 gives only —84 units). The fact 
that the observed decrease (-126 mhos cm2 equiv"1) is 
still higher certainly indicates that the total explanation 
is very likely more complex and may very well involve 
ring opening of the oxidized species.

e. Kinetics of the Radical Decay. At this point it is 
clear that the low intensity of the spectrum of radical I in 
the esr experiments must be attributed to its removal by 
reaction with other radicals. This conclusion is confirmed 
by studies of the decay of the absorption at 360 nm. Radi
cal I at a concentration of 10" 5 M  (prepared by irradia
tion in a N2O saturated hydroxytetronic acid solution) 
does not decay observably over a 400-/^sec period so that 
the second-order rate constant for reaction with like radi
cals (reaction 12) must be <107 M -1 sec-1 . The rate con-

I + I —L>- , (12)

stant for this reaction is, in fact, undoubtedly very similar 
to the value of 105 M -1 sec-1 found for the radicals from 
ascorbic acid24 since the spectral intensities in the two esr 
experiments are similar. In the experiments on bromo- 
tetronic acid, however, the absorption at 360 nm (where I 
represents 50% of the absorption) decays observably on 
the 100-/rsec time scale with the initial decay rate being 
proportional to the dose as expected from second-order 
kinetics. Data are illustrated in Figure 12. At an initial 
total radical concentration of 9 X  10" 6 M  the median rad
ical lifetime was 105 ^sec so that a second-order rate con
stant of the magnitude of 109 M -1 sec-1 is indicated. 
This means, of course, that radical I must be disappearing 
almost entirely by reaction with radical IV.

Assuming that radicals I and IV are initially present in 
a ratio ca. 30:70 the important radical-radical reactions 
are

I +  IV (13)
IV + IV —^  (14)

The rate of decay of I is given by

d[I]/df =  - * 13[I][IV] (15)

where IV can be approximated by

[IV] =  [W \  -  ([I0] -  [I]) -  j f '2 £ 14[IV]2 di (16)

i.e., the concentration of IV is equal to the initial concen
tration less the amounts consumed by disproportionation 
with I and with itself. Substitution of eq 16 into 15 gives 
an equation with three basic parameters (&i3, ^14/^13,
and [IV]0/[I]o) which can be readily integrated by numeri
cal methods. Choosing [IV]0/[I ]0 = 2.34 from the chemical
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experiments, the qualitative shape of the decay can be fit
ted only with £14/^13 approximately equal to the expected 
statistical ratio of 0.5. (If ¿14 3> k13 then radical IV will 
decay rapidly leaving a residual concentration of I behind 
and if ku  <s; k13 then radical I will decay toward zero 
since an excess of radical IV will always be present.) The 
concentration of radical I at long times is controlled criti
cally by the ratio ku/k13 and best fit with the data at 
long times requires a value of ~0.32. i.e., I disproportion- 
ates with IV somewhat more rapid.y that IV does with it
self. Incorporation of this value into the integrations then 
allows an absolute value of 1.6 x 109 M " 1 sec-1 to be de
termined for k-n from the actual decay at short times.

Two points should be made here. First since the two 
components decay with very nearly statistically equal 
rates, one does not expect the absorption spectrum to 
change as the decay progresses. There was, in fact, no sig
nificant change in the form of the spectrum with time. 
Second, that in this case the rate constant for the cross 
reaction between radicals I and IV is rapid even though 
radical I is relatively unreactive when present by itself. 
While reaction 12 involves combination between two 
charged radicals, single charges do not usually inhibit the 
rate to any large extent so that the low rate constant for 
this reaction must be attributed tc the high delocalization 
of electrons2 in radical I which apparently makes it rela
tively difficult to be oxidized by disproportionating with 
itself.

f. Steady-State Concentrations :n the Esr Experiment. 
If reactions 13 and 14 are the only important reactions, 
solution of the steady-state case gives

[ I k  = (17)

where [I]ss is the steady-state concentration of radical I 
and P 1 and PIV are the rates for production of I and IV. 
With P iv somewhat greater than P\ this relation can be 
approximated by

rTn /P\ +  Pix P 1 / 2&14 
[Iks ~  V kl3 PIV V ¿13

(18)

For the present case the product of the last two factors is 
~0.35, i.e., in the steady-state esr experiments one ex
pects the normalized intensity of radical IV to be 35% of 
that of radicals known to be produced in high yield and to 
disappear in diffusion-controlled processes. Comparison of 
the esr signals from a 0.9 mM  solution of BrTr and with 
those from sodium acetate at a dose rate sufficiently low 
that depletion did not occur shows the relative intensities 
to be 0.31 (see Fessenden26 for the validity of such com
parisons). The intensities observed in the esr experiments 
thus appear to be adequately explained by the high rate 
for the second-order intercombina'ion reaction manifested 
in the pulse radiolysis experiments.

g. Summary. In summarizing the results of the OH ex
periments the main points appear to be that ~30% of the 
OH radicals react at the bromine position leading to radi
cal I as the result of rapid dehydrohalogenation and that 
reaction of the remaining OH at the C3 position leads to 
only a partial yield for destruction of the bromotetronic 
acid as a consequence of reduction of the resultant radical 
to the starting material in the disproportionation pro
cesses. Oxidation of this radical must also occur but does 
not appear to yield bromide readily. The low intensity of 
radical I in the esr experiments on bromotetronic acid (as 
compared with the intensities observed in similar experi
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F igure 12. The decay of absorption at 360 nm for a N20  saturat
ed 10~3 M BrTr solution at pH 10.9 as measured in pulse radi
olysis experiments. Doses were (V )  29.0, (O ) 8.2, (▲) 3.1, 
and (A )  3.0 X 1016 e V /g  per pulse (data are normalized for 
dose and represent signal averaging over ten experim ents). The 
curves are calculated by num erically integrating eq 15 with k 13 
=  1.55 X 109 M ~ 1 se c - 1 , A14 k 13 =  0.32, and [ IV ]0/ [ l ]0 = 
2.34 with the initial total radical concentration taken from  the 
dose measurements as 29.0, 8.2, and 3.1 gM.

ments on hydroxytetronic acid) is adequately explained in 
terms of the rapid removal of radical I by reaction with 
radical IV. The fact that in the present case OH appears 
to add to the C2 position argues that OH does not oxidize 
hydroxytetronic and ascorbic acids solely by an electron 
transfer mechanism.

Supplementary Material Available. Table II will appear 
following these pages in the microfilm edition of this vol
ume of the journal. Photocopies of the supplementary ma
terial from this paper only or microfiche (105 X 148 mm. 
24x reduction, negatives) containing all of the supple
mentary material for the papers in this issue may be ob
tained from the Journals Department, American Chemi
cal Society, 1155 16th St., N.W., Washington, D. C. 
20036. Remit check or money order for $3.00 for photocopy 
or $2.00 for microfiche, referring to code number JPC-74- 
1063.
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An Electron Spin Resonance Study of the Radiolysis of Aqueous Solutions of Cyanate 
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R a d ia t io n  R e s e a r c h  L a b o ra to r ie s .  C e n te r  f o r  S p e c ia l  S tu d ie s  a n d  D e p a r tm e n t  o f  C h e m is tr y .  M e llo n  I n s t i tu te  o f  S c ie n c e .  

C a rn e g ie - M e l lo n  U n iv e r s it y .  P i t t s b u r g h .  P e n n s y lv a n ia  1 5 2 1 3  ( R e c e iv e d  N o v e m b e r  26 . 1 9 7 3 )

P u b lic a t io n  c o s ts  a s s is te d  b y  th e  C a r n e g ie - M e l lo n  U n iv e r s i t y  a n d  th e  U . S. A t o m ic  E n e rg y  C o m m is s io n

The in situ radiolysis-esr method has been used to investigate the radicals produced in aqueous solutions 
of cyanate ion (NCO ) by high-energy electron irradiation. Over the pH range 3.6-12.4, N20-saturated 
solutions give rise to a proton-containing radical with the esr parameters aN = 13.73, aH = 10.87 G, and 
g = 2.00425. From the dependence of the intensity of this spectrum upon flow rate and the concentration 
of NCO it is concluded that the radical is a primary product and most probably has the structure 
HNC02- . Over the pH range 6.5-10.5 another radical which contains two nitrogen atoms and has the 
parameters aN = 9.82, aN' = 5.90, aH = 7.84, and g = 2.00404 is observed. This radical can best be as
signed as ^ 0 2CNHNC02_ formed by a secondary reaction of OH with the dimer of the primary radical. 
Above about pH 12 yet another radical is found which also seems to be a secondary product. On the 
basis of earlier studies this radical can be assigned the structure “ 02CN02 . No radicals resulting from 
the reaction of eaq~ with cyanate were found. Radicals which may have the structure R02CN- were pro
duced by allowing methyl and ethyl carbamate to react with HOC1 and allowing the resultant N-chloro 
compounds to react with eaq~ in basic solution. The spectra for the two esters were similar in their gross 
features with aN ~  11 G andg ~  2.0048.

Introduction
The present work continues our investigations of irra

diated aqueous solutions of halides2 and pseudo-ha
lides.34 In a previous paper4 we identified the carbon- 
centered radical H2NCO as the product of the reaction of 
OH with CN“ and a nitrogen-centered radical 
HC(OH)=N as the product of OH and HCN. The ionized 
form of this latter radical (HC(0“ )= N ) was also detected 
at lower pH. The radical H C(0_ )= N  has also been 
claimed by Ginns and Symons to be produced by irradiat
ing frozen aqueous solutions of alkali metal cyanides5 and 
cyanates.6 However, the hydrogen hyperfine constant of 73 
G found by them5-6 for H C(0“ )N- does not agree with 
the value of 54.5 G found by us4 so that different radicals 
seem to be involved. It was hoped that a study of the 
reaction of eaq“ with NCO“ could help resolve this dis
agreement. In addition, an identification of the OH reac
tion product with cyanate would be of value because of its 
close relationship with thiocyanate. The latter ion is very 
important in radiation chemistry and is used both as a 
standard for OH rate constant measurements in competi

tive situations and for dosimetry in pulse experiments. 
Although an intermediate radical NCSOH“ has been 
identified in this latter system by optical methods3 uncer
tainties as to the exact structure of the radical still re
main. Ideally, esr experiments should be carried out on 
thiocyanate itself but the presence of sulfur in the adduct 
radical seems to cause line broadening and no signals were 
detected in a previous study." Although in that study we 
also reported no esr signals from solutions of cyanate as 
well, the use of higher modulation amplitudes and micro- 
wave powers as suggested by the work on CN“ 4 did, in 
fact, allow observation of esr spectra as reported here. 
New experiments on SCN“ did not lead to observation of 
any esr lines.

To our knowledge no work has been done on the radia
tion chemistry of cyanate solutions. Irradiated single crys
tals of KOCN were studied by Owens, et al.,8 who identi
fied CN radicals. These findings have been criticized by 
Ginns and Symons6 who argue that the magnetic parame
ters of Owens, et al.,8 do not agree with the good charac
terization of CN by Easley and Weltner.9 In their own
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work on irradiated frozen aqueous solutions of KOCN and 
NaOCN, Ginns and Symons6 were able to show the pres
ence of several intermediate species and identified N, 
H O C N ', and N2C O ' as the most important ones. No evi
dence for the formation of an OH adduct to NCO' ion 
was found in that work.

Experimental Section
Fisher certified potassium cyanate was used without 

further purification. Methyl and ethyl carbamates from 
Baker were used to prepare the ./V-chlorocarbamate deriv
atives by mixing equimolar concentrations of methyl or 
ethyl carbamate with Baker analyzed sodium hypochlorite 
at pH 7, as described by Metcalf.10 The reaction mixture 
was diluted to the required concentration and then 
brought to the required pH without separating the N- 
chlorocarbamates from the reaction mixture. All solutions 
were prepared with doubly distilled water and deoxygen- 
ated by bubbling with either N2 or N2O. N2O was used to 
convert the hydrated electrons initially produced into hy
droxyl radicals. The in situ irradiation with a 2.8-MeV elec
tron beam was carried out directly in the esr cavity as 
previously described.11’12

Results and Discussion
Radiolysis of Cyanate Solutions. The esr spectrum ob

tained on irradiating 10' 2 M  KOCN solution saturated 
with N20  at neutral pH was composed of two sets of lines 
of different intensities. The lines are assigned to two dif
ferent radicals as shown in Figure 1. Both radicals result 
from a reaction of OH with cyanate since they disap
peared when terf-butyl alcohol was added to the solution. 
Spectrum 1, composed of a 19.87-G doublet of 13.73-G 
triplets with g = 2.00425, seems to result from addition of 
OH to the carbon nitrogen triple bond.

OH

OH +  “ O— C = N  — ► “ 0 — C = N  (1)
The 13.73-G triplet is reasonable for a radical with the un
paired electron on nitrogen but a splitting of 19.87 G for 
the proton in an OH group seems very unreasonable.13 We 
assume, therefore, that a lactim-lactam rearrangement 
takes place to form the carbamate radical according to 
reaction 2. The rearrangement in reaction 2 can be very 
fast as it involves only a proton dissociation and reattach
ment and equilibrium 2 probably lies to the right since no 
signals for the lactim form were observed.

OH 0
1 . II .

O II 21 ÎI “ O— C— NH (2)
lactim lactam

An altervative to reaction 1 is addition of OH to the ni
trogen to give '0 -C = N 0 H  or 0= C -N H 0H  and these 
could rearrange to ~ 0 -C H = N 0 -, HOCH=NO-, or 
0 = C H -N H 0-. In addition to being less likely chemical
ly, these other radicals do not easily explain the magnetic 
parameters. The first pair of radicals are of the formyl 
type and should have a low g factor while the second pair 
are iminoxy radicals and should have larger nitrogen split
tings. The fifth radical is of the nitroxide type and should 
have a g factor ~ 2.0060 and no proton splitting as large as 
19 G. The species '  O2CNH seems, therefore, to be the 
most likely radical to account for the observed spectrum.

An addition reaction similar to 1 and followed in the 
same way by a rearrangement like reaction 2 has been

□"■1373 G ------------1

------------□"•1987 G -------■—  -H

£  I_______1 ; ; I i . : ; i I 1________________ 1
►□"■590G-I 

p— □"=784 G —4 

!•-----o "-9 8 2  G --------4

F ig u re  1. A second-derivative esr spectrum  obtained during ra
diolysis of an N20-satura ted solution of 1 0 '2 M KNCO at pH
8.0. The central portion was recorded at reduced gain and con
tains the signal from  the silica cell. M agnetic field increases to 
the right. The spectra indicated as 1 and 2 are assigned to 
H N C 02 and 0 2C N H N C 02' ,  respectively.

previously demonstrated with cyanide.4 In that case the 
mechanism was established by showing that the same 
radical, CONH2, was produced either by addition of OH 
to C N ' or by H abstraction from HCONH2. The same ap
proach of comparing the radicals from cyanate and car- 
bamic acid could not be attempted here because of the in
stability of carbamic acid. Nevertheless a comparison 
with the radicals produced from carbamate esters could 
be carried out as discussed in a later section. Although ni
trogen-centered radicals were produced in this way these 
radicals were not directly comparable to HÑCO2'  and so 
were of limited help in the identification.

The esr spectrum given in Figure 1 is pH dependent. 
Below pH 3.6 both spectra 1 and 2 disappear. Because the 
acid HOCN formed at low pH (Ka =  1.2 X  10 4) decom
poses in water to ammonia and carbon dioxide14 it is pos
sible that the disappearance of the lines below pH 3.6 re
sults from the decomposition of the cyanic acid even be
fore irradiation. In our measurements the pH was de
creased to pH 3.2 where no spectrum was observed and 
then increased back to pH 8. After these changes the 
spectrum was observed again. This experiment proves 
that the disappearance of the spectrum did not result 
from decomposition of the starting material. The most 
probable explanation involves the acid-base equilibrium 
of the radical

HÑCOr + H+ ^  HÑCO..H (3)
As a result of the proton exchange via this equilibrium, 
line broadening could occur reducing the signal intensity 
to below the detection limit. In addition the neutral form 
of the radical would probably react faster than the ionized 
form, resulting in a lower steady-state concentration of 
the acid form.

Above pH 10 the intensity of spectrum 1 decreased with 
increasing pH and completely disappeared above pH 12.5. 
Meanwhile a new triplet with aH = 14.39 G and g = 
2.00503 started to grow in above pH 11.8. A possible ex
planation for this new spectrum is the dissociation of 
HÑCO2“ to form 'Ñ C 0 2'  but the lack of any line broad
ening associated with the equilibrium would be surprising. 
In addition, the intensity of this spectrum decreased with 
flow rate indicating a secondary product. Subsequently, 
these magnetic parameters were found to match exactly 
those of a radical assigned the structure '  O2CÑO2'  by
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Zeldes and Livingston . 1 5  In their case the radical was pro
duced by photolysis of a solution containing formate and 
nitrite. Although the value of aN is much lower than is 
usual for nitro anion radicals this fact can presumably be 
explained by conjugation with the carboxyl group. It 
should be noted that analogous radicals derived from 
other hydrogen donors were obtained in a number of 
cases1 5  so the mechanism seems quite straightforward. 
The great stability of the radical " O 2C N O 2" (Zeldes and 
Livingston could detect the 13C splittings) 1 5  suggests that 
in our radiolysis experiments only a small fraction of the 
total yield of radicals need end up in this form to produce 
the observed signal. We cannot suggest any simple mech
anism to explain the secondary formation of " O 2C N O 2" 
in our system. However, disproportionation of H N C O 2" 
(in addition to the coupling reaction) could produce 
-  O 2CN H O H  (and “ O2C N H 2) which might be further oxi
dized to O 2CN O . This nitroso compound could then d i
rectly attach OH to form " O2C N O 2 " .

Spectrum  2 in Figure 1 has 18 lines of the same intensi
ty with two overlapping in the center to form one doubly 
intense line. Three of the lines are masked under the sig
nal from the silica. This spectrum can be described by 
three coupling constants aN = 9.82, aN = 5.90, and aH = 
7.84 G with g  = 2.00404. It was found to disappear below 
pH 6.5 and to decrease in intensity above pH 10.5. In 
order to produce a radical with two nitrogens there must 
be some secondary reaction. One of the possibilities is on 
OH attack on a dimer molecule formed by reaction of 
H N C O 2- .

2HNCO,”  — -  OX'XH— NHCOr (4)

"O TN H —  NHCOr +  OH — *■ TkCNH— NCO." (5)

T his radical can be regarded as hydrazyl with substitution 
of C 0 2- for two of the hydrogens. Although other possible 
reaction schemes exist N eta 1 6  has recently shown that 
reaction of eaq" with - 0 2 C h^=N C 0 2 ~ produced by hy
drolysis of the diethyl ester leads to the same esr lines as 
in our spectrum 2. In this case the reaction is clearly elec
tron attachm ent followed by protonation to give the radi
cal-proposed in reaction 5 ( " O 2C N H N C O 2" ). In the cya- 
nate system the observed decrease in intensity of spec
trum 2 with increased N C O " concentration ([N CO - ] > 10 
mM )  is in accord with reactions 4 and 5. The combination 
of a double negative charge with the inherent stability of 
the hydrazyl type of radical indicates that the intensity of 
spectrum 2  need not represent a very high radical produc
tion rate. The identification of " O 2C N H N C O 2" as re
sponsible for spectrum 2  implies the formation of 
" O 2C N H N H C O 2 “ and supports rather strongly the iden
tification of H N C 0 2" as the primary radical.

The reaction of OH with cyanate (reactions 1 and 2) is 
similar to that observed with C N " and H CN  in that a t
tack is at the carbon . 4 If a similar reaction occurred with 
thiocyanate then the radical H N C (= S )0 "  would be pro
duced. It is difficult to understand how this radical could 
undergo reaction with further S C N " to give the accepted3 

pseudo-halogen species (SC N )2" . On this basis we must 
conclude that the reaction of thiocyanate is not like that 
observed with cyanate and that OH attack is on the sulfur 
to give N C S O H ". T he OH group in this radical could 
readily be replaced by another S C N " or by halogen ions.

A search has been carried out for radicals resulting from 
reaction of eaq" with N C O ". We were particularly inter
ested in this reaction (which m ight form H C (0 " )= N ) be
cause of the disagreement (mentioned above) between

Ginns and Symons5 , 6  and ourselves4 concerning the esr 
parameters of that radical. (The difference in the proton 
hyperfine constants is far above the experimental errors of 
both laboratories.) Unfortunately, we could not observe 
any esr spectrum from a reaction of electrons with cyanate 
although a rate constant of 1.3 x  106 at pH 11 has been 
reported . 1 7  Our observations were made only near neutral 
pH where the above-mentioned radical was observed from 
a reaction of OH with H C N . 4 As another alternative we 
tried to obtain the same radical from an addition reaction 
of H atoms to the cyanate triple bond. A solution of 10" 2 

M  K N C O  and 10" 1 M  N aH 2P 0 4  at pH 6.5 was irradiated. 
Under these conditions the electrons would react mainly 
with the phosphate to produce hydrogen atoms. Again, we 
failed to observe any spectrum.

R a d i o l y s i s  o f  C a r b a m a t e  S o l u t i o n s .  Radiolysis of solu
tions of m ethyl or ethyl carbam ate was tried as a possible 
route to radicals related to H N C O 2" since carbamic acid 
itself is not stable in aqueous solution. W ith 10" 2 M  solu
tions saturated with N 2O only weak spectra with m agnet
ic parameters typical of carbon-centered radicals (see 
Table I) were obtained. There was no evidence for reac
tion of the OH radicals with the amino hydrogens.

OH +  NH c o m  —*  NH,CO,CR, +  H,0 (6)

The hyperfine splittings and the g  factors obtained here 
leave no doubt about the identification of these radicals. 
The hyperfine structure of the N H 2 group could not be 
completely resolved, probably because the nitrogen and 
the hydrogen splittings are of the same m agnitude and 
some overlapping takes place.

In order to obtain the nitrogen-centered radicals we a t
tempted to produce the /V-chloro-substituted methyl and 
ethyl carbam ates by allowing the esters to react with hy
pochlorite as described in the Experim ental Section. 
These reaction mixtures were diluted to a concentration of 
5 x  10" 3 M  (assuming complete reaction of the carba
mate) and allowed to react with eaq" according to reac
tion 7 in N 2 saturated solution. A t neutral pH only very

ClNiiCOCH + eaq_ — ► HNCOXH:1 (7)

weak unidentified lines (in addition to weak lines of car
bon-centered radicals) were observed. On increasing the 
pH to ~ 1 1  new spectra were obtained. The spectra are 
characterized by an 11-G triplet and a g  value in the re
gion of 2.0048. The spectrum obtained with methyl carba
mate is shown in Figure 2. The spectrum of the radical 
derived from the ethyl ester was very similar but in this 
case the fine structure of each line was composed of four 
lines with an intensity distribution close to 1:2:2:1. Such a 
pattern can be explained if it is assumed that the five hy
drogens in the C 2H 5 group have, by chance, comparable 
hyperfine constants and only four out of the six lines with 
the intensity distribution of 1:5:10:10:5:1 were observed. 
In each case no large proton splitting as in the case of 
H N C O 2 " was found. The absence of such a splitting 
forced us to assume that the radical produced in reaction 
7 is dissociated at this pH.

HNCO.CH, [NCOoCHJ“  -  H+ (8)

The lack of a spectrum in neutral and acid solutions can 
have several causes. If the radical is not charged (equilib
rium 8  to the left), its second-order recombination rate 
constant will be greater than that of the charged radical 
and as a consequence its steady-state concentration will
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TABLE I: Magnetic Parameters Obtained in the Electron Irradiation of Cyanate and 
Carbamate Derivatives in Aqueous Solutions“

Source pH Suggested radical aN G aH, G £
KCNO 8 h n c o 2- 13.73 19.87 2.00425
KCNO 8 02CNH-NC02- 9.82, 5.90 7.84 2.00404
KCNO 11.8-14 14.39 2.00503
CINHCO2CH3 10.5 -NCO2CH3 11.13 a(CH3) = 0 .5 1 2.00483
CINHCO2C2H5 11.5 -NCO2C2H5 11.17 a(C2H3) = 0 .28c 2.00479
NH;C02Et 7 NH2C0 2CHCH3 (0.25)d 17.55 («) 

24.03 (8)
2.00280

NHoCO.Me 7 NH2CO2CH2 (0.29)d 19.72 2.00285
n Hyperfine constants accurate to ±0.03 G. The g factors were measured relative to the peak from the silica cell and are accurate to ±0.00005. Second- 

order corrections have been made. h This radical was identified by comparison of the parameters with those reported by Zeldes and Livingston.15 Their values 
are = 14.38 G and g = 2.00505. c A four-line pattern of approximate relative intensities 1:2:2:1 was observed, see text. d Approximate size of splitting, 
exact pattern, and number of lines not clear.

be lower. In addition, exchange of the proton might cause 
line broadening which will also reduce the intensity.

Because the chlorinated compounds were not isolated 
from the reaction mixture some doubts might be raised 
concerning the identity of the parent molecule and the re
sulting radical as given in reaction 7. The spectrum of the 
radical given in Figure 2 was not obtained without allow
ing the carbamate to react with HOC1, and it disappeared 
when the solution was bubbled with N2O to scavenge the 
solvated electron. This technique of directly using the 
reaction mixture has not been employed in these laborato
ries for amides but has been successful for producing 
amino radicals such as (CH3)2N .18 From the value of aN 
observed there is little doubt that a nitrogen-centered 
radical has been produced and the expected reaction 7 
seems by far the most likely source. It is possible, of 
course, that some secondary reaction such as that encoun
tered with cyanate in basic solution also occurs here. 
However, the use of eaq as the radical source together 
with the fact that the hypochlorite reaction is generally 
very clean10 and OH is scavenged by the alkyl groups on 
the esters suggests that no complications should arise.

In our previous investigation of the radiolysis of HCN4 
at neutral pH we claimed to produce a radical with the 
spectral parameters aH = 27.44, aH' = 19.78 G, and g = 
2.00426. No identification of this species which lacks a 
14N hyperfine splitting could be suggested. The parame
ters for this species resemble those of HNC02- found in 
this work except that the value of aH (= 27.44 G) is exact
ly twice the nitrogen splitting for NHCO2“ . This similari
ty brought us to repeat the experiment with HCN and to 
search for lines which were not observed before. Indeed, 
one missing line was found superimposed on a satellite of 
the signal from the cell. (In the previous work the line of 
the cell was very intense because of high modulation am
plitudes.4) This missing line changes the 27.44-G hydro
gen doublet into a 13.70-G nitrogen triplet and demon
strates the formation of HNCO2 in the HCN system. 
The mechanism of formation of this radical in the radioly
sis of HCN is not clear but a secondary process is likely. 
Disproportionation of HC(OH)=N could lead, in part, to 
HOCN introducing cyanate into the cyanide system as a 
competitor for OH.

Discussion of Hyperfine Constants. Although it is some
times difficult to use the magnitude of nitrogen hyperfine 
constants to uniquely identify a radical’s structure it is 
clear that all of the radicals in Table I (with the exception 
of the last two) are to a large degree nitrogen centered. 
This conclusion follows from the size of aH which is gener
ally not above 10 G for radicals without a major contribu-

a~- I I13 G

F ig u re  2 . The esr spectrum  obtained during the radiolysis of an 
N2-saturated solution of methyl W -chlorocarbamate prepared as 
described in the text. The pH was 10.5.

tion from a nitrogen-centered form. (The radical -CONH2 
with aN = 21.6 G4'19 is a notable exception.) The pri
mary radical derived from cyanate is best described by 
the structure HNC02 . This radical can be considered 
either as NH2 substituted with a CC>2~ group or as C03~ 
with NH replacing one of the oxygens. Because C 02~ in 
the radical CH2C 02~ causes relatively little change in the 
magnetic parameters when this radical is compared with 
methyl itself, the former description seems best. The ob
served splittings are not greatly different than those of 
NH2 (aN = 10.4 and aH = 23.8 G)20 and substitution can 
be expected to raise the value of aN ,21 The radical 
HNC02-  is also closely related to the amido radicals 
RCONR' studied by Danen and Gellert22 and the parame
ters match those of the latter radicals (aN ~  15 G, g = 
2.0044-2.0053) rather well. The radical designated as 
" 02CNHNC02" is related to H2NNH but with two sub
stitutions. The magnetic parameters for hydrazyl adsorbed 
on a zeolite23 are aN = 8.8, aN’ = 11.7, aH(NH) = 18.8, and 
aH(NH2) = 2.3 G with the two NH2 protons equivalent 
only at high temperature. Two other reports of dialkyl 
hydrazyls have appeared24’25 vGth similar values for the 
nitrogen and NH proton hyperfine constants. The nitrogen 
hyperfine constants of ~02CNHNCQ2- are similar to these 
various values but are somewhat smaller apparently as a 
result of delocalization onto the C 02~ groups. The value 
of aH (7.84 G) is considerably larger than the average 
value of 2.3 G for N2H3 but because this value is an 
average, a larger splitting for one of the NH2 protons is 
possible. The radicals assigned as “ 1SJC02CH3 and 
_NC02C2H5 are more of a problem-as they appear to be 
dissociated in that no NH splitting is observed. Two 
structures are possible, namely, the amido form 
R O C (=0)-N ~ with the orbital bearing the unpaired elec
tron most likely conjugated with the carbonyl and the 
imino form R 0 C (0 ')= N  with the singly occupied orbit
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al in the plane of the molecule. The g factor is the best in
dicator of which structure is present. The two values 
found are near 2.0048 (see Table I) and match those of 
HNCC>2~ (2.00425) and the other amido radicals 
(2.0044-2.0053)22 much more closely than the value of 
2.00325 for H C(0- )= N .4 The amido form seems more 
likely, therefore. The identification, as given, implies that 
the pK  of the NH proton in the ester form is several units 
lower than in HNCO2 .

Conclusion

Study of the radicals present under conditions of OH 
attack on cyanate has allowed identification of the initial 
product as the adduct HNC02- . A secondary radical 
" 02CNHNC02-  is ascribed to H abstraction from the 
dimer of the primary radical. The primary reaction is 
similar to that observed with CN~ and HCN in that reac
tion at the carbon occurs. It seems unlikely that reaction 
of OH with thiocyanate follows a similar path as conver
sion of the intermediate NCSOH- to (SCN>2_ would then 
be difficult. No radicals resulting from e ^ " reaction with 
cyanate were found.
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New Asymmetric Dielectric Relaxations in Two Liquid Triacetates

Eiji Ikada* and Teizo Watanabe

F a c u lt y  o t  E n g in e e r in g .  K o b e  U n iv e r s it y .  N a d a . K o b e . 6 5 7 . J a p a n  [ R e c e iv e d  A u g u s t  7. 1 9 7 3 )

The dielectric properties of liquid glyceryltriacetate and 1,2,6-hexanetriacetate were studied. The dielec
tric constants and losses were measured over the frequency range from 23 Hz to 3 MHz and at tempera
tures from —60 to 60°. The measured values of the static dielectric constants of the two triacetates were 
between 6 and 10 at the experimental temperatures and are much smaller than those of the correspond
ing hydroxyl-substituted compounds. The two triacetates showed asymmetric dielectric relaxations at low 
temperatures. The loci of the Cole-Cole plots did not fit those of the Davidson-Cole-type relaxations, 
but could be expressed by the Havriliak-Negami equation t* -  c  = (<0 — «„)/[ 1 + (/Wo)1~°]tf. It was 
found that the values of the distribution parameters (1 — «) and d for glyceryltriacetate, 1.2,6-hexanetri- 
acetate. and poly(vinyl acetate) were approximately equal. It was concluded that the asymmetric dielec
tric relaxations were apt to appear in chain molecules containing multiple polar groups. The relaxation 
mechanism of these triacetates was discussed in contrast with those of the polyhydroxyl compounds, 
which showed the Davidson-Cole-type relaxations.

Introduction
It is well known that liquid or supercooled polyhvdroxyl 

compounds such as diols and triols exhibit Davidson- 
Cole-type asymmetric dielectric relaxations1-3 which can 
be expressed by the equation1

where e* is the complex dielectric constant, <0 and f, are

the limiting low- and high-frequency dielectric constant, 
respectively, j  is the imaginary unit, cu is the angular fre
quency, r0 is the mean relaxation time, and 0 is the dis
tribution parameter of the relaxation times.

On the other hand, the Cole-Cole plots of the principal 
relaxations of polar polymers in the glass-rubber transi
tion region (so-called “ a relaxation” ) generally show an
other asymmetric curve4 5 which is in most cases flatter 
than those for the polyhvdroxyl compounds.
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Figure 1. C ole-C ole plot for PVAc. ( 'a n d  e "  of this plot were 
measured by Ishida, et at. (Y. Ishida. M. Matsuo, and K. Yama- 
fu ji, Kolloid-Z. Z. Polym., 180, 108 (1961).): O, experimental 
points; © , calculated points obtained by using the H avriliak- 
Negami equation. (1 — a) and ¡5 were determ ined by the m eth
od described in Appendix. Numbers beside data points denote 
frequency in Hz.

Havriliak and Negami4 suggested a new empirical equa
tion to fit asymmetric a relaxations showing this wider 
distribution of relaxation times

t * <o ~
[1 +  (ywr«)1- “ ]" (2)

where each parameter has the same physical meaning as 
described above, and (1 -  « ) is another distribution pa
rameter of the relaxation times. Apparently this equation 
is comprised of both the Cole-Cole6 and the Davidson- 
Cole equations. Therefore, for (1 — « )  = 1, the Havriliak- 
Negami equation corresponds to the Davidson-Cole equa
tion, and the Davidson-Cole-type relaxation may be con
sidered as a limiting case of the Havriliak-Negami-type 
relaxation.

As most Davidson-Cole-type relaxations have been gen
erally observed for polyhvdroxyl compounds, it was at first 
concluded that such relaxations were characteristic for po
lyhydroxyl compounds which formed molecular clusters 
via intermolecular hydrogen bonds. The same type of re
laxation was, however, also observed in non-hydrogen- 
bonded liquids such as isoalkyl halides7-8 and alkane- 
thiols,9 therefore, this conclusion was partly denied.

On the other hand, a relaxations of poly(vinyl acetate) 
(PVAc) have been studied by many workers1011 and it 
has been reported that the Cole-Cole loci of PVAc closely 
resembled those of the Davidson-Cole-type asymmetric 
relaxation seen in Figure 1. The apparent similarity in the 
shape of Cole-Cole curves for the polyhydroxyl com
pounds and for PVAc is very interesting to us.

The purpose of this work is to study the relationship 
between the two asymmetric relaxations, i.e., the David
son-Cole and the Havriliak-Negami-type relaxations. The 
two triacetates were selected as low-molecular weight 
model compounds of PVAc, and the dielectric properties 
of these two triacetates were compared with those of the 
polyhvdroxyl compounds which showed Davidson-Cole- 
type relaxation.

Experimental Section
Materials. 1,2,6-Hexanetriol (1 mol) was acetylated 

with 1.5 mol of acetic anhydride and 4.5 mol of pyridine 
at 100° for 3 hr. The product was distilled twice under re
duced pressure to remove pyridine and acetic anhydride. 
Residual unreacted hydroxyl groups were checked by in
frared absorption of the OH stretching vibration and it 
was found that the quantity of the residual hydroxyl 
groups was negligibly small. Commercial glvceryltriace- 
tate of the specified grade was used without purification. 
Density and refractive index were determined by the Lyp-

TABLE I: Physical Constants of the Two 
Triacetates

Temp, °C Densities, g, ml Refractive indices, nD
Glyceryltriacetate

1 0 .0 1.1698
2 0 .0 1.1597 1.4313
30.0 1.1489 1.4272

1,2,6-Hexanetriacetate
1 0 .0 1.1045
2 0 .0 1.0958 1.4389
30.0 1.0861 1.4352

kin-type pycnometer and by the Pulfrich refractometer, 
respectively. The physical constants of the two triacetates 
are collected in Table I.

Dielectric Measurement. Dielectric constants and losses 
were measured by a ratio arm transformer bridge (Ando 
Electric Co., type TR-lBK) over the frequency range from 
23 Hz to 3 MHz. The dielectric cell was a concentric plat
inum glass cell having a geometrical capacity of 13.0 pF. 
Temperature measurement of the cell was determined 
using a Au-Co vs. Cu thermocouple and a standard ther
mometer. The glass cell was immersed in a well-stirred al
cohol bath at the lower temperatures and in a water bath 
at the higher temperatures.

Results and Discussion
Static Dielectric Constant. Temperature dependences 

as expressed by plots of the static dielectric constants 
against the reciprocal of absolute temperature are well 
represented by straight lines as shown in Figure 2. The 
values of the static dielectric constants of both triacetates 
vary between 6 and 10 in the experimental temperature 
range. These values are much smaller than those of glyc
erol1 and 1,2,6-hexanetriol,3 which are equal to ca. 60, be
cause the substitution of the hydroxyl groups in the triols 
by the acetoxyl group leads to the absence of formation of 
molecular clusters by intermolecular hydrogen bonding 
OH. . .O.

The dipole moments of glyceryltriacetate and 1,2,6-hex- 
anetriacetate were calculated from the static dielectric 
constants by means of the Onsager equation12

e,i = f, + Sin +  em 2V47rNu//n-
3 kT (3)

where (o and („  are the limiting low- and high-frequency 
dielectric constants, respectively, No is the number of 
molecules per cubic centimeter, /xo is the dipole moment 
in vacuo, and kT  is the thermal energy. The calculated 
values of the dipole moment vary from 2.44 to 2.57 D as 
the temperature increases from —60 to —7.4° for 1,2,6- 
hexanetriacetate and from 2.33 to 2.49 D as the tempera
ture increases from —58.1 to 40° for glyceryltriacetate.

Dielectric Relaxation. Both 1,2,6-hexanetriacetate and 
glyceryltriacetate showed dielectric dispersion and absorp
tion over the experimental frequency and temperature 
ranges. The plots of frequency dependence of dielectric 
loss for the two triacetates are broad and asymmetric as 
often seen in the curves for the diol and the triol, but the 
shapes of the curves do not change markedly at different 
measuring temperatures. The Cole-Cole plots of 1,2,6- 
hexanetriacetate and glyceryltriacetate are shown in Fig
ures 3 and 4, respectively. Apparently, these arcs closely 
resemble those expressed by the Davidson-Cole equation, 
but do not coincide with the arc calculated according to 
this equation, as is shown in Figure 5. Davidson and Cole
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F ig u re  5 . C o m p a r is o n  o f th e  c a lc u la te d  lo c u s  o f th e  D a v id s o n -  
C o le - ty p e  r e la x a t io n  w ith  th e  e x p e r im e n ta l  lo c u s : O ,  e x p e r im e n 
ta l p o in ts  a t  e a c h  e x p e r im e n ta l  f r e q u e n c y . D c t te d  lin e  s h o w s  th e  
c a lc u la te d  lo c u s  o f th e  D a v id s o n -C o le - ty p e  r e la x a t io n . T h e  d is 
tr ib u tio n  p a r a m e t e r  jd o f th e  c a lc u la te d  lo c u s  is 0 .4 2 2 .

F ig u re  4 . T y p ic a l C o le - C o le  p lo t fo r  g ly c e r y l t r ia c e ta te .  In  th is  
f ig u re  a g r e e m e n t  b e tw e e n  th e  c a lc u la te d  p o in ts  a n d  th e  e x p e r i
m e n ta l p o in ts  Is so g o o d  a s  to  r e n d e r  th e m  in d is t in g u is h a b le .  
T h e  c a lc u la te d  p o in ts  w e r e  th e r e fo re  o m it te d  fro m  th is  f ig u re .

reported that the plot of log tan^ 1 tan_ 1|("/(f/ ~~ e.J|] 
against log frequency gives a straight line having a slope 
of % if the observed arc fits the Davidson-Cole-type relaxa
tion.1 This method was applied for the observed arcs of 
these triacetates and various values for t , and fd were 
tried. No plot, however, gave a straight line. Typical plots 
are shown in Figure 6. It can be concluded from this result 
that the asymmetric dielectric relaxations of the triace
tates cannot be represented by the Davidson-Cole equa
tion although the shapes of the Cole-Cole arcs closely re-, 
semble those of the Davidson-Cole-type relaxation. The 
new empirical equation suggested by Havriliak and Nega- 
mi to describe the asymmetric dielectric relaxation was 
examined to ascertain its applicability for these experi
mental loci. Ikada and Watanabe reported that the asym
metric a relaxations of the various kinds of acrylonitrile- 
butadiene copolymers could be well represented by the 
Havriliak-Negami equation.5

The real and imaginary parts of eq 2 are given by

(' ~ f . = (t0 ~  t jr ~ j 2 cos fdO (4a)
t"  = (tu ~ t,Jr~" - sin fdd (4b)

tan
( cut,,)1 " sin a(w/2)

<4d)

Determination of the five numerical constants (1 — a), to, 
t_r, ri, and r0 was carried out by the same method de
scribed in Appendix. The calculated t and t” at each 
measuring frequency /  were obtained by introducing the 
five numerical constants and w (= 2irf) into eq 4a-d. The 
experimental values of to, q ,  (1 -  tv), Id are collected in 
Table II. Comparison of the calculated values for 1,2,6- 
hexanetriacetate at —50.7° with the experimental points is 
shown in Figure 3. The experimental points for glyceryl
triacetate at —53.7° agreed almost completely with the 
calculated values. Other experimental arcs for both tri- 
acetates at different temperatures also agreed well with 
calculated arcs. The Havriliak-Negami equation is there
fore considered to be a good representation of the dielec
tric relaxation of these two triacetates. Although most of 
the dielectric relaxations of the polar low molecules have 
been treated by the Debye,13 the Cole-Cole,6 and the Da
vidson-Cole equations, some exceptional relaxations could 
not be expressed by the above three equations. Recently, 
the dielectric relaxations of cv.co-dibromoalkanes such as
1,4-dibromobutane, 1,6-dibromohexane. 1,8-dibromooc- 
tane, and 1,10-dibromodecane were studied by Garg and 
coworkers.14 The shapes of their experimental Cole-Cole 
arcs also resemble those of the Davidson-Cole-type relax
ation, but the observed arcs deviate from the arcs calcu-
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TABLE II: Relaxation Parameters of Two 
Triacetates and PVAc

Temp,
°c <0 eco 1 -  a & TO

-58.1 9.20
Glyceryltriacetate 

3.49 0.915 0.523 2.65 X 10 - 3
-53.7 9.03 3.53 0.964 0.497 3.32 X 10 - 4
-49.5 8.89 3.55 0.967 0.494 6.50 X 10-5
-43.5 8.73 3.53 0.954 0.483 8.38 X 10^
-39.1 8.56 3.65 0.982 0.484 1.33 X 10-6

1,2,6-Hexanetriacetate
-60.5 8.88 3.55 0.945 0.525 5.69 X 10~4
-55.4 8.73 3.53 0.888 0.533 2.59 X 10
-50.7 8.53 3.50 0.939 0.473 6.93 X 10^
-44.9 8.33 3.50 0.934 0.489 1.52 X 10^
-37.7 8.13 3.53 0.936 0.487 3.12 X 10 -7

70.0 8.65
Poly (vinyl acetate)“ 
3.20 0.902 0.556 2.24 X 10

a Calculated by using the experimental data of Ishida, etal.

lated for the Davidson-Cole-type relaxation. A similar re
sult is seen in the measured Cole-Cole arcs of n-octyl io
dide.15

Chain molecules which contain more than two polar 
groups are likely to show asymmetric dielectric relaxa
tions such as the Davidson-Cole or the Havriliak-Ne- 
gami-type relaxation. This deduction holds not only for 
the dielectric relaxations of polyhydroxyl compounds such 
as diols and triols. but also for those of the triacetates, 
polar polymers, and o’.u.'-dibromoalkanes. All of these 
compounds contain multiple polar groups in a molecule. 
On the other hand, polar molecules which contain one 
polar group do not generally show asymmetric relaxation, 
but show Debye or Cole-Cole-type relaxation, with the ex
ception of some alkane halides. Hence it is considered 
that the interrelation of the motion of each polar group 
may be associated with the asymmetric dielectric relaxa
tions.

It is reported that glycerol1 and 1,2,6-hexanetriol3 show 
Davidson-Cole-tvpe relaxations. It is apparent that the 
significant difference between the triol and the triacetate 
can be ascribed to whether the hydrogen bond exists in 
the liquid structure or not. The polyhydroxyl molecules, 
where breaking and re-forming of the hydrogen bond must 
occur on relaxation, exhibit Davidson-Cole-type relaxa
tion. Triacetates which do not contain the hydrogen bond 
show Havriliak-Negami-type relaxation which has the two 
kinds of distribution of relaxation times. This behavior 
coincides with the fact that the hydrogen-bonding normal 
alcohols show the single Debye-type behavior,18 and the 
non-hydrogen-bonding mono-substituted alkanes such as 
n-alkvl bromides show a distribution of the relaxation 
times as seen in the Cole-Cole-type relaxation.17

At the same time, it was found that two kinds of the 
distribution parameters (1 -  «) and 0 seemed to be asso
ciated with the acetate molecules. The three acetate mol
ecules PVAc. glycervltriacetate. and 1.2.6-hexanetriace- 
tate show nearly the same values for (1 -  o) and 8 which 
are ca. 0.9 and 0.5. respectively, as is shown in Table II. 
Therefore, these values of the two distribution parameters 
are characteristic of the acetoxyl-substituted chain mole
cules. It is interesting that long-chain PVAc and short- 
chain triacetates exhibit the same distribution of relaxa
tion times. Judging from this fact, it may be concluded 
that the relaxation mechanism is independent of the 
chain length of the relaxing molecules and that the short-

range motional unit takes part in the so-called segmental 
relaxation in the long-chain molecule.

The distribution parameter 0 in the Davidson-Cole 
equation of «.a-'-dibromoalkanes reported by Garg, et al., 
has nearly the same value for various chain lengths. Ac
cordingly, it is supposed that the distribution of relaxa
tion times of these dibromoalkanes is independent of the 
orientations between the two terminal dipole moments.

The distribution function of the Davidson-Cole-type re
laxation indicates that this relaxation consists of coopera
tive mechanisms. According to Glarum, for example, one 
of these cooperative mechanisms is dipolar reorientation 
as a whole and the other is the diffusion of defects such as 
holes.18 On the other hand, Litovitz and McDuffie regard 
the two mechanisms as dipolar reorientation and the 
breaking and re-forming of hydrogen-bonded clusters.19

Hoffman and Pfeiffer proposed a multiple potential bar
rier model for the dielectric relaxation for a single rotator 
in a crystalline field and they explained that this jump 
theory might also be applied in the case of polar long- 
chain compounds with a number of accessible orientation 
sites.20 From their theoretical calculation asymmetric loss 
curves were obtained for the two-sites model. Recently 
Jernigan studied theoretically the internal relaxation 
modes of ngoj-dibromo-n-alkanes and also obtained slightly 
asymmetric Cole-Cole arcs from the dipolar correlation 
function.21

It is similarly supposed from the above discussions of 
the mechanism of the Davidson-Cole-type relaxation that 
the cooperative mechanisms may coexist in the relaxation 
process of chain molecules containing multiple polar 
groups. When a reference polar group rotates or oscillates 
perpendicularly to the chain axis, this motion induces the 
successive rotation or oscillation of neighboring polar 
groups such as a side chain or a chain-end group consecu
tively, like the propagation of a wave. The amplitude of 
the induced oscillation may be smaller than that of the 
original oscillation of the reference group because the suc
cessive motion is attenuated in the viscous medium (prop
agation along the skeletal chain). Then the induced mo
tion shows shorter relaxation times than those of the ref
erence relaxing group. Hence the asymmetric distribution 
of the relaxation times appears. Another explanation fol
lows: Polar molecules in a viscous medium generally show 
dielectric relaxation due to molecular reorientation as a 
whole in the liquid state. In addition to this relaxation, 
the polar subgroups of the molecules, such as the side 
chain and the chain-end group, may show local mode re
laxations whose relaxation times are shorter than those of 
the molecular reorientation. This superposition of the 
multiple relaxation modes may yield the cooperative phe
nomenon of the molecular relaxation process. Also several 
possible motions are considered for the molecular relaxa
tion mechanism of these two triacetates, such as molecu
lar rotation as a whole, internal rotation of the side group 
perpendicularly to the skeletal chain, and the local mo
tion in the acetoxvl group.

The relaxation times of the triacetates plotted against 
the reciprocal of the absolute temperature are shown in 
Figure 7. As can be seen in this figure, the relaxation 
times of glycervltriacetate are longer than those of 1.2.6- 
hexanetriacetate in the experimental temperature ranges. 
This result is interesting since the molecular diameter of
1,2,6-hexanetriacetate is greater than that of glyceryltri- 
acetate. On the other hand, the relaxation times of glycer
ol1 are shorter than those of 1,2,6-hexanetriol3 as expected
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Figure 7. Tem perature dependence of relaxation times of the 
two triacetates.

from their molecular dimensions. It is known that the re
laxation times of polar molecules in the liquid state are 
generally proportional to the molecular diameter. As is 
seen in Figure 7, the Arrhenius plots of the relaxation 
times of the triacetates do not show a straight line. This 
tendency is often seen in the Arrhenius plots of hydrogen 
bonding liquids and in the «  relaxations of polymers, and 
is known as “ WLF-tvpe behavior.”

Appendix
The Method of Determination of co, t to, (1 -  a), and 

/3.4 The limiting low-frequency dielectric constant to and 
the limiting high-frequency dielectric constant t.r_ are ob
tained by extrapolating the experimental locus to the low- 
and high-frequency intercepts on the real axis, respective
ly-

Dividing eq 4b by 4a, the following relationship is ob
tained

//
tan 6 = —--------  = tan fiO (5)t — c„

Using eq 4d, we can deduce the following relationship

lim tan 0 =  lim tan (</>//?) =

tan (0I.//3) = cot a(ir/2) (6 )
Hence

<j>i =  (1 — a)/3( 7t/2 )  (7)
where $L is the high-frequency limiting angle made by the 
experimental locus with the real axis.

The relaxation time r0 is obtained by determining the 
crossing point of the bisector of the asymptotic angle <t>\. 
with the locus. This crossing point corresponds to the re
laxation frequency (%jtt0). The distribution parameter (1 
— a) is obtained from the following relationship

1
7r(x _ a )  log [2 sm a ( tt/2)] (8)

where |e*<oj7-0- t > _  f»  | is the distance between ! „  and
f l ) ■
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Contribution to the Statistical Theory of Polyfunctional Polymerization

P. Luby

I n s t i tu t e  o f  C h e m is t r y .  S lo v a k  A c a d e m y  o f  S c ie n c e s .  8 0 9  3 3  B r a t is la v a .  C z e c h o s lo v a k ia  ( R e c e iv e d  O c to b e r  3 1 . 1 9 7 2 : R e v is e d  

M a n u s c r ip t  R e c e iv e d  D e c e m b e r  17. 1 9 7 3 )

Molecular size distribution in multichain polymers formed by polyfunctional homopolymerization of a 
single kind of repeat unit is calculated theoretically. An expression was derived for the weight fraction 
distribution of isomers of certain composition of units defined by a vector u. Molecular size distribution 
equations were derived explicitly as functions of link distribution. A formula was deduced for the link 
distribution, more generally than it was done for a linear substitution effect.

1. Introduction
In the last decade the classical statistical theory1 of the 

molecular size distribution in polyfunctional polyconden
sation of a single kind of repeating unit of functionality f  
has been considerably developed. A variety of theoretical 
studies2-7 applying various conceptions contributed to the 
state of this knowledge.

E.g., Whittle2 shows an interesting method of specifica
tion of a polymerization process making use of the theory 
of stochastic processes. Besides the cyclization effect his 
conception allows for the neighboring-group effect which 
means that the reactivity of any functional group depends 
on how many other groups of the same unit have already 
reacted. This effect was involved in stochastic graph theo
ry of Matula, et al.,3 also, who called it the “ reorganiza
tion heat order.” It was also treated by Gordon’s statisti
cal mechanical approach and he called it the “ first shell 
substitution effect.”

Although there is no attempt at a detailed analysis of 
the above theories, special attention is devoted to that of 
Gordon, et al., which appeared to be the most successful.

The latter approach which was verified by experimental 
evidence5 allows for the effects of substitution and of in
tramolecular bonds. The theory of cascade processes 
based on the so-called probability generating functions 
(pgf) is a powerful tool to solving this problem. Various 
statistical moments, gel point, and sol fraction may be 
calculated in this way, without the need of pertinent sum
mations.

However, a distribution equation expressing directly the 
fractions of individual xmer species is missing, except for 
the random ideal case and a small linear substitution ef
fect.4 Instead complicated expansions6 of the pgf and ex
tractions of certain coefficients of the power functions are 
necessary. An expression evaluating these quantities di
rectly is needed. For this purpose link distribution functions 
(Idf, see section 2) were applied in the present paper without 
the pgf.

As is obvious the use of ldf enables a clear separation of 
the combinatorial problem from thermodynamical and 
kinetical considerations.4 This fact is used in this work 
also and the distribution equations (17, 18, 21) thus de
rived are applicable both to the thermodynamically and 
kinetically controlled reaction of homopolymerization of a 
single kind of repeating unit of functionality /. The conver
sion degree a given by the fraction of reacted groups in 
the system is taken as an independent variable through
out this paper.

Restriction is, however, made to the case, when the in
fluence of any reacted group is limited to the reactivities 
of groups of the same unit. This effect will be understood 
when using the term substitution effect (se) hereafter. 
The problem of higher shell se (these are by far less effi
cient) as well as intramolecular condensation in the sol 
phase is beyond the scope of this paper. Calculations re
lated to molecular distribution are not possible without 
approximations3 in these cases.

2. Link Distribution Function
All units of the reaction mixture may be divided into f 

+ 1 types U i ,  where i = 0, 1 . . .  f  denotes the number of 
functional groups of a monomer unit of f  that have react
ed. The number fractions p, of these types of units form 
the link distribution and are equal to the probability that 
a randomly chosen unit is an Ui. The ldf in the thermody
namically controlled reversible reaction is briefly men
tioned in this section. The formula (5) is derived for the 
ldf in a kinetically controlled (irreversible) reaction with 
somewhat higher generality than it was done for a linear 
se (eq 8).

When the reaction is reversible, relation 1 follows di
rectly from the theory of Gordon, et al.4

where

Pi = p .T f io

P, = 'C,(l -  7 / ~ V  exp RT')
_ \m=0 /_

(1)

(2)

' Ci denotes a combinatorial number with the parameters 
f, i. 7 is a conversion parameter given as an implicit func
tion of cv

f  f

a = Z i P < f Z P i  O)0 0
ipm is an additional term to the standard free energy of 
forming a bond between two units which is responsible for 
the se of m already reacted groups of the unit under con
sideration. The se is fully determined by /  — 1 of these 
parameters while \po = 'P-i = 'Pf = 0.

The problem of an irreversible (kinetically controlled) 
reaction was described by the same authors4 for the so- 
called linear se. Their treatment may easily be general
ized to the case of an ordinary se when modifying the ki
netic rate equations in the following way.
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- d p ,/At = k[(f — i)p, exp(\p,/RT) -  ( f  -  i +  1 )p ,_ , X
/ - i

exp(i/-,_ , / R T f j^ i f  -  i)p, expixpjRT) (4)
0

where formally p _1 = 0. When dividing (4) by the expres
sion -d p o /d i one obtains /  linear differential equations 
which may be integrated subsequently in order i = 1 ,2  
etc. up to i = f. General solution of these equations is as 
follows

P, =  ( 7i P„)ZPo"7|" ¡1 -  P i (5)
\q = <» / j  = (\ L m =  0 J

m =* j
where any p, is defined as

p,■ =  ( /■ -  i ) \ e x p l - ( f ,/ R T ) ] \ / f  (6)

(analogously pj, pQ, and pm).
Equation 5 transforms to eq 8 describing a linear se 

when substituting
i/-, = iRT  In N- (7)

in (6) and therefore in (5) (cf. ref 4, eq 83)

P i  =  N H-
n PoiV2;!/ -PU

(8)
T T [ ( / -  m w 2™ -  (/■ -  » i v 2']m =0 
m *= j

N  is a constant determining the character of a linear se /  
equations of the type (5) together with the trivial relation 
(9) form a complete system with /  + 1 variables.

/
X 'P , =  « /  (9)o

3. Derivation of the Weight Fraction Distribution 
Equation

The first step in deducing the distribution equation 
from the known ldf is to find the weight fraction wx(u) of 
those xmers which have the same composition u. A vecto
rial notation (Clarendon type) is used to designate this 
composition

U =  («]. U ,  ... U f )

This means that an rmer of the type X u consists of U\, u2 
. . . u, units of the types U\, U2 • ■ ■ Uf, respectively, where 
U i  + u2 + . . . U f  = x > 1. The idea of classification of iso
mers according to their u vector is not new. It was used by 
many other authors who solved problems more or less 
similar to that of ours (e.g., ref 2 and 8).

The value of wx{u) is equal to the probability of finding 
a randomly chosen unit to be a part of X u. If we specify 
that the randomly chosen unit must be U, then the corre
sponding probability w Xi ( u )  will be

w æ r -a j ■-[
f_p± 
a f .

nx,( u )

Substituting
b, = i p j a f

(10)

(11)
we obtain after rearrangement

wx,{u) =  a fi  V n „ (u )  (12)
where the expression bu denotes

b“ =  biu'b2Uf...biUf (13)
Here, any b, denotes the probability that an arbitrary

Figure 1. The six d istinct ordered trees of composition tq =  3, 
u 2 =  2, u3 =  1, rooted on a term inal vertex. Their number is 
given n6, i (3,2,1) =  4 !/2 !2 !.  Two d istinct isom orphic classes are 
arranged in the upper and the bottom row separately.

reacted group is attached to some Ui. This value is given 
by the quotient of reacted groups of all Ui’s (ip/) and all 
reacted groups in the system (Sip,), viz. eq 9, nx,(u) is the 
number of all possible configurations, in which the re
maining part of a given X u may occur with respect to the 
Ui under consideration (see Appendix).

In the terminology used in graph theory, any I/, may be 
called a vertex with i edges. nxi(u) would be the number 
of distinct ordered trees rooted on a vertex with i edges 
and consisting of U\, u2, . . • , n, vertices which have one, 
two, etc., up to/edges, respectively.

It should be emphasized that distinct isomorphic 
classes of molecular trees may refer to certain u (Figure 
1). The number n.r,(u) should therefore be taken as a cu
mulative one.

Gordons theorem 1 (cf. ref 7) proved to be a useful tool 
for enumeration of this quantity which in our case takes 
the form

iu,
n j u ) = — nx:( u) (14)

“ 1
The problem is thus reduced to enumeration of the cu

mulative number of distinct ordered trees rooted on a ter
minal vertex ((A). The latter obeys an equation (see Ap
pendix)

nxi(u) =  (x — 2)\/(ul — 1)!u,!m3! ...u f \ (15)

Since the randomly chosen unit may be of any type, the 
probability wx(u) is given by the summation

f

Wx( u) = ^ w xi( u) (16)
1 = 1

By subsequent substitution from (15) into (14), then in
(12) and then in (10) and applying the trivial relation (19) 
we obtain after rearrangement

^ u ) - ^ [ * J b “ (17)

where the expression in brackets denotes a combinatorial 
number x\/Uf\ . . .  u,(. Equation 17 represents an impor
tant relation denoting weight fraction of a special group of 
isomers defined by the vector u.
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Figure 2. The four distinct ordered trees of composition u, =  4, 
u2 = 1, u4 =  1 rooted on a terminal vertex. Their number fulfills 
the expression n61 (4,1,0,1) =  4 I/3 I.

To obtain an explicit relation for the weight fraction of 
any xmer as a function of link distribution p, which is 
more useful practically, one requires /  -  2-fold summation 
of urx(u); viz., the degrees of freedom of variables u is di
minished by the trivial relations 19 and 20

mf  mf _ l m3

i  ..... H Wx(\l) (18)ooII

!
X = Ĵ u, 

1
(19)

/

2(x — 1) = ( 20)
i

where x > 2, while U \ = p0 automatically.
For example, the size distribution of a trifunctional sys

tem (which appears to be the most spread case) obeys the 
equation

x\3a y b^bj ^b.; 
x  -  Î : « J  u 2\ u :1!

(21)

where uk = u3 + 2, u2 = x -  2u3 + 2, and m3 < 0.5x -  1, and 
where the b’s are found from eq 11.

The upper limits of the summations 18 and 21 may be 
determined by the assumption that a given xmer must 
contain the highest possible number of units (q. E.g., mf 
may be found from the condition (22) that the molecule 
contains only units (7 i and Ur-

m.f =  x  — u j (22)

Ui may be found by a simple stoichiometric consideration.

u, = f m f — 2 ( m f — 1) (23)

Substituting (23) into (22) one obtains
m f <  ( x  — 2 ) / ( f  — 1) (24)

The inequality sign should be used, because rrif must al
ways be an integer. Similarly m ,-i  may be found, provid
ed that the molecule contains units Lh, Ur, and Uf- 1 
only. It holds in general

m, < É  uk(k ~  1) 'O' -  1)

where 2 < i < f  — 1.

(25)

Appendix
Every rmer molecule defined by a vector u may be rep

resented by a molecular tree having x vertices and .r — 1 
edges (links). These x — 1 edges are constructed pair wise 
from 2x — 2 reacted functional groups; we can call them 
shortly “ groups” because the unreacted ones are immater
ial from the point of ennumeration of nxi(u). This prob
lem requires a combinatorial approach and it is conve
nient to consider 2(x — 1) groups rather than x -  1 edges. 
These 2x -  2 groups may be classified as those which par
ticipate in a link formation with a terminal vertices. Ui 
(type A), and those which participate with L7>i (type B). 
Each x vertices of a given tree (except that of dimer) must 
have at least one group of type B. Therefore only x — 2 
groups come into combinatorial consideration whether 
being a B or A. Provided that the tree is constructed in a 
special way so that no equivalent vertices (those having 
the same number of groups) occur beside terminal ones, 
the number of distinct ordered trees rooted on U1 should 
refer to the variation number (c/. Figure 2)

nvl(i/j, 1. 1....1) = (x — 2)!/(«j -  D! (26)
Nevertheless, a given tree may contain some sets of equiv
alent vertices and n^ilu) given by eq 26 would include 
identical configurations. By dividing the right side of (26) 
by the product of permutation numbers u,\ referring to 
the series of equivalent vertices, we obtain a more general 
expression (cf. Figure 1)

n.v!(u) =  (x — 2 ) \ / ( u l —  1 )! u.>) u  . . . U f \  (27)

In the case of l\  vertices the factorial number is dimin
ished by one. because the referential U1 is taken as the 
root that does not contribute to the number of identical 
configurations given by (26).
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Electric and Nonelectric Interactions of a Nonionic-Cationic Micelle
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The standard free-energy change accompanying the micelle formation of a nonionic-cationic surfactant is 
related to the critical micelle concentration after a treatment developed by Aranow, Emerson, and Holt- 
zer. It is shown that electric and nonelectric contributions are experimentally separable. Respective con
tributions consist of various interactions which can not be separately treated in the case of ionic micelles, 
such as the effect of charge on nonelectric interaction or the variation of electric free energy due to the 
addition of a nonionic monomer. An experimental method of the approximate evaluation of these inter
actions is suggested and applied to the experimental data on aqueous solutions of dimethyldodecylamine 
oxide. The results can be reasonably interpreted in terms of the effect of charge on the solvent structure 
around hydrocarbon chains.

Introduction
Stability of micelles can be measured in terms of the 

standard free-energy change for the reaction of the addi
tion of one more surfactant monomer to the most probable 
micelle and hence it can be related to the critical micelle 
concentration (cmc).1 For ionic micelles electric and non
electric interactions contribute to the stability. When 
effects of environmental factors on the stability are con
sidered, such as ionic strength, pH, and temperature, it is 
desirable to separate each contribution. For ionic surfac
tants of strong electrolyte, however, the separation is gen
erally difficult to carry out experimentally, because both 
hydrocarbon part and charge of a monomer can not be 
added independently to the most probable micelle.

Emerson and Holtzer2 calculated the electric part of the 
standard free-energy change and estimated the hydrocar
bon part as a difference of the former from the total which 
was obtained from the values of cmc. In their calculation 
shape and volume of the most probable micelle were as
sumed to remain constant even though aggregation num
ber of the micelle and ionic strength might change. The 
assumption has been criticized on theoretical grounds.3 
Aside from this assumption, results of the calculation 
were affected by a slight change in the value assigned to 
the dist ance of closest approach of counterions.

In the case of nonionic-ionic surfactants, two ways of 
addition of a monomer to the most probable micelle are 
possible except for two extreme cases (full charge and no 
charge): the addition of either a nonionic species or an 
ionic one. Hence we may expect that in the case of non
ionic-ionic surfactants separate evaluation of electric and 
nonelectric parts can be achieved experimentally.

In the first part of the present paper we show how the 
standard free-energy change for respective additions of a 
monomer can be related to the cmc after a reasoning de
veloped previously.1-2 General expressions are obtained 
including those for both nonionic and ionic micelles as 
limiting cases. Moreover, we can understand more clearly 
the nature of the interactions involved in the parameters 
describing the stability by means of the obtained general 
expressions. Titration property of micelles is also dis
cussed, which is one of the most characteristic properties 
of nonionic-cationic surfactants. In the second part appli
cation of the treatment presented in the first part to the 
experimental data is given, which were obtained on aque

ous solutions of dimethyldodecylamine oxide in the pres
ence of sodium chloride. Potentiometrie titrations were 
carried out on the system and the data are analyzed in 
combination with those of the cmc.

Theoretical
Consider a solution containing four components: water, 

simple salt, surfactant molecule (nonicnic species), and 
neutralizing agent (acid). For the sake of brevity, we con
sider the case of a nonionic-cationic surfactant. Conver
sion to the case of a nonionic-anionic one can be achieved 
formally.

At a concentration higher than cmc various micelles are 
present in solution, each characterized by the aggregation 
number m' (the total number of surfactant monomers in
volved in a micelle, either ionic or nonionic) and the num
ber of charges n'. Chemical potential of a micelle ion. 
Rni .n-, specified by a set of values can be written
according to a standard treatment of polyelectrolytes.4

/ v . „ '  =  mV „ '  +  RT In Cm-„ .  (1)

=  pnm'.„ +  n'( RT In A'm +  /u°H) +  /ZîTn' In In'/m')

< m' — rt') In +  GeW ,  n') +  G "W . n') (2)

For both monomers, denoted by D and DH for nonionic 
and ionic species, respectively

Up = fi°n +  RT In C,(l — a ,) (3)
and

Mi.ii = m"dh +  RT In C,a, (4)
Here the superscript zero represents that the signed quan
tity refers to the standard state. The standard state for 
each micellar species as well as for each kind of the mono
mers is defined as a state of unit concentration (M) in an 
aqueous salt solution with respect to each species under 
consideration, in which the interaction between the 
species is absent as in the state of infinite dilution.5 We 
assume that the ionic strength is high enough that inter
actions between micelles can be ignored. Accordingly, ac
tivity coefficients for micelles and monomers are assumed 
to arise solely from their interactions with small ions. 
These activity coefficients are considered to be constant 
irrespective of pH and the total surfactant concentration

The Journal of Physical Chemistry. Vol. 78. No. 11. 1974



Free-Energy Change Accom panying M icelle Formation 1087

and involved in the chemical potentials of respective stan
dard states. Concentration of a micelle species consisting 
of m' monomers and ri charges is expressed by Cm ,n'. 
Concentration of salt and of the total monomer are denot
ed by Cs and Ci, respectively. The latter is considered to 
coincide with cmc when the total surfactant concentration 
is slightly higher than cmc. Degrees of ionization of mono
mers and micelles are denoted by «1 and am, respectively, 
and the latter is defined as n'/m'. Ge] represents the work 
necessary to charge a micelle from no charge to a final 
value against the electric repulsion alone. Electric and non
electric free-energy changes accompanying the introduc
tion of a proton from its standard state to a fully dis
charged micelle in a given salt solution are given by RT In 
Km, where Km denotes the intrinsic proton dissociation 
constant of the micelle. The latter is assumed to be inde
pendent of the aggregation number. Gex represents any 
other nonelectric contributions when more than two 
charges are present on a micelle. It should be noted that 
since the electric free energy Gel is defined as above, any 
contributions accompanying ionization other than Gel and 
taken into account by the term K m is to be involved in 
the term Gex.

Equilibria for Proton Dissociation. Consider a series of 
multiple equilibria for proton exchange among those micel
lar species which have the same aggregation number m'. 
The distribution curve of charges n' will be characterized 
with a single maximum located at n. Hence

Cm. n lm' I C m' nt 4. j Cm'mm') — 1 (t>)

Since the values of m' usually encountered are of order of 
several tens or a hundred, the fluctuation of n from the 
most probable value n(m') will be small. We can thus 
safely ignore the amount of those species present in a so
lution which have values of n’ far from the most probable 
value n. Differentiation of eq 1 with respect to n' at con
stant m \ pH, and Cs gives

pH =  (dn0m''„’/dn')m' for n' =  n(m') (6)
Introduction of eq 2 into eq 6 yields a well-known expres
sion for potentiometric titration of multicharged species.
pK = pH +  log(am/ l  -  a m) =  pKm -

(0.434/7? T)[d< Gel +  G'D/dnl,’ (7)
Equation 7 shows how the degree of ionization of a micelle 
is determined by pH. Similarly the degree of ionization of 
monomer « i  is related to pH in terms of the dissociation 
constant for monomer K\.

pH +  log (o tjl  -  a,) = pKx (8)

The Most Probable Aggregation Number.6 A distribu
tion curve with respect to the aggregation number m' can 
be drawn if the concentration of micelles that have a 
specified value of m' is plotted against m'. The distribu
tion curve is also expected to have a single maximum lo
cated at m. Then

The most probable aggregation number m is determined 
by the differentiation of eq 1 with respect to m' where n' 
is replaced by n(m ').

(d g m‘ nim'J d m ')  = (dpV. „ im J d m ')  for m '  = m ( 10)
Behavior of n(m') should be briefly examined here. Gen
erally we can assume that degree of ionization is indepen
dent of m' or it decreases as m' increases, i.e., <i(n/m')/

dm' < 0. Since n(m') never decreases as m' increases, the 
variation of n with m’ should obey the following inequali
ties except for the case that n = m '.

0 < dn(m')ldm' < n/m' <  1

Thus we can reasonably obtain the approximate relation

n(m' +  1) = n(m') =  n(m! — 1) ( 11)
Combining eq 5, 9, and 11 we find that nine species (the 
most probable micelle and its nearest neighbors) have the 
same concentration, which may be written as follows.
r  = r  =  r  =m.rvm) x~m.n(m)± 1

r  =  r  (12:

Addition of Monomers to the Most Probable Micelle. 
To relate the stability of the micelles to the cmc. consider 
the following two reactions which demonstrate respective 
addition of nonionic and ionic monomer to the most prob
able micelle.

D + micelle [m, n(m)] = micelle[m + 1, n(m)] (13»
and

DH + micelle[m, n ( m) ]  = micelle[m +  1, n ( m ) +  l] (141
We can set those concentrations of two micellar species 
appearing on both sides of each equation be equal owing 
to eq 12. In terms of eq 1-4 conditions for chemical equi
libria for the two reactions can be written as follows

RT In (cmc) =  AGHr +  (dGel/dm)r +  RT In —-  (15)l a,
for the addition of a nonionic monomer and 
RT In (cmc) = AGHc +  RT In (K j K x) +  (dGel/dm)„ + 

[d(Gel +  Gex)/dn]m +  RT In ( a j a x) (16)
for the addition of an ionic monomer. In the above AGhc 
is defined as 5p°m,o/^m -  P °d  + (dGex/dm)n and repre
sents the most important part of nonelectric contribution 
to the standard free-energy change associated with the ad
dition of a nonionic monomer to the micelle. The term 
(dGe]/dm)n represents a change in electric free energy of 
the micelle due to a change of its dimensions caused by 
the addition of a nonionic monomer at a constant number 
of charges. The last terms of both equations represent re
spective changes in mixing free energy of charged and un
charged species both in a micelle and in solution, caused 
by the addition of either species. When intrinsic tendency 
for protonation of the ionizable group differs in the two 
states (monomer or micelle), the term RT In {Em /KD 
will appear, which will be discussed later. If the degree of 
ionization of the most probable micelle is assumed very 
close to the average degree of ionization of micelles in so
lution, then « m as well as « i  can be experimentally ob
tained.

Equations 15 and 16 are general expressions relating 
cmc to the stability of micelles. For nonionic micelles eq 
15 reduces to
RT In (cmc)„ =  AGH(-(0) =  [dg°mJdm]„. = ml0, -  ( l7)

Here (cmc)0. m(0). and AGHC(0) denote that they are 
evaluated at zero ionization. For ionic micelles formed by 
strong electrolytes eq 16 becomes

RT In (cmc) = AG'Hr +  (dGe]/dm)„ +<dGtlcln)m =
NG'hc +  (dGe[/dm)m, „  (18)

(As to the notations appearing in eq 18 see Discussion sec
tion.) In this case only the sum of electric and nonelectric
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contributions are experimentally determinable. For gener
al nonionic-ionic micelles, however, both terms. [c)(Gel + 
Gex)/dn]m and AGHc + (5Ge'/dm)n, can be experimental
ly determined, which demonstrates electric and nonelec
tric contributions are separable. When correlation be
tween electric and nonelectric interactions is insignificant, 
as has been postulated previously,2 then respective main 
contributions, [dGe]/dn)m and AGhc, can be experimen
tally evaluated.

Effect of Charge on Solvent Structure. Further separa
tion of electric and nonelectric contributions may be pos
sible if we examine the dependence of the term AG|I(- + 
(5GeI/ d m ) n on ionization and ionic strength.

In general, the term (dGe'/cim)n is negative and in
creases in magnitude as ionization increases. However, at 
low ionization the magnitude will be negligibly small, for 
the effect is significant only when charge density on a mi
celle is considerably high. The term becomes less negative 
when ionic strength is raised at a constant ionization.

We assume that difference of solvent structure around 
charged and discharged micelles is the largest contribu
tion to the term Gex, since the experimental data are well 
interpreted if the contribution is assumed to be of primary 
importance in the formation of nonionic micelles.7 When 
a polar head is ionized, the structure of water around hy
drocarbon chains near the charge will be considerably al
tered in a direction that the contact between water and 
hydrocarbons chains is less favored. At low ionization the 
amount of solvent structure altered by the introduction of 
charges will be nearly proportional to the number of 
charges introduced. The effect is thus additive but it is 
already taken into account through the term RT In K m in 
eq 2. Accordingly Gex is expected to be approximately 
zero at low ionization. As ionization proceeds, the struc
ture of water around hydrocarbons becomes destroyed to a 
different degree from what is expected when the effect is 
additive, since two or more charges can destroy the same 
region of solvent structure. In other words, the amount of 
solvent structure altered by the introduction of a charge is 
less than that accounted in the term RT In K m. This 
leads to a negative Gex. When ionization becomes so large 
that structure of water around micelle surface is com
pletely destroyed, then Gex will be the most negative and 
remain constant upon further ionization. Since major con
tribution to Gex is assumed to come from charges, the 
term (dGex/dm)„ will be approximately zero for the entire 
region of ionization, irrespective of ionic strength.

On the other hand, the aggregation number may also 
change with charge density. When electric interaction 
alone is considered, the aggregation number is expected to 
decrease as the charge increases. However, when ioniza
tion exceeds an extent that Gex becomes appreciably neg
ative. then we suppose that the aggregation number in
creases so as to reduce the contact area between hydrocar
bons and structureless water. Equilibrium aggregation 
number will then be determined by a balance between 
electric repulsion and extent of the contact. When micelle 
surface is completely covered with polar heads, the aggre
gation number becomes maximum.8 It should be noted 
that the described variation of Gex with ionization will not 
be affected if the aggregation number changes. For, Gex is 
related to the amount of solvent structure around micelle 
surface and is. therefore, independent of whether a change 
in the amount is caused by the perturbation due to charg
es or by the reduction of the contact area resulting from 
micelle growth.

The term -  g°D, which is equivalent to
AGhc- in the present context, depends on degree of ioniza
tion only through the variation in aggregation number. If 
aggregation number goes through the minimum as pre
dicted above, the term AGHc — AGhc(O) becomes positive 
at low ionization, reaches the maximum, and then de
creases as ionization proceeds further. The variation of the 
term, AGuc ~ AGhc(O) + (dGel/(lm)n, with ionization is 
expected to resemble in shape what is just described 
about the term AGhc ~ AGHc(0).

However, an essentially identical shape will result for 
the dependence of the term, AGHc — AGhc(0) + (HGe]/  
r)m)n, even if we suppose the opposite situation to be the 
case that solvent contribution is insignificant. Under this 
simple situation the term Gex will be negligible at any de
gree of ionization and' aggregation number continuously 
decreases as ionization proceeds. Accordingly the term 
AGHc — AGhc(O) will continue to increase in positive di
rection but the total, AGHc ~ AGHc(0) + (dGel/8m)„, 
will resemble in shape as is described above.

At high ionic strength the term (i)Ge'/dm)„ will disap
pear. If we extrapolate to infinite ionic strength the values 
of RT In [(cmc)(l -  «i)/(cm c)o(l -  % ) ]  obtained at var
ious ionic strengths, we can evaluate the term AGHc — 
AGhc(O) under the limiting condition. The limiting values 
will differ from those expected at respective ionic 
strengths where experimental data are obtained. The dif
ference may arise from both changes in perturbation of 
solvent structure due to small ions in ionic atmosphere 
and in aggregation number caused by a change in ionic 
strength. The dual dependence on ionic strength can not 
be treated quantitatively at present. However, we assume 
the difference to be negligible. The approximation may be 
partly justified if we notice that the quantities under dis
cussion have magnitude of second order as compared with 
main contributions. (dG,,l/dn)m and AGm-. Further, the 
dual dependence is in the opposite direction and is ex
pected to cancel out each other to some extent. By means 
of this approximation we can separately evaluate each 
term.

AGHr AG„, (0) =  RT ( cmc) ( 1 — a-.)
(cmc)„(l — )J, (19)

Note that the term (<iGex/dn)m can not be separated 
from {dGe]/dn)m in the titration data. Hence, separation 
of electric and nonelectric contributions is still insuffi
cient in this respect. Nevertheless, the procedure to extra
polate to infinite ionic strength is useful because variation 
of the limiting values with ionization will provide a mea
sure of the extent of solvent contribution mentioned; 
whether the limiting values continue to increase or they 
become negative after passing through the maximum.

Comparison with Experiment
Potentiometric titrations of aqueous solutions of di- 

methyldodecylamine oxide (DDAO) were carried out at 
25° with hydrochloric acid at various sodium chloride con
centrations. Titrations at high ionic strengths (0.10-1.0 
M) were reported by Tokiwa and Ohki.9 Titrations of the 
solutions below cmc enabled us to determine a* and pKi. 
The degree of ionization of solution as a whole, denoted 
by a. was determined experimentally with the aid of titra
tions of the solvent, i.e., salt solutions containing no sur
factants. Details of the procedure and underlying assump
tions have been given.9 The degree of ionization of mi
celles am. equivalently, the titration curve for the micelle.
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Figure 1. Titration curves of the micelle of DDAO. Data of the 
cmc are also indicated by dotted lines: salt concentrations (M) 
0 (0 ,a), 0.01 (O .b), 0.05(O .c), 0.1 (C ,d), and 0 .2 (» ,e).

TABLE I: Intrinsic Dissociation Constants for 
Micelle (K m) and Monomer (K ,) of DDAO

C„ M 0 0.01 0.05 0.1 0.2
p K m 5.63 5.76 5.82 5.89 6.01
pK, 4.78 4.85 4.88 4.88 4.95
AT In 1.16 1.24 1.28 1.37 1.44

(K ,/K m)°
"  Expressed in kcal/mole.

was evaluated in terms of the following relation

aC = a m(C — C,) +  a,C, (20)

Here C denotes the total surfactant concentration. Titra
tion curves for the micelle were independent of C and are 
shown in Figure 1 for different ionic strengths. Extrapola
tion of pK  to zero ionization is made in such a wav that 
pKm may depend on ionic strength, since the standard 
states are defined in a salt solution. The values of pK m 
are given in Table I together with those of pK\. Data of 
the cmc are obtained from the measurement of surface 
tension of the solutions10 and are also shown in Figure 1. 
In Table II are cited the data necessary to discuss the sta
bility of micelles in terms of eq 7 and 15. Values of RT In 
[(cmc)(l -  «i)/(cm c)o(l — «mil are plotted in Figure 2 
against am. At low ionization the value is slightly positive 
and increases as am increases. When ionization proceeds 
further, a downward trend appears and the value becomes 
more negative as am increases further. The general feature 
of the curves drawn in Figure 2 is quite consistent with 
that described in the preceding section. We tried to extra
polate the data to infinite ionic strength as suggested. Ex
trapolations could be carried out only when the data ob
tained at 0.2 M  NaCl were not taken into consideration.11 
The limiting values thus obtained are shown in Figure 2 
bv a dashed line. Variation of the limiting values with am 
reveals that solvent contribution is significant since they 
do not increase monotonously. The behavior implies that 
the aggregation number decreases or remains almost con
stant at low ionization (below about 0.3) and then in
creases as ionization proceeds. Herrmann found that the 
aggregation number of fully protonated micelle of DDAO 
was larger than that of fully discharged species.12 More
over he found that the fully protonated micelle is rod like 
in shape.13 which confirmed that the aggregation number 
was larger than the maximum value expected for spherical

F igure 2. An example of the analysis of experimental data on 
aqueous solutions of DDAO: salt concentrations (M) 0 (0 ), 
0 :01(0 ), 0 .05 (0 ), 0 .1 (€ ), and 0 .2 ( • ) .  Limiting values of ordi
nate at infinite ionic strength are shown by a dashed line.

shape.14 These findings are quite consistent with that pre
dicted by the present analysis about the thermodynamic 
data. On the other hand there are no experimental data 
indicating the predicted decrease or invariance in aggre
gation number at low ionization.

It is to be stated here that although the extrapolation 
was made in a highly approximate manner, the general 
trend of the limiting values just described is by no means 
altered. For example, if the limiting values were assumed 
to increase continuously with am, in a consistent manner 
with the data corresponding to am below about 0.3 in Fig
ure 2, then resulting absolute values of (dGe]/dm)„ would 
be so large that the term [d(Gel + Gex)/dn]m + (3Gel/  
dm)n decreased as « m increased.

Values of the term (iiGe]/dm)n can be evaluated by 
means of the limiting values and are given in Table II. 
They should be taken as representing the minimum 
values. We can see that the fraction of the term (3Gel/ 
iim)n to the term [3(Gel + Gex)/3n]m is about 10% or 
more. Accordingly, neglection of the term (dGel/f)m)n 
seems to be not necessarily a good approximation. How
ever. quantitative discussions are impossible about the 
magnitude of the term (dGe'/dm)n or of the limiting value 
shown in Figure 2, if the highly approximate nature of the 
employed extrapolation is taken into consideration. 
Therefore, in so far as the micelles of DDAO are con
cerned. the assumption of Emerson and Holtzer is not 
necessarily permissible that a charged monomer can be 
added to a micelle without altering micellar volume.

Discussion
The standard free-energv change associated with the 

addition of a nonionic monomer to a discharged micelle is 
AG hc(0), as given in eq 17. When a charged monomer is 
added to a discharged micelle the corresponding free-ener- 
gy change is A G Hc(0) + RT In (Km/Ki). Although the 
term RT In (Km/K\) may include electric interaction, it 
is to be regarded as representing a part of nonelectric 
standard free-energy change in question according to the 
definition introduced. Equation 15 shows that the corre
sponding change is AGhc + (<3Gel/cfm)n if a nonionic mo
nomer is added to a charged micelle. On addition of a 
charged monomer to a charged micelle the corresponding 
result is what is given in eq 16. Though the free-energy
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T A B L E  I I :  F re e  E n e rg y  o f  M ic e l le  F o r m a t io n  o f  D D A O

p H  6.5 6.0

Cs = 0.10 M, aGhc(0) = -4 .0 9
(Xm 0.12 0.21
RT In (cmc) -4 .0 9 -4 .0 9
RT In [(1 -  a,,,)/ -0 .0 7 - 0.10

(1 — CYl) ]
(dGcl/ d m ) n
[d(Gcl +  G")/àre]„, 0.27 0.67
Cs = 0.05 M, aGhc(0) = -4 .0 0
dm 0.10 0.19
RT In (cmc) -4 .0 0 -4 .0 0
RT In [(1 -  «,„)/ -0 .0 5 -0 .0 8

(1 — CYl) ]
( dGcl/ à m ) „
[d(Gcl +  G"')/dn]„, 0.34 0.67
C, = 0.01 M, AGhc(0) = -3 .9 4
d ,„ 0.10 0.16
RT In (cmc) -3 .9 3 -3 .9 1
RT In [1 -  <*,„)/ -0 .0 5 -0 .0 6

(1 — CYl) ]
(dGa]/ à m ) n
ld(Gcl •+ Gp*)/t>ra],„ 0.37 0.65

Expressed in kcal/mole.

change in this case has been simply written as A G Hc + 
N at,2 each term contains various contributions, \p being 
electric potential at micelle surface. For example, A G Hc 
in this case may generally differ from that for nonionic 
species by what are symbolized by the term RT In {Km/ 
KTt and (dGex/dn)m. Hence a slightly different notation 
A G 'hc is used for the case in eq 16. The term RT In 
(Km/KT) should be interpreted as representing an effect 
of charge on nonelectric interaction, which is clearly pres
ent in the case of strong electrolytes although respective 
dissociation constants, K m and K\, have no physical 
meaning. Similarly the electric part will be (3Gel/<9m)m = „ 
which can be divided, at least conceptually, into two 
terms as illustrated in eq 18. The term (dGei/dn)m is ex
actly identical with Ne\p.

The difference between pK m and pKi, experimentally 
found in the case of DDAO, should be briefly discussed. 
The difference is considered to provide a quantitative 
measure for the effect of charge on nonelectric interaction 
(hydrophobic interaction in the present context). This in
terpretation is justified if electric interaction between a 
charged monomer and its ionic atmosphere is approxi
mately identical with that encountered when the mono
mer is added to a discharged micelle, and if transfer of a 
monomer from aqueous solution to a micelle is a proper 
procedure for measuring the hydrophobic interaction. 
When we compare the values of AGhc(0) from Table II 
with those of RT In from Table I, we can con
clude that a charged monomer is more stabilized than a 
nonionic one by about 30% when they are transferred to a 
discharged micelle, which is equivalent to say that intro
duction of a charge destabilizes a monomer by a corre
sponding amount.

A picture introduced in this paper concerning the effect 
of charge on solvent contribution may differ from “ the 
electrostatic solvent effect” proposed by Poland and 
Scheraga.15 They introduced the idea to explain that heat 
of micelle formation of ionic micelles is generally less pos
itive than that of nonionic ones.7 They ascribed the nega
tive contribution to a change in the solvent structure 
around the charged head. According to our picture, how
ever, it is the contact area between hydrocarbon chains

5.5 5.0 4.5 4.0

0.32 0.44 0.56 0.74
-4.09 -4.09 -4.06 -4.03
-0.11 -0.01 0.26 0.76

-0.04 -0.08 -0.13 -0.16
0.99 1.36 1.73 2.07

0.29 0.41 0.53 0.66
-4.00 -4.00 -3.94 -3.79
-0.07 -0.01 0.29 0.83

-0.10 -0.21 -0.18
0.99 1.35 1.68 2.02

0.25 0.36 0.48 0.62
-3.89 -3.80 -3.69 -3.50
-0.05 0.05 0.35 0.98

-0.05 -0.16 -0.23
1.02 1.35 1.66 1.99

and the solvent that is supposed to be largely diminished 
when a monomer is transferred to a micelle, and hence 
accessibility of the charged heads to the solvent is consid
ered not so largely altered by the process, contrary to their 
supposition. Instead, the effect of charge is to reduce the 
positive solvent contribution to the enthalpy change 
which plays a central role for the change in the case of 
nonionic micelle, since more solvent structure is destroyed 
by the introduction of a charge in the state of monomer 
than in micelles.
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Liquid-liquid miscibility gaps of ternary reciprocal molten salt systems may be calculated a priori from 
conformal ionic solution theory utilizing data for the four subsidiary binary systems and the four pure 
constituents. Using a modification of the second-order theory, we calculated miscibility gaps for hypo
thetical systems containing two cations, A+ and B+, and two anions, C_ and D _ ; the results show that 
the sizes of miscibility isotherms depend on the standard free-energy change for the metathetical reac
tion AC + BD AD + BC as well as on the binary interaction parameters whereas the asymmetry in 
the shape and position of miscibility isotherms depends only on the binary interaction parameters. The 
calculated sizes and positions of miscibility isotherms in the Na, Tl||Br, NO3 system are in good agree
ment with measurements.

Introduction
The conformal ionic solution (CIS) theory28 has been 

shown to lead to predictions of liquidus temperatures a 
priori which are in good agreement with measurements for 
a variety of reciprocal salt systems.2b-3’4 This lends confi
dence in the theory for predictions in systems which ex
hibit fairly large deviations from ideal solution behavior. 
A preliminary discussion has been given of miscibility 
gaps and upper consolute temperatures215 as well as some 
limitations of the theory.3 However, no detailed examina
tion of the theory has been undertaken for systems in 
which deviations from ideality are so large that liquid-liq
uid miscibility gaps occur. A large number of such sys
tems are known5 and it is important to examine the appli
cability and limitations of this second-order perturbation 
theory for such systems. In this paper we present a test of 
the theory for the system Na, T1 11 Br, NO3. In addition, 
we discuss the influence of particular parameters and 
ionic interactions on the shapes and position of miscibility 
gaps. An empirical generalization of the theory is suggest
ed to eliminate one of its limitations.

CIS Theory for Ternary Reciprocal Systems28
A ternary reciprocal system contains two cations (A+, 

B+) and two anions (C , D~) and is represented by the 
symbol A, B 11 C, D. There are four constituents (AC, 
AD, BC, BD). any three of which may be chosen as inde
pendent components.6 The activity coefficients, y,, can be 
calculated from the CIS theory. For BD, for example, the 
activity coefficients are given by

RT In y BD =  X aX cAG° +  X AX C(X, ~ X U)XA +  
X c(X AXit +  X bX(-)Ab +  X A( X AX 1; +  X BX C)XD +  

X AX c(X A X B)Xc +  X AX B(X AX D +  X BX(- —
X bX d)A (1)

where X, is the ion fraction of ion i (e.g., X A = nA/(nA + 
nH), X c = nc/(nc + nD) where n’s are number of moles of 
ions indicated), AG° is the standard molar Gibbs free-en- 
ergy change for the reaction

ACU) + BD(1) ^  AD(1) +  BQl) (2)

Xi is an energy parameter in the second-order equation for 
the excess free energy of binary systems with the common 
ion i

A Gae = X CX DXA (3)
AG/- = X cX nXB (4)
AGrE =  X AX BXC (5)
AGde =  X AX BX„ (6)

and A is approximated by
A = —(AG°f/2ZRT (T)

All the parameters may be estimated from available data, 
AG° from data on the pure salts, Aj from data on the bi
nary systems, and Z is a coordination number and has 
been taken as 6. Consequently, the theory utilizes data 
obtained from lower order systems to calculate properties 
of ternary systems.

Equations similar to eq 1 can be obtained for the activi
ty coefficients of the other constituents AD, BC, and AC 
by changes in the subscripts in eq 1 and the constituents 
of equilibrium (2) as follows: for AD, change A —>• B and B 
-*• A; for AC, change A —*• B, B —1► A, C —>■ D, and D —* C; 
for BC, change C D and D C. The chemical poten
tial of BD is given bv

P b d  —  P b d °  =  RT In g Bd  =
RT In X BX Dy Bn = ApBD (8)

where mbd0 in the chemical potential of pure liquid BD 
and aKD is the activity of BD in solution.

Calculation of Liquid-Liquid Miscibility Gaps
The thermodynamic conditions for defining miscibility 

gaps for ordinary ternary systems are relatively simple.7 
Because ternary reciprocal systems contain not three but 
four entities and have four possible constituents, the con
ditions for defining miscibility gaps must be stated differ
ently although the fundamental equations are the same. If 
one defines the three components as BC, AD, and BD 
then the molar Gibbs free energy of mixing, AGm, is given 
by the expression

The Journal ot Physical Chemistry. Voi. 78, No. 11, 1974



1092 M. L. Saboungi, H. Schnyders, M. S. Foster, and M. Blander

AGm — X cAfj.$c +  X aA pAB +  (X D X a)AMbd (9)
where the chemical potentials of any constituent, as for 
example BD, may be calculated by equations as6

•Vltn = (dnAGJdnB)„A +  (dnAGJdnD)„. (10)
where n is the total number of moles (n = nA + nH = n{- 
+ riii), and the derivative is taken at constant T and P  If 
at constant T and P one considers the surface for AGm 
with the magnitude of AGnl plotted in the coordinate per
pendicular to the composition square, then one may de
fine the conditions for miscibility gaps geometrically in 
terms of this surface.7 Any two compositions on this sur
face which are in equilibrium with each other must be in 
a single plane which is tangent to the AGm surface at two 
points k' and k "  which correspond to these two composi
tions. If the two points are represented by a prime (' for 
k') and double prime ( "  for k” ) then we can express this 
condition by the equations

OAGm/aX„).v;  = WA G J d X J x "  (11)

( b A G J d X n)Xi;  =  (dA G J d X n)Xi; '  (12)
and
AGm' -  AG,/' =  (X/ -  X B")(3AG J d X B)X[;  +

(X/ -  X D")(5AGm/axn).v/ (13)
Equations 11 and 12 state that the tangent planes to the 
points k' and k”  are parallel or coincide and eq 13 con
strains them so that they must be the same plane. From 
eq 10 for BD and similar ones for the other constituents it 
can be shown that
A ma(- = A Gm — X B(<3AGm/dX B).Vn -

X D(dAGm/dX D).VH (14)
ApAn = AGm - X B(dAGm/dX B)V|, +

X c(dA G J d X D)XK (15)
Ambi = AGm + X aOA Gm/<5XB)V|, —

X n(dAGm/dXD)XH (16)

Ambd = AGm + X A(ÔAGm/dX R).V|, +
X,-(ÔA G J d X n)Xll (17)

From eq 11-17 one deduces the well-known conditions
A pAC' = A ijm" (18)
A pAD' = A pAI)" (19)
A^b /  = A p Bc" (20)
A^bd' =  A pBD" (21)

which is statement that any constituent of the two solu-
tions in equilibrium with each other has the same chemi
cal potential in both solutions. Only three of these four 
equations are independent. Consequently, any three of the 
four eq 18-21 or the three eq 11-13 may be utilized in con
junction with eq 1, 8, or 9 to calculate the pairs of immis
cible compositions which are in equilibrium with each 
other. In our computer calculations we generally utilized 
three of the eq 18-21 and occasionally checked the self- 
consistency of the results from eq 11-13.

For any given temperature, the problem of finding con
jugate pairs of liquid compositions which are at equilibri
um with each other (i.e., tie lines) is reduced to the prob
lem of finding a composition which simultaneously satis
fies three of the four eq 18-21. An analytic approach to 
the problem is precluded because of the logarithmic terms 
and one must resort to numerical methods.

The calculation utilizes a method for minimizing the 
sum of the squares of nonlinear functions of several vari
ables developed by Powell.8-9 (See paragraph at end of 
text regarding supplementary material.)

Using this computational method, we calculate many 
pairs of points at fixed temperatures which define the iso
thermal cut of the dome of immiscibility. As the tempera
ture is increased, the area of these isothermal cuts de
creases until it shrinks to a point at the upper consolute 
temperature, Tc. Above this temperature the salts are 
completely miscible.

The calculation of upper consolute temperatures from 
the CIS theory has been discussed.2b An approximate ex
pression is

A G° | XA +  XB +  Xç +  Xn
K5R +  ÏÏR

(22)

An examination of the theory3 for a hypothetical case in 
which XA = XB = Xc = XD = X has shown that an artifact 
is introduced into the calculations of miscibility gaps from 
the theory for Z < 5.3 when X = 0. This artifact also occurs 
for cases in which the binary interaction parameters, X(, 
are negative enough so that the ratio of the term in A to the 
others in eq 1 is greater than the ratio when Z = 5.3. This 
artifact in the calculations occurs because the theory has 
only been carried out to second order and the dependence 
of this artifact on values of X makes the self-consistent 
treatment of miscibility gaps impossible for some systems 
without modification of the equations.

The calculations made previously3 suggest a modifica
tion to the term A in eq 1 which leads to a self-consistent 
treatment of miscibility gaps such that the artifact will 
not appear in the calculations for very negative values of
X. This modification is

A = - ( a G° +  ¡2ZRT  (23)

If one expands (23), the form of the added terms in (23) 
appear to be consistent with third- and fourth-order terms 
in the CIS. The term in (AG°)(2 Ai) is probably related to 
some of the third-order terms and the term in (2 Aj)2 is 
probably related to some of the fourth-order terms. The 
purpose of this paper is to test the eq 1, 7, and 23 and we 
will show that we obtain a good representation in the Na, 
T1 || Br, NO3 system. In addition, we will calculate mis
cibility gaps in hypothetical systems to gain an under
standing of the influence of the different parameters in 
the theory on the location, shape, and size of the miscibil
ity gaps. These considerations provide some insight into 
the interpretation of the topological characteristics of mis
cibility gaps and illustrate features which are observed.

Miscibility Gaps in Hypothetical Systems
In this section, we calculate miscibility gaps from eq 1 

and 23 to see what influence the parameters AG°, A,, and 
Z have on the shape and size of the miscibility gaps and 
on the positions of the tie lines which connect individual 
pairs of points which are in equilibrium. All the calcula
tions in Figure 1 were made for AG° = 18.0 kcal mol X

The calculations in Figure la were for the case in which 
all A,’s are zero and Z = 6, in Figure lb when all A(’s are 
zero and Z = 5.5. in Figure lc when three Xj’s are zero. XA 
= 1500 cal mol“ 1, and Z = 6, and in Figure Id when three 
Xi s are zero, XA = —1500 cal mol-1, and Z  = 6. Figures la 
and lb are universal curves which are the same for any

The Journal of Physical Chemistry. Voi. 78. No. 11 1974



Phase Diagrams of Reciprocal Molten Salt Systems 1093

BC AC BC AC

BC AC BC AC

Figure 1 .  Calculated miscibility gaps for hypothetical systems: (a) AG° = 18 kcal mol 1, Z  = 6, XA = Ab = Xc = Xd = 0; (b ) AG° = 
18 kcal m o b 1, Z  = 5.5, XA = XB =  Xc =  =  0; (c) AG° = 18 kcal m o b 1. Z  = 6, XA = 1.5 kcal m o b 1. Xu =  Xc = Xd =  0; (d)
AG° = 18 kcal m o b 1, Z  = 6, Xa =  —1.5 kcal m o b 1, XB -  Xc =  Xd = 0.

other value of AG° for temperatures such that values of 
(AG°/RT) are the same as for the curves in Figures la 
and lb.

The miscibility domes in Figures la and lb rise steeply 
at low reduced temperatures and flatten out at higher 
temperatures. At low temperatures there is little differ
ence between Figures la and lb. The flattening of the top 
of the dome occurs at slightly lower temperatures for Z =
5.5 and is more pronounced than for Z = 6 with the iso
therms at higher temperatures being narrower and more 
elongated for Z = 5.5 than for Z = 6. The shapes are 
somewhat elliptical except at low reduced temperatures 
where the shapes tend to straighten so as to conform to 
the two corners of the composition diagram near the sta
ble pair (AC + BD). Because of symmetry, the tie lines 
for these two cases in which all X’s are zero are all parallel 
to the stable diagonal connecting the AC and BD corners. 
In Figure lc for the case in which Z = 6, XA is positive 
and XK = Xc = XD = 0, it can be seen that the isotherms 
subtend a larger area than in Figure la; they are also dis

placed toward the AC corner and are asymmetric in a way 
such that the miscibility gap subtends a somewhat larger 
area in the AC-BC-BD triangle than in the AC-AD-BD 
triangle. In Figure Id for the case in which Z = 6, XA is 
negative and XB = Xc = Xn = 0, the isotherms subtend a 
smaller area than in Figure la; they are also displaced 
toward the BD corner and are asymmetric such that they 
subtend a somewhat larger area in the AC-AD-BD trian
gle than in the AC-BC-BD triangle. Further, the tie lines 
are no longer parallel to the diagonal AC-BD, but are dis
placed in a manner as is illustrated in Figures lc and Id. 
These reflect the complex changes in relative solution 
properties for these idealized systems and indicate that 
for a proper thermodynamic analysis one needs measure
ments covering the entire composition square rather than 
only along the stable diagonal.

These considerations provide us with an insight into the 
influence of particular ionic interactions on miscibilby 
gaps and are significant for the interpretation of measure
ments.
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NoBr TIBr

Figure 2. Experimental and calculated miscibility gaps for the reciprocal system (Na, Tl || NO3, Br): (a) measured (ref 10); (b) cal
culated miscibility isotherms with AG° =  8720 — 1.17(K) cal m o l"1 and Z =  6; (c) calculated miscibility isotherms with AG° =  9240 
— 1.17(K) cal m ol" 1 and Z =  6; (d) calculated miscibility isotherms for AG° =  8720 — 1.17(K) cal m o l"1 and Z = 5.5.

TABLE I: Values of the Interaction Parameters Used 
in the Calculations

B ina ry Xi, cal m p l-1

NaN03-NaBr 360
TINOa-TIBr 1120
NaNCL-TINOs 230
NaBr-TIBr 0

Miscibility Gaps in the Na, Tl 11 Br, NO3 System
The system Na, Tl | j Br. NO3 has been studied by Sin- 

istri, Franzosini, and Flor10 who have measured isother
mal liquid-liquid miscibility gaps at 440, 480, 520, and 
560° given in Figure 2a as well as the intersection of the 
miscibility dome with liquidus surfaces. This work was 
chosen as it constitutes the most complete and detailed 
study of immiscibility in reciprocal systems which is suit
able for our calculations. The values of the binary interac
tion parameters for this system are small or positive. The

values of Xj given in Table I were taken from the calori
metric data of Kleppa and Meschel11 for the TlNC>3-TlBr 
binary and calculated from the phase diagrams for the 
NaBr-NaN03 and NaN03-TlN 03 systems.12 There are 
no measurements for the NaBr-TIBr system and the 
phase diagram cannot be utilized because of solid solu
tions. We have assumed that XBr = 0. This is not too dif
ferent from predictions of small values of XKr one makes 
from theoretical correlations.613 AG° was calculated from 
available tabulated data14-15 and is represented by AG° = 
8720 -  1.1T(K) cal m ol"1. The miscibility isotherms cal
culated from eq 1 and 23 with Z = 6 are given in Figure 
2b and are to be compared with the measured isotherms. 
For comparative purposes, the isotherms for the case in 
which AG° = 9240 -  1.1T(K) cal mol" 1 and Z = 6 are given 
in Figure 2c and for the case in which AG° = 8720 -  1.1T(K) 
cal mol" 1 and Z = 5.5 are given in Figure 2d.

The correspondence between the measured isotherms 
and the calculations represented in Figure 2b is remark
ably good. The shapes and positions of the measured and
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M ole fraction  o f T IB r

T A B L E  I I :  C a lc u la te d  a n d  M e a s u re d  C o m p o s it io n s  A lo n g  t h e  M is c ib i l i t y  G a p s  a t  t h e  S ta b le  D ia g o n a l i n  th e
N a , T l||N O s , B r  S y s te m

T ,  °C Measd Caled (Figure 2b) Caled (Figure 2c) Caled (F igure 2d)

440 0 . 1 0 0 . 9 5 0 . 1 0 0 . 9 3 0 . 0 8 0 . 9 5 0 . 1 0 0 . 9 2
480 0 . 1 3 0 . 9 2 0 . 1 4 0 . 9 0 0 . 1 0 0 . 9 3 0 . 1 5 0 . 9 0
520 0 . 1 9 0 . 8 8 0 . 2 0 0 . 8 7 0 . 1 4 0 . 9 0 0 . 2 3 0 . 8 5
560 0 . 2 8 0 . 8 0 0 . 3 0 0 . 8 0 0 . 1 9 0 . 8 7 0 . 4 0 0 . 7 8

calculated isotherms are very close. The isotherms are 
asymmetrically displaced somewhat in the direction of the 
TIBr corner and subtend a somewhat larger area in the 
NaNC>3-NaBr-TlBr triangle than in the TlBr-TlN03- 
NaNC>3 triangle. This is consistent with the fact that A-n 
is the largest and predominant interaction parameter in
fluencing the shapes and position of the isotherms. Since 
XTi is positive, this system is analogous to the system il
lustrated in Figure lc with XT1 being analogous to XA. 
Thus we see a confirmation of the predicted displace
ments of the position of the miscibility gaps which result 
from the influence of interactions related to the binary in
teraction parameters.

Discussion
The correspondence of the measured and calculated 

phase diagrams illustrates the potential of the theory in 
predicting miscibility gaps. This is further exhibited in 
Table II where we list measured and calculated composi
tions along the stable diagonal. The correspondence is re
markably good. The calculations are sensitive to the value 
of A G°. As can be seen in Figures 2b and 2c, a change of 
500 cal mol-1 makes a significant difference in the size of 
the miscibility gap when temperatures are not too far 
from the upper consolute temperature. We see that the 
size of the gap depends on AG° and on the interaction pa
rameters whereas the asymmetry depends only on the rel
ative values of the interaction parameters. Fairly small 
uncertainties in AG° may lead to significant uncertainties 
in the size of the gap. The influence of the size of Z is il
lustrated in Table II and in Figure 2 with the gap being 
somewhat smaller for Z = 5.5 than for Z = 6.

We have utilized eq 23 for A. Had we utilized eq 7 with 
Z = 6 the gap would have been wider. We obtain results 
similar to Figure 2b using eq 7 with a value of Z = 5. 
When Xj’s are positive as in this case, the size of the term 
A in eq 1 relative to the other terms is smaller than when 
the Aj’s are zero if eq 7 is used for A . It is this relative size 
that leads to the artifact in the equations discussed pre
viously3 with the artifact appearing when A gets relatively 
large. This artifact is manifested by a double maximum in 
the calculated miscibility gap. Thus, in this case, the arti
fact does not appear when eq 7 is used even when Z = 5 
whereas it appears when Z  < 5.3 when all the A,’s are 
zero. Conversely, when the X j ’s are negative, such artifacts 
may appear even for values of Z much larger than 5.3.

For example, we have performed calculations for the Li, 
Cs 11 F, Cl system in which there are large negative devia
tions from ideality in the LiF-CsF and LiCl-CsCl bi
naries. Using eq 7 with Z = 6 led to difficulties in calcula
tion and the calculations we obtained were characterized 
by two (rather than one) maxima in the miscibility dome. 
With the use of eq 23 these artifacts were suppressed. Our 
calculations in this system led to a calculated miscibility 
gap which, within the uncertainties in the parameters, 
was as long and asymmetric as the measurements of Bu-

khalova and Sementsova16 and Sholokhovich. et a/.,17 
along the stable diagonal (LiF-CsCl) but was much wider 
than indicated in the measurements along the unstable 
diagonal (LiCl-CsF). The reasons for this discrepancy re
main unclear. The measurements in the Li, Cs 11 F, Cl 
system are only of the intersection of the miscibility dome 
with the liquidus curves. A full test of the theoretical cal
culations requires much more detailed data on the entire 
miscibility dome.

Our calculations illustrate that the theory is in accord 
with the most completely studied system suitable for our 
calculations. Only one other system, the Rb, T1 11 NO3, 
Br system appears to have been studied in detail adequate 
for a similar comparison.5 Unfortunately, this system is 
very close in character to the one we studied. Clearly, 
more data on systems which are decidedly different from 
the Na, T1 11 NO3, Br system are necessary for a real test of 
the range of applicability of the theory. It appears that the 
use of eq 1 and 23 with Z = 6 are adequate for the calcu
lation of miscibility gaps and should also be suitable for 
the calculation of liquidus temperatures. This is the only 
example of which we are aware for which the entire misci
bility gap may be predicted a priori from solution theory.
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Kinetic Studies of Bis(chloromethyl) Ether Hydrolysis by Mass Spectrometry
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The hydrolysis of bis(chloromethyl) ether (bis-CME) was studied in 2 N  NaOH, 1 N  NaOH, water, 1 
N  HC1, and 3 N HC1. From the measured values of AS0* and E*. it was interpreted that the mechanism 
of. the hydrolysis of bis-CME was SnI in character in basic solution and shifted to an Sn2 like mecha
nism in acidic solution.

Introduction
Chloromethyl methyl ether (CMME) is a commonly 

used chloromethylating agent in the manufacturing of 
commercial ionic resins. One of the impurities present in 
CMME has been found to be bis(chloromethyl) ether fbis- 
CME). Bis-CME has been shown recently to be a very 
strong carcinogen in experiments involving skin painting,1 
subcutaneous injection,1 and inhalation.2 Since these 
findings, possible industrial exposure to this simple mole
cule has been of very much concern. Analytical techniques 
for analysis of ppb levels of bis-CME in air have then 
been developed quite recently.3 4

Unlike CMME, which has been extensively studied,5 
the hydrolysis of bis-CME in solution has not been inves
tigated to the best of our knowledge. In this report, the 
rates of bis-CME hydrolysis were determined in 2 N 
NaOH, 1 N  NaOH, water, 1 N  HC1, and 3 N HC1. The 
Arrhenius expressions for the hydrolysis rates were also 
determined. The systematic changes of the determined 
values of ASo* and E* from basic solution to acidic solu
tion are discussed in terms of the changes of the hydroly
sis mechanisms.

The least-squares linear fits of the rate and arrhenius 
plots were achieved with use of an IBM 1130 computer.

Experimental Section
Due to the high toxicity of bis-CME. any exposure to 

this molecule must be avoided. The rate determinations 
were, therefore, carried out at very low concentration lev
els of the order of 1 ppm. Bis-CME dissolves in aqueous 
solution very slowly. To facilitate a fast dispersion of bis- 
CME in aqueous solution, a 1% bis-CME-acetone solution 
was used. Here, acetone acted as a carrier for dispersion. 
The hydrolysis apparatus is shown in Figure 1. The bis- 
CME-acetone solution (20 jul) was injected into a sealed

160-cc vessel filled with the appropriate solution in which 
the hydrolysis rate was to be determined. Assuming no 
prior hydrolysis took place, the concentration so prepared 
was ca. 1 ppm. The vessel was placed in a thermal bath 
and completely filled with the appropriate solution so that 
no air space remained into which bis-CME might volatize 
thus changing the concentration of the solution. The solu
tion was constantly stirred. The syringe used for injecting 
the bis-CME-acetone solution served for sealing the open
ing used for the injection. To avoid any bis-CME escaping 
into the atmosphere, the syringe was not removed until 
after the bis-CME in the aqueous solution reached an un
detectable level. The concentration of bis-CME in the 
aqueous solution was monitored using a CEC 21-110 dou
ble focusing mass spectrometer coupled with a 15-head 
semi-membrane silicone fiber probe. The development of 
the fiber probe was published elsewhere by Westover, 
Tou, and Mark.6 In order to detect the anticipated weak 
signals, an amplifier with a gain of about 30 was installed 
to amplify further the mass spectrometer output.

A few milligrams of benzene in a 500-cc reservoir at 
200° was bled into the mass spectrometer through a mo
lecular leak. The purpose for this was twofold. One was 
for calibration as an internal mass marker for the peaks to 
be monitored. The second was for checking whether or not 
there were variations of the instrument sensitivity during 
each experiment. The resolution of the mass spectrometer 
was adjusted to ca. 2000. which was enough to resolve a 
doublet peak at m/e 79 due to C513CH6~ and C2H4OCU. 
The former ion is the 13C molecular ior. of benzene. The 
latter ion. C2H.jOCl~, which was monitored, is the most 
intense ion in the mass spectrum of bis-CME and is gen
erated from the molecular ion, C1CH20CH2C1-+ --*•
C1CH20+ =CH 2 + -Cl. The intensity of the C2H 4OCH 
peak is directly proportional to the concentration of bis-
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Figure 1. Bis-CME hydrolysis apparatus.

CME in solution. The doublet at mje 79 was repetitively 
scanned at a rate of ~  1.3 sec per data point and recorded 
using a light beam oscillograph.

Results and Discussion
The monitored intensity of the C2H4OCl+ peak was 

found to be dependent upon rates of mixing and hydroly
sis. In order to determine the rate of mixing, acetone was 
used and the rate measured by monitoring the molecular 
ion of acetone. Acetone was found to reach equilibrium in 
the solution in ca. 20 sec. The recorded intensity change 
of the C2H4OCD peak can be considered to be solely due 
to hydrolysis only after bis-CME is uniformly dispersed in 
the solution. The rate of mixing was found to be depen
dent on temperature and viscosity of the solutions being 
studied. These dependences are easily recognizable from 
the intensity changes of the C2H4OCl+ peak. The peak 
intensities monitored gradually increased to their maxima 
as mixing occurred and then followed a decay controlled 
by the bis-CME hydrolysis rate in solution at the experi
mental temperature. The log of the intensity of the 
C2HUOCI ‘ peak after reaching its maximum was plotted 
against time. The rate of hydrolysis can then be derived 
from the slope of a least-squares fit straight line. Two rate 
curves are shown in Figures 2 and 3 to serve as represen
tative cases. Because the signals monitored are weak, 
scattering of the data points is expected. Generally speak
ing, the lower the temperature and the weaker the signal, 
the larger the scattering. These are clearly demonstrated 
in Figures 2 and 3. Even though the data points are scat
tered, a linear plot was obtained in every case studied 
which indicates the hydrolysis is a pseudo-first-order reac
tion.

The rates determined at different temperatures can be 
expressed in the Arrhenius form

k = A e -* m  =  21 X 10107 V s,/V f;*irf (1)

where k is the rate at temperature T, A the Arrhenius fre
quency factor, R the gas constant, AS* the entropy of ac
tivation. and E* the energy of activation. Hence the plot 
of log k against 1/T  will yield a straight line, from which 
E* can be derived from the slope and A from the inter
cept. The Arrhenius plot with least-squares fit is shown in 
Figure 4 for the hydrolysis of bis-CME in 3 N  HC1 as a 
representative case. The values of A. ASo*, and E* along

Figure 2. Hydrolysis of bis-CME in 3 N HCI at 294.5°K.

t. Sec

Figure 3. Hydrolysis of bis-CME in 3 N HCI at 288.4°K.

Figure 4. Arrhenius plot of bis-CME hydrolysis in 3 N HCI.

with the standard deviations were calculated and are 
summarized in Table I.

As shown in Table I, a systematic change in A, ASo*, 
and E* is clearly demonstrated as the hydrolysis media 
changed from being basic to being acidic. The decrease of 
the activation energy from acidic solution to basic solu
tion highly suggests that the hydrolysis of bis-CME is a 
nucleophilic reaction. It has been reported that the solvol
ysis of CMME, similar to that of tert-butyl chloride in 
many respects, has an unusually low activation energy 
and entropy of activation. Values of E* from 8.6 to 13 kcal 
mol' 1 and of ASo* from -43.7 to -15.6 eu have been re-
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T A B L E  I :  A ,  AS0*, a n d  E *  f o r  t h e  H y d r o ly s is  o f  b is - C M E  i n  N a O H  (a q u e o u s ) ,  H 20 ,  a n d  H C 1 (a q u e o u s )

k, sec-1

Solution A ASo*, eu E *, kca l/m o l 0° 20° 40° ±  Ak, sec -1

2 N  NaOH 1.15 X 1 0 5 -3 5 .2 8.96 ± 0 . 3 0.0079 0.024 0.064 0 . 0 0 2

1  N  NaOH 1.34 X 1 0 s - 2 1 . 2 12.9 ±  1.0 0.0064 0.032 0.13 0.003
H»0 1.08 X 1 0 10 -1 2 .5 15.8 ± 0 . 4 0.0025 0.018 0 . 1 0 0.006
1  N  HC1 1.94 X 1 0 11 -6 .7 3 17.5 ± 0 . 0 5 0.0019 0.018 0 . 1 2 0 . 0 0 2

3 N  HC1 8.37 X 1 0 u -3 .8 2 18.6 ±  0 . 1 1 0 . 0 0 1 1 0.011 0.088 0 . 0 0 2

Figure 5. The compensation effect plot of TAS* against E* at 
0°.

ported in various solvents.5a-7 In the case of solvolysis of 
primary alkyl halides, values of E* are ca. 20 to 25 kcal 
mol-1 and of ASo* ca. - 4  to -12  eu.3 The former case is 
typical of the transition state involving an ion-pair like 
configuration (Sn I mechanism), and the latter case in
volves a covalent bond like configuration (Sn2 mecha
nism). Comparing our values shown in Table I with those 
discussed above, the mechanism of the hydrolysis of bis- 
CME is SnI in character in basic solutions and shifts to 
an Sn2 like mechanism in acidic solutions. In basic solu
tions, the formation of the ion-pair like transition state 
would be facilitated by charge delocalization, 
[C1CH20CH 2+]C1- — [ClCH2-0 + = C H 2)Cl-. However, 
the carbonium ions will be destabilized due to the proton
ation on the ether oxygen atom in acidic solutions. In this 
case, the attack of a nucleophile, ~OH, on the «  carbon is 
anticipated and, therefore, the Sn2 reaction is favored.

In a considerable number of kinetic studies involving a 
series of solvents, plots of TAS* against E* have been 
found to be straight lines of approximately unit slope.8 As 
shown in Figure 5, the linear relationship was indeed 
found to be true in the present case and exhibited a slope

of about 0.92. The positive slope indicates that energies of 
activation and entropies tend to compensate each other, 
so that the changes in free energy are small. The irregular 
variations of the rate constants calculated in different sol
vents at different temperatures, as shown in Table I, are 
believed to be real and to be caused by the alleged com
pensation effect8 which determines both the slopes (E*) 
and the intercepts (AS*) in the Arrhenius rate plots. The 
directions of the variations in the rate constants deter
mined in different solvents are controlled by the crossings 
of the rate curves in the Arrhenius plots.

Conclusion
The hydrolysis of bis-CME was found to be a pseudo- 

first-order reaction in all of the cases investigated. The 
decrease of the activation energy from acidic solution to 
basic solution highly suggests that the hydrolysis of bis- 
CME is a nucleophilic reaction. Comparing the values of 
ASo* and E* measured for bis-CME with those for 
CMME and primary alkyl halides, it can be rationalized 
that the mechanism of the hydrolysis of bis-CME is Sn I 
in character in basic solutions and shifts to an Sn2 like 
mechanism in acidic solutions.
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Partial Molal Volumes of Ions in Organic Solvents from Ultrasonic Vibration 
Potentials and Density Measurements. II. Ethanol and Dimethylformamide

F. Kawaizumi and R. Zana*
C.N.R.S., Centre de Recherches sur les Macromolëcules, 67083 Strasbourg-Cedex, France (Received November 16, 1973)

The partial molal volumes of monovalent ions in ethanol and dimethylformamide (DMF) have been ob
tained from ultrasonic vibration potential data and density data for solutions of uni-univalent electro
lytes. The use of Hepler’s equation has permitted us to split ionic partial molal volumes into geometric 
and electrostrictive contributions. The results obtained in this work together with those previously re
ported for ions in water and methanol indicate that the parameters which determine ionic partial molal 
volumes are (1) the size of solvent molecules, (2) the degree of steric hindrance of the poles of the dipole 
of the solvent molecule, and (3) the properties of the layer of atoms 3-4 À thick around ions. The geo
metric contribution depends on 1 and 2 while 2 and 3 appear to determine the contribution of électro
striction.

Introduction
In the first paper1 in this series, partial molal volumes 

of monovalent ions in methanol were obtained from the 
combination of ultrasonic vibration potential (uvp) data 
and density data for solutions of uni-univalent electro
lytes. The purpose of this paper is to report similar data 
in ethanol and dimethylformamide (DMF).

As will be seen below these data show that the empiri
cal methods of Mukerjee2 and of Conway, et al.,3 for ob
taining ionic partial molal volumes do not hold in DMF. 
They also provide new informations about the parameters 
which determine ionic partial molal volumes.

The apparatus and the experimental procedures used in 
this work have been previously described.1

Partial Molal Volumes of 1-1 Electrolytes at Infinite 
Dilution in Ethanol and DMF

Density data for electrolytes in ethanol and DMF are 
quite scarce in the literature. For this reason, as a part of 
this work measurements of density as a function of con
centration were performed for solutions of ten 1-1 electro
lytes in ethanol and thirteen 1-1 electrolytes in DMF. The 
apparent molal volume <p2 of the salts have been calculat
ed using eq 3 in ref 1. The partial molal volumes V20 of 
the salts at infinite dilution were obtained by extrapolat
ing to zero concentration the curves 2 = /(c1/2), where c 
is the concentration, according to Masson’s equation.4

The results are shown in Figures 1-4. They indicate an 
overall error of about ±1 cm3/mol on V20 values. The 
error on V°(CsI) in ethanol may be larger because the 
limited solubility of Csl prevented the investigation of a 
sufficiently large range of concentration (the extrapolation 
was performed by assuming for the line <¿>2 = /(c1/2) the 
same slope as for Rbl). Within the experimental error we 
found that small additions of water resulted in negligible 
changes of ip2 and V2° (see Figure 3).

The values of V2° and of the slopes Sy' of the lines <p2 — 
/(c1/2) are listed in Table I where are also given the results 
of other workers.5’6 The result of Butler and Lees5a for 
LiCl in ethanol is in good agreement with that found in 
this work. For DMF differences well above the experimen

tal error appear between the results of Gopal, et al.,6 and 
those found in this work. It must be pointed out, however, 
that the results of these authors6 were obtained at 35°. 
They are cited in Millero’s review7 as a “ private commu
nication” but have not appeared in the Chemical Ab
stracts up to now. We were thus unable to find the source 
of these discrepancies. For this reason our results were 
preferred when calculating ionic partial molal volumes.

The results of Table I indicate that within the experi
mental error the values of V20 obey the additivity rule.7 A 
number of results listed in Table I were obtained using 
this rule because the solubility of several electrolytes 
(mostly chlorides in ethanol) is too low to permit mea
surements of density with the accuracy required for ap
parent molal volume determination.

Ultrasonic Vibration Potential of Electrolytes in 
Ethanol and DMF

The results of the measurements performed in the range 
3 x  10" 4 to 3 x  10" 2 M  for most of the electrolytes of 
Table I are given in Table II. The sign of the uvp $ was 
assigned as previously reported.1’8 Small additions of 
water (up to 1%) were found to have no effect on the mea
sured uvp.

As for electrolytes in methanol, in all instances but 
LINO3, the uvp show a decrease at concentrations above 3 
X  10" 3 to 10" 2 M. These decreases are relatively small for 
bromides and nitrates but become significant for iodides 
thus showing the same trend as that observed for electro
lytes in methanol.1 Two processes may be responsible of 
these variations of $: (1) ion-pair formation which occurs 
at lower concentrations in organic solvent than in water, 
owing to their lower dielectric constant (as pointed out in 
ref 1 ion pairs may give rise to dipole vibration poten
tials);9 (2) formation of complex ions such as triple ions.10

The concentration of ion pairs and complex ions in
creases with the electrolyte concentration c. One may 
therefore expect an influence of these two processes on the 
measured uvp at higher c, as is experimentally found. At 
this point it is worth recalling that in some soap solutions 
$ is concentration dependent both in the submicellar and
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F igure 1. Apparent molal volumes of alkali metal and 
ammonium iodides vs. (molar concentration) 1/2 in ethanol 
at 25°.

F igure 2. Apparent molal volumes of N H 4N O 3. N H 4CI, 
NaBr, UNO3, and LiC I (our results, A , results from ref 
5a, O) vs. (molar concentration) 1 2 in ethanol at 25°. The 
inner concentration scale is for LiC I.

in the micellar ranges of concentration11 because of sub- 
micellar association and micelle formation.

The results of Table II show that in most instances <I> 
varies only slightly with c in the range 3 x 10 4 to 3 X 
10“ 3 M. For this reason the values of <1 listed in column c 
in Table II and which were used in calculating ionic par
tial molal volumes have been taken in this range.

Calculation of Ionic Partial Molal Volumes
The calculation of partial molal volumes of anions 

(V_°) and cations (VY°) at infinite dilution makes use of 
eq 1 and 2 in ref 1. It involves the knowledge of the cation 
and anion transport numbers t . and t _ = 1 -  f . and of 
the amplitude as(, of the velocity of ions in the ultrasonic 
field.

The transport numbers have been obtained from the 
limiting equivalent conductivities of ions in ethanol and 
DMF compiled by Kratochvil and Yeager.12 and the 
values of are listed in Table I. At the onset it must be

Figure 3. Apparent molal volumes of ammonium, rubidi
um, potassium, sodium, and lithium nitrates and lithium 
chloride vs. (molar concentration) 1,2 in DMF (A ) and in 
99% DMF-1% H20  (T ) at 25°.

F igure 4. Apparent molal volumes of alkali metal iodides, 
ammonium Iodide, and potassium and sodium bromides 
vs. (molar concentration) 1/2 in DMF at 25°.

pointed out that transport numbers in DMF are less accu
rate than in water, methanol, and ethanol. For example. 
Prue and Sherrington13 results, which were adopted in 
this work, yield f°(K +) = 0.359 in KC1 solution while data 
from other workers14 give 0.342 for the same quantity. 
This fact introduces an additional error of up to 2 cm3/ 
mol in the calculation of ionic partial molal volumes in 
DMF.

For ions in ethanol, ar.:tOH was determined using the 
same graphical procedure as for methanol.1 Its average 
value was found to be 11.1 cm/sec. Table III gives in col
umn a the ionic partial molal volumes in ethanol calculat
ed using a[.:t()H = 11.1 cm/sec and the V2° and <i> data of 
Tables I and II. For each ion the value in column a is an 
average over the results for all of the electrolytes of Table
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TABLE I: Partial Molai Volumes of Electrolytes and Cation Transport Numbers at
Infinite Dilution in Ethanol and DMF at 25°

E thano l D M F

F 2°, cm 3/m o l

t+ c

v>°, cm 3/m o l

S v ',
cm 3/m o l3,/2 f+c

Th is
w ork

O ther Sv', 
works cm 3/m o l3/2

Th is
w ork

O ther
works

HC1 3.0" 0.733
LiCl - 5 . 2 - 4 . 4 “ 12 0.438 - 4 . 4 9 0.312
LiN03 5 . 1 15.3 0.390 6 . 9 14 0.304
NaCl 4 .0 “ 0.482 5 . 9“ 0.352
NaBr 6 . 1 20.5 0.480 6.6 13 . 5 0.358
Nal 17.2 15.5 0.430 23.1 2 1 . 3 / 2 . 7 0.364
NaNOs 15.3“ 0.432 17.2 24.5 / 16 0.343
KC1 12.6“ 0.518 13.0“ 0.359
KBr 14.1 15.5 0.365
KI 25.8 2 0 0.466 30.5 35.8/ 5 0.371
KNO3 23.9“ 0.469 24.3 16 0.350
NH 4C1 21.8 13.5 0.486 18.9“ 0.413
NH4I 35.0 15.7 0.434 34.9 38.4/ 10 0.425
NH4N03 33.1 15 0.437 30.3 41.7/ 21 0.403
RbCl 18.4“ 0.533 17.0“ 0.370
Rbl 31.6 24 0.481 34.0 8 0.383
RbNOs 29.7“ 0.484 28.3 I 6 . 5 0.361
CsCl 26.2“ 0.547
Csl 39.4" 23 0.495 40.4 9.3 0.397
CsNOs 37.5“ 0.498 34.8“ 0.376

(1 Values obtained using the  a d d it iv ity  rule. h The error on r° (C s I)  is p robab ly  larger than fo r o ther salts owing to  the low  s o lu b ility  o f C sl in  ethanol. The 
values o f F°(CsC l) and T°(CsNOrO in  e thanol are lik e ly  to  be affected by  the  same error. c Values calculated using the results com piled in  re f 12. "  Reference 
5b. e Reference 5a. ! Reference 6.

TABLE II: Ionic Vibration Potential $ (in ßV) of Uni-univalent Electrolytes at Various 
Concentrations (in M) in Ethanol and DMF at 220,1

Concentration

3 X 10 " 4 10--3 3 X 10 " 3 10--2 3 X IO " 2 <t>r

Electrolyte^’ E tO H D M F E tO H D M F E tO H D M F E tO H D M F E tO H D M F E tO H D M F

HCl (1,0) 
LÌNO3 (0 ,1 )

- 4 . 5

- 2 2 . 5

- 4

- 2 2

- 4

- 2 0

- 3 . 5

- 1 2 . 5 - 9

— 4"
- 2 2

NaCl (2,1) 5 14.5 2 . 5 23 3 3 d 16"
NaBr (1,2) -23.5 -25 -24.5 -23.5 -24.5 -24 -27 -24.5 -30.5 -26 -24.5 -24
Nal (1,1) -62 -53.5 -66.5 -53 -70 -58 -73.5 -62 -78.5 -67 -68 -53.5
NaNOs (4,2) -12 -8 -13 -9 .5 -16 -9 -21 -7 .5 -8 -14.5 -9
KC1 (2,2) 9.5 14 12.5 24.5 13 30 12.5" 16"
KBr (0,1) -14 -13.5 -14 -16 -18 -14
KI (1,2) -43 -53 -46 -53.5 -47 -58 -51.5 -62 -60 -65 -46.5 -53.5
KNOs (2,2) -5 .5 -8 -4 -8.5 -5 .5 - 7 - 5 -6 .5 -5" -8"
NHiCl (1,1) -8 - 1 .5 - 7 -6.5 -6.5 -9 - 7 - 7 -3
NH4I (0,2) 
NH4NO3

-63 -70.5 -70.5 -72 -74 -68

(3,2) -22.5 -1 7 -24 -16.5 -25.5 -18 -28 -19 -30 -20.5 -25 -1 7
RbCl (2,1) 36 42.5 39 47 39 45
Rbl (1,1) -13.5 - 2 0 -16.5 -21.5 -20.5 -26.5 -24.5 -34 -18.5 - 2 1
RbNO.i (1,1) 17.5 26.5 19.5 26.5 23 18.5 15.5 19.5 26.5
CsCl (2,1) 64 70.5 71 71
Csl (1,1) 9 -4 8 -4.5 5.5 -9 -13 -1 7 8 " -4.5"
CsNOs (3,1) 51.5 49 50.5 47.5 42 51.5 49.5

(l P rio r to  measurements in  organic solvents, measurements were carried ou t on aqueous solutions o f CsCl and R bC l in  order to  o b ta in  the  value o f the  veloc
i t y  am plitude a\\ in  w a te r.1 T h e  average value o f a\\ was found to  be 10.35 cm/sec and the  u v p ’s measured in  organic solvents have a ll been m u ltip lie d  by 
10.35/a\v to  give the  values o f <i> lis ted  above. !> T he  numbers in  parentheses represent the  numbers o f independent runs perform ed on each e lectro ly te ; the  firs t 
num ber is fo r to  e thanol (E tO H ) and the  second fo r D M F . c Values o f <f> selected fo r ionic p a rtia l m ola l volum e ca lcu la tions (see te x t). ^ S a lt fo r w hich  the  sign 
o f the  u vp  has been obta ined as explained in  re f 1.

I involving this ion. The values of V°(Na+), V°(C1~), 
V°(N03_ ) and V°(I~) yield results in good agreement 
with those which can be calculated from the V20 data of 
Table I. For this reason the ionic partial molal volumes 
have been recalculated using these four values as refer
ences and the V20 data of Table I, yielding the set of 
values listed in column b. The values of V°(Br") in col
umns a and b differ by 5.7 cm3/mol while for all of the 
other ions the differences are below 2 cm3/mol, i.e., with

in the experimental error which is estimated to be ±2-3 
cm3/mol for all ions except Cs+ for which the error may 
be somewhat larger.

For ions in DMF, aDMF was taken as 10.5 cm/sec. In
deed the use of eq 5 in ref 1 and the calibration of the ap
paratus with aqueous solutions of known uvp show that 
for DMF one should have 10.35 < aDMF < 10.7 cm/sec. 
The results of these calculations are given in Table IV. 
The values of the partial molal volume of a given ion, cal-
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TABLE III: Ionie Partial Molal Volumes in 
Ethanol at 25° (cm'/mol)

Ion T h is  w ork" T h is  w orkft
M ukerjee ’s

m ethod0 Water**

H  + - 1 5 . 5 - 5 . 7
L i  + - 1 9 . 2 - 2 0 . 2 - 6 . 6
N a  + - 9 . 8  ( 1 . 5 ) - 9 . 8 - 1 0 . 5 - 6 . 9
K  + - 2 . 5 - 0 . 4 - 1 . 9 3 . 3
R b  + 6 . 8 5 . 5 3 . 9 8 . 4
C s  + 1 5 . 2 1 3 . 3 1 1 . 7 1 5 . 6
n h 4+ 7 . 0 8 . 9 6 . 8 1 2 . 2
C l - 1 2 . 3  ( 2 . 6 ) 1 2 . 5 1 5 . 0 2 3 . 5
B r - 2 0 . 8 1 5 . 1 1 6 . 6 3 0 . 4
I - 2 6 . 7  ( 3 . 4 ) 2 6 . 7 2 7 . 7 4 1 . 9
n o 3- 2 3 . 8  ( 1 . 6 ) 2 3 . 8 3 4 . 7

" The  numbers in  parentheses represent the  ro o t mean square devia tions 
obtained as in  re f 1, fo r a ve lo c ity  am plitude ok to il =  11.1 cm/sec. '' Average 
values calculated using l ’° (C l- ) = 12.5 cm 3/m o l, l ’° (N a +) — 9.8 cm 3/m o l, 
V 'o (I-) =  26.7 cm 3/m o l, r° (N 0 3 ~ ) =  23.8 cm 3, m ol, and the  r?" data  o f 
Tab le  I .  0 Values calculated using M ukerjee ’s m ethod2 and the  IV  data o f 
T ab le  I .  d Values obtained from  the data com piled in  re f 7 w ith  r ° ( C l- ) =  
23.5 cm 3/m o l (see re f 3 and 8).

TABLE IV: DMF Ionic Partial Molal Volumes in 
cm’/mol and at 25° Calculated from the Data of 
Tables I and II with amir = 10.5 cm/sec

Chlorides Brom ides Iodides N itra tes

A. Results for Cations
L i  + 
N a  + - 2 2 . 4 - 2 5 . 4 - 2 6 . 4

- 2 4 . 1
- 1 7 . 5

K  + - 1 1 . 4 - 2 0 . 4 - 1 4 . 5 - 7 . 1
R b  + - 9 . 2 - 1 3 . 3 - 8 . 4
C s  + 
N H . + - 1 . 0

2 . 2
- 4 . 0

0 . 9
- 2 . 1

Salts o f H +  N a+  K +  R b+  Cs*  N H ,+

B. Results for Anions
C l “ 2 8 . 3 2 4 . 4 2 6 . 2 1 9 . 9
B r “ 3 2 . 0 3 4 . 5
I 4 9 . 5 4 5 . 0 4 7 . 3 3 8 . 2 3 8 . 9
n o 3- 3 1 . 0  3 4 . 7 3 1 . 4 3 6 . 7 3 3 . 9 3 2 . 3

culated from the results for several electrolytes containing 
this ion, show a greater scatter than in the case of metha
nol1 and ethanol. For example, the calculated values of 
V°(I“ ) range from 38.2 to 49.5 cm3/mol with an average 
values of 43.8 cm3/mol and a root mean square deviation 
of 4.5 cm3/mol. For NO3“ , however, the values of 
V°(N03~) calculated for the six nitrates studied in this 
work are quite consistent, ranging from 31 to 36.7 cm3/ 
mol with a root mean square deviation of 2 cm3/mol from 
the mean of 33.3 cm3/mol. For this reason this value of 
V°(N03_ )_was adopted as reference and used together 
with the V20 data of Table I to calculate the set of ionic 
partial molal volumes given in column b in Table V. For 
comparison are given in column a the average ionic partial 
molal volumes calculated from the results of Table IV. 
The comparison of columns a and b shows that for Li*. 
K +, Cs+, NH4 + , and Cl“ the difference between the two 
sets of data is less than 3 cm3/mol. For Na+, Rb+, and 1“ 
this difference is about 5.5 cm3/mol. This last value is 
slightly above the estimated maximum error on ionic par
tial molal volumes in DMF (±4 cm3/mol). The case of 
Br~ is more difficult to understand. Indeed the difference 
between the results of columns a and b is larger than 10 
cm3/mol. The behavior of Br“ in DMF is similar to that

TABLE V: Ionic Partial Molal Volumes in DMF in 
cmVmol and at 25°

Ion T h is  w ork"
Th is

work**
M ukerjee ’s

m ethod0 Water**

L i + - 2 4 . 1 - 2 6 . 4 - 1 9 . 4 - 6 . 6
N a  + - 2 2 . 1  ( 3 . 6 ) - 1 6 . 3 - 9 . 1 - 6 . 9
K  + - 1 1 . 0  ( 3 . 0 ) - 9 . 0 - 2 . 0 3 . 3
R b  + - 1 0 . 3  ( 2 . 2 ) - 5 . 0 2 . 0 8 . 4
C s  + 1 . 6 1 . 5 8 . 5 1 5 . 6
n h 4 + - 2 . 4  ( 1 . 2 ) - 3 . 1 3 . 9 1 2 . 2
C l “ 2 4 . 7  ( 3 . 1 ) 2 2 . 0 1 5 . 0 2 3 . 5
B r “ 3 3 . 3 2 2 . 9 1 5 . 9 3 0 . 4
1 “ 4 3 . 8  ( 4 . 5 ) 3 9 . 0 3 2 . 3 4 1 . 9
n o 3- 3 3 . 3  ( 2 . 0 ) 3 3 . 3 2 6 . 6 3 4 . 7

( C 2H 5) , N  + 1 2 5 . 5 ' 1 4 3 . 4
(c 3h 7) 4n  + 1 9 8 ' 2 0 8 . 7
( C 4H 9) 4N  + 2 6 6 . 4 ' 2 7 0 . 1
( C 5h „ ) 4n  + 3 3 6 . 7 ' 3 3 3 . 5

n Average values calculated from  the  results o f Tab le  I I I .  Fo r N a + and 
K  + the  results obtained w ith  the  bromides have n o t been taken  in to  account 
(see te x t). The  ro o t mean square devia tions are given in  parentheses. h C al
culated from  the  I V  data  o f Table I  w ith  y°(N 03~) =  33.3 cm 3/m o l. 
0 C alculated using M u k e r jee’s m ethod and the  data o f Tab le  I .  d O btained 
from  the  data com piled in  re f 7 w ith  V_0(C1 “ ) =  23.5 cm 3/m o l (see re f 3 and 8) 
e O btained from  the  I V  data fo r te traa lky lam m onium  halides o f Gopal, 
et a l .,6 c ited in  re f 7 w ith  V °(I - ) — 39 cm 3/m o l.

observed in ethanol. The purity of the bromides used in 
the experiments is not involved as NaBr and KBr were 
both Merck purissimum compounds (purity >99.9%) and 
yielded identical values for V2° and <t> when used without 
further purification and after an additional recrystalliza
tion.

Before discussing ionic partial molal volumes in terms 
of geometric and electrostrictive contributions it is inter
esting to compare the “ experimental” ionic partial molal 
volumes obtained in this work with those that can be cal
culated using the method of Mukerjee2 and the extrapola
tion procedure of Conway, et a l . 3

Mukerjee’s method assumes the ionic partial molal vol
ume Vi° of an ion i to depend only on its ionic radius r 
The Vj°’s are then obtained by setting the value of the 
partial molal volume of a certain ion such that all other 
ionic partial molal volumes calculated from this chosen 
value and V2° data fall on a single curve when plotted as a 
function of rt3. Mukerjee’s method can be used in each in
stance where a sufficient number of values of V2° are 
known. When applied to the data of Table I in conjunc
tion with Pauling’s ionic radii, this method yielded the 
two sets of values listed in column c in Tables III and V. 
For ethanol the differences between the experimental re
sults (column b) and those of column c are of about 1-2 
cm3/mol, i.e., within experimental accuracy. For DMF, 
however, the differences are of about 7 cm3/mol. Thus 
Mukerjee’s method does not apply in DMF in contradis
tinction to water.8 methanol,1 and ethanol. This conclu
sion is discussed below.

The extrapolation method of Conway, et a l . . 3 makes use 
of the partial molal volumes of tetraalkylammonium 
(TAA) halides. An extrapolation to zero cation molecular 
weight then yields the partial molal volume of the halide 
ion. There are no data available for TAA halides in etha
nol. In DMF the use of Gopal. et a l . . 6 results extrapolated 
to 25° yields V°(I_ ) = —4 ±  5 cm3/mol. This value is 
more than 40 cm3/mol below that in column b of Table V 
and shows that as for methanol1 the extrapolation method
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does not hold for DMF. The same conclusion is likely to 
be true for ethanol.

Discussion
As for ions in methanol1 and water8 the equation pro

posed by Hepler15 will be used to split ionic partial molal 
volumes in DMF and ethanol into a geometric contribu
tion and a contribution of électrostriction. This equation 
is given by15

F j0 =  A r f  — B/r, ( l )

where A and B are two constants. The first term in the 
right side of eq 1 represents the geometric contribution 
and the second term the electrostrictive contribution. 
This equation has been shown to give a good description 
of ionic partial molal volumes in water8 and methanol.1 
For these two solvents A and B have been found to de
pend only on q and not on the sign of the ionic charge.1 '8

Figures 5 and 6 show the plots of Vi°q vs. q 4 (Pauling’s 
ionic radii) for ions in ethanol and DMF. For each solvent 
the points relative to alkali metal ions and halide ions de
fine two straight lines (referred to as 1 and 2, respectively) 
as predicted by eq 1. For DMF the difference between 
lines 1 and 2 is well above the experimental accuracy and 
there is a clear dependence of A and B on the sign of the 
ionic charge. For ethanol, such a clear cut conclusion can
not be reached on the basis of the results of Figure 5. The 
difference between lines 1 and 2 is larger than that found 
for methanol (see Figure 6 in ref 1). Moreover the slopes 
cf lines 1 and 2 are different while in methanol these lines 
run parallel.1 Nevertheless, Figure 5 shows that line 1' 
which corresponds to the results of column c of Table III 
(Mukerjee’s method) is compatible with the experimental 
points for all of the alkali metal and halide ions (values in 
column b) if we assume a maximum error of ±4 cm3/mol 
for V°(Cs~) (owing to the limited accuracy on the value of 
V°(CsI)) and for V°(Br“ ) (whose abnormal behavior has 
been pointed out above). With the same assumption the 
correspondence method of Criss and Cobble16 appears to 
hold for ions in ethanol and yields (Vi°)EtOH = 0.72 
(V|0)h2O- 3 .

The values of A and B for alkali metal and halide ions 
obtained from the plots of Figures 5 and 6 and the results 
for TAA ions in DMF calculated from the data of Gopal, 
et al.6 (see line 3 on Figure 6), are given in Table VI. For 
comparison we have also given the results for ions in 
water8 and methanol.1 As will be seen now these results 
will permit us to find which parameters determine ionic 
partial molal volumes. The discussion which follows is re
stricted to the values of A and B obtained from line 1' 
both for ethanol and methanol (see Figure 6 in ref 1).

Discussion of the Values of A. The results of Table VI 
show the three following salient features: (1) within exper
imental accuracy A is independent of the sign of the ionic 
charge for alkali metal and halide ions in water, metha
nol. and ethanol but depends on this parameter in DMF;
(2) for the three organic solvents the values of A for alkali 
metal and halide ions are smaller than in water; and (3) 
TAA ions are characterized by identical values of A in 
water, methanol, and DMF.

These results can be interpreted in terms of size of sol
vent molecules and of specific interactions between ions 
and solvent dipoles.

Indeed, one may expect the contact between alkali 
metal ions and solvent dipoles to occur at the negative
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Figure 5. Variation of Vi°q vs. q 4 for Ions In ethanol. 
Lines 1 and 2 correspond to the results of column b In 
Table III and line V corresponds to the results of column c 
obtained by means of Mukerjee's method.

Figure 6. Variation of Vj°q vs. q 4 for ions in DMF. Lines 
1 and 2 correspond to the results of column b in Table V and line 
V  corresponds to the results of column c obtained by means of 
Mukerjee’s method. The inner scales are associated with line 3 
which shows the results for TAA ions.

pole of the dipole, i.e., at the oxygen atom of the solvent 
molecule, for the four solvents of Table VI. On the other 
hand, for all of these solvent molecules there is only little 
steric hindrance about the oxygen atoms and those may 
be considered as equally accessible to cations. It is there
fore meaningful to compare the geometric contributions to 
the partial molal volume of a given cation in these sol
vents. Table VI shows that for alkali metal cations A in
creases as the size of the solvent molecule decreases, i.e., 
as the average volume of the holes in the solvent structure 
decreases. Thus for a given type of ion-solvent dipole con
tact the perturbation of the packing of solvent molecules 
brought about by a given cation decreases as the size of 
the solvent molecule increases, resulting in smaller values 
of A.

The same reasoning holds for halide ions in water, 
methanol, and ethanol where the contact halide ion-sol
vent dipole occurs at the hydrogen atom of the solvent hy
droxyl group. It must be added that the hydrogen atom is
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TABLE VI: Values of A (cm3/À 3 mol) and B (cm3 Â/mol) at 25°
M ethanol E thano l D M F W ater"

A B A  B A B A B

Halide ions 
Alkali metal ions ) 3.51 ± 0 . 2

Ì
17.5 ±  2 j 3.3 dh 0.2 1 2 - 3  3 8  LA -  d 2.5

±  0.4
±  0.3

2
18

±  5 Ì
± 3  j■ 4.75 ± 0 . 2 10 ±  2

TAA ions 2.4 ±  0.2 90 ±  20 2.4 ±  0.2 100 ±  20 2.4 ±  0.2 15 ±  5

" F rom  re f 8.

TABLE VII: Comparison between Experimental and Calculated Values of 
B for Water, Methanol, Ethanol, and DMF at 25°

S olvent D n
10n / f T,

cm 2/d y n
10n (d ln  D  dp), 

cm 2/d y n
Sealed, 

cm 3 A /m o l /?cxpt, cm 3 A /m o l

Water 78.4 4.57" 4 .7T 4.2 10 (alkali metal, halide and TAA 
ions)

Methanol 32.6 12.55" 11.3» 24.2 17 (alkali metal and halide ions) 
90 (TAA ions)

Ethanol 24.3 11.4» 32.6 12 (alkali metal and halide ions)
D M F 36.7 6.206 11.7 18 (alkali metal ions) 

2 (halide ions)
100 (TAA ions)

From  re f 22. h Calculated using eq 3 and 4 and the  data in re f 22 and 24. c F rom  re f 20 and 21.

as accessible to anions as is the oxygen atom to cations 
and one should not expect important differences of organi
zation of solvent molecules about anions and cations in 
these three solvents. Therefore the A values should de
pend only slightly on the sign of the ion charge. In going 
to DMF the situation changes drastically. Indeed the ni
trogen atom is sterically very hindered and thus not ac
cessible to halide ions. Important differences of organiza
tion of DMF molecules about anions and cations must be 
therefore expected and this may very well explain the dif
ference between the values of A for halide and alkali 
metal ions (see Table VI and Figure 6). One is also led to 
predict closer values of A for these two types of ions in 
formamide where the N atom is much less hindered than 
in DMF and thus more accessible to anions. Ionic partial 
molal volume determination in formamide thus appears 
worthwhile.

In the above the concept of volume fraction statis
tics1718 which has permitted other workers18 to obtain 
the value of A for ions in water has not been used. Indeed, 
as already pointed out1 this concept supposes (1) a mix
ture of two types of spherical objects while methanol, eth
anol, and DMF molecules are not spherical and (2) that 
contacts between the two types of objects occur at ran
dom. This is clearly not the case, especially with DMF.

Table VI indicates that for TAA ions, A is independent 
of the nature of the solvent. With the radii of TAA ions 
given by Robinson and Stokes,19 A has been found to be 
very close to the value which can be calculated for a rigid 
sphere immersed in a continuous solvent, i.e., 2.52 cm3/  
mol A3.2 The simplest explanation for this last result is to 
be found in the large size of TAA ions. Indeed the small
est TAA ion (tetramethylammonium ion) has approxi
mately the same size as DMF molecules, i.e., the largest 
solvent of Table VI. It must be pointed out, however, that 
if the experimental value of A depends on the choice of 
TAA ion radii, the fact that identical values of A were 
found for water, methanol, and DMF is not affected by 
this choice.

Discussion of the Values of B. The expression of B for 
monovalent ions.20-21 given by eq 2. provides a theoretical 
basis for discussing the values of B of Table VI. In eq 2, B

is expressed in cm3 A/mol, D is the dielectric constant 
and Pthe pressure in dyn/cm2.

6.9 X IO12 d ln D 
D d P (2)

B has been calculated to be20-21 4.2 and 24.2 cm3 A/mol 
for water and methanol, respectively, as the value of the 
derivative d In D/dP is known for these solvents. For eth
anol and DMF this quantity is not known. However with 
an approximation of about 10% this derivative can be set 
equal to the isothermal compressibility KT of the solvent. 
Indeed the values of d In D/dP and of KT given in Table 
VII check this approximation. K v is known for ethanol22 
but not for DMF. For this solvent KT was calculated from 
the adiabatic compressibility Ks using eq23 3 and 4 where

K j  = K< +  TVa2/Cp (3)
K s =  1 fdc1 (4)

T is the temperature, V the molar volume of the solvent, 
a the isobaric expansibility, Cp the molar heat at constant 
pressure, d the density, and c the velocity of ultrasound. 
As all of these quantities are known22-24 for water, metha
nol, and ethanol the validity of eq 4 was checked before 
using it to obtain Kr  for DMF. The values of K r and of 
Bc.ak.d calculated by means of eq 2-4 are given in Table 
VII together with the experimental results, Bexvt, from 
Table VI.

The comparison between the values of B,,x|)t and Bcak.d 
shows that the solvent continuum model does not permit 
the explanation of any of the experimental results. It is 
not possible however to decide whether this failure of the 
continuum model is due to the model itself or to the form 
used for the geometric contribution because the value of B 
obtained from eq 1 depends on this form. Therefore the 
comparison of B in various solvents using eq 1 may not be 
correct if the geometric contribution is not proportional to 
rj3 in all solvents as previously pointed out by Millero.20b 
In this respect, the determination of the fraction of void 
space in a mixture of spheres (ions) and ellipsoids or cyl
inders (solvent molecules) in the same manner as in Rob
inson and Stokes18 work would be very interesting.
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In our study of ions in methanol,1 we were led to inter
pret the values of B in water and methanol in terms of di
electric properties of the first layer of atoms, 3-4 A thick, 
in contact with the ion rather than in terms of dielectric 
properties of the solvent in the bulk. The results obtained 
in this work give a strong support to this interpretation as 
is shown now.

(1) For the four solvents of Tables VI and VII the layer 
of atoms in contact with alkali metal ions contains essen
tially oxygen atoms25 and hydrogen atoms which are ei
ther covalently bound (water, methanol, ethanol) or close 
(DMF) to oxygen atoms. Thus the content of this layer 
depends much less on the nature of the solvents than 
would appear from their chemical formulas. This explains 
that the values of B,,xpt are ah between 10 and 18 cm3 
Â/mol while those of Scaled range from 4 to 32 cm3 A / 
mol.

(2) In water, methanol, and ethanol halide ions are in 
contact with hydroxylic hydrogen atoms,25 however, the 
hydroxy lie oxygen atoms are in their close neighborhood. 
Therefore for these three solvents the layer of atoms 3-4 Â 
thick, i.e., about the diameter of a hydroxylic group or of 
a methyl group, around halide ions has about the same 
content as around alkali metal ions. Owing to this behav
ior, St,xpt does not depend on the sign of the ionic charge 
for the three above solvents. In DMF. halide ions have a 
tendency to surround themselves with nitrogen atoms. 
However, as pointed out above, these atoms are very steri- 
cally hindered compared to the oxygen atom of DMF. 
Therefore the distance between halide ions and nitrogen 
atoms remains large and results in a smaller électrostric
tion than for alkali metal ions. These results are to be 
compared with those of Laliberté and Conway26 in their 
study of the électrostriction of water by R.,H4-.rN+ ions 
with 0 < x < 4 . These authors have shown that when the 
steric hindrance at the nitrogen atom is increased by in
creasing x or the length of the alkyl group R, the électros
triction of water decreases rapidly because of the increas
ing average distance between water dipoles and the ion 
center of charge. Although a reverse situation occurs for 
halide ions in DMF where negative ions cannot get close 
to the positive pole of the solvent dipole the end result re
mains the same. The distance ion-dipole is too large to 
give rise to a strong électrostriction. The small value of 
Bex|)1 for halide ions in DMF indicates that these ions are 
very slightly “ solvated.” A similar conclusion was reached 
by other workers13 on the basis of ionic limiting equiva
lent conductivities.

(3) The values of B,,x|)t found for TAA ions in methanol 
and DMF can be considered as equal within the experi
mental error. On the basis of the above model such a re
sult is to be expected as in both solvents methyl groups 
tend to surround TAA ions. In water however TAA ions 
are of necessity in contact with OH groups. Therefore eq 4 
when applied to the effective content of the layer of atoms 
in contact with TAA ions will yield much larger values of 
B for organic solvents than for water. This is because the 
dielectric constant of a system containing mostly OH 
groups is larger than that of a system containing essen
tially CH3 groups: the reverse is true for the quantity d In
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D/dP (compare D values and K r values for water and n- 
alkanes22). From the above one is also led to predict 
values of B practically identical for TAA ions in all sol
vents containing methyl groups. However a different re
sult should be obtained with formamide. This again em
phasizes the interest of measurements of ionic partial 
molal volumes in this solvent.

Conclusions
The results obtained in parts I and II of our work on 

ionic partial molal volumes in organic solvents indicate 
that the parameters which determine the values of these 
quantities are (1) the size of solvent molecules and the de
gree of steric hindrance of the poles of the solvent dipole; 
and (2) the properties of the layer of atoms 3-4 A thick 
around ions.

Our results also show the specificity of ion-solvent in
teractions and the necessity to use a molecular model to 
account for these interactions.
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F. H. Spedding,* P. F. Cullen, and A. Habenschuss
Institute tor Atomic Research and Department ot Chemistry. Iowa State University, Ames. Iowa 50010 
(Received October 17. 1973)
Publication costs assisted by Ames Laboratory. USAEC

The apparent molal volumes, 0V. of aqueous solutions of La. Nd. Gd, and Lu perchlorate, Pr, Sm, Eu, 
Gd. Tb, Dy, Ho, Tm, and Lu nitrate, and Eu. Tm, and Lu chloride were determined from 0.0015 to 
about 0.15 m at 25°. The apparent molal volumes were calculated from the specific gravities determined 
by a magnetically controlled float. The concentration dependences of the apparent molal volumes 
showed significant deviations from the simple limiting law at the lowest concentrations measured. How
ever, except for the light rare earth nitrates, they could be represented by the extrapolation function of 
Owen and Brinkley which includes the effect of the a parameter. Including other available 0V data on 
the rare earth salts. La, Pr, Sm, Eu and Gd nitrate required an additional term in the extrapolation 
function to compensate for positive deviations, probably caused by complex formation. The deviation of 
0V for Nd(N03)3 was too large to allow use of the extrapolation function. When the apparent molal vol
umes at infinite dilution of a rare earth anion series are plotted against rare earth ionic radius, <j>x° de
creases from La to Nd and from Tb to Lu but increases from Nd to Tb with decreasing ionic radius. This 
variation was found to be independent of the anion. An analysis of the components comprising <t>\ ° indi
cated that the trend was present in the term reflecting rare earth ion-water interactions. This is in 
agreement with the suggestion thar a shift between two inner water coordination spheres of the rare 
earth ions occurs in the region from Nd to Tb.

Introduction

The rare earths all exist as trivalent ions in solution and 
behave very similarly except for the regular decrease in 
ionic size across the series due to the lanthanide contrac
tion. They form an ideal group of ions for the study of 
thermodynamic properties of aqueous solutions as a func
tion of ionic size. For this reason the Ames Laboratory has 
a continuing program for the determination of the ther
modynamic and transport properties of rare earth solu
tions from infinite dilution to saturation. These measure
ments are confined to two-component systems of water 
and stoichiometric rare earth salts of strong acids. This 
paper is one in a series presenting these data.

A previous study of the apparent molal volumes, </>v, of 
some lanthanide chlorides and nitrates2 has revealed that 
while all the chlorides studied and also La, Er, and Yb 
nitrate appeared to conform to the Debye-Huckel theory 
up to about 0.05 m when the effect of the a parameter was 
included, Nd(NO,3)3 showed a large positive deviation 
from the theoretical limiting slope. Furthermore, the ap
parent molal volumes at infinite dilution for a given rare 
earth anion series did not decrease regularly with decreas
ing ionic radius as one might expect, but fell into two de
creasing series with Sm and Gd being intermediate.

The objective of this research was to investigate :he di
lute rare earth perchlorate solutions where it can be as
sumed that no appreciable complexing occurs. It also was 
desired to determine if any of the other lanthanide nitrate 
solutions, which are known to form complexes at low con
centrations, showed deviations similar to Nd(N03)3. Fi
nally, it provided a check on whether or not the trends in 
the apparent molal volumes at infinite dilution, found 
previously, persisted for all the chlorides and nitrates, and 
extended to the perchlorates.

Experimental Procedure
The experimental details have been discussed previous

ly2 so only a few additional comments are necessary.
1. Preparation of Materials. In addition to the oxide 

and sulfate methods of analysis described in the earlier 
paper, an EDTA weight titration was used. A weighed 
amount of rare earth salt solution was diluted to about 
100 ml with a sodium acetate-acetic acid buffer solution 
(pH 5) and titrated with EDTA using Xylenol Orange as 
an indicator. The mean deviation for a triplicate analysis 
was less than 0.05%. A given stock solution was analyzed 
by two of the three methods. The independent analyses 
generally agreed to within 0.1%, and the mean value of 
the independent results was taken to be the concentration 
of the stock solution.

2. Apparatus. The apparent molal volume of a solution 
may be calculated from

where c is the molar concentration; .S' is the specific gravi
ty of the solution; M 2 is the molecular weight of the so
lute; and po is the density of the solvent taken as 
0.9970751 g/ml, at 25°.

The specific gravities of the solutions were measured by 
a magnetically controlled float using method 1, described 
earlier.2 Of two floats used in the course of the work, only 
one was found to give equilibrium currents dependent on 
the atmospheric pressure. A calibration was made for this 
effect and the equilibrium currents obtained during a spe
cific gravity run were corrected to an average pressure for 
the run.

The experimental errors were comparable to those 
found previously. There is a probable error in 4>y of ±0.15 
ml/mol resulting from an average analysis error of ±0.05%
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in the stock solution. The probable error in the specific 
gravity is less than ±5 X 10 7. This contributes signifi
cantly to the error in 4>v only for solutions below 0.01 m. 
The probable error in 4>v° was estimated to be ±  0.2 ml/ 
mol or less.

Results
The specific gravities and apparent molal volumes of 

the solutions studied are given in Table I.3 The data for 
each salt were fitted to a polynomial of the form

4>\ = a,, +  o,™* 1̂  +  am  +  a,jri'12 (2)

by the method of least squares. The points were weighted 
using the inverse of the square of the probable error in <l>v. 
The coefficients for eq 2 are given in Table II with the 
standard deviations, rmsd. These coefficients may also be 
used to calculate the partial molal volume from the equa
tion

V-, =  au +  Icqm17“ +  2 am  +  ^atmw" (-1)

Equations 2 and 3 are useful for interpolating over the 
concentration range studied.

The apparent molal volumes at infinite dilution were 
evaluated using the extrapolation function of Owen and 
Brinkley4 given by the equation

0v -  27.440vc1/2 = 0 V° +  /,K,c +  Nc3'2 (4)

where
/ 1 d In D  o(3\ fd  In D
\l +  KO dP  3 ) V dP s )

(5)

with

—  [( K Ò  ) 3 [
1 +  KÓ —

1
1 +  KCl

2 In (1 +  k o ) (6)

N  is a constant and the other symbols have their usual 
meanings. For a 3:1 electrolyte, k& equals4 O.SOSlac1 2 and
27.44 is the theoretical limiting slope. Nc3 2 is an addi
tional term added to the extrapolation function for some 
of the salts to fit the data at higher concentrations. The a 
parameters were obtained from activity coefficient or con
ductivity data,5 or, if not available, estimated from the 
values for nearby rare earths. The values for ¡4 and d In 
D/dP were taken from Kell,6 and Owen, et al.,7 respec
tively. The parameters 0V°. %KV, and N  were determined 
by least squares and are listed in Table III with the a pa
rameters and standard deviations.

Discussion
1. Concentration Behavior. In 1931, Redlich and Rosen- 

feld8 derived the following expression for the apparent 
molal volume from the Debye-Huckel expression for the 
activity coefficient

0v = 0v° +  K W :>/2cU2 (7)

where W  is the valence factor, ¡2, and K  is a func
tion of temperature, solvent properties, and fundamental 
constants. In a review article, Redlich and Meyer9 have es
tablished K = 1.868 at 25° for water. This value combined 
with the valence factor for 3:1 electrolytes yields the lim
iting slope of 27.44 used in eq 4. All the salts studied were 
found to approach this limiting slope as the concentration 
approached infinite dilution but deviated rapidly at finite 
concentrations.

Owen and Brinkley4 derived an extrapolation function

Figure 1. Apparent molal volume of Lu(CI04)3 at 25°.

TABLE II: Empirical Coefficients for Calculating 
<f>v and V> from Eq 2 and 3

Salt ao ai 02 03 Rmsd

EuC13 12.08 24.81 -4 0 .8 3 39.67 0.04
TmCL 9.03 31.85 -7 1 .6 9 84.52 0.06
LuCh 7.88 25.22 -4 1 .5 6 41.27 0.03
Pr(NOs)j 45.20 32.44 -2 6 .5 3 2.66 0.06
Sm(NOî)j 45.60 32.80 -1 6 .0 9 -3 6 .6 5 0.07
E u(N 03)3 46.49 33.65 -5 1 .9 8 44.20 0.04
G d(N 03)3 46.73 32.24 -5 6 .2 4 50.71 0.07
T b (N 0 3) 3 46.96 32.07 -6 8 .7 8 80.51 0.03
D y (N 0 3) 3 46.35 34.42 -8 0 .8 2 93.60 0.04
Ho (NOj)3 46.05 17.10 5.92 -4 2 .7 2 0.04
Tm(NOj)i 43.98 24.92 -3 7 .6 5 31.42 0.03
Lu (N 0 3)3 42.28 26.31 -4 4 .5 7 43.73 0.07
La(C107)3 93.37 24.31 -5 0 .5 3 56.14 0.04
Nd(C104) 3 88.91 19.32 -2 6 .6 3 22.38 0.04
Gd(C104) 3 91.91 23.13 -4 8 .9 5 52.49 0.07
Lu (ClOds 86.43 19.64 -3 0 .6 9 28.19 0.03

for 4>y which includes the effect of the ion size, the a pa
rameter. If the variation of the a parameter with pressure 
is assumed small and neglected, their expression reduces 
to eq 4 without the Nc3>2 term. Though this assumption is 
open to question, particularly if a change in the effective 
hydration number of the ions occurs with pressure, this 
simplification will be made to arrive at eq 4 which may be 
tested against the data.

The concentration dependence of <t>\ and the extrapola
tion of </>y using eq 4, for Lu(C104)3, are shown in Figures
1 and 2, respectively. These curves are generally typical of 
all of the chlorides and perchlorates studied and the ni
trates from Tb to Lu, including those cited in the previous 
paper.2 The smooth curve in Figure 1 was obtained from a 
polynomial similar to eq 2 in c1 2 and the straight line is 
the theoretical limiting slope. The straight line in Figure 2 
is given by the two parameter (N  = 0) Owen-Brinkley 
equation. The circles represent the experimental points.

Figures 3 and 4 show the analogous graphs for 
Eu(NC>3)3. The straight line in Figure 4 was obtained, 
again, from the two-parameter Owen-Brinkley function 
and clearly does not adequately represent the data. This 
type of behavior was found for the nitrates from La 
through Gd. However, all of these salts, except Nd(N03)3, 
could be represented by the three parameter function 
given by eq 4.

It is known that the nitrates form appreciable amounts 
of rare earth nitrate complexes at low concentrations. 
There are several determinations of the stability constants 
of the rare earth nitrate complexes in the literature.10 14 
Although these measurements are only in qualitative
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Figure 2. Owen-Brinkley extrapolation of 4>\ for Lu(CI04)3-

Figure 3. Apparent molal volume of Eu (N0 3)3 at 25°.

agreement, the stability constants of the light rare earth 
complexes are larger than those of the heavy rare earths, 
with a maximum somewhere near Sm. In addition, there 
are indications that some inner-sphere as well as outer- 
sphere nitrate complexation occurs in dilute solu
tions.1523 The assumption that inner-sphere nitrate com
plexation occurs in dilute solutions is compatible with the 
deviations found in the apparent molal volumes.

The formation of a rare earth nitrate complex would ef
fect the apparent molal volume in two ways. First, some 
3:1 electrolyte would be replaced by a 2:1 electrolyte (and 
possibly at higher concentrations than studied here, with 
some 1:1 or even neutral salt19). Since the limiting slope 
of the apparent molal volume for a 2:1 electrolyte is only 
9.7, the presence of this complex would cause the </>v 
curve to rise less steeply with concentration. Second, the 
apparent molal volume at infinite dilution for the 2:1 
electrolyte would be greater than for the noncomplexed 
3:1 electrolyte due to the lesser électrostriction of the 
water. The <p\- curve would rise more rapidly with concen
tration as the complexes are formed than for an uncom- 
plexed 3:1 electrolyte. While at infinite dilution we as
sume there are no complexed species, they would form in 
very dilute solutions and the <t>v curves would rise more 
rapidly than the limiting slope for a 3:1 electrolyte, result
ing in positive deviations. Evidently, in very dilute solu
tions this second effect dominates, as can be seen from 
Figures 3 and 4, but as the concentration increases the 
first effect probably plays a significant role.

This analysis is in agreement with the data for the rare 
earth nitrates from La to Gd, where an additional param-

Figure 4. Owen-Brinkley extrapolation of <p\ for Eu(N03)3.

TABLE III: Parameters for Owen-Brinkley 
Extrapolation Function

S alt 4>\° ■Akv N Rmsd a , Â

EuCls 12.09 7.71 0.06 5.6"
TmClj 9.44 10.47 0.12 5. S6
LuCh 7.95 9.32 0.07 6.0 '
P r(N 03) 3 45.46 64.67 -11 7 .6 7 0.07 4.5 '
Sm(NO¡)i 45.86 79.06 - 169.22 0.08 4 . 4 d

E u ( N O i ) î 46.87 35.11 -5 3 .2 0 0.08 4.4 '
G d (N 03) 3 47.00 29.50 -5 4 .3 5 0.08 4.4«
T b (N 0 3) 3 47.30 9.17 0.09 4.6 '
D y (N 0 3) 3 46.84 7.61 0.11 4.8 '
Ho (N 03) 3 45.66 7.04 0.06 5. l d

Tm(NOj)j 44.06 8.22 0.08 5.8 '
Lu (N 03)3 42.45 9.95 0.10 6.1 '
La (CIO.,) 3 93.36 7.00 0.05 7.0«
Nd(C104) 3 88.55 4.37 0.06 6.0«
Gd(C104) 3 91.77 3.27 0.07 6.4«
Lu (CIO.,) 3 86.18 6.30 0.04 7.4 '

1 F . H . Spedding, P. E . Porter, and J. M . W rig h t, J . A m e r .  C h em . S oc .
74, 2781 (1952). b F. H . Spedding and J. L . D ye. ib id ., 76, 879 (1954). '  E s ti
m ated from  values o f nearby rare earths. 1 D . J. Heiser. P h .D . D isserta tion , 
Iowa S tate U n ive rs ity . Ames, Iowa, 1958. « F. H . Spedding and S. Jaffe, 
■J. A m e r .  C h em . S o c .. 76, 884 (1954).

eter, Nc3 2, was required to fit the data. The nitrates from 
Tb to Lu, which complex less than the light rare earth ni
trates at comparable concentrations, can be represented 
by the two-parameter Owen-Brinkley function since the 
smaller complexing effect can be compensated for, to a 
certain extent, by the two adjustable parameters, 0V° and 
^Ky. The failure of the three parameter function to rep
resent Nd(N03>3 may be due to the fact that Nd3+ is pos
sibly complexing to a greater extent than the other rare 
earth ions. On the other hand, a shift in another equilibri
um (that between two possible inner-sphere water coordi
nation numbers of the uncomplexed rare earth ions begin
ning around Nd3+ in the rare earth series) might also con
tribute to this failure.

It should be noted that the a parameters of the rare 
earth nitrates, listed in Table ]H, reflect the trends in the 
stability constants for the nitrates. The a parameters are 
lower for the light rare earth nitrates than for the heavy 
rare earths. Since one would expect a smaller distance of 
closest approach for a complexed ion than for an uncom
plexed ion, the smaller a parameters of the light rare 
earth nitrates are in agreement with their higher stability 
constants. This would be true for both inner- and outer- 
sphere complexes, but should be more marked for inner- 
sphere complexes. Therefore, the smaller than expected
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values for the a parameters of the nitrates, as opposed to 
the more reasonable a’s of the chlorides and perchlorates, 
support the contention that some inner-sphere complexa- 
tion occurs in very dilute nitrate solutions, since the a’s 
were obtained from very dilute (below 0.001 M ) conduc
tance and activity data.5

Since the chlorides complex to a lesser extent than the 
nitrates,11-19-23~26 and the perchlorates presumably even 
less,27-28 the apparent molal volumes for these salts 
should also be well represented by the two-parameter 
Owen-Brinkley function. This was found to be the case.

2. The Partial Molal Volumes at Infinite Dilution. Fig
ure 5 shows the partial molal volumes at infinite dilution 
(equal to </>v°) for the rare earth nitrates plotted against 
the rare earth ionic radii of Templeton and Dauben.29 
This curve is identical, within experimental error, with 
that for the rare earth chlorides shown in the previous 
paper,2 but displaced by the difference between the par
tial molal volumes of three nitrate ions and three chloride 
ions. The incomplete rare earth perchlorate series data 
also show the same trend.

At infinite dilution, the assumption may be made that 
the electrolyte is completely ionized and no ion-ion inter
actions are occurring. The partial molal volume at infinite 
dilution for a rare earth salt may then be given by the ex
pression

V./’( RX:i) =  V°(R3+) +  3V"(X_ ) (8 )
where V°(R3+) and V°(X~) are the ionic partial molal 
volumes of the rare earth ion and the anion, respectively. 
For a given rare earth anion series, the contribution to V2° 
due to the anions is constant. Any trends prevailing across 
a rare earth anion series must then be independent of the 
anion. This is in agreement with our results.

Millero has reviewed the methods for determining ionic 
partial molal volumes.30 He concluded that the best value 
for V°(H+) is -5 .4  ml/mol. Based on this value, the ionic 
partial molal volumes for Cl- and NO3 are 23.2 and 34.4 
ml/mol. respectively, at infinite dilution.30 Using these 
values, the partial molal volumes at infinite dilution for 
the rare earth ions were calculated from the chloride and 
nitrate data and the average values are given in Table IV. 
The values for Ce3+ and Pm3+ were estimated from Fig
ure 5 and a similar figure for the chlorides.

The partial molal volume of an ion at infinite dilution 
may be given by the equation

V°(R3+) =  Vm, +  A V  (9)

Vint is the intrinsic volume occupied by 1 mol of ions and 
may be estimated to be about 1.5-3 ml/mol29 for the rare 
earth ions. AV reflects the ion-solvent interactions and is 
the change in volume of an infinite amount of solvent on 
adding 1 mol of ions. For the rare earth ions, AV is the 
dominant term in V°(R3+), and is negative.

For the rare earth ions having a given coordination of 
solvent molecules about the ions, Vint would be expected 
to decrease smoothly with decreasing ionic radius. Due to 
the increasing surface charge density of the rare earth ions 
with decreasing ionic radius, the total hydration (interac
tion with the first sphere waters and with the water mole
cules further out) should increase smoothly from La to Lu 
as is shown by the conductivity31 and viscosity32-33 mea
surements. Since this interaction implies a breakdown of 
the hydrogen-bonded water structure around the rare 
earth ion which increases in extent from La to Lu, one 
would expect a decrease in AV across the rare earth series 
reflecting this increase in total hydration. This is in agree-

50
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Figure 5. <f>y° for the rare earth nitrates.

TABLE IV: Partial Molal Volumes at Infinite 
Dilution of the Trivalent Rare Earth Ions'*

R3 + V°(R3+) R3 + ViR1
La -5 4 .5 Tb -5 6
Ce (-5 6 .7 ) Dy -5 6 .6
Pr -5 8 .2 Ho -5 7 7
Nd -5 8 .9 Er -5 8 .4
Pm (-5 8 .8 ) Tm -5 9 .6
Sm -5 7 .9 Yb -6 0 .1
Eu -5 6 .9 Lu -6 1 .2
Gd -5 6 .4

n Based on V*(H*) = —5.4 ml/mol. V°(C1 ) = 23.2 ml "mol. and V3-
(NCh ) =  34.4 m l/m o l.

ment with the data from La3+ to Nd3+ and from Tb3  ̂ to 
Lu3+. On the other hand, the increase in V°(R3+) from 
Nd3+ to Tb3+ has been attributed to a shift in an equilib
rium between two inner-sphere water coordination num
bers of the cation.2

In the previous paper2 it was suggested that in rare 
earth solutions there exists an equilibrium between two 
inner-sphere water coordination numbers for the rare 
earth cation. For the larger ions from La to Nd, the 
species with the higher inner coordination number is pre
ferred. For the smaller ions from Tb to Lu, the form with 
the lower inner coordination number predominates. For 
the ions from Nd to Tb, the equilibrium is shifting with 
decreasing ionic radius from the higher to the lower inner- 
sphere coordination number. It was further suggested that 
coordination numbers of 9 and 8 would be compatible 
with the data. Since the effective volume of a water mole
cule in the first hydration sphere should be smaller than 
its effective volume outside this sphere, a decrease in the 
inner-sphere coordination should result in a less negative 
AV and a consequent increase in V°(R3+) from Nd3+ to 
Tb3+.

At the present there seems to be some controversy in 
the literature as to whether a change in the inner-sphere 
coordination occurs in the rare earth series. Some workers 
have argued that such a model is not supported by their 
data.23-34 We believe there is ample evidence that such an 
effect does exist. Since the variation of V2° of the three 
anion series35 is the same within experimental error (ex
cept for an anion shift), the two-series effect is not a re
sult of cation-anion interaction. Therefore, the effect 
must be due to a change in the cation-solvent interaction. 
Further, this same two-series effect is present in most of 
the thermodynamic and transport properties that have 
been determined for these solutions. And finally, X-ray
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diffraction36 data on these solutions, to be published 
shortly, show that there are nine first sphere water mole
cules for the light rare earth ions and eight first sphere 
waters for the heavy rare earth ions. We prefer to delay 
further comment on the controversy until all of the data 
available to us have been published.

Supplementary Material Available. Table I will appear 
following these pages in the microfilm edition of this vol
ume of the journal. Photocopies of the supplementary ma
terial from this paper only or microfiche (105 x 148 mm. 
24x reduction, negatives) containing all of the supple
mentary material for the papers in this issue may be ob
tained from the Journals Department, American Chemi
cal Society, 1155 16th St., N.W.. Washington. D. C. 
20036. Remit check or money order for $3.00 for photocopy 
or $2.00 for microfiche, referring to code number JPC-74- 
1106.
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Experimental measurements of the equivalent water contents and volumes of lightly cross-linked poly- 
electrolvte gels were employed in thermodynamic calculations of the mass law concentration product 
quotient. K m, for the zinc-sodium ion-exchange reaction between cross-linked polystyrenesulfonates and 
dilute aqueous mixtures of sodium and zinc nitrate. The calculated K in values were in satisfactory agree
ment with those measured directly in ionic partition experiments except with the most heavily cross- 
linked exchangers. The magnitude of Km was governed mainly by the interactions between zinc and so
dium ions in the exchanger. The reversal in the preference of zinc over sodium ion observed with in
creased crosslinking was explained by the thermodynamic calculations. A general framework is suggested 
for the prediction of selectivity coefficients for ion-exchange reactions.

Introduction
Ion-exchange reactions between like but unequally 

charged ions in aqueous solution and synthetic organic ion

exchangers have become of increasing interest because of 
their widespread occurrence and importance. However, as 
yet very few carefully planned quantitative studies have
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been conducted on them to determine their equilibrium 
constants, and hence the dependence of the ionic selectiv
ity on gel cross linking and ionic composition, and on the 
external solution composition.

A striking illustration of the neglect of heterovalent ion 
exchange can be found in what may be the most impor
tant of all known reactions, namely, those involved in the 
water softening cycle (i.e., Ca2+ and Mg2+ with Na+ ion). 
Equilibrium isotherms have been reported3 5 only for 
nominal 8% DVB cross-linked polystyrenesulfonate gel in 
equilibrium with aqueous mixtures of CaCD-NaCl or 
MgCD-NaCl varying between 0.1 and 5 N  in total concen
tration. and for a range in divalent ion equivalent fraction 
(i.e., “ loading” ) in the exchanger between 0.1 and 0.9. 
Measurements for the magnesium-hydrogen.6-7 magne
sium-potassium,8 copper-hydrogen,9 and uranyl-hydro- 
gen6 ion-exchange reactions with dilute aqueous electro
lyte mixtures and various cross linkings have been pub
lished, but no attempt has been made to relate the selec
tivity coefficients for these reactions to either the cross 
linking, or, for that matter, to the ionic composition of the 
exchanger. Recently, an extensive series of measurements 
on the ion exchange reactions of microconcentrations 
(tracer) of calcium, strontium, cobalt, nickel, zinc, and 
cadmium ions with hydrogen ion in nominal 1, 2, 4, 8. 12, 
and 16% divinylbenzene (DVB) cross-linked poly (styrene- 
sulfonic acid) gels has been reported.10 In subsequent 
publications11-12 attempts to predict the observed mass 
law concentration product ratios were made. Good quanti
tative agreement with the experimental data was not ob
tained, although the trend in the ionic selectivity with in
creased cross linking was reproduced.

This paper will report on the application of an exact 
thermodynamic treatment to our previously reported se
lectivity coefficient measurements13 on the exchange reac
tion at 25° between zinc and sodium ions in dilute aque
ous mixtures and variously cross-linked polystyrenesulfon- 
ates. The Gibbs-Donnan model will be assumed to derive 
an equation which relates the values of the molal concen
tration product quotient. K m, for the reaction to the cross 
linking of the copolymer and to the ionic interactions in 
the polvelectrolyte gel and in the external aqueous elec
trolyte mixture. The use of this equation to calculate K m 
independently of direct measurements of the equilibrium, 
to predict the dependence of K m on cross linking and 
ionic composition, and to detect the effects of physical or 
chemical nonuniformity in the gel will be pointed out. In
formation on the ion-exchange behavior of zinc in aqueous 
media is of environmental interest, because of the possible 
appearance of this metal in wastes from the zinc plating 
industry. The ion-exchange behavior of zinc ion also ap
pears to be germane to its role in metabolic processes.

Experimental Section
Materials and K,„ Measurements. The poly(styrenesul- 

fonic acid) cation exchangers nominally cross linked with 
2, 4, 8, 12, 16, and 24% divinylbenzene (DVB) used in this 
research were the same preparations as employed ear
lier.13 In addition, a very lightly cross-linked exchanger 
(i.e., nominal 0.5% DVB), which served as a “ reference” 
preparation, was examined. The capacities and water con
tents of the cross-linked exchangers are presented in 
Table I. Equivalent water contents, xw, of the homoionic 
sodium and zinc forms in equilibrium with aqueous 0.1 A1 
NaNC>3 or with 0.1 N  Zn(N03>2 solutions were deter
mined with the “ reference compound” technique.14 It is of

-ON EQUIVALENT FRACTION

Figure 1. Mass law concentration product ratio for the zinc- 
sodium ion-exchange equilibrium with variously cross-linked poly
styrenesulfonate gels and NaN03 +  Zn(N 03)2 at 0.1 N.

TABLE I: Capacities and Equivalent Water Contents 
of Cross-Linked Polystyrenesulfonate 
Cation Exchangers

W ater content,

N om ina l 
% D V B

Capacity, 
m equ iv /g  o f 
d ry  H  form

g o f H iO /e q u iv “

N aR ZnR :

0 .5 5.00 1928 806
2 5.28 535 427
4 5.15 347 319
8 5.19 176 188

12 5.08 142 160
16 4.75 122 141
24 4.67 88 .0 109

a In  e qu ilib rium  w ith  0.1 N  NaNOs or w ith  0.1 N  Zn(NOs): solution, re
spectively.

interest to note that for exchangers containing more than 
4% DVB cross linking the zinc form possessed more water 
than the sodium form.

Values of log K m derived from previously reported mea
surements13 and the jcw values of Table I are plotted in 
Figure 1 as a function of the Zn2+ ion equivalent fraction 
in the exchanger. x/Aüi2. The water content of a given 
cross-linked exchanger was assumed to vary linearly with 
r ZnRî. Note that the equilibrium constant as measured by 
Km decreases with increasing cross linking, and becomes 
less than unity for preparations with a nominal DVB con
tent greater than 4%.

Equivalent Water Content Measurements with the Ref
erence Exchanger. A gravimetric isopiestic vapor pressure 
comparison procedure19 was employed to measure xw 
values as a function of water activity. aw, for the ho
moionic sodium, zinc, and the mixed sodium-zinc salt 
forms of the nominal 0.5% DVB “ reference” exchanger 
(Table II). Equilibrium was approached from both direc
tions and the measurements were performed in duplicate. 
Water contents of 4249 and 2187 g/equiv, respectively, for
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TABLE II: Equivalent Water Contents (g of H20/equiv) of-the Sodium and Zinc Salts of Nominal 0.5' c DVB 
Cross-Linked Polystyrenesulfonate as a Function of Water Activity and Zinc Ion Equivalent Fraction
E qu iva len t

fraction
-VZnli-

-L og  an

0.00346 0.00877 0.03395 0.04484 0.07438 0.09307 0.14978 0.20901 0.27687 0.36896 0.48149 0.64878

0.000 
0.358 
0.564 
0.772 
1.000

880
722
639
555
481

476
426
399
372
349

183
191
196
201
204

153
165
172
178
183

122
133
140
148
153

107
120
127
136
142

91.
104
112
121
127

83.4
95 .3

103
112
120

67.7
78 .6
85 .7  
94 .9

104

57.3
67.6 
74.0
82 .6  
91.8

49 .3  
58.7
64.4
72.3
81 .4

40 .0
48 .9
54 .0  
60 .8
68.9

33.0
41 .0  
45 .8
51 .5
58 .6

TABLE III: Values of Constants from Least-Squares 
Fit of Data of Table II to Eq 1

- L o g  ow a b c  <7fit

0.00081 
0.00125 
0.00346 
0.00877 
0.03395 
0.04484 
0.07438 
0.09307 
0.12332 
0.14978 
0.20901 
0.27687

2990
1997

880.5
476.2
183.2 
153.8
122.2
107.5

91 .2  
82.7 
66.6
57.3

-1 4 8 7
-1 2 6 5

-4 7 0 .1
-1 5 1 .6

21 .4
30 .3  
31 .8  
35.1
37.3 
37.0
36 .4  
24.7

-5 8 2

68.7
23.9

9 .8

37
21

2 .7
0.93
0.66
0.48
0.75
0.68
0.91
0.86
0.57
0 .39

-log  aw = 0.0 were determined on the homoionic sodium 
and zinc forms of the 0.5% DVB cross-linked exchanger 
with the “ reference” compound technique. Isopiestic 
vapor pressure measurements also were performed with 
mixtures of sodium poly(styrenesulfonate) (NaPSS) and 
Zn(PSS)2 polyelectrolyte solutions for zinc ion equivalent 
fractions of 0.00, 0.225, 0.520, 0.761, and 1.00 and values 
of —log aw = 0.00081 and 0.00125, respectively. These 
data and those of Table II were fitted to polynomials of 
the form

5.0  10.0 15.0
EQUIVALENT WATER CONTENT,

20.0
(moles/equlv)

Figure 2. Dependence of the equivalent volume in zinc-sodium 
ion-exchange gels on the equivalent water content.

Donnan equation18 was applied. This equation

= a +  bx ZnK +  cxznR- (a„ =  constant) (1)

by least-squares methods. Values of the constants in eq 1 
for various water activities are given in Table III.

Equivalent Volume Measurements. Equivalent volume. 
V,., determinations on the homoionic sodium and zinc 
forms and on a mixed sodium-zinc form with xZnR2 = 0.50 
were performed with the 4% DVB exchanger using pyc- 
nometric techniques described elsewhere.15 A plot of the 
experimental results (Figure 2) shows that the increase in 
Vt. (ml equiv-1 ) with xw expressed in moles of H2O per 
equivalent is approximately linear, except at small hydra
tions. A least-squares fit was made to an empirical equa
tion of the form

=  Va +  cj)jxj/(a +  x j  (2)

where Va is the observed volume per equivalent of anhy
drous exchanger, and 0W° is the apparent molal volume of 
pure water (18.069 ml m ob 1) at 25°. Numerical values for 
the constants in eq 2 are presented in Table IV.

Treatment of Experimental Data
Thermodynamic Framework. The possibility of a quan

titative description of the dependence of the classical 
mass law concentration product ratio for exchange reac
tions by like, singly-charged ions on the ionic composition 
and cross linking of polyelectrolyte gels and on the exter
nal aqueous electrolyte concentration has been demon
strated in previous researches14 17 in which the Gibbs-

log Ka = 7rU2i'i — ZiV-2\. (3)
relates the thermodynamic equilibrium constant, Ka, to 
the configurational free-energy change in the molecular 
network of the ion exchanger. The latter may be expressed 
as a product of the isotropic strain, 7r, produced in the ex
changer by swelling, and the partial molal volume change, 
A0 = (22O1 -  Zi02), in the exchanger caused by the ex
change of ions 1 and 2 of charges Zi and z2> respectively. 
An equation for the mass law concentration product ratio, 
K m, defined by

K m =  ( m / l j l m b . ) ,  /(my~)r{m/')n- (4)

may be derived by substitution of eq 4 into eq 3
log K m =  7r(A20: -  Zibo),. +  log ('ybVydA, “

log (7 T /7 :f ;kv (5)

where the subscripts r and w, respectively, denote the ex
changer and aqueous phases. The special form of eq 5 
which applies to the exchange reaction between zinc and 
sodium ion in the exchanger and in dilute aqueous nitrate 
mixtures may be written
log K m =  7rt2vNaR -  bZnR;,) +  log (7 nur-/7 z.ikJ -

log (7XaX I.VTZniNOqJ (6)
Evaluation of the Configurational Free Energy. The 

first term on the right-hand side of eq 6 consists of the 
product of the quantity, jr, the strain in a cross-linked ion 
exchanger when it is in equilibrium with aqueous 0.1 N
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TABLE IV: Least-Squares Parameters for the 
Variation of the Equivalent Volumes (V,. ml equiv1) 
with Equivalent Water Content (x„ mol equiv-1) 
According to Eq 2

•VZnR2 Va(obsd) a erf it Range o f x w

0 . 0 0 1 3 9 .8 1 .2 6 3 2 . 1 0 . 0 - 2 4 . 0
0 .5 0 3 1 3 7 .3 1 .2 6 4 1 . 0 0 . 0 - 2 0 . 1
1 .0 0 1 3 3 .9 1 .1 6 4 2 . 8 0 . 0 - 1 7 . 8

electrolyte solution, and the partial molal volume change, 
(2dMaR -  0ZnR2), for the exchange reaction between Na+ 
and Zn2+ ions at equilibrium. The evaluation of 7r for a 
given cross-linked exchanger is based on the formula19

7r =  (RT/i\.) In (d.'/a,.) (7)

for constant xw and r z,lRj, where Dw is the partial molal 
volume of the water in the exchanger, aw' is the water ac
tivity in the cross-linked exchanger in equilibrium with 
0.1 N  electrolyte, and aw is the water activity in the refer
ence exchanger (i.e., nominal 0.5% DVB) when it possess
es the same water content per equivalent, xw, as the 
cross-linked preparation (Table I). Equation 7 may be 
simplified to the form15

7r(atm) =  3118(—0.007824^0 — log crw) (8)
where v. m, and <t> are the number of ions per mole, the 
molality, and the osmotic coefficient, respectively, for the 
electrolyte. Values of —log aw for constant exchanger 
composition (i.e., xZnH2) and for .rw values taken from 
Table I were found by graphical interpolation with a large 
scale plot of the data of Table II.

The evaluation of the partial molal volume change was 
based on the data in Table IV and the equation16

(2tiNaR — PZnRz) = (2V.\-aR — VznR,) -

for xZnR2 = constant. The partial molal volume of water 
in the exchanger, vw =  (dVt,/dx^)xynR2, was found bv dif
ferentiating eq 2. The coefficient. (<9uw/dxZnR2).xw, was de
termined from plots of Dw vs. xZnK2, and the definite inte
gral in eq 9 was evaluated numerically using the values of 
xw listed in Table I for each cross-linked ion exchanger. 
The quantity AD = (2DNaR -  0ZnK2) was positive and var
ied from 13.5 ml mol 1 for the 2% DVB exchanger to 13.1 
ml mol-1 for the most highly cross-linked preparation. 
This result contrasts with the exchange reactions between 
the alkali-metal cations16 where AC’ was always negative. 
The assumption is sometimes made that AC is given to a 
good approximation by the difference between the partial 
molal volumes of the ions in aqueous solution at infinite 
dilution (i.e.. Ac = 20°(Na+) -  C°(Zn2+)). The value AO 
thus estimated is 19.2 ml mol-1 which is 43% larger than 
the correct value derived from density measurements with 
eq 9.

Evaluation of the Activity Coefficient Ratio for Na + 
and Zn2lr Ions in the Exchanger. The second term ap
pearing on the right-hand side of eq 5 may be regarded as 
a measure of the ionic interaction free energy in the ex
changer. It was evaluated with eq 10 (see Appendix I for 
derivation).
log <7N a K 7 7 /n R ; ) =  log [17 NaR*)"A7 ZnR>*)] +

log (x„/x,v* ) — 111.05/ r (10a)

F igure 3. Variation of the differential coefficient, (dxw/  
(3XznR2)a w , in eq 10b  on -  log aw when X z n R 2 = 0 .0 .

where
/ -log fiv.

(dx»./dxznR2)„„ d(—log a,,) (10b)
-log a w *

Limiting values for the activity coefficient ratio (7 Nau2/  
7znR2) f°r - l°g aw = 0 cannot be computed because no 
theory exists for the extrapolation of the measurements at 
higher concentrations, and because it has not been possi
ble to perform isopiestic measurements on gels sufficiently 
dilute to satisfy the condition that log [(7NaR*)2/7znR2*l 
= 0. The integration indicated in eq 10b therefore was 
performed by substituting the water activity, aw*, of the 
“ reference” exchanger (e.g., 0.5% DVB) for which 7rAC is 
negligibly small when it is in equilibrium with 0.1 N  zinc- 
sodium nitrate mixtures. The value of log [(7Nau*)2/  
7znR2*l therefore is given as a special case of eq 6

log [<7NaR*)2/7ZnR.2*] =  l«g Km* +  log [7NaN0.,77Zn.NO,>.3]
(11)

The quantity xw* in eq 10a is the equivalent water content 
of the reference exchanger in equilibrium with 0.1 N  elec
trolyte, and the quantity K m* in eq 11 is the mass law 
concentration product ratio for the zinc-sodium ion-ex
change reaction between the reference exchanger and 0.1 
N  electrolyte. The magnitude of K m* must be determined 
experimentally.

The values of xw, the equivalent water contents of the 
cross-linked exchangers, like xw* must be determined 
from experiment. The differential coefficient, (dxw/  
^zniijlow, which appears in the integral in eq 10b was 
computed with eq 1. The —log aw values which appear in 
the upper limit of the integral are for the variously cross- 
linked exchangers. They are the same as those employed 
in eq 7 and are listed in column 4 of Table V. The integral 
in eq 10b was evaluated numerically as a function of —log 
aw with a computer. The variation of (f)xw/dxZnR2)aw with 
— log aw for xZn[i2 = 0.0 is shown in Figure 3; note that its 
magnitude changes from a negative to a positive quantity 
at approximately, -lo g  aw = 0.025. This behavior has not 
been observed in previous thermodynamic calculations on 
the exchange reactions between the alkali-metal cations, 
or between the halide ions. It is, of course, a reflection of 
the relatively greater hydration of zinc compared with so
dium ion in highly cross-linked polyelectrolyte gels.
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TABLE V: Computation of the Equilibrium Mass Law Product Quotient, K ,, 
for the Zinc-Sodium Ion Exchange Reaction

Nominal .j. ±v. -  ±V / Log K x (calcd)

7c DVB *ZnR2 Xxv — Log aw Log K j * —111.02/r atm ml 2.3 R T /Cx(calcd) K x (calcd) Xx(obsd) Kx(obsd)

2 . 0 0 . 0 0 535 0 .0 0 7 3 5 0 .1 1 7 3 0 .3 0 5 7 18 1 3 .5 0 .0 0 4 3 0 . 4 2 7 3 2 . 6 7 2 . 3 5 1 .1 4
1 .0 0 427 0 .0 0 5 0 0 0 . 4 1 5 0 0 .2 0 7 2 12 1 3 .5 0 . 0 0 2 9 0 .6 2 5 1 4 .2 1 3 . 3 9 1 .2 4

4 . 0 0 . 0 0 347 0 .0 1 3 7 8 0 . 1 1 7 3 0 .3 8 7 9 39 1 3 .5 0 .0 0 9 3 0 .5 1 4 5 3 . 2 6 2 . 8 5 1 . 1 4
1 .0 0 319 0 .0 1 1 3 0 0 . 4 1 5 0 0 .3 0 0 1 32 1 3 .5 0 .0 0 7 6 0 .7 2 2 7 5 . 2 8 4 . 1 6 1 . 2 7

8 . 0 0 . 0 0 176 0 .0 3 6 0 5 0 .1 1 7 3 0 .4 2 4 7 108 1 3 .4 0 .0 2 5 6 0 .5 6 7 6 3 . 6 9 3 . 3 6 1 .1 0
1 .0 0 188 0 .0 4 1 9 5 0 .4 1 5 0 0 . 2 9 2 6 128 1 3 .4 0 .0 3 0 3 0 .7 3 7 9 5 . 4 6 4 . 1 5 1 .3 1

1 2 . 0 0 . 0 0 1 4 2 .4 0 .0 5 4 8 9 0 .1 1 7 3 0 .3 4 4 7 167 1 3 .3 0 .0 3 9 3 0 .5 1 0 3 3 .2 4 3 . 4 4 0 . 9 4
1 .0 0 1 6 0 .4 0 .0 6 6 9 2 0 . 4 1 5 0 0 .2 0 4 9 206 1 3 .3 0 .0 4 8 5 0 .6 6 8 4 4 . 6 6 3 . 6 6 1 .2 7

1 6 . 0 0 . 0 0 1 2 2 .2 0 .0 7 3 4 9 0 .1 1 7 3 0 .2 8 3 5 225 1 3 .2 0 .0 5 2 6 0 .4 5 3 4 2 .8 4 3 . 6 9 0 . 7 6
1 .0 0 1 4 1 .3 0 .0 9 5 4 6 0 .4 1 5 0 0 .1 0 2 3 294 1 3 .2 0 .0 6 8 9 0 .5 8 6 2 3 .8 5 2 . 2 3 1 . 7 3

2 4 . 0 0 . 0 0 8 8 . 0 0 .1 3 5 0 0 0 .1 1 7 3 0 .0 4 2 8 416 1 3 .1 0 . 0 9 6 8 0 .2 5 6 9 1 .8 1 3 .4 1 0 . 5 3
1 .0 0 1 0 9 .1 0 .1 8 5 8 5 0 . 4 1 5 0 - 0 . 2 6 6 8 576 1 3 .1 0 .1 3 3 9 0 .2 8 2 1 1 .9 1 1 . 3 8 1 . 3 8

Discussion

Substitution of eq 10 and 11 into eq 6 gives
log K m =  7r(2i7NaR -  SZnRf) +  log ( x j x w*) -  111.057«

(12)
Computations of log Km for r ZnRj = 0.0, 0.5, and 1.0 

were carried out and the results for x/llR2 = 0.0 are shown 
in Figure 4 where the contributions of the separate terms 
on the right-hand side of eq 12 are indicated. The calcu
lated log K m values are plotted against the weight nor
mality of the cross-linked exchanger, Nm = 1000/xw, as a 
solid line; the experimentally measured log K m are shown 
as points plotted against their respective Nm values taken 
from Table I. A satisfactory concordance between the cal
culated and observed Km values appears to hold for four 
of the six differently cross-linked exchangers. The values 
for the nominal 16 and 24% DVB preparations, however, 
differ by more than the error either in the calculation or 
in the experimental determination of K m.

Clearly, the most important contribution to the calcu
lated log Km is the log (xw/x w*) term. This term deter
mines the value of log (7NaR2/ 7znn2) as may be seen from 
the following equation forxZnR2 = 0.0
log (7NaK2/77.nR2) = log Km* +

log r  +  log (xK/xw*) -  111.02/r (13)
where 1’ = [7NaN<>24/7zn(No2i23] = 1-508 for trace
Zn(N03>2 in 0.1 N  NaNC>3 solution.13

The contribution of the copolymer strain free energy, 
irAD, to log Km is seen from Figure 4 to be small and posi
tive for all cross linkings. This result arises from the fact 
that AC is small and positive in contrast to the exchange 
reactions of the alkali-metal cations with Na+ ion where 
A0 is of nearly the same magnitude but is negative.

The contribution of the integral, IH, in eq 12 to log K m 
is positive, but, again in contrast to the exchange reac
tions of the alkali-metal cations with Na+ ion. / R passes 
through a maximum with increasing cross linking and ap
pears to approach zero for Arm ~  11.6, which value corre
sponds closely to the water content of the sodium form of 
the 24% DVB preparation (Table I). The unusual depen
dence of / R on Nm is a consequence of the fact that (dxw/  
d*znR2)aw changes from a negative to a positive value, or. 
fundamentally, because for —log aw values exceeding ca. 
0.025 the equivalent water content of the zinc poly(styren- 
esulfonate) exceeds that of the sodium salt.

A more direct relationship with the ion-exchange reac
tion isotherm is obtained if the mass law product quotient

WEIGHT NORMALITY, Nm (eqmv./IOOg.H?0 )

Figure 4. Summary of the thermodynamic calculations of log Km 
for the exchange of tracer zinc with the sodium form of various
ly cross-linked polystyrenesulfonate gels.

is expressed in terms of the equivalent fractions of zinc 
and sodium ions in the exchanger and in the mixed aque
ous electrolyte, respectively. Thus

Kx =  Xz„R.,x,\-aA/xxaH2xZn2+ (14)

Substitution of eq 14 in eq 12 gives a form convenient for 
calculations showing the dependence of the ionic selectivi
ty on the composition of the exchanger

log K x =  27r(hNaR -  UzhrJ  +  log K *  -  111.05/,( (15)

where 0NaR and DZnR2 are now partial equivalent volumes, 
and Kx* is the value of Kx measured with the "reference” 
exchanger. The quantity K x is related to Km by Kx = 
K m{Nm/Nm) where Nm and Nm are the weight normali
ties of the external electrolyte mixture and of the poly- 
electrolyte gel phase, respectively.

The calculations summarized in Table V were carried 
out to determine if the observed dependence of Kx on the 
equivalent fraction of zinc ion in the exchanger, x/nR2, 
could be reproduced using eq 15. Inspection of this table 
reveals a satisfactory agreement between the calculated 
and the experimentally measured Kx values for all but the 
two most heavily cross-linked exchangers. Although the 
differences between A'.v(caled) and Kx(obsd) vary between 
15 and 30% for the nominal 2. 4, 8. and 12% DVB cross-
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linked exchangers. The dependence of Kx(obsd) on xZnR2 
is reproduced by the calculation. It seems likely that 
KYobsd) for the exchange reaction between tracer zinc ion 
(i.e., xZnRz = 0.0) and the sodium form of the 24% DVB 
cross-linked exchanger is in error. The discrepancy be
tween the K*(calcd) and K (obsd) values in Table V may 
seem large on first sight. However, it is to be remembered 
that, because of inherent experimental difficulties, the ac
curacy of the K(obsd) values is probably no better than 
±5%. Additionally, errors from several sources contribute 
to the term 111 ,02/H in eq 15. A significant uncertainty 
exists in the quantity (dxx/bxynR2)awi because its value is 
derived by differentiating the isopiestic data relating xw 
to xZnR2 at constant water activity. Error is present also in 
the value of -log  aw which appears as the upper limit in 
the integral (cf. eq 10b). The magnitude of -log  aw was 
estimated by graphical interpolation of the data in Table 
II using the experimentally determined xw values listed in 
Table I. Thus, IR is probably known no better than to 
±15%.

The concordance between calculation and experiment 
found in this research on the zinc-sodium ion-exchange 
reaction leaves much to be desired: however, it appears to 
be far better than the agreement reported recently11 
where a significantly different program of calculations for 
xZnR2 = 1.0 was performed based on eq 3. Thus, for the 
reaction of microconcentrations of Na+ ion in 0.1 m 
ZnfClCU) solution with variously cross-linked zinc poly- 

(styrenesulfonate), Km(calcd)/.Km(obsd) varied from 1.4 
for 2% DVB to 4.3 for 16% DVB exchanger. If the experi
mental measurements are correct, it seems likely that the 
failure of this calculation can be traced to the neglect of 
interionic interaction in the ion exchange gel. The activity 
coefficient ratio, ( 7 m r 2 / t m k 2) , was estimated with the 
Gibbs-Duhem equation from osmotic coefficient measure
ments made with binary NaPSS and with binary 
Zn(PSS)2 aqueous polyelectrolyte solutions, respectively. 
It then was assumed that "yNaR and yZnr2 for the gel were 
given by the values for y Naess and yzn<pss>2 each at the 
concentration existing in the gel which effectively was 
pure ZnR.2. The values of ( Y m r 2 / T m r 2) employed in this 
paper were obtained by applying equations derived from 
the thermodynamics of ternary aqueous mixtures (see Ap
pendix I) to experimental data on ternary mixtures. This 
latter method is sound and does not require extrathermo- 
dynamic assumptions. However, because of its mathemat
ical form calculations with it require that isopiestic mea
surements be made with considerable accuracy.

Limitations of the Thermodynamic Calculations. The 
achievement of a fair agreement between the thermody
namically calculated and the experimentally measured 
mass law concentration product quotients, K m and for Kx, 
for the exchange reaction between trace Zn2+ ion and 
Na+ ion in 0.1 N  NaNCH solutions has been demonstrated 
in this research with nominal 2. 4. 8, and 12% DVB cross- 
linked polystyrenesulfonate cation exchangers, but not 
with the 16 and 24% DVB preparations. Some comment 
on possible causes for disagreement observed with the 
most highly cross-linked ion exchangers would seem justi
fied, apart from the observation made earlier that signifi
cant errors are present both in the experimentally mea
sured and in the calculated K m values.

(a) An essential assumption in the thermodynamic cal
culations is that the properties of the cross-linked ex
changers studied are identical with those of the reference 
exchanger (i.e., nominal 0.5% DVB cross linked) when the

equivalent water contents, xw, of all of the preparations 
are the same and a correction has been made for differing 
strain free energies. 7tA0. This assumption requires that 
the introduction of divinylbenzene as a cross linker in poly
styrenesulfonate gels does not change their thermodynamic 
properties perceptibly.

(b) All exchangers are presumed to have the same 
equivalent weight as the reference exchanger, a condition 
that scarcely holds for the preparations used in this re
search (cf. Table I).

(c) It is implicitly assumed that the cross-linked ion ex
changers may be treated as homogeneous polyelectrolyte 
gels whose average properties (i.e., exchange capacity, 
equivalent volume, and water constant) are well-defined 
thermodynamic quantities. Physical and/or chemical het
erogeneity are assumed to be absent, a condition that be
comes more difficult to realize the greater the cross link
ing. Thus, it may not be surprising that the properties of 
the most highly cross-linked exchangers used in this re
search cannot be computed from those of lightly cross- 
linked exchangers.

(d) The thermodynamic treatment employed for the 
evaluation of the activity coefficient ratio, log (yNaR2/  
7znR?)> assumed a ternary mixture consisting of ZnR2, 
NaR, and water. Therefore, values of K m only for ion-ex
change equilibria with dilute aqueous NaN03*Zn(N03>2 
mixtures may be derived. With concentrated electrolyte 
mixtures invasion of the cross-linked polvelectrolyte gels 
will produce five component mixtures which require a 
more elaborate thermodynamic treatment.

Appendix I. Derivation of Equation for Activity 
Coefficient Ratio

The derivation of eq 10 for the mean molal activity 
coefficient ratio for the ions (Na+ and Zn2+) in the ex
changer is parallel to that already given for exchange 
reactions between singly charged cations16 or anions.15 It 
rests on the Cauchy cross-differentiation identity whose 
utility was first pointed out by McKay and Perring.20

To begin we write their eq 4 where species 1 = Na + , 
species 2 = Zn2+

0.018

0.018

/<3 In my,\ ki ki Id In m \
V d In aw ) X[ m m \d In XoJ<

Id In my2\ h ko Id In m\

V d In aw ) x 2 m m \d  In X i /,

(Ala)

(Alb)

The concentration, m, on a weight of solvent basis is any 
linear combination of the form

m = kim1 +  k2m2 (A2)

and the fractions xy and x2 are defined by x1 =  kim 1/m 
and x2 =  k2m2/m.

Multiplying eq Ala by two and subtracting eq Alb 
gives

0.018
7d In (my,)"

d In a .
2k_
m

d In (my>) 
3 In aw 

Id In m\
\d In X - 2 ) a *

Assuming = 1 and k2 = 2 gives the concentration as 
weight normality, m = m\ + 2m2, and x2, x2 as equiva
lent fractions. Equation A3 becomes
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0.018 rd In ( m y j 2 d  In  ( m y 2) 1
d In a u d In a w -L ,

2 / d  In m d  In m \  2  f d
m ' \d In x -2 d  In x j a „ m V

T dU /m )"|  ,
L OX-2 _ |0 „  \ d . t 2 / 0 „

Integrating eq A4 gives

In I
r (my^f  
L ( m y 2 ) .

—2  X 55•5 1 J "
■log I ,

(d x K/dx-2)a„ d(—ln a„) (A5)
■log O«*

Finally, evaluating the left-hand member of eq A5 gives

-  © " » * [ ¥ ]  +  * ( = ? ) - ’ X « * *

C M i ) . . d ( “ 1 0 6  (A 6,

Equation A 6  is identical with eq 10 of the text.
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The adsorption anomaly which is associated with the appearance of a jump in the water adsorption iso
therm on ZnO has been investigated by measuring water adsorption isotherms, and by electron-micro
scopic observation, on several samples which differ from each other in origin and pretreatment. The 
sample ZnO-A, made by burning zinc metal, has the most perfect surface crystallinity and yields the 
largest jump in the water adsorption isotherm, whereas samples ZnO-B and -C , prepared by the pyroly
sis of zinc hydroxide and oxalate, have smaller jumps, corresponding to less surface crystallinity. Heat 
treatment of the samples decreases surface crystallinity, resulting in a smaller jump in the adsorption 
isotherms. It is suggested that the peculiar arrangement of surface hydroxyl groups on fully hydroxylated 
surfaces of ZnO, i .e ., a completely hydrogen-bonded structure of surface hydroxyl groups on the well-devel
oped ( 1010) plane of ZnO, is responsible for these phenomena. Such surfaces may act as uniform surfaces, 
with a weak adsorbing force for water molecules, giving rise to a mobile adsorption of water molecules fol
lowed by two-dimensional condensation.

Introduction
Recent studies on the interaction between ZnO surfaces 

and water molecules have revealed interesting phenomena 
which have never been observed on other oxides : 1 5  ( 1 ) the 
surface water content of ZnO, that is the amount of 
chemisorbed water, decreases remarkably by degassing 
the ZnO at 200-450°, higher temperatures than in the 
cases of other oxides ; 1  (2 ) the monolayer capacity of water 
obtained by applying the BET method to the adsorption

isotherm is invariable after degassing ZnO at lower tem
peratures, but increases markedly after treatments at 
temperatures over 2000 ; 1  (3) the heat of immersion of ZnO 
in water is almost constant for the samples degassed at 
1 0 0 - 2 0 0 °, increases sharply after degassing at tempera
tures over 200° and attains a maximum value by 400° pre
treatment ; 2  (4) the adsorption isotherms of water have a 
vertical discontinuity, which has been named “ hump ” 1 ' 3  

or “ jum p,”  4 - 5  near the relative pressure of 0 .2 - 0 .3.
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It should be noticed that this adsorption anomaly, that 
is the appearance of a jump in water adsorption iso
therms, is observed in the process of physisorption of 
water on fully hydroxylated surfaces of ZnO. Most metal 
oxides adsorb water molecules physically as well as 
chemically, but they do not show such a jump in adsorp
tion isotherms. Fisher and M cMillan 6  and Ross, e t  a l . ,1 1 0  
described many adsorption systems having such a jump, 
systems which are composed of adsorbents with uniform 
surfaces such as graphite and alkali halides and nonpolar 
adsorbates such as inert gases and hydrocarbons. The 
present system of ZnO-F^O, however, is a unique exam
ple in that it consists of a polar adsorbent and a polar ad
sorbate, hence the terminology: “ adsorption anomaly.”

Ross, e t  a / . , 7 - 1 0  elucidated the appearance of a jump in 
terms of two-dimensional condensation on uniform surfac
es. Also, for the present system of ZnO-FbO. from mea
surements of isosteric heats of adsorption and adsorption 
entropies, it has been reported that the fully hydroxylated 
surfaces of ZnO act as homotattic ones for the physisorp
tion of water . 5

The present study was undertaken to investigate this 
adsorption anomaly more deeply, by measuring the ad
sorption isotherms on various ZnO samples which differ in 
origin and pretreatment, and by observing the surfaces 
with an electron microscope.

Experimental Section
M a te r ia ls . Three kinds of ZnO used in this study were 

the same as those described previously . 4  One of them was 
the sample prepared by burning zinc metal in air (ZnO - 
A). The other two (ZnO-B  and -C ) were obtained by the 
pyrolysis of Zn(OH ) 2  and ZnC 2 0 4  which were precipitated 
by mixing zinc nitrate solution with ammonia water and 
with oxalic acid solution, respectively. These precipitates 
were washed sufficiently with distilled water and calcined 
at 500° for 4 hr. For the investigation of the effect of heat 
treatment on the water adsorption, each sample was cal
cined again at 700° as well as at 1200° for 2 hr. X-Ray 
analysis showed all these samples to be well-developed 
crystals of ZnO.

S u r fa c e  A r e a  M e a s u r e m e n t .  The specific surface area of 
the samples was computed by introducing the nitrogen 
adsorption data obtained at 77°K into the BET equation, 
where the assumption was made that the area of a nitro
gen molecule is 16.2 A2.

W a te r  A d s o r p t io n  M e a s u r e m e n t . The adsorption of 
water on ZnO was measured by using a conventional volu
metric adsorption apparatus equipped with an oil ma
nometer to read out more exactly the equilibrium pres
sure. Prior to the measurement of water adsorption, a 
sample of about 1 0  m 2  measured by N 2  adsorption was 
degassed at 450° for 4 hr in v a c u o  of 10~ 5  Torr to remove 
naturally adsorbed water and carbon dioxide. After the 
measurement of the first adsorption isotherm at 18°. the 
sample was exposed to saturated water vapor for 1 0  hr. 
degassed at room temperature for 4 hr in 10 5  Torr in 
order to remove physisorbed water, and then used for the 
measurement of the second adsorption isotherm at 18°. 
Adsorption equilibrium was attained within 30 min in the 
second adsorption, though it took 1  or 2  hr in the first ad
sorption. In every case, desorption isotherms obtained 
after determination of the second adsorption isotherm did 
not show hysteresis, which gives evidence that the sam
ples are nonporous.

W a te r  C o n te n t . ZnO stored exposed to the atmosphere

maintains physisorbed and chemisorbed water, which can 
be removed progressively by heating in v a cu o . The 
amount of chemisorbed water which is named water con
tent was determined by the successive ignition loss meth
od . 1 1  In this procedure, a certain amount of CO 2  was 
found in the gas evolved, but it was separated and elimi
nated from the value of the water content . 4

E le c tr o n  M ic r o g r a p h . The electron-microscopic observa
tion was carried out by using a scanning electron micro
scope with high resolution, Model HSM-2A, manufac
tured by the Hitachi Co.

Results
A d s o r p t io n  I s o th e r m  o f  W a ter . The first and second ad

sorption isotherms of water on ZnO-A, -B . and -C  are 
given in Figures 1-3, where the adsorbed amount is ex
pressed in milliliters (STP) per unit surface area obtained 
from nitrogen adsorption. All the isotherms show a jump 
at a relative pressure of 0 .2 - 0 .3 as reported in the previous 
papers , 1 - 3  5  though the height of the jump depends on the 
origin and pretreatment of the samples. Generally, the 
jump decreases when the samples are treated at higher 
temperatures. In summary, the jump for the original sam
ple of ZnO-A is the largest and that of 1200° treated 
ZnO-B is the smallest.

R a tio  o f  H 20 : 0 H .  The quantitative relation between 
the amounts of physisorbed and chemisorbed water on 
metal oxides often gives important informations about the 
adsorption state or adsorption mechanism of water. Con
trary to the simplicity of calculating the ratio of H 2 0 :OH 
in the cases of TiC>2 , n-Fe2 C>3 , 1 2  and AI2 O 3 1 3  where no 
jump appears, the calculation on the surface of ZnO is 
rather complicated.

Table I1 4  shows the ratio obtained from the first and 
second adsorption isotherms, obtained according to the 
method described in the preceding paper . 4 - 5  Vm  is the 
monolayer capacity computed by applying the BET meth
od to the first adsorption isotherm: this involves both the 
physisorbed and chemisorbed water. The second adsorp
tion isotherm should reflect only physisorbed water, be
cause the preevacuation of water-saturated surfaces at 
room temperature has been shown to leave fully hydroxyl
ated surfaces . 1 - 5  Accordingly, Vpi, which is obtained by 
applying the BET method to the initial part of the second 
adsorption isotherm, gives the amount of physisorption up 
to the beginning of the jump. Previous considerations 
have led to the conclusion that the total amount of physi
sorbed water V p  should be taken at the so-called “ B ” 
point which appears just after the accomplishment of the 
jum p . 4 - 5  Vp2, which is obtained by subtracting Vpi from 
the total physisorption Vp, indicates the amount of physi
sorbed water in the region of the jump.

On the other hand, the amount of chemisorbed water 
V c  is obtained by subtracting Vpi from V m . There is an
other portion of chemisorbed water that is water content. 
Vh, which is retained on the surface before the measure
ment of the first adsorption isotherm. The total amount of 
chemisorbed water is therefore given by the sum of V c  
and Vh. Table I gives the same result as described pre
viously in that the ratio of H 2 0 :O H  approximates l , 4  

which leads us to infer that the first physisorbed layer is 
practically complete when each of the surface hydroxyl 
groups is covered by a molecule of water. More striking is 
that this general relation is true for all the samples tested, 
in contrast to results found for surfaces of T i0 2. n - 
Fe2 C>3 , 1 2  and AI2 O 3 . 1 3  where the ratio is found to be 0.5.
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Figure 1. Adsorption isotherm  of water on ZnO -A : original (a), 
700° treated (b), 1200° treated (c); O , firs t adsorption; • ,  sec
ond adsorption.

Figure 2. Adsorption isotherm of water on ZnO -B : 500° treated 
(a), 700° treated (b), 1200° treated (c); O, firs t adsorption; • ,  
second adsorption.

Figure 3. Adsorption isotherm  of water on ZnO-C: 500° treated 
(a), 700° treated (b), 1200° treated (c); O, firs t adsorption; • ,  
second adsorption.

E le c t r o n -M ic r o s c o p ic  O b s e r v a t io n . Scanning electron 
micrographs of the ZnO samples are illustrated in Figure
4. It can be seen from this figure that the crystallinity of 
the original sample of ZnO-A is the best of all the sam
ples tested. It is well known that the crystal structure of 
ZnO is of the wurtzite type and that the cleavage is per
fect on the (0001), (0 0 0 Ï), and (1010) planes . 1 5 - 1 7  The 
photograph in Figure 4a clearly reveals hexagonal prisms, 
which testify to the wurtzite structure of ZnO. Further
more, it was observed under the electron microscope that 
ZnO formed by burning zinc metal exhibits a number of 
needles just after preparation, which later change to 
prisms which are both wider and shorter, though photo
graphs of this latter phenomenon are not included in the 
present figures. The particles of original ZnO-A are sub-

Figure 4. Scanning electron m icrographs: ZnO -A , original (a), 
700° treated (d), 1200° treated (g); ZnO -B , 500° treated (b), 
700° treated (e), 1200° treated (h); ZnO -C, 500° treated (c), 
700° treated (f), 1200° treated (i).

stantially more well defined than those o: ZnO-B and -C . 
It should be further noted that the surface crystallinity 
decreases remarkably when the samples are treated at 
higher temperatures, despite the fact that the bulk crys
tallinity found by X-ray diffraction remains unchanged by 
the heat treatment .

Discussion
A number of adsorption systems which give a jump in 

adsorption isotherms have been reported; in all of these 
cases adsorbent and/or adsorbate have been nonpolar sub
stances, which result in a fairly weak interaction. The ad
sorbents dealt with had uniform surfaces, e .g ., graph- 
ite9,io.i8,i9 which has conducting and well-defined surfac
es. and alkali halides6  8  which have homopolar surfaces 
composed of an equal number of alternately arranged al
kali ions and halogen ions.

With such systems as TÍO 2 -H 2 O 2 0  and TI1 O 2 -H 2 C) , 2 1  

which are composed of a polar adsorbent and a polar ad
sorbate, discontinuities in the adsorption isotherms have 
recently been reported, but they seem to have arisen 
under nonequilibrium conditions. It should, on the con
trary, be emphasized that the present system of ZnO-F^O 
gives a reversible and reproducible jump in the adsorption 
isotherms.

As described above, the height of the jump in the water 
adsorption isotherm differs depending on the origin and 
pretreatment temperature of ZnO (Figures 1-3); the jump 
is greatest on the original sample of ZnO-A. Furthermore, 
the jump decreases by treating samples at elevated tem
peratures, corresponding to the decrease in the Vp2  values 
in Table I . 1 4

The same trend is observable in electron micrographs. 
In the scanning electron micrographs of ZnO -A  (Figure 
4a), we can find many sharply delineated hexagonal 
prisms which have grown along the c axis and, according
ly. have well-developed (1010) faces. Furthermore, it is 
evident that the surface crystallinity decreases by the 
heat treatment at higher temperatures. This heat treat
ment will cause the transfer of surface atoms to introduce 
disorder in the ( 1 0 1 0 ) face, that is a decrease in the sur
face homogeneity. With ZnO-B and -C , the photographs 
do not permit one to decide which plane prevails more ex
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tensively, but they positively indicate the progression of 
sintering by heat treatment. From comparison of the re
sults of the water adsorption isotherm and electron micro
graph, it is clear that the appearance of a jump is closely 
related to the development of the ( 1 0 1 0 ) face.

In the ZnO crystal of wurtzite structure, the component 
atoms of both zinc and oxygen are tetrahedrally coordi
nated. On the (0001) face, which is one of the planes of 
perfect cleavage, zinc atoms occupy half the trigonal sites 
formed by the lattice oxygens (Figure 5a,c ) . 1 6  For the con
servation of electroneutrality on the surface, one oxygen is 
further bonded to two zincs . 1 7  Water molecules, when the 
surfaces are hydrated, will first be chemisorbed in such a 
way that hydroxyls are bonded to surface zincs and hydro
gen atoms to surface oxygens, which brings about a com 
pletion of tetrahedral coordination of the surface atoms 
which is similar to that of the lattice atoms in the bulk.

On the (0001) face, which is formed at the same time 
with the (0 0 0 1 ) face, each zinc is bonded to an underlying 
lattice oxygen. Since such a surface structure is reason
ably unstable, surface zincs transfer to trigonal sites 
formed by lattice oxygens . 1 6  For the requirement of elec
troneutrality here, one oxygen is bonded to two zincs. The 
hydration of such a reconstructed surface will produce a 
hydroxylated surface similar to that on the (0 0 0 1 ) face 
(Figure 5a,d).

Hydroxyl groups thus formed on the (0001) and (0001) 
faces are coplanar and separated from each other by a dis
tance equal to the lattice constant. This distance will be 
too great for hydrogen bonds to occur between neighboring 
hydroxyl groups . 1 7

On the (1010) face, which is parallel to the c axis and is 
dominant on the surfaces of ZnO-A. the centers of zinc 
and oxygen atoms are coplanar and each of them coordi
nates three counter ions (Figure 5b,e,f). Moreover, it 
should be noted that an equal number of zincs and oxy
gens are present on this face and that they are arranged in 
pairs parallel to the c axis. When hydration occurs on 
such surfaces, hydroxyl will be bonded to zinc and hydro
gen to oxygen, which leads to the completion of tetrahe
dral coordination of both surface zincs and oxygens. Hy
droxyl groups thus formed on ( 1 0 1 0 ) face do not produce a 
coplanar surface, contrary to the cases of the (0 0 0 1 ) and 
(0 0 0 1 ) faces.

On the hydroxylated (1010) face, there are prominent 
rows of hydroxyl groups (Figure 5b), neighboring rows 
being separated by a short distance, resulting in a narrow 
channel between rows. Such an arrangement will produce 
closed hydrogen bondings as follows: each hydrogen bond
ed to oxygen in the original coplanar Z n -0  surface is in a 
suitable position to enter into hydrogen bonding with oxy
gen in the hydroxyl which is newly bonded to zinc. At the 
same time, hydrogen in the newly bonded hydroxyl will be 
favorably oriented with respect to oxygen in the neigh
boring hydroxyl on the same row (Figure 5e,f).

The hydration of the (1010) face thus leads to a geome
try such that all zinc and oxygen atoms on the bare ( 1 0 1 0 ) 
face, together with oxygen atoms newly bonded to zinc 
atoms, will form complete tetrahedral coordination, and 
such that all hydrogens in the surface hydroxyl groups will 
be used to form hydrogen bonds (Figure of). The combi
nation of all sites which can possibly form hydrogen bonds 
on the hydroxylated ( 1 0 1 0 ) faces can therefore produce a 
closed structure, which results in only weak adsorption 
forces on incoming water molecules. Figure 5h shows the 
planar view of the hydroxylated ( 1 0 1 0 ) faces.

Figure 5. Structural model of hydroxylated ZnO surface: planar 
view of (0001) face (a) and (1010) face (b); side view of 
(0001) face (c), (0001) face (d), (1010) face perpendicular to 
c axis (e), and (1010) face parallel to c axis (f).

Let us consider, next, the water phvsisorption process 
on the hydroxylated surfaces of ZnO where the surface 
crystallinity is excellent, and (0 0 0 1 ), (0 0 0 1 ). and ( 1 0 1 0 ) 
faces are well developed. The hydroxylated (0001) or 
(0 0 0 1 ) faces will be more active for the adsorption of 
water than the hydroxylated ( 1 0 1 0 ) face, because the for
mer has isolated hydroxyl groups which are not hydrogen 
bonded, contrary to the latter which has no non-hydrogen- 
bonded hydroxyl groups. Any particles of ZnO should 
have such surface defects as corners, edges, steps, and 
others; these sites will act still more actively than those 
on the (0 0 0 1 ) and (0 0 0 1 ) faces.

Physisorption of water will occur initially on the sites 
having the highest energy, such as the defects stated 
above, next on isolated hydroxyl groups, and finally on the 
uniformly hydroxylated (1010) faces. Water molecules ad
sorbed on stronger sites must be immobile, while those on 
less active sites of completely hydrogen-bonded hydroxyl 
groups will have a great possibility of moving two di
mensionally . 5  A jump in the adsorption isotherm of water 
may thus appear on surfaces of ZnO having excellent sur
face crystallinity.

In conclusion, the adsorption anomaly which appears in 
the physisorption of water on ZnO can be ascribed to the 
formation of a peculiar structure of surface hydroxyl 
groups, which results in weaker interaction forces on 
water molecules coming toward the surface. Heat treat
ment at higher temperatures may cause enhanced surface 
heterogeneities of the ( 1 0 1 0 ) face as well as a larger de
crease in the area of the ( 1 0 1 0 ) face compared to the other 
faces, both of which result in a decrease in the height of 
the jump and. at the same time, an increase in the initial 
portion of the water adsorption isotherms (Figures 1-3).

Similarly, a series of surface phenomena occurring in 
the system ZnO -H 2 0 , as stated above, can be explained 
on the basis of characteristic arrangements of atoms on 
ZnO surfaces. For example, the desorption of surface hy
droxyl groups completely hydrogen bonded to each other
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S u p p le m e n ta r y  M a te r ia l  A v a ila b le . Table I will appear 
following these pages in the microfilm edition of this vol
ume of the journal. Photocopies of the supplementary ma
terial from this paper only or microfiche (105 x  148 mm, 
24x reduction, negatives) containing all of the supple
mentary material for the papers in this issue may be ob
tained from the Journals Department, American Chemi
cal Society, 1155 16th St., N.W., Washington, D. C. 
20036. Remit check or money order for $3.00 for photocopy 
or $2.00 for microfiche, referring to code number JPC-74- 
1116.
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Electrical conduction has been measured in mixtures of atomic nitrogen and oxygen in N 2  formed by al
lowing NO to react with N in a flowing afterglow. Ionic species may be extracted by electric fields of ~ 5  
V /cm , established between parallel stainless steel electrodes, at pressures of 60 to 1300 Pa. Any remain
ing conduction, measured subsequent to extraction, vanishes sharply at the equivalence point of the ti
tration reaction N +  NO —1► N 2  +  O ( 1 ) and is thus attributed to ionic species formed by reaction of 
atomic nitrogen. The rate of ionization exhibits a first-order dependence on [N] for [0 ]/[N ] > 100, and 
this first-order contribution to the ionization rate exceeds higher order contributions for [0 ]/[N ] > 10. 
Several mechanisms for chemiionization are considered; such ionization may take place by the reaction 
0 ( 1 S) + N ( 4 S) —1► NO+ +  e_ . Measurement of saturation current is found to serve as a sensitive indica
tor of the equivalence point of ( 1 ).

Introduction

The rapid reaction

N(4S) +  NO — *• N2  +  0 ( 3 P) (i)
is commonly used in flowing afterglow systems as a titra
tion reaction for atomic nitrogen , 1 - 1 1  and as a source of 
atomic oxygen . 1 2 1 3  Typically molecular nitrogen is par
tially dissociated in an electrical (often microwave) dis
charge, and NO is added to the flowing N2-N  mixture 
downstream from the discharge. Successful application of 
the technique requires precise determination of the NO 
flow equal to the N atom flow. This “ equivalence point” 
is most frequently determined by monitoring molecular 
electronic chemiluminescence present under conditions of 
insufficient or excess NO flow . 1 - 3  Other means of deter
mining this equivalence point have included esr, 4 - 6  vacu

um uv absorption , 7  and mass-spectrometric measure
ments of neutral8  and ionic9  concentrations. The validity 
of the equivalence point determined by electronic lumi
nescence has been confirmed by these several techniques, 
from the total pressure decrease accompanying reaction
l , 1 0  and from mass-spectrometric product analysis . 1 1  This 
work has been recently reviewed . 1 4 ® ’ 1 5

Because of its sensitivity and convenience, measure
ment of electronic luminescence remains favored as an 
equivalence point indicator for reaction 1 . The details of 
the several mechanisms responsible for these lumines
cence systems are complex, incorporating highly specific 
populating and depopulating processes. Nevertheless, it is 
possible to describe the intensities of these emission sys
tems, at constant pressures in the range of 100 to 1000 Pa 
and at low atom concentrations, as proportional to the 
concentrations of the reactant species3' 1 4 b . 1 6 - 2 3
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N(JS) + N(4S) — N2* —* /n'tyellow) / ,  “  [N] 2  (2)

N(4 S) +  0 (:!P) — *• NO* — *■ Wuv, blue) 7,iv =* [N][0] (3)
0(:!P) +  NO — ► NO,* — *- Mgreen) I g «  [0][N0] (4)
Reactions 3 and 4 are utilized as indicators for the equiva
lence point of ( 1 ), since the intensities Iuv and Ig exhibit a 
first-order dependence on the degree of under- or overti
tration, respectively, the concentration of atomic oxygen 
remaining effectively constant near the equivalence point. 
The intensity Iy , which decreases quadratically as the 
equivalence point is approached, is not a sensitive indica
tor, since the ratio of this intensity to the amount of un
dertitration becomes vanishingly small near the equiva
lence point.

We consider here measurement of gas-phase electrical 
conduction as an additional, independent indicator of the 
equivalence point of (1). The presence of ionized species is 
well known in the nitrogen afterglow . 9 ’ 1 4 c ’ 2 4 “ 2 9  Ionization 
is substantially increased by partial titration with NO, in
dicating the occurrence of chemiionization reactions in 
this system . 2 9 “ 3 1  The primary ionic reaction products are 
reported to be N0+ and free electrons, and the rate of 
ionization to be proportional to [N]3 [0]. This concentra
tion dependence has been interpreted in terms of a mech
anism involving the participation of excited states of N 2  

and NO formed by atom recombination , 3 0  but this mech
anism has recently been questioned . 3 2  If the reported 
third-order dependence of the ionization rate upon [N] in 
fact obtains, then ion formation would not serve as a use
ful equivalence point indicator for ( 1 ). We find, however, 
that the ion formation rate exhibits a first-order depen
dence on [N] near the equivalence point, and is thus po
tentially suitable as a titration indicator. We describe an 
apparatus for measurement of electrical conduction for 
this purpose and present measurements demonstrating 
the applicability and sensitivity of this technique.

Experimental Section
The essential features of the discharge flow system are 

shown in Figure 1. The electrode assembly was fabricated 
from 10-mm i.d. Pyrex tube using W -N i feedthroughs. 
Two identical pairs of electrodes ( 6  X  27 X  0.25 mm) were 
fabricated from stainless steel and spot welded to the Ni 
leads. The electrodes were seated loosely against the walls 
of the tube; the resulting spacing between the electrodes 
was about 8  mm. The distance between the electrode 
pairs Ei and E 2  was 5 cm. The electrode assembly was 
surrounded by a grounded chassis box. Polarizing voltages 
(up to 250 V) were provided by dry cells to exclude extra
neous leakage paths between Ei and E 2  or to ground. For 
routine measurements 25 V has been found to be satisfac
tory. Ion currents were measured with a Keithley Model 
417 picoammeter, having a sensitivity of 1 X  10" 1 4  A.

Near-uv and visible radiation was monitored by 1P21 
photomultiplier tubes with Corning 7-39 and 3-66 filters, 
respectively. The principal luminescence detected near 
the equivalence point of ( 1 ) was from the v ' = 0  levels of 
the (3 system of NO 3 1 9 “ 2 1  in the near-uv, and from the air 
afterglow in the visible . 3  The limiting aperture to each 
photomultiplier was 6  mm located 8  cm from the flow 
tube.

N 2  (Linde High Purity) was further purified by passage 
over Cu at 900 K, then through a glass-wool packed trap 
at 77 K, and then through P 2 0 s . 1 9  NO (Matheson) was 
passed through silica gel at 195 K and P2Os before being 
condensed at 77 K. The microwave discharge (2450 MHz, 
100 W, 1/i-wave cavity33) and the titration were carried 
out at pressures of 60 to 1300 Pa. For a typical N 2  flow 
rate (700 /umol/sec) and pressure (800 Pa) the atom con-

Figure 1. Block diagram of flow  system and e lectrode assembly: 
MW, m icrowave cavity; B2, ballast volumes (2 dm 3, 1 dm 3, 
respectively); GW, glass wool plug; P2, photom ultip liers; E i, 
E2, e lectrode pairs; V, flow  regulating valves.

centration was generally 0 . 1 %, or less depending on the 
amount of by-pass flow. Occasional experiments were per
formed with a trace of dry air added before the microwave 
discharge; the addition of air somewhat enhanced disso
ciation (up to twofold) but otherwise yielded results es
sentially similar to those without added air.

Gas flows were determined from the pressure drop 
across a calibrated capillary , 3 4  or directly from the pres
sure decrease of a reservoir of known volume.

All experiments were conducted at room temperature, 
290-300 K. An air blower was directed on the flow tube 
just downstream from the microwave discharge to pro
mote cooling of the heated gas. A glass wool plug removed 
excited species prior to the NO titration inlet.

Results and Interpretation
(a ) M e c h a n is m  o f  S a tu ra tio n . In agreement with previ

ous investigators3 0 , 3 1  we find that electrical conduction in 
this system depends strongly upon the degree of titration. 
The conduction first increases as NO is added to the ni
trogen afterglow and then decreases sharply as the equiva
lence point is approached. At low applied voltages ( < 0.5 V) 
the current depends linearly upon the applied voltage, but 
saturation is observed typically at 3-6 V, Figure 2, and 
the current increases only slightly (or occasionally is 
found to decrease somewhat) with increasing voltage as 
high as 250 V. Such saturation might be due either to the 
formation of a plasma sheath , 3 5 ’ 3 6  at high ion concentra
tion, or alternately to total extraction of ionic species , 3 7  at 
low ion concentration. Hence it is important to determine 
the process responsible for the saturation observed in the 
present experiments. Examination of the current at the 
downstream electrode pair E2, in the presence of voltage 
applied at the upstream electrodes Ei, should permit this 
determination. If extraction occurred at Ei, then the mea
sured current at E 2  would be substantially reduced, unless 
the ionic concentration was rapidly restored by reactions 
of neutral species. However, the conduction of a shielded 
plasma would be minimally affected by prior application 
of an electric field.

In Figure 3 are shown the results of such an extraction 
study as a function of NO flow, for fixed N-atom flow, 
near the equivalence point of reaction 1 . (This study was 
conducted without the ballast B2.) Upon application of 
polarization voltage to Ei, t2, the saturation current at E2, 
is substantially reduced. This reduction is a function of 
the NO flow relative to a fixed N-atom flow, but exceeds 
two orders of magnitude beyond the equivalence point, 
establishing that mobility limited extraction3 7  takes place
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Figure 2. Current-vo ltage plot in the flow ing afterglow near the 
equivalence point of reaction 1. The current was measured at 
E2, E, not polarized. Ballast B2 was om itted; the contact time 
from  the NO Inlet to E2 was ca. 10 msec, [N 2] =  800 Pa, FN2 
=  800 ¿¿mol/sec, atom concentration =  0.1%. The asymm etry 
Is ascribed to stray fields, perhaps due to a voltage exerted by 
the picoamm eter.

N 0 flow /t/im ol/s)

Figure 3. Ion and uv photom ultip lier currents vs. NO flow: • ,  
¡2 , saturation current at E2, Et not polarized; O, /'2', saturation 
current at E2, E,  polarized (25 V); □ ,  uv photom ultip lier cur
rent, arb itrary units; ballast B2 was om itted, [N 2] =  800 Pa, FN2 
=  600 /umol/sec.

when Ei is polarized, and is responsible for the observed 
saturation. The magnitude of the observed saturation 
voltage is consistent with that requisite for NO+ or anoth
er ion of similar mobility to drift the interelectrode dis
tance within the time spent between the electrodes, as 
determined by the linear flow velocity. Before the equiva
lence point the apparent extraction of ionic species by Ei 
is less efficient. The apparent transmittance of ionic 
species increases with increasing undertitration, so that 
well before the equivalence point there is but a slight de
crease in ¿ 2 upon application of polarizing voltage to Ei. 
Such an apparent lack of extraction has been noted pre
viously2 6  for active nitrogen. Since it is established that

extraction of ionic species at Ei is highly efficient, the 
present experiment demonstrates that the current ¿2 ', 
measured at E 2  with Ei polarized, is due to ionization re
sulting from reactions of neutral species present in the 
flowing gas between Ei and E2. It is also established that 
atomic oxygen in the absence of atomic nitrogen does not 
produce significant ionization under these conditions. It is 
further established that the current measured without po
larization of Ei may be due in large part to residual ionic 
species in the flowing gas.

The decrease in current at E 2  was found to be indepen
dent of the direction of the polarizing voltage applied to 
Ei, ruling out the possibility that the apparent extraction 
was due to an interaction between the two pairs of elec
trodes. Occasionally, especially well before the equiva
lence point, there was a time lag of the order of several 
seconds before the extraction reached a steady level. In a 
study of mass-spectrometric sampling of ions in active ni
trogen Spokes and Evans2 7  noted a similar time lag, 
which they attributed to surface charging effects. Despite 
the time lag noted here, the response of the current at E 2  

to changes in the NO flow near the equivalence point was 
always quite rapid (better than 0 . 1  sec).

( 6 ) D e b y e  L e n g th s . The possibility that the decrease in 
apparent extraction at undertitration is due to plasma 
shielding at the somewhat higher ion densities here, rath
er than to the presence of ionic species formed subsequent 
to extraction, may be further examined by evaluating the 
Debye length. In order for a plasma to shield itself against 
an applied electric field it must develop at each electrode 
a space-charge sheath, the thickness of which must be 
several Debye lengths.36b If the dimensions of the plasma 
do not greatly exceed the Debye length, then a sheath 
cannot develop and extraction will occur upon application 
of an electric field.

Evaluation of the Debye length, h =  (eok T e / n e 2 J1/2, re
quires knowledge of the electron temperature Te , and the 
number density of charged species, n. These quantities 
may be obtained in two ways. First, if it is assumed that 
saturation is due to formation of a plasma sheath, then 
the double-probe analysis3 5  may be applied. For the data 
of Figure 2, Te = 4500 K and n = 3 X 104  cm -  3, and h  =  
3 cm (c f. the electrode spacing 0.8 cm). Hence the data of 
Figure 2 are inconsistent with the existence of a plasma, 
and it is inappropriate to apply plasma theory to interpret 
Figure 2.

Alternately, assuming extraction, it is possible to iden
tify the measured current with the rate of arrival of ion 
pairs in the flowing afterglow to the measuring electrodes. 
Thus n =  i/ef, where e  is the electronic charge and /  is 
the volume flow rate. For the conditions of Figure 2, n  =
1.5 x  105  cm -3 . The electron temperature is estimated as 
7000 K from the appropriate Townsend factor38® (E / p  =  
IV  m " 1 Pa_1 at saturation); the resulting Debye length, 1.5 
cm, is consistent with the assumption of extraction.

For currents of 10“ 1 3  to 10“ 9  A, the number densities 
calculated in this way ranged from 1 0 3  to 1 0 7  cm ~3, and 
the corresponding Debye lengths from 20 to 0.2 cm. Thus 
the apparent lack of extraction, measured at undertitra
tion, is due, as assumed above, to chemical reactions of 
neutral species, and not to plasma shielding.

(c) E f fe c t  o f  C o n ta c t  T im e . Before proceeding we point 
out the necessity, in gas-phase titrations, of allowing suffi
cient contact time between the admixed gases for reaction 
to proceed to completion prior to measurement of a physi
cal property indicative of the equivalence point. In the ex
periment shown in Figure 3 insufficient contact time 
( ~ 1 0  msec) was provided, resulting in a trailing-off of 
both the ion current i2', and the uv photomultiplier cur-
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NO flow/t^tmol/s)

Figure 4. Ion and uv photom ultip lier currents near the equiva
lence point of reaction 1. E, was polarized; with ballast B2 the 
contact tim e was 0.5 sec: ■ ,  /2',  ion saturation current; O , uv 
photom ultip lier current; [N 2] =  1000 Pa; F n 2  = 800 /xm ol/sec.

rent, Iuv (reaction 3), beyond an apparent equivalence 
point obtained by linear extrapolation of Iuv measured be
fore the equivalence point. With an initial atom concen
tration of 4 X 1014 c m "3, the half-life of reaction 1 is ini
tially 0.1 msec . 3 9  However, for equivalent flows of the two 
reagents the rate of reaction decreases as the reaction pro
ceeds in proportion to the remaining concentration of re
agents. Thus, for example, 10 msec is required for 99% 
completion, even if perfect mixing of the reagents is as
sumed; the trailing-off in Figure 3 may thus reasonably be 
attributed to the finite rate of reaction 1. For this reason 
we have inserted the ballast B2  (Figure 1) between the 
NO inlet and the point of monitoring the reaction. This 
bulb provides an average contact time of 500 msec under 
typical conditions.

(d )  D e p e n d e n c e  o f  S a tu r a t io n  C u r r e n t  o n  N O  F low . A 
series of studies was conducted to determine the depen
dence of the saturation current ¿2 ' (measured with the 
ballast B 2 , and subsequent to extraction at E i) upon the 
NO flow rate for fixed N atom flow rates. In these studies 
the NO flow was established somewhat in excess of the N 
atom flow and allowed to decrease as the reservoir pres
sure decreased . 3 , 5  The measured NO flows were fit as a 
function of time to allow the ion and uv photomultiplier 
currents to be determined as a function of the NO flow 
rate, - ? n o  (Figure 4). Both currents exhibit a sharp onset 
that occurs at the same NO flow within an uncertainty of 
better than 0.1%. This agreement was observed in all in
stances except at the lowest pressures (<100 Pa) where 
the uv emission intensity was so low that the equivalence 
point could not be determined from the photomultiplier 
current. The equivalence point so determined was in close 
agreement as well with that derived from the disappear
ance, with decreasing NO flow, o f the visible lumines
cence due to reaction 4.

While the saturation current ¿2 ' near the equivalence 
point was found to rise sharply with decreasing NO flow, 
indicative of a first-order dependence on the degree of un
dertitration, these data exhibited substantial upward cur
vature that indicated the presence of a higher order con
tribution as well. Since the present study is not directed 
toward mechanisms of ion formation we defer consider
ation of the order dependence of this curvature. Neverthe-
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Figure 5. Ion current per N-atom flow vs. degree of undertitra
tion. The equivalence point was determ ined from  /uv. [N 2] and 
F N2 are the same as in Figure 4.

less it is important to establish that the principal contri
bution to the saturation current at low [N] is first order in 
the degree of undertitration. Figure 5 is a plot of T =  ¿2 ' /  
(F °  -  F n o ), where F °  is the NO flow equal to N atom 
flow, as determined from the onset of the uv photomulti
plier current, us. the degree of undertitration. The non
zero intercept T0  represents the contribution to the satura
tion current that is first order in (F° — F N 0). This first- 
order contribution exceeds the higher order contribution 
throughout the last 1 0 % of the titration.

In Figure 6  the saturation current and the uv photomul
tiplier current, principally due to NO d emission , 3 - 1 9 - 2 1  

are compared. Here it is established that near the equiva
lence point these two quantities increase proportionately 
over two orders of magnitude; this proportionality is valid 
within 1 % of the equivalence point. There is substantial 
evidence2 ’ 3 ’ 1 9 - 2 1  that the uv intensity increases linearly 
with (F °  -  F n o ) near the equivalence point of (1), and 
thus linearly with [N]. Therefore a linear variation with 
[N] is ascribed to the saturation current, and in turn to 
the rate of formation of ionic species.

Saturation Current as an Equivalence Point Indicator
We find that the onset of saturation current provides a 

sensitive indication of the onset of undertitration when 
NO is used to titrate atomic nitrogen by reaction 1. Fur
ther, this technique permits sensitive real-time control of 
the NO flow rate when reaction 1  is used to generate 
atomic oxygen. This sensitivity is due both to the sharp 
onset of current with insufficient NO flow and to the con
stant, low value of the background current, i .e ., the cur
rent measured at overtitration. This background current 
is due to leakage and with reasonable precaution may be 
kept as low as 5 X 10" 1 4  A for an applied voltage of 25 V. 
This magnitude of current corresponds to a saturation 
current ¿2' typical of 0 .0 1 % undertitration.

An area of potential concern with the present technique 
is that substantial atom recombination might be cata
lyzed by the stainless steel electrodes. Such catalysis is 
characteristic of metals and metal oxides for both atomic 
oxygen and nitrogen . 1 4 d - 4 0 - 4 2  We have not systematically
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F igu re  6. C o m p a r is o n  o f io n  a n d  uv p h o to m u lt ip l ie r  c u r re n ts  
n e a r e q u iv a le n c e  p o in t o f  (1 ) . T h e  s o lid  l in e  (s lo p e  =  1) f its  
d a ta  w ith in  1%  o f e q u iv a le n c e  p o in t: [N o ] =  1 3 0 0  Pa; F Nz =  
1 2 0 0  ¿ ¿ m o l/s e c ; F °  =  0 .6  j im o l / s e c .

explored this possibility here; however no substantial de
crease is noted in the concentrations of either atomic 
species, as estimated from visual observations of lumines
cence intensities before and after the electrode assembly.

The technique we have described has been found to be 
applicable throughout the entire range of pressure (60- 
1300 Pa), N2 flow rate (5-1400 /rmol/sec), and N-atom 
flow rate (0.13-1.3/imol/sec) that has been investigated.

Discussion
(a) O rig in  o f  C o n d u c tio n . It is established by demon

stration of extraction of ionic species upon application of 
an electric field to the flowing N -0 afterglow that electri
cal conduction in this system is substantially due to the 
motion of these species in the applied field. Further, any 
conduction subsequent to extraction, such as is measured 
at E2 and which forms that basis for the present tech
nique must be attributed to ionization brought about by 
reactions of neutral species present in the afterglow.

In this respect the present technique is to be distin
guished from that noted by Ferguson, e t  a l .9 These inves
tigators pointed out that ionic species present in flowing 
afterglows, specifically 0 2+ and N2+, rapidly undergo 
charge exchange with NO, as soon as this species becomes 
present in appreciable concentration, i .e ., beyond the 
equivalence point of reaction 1.

0 ,+ +  NO — *• NO+ +  0 2 (5)

N,+ +  NO — *■ NO+ +  N2 (6)
Thus the rapid decrease in, for example, 0 2+ current be
yond the equivalence point would serve as an equivalence 
point indicator. Since reactions 5 and 6 require the pres
ence of ionic species and conserve the total ionic concen
tration, these processes are distinct from those taking 
place in the present system, in which net ionization re
sults from reactions of neutral species.

(b )  [./V] D e p e n d e n c e  o f  th e  I o n iz a t io n  R a te . Because of 
the simultaneous extinction of ionization and the NO ¡3 
emission as a function of the flow of the NO titrant, we 
attribute the ionization in this system to a reaction of 
ground-state atomic nitrogen, or to a species whose con
centration is related to [N(4S)] by a rapid steady state. 
The apparent first-order dependence of the ionization rate

upon [N] may be expressed as

K, = *i[N] (I)
where k l is a pseudo-first-order rate constant, that may 
depend on concentrations other than [N], If the current 
measured at E2 is attributed to ions formed within the 
time, r, of flow between Ei and E2, then may be esti
mated from Figure 5, as r°/Fr, where F is the Faraday 
constant. For the conditions specified k t =  3 X  10- 6 
sec- 1 . The existence of a contribution to the ionization 
rate that is first order in [N] requires a mechanism dis
tinct from that proposed previously30 to account for the 
concentration dependence of ionization ir. N -0 systems

R u  = ¿ , i [ N ] 3[ 0 ]  (II)

A contribution to the ionization greater than first order in 
[N], such as (II), is observed here as well, and represents 
approximately half of the total ionization at 10% underti
tration. We conclude that at least two mechanisms for ion 
formation operate in the N -0 system. The contribution 
first order in [N] has not been reported previously; how
ever, the data of Young and St. John (Figure 1 of ref 30c) 
appear to indicate a rise in ionization with undertitration 
that is significantly sharper than indicated by (II) alone.

A quantitative comparison of the ion formation rate 
measured here with that reported by Young and St. 
John30c may perhaps be useful, since the rate coefficient 
reported by these authors has been questioned as unreason
ably large.29 For 10% undertitration the data in Figure 5 
yield a total ion formation rate of 7 X  107 cm-3 sec- 1 ; the 
contribution that might be ascribed to R u  is no more than 
half this value. This is an order of magnitude less than 
that computed for this system using the rate coefficient 
k u  =  7 x  10- 46 cm-9 sec-1 (ref 30c). The reason for this 
discrepancy is not apparent. However Fontijn29 has noted 
that impurities substantially enhance the rate of ioniza
tion in this system (while preserving the [N]3[0] depen
dence) and has suggested that impurities may account for 
the large ionization rate of ref 30c. Alternately,29 the ion
ization rate may be influenced by surface effects; this pos
sibility is considered in the following section.

(c) S u r fa c e  E f fe c ts . Ion formation in active nitrogen and 
in N -0 mixtures has generally been considered to be a 
homogeneous process. Rayleigh240 established that mea
sured currents in active nitrogen were substantially inde
pendent of the material that comprised the measuring 
electrodes. Gatz, e t  a l ,,3<*> in measurements of ion cur
rents in N -0 mixtures reported similar measurements for 
electrodes of carbon, aluminum, or gold. Young and St. 
John,30c however, reported that unspecified atom-surface 
reactions at the electrodes had perturbed the measure
ments of Gatz, e t  a/.,30a-b these authors indicated that they 
were able to overcome these effects by coating their elec
trodes with a thin layer of metaphosphoric acid.

The effect of electrode composition and surface condi
tion on measurements of gas-phase conduction does not 
appear to have been investigated at all systematically.43 
Reduction of positive ions to neutral species at the cath
ode is thought3̂  to take place by an auger process, and 
except for ions of low potential energy, such as the alkalis, 
to take place with high efficiency. Nevertheless it might 
be expected that different materials would exhibit differ
ing behavior with respect to the rate of reduction of posi
tive ions. This in turn might be exhibited in the amount 
and rate of surface charging, as has been proposed by 
Spokes and Evans.27 We have not explored this possibility 
here. Nonetheless the present demonstration of extraction 
by polarized electrodes suggests that at least after a tran
sient period the cathode becomes effective in bringing
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about reduction at a rate equal to the rate at which ions 
in the flowing afterglow arrive at the electrode assembly.

In addition to any influence of the electrode composi
tion or surface condition upon measurement of ionic con
centrations, a potential role of electrodes in formation of 
ions should perhaps be considered. Thus, for example, 
while the reaction
N(4S) +  0(*P) — - N0+ + e" A H ° =  265 kJ/mol (7)

may be excluded in the gas phase on energetic grounds, 
the possibility arises that chemiionization might be feasi
ble at an electrode surface where it would be aided by the 
work function of the metal. This process would be analo
gous to, but distinct from, surface ionization, in that 
chemical energy would be used to supply the difference in 
energy between the electrode work function and the ion
ization potential of the gas-phase ion formed . 4 4  This pro
cess would be strongly influenced by electrode tempera
ture and surface condition. While we have not explored 
this at all systematically, we note that we have used alu
minum electrodes in place of E 2  (in a somewhat different 
configuration than that shown in Figure 1) and have suc
cessfully monitored the equivalence point of ( 1 ) by con
duction measurements with these electrodes as well. No 
quantitative comparison of different electrode surfaces has 
yet been undertaken.

(d )  G a s -P h a s e  M e c h a n is m s . We consider here possible 
mechanisms for formation of ionic species in the gas phase 
that would support the first-order [N] dependence that is 
obtained near the equivalence point of reaction 1 . As 
noted above any potential gas-phase mechanism at low 
temperatures suffers from severe energetic requirements. 
One energetically feasible reaction of ground-state species 
is the NO-catalvzed recombination of atomic nitro-
g 0 n 2 5 ,2 6  .45

N(4S) + NOS) + NO —-  N, +  NO+ +  e“
AH° =  —50 kJ/mol (8)

In the presence of excess N (undertitration) NO is present 
in a low, steady-state concentration that is governed by 
the reaction

N + 0  + M — ► NO + M (9)

followed by (1). The rate of ion formation according to 
this mechanism is

R m  =  ^ 9 [N ]2 [0 ][M ] (III)

Because (III) does not support the observed first-order [N] 
dependence, it appears that (8 ) is not the source of the 
ionization near the equivalence point.

Other possible reactions to form NO+ would require the 
participation of at least four ground-state species, or of 
excited atomic2 5  or molecular2 5 ' 3 0  species. Such excited 
species might be present in the flowing gas, having been 
formed in the discharge, or at large [N] prior to the NO 
inlet, or alternately, might be continuously generated in 
the afterglow subsequent to the titration. The former pos
sibility appears unlikely since the rate of ion formation 
per [N] is not substantially decreased by insertion of the 
ballasts Bi and B 2 , which have delay times of 1 and 0.5 
sec, respectively. Therefore an acceptable mechanism for 
chemiionization in this system v ia  an excited species must 
include processes for generation of this species as well.

Gatz. Young, and coworkers, 3 0  and Fontijn and Vree3 1  

have interpreted the [N]3 [0] dependence of ion formation 
in terms of electronically excited states of NO and N 2. 
Such a mechanism gives rise to a high order in [N] unless 
these species are quenched preferentially by N, and not 
by 0 . Since this mechanism does not support a first-order

dependence of chemiionization upon [N], it is ruled out as 
the source of the electrical conduction that forms the 
basis of the present technique.

The metastable excited nitrogen atom N ( 2 P) (345 kJ/  
mol) is known to be present in small concentration in ac
tive nitrogen from emission of the forbidden line at 347 
nm , 1 4 e - 4 6 - 4 7  from atomic absorption , 7 - 4 8  and from its con
tribution to the N+ current in electron beam ionization 
studies . 4 9  This species has been proposed 3 2  as a possible 
precursor of chemiionization in the N -0  system through 
the reaction

N(2P) +  O(’P) — ► NO+ +  e”  AH° =  -8 0  kJ/mol (10a)

Meyer, e t  a l . ,50 and Golde and Thrush3 2  have reported 
that N (2 P) is produced continuously by

NFS) +  N ,(A % +) — ► NFP) + N ,(X '3g+) (11a)

It is removed principally by the quenching reactions3 2

NFP) + NFS) — *■ products (12)

and
NFP) + OFP) — ► products (10)

N 2 (A 3 2 u+) 
erned by

is in turn present in a steady state5 0 - 5 1 gov-

N<4S) + NFS) +  N. — - N2 (A3 2 u+) +  N, (13)

NFS) + N,(A‘SU+) ■— *■ products (ID

and
OFP) + N2( AJ2 U+) — *■ products (14)

This mechanism predicts an ionization rate

' y A M f i  , *.2[n ]\ -7  , u N ] \ “
k wk u [O] V K \ o V  \ k u [ o V

(IV)

The estimated values of k x2 and k 10 (ref 32) and of k xl 
and k x i (ref 50a) allow the last two factors in (IV) to be 
set equal to unity for [O] > 10[N]. A first-order depen
dence on [N] is not obtained, and this mechanism may be 
rejected as the source of the ionization near the equiva
lence point.

Electronically excited 0 ( 4 S) (404 kJ/m ol) is known to 
be present in the N -0  system from emission of the auroral 
line at 558 nm . 5 0 - 5 2  This species may give rise to chemi
ionization v ia  the exothermic bimolecular reaction 2 5

NFS) + OFS) — ► NO+ + e“ AH ° =  -139 kJ/mol 05)

In the absence of N the concentration of 0 ( JS) may be 
calculated in terms of the Chapman5 3  mechanism

:SOFP> — ► Oo(X 3 2b~) + OFS) (16)

0( P) +  OFS) — *- products (17)
This mechanism predicts an ionization rate

R v  =  ^ [ 0 ] 2 [N] (V)
"17

that exhibits the presently observed first-order depen
dence on [N]. By equating R y  with the measured ioniza
tion rate R t , we obtain k l5 =  2 X 10“ 1 3  cm 3 /sec; here we 
have used the values of k 16 and k 17 reported by Felder 
and Young . 5 2 *3 This value for k 15 would appear to be rea
sonable in terms of previous estimates5 4  5 5  of two-body as
sociative chemiionization rate constants.

Additional support for the participation of 0 ( 1 S) in 
chemiionization in the N -0  system may be found in the 
observations of Fontijn, e t  a / . , 3 1 - 5 6  that both 0 ( XS) and 
chemiionization are substantially enhanced by the addi
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tion of carbon compounds, e .g . , C 2 F 4 , to N -0  mixtures. 
Also, both 0 ( 1 S ) 5 2 a - 5 7 ’ 5 8  and ion formation 3 0 3  are strongly 
quenched by N 2 O.

Evidence against mechanism 15-17 is given by the re
ported magnitudes5 2  of the rate constants of two addition
al reactions that are thought to form 0 ( 1 S) in this system

NCS) +  OC‘P) +  (X T ) —  NO +  CX'S) (18)

and
N(4S) +  N(4S) +  0 (3P) — *• N, +  CX'S) (19)

The occurrence of these reactions with the rate constants 
of ref 52b, under the assumption5 2 6  that (17) continues as 
the predominant quenching process for 0 ( 1 S), would re
quire that the combined rates of (18) and (19) become 
equal to the rate of (16) at less than 2 % undertitration. 
The rate of ionization per [N] determined here increases 
no more than 2 0 % in the same range, and does not double 
until 10% undertitration. However, examination of Figure 
2 of ref 52a, upon which the relative values of &1 6 , k w , 
and /?i9  are based, reveals that [0 ( 1 S)] increases more 
slowly as a function of undertitration than required by the 
values of the rate constants given in ref 52b, and in fact 
only doubles at 10% undertitration. These measurements 
were made under conditions very similar to those of the 
present experiment. Therefore it appears that reaction 15 
need not be rejected as the source of the chemiionization 
observed in the present experiment near the equivalence 
point of (1). Indeed, the several means of populating 
0 ( 1 S) and the correlations between [0 ( 1 S)] and chemiion
ization noted above suggest that (15) may contribute to 
the chemiionization over a wider range of relative N -0  
concentrations than has been studied here. This possibili
ty should be explored through a systematic examination of 
the concentration dependence, quenching, and enhance
ment of the 0 ( aS) concentration and the chemiionization 
rate in the N -0  system.
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The conformations of Ai-acetyl-L-alanine-N'-methylamide in 1,2-dichloroethane have been studied by in
frared spectroscopy, optical rotatory dispersion, and circular dichroism as a function of temperature. The 
results were analyzed in terms of an equilibrium mixture of two conformations: a high-temperature non
hydrogen-bonded form and a low-temperature mtramolecularly hydrogen-bonded form. By examining the 
optical activity at a number of temperatures for a number of wavelengths, the A H °  for the conformation
al transition from low T  form to high T  form was found to be 2570 ±  5 cal/m ol and AS° = 6.56 ±  0.01 
eu. Although it was experimentally impossible to shift the equilibrium to predominantly one form or the 
other, it was possible to calculate the approximate ORD and CD of each pure form.

Optical rotatory dispersion (ORD) and circular di
chroism (CD) are regularly used methods for observing 
conformational change and estimating helix content in 
polypeptides and proteins. Unfortunately, these methods 
are also sensitive to changes in the solvent and to chemi
cal modification, whether or not these alterations give rise 
to significant conformational changes. Thus it has been 
difficult to establish the ORD and CD of different known 
conformations of the s a m e  compound under v e r y  s im ila r  
conditions in order to unambiguously determine the de
pendence of the optical activity on conformation alone. 
For this purpose, A^-acetyl-L-alanine-Ai'-methylamide 
(H 3 CCONHCH(CH 3 )CONHCH3; hereafter referred to as 
AANMA) was chosen as a very simple, yet optically ac
tive, model compound simulating to some extent the be
havior of an alanyl residue located in the middle of a 
polypeptide chain. Similar compounds have been investi
gated in the past by means of proton magnetic resonance 
spectroscopy and infrared-absorption spectroscopy 1  and 
by theoretical energy calculations . 2  Both the experimental 
and theoretical work showed that in dilute solution with a 
nonpolar solvent, the favored conformation(s) are those 
having an irctra-molecularly hydrogen-bonded seven-mem- 
bered ring formed by a hydrogen bond in, e .g ., AANMA 
between the acetyl carbonyl and the methyl acetamide 
NH. In this paper we will first establish that in the case of 
AANMA in 1,2-dichloroethane (DCE) solution, a signifi
cant fraction of the molecules are in such an intra-molec- 
ularly hydrogen-bonded cyclic conformation, as was found 
by Bystrov, e t  a l . .1 for similar compounds in carbon tetra
chloride and chloroform. We will then show by examining 
the infrared (ir) spectrum that the temperature depen
dence of the ir, ORD, and CD of this solution is due to 
shifting the equilibrium between the H-bonded form(s) 
and the non-H-bonded conformations, which are taken to
gether to constitite a non-H-bonded “ form.” From the 
temperature dependence of the ORD, AH °  and AS° for the 
conformational transition are determined by fitting a two- 
state equilibrium model to the experimental data. Fur
thermore, even though experimental conditions do not 
permit the equilibrium to be almost completely shifted to 
one or the other form, the ORD and CD spectra of each 
pure form can be calculated.

Experimental Section
M a te r ia ls . Two preparations of AANMA were used: 

one synthesized in this laboratory and the other pur
chased as a custom synthesis order from Miles-Yeda Ltd. 
Since to our knowledge no method of synthesis of this 
compound has been published, we feel we should describe 
in some detail our route which is based on the synthesis of 
N-acetyl-i.-valine-N'-methylamide by Mizushima, e t  a l .3 
L-Alanine (Eastman) was converted to acetyl-L-alanine by 
dropwise addition of acetic anhydride to a constantly 
stirred solution of l -alanine in 2  A) aqueous sodium hy
droxide, which was kept below 5° at all times. With the 
temperature maintained between 0 and 5°, the reaction 
mixture was then acidified with HC1 to a strong Congo 
Blue pH. The acidified solution was evaporated to dryness 
under vacuum at temperatures between 20 and 30°, and 
the resulting residue was twice extracted with ethanol by 
stirring and refluxing for 0.5 hr. Crude acetyl-L-alanine 
was crystallized from the ethanol solution by addition of a 
large excess of dry ether and refrigerating overnight. Ace
tyl-L-alanine is apparently hygroscopic. This was then 
converted to acetyl-L-alanine methyl ester by adding an 
ethereal solution of diazomethane dropwise with constant 
stirring to a p-dioxane solution of acetyl-L-alanine. The 
reaction was apparently complete at the end of the 2 -hr 
addition period. After evaporation of the solvent the re
maining yellow viscous oil was extracted with ether to 
yield the crude methyl ester as both crystals and an oil. 
All the methyl ester was dissolved in a minimum of meth
anol and was added to a methanol solution of methyl- 
amine. The reaction of the methyl ester to form the N -  
methylamide seemed to be complete after standing for 5 
days at room temperature. The methanol was removed 
and an ethanol-insoluble fraction of the resulting oil was 
discarded. The oil was further purified by repeated tritu
ration with ethyl acetate and finally dissolved in a 40% 
ethanol-60% ethylacetate mixture from which the 
AANMA precipitated suddenly during evaporation under 
vacuum at room temperature. Recrystallization in etha- 
nol-ethylacetate mixtures gave small white crystals of 
AANMA, mp 176° (very sharp). The elemental analysis of 
these crystals for C, H. and N gave percentages that 
agreed with the calculated values to ± 0 .2 %.
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By way of comparison, the AANMA synthesized by 
Miles-Yeda had a melting range of 186-187°, and the ele
mental analysis agreed with calculated percentages to 
±0.1% . Perhaps a different solvent was used for the final 
recrystallization of the Miles-Yeda AANMA, which might 
account for the difference in melting points. The Miles- 
Yeda batch [a]16D = -57 .0  for 2% solution, while ours had 
[o ]25d = —51.2 in water solution, which we take as evi
dence that the synthesis did not significantly racemize the 
L-alanine.

Most of the spectral work (on AANMA) was done with 
the one Miles-Yeda synthesized lot dissolved in DCE 
(spectroquality, Matheson Coleman and Bell) from the 
same bottle.

M e th o d s .  Infrared spectra were measured with a Beck
man IR-9 spectrophotometer, ORD with a Cary 60 spec- 
tropolarimeter, and CD with a Durrum-Jasco J-10 spec- 
tropolarimeter. Since DCE tends to absorb a few per cent 
of water upon exposure to the atmosphere, all DCE to be 
used was first dried by letting it stand over P 2 0 5  for a few 
days. However, because AANMA precipitates from DCE 
solutions in the presence of desiccant, such as silica gel or 
P2O5, the solutions were prepared with dried, filtered 
DCE, and then stored in a desiccator containing P2O5. It 
will be shown in the next section how crucial traces of 
water can be.

Infrared difference spectra were taken using a pair of
0.5-mm path length calcium fluoride cells, which are 
transparent in the region of interest. Optical activity mea
surements were made with 1- or 0.5-mm path length 
quartz cells. Temperature control was effected by circu
lating thermostatically controlled water baths surrounding 
the sample cells. For the ir measurements, the cell con
taining the AANMA solution was held at the desired tem
perature, but the cell in the reference beam containing 
pure DCE was always at the same temperature, about 30°.

Computations were performed using Fortran on the 
CDC 6400 computer at the University of California, 
Berkeley. Ir spectra were resolved into gaussian bands by 
means of an analog du Pont 310 curve resolver so that 
areas of overlapping bands could be compared.

Results
The ir spectrum of AANMA in DCE at a concentration 

of 4 g/1. with pure DCE as reference shows two partially 
overlapping peaks at 3400 and 3300 cm ' f  On the basis of 
the work of many other authors, e .g ., Bystrov, e t  a l . ,1 
these are assigned to the NH stretching mode, nonhydrog
en bonded, and hydrogen bonded, respectively. The rela
tive areas of the two peaks were unchanged by two-, four-, 
and eightfold dilutions, which was taken as proof that the 
hydrogen bonding was intramolecular, not intermolecular. 
Conformational calculations on AANM A 2  and experi
ments on similar compounds 1  show that intramolecular 
hydrogen bonding takes place only between the oxygen of 
the acetyl carbonyl group and the hydrogen of the NH of 
the methylamide group to form a seven-membered ring

H,CCNHCH(CH,)CONCH,
II I

0 -------------------H
There are two conformations of AANMA in which this can 
take place, corresponding to different puckerings of the 
ring, but this study does not attempt to distinguish which 
(if either) is preferred.

The relative areas of the two ir bands are a function of 
temperature. The experimentally practical upper limit for

temperature is 60° because DCE boils at 83°, and the 
lower limit for the 4 g/1. AANMA solution is 10° because 
the AANMA crystallizes out below that point. At 54°, the 
ratio of the area of the 3400-cm '1 peak to that of the 
3300-cm-1  peak is 64:34, while at 9° it is 47:52. However, 
if the solution contains a few per cent water, as indicated 
by significant peaks at 3670 and 3580 cm~ 1  in the differ
ence ir spectrum, then the ratio at 54° is 78:20, and at 9° 
it is 70:30. In other words, the ir of a wet solution is essen
tially independent of temperature, whereas in a dry solu
tion the area of the 3400-cm '1 peak (non-H-bonded) in
creases with rising temperature at the expense of the 
3300-cm '1 peak (H bonded). At no experimentally acces
sible temperature does one peak disappear, so the molar 
extinction coefficients of the H-bonded and non-H-bonded 
NH bands cannot be umambiguously determined. Conse
quently, it is impossible to determine anything quantita
tive about this conformational change from the ir evi
dence alone. However, a qualitative picture does emerge: 
namely, that of an equilibrium between a low-tempera
ture “ form” A of AANMA consisting of all intramolecu- 
larly hydrogen bonding conformations and a high-temper- 
ature “ form”  B consisting of an average over all other con
formations. Thus at any temperature, T, we can consider 
the equilibrium

A B (1)
to have equilibrium constant K , where

K  =  [B ]/[A ] =  e ~M:°'RT (9)

where AG° = A H ° — T a S °  is the Gibb’s free energy for 
the reaction 1. Then

[A] = C/(l + e ~Al' FT)

and

[B] =  C e ' M rR  7 (1  +  e * ~ HT) (3)
where C = [A] + [B] = total concentration of AANMA. 
We have assumed the activity coefficients to be unity, 
that the experimental situation is simply a two-state equi
librium, and that the AH °  and AS° of the reaction are in
dependent of temperature over the range being consid
ered.

As might be expected, the ORD (Figure 1) and CD 
(Figure 2 ) spectra also vary with temperature for a dry so
lution. On the other hand, while the small pertubation of 
solvent entailed by the addition of a few per cent of water 
does not affect the ORD spectrum (±2% ) at 50°, yet the 
temperature dependence of the ORD is completely elimi
nated ( ± 1 %). This is to say that the spectrum of a wet so
lution remains at all temperatures the same as the spec
trum of a dry solution at high temperatures. Consequent
ly, it is not necessary to correct the data for thermal ex
pansion of the solvent. Neither is it likely that the depen
dence of ORD on temperature for the dry solution is due 
to solvation changes leading to perturbations of the chro- 
mophores.

In general, the ORD above 300 nm is monotonic, nega
tive. and weak. Above 240 nm there is little temperature 
dependence, and below 214 nm the DCE solvent absorbs 
too strongly. For wavelengths X between 214 and 240 nm, 
the optical rotation was noted at 2-nm intervals at T  = 
53, 43, 33, 23, and 14°.4 For any X and T. the optical rota
tion a  was assumed to be the linear superposition of the 
rotations of the two forms cvA and cvB

a ( \ .T )  =  [A ](T )« a(A) +  [B :< r)a B(X) (4)
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F igure  1. The sp e c if ic  ro ta tio n  [a ]  o f A A N M A  in DCE as a fu n c 
tion o f w ave leng th  A: 53° (--------); 14° (---------- ).

where [A](T) and [B](Tj are given by eq 3. Then the ORD 
data, a  ( XT) ,  for all wavelengths and temperatures were fit 
to the two-state model by adjusting AH° ,  AS° ,  aA(A;), and 
au(Aj) for all 214 < A, < 240 nm by minimizing

F ( A H ° .  AS°, a A, a B) =  I E
i=  i >-i

[a(A„ r j  -  a i \ „ T n )\ X

f [A ]aA(A,) +  [B ]a B(A,-) -  a ( X „ T j ) ) 

X |a(A „r; )| +  0 . 0 0 0 0 1  J
(5)

The expression in the curly brackets is the per cent devia
tion of the calculated spectrum from the experimental, 
while the expression in the square brackets weights the 
data for each wavelength according to how much the opti
cal rotation changes at that wavelength over the whole 
temperature range ( T 1 = lowest temperature, and TnT =  
highest temperature). The constant 0.00001 in the denom
inator is merely to avoid dividing by zero even if a(A;,T,) 
= 0 .

The function F  was minimized with respect to A H °, 
AS0, oi\(Xi), and oafA/), i =  1, . . . ,n,\ by starting at some 
initial value for all variables and sequentially varying 
each individually in the stated order until F  was mini
mized with respect to the one variable, and then proceed
ing on to the next variable. This whole procedure was it
erated some 50 times until F  was minimized simulta
neously with respect to all variables. Changing one vari
able was done in discrete steps with an arbitrary but 
small step size chosen in advance. The final minimum in 
F  was refined with smaller step sizes. The above minimi
zation procedure is extremely crude and slow but also ex
tremely reliable, even in this unstable case where some of 
the variables, such as AH °  and AS°, are in exponents. 
More elegant minimization algorithms might have been 
more time consuming in the long run.

The result of the fit was that F  =  0.02 when AH °= 2570 
cal/mol (at step size of 5 cal/m ol) and A S°= 6.56 cal/mol 
deg (step size = 0 .0 1 ). This value of F  corresponds to 
roughly an average fractional deviation of the calculated a

F igu re  2. The m o la r e lllp tic ity  [8] o f A A N M A  In DCE as a fu n c 
tion  of w ave leng th  A: 51° (------- ); 14° (---------- ).

from the experimental a  of 9%. The calculated values of 
aA(A) and especially nB(A) were reasonable but very sensi
tive to experimental error since, for example, [B] = 33% 
at T  =  53° and [B] = 23% at T  =  14°, while «(236 nm, T )  
changed about 4%. In other words, small shifts in the rel
ative concentrations of the two forms were being called 
upon to explain shifts in ORD which were subject to sub
stantial error. To summarize the calculated spectra, |«A],, 
had a minimum value of -5320 at A 235 nm and [aB],\ had 
a minimum of —4580 at 238 nm, whereas the experimen
tal minimum specific rotation at 53° was —4830 at 237 
nm. The “ melting temperature,” the temperature at 
which A G°= 0, is 119°, which is considerably higher than 
the boiling point of the solvent.

Using the foregoing equations and the same A H °  and 
AS°, it is possible to calculate the CD of the two forms 
from the CD spectra at only two temperatures, 51.5 and 
14°. Here the region of interest is from the absorption cut
off at 2 1 2  nm to the tail of the trough at 260 nm. At 51.5°, 
the molar ellipticity, [8], has a single minimum of —1 2 , 0 0 0  

at 222 nm, while for form A the minimum is —15,000 at 
220 nm and for B it is -10,000 at 226 nm.

Discussion

The simple two-state model proposed here may well be 
an oversimplification, but the data from the ORD experi
ments are certainly not precise enough to justify a more 
complicated model, even though the experimental preci
sion was better than 1%. The thermodynamic parameters 
calculated are of the same order as those found in similar 
studies (e .g ., AH ° =  3100 cal/m ol and AS° = 9.8 eu1), and 
the calculated specific rotations and molar ellipticities of 
the two forms are reasonable in that they have about the 
same magnitudes and shapes as the experimental curves 
(which are themselves typical for small peptides). In addi
tion, the calculated curves are the same as the experimen
tal ones at wavelengths where the optical activity is inde
pendent of temperature. As often occurs, the CD was 
more sensitive to the conformational change than the 
ORD. The temperature dependence of the ORD and CD
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must be due strictly to a conformational change, first be
cause of the shifts in area of the ir bands at 3300 and 3400 
cm - 1  with temperature, and second because the addition 
of a few per cent water gives a spectrum which is the 
same as that of the high temperature dry solution ( ± 2 %), 
yet the wet solution shows no temperature dependence. 
This at least clearly rules out the possibility of a spectrum 
change due directly to temperature. It also illustrates how 
important interaction with the solvent can be in deter
mining the conformation. Apparently equimolar amounts 
of AANMA and water in DCE preferentially associate 
with each other in such a way as to make intramolecularly 
hydrogen-bonded conformations unfavorable. Considering 
the rather small differences in the ORD and CD spectra of 
the two forms, it would seem unlikely that one could de
tect such hydrogen-bonded rings in a protein or polypep
tide when only a few per cent of the residues are in that 
conformation. Apparently, in general, optical rotatory 
methods are much more sensitive to the interaction of 
large numbers of peptide chromophores, as in the case of 
a helix-coil transition, than to the interaction of only two 
chromophores, as in this study.
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Cysteinyl radicals (CyS*) produced by flash photolysis of dilute aqueous solutions of cysteine at pH >6.5 
form the cystine radical anion (CySSCy- ). At low concentrations ( < 6  x 10- 7  M ) this transient decays 
by a first-order reaction (k  = 2 X  10“ 3  sec-  4) independent of pH and cysteine concentration and not in
volving dissociation to CyS- and CyS-  . At higher concentrations the transient decays by the well-stud
ied second-order process which is pH and cysteine concentration dependent. The yield of CySSCy-  is re
duced by the addition of acrylic acid or allyl alcohol but the subsequent first-order decay is little af
fected. A new reaction between CySSCy-  and cystine has been observed (k = 3 X  10® M -  1  sec-1 ). Pulse
radiolysis studies confirm these results.

Introduction

The pulse radiolysis of aqueous solutions of mercaptans 
and disulfides has been extensively studied since certain 
of these compounds behave as radiobiological protection 
agents. A focus for many of these studies has been the for
mation and decay of the transient disulfide radical anion 
(RSSR-  ) . 1 - 3  This species is generally formed either by the 
addition of a hydrated electron to a disulfide4

e.lq“  +  RSSR — -»- RSSR“  (1)

or by the oxidation of a mercaptan (RSH) or its conjugate 
base (RS- ) yielding a thiyl radical which takes part in the 
equilibrium

RS- +  RS“  ^  RSSR“  (2)

The decay kinetics for noncyclic RSSR-  formed by 
reaction 1  in the absence of RS-  are always first order 
with rate constants of 1 0 5 - 1 0 6  sec - 1  and can be related to 
the dissociation 4

RSSR“  — *- RS- +  RS“ (3)

However, when equilibrium 2 is set up the lifetime of 
the transient is increased and its decay has been found in 
pulse radiolysis experiments to be purely second order . 5  In 
apparent contradiction, Caspari and Granzow® found a 
first-order decay for RSSR-  formed by flash photolysis of 
aqueous solutions of cysteine, cysteamine. and benzene-
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thiol. Their reported rate constants of 103 -10 4  sec " 1  are 
about 1 0 2  times less than the pulse radiolysis results for 
reaction 3.

We have studied the flash photolysis of aqueous cyste
ine solutions with the aim of resolving the question of the 
order of the reaction in which RSSR" disappears in the 
presence of R S " . A previously unreported reaction of the 
disulfide anion of cystine with disulfides has been ob
served.

Experimental Section
L-Cysteine (Schwarz/Mann), cystine (Aldrich), allyl al

cohol (Fisher), and acrylic acid (Fisher) were used as re
ceived. Solutions were made up with triply distilled 
water, the pH being adjusted using sodium hydroxide or 
sulfuric acid. Freshly prepared solutions were immediate
ly deoxygenated by bubbling with purified nitrogen for a 
least 40 min. Allyl alcohol if required was added afterward 
with a syringe.

Two xenon-filled flash tubes delivered from 100 to 5000 
W, the corresponding flash duration (% peak) being from 
20 to 80 /¿sec. Most experiments were performed at 350 W 
(30-/¿sec flash duration). The cylindrical photolysis cell, 28 
cm long and 1.9 cm diameter, was of Vycor with optically 
flat quartz windows at each end. The transients were 
monitored using a Heath EU-700 monochromator, an IP21 
photomultiplier, and a Tektronix 564B storage oscillo
scope.

All kinetic data were derived from the first flash deliv
ered to a fresh solution. For a pure cysteine solution the 
maximum initial absorbance of the transient at 410 m/¿ 
and the decay rate were reproducible for several succes
sive flashes. For solutions containing additional solutes 
this was not always the case although there was little dif
ference between results from first and second flashes. All 
photolyses were carried out at 23 ±  2°.

The pulse radiolysis facilities have been described . 7

Results and Discussion
The flash photolysis of aqueous cysteine solutions pro

duces the cystine anion (CySSCy " ) . 6  The spectrum of 
this transient and the variation of maximum absorbance 
with pH are shown in Figure 1. These results are in agree
ment with those of ref 6 . The pH dependence of the yield 
can be understood in terms of the acid dissociation of cys
teine . 8  The carboxyl group ionizes at such low pH values 
that in the range studied here it is always fully ionized. 
The acid dissociations of importance in this work are rep
resented by the steps8

HSCHXHi NR; )COCT 

I pXb- 8 . 8 6

HSCH2CH(NHo)COCT

p K  a =8 .53

p K d =  10.03

- SCH2CH(NH3+)COCT

I  pAY -  10.36

■SCfL(NH,)COO“

with ionization of the sulfhydryl group becoming signifi
cant only above pH 6 .

Light of wavelength greater than 230 nm is transmitted 
by the Vycor cell and although this wavelength provides 
sufficient energy to dissociate the S -H  bond (bond 
strength ~ 8 8  kcal mol" 1 ) , 9  little absorption occurs in this 
spectral region until the sulfhydryl group is ionized8  when 
photoionization occurs . 1 0

CyS-  +  hv =  CyS- +  e„<f (4)

CyS" represents both forms containing the thiolate group.

Figure 1. The variation in yield of the cystine radical anion with 
pH at constant flash intensity (350 W, 1.0 X 1 0 " 3 M  cysteine). 
Inset shows the absorption spectrum  of the cystine radical 
anion (1.0 X 10“ 3 A4 cysteine, pH 8.7).

eaq" reacts rapidly with cysteine (k  = 1.3 X 101 0  M " 1  

sec" 1  at pH 5.8 falling to 2.0 x  108  M ~  1  sec" 1  at pH 12.5 
where the -N H 3 + group has deprotonated ) , 3  the probable 
product from CySH being the alanyl radical (Cy - ) 1 1

CySH +  ea(| — *• Cy +  SH (5)

which abstracts from CySH

Cy- +  CySH — * CyH +  CyS- (0)

The product of the reaction of CyS" with eaq" is not 
known.

The two CyS- radicals produced per photon will enter 
into the equilibrium

CyS- +  CyS CySSCy-  (7)
k_.

The concentration of CySSCy" depends on (a) the con
centration of CyS" and (b) the equilibrium constant K  = 
k - j/ k - 7 . At pH 7 only 2% of the sulfhydryl groups are ion
ized and little formation o f CyS- by reaction 4 occurs. If 
photolysis of CySH should occur the low concentration of 
CyS" would allow little formation of C yS S C y". With in
creasing pH more CyS- is formed but the equilibrium 
constant K  decreases since k 7 decreases3  and k - 7 in
creases4  as the -N H 3+ group deprotonates. A similar de
crease in the equilibrium constant has been observed in 
irradiated penicillamine solutions . 1 2  The net result is 
that although the number of CyS- radicals produced for a 
given flash intensity is increasing with pH. the equilibri
um constant is decreasing, so that there is a maximum 
concentration of CySSCy" at pH 8 . Above pH 1 1  when 
ionization is complete the concentration assumes a con
stant value. At high pH reaction 5 cannot play a major 
role. If the product of the reaction of eaq" with CyS" does 
not ultimately lead to CyS - formation then this change in 
mechanism will account for some of the decline in CySS
Cy" concentration.

Decay of CySSCy"
With the 28-cm flash photolysis cell a second order 

decay is observed when the absorbance is above 0 .2 0 , be
tween 0.20 and 0.15 there is mixed order kinetics, and 
below 0.15 there is a pure first-order decay. The pulse ra
diolysis and flash photolysis results are therefore recon
ciled. With the molar extinction coefficient of CySSCy"
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at 410 nm taken as 8 . 8  x  1 0 3  M -  1  cm - 1  4  first-order decay 
is observed only below 6  X  10" 7  M . This is lower than the 
concentrations with which it is customary to work in pulse 
radiolysis when analyzing light paths are usually 0.5-2 
cm. At the doses usually employed the concentrations of 
disulfide anion are around 5 X 1 0 -  6  M  and greater which 
places the kinetics in the second-order region. A mixed 
order decay has been observed in the pulse radiolysis of 
aqueous penicillamine solutions at low dose with a maxi
mum absorption of 0.67% in a 2.0-cm cell; the pure first- 
order region was not attained . 1 2  We have observed a simi
lar behavior in preliminary experiments on the pulse radi
olysis of cysteine solutions (see later).

First-Order Decay of CySSCy-
Figure 2 shows the first-order decay curve for a 1.0 X 

10- 3  M  cysteine solution at pH 8.7. The rate constant is
2.1 X 103  sec ' 1  in good agreement with the value of 2.7 X 
103  sec - 1  obtained by Caspari and Granzow at pH 8.1.® 
There appears to be a very slight effect of pH on this rate 
constant, the values being 2.2. 2.1, 1.8, and 1.8 X  103  

sec“ 1  at pH 7, 8.7, 9.6, and 10.6, respectively. Figure 2 
also shows the decay of CySSCy-  formed by pulse radiol
ysis of a 2 X  10“ 3  M  N 2 O saturated solution at pH 8.7 in 
a 2.0-cm cell. The later linear part of the decay curve 
when the concentration of CySSCy-  is below 6  x  10-  7  M  
yields k  — 1.8 X 103  sec- 1  in confirmation of the flash 
photolysis results.

The decay constant is independent of cysteine concen
tration over the range 0.5-2.0 X  10- 3  M  at pH 7 so that a 
pseudo-first-order reaction with either CySH or CyS-  is 
ruled out. On these grounds the generalized reaction

CySSCy =¡=  ̂ CyS- +  CyS-  — »- products (8)

suggested by Caspari and Granzow6  is eliminated.
This slow first-order decay is obviously not the first- 

order decomposition of CySSCy-  obtained by reaction 1  

which has a pH-dependent rate constant two orders of 
magnitude large. 4  The slow reaction cannot lead to the 
formation of another CyS- radical and therefore probably 
involves the breaking of the C-S bond as suggested for the 
penicillamine disulfide radical anion 1 2

CySSCy-  +  TLO — * CySS- +  CyH +  OH-  (9)

There is no evidence that this reaction occurs in cysteine 
solutions, however, product analysis at pH >7 has not 
been reported. This slow first-order decay should be of 
importance in low dose-rate radiolysis but since it occurs 
with both cysteine, a radiation protector, and penicillam
ine, a radiation sensitizer, it is improbable that this reac
tion is of significance in radiobiological protection.

Second-Order Decay of CySSCy-
Figure 3 shows the second-order plots of the initial parts 

o f the decay of CySSCy-  in 2, 3, and 5 X  1 0 -  3  M  cysteine 
at pH 7 which yield rate constants of 9.7, 5.2, and 3.7 x  
109  M -  1  sec-  \ respectively. For constant pH and cysteine 
concentration there is no effect of flash intensity on the 
second-order rate constant. The decrease in the second- 
order rate constant, fe0 bsd, with increasing mercaptan con
centration has been observed in the pulse radiolysis of 
aqueous solutions of cysteamine5  and penicillamine . 1 2  

&[RS- ) is practically constant ( —̂ 5.5 x  105  sec-1 ) in 
agreement with the conclusion of Barton and Packer1 3  

that the reaction

CyS- +  CySSCy — *■ CySSCy +  CyS-  (10)

0 2 0 0  4 0 0  6 0 0  8 0 0
MICROSECONDS

Figure 2. F irst-order decay of the cystine radical anion: —  flash 
photolysis (1.0 X 1 0  3 M  cysteine); # ,  pH 10.6; O, pH 9.6; O , 
pH 8.7; O, pulse radiolysis (2 X 10 -3  M  cysteine, pH 8.7, N20  
sa tu ra ted).

Figure 3. S e co n d -o rd e r decay of the  cys tin e  ra d ica l an ion a t pH 
7: cys te in e  co n ce n tra tio n s  O , 2 X 1 0 -3  M (k =  9.7  X 109 M  " '  
s e c - 1 ); • ,  3 X  1 0 " 3 M (k =  5 .2 X  109 M -1  sec ’ ); 9 ,  5 X 
10 3 M (k =  3.7  X 109 M ' s e c - 1 ).

is more important than that of the dimerization of radi
cals.

The rate constant, decreases with increasing pH, being 
5.1 X  109 M ~  1  sec - 1  at pH 8 .7  for 2 X  10- 3  M  cysteine. 
This is expected since the reactants become more nega
tively charged as the degree of ionization increases with 
increasing pH.

Reaction of CySSCy- with Cystine
When cystine (CySSCy) is present in concentrations 

from 2.0 to 8 .0  X 10- 4 M  in a 1.0 X 10-  3  M  cysteine solu
tion at pH 7 there is no change in the initial, maximum 
absorbance of CySSCy- . The cystine is therefore not pho- 
todissociating in the Vycor cell. It can capture electrons 
(k  =  1.3 X 101 0  M - 1 sec - 1  at pH 6.114) in competition 
with CySH but the substitution of this reaction for reac
tions 5 and 6  does not change the yield of CySSCy-  .

The decay rate of CySSCy-  in the first-order region in
creases in the presence of cystine and follows a pseudo- 
first-order expression

-d[CySSCy~]
--------- ^ --------  =  ¿„bsd [CySSCy ]

=  (^ [C ySSC y] -  ¿ 9 )[CySSCy- ] ( 1 1 )
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Figure 4. Pseudo-first order decay of the cystine radical anion in 
the presence of cystine: cysteine =  1.0 X 10-3  M :  O, pH 8.7 
(ft 12 =  7.5 ±  1 X 106 /W-1 se c - 1 ); • ,  pH 7 (fr12 =  3.4 ±  0.4 
X  106 A4- ' se c - 1 ); □ ,  pulse radiolysis, pH 7, N20  saturated.

Where k g  is the rate constant for reaction 9. The plot of 
feobsd vs. concentration (Figure 4 ) yields k 12  =  3 .4  ±  0 .4  X 
10® M ~  1  sec - 1  at pH 7 and 7.5 ±  1 .0  x 10® M ~  1  sec 1  at 
pH 8.7. The single result from a pulse radiolysis experi
ment is consistent with these results. The reaction

CySSCy +  CySSCy — * products ( 1 2 )

is preferred over one involving the attack of CyS- on cys
tine since in this case with increasing pH a greater frac
tion of the radicals is tied up as CySSCy-  which would 
lead to a lowering of the observed rate constant contrary 
to observation. The products of the reaction are not 
known but CyS - radicals cannot be among them.

The reaction of a disulfide radical anion with a disulfide 
has not previously been reported. It may play an impor
tant role in radiation protection by sulfur compounds 
especially if it leads to interchange of sulfhydryl groups. 
In preliminary experiments we find that the disulfide 
formed by the oxidation of glutathione, a radiation pro
tector, also increases the rate of decay of CySSCy-  but 
the disulfide of penicillamine, which has no protective 
properties, does not. Since electron transfer might occur 
in these solutions and since the equilibrium between CyS- 
and CySSCy- will be affected if mixed radical anions are 
formed these latter systems will be complex.

Photolysis of Cysteine in the Presence of Olefins
Allyl alcohol or acrylic acid decreases the yield of 

CySSCy-  but at the same time the first-order decay rate 
is changed only slightly. Caspari and Granzow6  noted the 
decrease in the intensity of the transient absorption with 
added allyl alcohol but in contradiction to the present

work found that the decay was pseudo-first order, the sec
ond-order rate constant being 1.4 X 105  M ~  1  sec- 1  at pH
8 . 1 . Both the effects were ascribed to scavenging of CySS
Cy-  . At pH 8  the first-order rate constant for disappear
ance of CySSCy-  is 4.1 and 4.3 X 103  sec - 1  in the pres
ence of 0.77 and 1.55 x  10- 5  M  allyl alcohol, respectively. 
At pH 8.7 acrylic acid decreases the rate constant to 9 X 
1 0 2  sec - 1  again practically independent of olefin concen
tration. A simple kinetic treatment of these results is not 
possible.

The decreases in the initial yields of CySSCy-  are 
large, for example, at pH 8 with 1.0 X 10- 3  M  cysteine, 
reductions of 30, 45, and 55% are observed for allyl alcohol 
concentrations of 0.77, 1.55, and 4.35 x  10- 5  M . respec
tively. If these reductions are treated as due to competi
tion between the olefin and CyS-  for CyS - radicals

CyS- +  HOCH2C H =C H 2 — *- radical product (13;

k\z!k-i =  1.3. Similarly for acrylic acid at pH 10 the rate 
constant ratio is 3.1. Since ft7  ~  109  M - 1  sec - 1  3  this 
implies that k 13 has a value of the same order of magni
tude, i .e ., 1 0 0  times greater than previously suggested 
values for the reaction of thiyl radicals with aliphatic ole
fins . 1 5  This appears unlikely. A possible explanation for 
the decrease in initial yield is that the added olefin 
quenches the excited state of RS-  which leads to eaq -  .
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On the Existence of Associated Species in 
Lanthanum(lll) Chloride-Potassium Chloride Melts1

Publication costs assisted by the Atomic Energy Commission 
and the National Science Foundation

S ir : Recently thermodynamic studies2  of molten lantha
num (III) chloride-potassium chloride mixtures by calorime
tric and electromotive-force methods indicated the pres
ence of associated species involving lanthanum (III) ions 
and chloride ions. In accord with our continuing interest 
in the structure of binary charge-unsymmetrical fused-salt 
systems , 3 ’ 4  we have undertaken an investigation of the 
Raman spectra of a series of LaCl3-K C l melts to establish 
the presence of complex species in these melts and, if pos
sible, to characterize them from a structural viewpoint. 
The sources and methods of purification of the potassium 
chloride and lanthanum (III) chloride were the same as 
those described previously . 2  The apparatus and general 
technique used to obtain the Raman spectra have also 
been described elsewhere . 3 - 6

Raman spectra of LaCl3-K C l melts were recorded for 
seven compositions in the range from 10 to 65 mol % 
LaCl3 . Spectra recorded on the Stokes side of the exciting 
line contained an appreciably enhanced background in the 
region of the Raman scattering (50-300 cm-1 ). This back
ground scattering, which persisted to several thousand 
cm-  1  beyond the exciting line, is presumably due to fluo
rescence from trace amounts of a rare earth impurity orig
inally present in the LaO used for the preparation of 
LaCl3 . Spectra recorded on the anti-Stokes side of the ex
citing line contained less of this background; as a result, 
the region o f the Raman scattering on the anti-Stokes side 
was less obscured than on the Stokes side.

Anti-Stokes Raman spectra recorded to 700° for samples 
containing 10 to 53.3 mol % LaCl3  and just above the 
melting point (~730°) for a sample containing 65 mol % 
LaCl3  are shown in Figure 1. The spectral changes that 
take place over the composition range investigated indi
cate the presence of a complex equilibrium, but the num
ber of species involved cannot be determined reliably from 
a simple inspection of the data in Figure 1 . Studies of the 
depolarization characteristics of these spectra show that 
the band which peaks near 250 cm - 1  for the mixtures 
containing from 10 to 33.7 mol % LaCl3  is strongly polar
ized; hence, the complex from which it originates must be 
highly symmetrical. Furthermore, this band appears to 
reach maximum intensity in the range from 2 0  to 25 mol 
% LaCl3, in consonance with the observation of Papatheo- 
dorou and Ostvold2  that the interaction parameter, Am 
[Xm = AHm/X i ( l  -  X T , AH m = enthalpy of mixing and 
X, = mole fraction of component i], determined from 
measurements of the enthalpy of mixing, reaches a mini
mum in the range from 15 to 25 mol % LaCl3.

Figure 1. Raman spectra of LaCb-KCI melts recorded with the 
exciting radiation polarized perpendicular to the direction of ob
servation. The curves for M =  10 through 53 .3  were recorded at 
700°. The curve for M  =  65 was recorded just above Its melting 
point (~ 7 3 0 ° ) :  spectral slit width ~ 1 5  c m - 1 , tim e constant =  
3 sec, scan rate =  15 c m -1 /m in .

An attempt was made to examine the Raman data re
corded for these LaCl3-K C l melts by curve-resolution 
techniques of the type used in our previous study3  of 
SnC^-K Cl melts; however, the present examination was 
complicated by the observed fluorescence, which created 
difficulties in the determination of a reliable baseline. 
Even the anti-Stokes data consistently showed a residual 
background extending almost to 2 0 0 0  cm -1 . Compensa
tion for this background was made difficult by an appar
ently large asymmetry of the fluorescence in the region of 
the exciting line. As a result, the curve-resolution data 
contained larger overall errors (by a factor of two or more) 
than were experienced in our previous study3  of the 
SnCl2 -K C l system. For the most part, these errors arose 
because of poor fitting at the extremities of the extrapo
lated Raman curves, which in our experience is a charac
teristic consequence of baseline inaccuracies.

Although the results of the curve-resolution analyses 
contained appreciable uncertainties, several reasonably 
accurate observations could be made. The resolved spec
tra consistently showed a strongly polarized band at 250 ±
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4 cm - 1  and two bands of roughly equal integrated in
tensity in the range from 40 to 200 cm " 1. (The computed 
peak positions of the latter two bands were nominally 147 
±  15 and 90 ±  1 0  c m "1.) There was some question re
garding the states of polarization of the latter two bands, 
although in most of the calculated spectra both appeared 
to be totally depolarized.

Based on results obtained thus far in our studies of 
LaCl3 -containing melts, the following conclusions can be 
made. The spectral data clearly indicate the presence of 
at least one highly symmetrical, associated species in 
LaCl3 -K C l melts. The maximum concentration of this 
species appears to occur near 25 mol % LaCU, but in the 
absence of internal intensity standards, this observation is 
not firmly established. In general, these results confirm 
the contention of Papatheodorou and Ostvold2  that dis
crete complex species exist in LaCl3 -K C l melts.
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Reversible Trap to Carbanion Electron Transfer in
7 -lrradiated Hydrocarbon Glasses1

Publication costs assisted by the U. S. Atomic Energy Commission

S ir: 7 -Irradiation of hydrocarbon glasses produces trapped 
electrons, radicals, and cations . 2  Experiments3  in which 
the etr” ir spectrum and photoconductivity 4  are regener
ated by 375-nm light after complete bleaching by ir light 
imply formation and subsequent photoionization of carb- 
anions (or, less probably, impurity anions) (R- + e 
R:~ ; R :" +  hv —>- R- + e " ). Thus, anion formation and 
the retrapping process compete with the cations for mo
bile electrons. We report here (Table I) experiments 
which show that this competition is maintained through 
at least seven ir-uv bleaching cycles, and does not change 
markedly over a 1 2 -fold range of dose and radical concen
tration.

The probability for a trapped electron to escape neu
tralization in the f ir s t  ir-uv cycle is not revealed by the 
data of Table I, because the yield of anions produced dur
ing 7 -irradiation and present before the first ir illumina-

TABLE I: Yields of Reversible Transfer of Electrons 
from Trapped State to Carbanion State in 
7 -Irradiated 3MP and 3EP Glasses“

C y 
c le

D o s e ,  e V  g -> x  10-19
2 . 7 2 .7 1 . 6  4 . 8  4 . 8  

%  o f  e tr “  f r o m  7- 
re m a in  fo l lo w in g  ir-

3 . 2  3 . 2  11 
ir r a d ia t io n  w h ic h  
-u v  b le a c h in g  c y c le s

20 20

0 100 100 1 0 0  1 0 0 100 1 0 0 100 100 1 0 0 1 0 0

l 33 33 37 30 31 38 32 35 3 5 3 7

2 15 15 9 12 17 17 15
3 12 11 8
4 9 7 4
5 7 5
6 6 5
7 5 5
a C o lu m n s  2 a n d  3 , 3 M P  a t  7 2 ° K ;  a ll  o t h e r  c o lu m n s  fo r  3 E P  a t  7 7 °  K . 

U v  i llu m in a t io n  fo r  c o lu m n s  2, 3, a n d  4  w a s  a t  3 6 0  n m  w ith  h ig h - in te n s ity  
B a u s c h  a n d  L o m b  m o n o c h r o m a t o r  w it h  H B O  2 0 0 -W  m e r c u r y  la m p  a n d  
C o m in g  7 -3 7  filte r ; o th e r  u v  i llu m in a t io n s  w e re  f ilte re d  l ig h t  (C o m in g  7 -3 7 ) 
f r o m  a n  A H 4  m e d iu m -p re s s u re  m e r c u r y  la m p . I r  illu m in a t io n s  w e re  m a d e  
w it h  a  tu n g s te n  lig h t  a n d  C o m in g  7 -5 6  f ilte r . Y ie ld s  a ssu m e d  p r o p o r t io n a l  
t o  h e ig h t  o f  t h e  e t r "  esr  s in g le t  a t  4  ¡iW . T h e  3 M P  a n d  3 E P  w e re  p u r ifie d  b y  
p a ssa g e  t h r o u g h  s i lic a  g e l  d e g a s s in g  o n  t h e  v a c u u m  l in e  a n d  s t o r a g e  o v e r  a 
s o d iu m  m ir r o r .

tion is not known. Attempts to determine this yield by 
measuring the growth of the esr singlet of etr" during uv 
irradiation of a freshly 7 -irradiated sample at various 
wavelengths from 320 to 375 nm have been unsuccessful. 
A decrease rather than an increase in the signal height al
ways occurs, implying that the ir spectrum of etr" has a 
tail extending into the uv (unless these wavelengths are 
able to activate cations to react with electrons; or pho- 
toinduced fluorescence from the Suprasil tube detraps 
electrons).

There is no effect of dose on the percentage yields of the 
ir-uv bleaching cycles from 1.6. X  101 9  to 20 x  101 9  eV 
g“ 1, within the experimental accuracy (Table I). This is 
of particular interest since it is known3 ' 5  that the etr" 
concentration rises to a maximum at ca. 1 X  102° eV g" 1  

and then falls, approaching zero at ca. 3 x  102 0  eV g~1, 
while the concentration of radicals continues to increase. 
The constancy of the etr" regeneration yields with dose 
implies that the ratio of the concentration of radicals to that 
of cations changes with dose in a way such that the 
fractional loss of electrons to trapping during the ir-uv cy
cles remains constant. Neither the concentration of cat
ions ([M+] = [etr“ ] +  [R:~ ]) nor of carbanions can, at 
present, be measured directly, but the concentration of 
cations must be as large or larger than that of etr" .  The 
concentrations of etr" at the maxima of the concentration 
vs. 7 -dose curves are ca . 3 X  10" 5  and 1 X  10" 5  mole fraction 
in 3MP and 3EP, respectively, as estimated from earlier 
data , 3  assuming G(e~ ) initial in 3MP = 0.7.2  The concen
tration of radicals is 4 X  10" 4  mole fraction, assuming 
G(R-) = 3 . 6

The regeneration of etr" by photoionization of carban
ions allows evaluation of the R:~ decay rate. Samples of 
3MP bleached with ir immediately after a 7  dose of 2.7 x 
101 9  eV g" 1  at 72°K were exposed at 72°K to a medium- 
pressure Hg arc with 7.4 mm of Corning 7-37 filter after 0, 
30. 90, 240, and 2900 min of standing at 77CK. The yields 
of etr" relative to the population before the first ir bleach
ing were 33, 27, 22. 17, and 16%, respectively. The decay 
of ca. 50% in the first 4 hr and only a few per cent in the 
next 44 hr is similar to that of 3-methylpentyl radicals 
under the same conditions , 6  implying that both intraspur 
and random diffusive combinations occur at about the
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We have made a single test in which 7 -irradiated 3MP 
was allowed to stand in the dark for 2 days at 77°K and 
then exposed to uv light. Fourteen per cent of the original 
e,r~ population was regenerated, in close agreement with 
the yield from the ir bleached sample after 2  days of 
standing. This suggests that thermally detrapped and 
photochemically detrapped electrons have the same rela
tive probability of reaction with radicals as compared to 
cations.

In analogy to the results of Table I, which imply scav
enging of electrons by radicals at concentrations of 7 X 
1 0 “ 5  mole fraction or less and reversible transfer between 
physical traps and the carbanion state, early work has 
shown reversible electron transfer between biphenylide ion 
and physical trapping in 3MP 7  and methyltetrahydrofuran8  

glasses containing 6 X 1 0 ~ 5 and 2 X  1 0 -4  mole fraction bi
phenyl. New evidence9  on spectral shifts during exposure of 
etr_ in hydrocarbon glasses to ir light indicates a con
siderable probability for a mobilized electron to un
dergo multiple detrapping-retrapping steps before en
countering (or tunnelling1 0  to) a cation, a radical, or other 
scavenger.

same rate for carbanion-cation and radical-radical reac
tions.
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