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The cophotolysis of acetone-1,3-14C-hexafluoroacetone mixtures has been used in a study of the unimolec- 
ular behavior of chemically activated 14CH3CF3. Conclusive evidence was obtained for the spurious loss of 
the unimolecular decomposition product 14CH2=CF2 through secondary free-radical addition reactions, 
and a kinetic procedure was developed for controlling this nuisance problem. Experiments carried out in 
several bath gases suggested that these 14CH2=CF2 losses could be rendered negligible through the addi
tion to the reaction mechanism of a rapid hydrogen abstraction or olefin addition channel involving CF3 
radicals.

Introduction
During the past decade C H 3C F 3 has been utilized in a 

variety of experimental studies in unimolecular kinetics.1-3 
The discovery that chemically activated fluorinated eth
anes decompose through molecular HF elimination was 
made by Whittle and coworkers:4

C H 3 +  C F 3 -  (C H 3C F 3P  (1)

in which the superscript dagger denotes excess internal en
ergy. Provided that the excitation level is sufficient, the ac
tivated molecule can undergo unimolecular reaction (D) vs. 
collisional stabilization (S):

(C H 3C F 3)4 A  C H 2= C F 2 +  H F  (2)

(C H sC F s)4 + M A C H 3C F 3 + M (3)

Here the excitation energy has been shown to fall below the 
reaction threshold in a single “strong” collision with M, a 
molecule of the bath gas. This “unit deactivation” behavior 
is often rather well approximated by large efficient colli
ders in the high-pressure part of the decomposition vs. sta
bilization competition. As the pressure is reduced devia
tions from unit deactivation become more apparent and are 
due to a cascading energy transfer sequence.2'3 For ineffi

cient colliders many step deactivation is observed at all 
pressures.

The pionèering research on the theoretical description of 
unimolecular hydrogen halide elimination has been carried 
out at the laboratories of Setser.2® In addition to the early 
work with chloro and bromo alkanes several fluorinated 
ethanes have also been investigated, and the threshold en
ergy for reaction 2 has been determined as 68 ± 2 kcal 
mol- 1.5 Other pyrolysis6 and chemical activation experi
ments7 have been carried out on CH3CF3, and the related 
Arrhenius parameters and decomposition thermochemistry 
have been thoroughly characterized.5b’8’9

Berry and Pimentel and Polanyi et al. employed chemi
cal laser techniques to determine the internal energy con
tent of HF produced via reaction l .10 Excited Vibrational 
states up to the fourth are populated by reaction 2, but 
large levels of rotational excitation are apparently not in
volved. Another series of non-Boltzmann experiments 
using CH3CF3 has been reported by Root and coworkers, 
who investigated the unimolecular behavior of species 
formed in high-energy atomic substitution reactions:11

3H* + C H 3C F 3 — (C H 23H C F 3) t  + H (4)

18F* + CH3CF3 — (CH3CF218F)4 + F (5)
Here 3H* and 18F* denote fast tritium and fluorine-18 
atomic recoils generated through the 3He(n,p)3H and 
19F(n,2n)18F nuclear reactions. The newly formed primary
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T A B L E  I :  A rrh e n iu s  P aram ete rs  fo r R ad ica l C om bina tion  Reactions

Product Temp range, °K
Log A (A in 

cm3 mol“1 sec'1) Et, kcal mol' 1

k x 10'13, 
cm3 mol' 1 

sec' 1 (at 307 °K) Ref

C2H6 398-448 13.34 ± 0.03 0.0 ± 0.7 2.2 ± 0.2 4c
C2Fe 298-100 13.36 ± 0.03 0.0 ± 0.5a 2.3 ± 0.2 4c
CH3CF3 296-513 13.75 ± 0.05 0.0 ± 0.5° 5.6 ± 0.6 4b

° Estimated error limits.

Wavelength (nm)
F i g u r e  1. Uv lamp tittered spectral output and extinction coetflclent 
data for acetone and hexatluoroacetone: • ,  ref 25.

F i g u r e  2 .  Hg 63P ,  photosensitization experiment: ▲ ,  quartz photoly
sis cell; • ,  KG-33 photolysis cell.

products from these activation processes behaved differ
ently from species generated through more conventional 
chemical activation routes, probably because of angular 
momentum effects.11'12

This paper presents results from a series of experiments 
with chemically activated 14CH3CF3 generated from the 
310-nm cophotolysis of acetone-1,3-14C-hexafluoroacetone 
mixtures followed ty the reaction

14CH3 + CF3 — (14CH3CF3)t (6)
Our rationale for in itiating this research was threefold. We 
sought through radiotracer methods to achieve (i) the ef
fective control of secondary CF3 attack upon the 
14CH2=CF2 decomposition product following reaction 6; 
(ii) development of a versatile system for collisional energy 
transfer experiments;13,14 and (iii) development of back
ground data for (CH.zCFsT in conjunction with our ongoing 
nuclear recoil research program.

Whittle et al. proposed that CH3CF3 from (1) decom
posed via molecular HF elimination, and that near-zero ac
tivation energies were involved for the various self- and 
cross combinations between CH3 and CF3.4 The product 
ratio (CH2=CF2/CH3CF3) exhibited a systematic depen
dence upon the photolysis duration at constant pressure, 
suggesting that “In principle, the addition fof CF3 radicals] 
to the olefin could be so fast as to make it impossible to ob
tain accurate olefir. analyses at all.” Thus it was indicated 
that this ketone cophotolysis system was subject to a spuri
ous secondary reaction leading to the consumption of 
CH2=CF2:

CF3 + CH2=C F 2 -* -CaFjHz (7)

Recently this system has been reinvestigated at 468°K 
using conventional analytical procedures.711 A minimum 
photolysis conversion of 0.6% was required for reliable 
analysis, but above 33% conversion tertiary as well as sec
ondary complications became important. Experiments 
were carried out between the above limits and the mea
sured (CH2=CF2/CH3CF3) product ratios were extrapolat
ed to zero conversion in an effort to correct for the 
CH2=CF2 losses, which would be serious in energy transfer 
experiments.

Experimental Section
General. Radiogas chromatography has been used for 

nearly 2 decades in nuclear recoil chemistry research.11,15 
This method also offers advantages for applications in uni- 
molecular kinetics. Because the radiolabel is confined to 
the photolysis precursor, the bath gas generally does not 
interfere with the analysis.16 For example, CH3CF3 itself is 
one of the colliders investigated in this study. The radiotra
cer method is highly sensitive so that good counting statis
tics are easily attained, even with long-lived radioisotopes 
such as carbon-14.17 The required photolysis precursor 
concentration in the samples consistent with good data 
quality is generally determined by the addition of carrier 
during the manufacture of the labeled compound. The typ
ical ranges of specific radioactivity for available tagged 
substances correspond to very small precursor concentra
tions. No efforts have been made here either to obtain high 
specific activity acetone-7,3-14C or to utilize unusually sen
sitive counting methods. A final advantage of the radiotra
cer technique is that small photochemical conversions are 
required, about 1% in this work.
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(9)

Carbon-14 isotope effects upon the photolysiil processes
can be taken as negligible, so that the initial concentration
ratio for the isotopic methyl radicals is determined by the
acetone-l ,3· 14C specific activity:

Results and Discussion

General Mechanism. The mechanism for the formation
of the principal primary photolysia products is as follows:

0.3
14CHgC014CHg + hu -.. 14CH3 + C014CH3 [CH:l]/P4CHa) ... 13.63 ;;\; 0.02 (lol)

0.7
--2CH3 + CO

(10)

(11)

(12)

(13)

The approximate branching ratios shown above represent
3000 K quantum yields.25 At 373°K the values for channels
10 and 12 are essentially unity. That for HFA at either
temperature is reduced because of quenching,28,29 which
caused the inhibition of (6) through reduction of the avail
able CF3 radical concentration. Although acetyl radicals
were present, these rather unreactive species do not inter
fere.30

In the present study (DIS), the ratio of rate constants
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T A B L E  I I :  A rrh e n iu s  P aram eters fo r E lem en ta ry  H ydrogen A b s tra c tio n  Reactions

R e a c t i o n

Log A (A in cm3
Temp range, °K mol' 1 sec'1)

k, cm3 mol' 1
£■», kcal mol' 1 sec"1 (at 307 °K) Ref

CH3 + (CH3)2CO —► CH4 + R 373-573
CF3 + (CHs)2CO —* CFjH + R 296-588
CH3 + CH3CF3 —*- CH4 + CH2CF3
cf3 + ch3c f3 —- c f3h + ch2c f3 566-678
ch3 + ch4 —*- ch4 + ch3
cf3 + ch4 —*• c f 3h + ch3 303-797
CH3 + C2Hg CH4 4- C2H5
cf3 + c2h6 —► c f3h + c2h5 323-489
a Estimated values.

(kis/kie), was used to provide information about the kinet
ic control of reaction 7:

(“ CHsCFs)* ^  14CH2=CF2 + HF (15)

(I4CH3CF3)+ + M 14CH3CF3 + M (16)

Other elementary reactions requiring brief consideration 
include combination, abstraction, and addition. Reaction 6 
and its isotopic counterpart (1 ) have already been dis-
cussed. Other combination reactions include

14CH3 + CH3 -  14CH3CH3 (17)
14CH3 + 14CH3 -  14CH314CH3 (18)

CH3 + CH3 — C2H6 (19)
CF3 + CF3 -  C2F6 (20)

Available Arrhenius parameters for these processes are 
summarized in Table I. The relative isotopic ethane yields 
follow from eq 14 as C2Hg (1.00), 14CH3CH3 (0.073), and 
14CH314CH3 (0.0058).

Important abstraction reactions in CH3CF3 bath gas in
clude

14CH3 + CH3COCH3 — 14CH4 + CH2COCH3 (21a)
CH3 + CH3COCH3 — CH4 + CH2COCH3 (21b)

14CH3 + CH3CF3 -* 14CH4 + CH2CF3 (22a)
CH3 + CH3CF3 — CH4 + CH2CF3 (22b)

14CH3 + CH2=CF2 — 14CH4 + CHCF2 (23a)
CH3 + CH,=CF2 — CH4 + CHCF2 (23b)

CF3 + CH3COCH3 — CF3H + CH2COCH3 (24)
CF3 + CH3CF3 — CF3H + CH2CF3 (25a)

CF3 + CH2=CF2 — CF3H + CHCF2 (26)
In other hydrogen-containing bath gases (22) and (25) must 
be generalized:

14CH3 + RH-+ 14CH4 + R (22c)
CH3 + RH — CH4 + R (22d)
CF3 + RH —► CF3H + R (25b)

The available Arrhenius parameters are summarized in 
Table II. No data appear to have been measured for the re
actions with CH2=CF2l C2H5F, or CH3CHF2.

11.47 ± 0.06 9.69 ± 0.11 3.7 x 104 31
11.51 ± 0.10 8.14 ± 0.14 5.2 x 105 31
11.4 = 0.4” 12.4 ± 1.0” 3.7 x 102” 9
12.1 ± 0.1 13.5 ± 1.0 3.1 x 102 31OHr—< t-H 11.3 ± 0.2 2.3 x 103” 9
11.87 ± 0.36 10.7 ± 1.0 1.8 x 104 31
11.4 ± 0 .4“ 10.2 ± 0.2 1.4 x 104 9
11.3 t 0.3 7.0 ± 0.3 2.1 x 106 31

Important olefin addition channels include (7) and (27)
14CH3 + CH2=CF2 -  14CC2H5F2 (27a)

CH3 + CH2=CF2 -  C3H5F2 (27b)
Evidence has been obtained previously favoring the occur
rence of (7) in the acetone-HFA cophotolysis system.4’7*3 
The Arrhenius parameters listed in Table III indicate that 
the CF3 processes characteristically involve small activa
tion energies. A crude estimate for k2i (307°K) that ne
glects polarity effects follows as 9 X  103 cm3 mol-1 sec-1 
from the averaged Arrhenius parameters for C2H4 and 
C2F4. Although k7 (307°K) can be estimated from available 
experimental results as 8.1 X  104 cm3 mol-1 sec-1, these ki
netic data may not be reliable.32 The rate constants for CF3 
reactions with C2H4 and C2F4 are much larger than this 
value (1.2 X  107 and 3.2 X  10s cm3 mol-1 sec-1). An esti
mated k2 (307°K) of about 6 X  106 cm3 mol-1 sec-1 follows 
from these latter data.

Finally, ketone addition reactions also require brief con
sideration. Alcock and Whittle reported that (28) did not 
occur significantly at temperatures below 358°K.4a

14CH3 + CF3COCF3 -  [(CF3)2C014CH3]t (28)
We feel that processes of this type could not have consti
tuted a source of interference.

Optimization of the Photolysis Mixture. The overall 
mechanism clearly includes several reactions that have not 
been thoroughly characterized. In the interests of accuracy 
and sensitivity the yield of 14CH3CF3 must be optimized.33 
The search for optimum photolysis conditions involved ex
periments in which the HFA concentration in the photoly
sis mixture was systematically varied. The results (cf. Fig
ure 3) indicate that the products from (6) increase marked
ly with increasing HFA content. A 25-fold reduction in the 
product ratio [ethane-14C/(14CH3CF3 + 14CH2=CF2)] ac
companied an increase in HFA from 50.0 to 90.9 mol %.34

Figure 3 also shows that the sum of 14CH4, ethane-14C, 
14CH2=CF2, and 14CH3CF3 yields was invariably less than 
100%. In these experiments an average of 2.2 ± 0.7% of the 
detected activity was eluted in the C3-fluorocarbon VPC 
region, providing direct if not conclusive evidence for the 
occurrence of

CH3 + 14CH2=CF2 -  14CC2H5F2 (27c)
or

CF3 + 14CH2=CF2 -  14CC2H2Fs (29)
Because VPC standards were not available for the fluo- 
rinated propanes, no attempt was made to utilize these re-
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TABLE III: Arrhenius Parameters for Olefin Addition Reactions

Reaction
Log A  (A  in 

cm3 mol"1 sec-1 ) E It kcal mol' 1
k, cm3 mol"1 

sec' 1 (at 307 °K) Ref

C H 3 +  C 2H 4 ------►  C 3H 7 8.52 7.7 32
8.1 6.8 4c
8.9 7.9 4c
8.5 ± 0.3 7.5 ± 0.4 1.4 x 103 Av4

cf3 +  c2h4 —>- c3f3h4 8.21 0.95 32
8.39 2.37 4c

>\ 8.3 ± 0.1 1.7 ± 0.7 1.2 x 107 Av4
ch3 +  c2f4 *■  c2f4h3 8.05 5.2 32

8.92 5.7 4c
8.5 ± 0.5 5.4 ± 0.3 4.5 x 104 Av4

CFj +  C2F4 ►  C 3F 7 7.54 1.4 32
7.5 1.4 4c
7.5 ± 0.1 1.4 ± 0.1 3.2 x 10e Av4

ch3 +  ch2= c f2 — c3f2h5 _ 8.5 6.4 ~ 8.8 x 103 Est6
c f3 +  ch2= c f2 —*■  CFjCH2CF2 7.86 4.0 32

7.95 4.37 4c
7.9 ± 0.1 4.2 ± 0.2 8.1 x  104 Av4

— *■  cf3c f2ch2 >8.4 4c
c f3 +  ch2= c f2 — *  c3f5h2 7.9 ±  0.4 1.6 ± 0.2 ~5.8 x 106 Est6

°  A v e r a g e  o f  r e c o m m e n d e d  v a l u e s  f r o m  c u r r e n t  r e v i e w s  ( r e f  3 2  a n d  4 c ) .  6 E s t i m a t e d  f r o m  a v e r a g e d  A r r h e n i u s  p a r a m e t e r s  f o r  C 2H <  a n c  

C2 F4.

I00

Co 80 

|  60 

I  40O
£X

2 0

0

F i g u r e  3 .  Product distribution vs. HFA concentration in ketone pho
tolysis mixture (pure C H 3C F 3 bath gas): ♦ , total; ■ ,  ethane-,4C; • .  
14C H 4 ; A, 14CH2= C F 2 + 14C H 3C F 3 ; ▼ ,  ratio (ethane-14C/ 
( 14C H 2= C F 2 +  14C H 3C F 3 )).

F i g u r e  4 .  Effect of added CH2= C F 2 upon experimental (D/S) ratios 
for CH3CF3 bath gas at 307°K and 31.3 Torr total pressure: • ,  
0.43-0.59 Torr ketone pressure: A, 0.060 Torr ketone pressure.

suits for quantitative purposes.33 The 90.9 mol % photolysis 
mixture was adopted for the scavenger and energy transfer 
experiments. At larger concentrations HFA self-quenching 
became prohibitively severe.

The Protective Scavenging Method. The (14CH2=CF2/ 
14CH3CF3) ratios obtained from the data shown in Figure 3 
decreased from 1.17 ± 0.05 to 0.98 ± 0.02 over the range
50.0 to 90.9 mol % HFA (29.8 ±0,1 Torr total pressure).34 
This finding indicates a significant dependence upon the 
magnitude of the average CF3 concentration and consti
tutes a second source of evidence for the spurious loss of 
14CH2=CF2, probably through reaction 29. Similar reduc
tions in (CH2=CF2/CH3CF3) ratios have been reported 
previously.4h'7h Neely and Carmichael attempted to ac
count for the loss of CH2=CF2 through extrapolation of 
measured (D/S) ratios to 0% photolysis conversion. A rath
er different procedure has been preferred in this work. We 
have sought to protect the trace concentration of 
14CH2=CF2 through the addition of carrier CH2=CF2 to

all the samples. Data obtained from such an experiment 
(cf. Figure 4) exhibit a marked initial increase in (D/S) 
with increasing CH2=CF2 concentration. These results in
clude runs carried out at two total ketone photolysis mix
ture concentrations that differed by a full order of magni
tude. This range encompasses the ketone aliquot size varia
tion that occurred during this work. Although the protec
tive scavenging effect was more pronounced at the larger 
ketone concentration, it was also clearly discernable at the 
lower concentration.

We conclude that the acetone-HFA cophotolysis system 
is subject to serious systematic errors associated with the 
occurrence of reaction 7. The mechanism for the protective 
scavenging action presumably involves suppression of the 
average CF3 concentration through (7) itself. The data of 
Figure 4 indicate that at least 3 mol % of added CH2=CF2 
is required in order to provide control of the spurious 
14CH2=CF2 losses under our conditions.

Other Bath Gases. Similar scavenger curve results ob-
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T A B L E  IV : Regression A na lys is  P aram ete rs  O bta ined from  Scavenger P la teau  D a ta0

Bath gas Additive Temp, °K Pressure, Torr (D/S)0 y

CH3CF3 ch2= c f2 307 31.3 0.90 ± 0.01 0.017 ± 0.002
CH3CHF2 ch2= c f2 307 36.8 0.49 ± 0.02 0.015 ± 0.003
CH3CH2F ch2= c f2 307 37.0 0.99 ± 0.01 0.017 ± 0.001
c2h6 ch2= c f2 307 42.2 1.30 ± 0.03 0.013 ± 0.006
c2f6 C2H6 297 30.0 0.60 ± 0.01 0.010 ± 0.002
C2F6 ch2= c f2 307 29.5 0.66 ± 0.02 0.020 ± 0.005
C2F6 c2h6 373 37.5 0.58 ± 0.01 0.010 ± 0.001
C2Fs ch2= c f2 373 37.5 ' 0.91 ± 0.05 0.010 ± 0.013

“ The quantities y  and [D/S]o are defined by eq 31.

F i g u r e  5 .  Effect of added CH2= C F 2 upon experimental (D/S) ratios F i g u r e  6 .  Comparison of CH2= C F 2 and C2He additives in C2F6 bath
for C2H6, C2HsF, and CH3CHF2 bath gases at 307°K: # , C2He (42.2 gas: • ,  CH2= C F 2 (307°K, 29.5 Torr); A, C2He (297°K, 30.0 Torr);
Torr); ■ , C2H5F (37.0 Torr); ♦ , CH3CHF2 (36.8 Torr). A and B, [D/S]0 intercepts.

tained with CH3CHF2, C2H5F, C2H6, and C2F6 bath gases 
are shown in Figures 5 and 6. A qualitative difference from 
the behavior depicted in Figure 4 arose for C2H6 and 
C2H5F. The rapid initial increase in (D/S) was not ob
served. The behavior exhibited by C2F6 strongly resembles 
that of CH3CF3, and CH3CHF2 appears to be intermediate 
between the C2H6 and CH3CF3 cases. Rapid abstraction re
actions in C2H6 and C2H5F effectively control the average 
CF3 concentration. In C2F6 and CH3CF3, however, this con
trol is provided mainly by reaction 7. Regrettably, the com
plexity of the overall mechanism precludes a kinetic analy
sis of greater detail.

Further experiments were carried out in C2F6 in order to 
eliminate altogether the possibility for hydrogen abstrac
tion. As a test of the above arguments C2H6 was employed 
as the CF3-scavenging moiety:

CF3 + C2H6 — CF3H + C2H5 (30)
These results are compared in Figure 6 to data obtained 
from a similar study with CH2=CF2 additive. The C2H6-  
C2F6 system (297°K) behaved similarly to the CH2=CF2-  
C2F6 system (307°K). At least 2 mol % of either scavenger 
was required in order to suppress reaction 29. Both of these 
scavenger curves exhibited typical saturation or plateau 
behavior at additive concentrations exceeding 2 mol %. 
Within the experimental accuracy the (D/S) ratios were di
rectly proportional to the additive concentration (C) 
throughout the plateau region:

[D/S]c = [D/S]0 + yC C > 2 mol % (31)
Here [D/S]o denotes the extrapolated [D/S]c intercept and 
y  the slope parameter. This linear plateau behavior has

proven to be rather general. Regression analysis parame
ters obtained for all the additive-bath-gas systems investi
gated have been listed in Table IV.

The small positive plateau slopes shown in Table IV in
dicate differences in the energy transfer characteristics for 
the bath gases relative to the respective additives. Included 
in this phenomenological effect are factors that influence 
the collision rates (elastic cross sections and molecular 
masses for the rigid sphere model) as well as the respective 
energy transfer efficiencies. A full energy transfer analysis 
requires computer modeling of pressure fall-off data corre
sponding to the cascade deactivation region. >This topic will 
be treated in detail in subsequent papers.14 Here we note 
that under cascade deactivation conditions the energy 
transfer efficiency is generally an increasing function of 
molecular complexity as measured, for example, by the 
available number of vibrational degrees of freedom. Thus 
in general the efficiencies for our bath gases and scavengers 
can be anticipated to be different. The observation of posi
tive slopes (cf. Table IV) indicates that the fluorinated eth
anes are stronger colliders than CH2=CF2 toward chemi
cally activated CH3CF3. The parameter (D/S)o represents 
the hypothetical (D/S) ratio for the pure bath gas corre
sponding to (i) the temperature and total pressure of the 
experiment; (ii) the absence of spurious ,4CH2==CF2 losses; 
and (iii) the absence of energy transfer complications.

An important diagnostic criterion follows: well-behaved 
scavenging substances must yield the same (D/S)o value for 
a given bath gas studied at constant temperature and pres
sure. This test can be applied to the present results for 
C2H6-C2F6 (30.0 Torr, 297°K) and CH2=CF2-C2F6 (29.5 
Torr, 307°K). From Figure 6 the respective intercepts were
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F i g u r e  7. Comparison of,CH2= C F 2 and C2H6 additives in C2F6 bath 
gas at 373°K and 37.5 Torr total pressure: • ,  CH2= C F 2; ▲ , C2H6; 
A and B, [D/S]0 intercepts.

0.60 ± 0.01 and 0.66 ± 0.02. Stepladder cascade simulations 
of these systems yielded a predicted (D/S)0 increase of 0.08 
± 0.03 for CH2=CF2-C2F6 relative to C2H6-C2F6 arising 
from the difference in photolysis temperatures.3’13 We con
clude that the above analysis of the protective scavenging 
mechanism is strongly corroborated; that the C2H6-C2F6 
and CH2=CF2-C2F6 systems can be employed for reliable 
(D/S) ratio measurements at temperatures in the neighbor
hood of 300° K; and that our postulated rough similarity in 
rate constants for CF3 reactions with (ca. 2.1 X 106
cm3 mol-1 sec-1, 307°K, Table II) and CH2=CF2 (ca. 6 X 
10® cm3 mol-1 sec-1, 307°K, Table III) has been substan
tiated.

Experiments at High Temperatures. Temperature vari
ation is of fundamental importance in energy transfer stud
ies.2’3,5 Thus, we have also evaluated the protective scav
enging method at 373°K for both the C2H6-C2F6 and 
CH2=CF2-C2F6 systems (cf. Figure 7). Both 373°K scav
enger curves exhibited pronounced sensitivity to small ad
ditive concentrations. For CH2=CF2 the two sets of results 
were in semiquantitative agreement: (1 ) at both tempera
tures the scavenger curves exhibited saturation behavior 
above additive concentrations of 2-3 mol %; and (ii) the 
measured slope parameters were 0.020 ± 0.005 (307°K) and 
0.010 ± 0.013 (373°K). As noted above, (D/S)o is depen
dent upon temperature and pressure. The value of 0.91 ± 
0.05 observed for CH2=CF2-C2F6 at 373°K is in good 
agreement with stepladder predictions based upon the 
307°K data. However, the 373°K experimental (D/S)o 
value for C2H6-C2F6 was only 0.58 ± 0.01, which is signifi
cantly smaller than the presumably correct CH2=CF2-  
C2F6 result. We conclude that CH2=CF2 provides effective 
protective scavenging at both temperatures, that a mini
mum of 3 mol % CH2=CF2 must be present in order to en
sure reliable results, and that at 373°K the C2H6 protective 
mechanism apparently has failed.

This latter observation suggests that k:w must be signifi
cantly smaller than fe7 at 373°K. Although reliable Arrhen
ius parameters for (30) have been determined (cf. Table II), 
the available results for reaction 7 are both controversial32 
and in conflict with our low temperature data. If the litera
ture results for (30) are accepted, and if all the errot in our 
estimated parameters for reaction 7 is assigned to the acti
vation energy, then a very crude estimated value of 0.7 kcal 
mol-1 follows from the added assumption that the ratio 
(ki/kzo) has a value of 2.

F i g u r e  8 .  Dependence of corrected product yields upon CH2= C F 2 
pressure for C2F6 bath gas: • ,  14CH4 +  ethane-14C (307°K, 29.5 
Torr); ▲ , 14CH2= C F 2 +  14CH3CF3 (same conditions); ♦ , 14CH4 + 
ethane-14C (373°K, 37.5 Torr); ■ , 14CH2= C F 2 +  14CH3CF3 (same 
conditions).

HFA Quenching by Cif2=CF2 and C^Hq. Our results 
can be viewed somewhat differently in order to illustrate 
another important distinction between the C2H6 and 
CH2=CF2 additives. The self- and olefin-induced quench
ing behavior of primary photoexcited HFA have been ex
tensively studied28-29

CF3COCF3 + hv — CF3COCF3* (32)
CF3COCF3* —* dissociation products (33)
CF3COCF3* + M — CF3COCF3 + M (34)

in which the superscripted asterisk denotes electronic exci
tation.

The 313-nm quantum yield for pure HFA approaches 
unity at 300° K in the limit of zero pressure. It is a decreas
ing function of increasing pressure until the high-pressure 
limiting value of 0.4 is achieved at roughly 45 Torr. The 
self-quenching is also sensitive to temperature. The high- 
pressure limiting quantum yield increases to roughly 0.9 at 
350°K.28a Olefins quench the fluorescence emission with a 
temperature dependence similar to that for self-quench
ing.28 The present results provide evidence for efficient 
HFA quenching by CH2—CF2. For the CH2=CF2-C2F6 
system (cf. Figure 8) the yield of labeled fluorocarbons at 
constant temperature and pressure decreases with increas
ing CH2=CF2 concentration. In order for these results to 
be of quantitative significance the data must be corrected 
for the loss of 14CH2=CF2 from reaction 7. These correc
tions can be estimated from eq 31 together with the param
eters given in Table IV based upon the following assump
tions: (i) the energy transfer characteristics can be repre
sented by eq 31; (ii) the stabilized 14CH3CF3 yields are not 
subject to spurious losses; and (iii) the 14CH2=CF2 losses 
(0 < C < 3 mol %) can be estimated from eq 31. The esti
mated [D/S]c values were then combined with the mea
sured 14CH3CF3 yields to provide corrected 14CH2=CF2 
yields. The corrected results shown in Figure 8 demon
strate marked depression of the fluorocarbon yield with in
creasing CH2=CF2 concentration. This evidence is indirect 
and includes no provision for acetone quenching, but we 
feel that HFA quenching by CH2=CF2 provides the most 
plausible explanation for the fluorocarbon activity losses.36 
This analysis points up the most serious drawback to the
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F i g u r e  9 .  Dependence of corrected product yields upon C2H6 pres
sure for C2F6 bath gas: # , 14CH4 +  ethane-14C (297°K, 30.0 Torr); 
▲ , 14CH2= C F 2 +  '4CH3CF3 (same conditions); ♦  , 14CH4 +  ethane- 
14C (373°K, 37.5 Torr); ■ ,  14CH2= C F 2 +  14CH3CF3 (same condi
tions).

present CH2—CF2 technique. At 6 mol % CH2=CF2 the 
fluorocarbon activity losses shown in Figure 8 are 63 ± 2% 
(307°K, 29.5 Torr) and 93 ± 1% (373°K, 37.5 Torr).37 The 
only important consequence of this nuisance problem is a 
limitation in experimental accuracy in the high-pressure 
region through loss of counting statistics. The reliability of 
the measured (D/S) ratios is not otherwise affected.

A similar C2H6 quenching study yielded the results 
shown in Figure 9. The 297°K results were treated as de
scribed above. Since the 373°K C2H6 regression analysis 
parameters are not reliable (vide supra), the [D/S]o value 
for CH2=CF2-C2F6 was used in the corrections. The addi
tional quantitative uncertainty associated with the experi
mental slope parameter is not of sufficient magnitude to af
fect the conclusions given below. From Figure 9 it is clear 
that quenching is much less serious for C2H6 additive. The 
fluorocarbon yield depressions observed under the present 
conditions were 58 ± 2% (297°K, 30.0 Torr) and 21 ± 2% 
(373°K, 37.5 Torr).

Conclusions
The attempted generalization of the present mechanistic 

results to other chemical activation systems would repre
sent a gross oversimplification. The enhanced reactivity of 
CFS radicals toward CH2=CF2 may represent an unusual 
kinetic situation. Unimolecular energy transfer is an im
portant chemical dynamics research area in which virtually 
the entire emphasis is upon the quantitative interpretation 
of reaction rate data. In our view the practitioners of this 
discipline would be well advised to assess carefully the pos
sible importance of mechanistic complications in each ex
perimental system. A sophisticated RRKM energy transfer 
analysis can hardly be expected to compensate for deficien
cies in the experimental data.
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Shock Tube Cis-Trans Isomerization Studies. IV

Wayne M. Marley and Peter M. Jeffers*
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Single pulse shock tube relative rate measurements are reported for the cis-trans isomerization of several 
conjugated olefins. The homogeneous, unimolecular isomerizations were followed in the limiting high-pres
sure region. Results are fe°° (crotononitrile) = 1013-2 exp(—58,100/4.58T) sec“1, (1060-1280°K); k “ (1,3-pen- 
tadiene) = 1013-6 exp(—63,000/4.58T) sec“1, (1000-1150°K); k°° (3-methyl-l,3-pentadiene) = 10140 exp- 
(—55,000/4.58T) sec“1, (955-1160°K); and imply resonance stabilization energies of 8-12 kcal.

Earlier studies in this series1“4 covered the cis-trans 
isomerization of several olefins and halogenated olefins, all 
with a single unsaturated site. We now report the effects of 
conjugated unsaturation on the cis-trans isomerization 
process, as observed in crotononitrile, 1,3-pentadiene, and
3-methyl-l,3-pentadiene. In addition to enlarging the se
ries of cis-trans isomers studied in our laboratory by this 
method, a previous report5 of crotononitrile isomerization 
listed Arrhenius parameters which appeared inconsistent 
with a simple unimolecular mechanism, and new measure
ments appeared warranted. The present results do differ 
significantly from those found by Butler and McAlpine,5 
and are much more easily fitted by reasonable unimolecu
lar isomerization theories.6 There are no previous literature 
reports on the thermal geometric isomerization of either
1,3-pentadiene or 3-methyl-l,3-pentadiene.

These measurements were all accomplished using the 
single pulse shock tube relative rate technique, which we 
have found3’4 yields reliable values for the limiting high- 
pressure unimolecular rate constant with no apparent in
terference from heterogeneous or homogeneous free-radical 
processes.
Experimental Section

The shock tube and general procedures remain un
changed from earlier work and have been fully detailed.1’2

Shocked gas samples (1 ml) at 250-400 Torr were trans
ferred from the shock tube to the F.I.D. gas chromatograph 
with a Precision Sampling Co. gas syringe which was vacu
um cleaned after each sample injection.

Materials. Eastman crotonitrile and Matheson 1,2-di- 
chloroethylene (both cis-trans mixtures) were resolved 
using a 1.8 m X 6 mm Carbowax 750 column at 70°. The 
trans isomers collected were 99.65 and 99.69% pure with 
the corresponding cis isomer as the only contaminant. The 
cis- 1,3-pentadiene and frans-3-methyl-l,3-pentadiene 
were supplied by PCR. They contained, respectively, 0.48 
and 0.34% trans isomer. Philips research grade m'-2-bu
tene was 99.978% pure. Linde high-purity Ar was used to 
prepare dilute mixtures of the appropriate isomers.

Analysis. Concentrations were found from triangulation 
of the chromatogram peaks. The four isomers in crotononi- 
trile-dichloroethylene mixtures were resolved with a 1.8 m 
X 3 mm Carbowax 750 column at 60°. A 1.8 m X 6 mm di
ethylene glycol-AgNOa column operated at room tempera
ture separated mixtures of 1,3-pentadiene and 2-butene. A
1.5 m X  6 mm polyethylene glycol-AgNC>3 column at 25° 
was used for l,3-pentadiene-3-methyl-l,3-pentadiene mix
tures. Usually each shock was analyzed only once, but at 
times a second sample was also processed.

Shock Experiments. The mixtures listed in Table I were 
prepared in 5-1. Pyrex bulbs with Ar diluent. Initial pre-
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TABLEI

M ixture P a ra m e te rs  d erived“ fo r A

A B % A % B Shocks T range, °K log A, sec"1 £ a, kcal £ a, kJ

trans- trans-1 , 2- 0.95 0.46 6 1060-1280 13.2 ± 0.3 58.0 ± 2.0 243
C rotononitrile D ichloroethylene 0.20 0.10 10

0.005 0.002 8
cis-1 ,3 - cis -2 -  Butene 1.14 0.86 9 1000-1150 13.6 xtJ.3 53.0 ± 2.0 222

Pentadiene 0.20 0.15 6 « "
/r«»s-3 -M ethy l- cis-1 ,3 - 1.10 0.90 5* 955-1160 14.0 ± 0.3 55.0 ± 2.0 230

1 ,3 -pentadiene Pentadiene 0.24 0.19 6
0.044 0.041 7

a The Arrhenius parameters assumed for 2-butene and dichloroethylene were those reported in ref 3. The 1,3-pentadiene parameters found 
were then used for the 3-methyl-l,3-pentadiene study. Error limits include additive errors from the reference system.

lo g  (C2 H2CL2 >

F i g u r e  1 .  R e l a t i v e  r a t e  p i n t  f o r  c r o t o n o n i t r i l e  w i t h  d i c h l o r o e t h y l e n e  a s  

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

s y m b o l s  r e p r e s e n t  i n t e r m e d i a t e  c o n c e n t r a t i o n ,  a s  l i s t e d  in  T a b l e  I.

shock pressures were 200-340 Torr. The Mylar diaphragms 
burst at 88-96 psig. Residence times of about 150 psec were 
measured from the flat portion of the pressure trace.

Calculations. The cis —* trans rate constants were found, 
regardless of the starting isomer, using the integrated form 
of a reversible first-order rate law. The equilibrium con
stants used in the rate constant calculations were in the 
range 0.76-1.4. Since conversions were very small and 
never approached equilibrium levels, the calculation is 
quite insensitive to the value of Keq. Parts I1 and II2 of this 
series reported values for both kĉ t and kt and indicated 
good agreement between their ratio and Keq, but since that 
point has been established and precise values for Keq are 
not a primary concern or result of this particular investiga
tion, we followed each reaction in only one direction.

Results
Relative rate plots of the experimental results are pre

sented in Figures 1-3. The slope of these plots equals the 
ratio of the activation energies for the two systems and the 
intercept can be used to find the Arrhenius A factors. Nu
merical results deduced from the graphs are listed in Table 
I. The scatter on the crotononitrile relative rate plot ap
pears larger than that found for the dienes. We feel the 
source of the greater uncertainty may be in the higher boil
ing point of crotononitrile (118° vs. 43° for pentadiene)

z

V 2 .6  - 
u

*  2 A -
O'

0.3  0 .5  0.7 0 .9  l. l 1.3 1.5 1.7
lo g  k j  (c is-2-B U T E H E )

F i g u r e  2 .  R e l a t i v e  r a t e  p l o t  f o r  1 , 3 - p e n t a d l e n e  w i t h  2 - b u t e n e  a s  s t a n 

d a r d .  C o n c e n t r a t i o n s  a r e  l i s t e d  in  T a b l e  I w i t h  f i l l e d  c i r c l e s  r e p r e 

s e n t i n g  t h e  d i l u t e  m i x t u r e .

F i g u r e  3 .  R e l a t i v e  r a t e  p l o t  f o r  3 - m e t h y H , 3 - p e n t a d l e n e  w i t h  1 , 3 -  

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

e m p t y  c i r c l e s  h i g h e s t  c o n c e n t r a t i o n ,  a s  l i s t e d  in  T a b l e  I.
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which probably leads to more adsorption on the walls of 
the shock tube and the other gas-handling equipment.

Discussion
We feel that convincing arguments have been present

ed3’4 which imply that these unimolecular reactions are un
perturbed by free-radical or heterogeneous contributions, 
and these facts may be the source of the considerable dis
crepancy between our Arrhenius parameters for crotononi- 
trile and those reported by Bfifler and McAlpine (Ea = 51.3 
kcal, log A = 11.0). In fact, extrapolation of our'tfasults 
passes nearly through the middle of Butler and McAlpine’s 
rate constants over their temperature range of 573-fi30°K. 
All three conjugated olefin systems studied have isomeriza
tion rate parameters in line with those we found for halo- 
genated olefins,1' 3 and all of these appear entirely consis
tent with theoretical estimates based on a biradical inter
mediate mechanism as proposed by Benson and cowork
ers.6 Our previously established rate constant for 2-butene 
isomerization, log k “ = 14.62 -  66,200/4.58T can be com
pared with the present findings and implies resonance sta
bilization of the biradical by 8 kcal due to the cyano group, 
11 kcal by methyl allyl, and 13 kcal by the allyl interaction. 
These values are in good agreement with the findings of 
Sarner et al.,7 who derived a value of 6 kcal for a CN reso
nance from thermolysis of substituted cyclobutanes which

also decompose through biradical intermediates. The stud
ies of Walters8 and Frey9 on isopropyl- and isopropenylcy- 
clobutane indicate 11.6 kcal resonance stabilization with 
methyl allyl, while 12.6 kcal is the “standard” resonance 
stabilization accepted by Benson and O’Neal6 for allyl. 
Thus, these isomerization measurements appear to provide 
a convenient method for determining reliable resonance in
teraction energies.
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Photodimerization of 9-Anthroate Esters and 9-Anthramide1

Rita Shao-Lin Shon, Dwaine O. Cowan,* and Walter W. Schmiegel2

Department o f Chemistry, The Johns Hopkins University, Baltimore, Maryland 21218 (Received March 14, 1975)

The photodimerization and fluorescence quantum yields of methyl, ethyl, n-butyl, tert-butyl, and cyclo
hexyl 9-anthroates and 9-anthramide were measured as a function of concentration. These efficiencies 
along with the fluorescence lifetime measurements are used to evaluate rate ratios and individual rate con
stants for several mechanistic schemes.

In this continuing study3 on substituent and solvent ef
fects on the photodimerization of anthracene4 derivatives, 
we report on the photochemistry and photophysics of 9- 
anthroate esters (methyl, ethyl, n-butyl, tert-butyl, and cy
clohexyl) and 9-anthramide. Relative fluorescence quan
tum yields and low-conversion photodimerization quantum 
yields were determined as a function of concentration. In 
addition absolute fluorescence quantum yields in dilute so
lution and fluorescence lifetimes were determined for each 
of the six 9-substituted anthracene derivatives (1).

C

k j
1-6

1, R =  -0-methyl 4, R = -O-ieri-butyl
2, R =  -0-ethyl 5. R = -O-cyclohexyl
3, R = -0-a-butyl 6, R = -NH,

Experimental Section
All melting points were measured on a Thomas Hoover 

melting point apparatus and were not corrected. Infrared 
spectra were determined with a Perkin-Elmer Model 337 
spectrophotometer, ultraviolet and visible spectra were re
corded with a Cary Model 14 spectrophotometer, and emis
sion spectra were measured with a Hitachi-Perkin-Elmer 
MPF-2A fluorescence spectrometer. At high substrate con
centrations, 10-2 M, fluorescence measurements were de
termined by the front surface technique previously de
scribed.3 This method uses a cell identical with that used 
for photodimerization quantum yield studies placed in a 
solid-sample cell holder such that the intersection of the 
excitation and emission beams is at the inside front surface 
of the cell. Typically 99% absorption occurred in less than 
the first 0.5 mm of solution when 1 X 10~2 M solutions 
were excited at the wavelength corresponding to the lowest 
vibronic transition. Fluorescence spectra of concentrated 
solutions were essentially unchanged, except for strong 
self-absorption of the first vibronic transition of 9-an-
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TABLE I: Preparative Photolysis of 9-Anthroate Esters and 9-Anthramide

Photo
ly sis  Amt M ateria l

Compound
Monomer 

mp, °C
D im er 
mp, °C

Rem elting 
mp, °C

tim e,
hr

photo-
lyzed* D im er ,*%

balance,
M onomer,* % %

(1) Methyl e s te r “ 111-112 228.5-229.5 111-115
(2) E thy l6' “ e s te r 112-113 216-217 -1 1 0 30 0.100* 0.0629 (62.9) 0.0315 (31.5) 94.4
(3) »-B uty l“’“ e s te r 43.5-44.5 198-199 44-50 12 0.215 0.128.(60.0) 0.065 (30.0) 90.0
(4) /e r/-B u ty l“’7 e s te r 157-158 233-235 155-157 1.40 1.33 (95.0) 0.05 (3.6) 98.6
(5) Cyclohexyl“’7 e s te r 126.2-127.2 208-209 126-127 /  5.9>y 0.497 0.454 (91.4) 0.0146 (2.9) 94.3
(6) 9-A nth ram ide“’“ 219-219.5 254.5-256 195-200 10 0.332 0.0727 (21.9) 0.259 (78.0) 99.9“

(decomp)
(6) 9-A nth ram ide“’7 219-219.5 254.5-256 195-200 6.1 1.599 1.415 (88.4) 0.178 (11.1) 99.5“

(decomp)
a In 95% ethanol. 6 In benzene. c In THF. d Small amount ( <0.3%) of a yellow material was isolated but not identified. e 34 ml degassed

solution in cylindrical quartz cell photolyzed on optical bench, same set-up as quantitative studies. t 200 ml degassed solution in immersion 
well set-up with 450-W Hanovia lamp. g Range of concentration 1-5 x 10~2 M.

thramide, from those at 10-5 M. There was no evidence of 
excimer emission at the concentrations studied.

Low concentration fluorescence measurements were 
made in the right-angle mode. Absolute fluorescence quan
tum yields were determined as previously reported.3 Fluo
rescence decay lifetimes were measured with a modified 
TRW nanosecond spectral source system.

The esters were synthesized according to the method of 
Parish and Stock with prepurified 9-anthroic acid.5 The 
melting points of the esters are tabulated in Table I. 9-An- 
thramide was prepared by the basic hydrolysis of 9-cy- 
anoanthracene in 90% yield.6 Recrystallization from ben
zene gave yellow needles, mp 219-219.5°C.

Preparative and Quantitative Photolysis. Preparative 
photolysis were performed using either a standard 450-W 
Hanovia immersion photolysis system (available from Ace 
Glass) with a uranium glass filter or with a 34-ml quartz cy
lindrical cell on the optical bench used for quantum yield 
studies.

After irradiation of the 9-substituted anthracene deriva
tives in 95% ethanol, benzene, or tetrahydrofuran, the 
dimer precipitates were removed by filtration. The filtrate 
was evaporated and the resulting residue was extracted 
with ether. Any remaining solid was combined with the 
dimer separated previously. The ether solution was exam
ined via thin layer chromatography (silica gel) with at least 
two solvent systems for possible products other than the 
dimer. For all 9-anthroate esters studied, only the unreact
ed monomer was detected in the ether solution. The ether 
was then removed, and the amount of monomer recovered 
weighed. For the 9-anthramide a very small amount of an 
unidentified product was obtained. The results of the pho- 
tolyses are summarized in Table I.

Quantitative irradiations were carried out on an optical 
bench consisting of a 4-in. spherical mirror, 1-kW high- 
pressure mercury-xenon short arc lamp (Hanovia 977-B-l),
2-mm aperture, and 4-in. biconvex quartz collimating lens.6 
The collimated light was filtered via two Corning filters 
(CS-7-37 and CS-0-52) to isolate the Hg 3650-A lines. The 
light then passed through the aperture of a cell holder de
signed to accommodate 2-cm diameter cylindrical quartz 
cells. All solutions were preflushed with nitrogen for 15 
min, sealed under a positive nitrogen pressure, and stirred 
using a magnetic stirrer during irradiation. The light inten
sity was frequently determined using ferrioxalate acti- 
nometry. Relative light intensities were monitored before

and after each irradiation by means of a RCA-935 photo
tube, 120 V battery, microammeter combination. Concen
tration changes on irradiation were determined by compar
ing two spectrophotometric solutions of equally diluted, 
equal volume aliquots of irradiated and unirradiated solu
tion. The quantum yield of dimerization was computed 
from the disappearance quantum yield. 4>d i m  = 0.54>ms. 
The extent of photoreaction was limited to 10% monomer 
disappearance in most cases.

Results and Discussion
Absorption and Fluorescence Spectra. All of the esters 

of 9-anthroic acid and the 9-anthramide have uv absorp
tion spectra almost identical with the acid, and very similar 
to anthracene. Figures 1 and 2 present the absorption and 
emission spectra of a typical anthroate ester and 9-an
thramide. Werner and Hercules suggest that the steric in
teraction of the peri hydrogens and carboxyl group keep 
the 9 substituent twisted almost 90° out of the place of the 
anthracene ring and thus preclude extensive conjugation of 
the carboxyl group and the authracene w electrons in the 
ground state. This means that the exciting light used in 
these dimerization studies (365 nm) is absorbed by an an- 
thracene-like A —» ’La transition. The emission spectra of 
the anthroates consist of Stokes shifted broad structureless 
bands.

The drastic geometry change in the first excited state re
quired to explain the large Stokes shift is most likely due to 
rotation of the carboxyl group in the excited state to a ge
ometry suitable for charge transfer interaction with anthra
cene ring.7 It is interesting to note, however, that the size of 
the ester alkyl group has little effect on the extent of the 
Stokes shift (Me = 5.70 X 103 cm-1; iBu = 5.20 X 103 
cm-1).

In contrast to the esters and acid, the sodium 9-an- 
throate3 and 9-anthramide (see Figure 2) in polar solvents 
have a good mirror image relationship between the absorp
tion and fluorescence spectra. The 9-anthramide in ben
zene exhibits a small Stokes shift (7.9 X 102 cm-1) and 
some broadening of the vibronic transitions.

Fluorescence quantum yields and singlet lifetimes are 
summarized in Table II. All measurements were made 
using 10-5 to 10-6 M degassed solutions at room tempera
ture.

The reciprocal of the measured fluorescence lifetime ( t f )
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F i g u r e  1 .  A b s o r p t i o n  a n d  f l u o r e s c e n c e  s p e c t r a  o f  c y c l o h e x y l  9 - a n -  

t h r o a t e  in  b e n z e n e .

F i g u r e  2 .  A b s o r p t i o n  a n d  f l u o r e s c e n c e  s p e c t r a  o f  9 - a n t h r a m i d e  in  

t e t r a h y d r o f u r a n .

gives the sum of all first-order singlet rate constants

T F  =  V(klSC  +  k ic  +  & f )  ( 1 )

where kmc, &ic, and ky are defined by equations in Chart I. 
The fluorescence quantum yields at low concentration can 
be used to calculate the fluorescence rate constant ( & f ) .

4 > f °  = &f/(&isc + &IC + ky) (2)
&F = W  TF (3)

Dimerization Quantum Yields. The low-conversion 
quantum yield of dimerization as a function of concentra
tion was determined using 365-nm exciting radiation. The 
results are presented graphically in Figures 3-5 and the 
slope and intercept values are collected in Table III. All of 
the quantitative photodimerizations were performed using 
solutions whose concentrations were lower than 0.03 M. 
Because of the extremely low solubilities of 9-anthramide 
in both benzene and 95% ethanol quantitative photolysis 
were performed in tetrahydrofuran as well as benzene. The 
simplest mechanism consistent with these results is shown 
in Chart I. All intercepts from the 1 / 4 > d  v s .  1/[A] plots are 
greater than unity and thus suggest that some bimolecular 
process or processes other than dimerization are important. 
The nature of this process, conveniently termed concentra-
Chart I

A + hv — A8 (4)
A8 —1- A + hv kv (5)
A8 — A k\c (6)
A8 —A‘ f e i s c (7)
A8 + A —1- dimer ko (8)
A8 + A ■— 2A kcq (9)

• o ) / fen  + (k f  + f e i s c + felr)/(MA]) (10)

TABLE II: Lifetime Measurements, Quantum Yield of 
Fluorescence, and First Order Rate Constants of
9-Anthroate Esters and 9-Anthramide

C o m p o u n d n s e c v

ky ,
X 1 0 " 7 
s e c "1

( ^ i s c  +

kic) i
x 1 0 - 7 

s e c "1

I n  A l c o h o l

( 1 )  M e t h y l  e s t e r 4 . 1 0 . 1 6 5 4 . 0 2 2 0 . 3

(2) E t h y l  e s t e r 4 . 2 0 . 1 8 8 4 . 4 8 1 9 . 3

( 3 )  « - B u t y l  e s t e r 3 . 6 0 . 1 7 2 4 . 7 8 2 3 . 0

(4) te r t - B u t y l  e s t e r 4 . 1 0 . 1 8 3 4 . 4 6 1 9 . 9

( 5 )  C y c l o h e x y l  e s t e r 4 . 7 0 . 1 9 5 4 . 1 5 1 7 . 1

( 6 )  9 - A n t h r a m i d e 2 . 5 0 .1 0 0 4 . 0 C 3 6 . 0

I n  B e n z e n e

( - )  A n t h r a c e n e 4 . 1 5 0 . 2 8 6 . 7 5 1 7 . 4

(2) E t h y l  e s t e r 1 2 . 9 0 . 5 8 5 4 . 5 4 3 . 2 2

( 5 )  C y c l o h e x y l 1 1 .8 0 . 6 6 9 5 . 6 7 2 . 8 0

( 6 ) 9 - A n t h r a m i d e 8 .0 0 . 1 7 2 2 . 1 5 1 0 . 4

I n  T e t r a h y d r o f u r a n

( 6 ) 9 - A n t h r a m i d e 1 . 7 0 . 3 5 3 2 0 . 7 3 8 . 1

l/Cov(M'')

F i g u r e  3 .  R e c i p r o c a l  g r a p h  o f  d i m e r i z a t i o n  q u a n t u m  y i e l d  a n d  c o n 

c e n t r a t i o n  f o r  m e t h y l ,  e t h y l ,  a n d  n- b u t y l  9 - a n t h r o a t e s  i n  9 5 %  e t h y l  

a l c o h o l .

tion quenching, has been discussed at length by Cowan and 
Schmiegel.3 The two most attractive possibilities are the 
formation of a nonfluorescent excimer or the formation of a 
a-bonded complex with a geometry such that head-to-tail 
dimer formation cannot occur. Other more complex mecha
nisms will be considered later.

Fluorescence Intensity as a Function of Concentration. 
The intensity of fluorescence, which is proportional to the 
fluorescence quantum yield, was measured as a function of 
substituted anthracene concentration over the concentra
tion range used in the dimerization studies via front sur
face fluorescence excitation. Typical graphs of 1 / I f  v s . [A] 
are given in Figures 6 and 7 and the slopes and intercepts 
obtained from the least-squares treatment of the data are 
given in Table IV. Based on the mechanism given in Chart 
I, the fluorescence quantum yield should follow the rela
tionship given by

1/4>f  = (&f  +  &isc +  k \c ) /k p  +  (&D +  &cq)/(&f )[A] ( I I )
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TABLE III: Graphical Solutions“ of the 
Photodimerization Plot 1/<Ï>D vs. 1/Cav

C o m p o u n d S o l v e n t

S l o p e

( s D )

I n t e r c e p t

U d )

( 1 )  M e t h y l  e s t e r A l c o h o l 0 . 3 3 0 4 . 5 2

( 2 )  E t h y l  e s t e r A l c o h o l 0 . 3 7 9 1 6 . 3

( 2 )  E t h y l  e s t e r B e n z e n e 0 . 1 8 0 5 . 0

( 3 )  n- B u t y l  e s t e r A l c o h o l 0 . 3 5 8 6.01
( 4 )  f e r f - B u t y l  e s t e r A l c o h o l 0 . 3 2 2 6 . 4 5

( 5 )  C y c l o h e x y l  e s t e r A l c o h o l 0 . 3 3 8 8 . 8 9

( 5 )  C y c l o h e x y l  e s t e r B e n z e n e 0 . 1 6 0 1 1 . 2 8

( 6 ) 9 - A n t h r a m i d e B e n z e n e 0 . 1 6 4 2 . 5

(6 ) 9 - A n t h r a m i d e T H F 0 . 4 1 1 12.0
° All data except those for the ethyl ester are least-squares fit 

slopes and intercepts. Average error is ±0.3 in intercepts, and ±5% 
in slopes.

F i g u r e  4 .  R e c i p r o c a l  g r a p h  o f  d i m e r i z a t i o n  q u a n t u m  y i e l d  a n d  c o n 

c e n t r a t i o n  f o r  f e r t - b u t y l  a n d  c y c l o h e x y l  9 - a n t h r o a t e s  in  9 5  %  e t h y l  a l 

c o h o l .

F i g u r e  5 .  R e c i p r o c a l  g r a p h  o f  d i m e r i z a t i o n  q u a n t u m  y i e l d  a n d  c o n 

c e n t r a t i o n  f o r  e t h y l  a n d  c y c l o h e x y l  9 - a n t h r o a t e s  a n d  9 - a n t h r a m i d e  in  

b e n z e n e .

It is possible to calculate from fluorescence data (fen + 
&Cq) by combining the slope of eq 11  (S f) with the fluores
cence lifetime tf and the fluorescence quantum yield at low 
dilution $ f°-

(&D +  fecQ) =  ( 1 2 )

The values calculated by this procedure can be compared

with those calculated from the dimerization data using (see 
Table V)

(kr> + kcq) = Zd/tfSd (13)

Even though the values of ( & d  + & c q )  derived from the flu
orescence data are much less accurate than those derived 
from the dimerization data the good quantitative relation
ship between fluorescence and dimerization data suggests 
that dimerization from the triplet state can be ruled out as 
can any mixed dimerization (from the singlet and triplet 
states).

The specific rate constants for the reactions shown in 
Chart I can be easily extracted from the data (eq 3, 14, 15, 
and 16). The specific rate constants based on this mecha
nism are summarized in Table VI along with values from 
the literature for related dimerizations.

kisc + & I C  = 1 / t f  —  & F (14)
ky> = 1 /Sory (15)

kcq = (Id — 1 )^d (16)

The available evidence from photooxidation studies indi
cates that most, if not all, of the first-order nonradiative 
decay arises from intersystem crossing. This coupled with 
the fact that the second triplet level is almost isoenergetic 
with the first singlet level of anthracene provides a ready 
explanation for the decrease in the first-order nonradiative 
rate constants (feisc + &ic) for the Stokes shifted anthra
cenes (9-anthroic acid and esters) relative to sodium 9-an- 
throate, 9-anthramide, and anthracene.

We have previously suggested that because of the large 
Stokes shift, the relaxed singlet state (fluorescent state) of 
some anthracene derivatives could lie slightly below or at 
the same level as the second triplet. This should reduce the 
magnitude of the intersystem crossing rate constant:

(^ isc  4" &ic)

small 9-anthramide = 37.9 X 107 sec 1
Stokes (THF)
shifts sodium 9-anthroate 

(HO)
= 62.1 X 10? sec-1

large 9-anthroate esters 17-23 X 10" sec-1
Stokes (ETOH)
shifts 9-anthroic acid 

(ETOH)
17.2 X 10" sec-1

9-anthroic acid 
(PhCN)

2.88 X 107 sec-1

9-Anthramide is particularly interesting because the 
Stokes shift is very solvent dependent (THF, 1 . 4  X  1 0 2 
cm-1; EtOH, 5 . 4  X  1 0 2 cm-1; benzene, 7.9 X  1 0 2 cm-1). As 
could be expected from the previous discussion, the non
radiative rate constants for 9-anthramide in tetrahydrofu- 
ran, ethanol, and benzene decrease with increasing Stokes 
shift (THF, 37.9 X  1 0 7 sec-1; EtOH, 36.2 X  1 0 7 sec-1; ben
zene, 1 0 . 4  X  1 0 "  sec-1).

It is interesting to note that, with the exception of ethyl
9-anthroate, all of the 9-anthroate esters (methyl, n -butyl, 
fert-butyl, and cyclohexyl) exhibit the same dimerization 
plot slopes within the error limits of our experiments (SD = 
0.34 ± 0.02). This combined with eq 15 and lifetimes in 
Table II suggest that the specific rate constants for dimeri-
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TABLE IV: Graphical Solutions of Concentration 
Dependence of Fluorescence

R e l a t i v e  v a l u e s  A b s o l u t e  v a l u e s “’ 6

C o m p o u n d

S l o p e

( A )

I n t e r c e p t

(B) ( 1 / V ) S F

a . A l c o h o l  S o l u t i o n s

( 1 )  M e t h y l  e s t e r 2 2 9 . 1 1 6 . 4 5 6 . 0 6 8 4 . 4 1

( 3 )  n - B u t y l  e s t e r 2 2 7 . 9 1 3 . 8 0 5 . 8 1 9 5 . 9 3

( 4 )  f e r f - B u t y l  e s t e r 1 9 1 . 4 3 1 1 . 9 7 5 . 4 6 8 1 . 8 1

b . B e n z e n e  S o l u t i o n s

( 2 )  E t h y l  e s t e r 3 2 5 1 1 . 2 5 1 . 7 0 9 4 9 . 3 6

( 5 )  C y c l o h e x y l  e s t e r 6 7 0 1 2 .0 1 . 4 9 5 8 3 . 7 5

( 6 ) 9 - A n t h r a m i d e 4 8 2 . 0 3 0 . 1 4 5 . 8 1 9 3 . 2 3

a ( is the measured fluorescence quantum yield at low dilu
tion. 6 Sf = A/(<J>f°B).

TABLE V: Comparison of Data from Fluorescence 
and Photodimerization Studies

C o m p o u n d

F l u o r e s c e n c e

d a t a

(&E + k CQ) x 
1 0 " 9 j t r ! s e c -1 

( e q  1 2 )

D i m e r i z a t i o n

d a t a

{kjy +  &cq) ^
1 0 " 9 A T 1 s e c " 1 

( e q  1 3 )

( 1 )  M e t h y l  e s t e r “ 3 . 4 3 . 3 4

( 2 )  E t h y l  e s t e r “ 1 0 . 2 4

( 2 )  E t h y l  e s t e r 6 2 . 2 4 2 . 1 5

( 3 )  n - B u t y l  e s t e r “ 4 . 5 8 4 . 6 6

( 4 )  f e r l - B u t y l  e s t e r “ 3 . 6 5 4 . 8 9

( 5 )  C y c l o h e x y l  e s t e r “ 5 . 6 0

( 5 )  C y c l o h e x y l  e s t e r 6 4 . 7 5 5 . 9 7

( 6 )  9 - A n t h r a m i d e 6 2 .0 0 1 . 9 1

( 6 )  9 - A n t h r a m i d e c 1 7 . 1 7

“ In 95% ethanol. 6 In benzene. c In tetrahydrofuran.

Concentration M

F i g u r e  6 .  C o n c e n t r a t i o n  d e p e n d e n c e  o f  r e c i p r o c a l  f l u o r e s c e n c e  in 

t e n s i t y  o f  m e t h y l ,  n - b u t y l ,  a n d  f e r t - b u t y i  9 - a n t h r o a t e s  in  9 5 %  e t h y l  

a l c o h o l .

0.002 0 006 OOIO 0 0I4 0 0I8 0 022

Concentration,M

F i g u r e  7 .  C o n c e n t r a t i o n  d e p e n d e n c e  o f  r e c i p r o c a l  f l u o r e s c e n c e  in 

t e n s i t y  o f  e t h y l  a n d  c y c l o h e x y l  9 - a n t h r o a t e s  a n d  9 - a n t h r a m i d e  in  

b e n z e n e .

zation do not vary greatly as the 9-anthroate ester is modi
fied. (See Table VI.) The intercepts of the dimerization 
plots for the 9-anthroate esters do show a regular trend, 
again with the exception of the ethyl ester where the data

Chart II
A + hv — A8 (4)
A8 —► A + hi> kF (5)
A8-» A kjc (6)
A8 — A1 &rsc (7)
A8 -1- A — E kF. (15)
E —► dimer ky>' (16)
E — 2A kçq' (17)

are somewhat less precise. (Id, Me = 4.5; n-butyl = 6.0; 
tert-butyl = 6.45; cyclohexyl = 8.89.) Based on the mecha
nism in Chart I this indicates that the percentage of dimer
ization, compared to dimerization and concentration 
quenching, varies from 22 to 1 1%; decreasing with increas
ing steric bulk.

Based on the excimer mechanism to be described later 
(Chart II), this would indicate there is a steric effect on 
how the excimer decays (eq 16 and 17).

Excimer Mechanism. Chart II gives one of two possible 
excimer mechanism to be considered.

This mechanism is more costly in the sense that another 
intermediate, the excimer (E), is involved for which there is 
no direct evidence. That is, no new excimer fluorescence 
was observed under the conditions used in this study. How
ever, anthracene and some 9-substituted anthracenes do 
exhibit excimer fluorescence and it is certainly possible 
that a nonfluorescent excimer could be the reactive inter
mediate in this reaction.10’11 Based on the mechanism 
given in Chart II, the following expressions can be ob
tained.

1 / 4 > F  =
1  +  feE [A ]

4>f° kF

( 1 8 )

(19)

consequently

& e  =  I d / Í S d ^ f ) ( 2 0 )

=  S f 4>f ° t f  ( 2 1 )

Equations 18 and 19 and the mechanism outlined in 
Chart II are consistent with the experimental observations. 
From eq 20 and 21 it is seen that fecQ + &D in mechanism I
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TABLE VI: Derived Rate Constants

C o m p o u n d

F i r s t  o r d e r ,  s e c ' 1 x  1 0 ' 7 S e c o n d  o r d e r ,  A T 1 s e c "1 x  1 0 '9

k F ( & I S C  ^ i c ) kp kcQ & D  & C Q

I n  9 5 %  E t h a n o l

( - )  9 - M e A n “ 5 . 5 6 8 .8 2 .0 0 8 . 5 1 0 . 5

( - )  9 - E t  A n “ 5 . 8 5 9 . 6 0 . 6 4 6 6 . 4 3 7 . 0 8

( - )  9 - w - P r A n “ 5 . 6 8 9 . 2 0 . 3 6 4 6 . 3 4 6 . 7

( - )  9 - H 0 2C A n 6 4 . 7 8 1 7 . 2 1 .0 2 4 . 2 8 5 . 3 0

( 1 )  9 - M e 0 2C A n c 4 . 0 2 2 0 . 3 0 . 7 3 8 2 . 6 0 3 . 3 4

( 2 )  9 - E t 0 2C A n c 4 . 4 8 1 9 . 3 0 . 6 3 9 . 6 1 1 0 . 2 4

( 3 )  9 - n - B u 0 2C A n c 4 . 7 8 2 3 . 0 0 . 7 7 6 3 . 8 9 4 . 6 6

( 4 )  9 - f - B u 0 2C A n c 4 . 4 6 1 9 . 9 0 . 7 6 4 . 1 3 4 . 8 9

( 5 )  9 - C y c l o h e x y l  0 2C A n c 4 . 1 5 1 7 . 1 0 . 6 3 4 . 9 7 5 . 6 0

( 6 ) 9 - A n t h r a m i d e c 4 . 0 0 3 6 . 0

I n  B e n z e n e

( - )  A n t h r a c e n e 4 7 . 4 2 4 . 0 1 .0 4 . 0 5 . 0

( 2 )  9 - E t 0 2C A n c 4 . 5 4 3 . 2 2 0 . 4 3 1 1 . 7 2 2 . 1 5

( 5 )  9 - C y c l o h e x y l  0 2C A n c 5 . 6 7 2 . 8 0 0 . 5 3 5 . 4 4 5 . 9 7

( 6 ) 9 - A n t h r a m i d e c 2 . 1 5 1 0 . 4 0 . 7 6 1 1 . 1 4 1 . 9 0

I n  T H F

( 6 ) 9 - A n t h r a m i d e c 2 0 . 7 3 8 . 1 1 . 4 3 1 5 . 7 1 7 . 1

0 From ref 8. 6 From ref 3. ■' This study. d From ref 9, the values of kv and (/?isc + k\c ) are somewhat larger than those given in Table II.

is equivalent to k e in mechanism II. The method used to 
calculate ku (mechanism I) when applied to mechanism II 
gives a complex rate ratio (see eq 15 and 22)

1 /(Sdtf) — (ku.ku)/(ku + kcq') (22)
If the dissociative regeneration of the excited anthracene 
molecule is included in the excimer mode of decomposition 
(eq 23), the dimerization quantum yield will still have the 
same functional form (eq 24)

E  —  A a +  A  k-E ( 2 3 )

„ , x k u ' + k c Q ' , (fe-E +  k u '  +  kcQ ')(k jr  + k i c  +  k is c )

(24)
where now Id/(Sdtf) gives the rate constant for excimer 
formation reduced by a fraction that depends upon the im
portance of the excimer dissociation (eq 23).

I d / ( S u t f ) = k u
(ku + kçQ') 1 

( k - E  + ku' + &Cq') I
(25)

In both the excimer mechanisms the reciprocal of the inter
cept gives the fraction of the excimers that decay to dimer 
products.

A number of recent studies suggest that exciplexes from 
anthracene and either tertiary amines12-14 or 1,3-di
enes15-17 can act as intermediates in the anthracene dimer
ization reaction.

A a +  X  —  [ A aX ] ( 2 6 )

[ A SX ]  +  A  -*• d i m e r  +  X ( 2 7 )

[ A aX ]  +  A  —  2 A  +  X ( 2 8 )

[ A SX ]  +  A  -•--------*  [ A SA ]  +  X ( 2 9 )

[ A SA ]  -*• d i m e r  ( 3 0 )

[ A SA ]  —  2 A  ( 3 1 )

where X = 1,3-diene or amine.
Flash photolysis experiments and temperature quantum 

yield studies are in progress in an attempt to confirm or re
ject the excimer mechanisms for the anthracene type di
merization.
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Competitive Free-Electron Scavenging in Liquid Neopentane
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The competitive free-electron scavenging of N20  with various electron scavengers has been studied in the 
radiolysis of liquid neopentane. The ratio of scavenging rate constant fe(s) of a scavenger s to fc(N20) has 
been determined measuring the decreases of G(N2) upon the addition of s to neopentane solutions of 
N20. These are &(CCl4)/k(N20 ) = 31,;f?(CH3Br)/fc(N20) = 5, fe(C2H5Br)/fe(N20 ) = 0.6, and ^(biphenyl)/ 
A(N20) 0. The value of&(CH3l)/£(N20 ) apparently depends upon the concentration of CH3I. The possi
bility of the negative charge transfer from N20~ to s has also been discussed. The result shows the scaveng
ing rate to be largely dependent upon the scavenger s, which could not be found in cyclohexane. It seems to 
indicate that in liquid neopentane the free-electron scavenging process may not necessarily be explained in 
terms of diffusion kinetics.

Introduction
In recent years, the behavior of electrons in nonpolar liq

uid has received considerable attention in radiation chem
istry. With regard to the electron scavenging process in liq
uid hydrocarbons, the investigations of cyclohexane and 
n -hexane were made both experimentally1 and theoretical
ly.2 Recently, branched hydrocarbons have also been stud
ied. In neopentane, at lower concentrations of N20, G(N2) 
gives a constant value of 1.1 ± 0.1 3-4 which is in good agree
ment with the free-ion yield obtained by the electric con
ductivity method.5 This indicates that, at low concentra
tions of N20, G(N2) arises from the complete scavenging of 
free electrons. On the basis of the above-mentioned facts, 
we have already reported4 a competitive free-electron scav
enging study of N20  with SF6, CH3CI, and C02 in liquid 
neopentane and have indicated4 for the first time that free- 
electron scavenging rate constants vary drastically depend
ing upon solutes, which could not be found in cyclohexane.1 
Thus we pointed out that the reaction of free electrons in 
liquid neopentane cannot be explained by diffusion kinet
ics. Allen and Holroyd measured6 free-electron scavenging 
rate constants in various nonpolar liquids by the electric 
conductivity method, and also indicated7 that the rate con
stants in branched hydrocarbons or in tetramethylsilane 
are largely dependent upon scavengers.

In this paper, in order to confirm the difference4 between 
the behavior of electrons in neopentane and that in cyclo
hexane, the competitive free-electron scavenging study of 
N20  with CCI4, CH^Br, C2H5Br, CH3I, and biphenyl in liq
uid neopentane is reported.

Experimental Section
Neopentane was a Phillips research grade material. Im

purities of less than 0.07%, almost all of which was n-bu- 
tane, were detected by gas chromatography using an acti
vated aluminum column operated at 60°. Nitrous oxide 
supplied by Takachiho Shoji Co. was thoroughly degassed 
and stored under vacuum through a —120° cold trap. All 
the additives except for biphenyl were used after the usual 
degassing. A given amount of (ca. 10 ml) neopentane was 
transferred into a tube containing a liquid Na-K alloy dis
tilled in vacuo8 and was stored for more than 1 week. The 
dried sample was transferred in vacuo into an irradiation 
cell, fitted with a break seal, which was baked beforehand

under vacuum. The dead space over the solutions was, at 
the most, 10% of the total volume.

Biphenyl solutions of neopentane were prepared as de
scribed below. Biphenyl was introduced into an irradiation 
cell as a n -hexane solution of biphenyl, whose concentra
tion was known beforehand, and then n -hexane was re
moved in vacuo until the measured vapor pressure showed 
~10~2 Torr which is the vapor pressure of biphenyl at room 
temperature. A known amount of the purified neopentane 
was introduced into the irradiation cell containing the bi
phenyl stated above. The concentration of biphenyl in the 
neopentane was confirmed by measuring the optical ab
sorption spectrum9 of biphenyl in neopentane. The error in 
concentration was estimated to be less than 5%. It was 
shown by gas chromatography that only 0.005% of n-hex- 
ane was contained in biphenyl-N20  solutions of neopen
tane prepared in a way described above.

The concentration of N20  at room temperature was cal
culated by using the Ostwald absorption coefficient of 3.10 
The other additives were assumed to be dissolved com
pletely. The temperatures during the 7 irradiation of the 
samples were 20~23° for CCI4, 23~24° for CH3Br and 
C2HsBr, and 19° for CH3I and biphenyl, respectively. The 
dose rate was 1.03~0.87 X 1017 eV/g min, and the total dose 
was 3.09^2.61 X 1018 eV/g. In calculating the dose, G(Fe3+) 
= 15.6 was used in Fricke dosimetry. The product N2 was 
analyzed by gas chromatography using a 6 m molecular 
sieve 5 A column at 40° with helium carrier gas.

Results and Discussion
The 7 radiolysis of liquid neopentane containing N20  

gives, as previously reported,3-4 a constant G(N2) = 1.1 ± 
0.1 at 293 ± 1 K, where the range of concentrations of N20  
was 10~6 M < [N20] < 10~3 M. This constant value is in 
good agreement with the free-ion yield resulting from the 
electric conductivity method5 (Gf; = 1.09 at 294 K). There
fore it may be concluded that in neopentane G(N2) arises 
from the complete scavenging of free electrons at 10“ 6 M < 
[N20] < 10~3 M and that, at such low concentrations of 
N20, one N2 molecule is produced per electron scavenged 
by N20. Using this result one can estimate the ratio of the 
free-electron scavenging rate constant of various solutes to 
that of N20 ;4 the ratio fe(SFfi)/fe(N20) in neopentane is 
much larger than that in cyclohexane. The solutes C H 3CI
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and CO2 are much more ineffective electron scavengers in 
neopentane than those in cyclohexane.

Figure 1 shows G (N2) at various concentrations of CCI4 
in liquid neopentane containing 3.4 X  10~4 M N2O. The ni
trogen yield decreases with an increase in the concentration 
of CCI4 and attains nearly zero at a concentration equal to 
that of N2O. Since, as was mentioned above, the precursor 
of the product N2, at such low concentrations of N2O, may 
be the free electron, the decrease of G(N2) upon the addi
tion of CCI4 is explained by the competitive free-electron 
scavenging of N2O with CCI4. A reaction mechanism con
cerning the free electron in this system may be considered

R H  M + +  e n -  

6f i -  4 " N 2O  —* N 20 “

efr  + CC14 ^  CCI4- 

n 2o -  +  e c u  -  N 20  +  CC14

N 2O -  —  N 2 ( +  O H -  o r  O H )
(RH or positive ions)

(1)

(2 )

(3)

(4)

where RH, M+, and ea-  represent the parent molecule of 
neopentane, positive ions produced from RH, and the free 
electron, respectively. This reaction scheme includes not 
only the competitive scavenging processes 1 and 2, which 
have been reported previously,4 but negative charge trans
fer process 3. In process 4 N20 _ may react with solvent 
molecule or with positive ions producing OH- or OH, as 
was reported elsewhere.3-8

From a kinetic treatment of the above scheme one ob
tains

1

G(N2) * i[N20] ( I )

The values of G(N2)-' are plotted vs. [CCI4] in Figure 2 
giving a linear relationship, which shows that, at such a low 
concentration of CCI4 as ~ I0-4 M, the negative-charge 
transfer reaction might be negligible. Taking 20 ¿¿sec as the 
lifetime of N20 - , which was obtained in liquid cyclohex
ane,11 and assuming that k 3 is the order of diffusion-con- 
trolled reaction (~ 1010 M_1 sec-1), one can estimate 
&3t[CC14] to be 20 at [CC14] ^  10-4 M. Since, however, the 
result obtained here shows a good linear relationship, the 
term fearJCCU] in eq I may be negligible. The lifetime of 
N20 -  in neopentane seems to be shorter than 20 ¿¿sec in cy
clohexane. Thus, fe2/^i — 31 is obtained from the slope in 
Figure 2.

In the case of CH3Br-N20  and C2H5Br N20  solutions of 
neopentane, similar treatment gives (̂CHsBr)/)? (N20) ~  5 
and k(C2H5Br)/&(N20 ) =* 0.6, respectively.

In the case of CH3l-N 20  solutions (Figure 3), however, 
the plots of G(N2)_1 vs. [CH3I] do not give a good linear re
lationship. The reason for this result is not clear, but one 
can estimate fc(CH3l)/k(N20 ) ^  80 at lower concentrations 
of CH3I (<2 X HT5 AT). The values of fc(CH3I)/fc(N20) de
creases apparently with increasing the concentration of
CH3I.

In the case of biphenyl-N20  solutions, G(N2) remains 
constant in the region of biphenyl concentrations from 3.9 
X  10-4 to 2.0 X  10-3 M. Thus, k (biphenyl)/^ (N20) ~  0. 
Similar results have also been observed in the case of C02 
and CH3CI.4 This result indicates that in neopentane the 
scavenging rate constant of biphenyl is much smaller than

F i g u r e  1 .  N i t r o g e n  y i e l d  a s  a  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  C C I 4 a t  

[ N 20 ]  =  3 . 4  X  1 0 ~ 4 M .

0.5
tCCl4) 1 .0 ,

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

t h e  c o n c e n t r a t i o n  o f  C C I 4 a t  [ N 20 ]  =  3 . 4  X  1 0 - 4  M.

1 .0
(*10 -4M)

F i g u r e  3 .  T h e  r e c i p r o c a l  a m o u n t  o f  t h e  n i t r o g e n  y i e l d  a s  a  f u n c t i o n  o f  

t h e  c o n c e n t r a t i o n  o f  C H 3 I a t  [ N 20 ]  =  3 . 4  X  1 0 ~ 4 M.

F i g u r e  4 .  N i t r o g e n  y i e l d  a s  a  f u n c t i o n  o f  t h e  c o n c e n t r a t i o n  o f  b i p h e n 

y l  a t  [ N 20 ]  =  3 . 4  X  1 0  4 M. G ( N 2 ) d e c r e a s e s  a t  0 . 4  a t  [ b i p h e n y l l  =  

1 2 4  X  1 0 ~ 4 M.

that expected12 from the large electron mobility in neopen
tane.

Schuler et al.13 obtained the efficiency of various elec
tron scavengers in cyclohexane by the competitive electron
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TABLE I: Summary of Relative Electron Rate Constants in Liquid Neopentane, Electron Scavenging 
Efficiencies in Liquid Cyclohexane and 2,2,4-Trimethylpentane, Electron Rate Constants in 
Neopentane, and “Thermal”' Electron Attachment Rate Constants in the Gas Phase

S c a v e n g e r

k ( s ) / k ( N 20 )  

i n  n e o p e n t a n e 1
a ( s ) / a ( N 20 )

1 c y c l o h e x a n e

ot(s)
i n  2,2,4- 

i n  t r i m e t h y l -  

c p e n t a n e 4

f c ( s )  i n

n e o p e n t a n e , e 

X1012 Ai"1 s e c "1

& ( e t h " )  i n  

t h e  g a s  p h a s e ,  

c m 3 m o l e c u l e "1 s e c "1

C C 1 4 31 1.5 29 4.0 x 10"7 /

S F e 30 2 , « ; %  65 198 2.2 x 10"7 g
ch3i b 2.8 2.5 x 10"8 h
C H j B r 5 2 "■'#124.7 7.0 x 10"12 i

n 2o 1 1 6 2.3 1.2 x 10"13 j
6.0 x 10"15 k

C 2H 5B r 0.6 1.3 5 0.34 2.8 x 10"13 i

C H j C l ~ o 0.6 <1.9 xlO "15 i

c o 2 -0 1.6 0.55
B i p h e n y l ~0 2

0 T h i s  w o r k  a n d  t h e  p r e v i o u s  o n e .4 6 S e s3 t e x t .  c  R e f e r e n c e  1 3 . ,l R e f e r e n c e  1 5 .  e R e f e r e n c e  7 .1 R e f e r e n c e  1 6 . g  R e f e r e n c e  17. h R e f e r e n c e  1 8 .

1 R e f e r e n c e  1 9 . 1 R e f e r e n c e  2 0 .  k R e f e r e n c e  2 1 .  ' R e f e r e n c e  1 4 .

scavenging with alkyl halides. On the basis of their results, 
a(CCk)MN20) = 1.5, a(CH3Br)/a(N20) = 2, a(C2H5Br)/ 
a(N20) = 1.3, a(CH3l)/a(N2) = 2.8, and a(biphenyl)/ 
o'(N20) = 2, where a(s) represents the scavenging efficien
cy of a scavenger s and is thought to be proportional to the 
scavenging rate constant. The values of fe(s)/fc(N20) in 
neopentane obtained in this experiment and those reported 
previously,4 and the values of a(s)/a(N20) in cyclohexane 
obtained by Schuler et al.13 are summarized in Table I. The 
values of k(s)/fe(N20) in neopentane exhibit a striking con
trast to those of a(s)/a(N20) in cyclohexane; a(s) in cyclo
hexane does not vary appreciably with electron scavengers, 
while k(s) in neopentane varies markedly with electron 
scavengers.

Although the thermal electron attachment processes in 
the gas phase have not been fully investigated, we can ten
tatively compare our results with the rate constants of 
“thermal”14 electron attachment in the gas phase, &(eth- ), 
cited in Table I. The relative values of k(s) in neopentane 
seem rather to be qualitatively comparable with those of 
&(eth~) in the gas phase.

Rzad and Bansal reported values of a(s) in liquid 2,2,4- 
trimethylpentane,15 which are also cited in Table I. These 
values show a tendency similar to the values of k (s) in neo
pentane, but the difference of a(s) between various scaven
gers in 2,2,4-trimethylpentane is not as large as that of k(s) 
in neopentane. The results concerning these three liquid 
hydrocarbons indicate that electrons in 2,2,4-trimethylpen
tane show an intermediate property between those in cy
clohexane and neopentane. Rzad and Bansal15 introduced a 
parameter /  in order to explain a(s) in 2,2,4-trimethylpen
tane, which shows a different tendency from a(s) in cyclo
hexane, but it is not obvious what the parameter f  means.

Allen and Holroyd measured the rate constants of free 
electron scavening in various liquids.6’7 Their results, which 
are also cited in Table I, differ quantitatively from ours. 
This may be, to a certain extent, due to the difference of 
experimental methods. Further reason of this difference is 
not clear. Our results, however, are qualitatively consistent

with their results in neopentane; the scavenging rate con
stant in neopentane varies significantly with scavengers.

The result obtained here, the significant difference of the 
rate constant of free-electron scavenging between various 
electron scavengers in liquid neopentane, suggests that at 
least in the case of liquid neopentane a new theoretical ap
proach taking account of the gaseous character of liquid 
neopentane as stated above should be introduced instead 
of diffusion kinetics2 used in cyclohexane and n-hexane, 
where there is no appreciable difference in the electron
scavenging rate constant between various electron scaven
gers.
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The kinetics of the oxidation of sulfite by hydrogen peroxide has been investigated by stopped-flow spec
trophotometry over the pH range 4-8. The rate law for the oxidation of sulfite in this pH range is 
-d[S02]T/dt = MH+][H20 2][S02]Ti[H+]/([H+] + Ka2)\ + /elHA][H20 2][S02]T![H+]/([H+] + Ka2)} where 
HA represents all possible proton donors in solution. The reaction probably proceeds via a nucleophilic 
displacement by H20 2 on HSO3-  to form a peroxomonosulfurous acid intermediate which then undergoes 
a rate-determining rearrangement.

Control of sulfur dioxide produced in the burning of fos
sil fuels, in chemical manufacturing, and in paper-pulp 
processing is presently of great concern. With these envi
ronmental considerations in mind, we wish to report the 
preliminary results of a kinetic study of the oxidation of 
sulfite in acidic solution by hydrogen peroxide.

Sulfur dioxide is readily soluble in water and the result
ing equilibrium relationship is normally written as1

S0 2 + H20  ^ 4  H+ + HS03- (1)
*2

where at 20° and m = 0.1, h\ = 3.4 X  106 sec-1 and fe2 = 2 X  

108 M~l sec-1 as determined by ultrasonic absorption. In 
the present study the reaction between S032- and H20 2 
was examined in the pH range 8-4. In this range (pKai = 
1.37, pKa2 = 7.0, g = 0.9),2 as the pH decreases, the frac
tion of total sulfite present as HSO3-  increases so that at 
pH 4 the bisulfite ion is the predominant sulfite species in 
solution. Previous stoichiometric measurements3-5 have 
shown that the primary oxidation product is sulfate and 
only an infinitesimal amount of dithionate is formed.

HSCV + H20 2 —* HSO,|" + H20  (2)

If a radical pathway was significantly involved in this oxi
dation then a considerable amount of dithionate should be 
formed.

Kinetic data for the reaction were obtained from 
stopped-flow spectrophotometric measurements at 260 nm 
with a slit width of 1.0 mm. The reaction was studied under 
pseudo-first-order conditions with [H20 2] > [S032~]t = 5 
X  10-3 to 2 X  10~2 M at 12.0° and g = 1.0 over the pH 
range 8-4 using TRIS, TES, phosphate, citrate, pivalate, 
and acetate buffering systems. Solutions were prepared 
under nitrogen and EDTA salts were used in all kinetic 
runs to minimize the effect of trace metal catalysis and the 
oxidation of sulfite by oxygen.6 Constant ionic strength was 
maintained with Na2S04- The reaction rate is first order 
each in [S02]t and [H20 2]. Depicted in Figure 1 and listed 
in Table I are the results of a variation of pH at 12.0° with 
the sulfite, peroxide, and buffer concentrations held con
stant. In the pH range 8.3-6.5 the slope of the log &0bsd vs. 
pH plot is roughly —2 whereas in the pH range 6.5-4.5 the 
slope changes to approximately - 1 . This pH dependency

indicates that HSOs-  is the principal reactive sulfite 
species in solution. Below pH 4.5, with the other conditions 
held constant the rate of the reaction exceeded the lower 
limit of detection by the stopped-flow system (i.e., the 
reaction was completed essentially within the time of mix
ing ~2 msec). In order to examine the possibility of general 
acid catalysis as observed by Mader5 in his kinetic study of 
the reaction of SO32- and H20 2 in alkaline solution, a se
ries of kinetic runs was made with the ionic strength, 
[H20 2], [S02]t, and pH held constant while the buffer con
centration was varied. The results are shown in Figure 2 
and listed in Table II for a variation in the phosphate buff
er concentration at pH 6.4 g = 1.0, and 12.0°. The other 
buffers employed in this study were not tested for possible 
catalytic behavior.

The results depicted in Figure 2 indicate that the oxida
tion is definitely subject to general acid catalysis. Mechan
istically, this implies that hydrogen ions are transferred 
from a Br</>nsted acid (HA) to a substrate in the transition 
state or that there is an equilibrium protonation of the sub
strate followed by proton transfer to A- . In such cases any 
acidic molecule or ion can act to transfer the proton to the 
substrate; therefore, a multiterm rate law should be ob
served.7 A two-term rate law which accounts for the ob
served kinetic behavior in the pH range 8-4 is
-d [so 2lT/d/ = /?[h+1[h2o 2I[so2]t {[h+]/([h+] +

Ka2)} + /4HA][H20 2][S02]T{[H*]/([H+] + Ka2)} (3)
where

[S02]T = [HSO3-J + [SO32-] (4)
Ka2 = [S0321[H+]/[HS03-] (5)

In the pH range greater than 6.5, the sulfite is primarily 
unprotonated in the ground state; therefore, in going from 
the ground state to the transition state, two protons are 
needed which is reflected by the slope of approximately —2 
in Figure 1. In pH range less than 6.5, the sulfite in the 
ground state is mostly protonated; therefore, in going from 
the ground state to the transition state, only one additional 
proton is required and this is reflected by a slope which is 
close to —1 in the lower pH range, k and k' have been cal
culated to be 5.8 X 101 and 7.2 X 102 M-2 sec-1, respective
ly, from the data in Table II for the described conditions.

The J o u rn a l o f  P h ys ica l C hem istry , Vol. 79, No. 20, 1975



O x i d a t i o n  o f  S u l f i t e  b y  H y d r o g e n  P e r o x i d e 2 0 9 7

TABLE I: Summary of Kinetic Data for the Oxidation 
of Sulfite by Hydrogen Peroxide at 12.0° where [SOa2]o

2.0 x 10 2M  and [H20 2]o = 1.0 x 10~1M

Buffer pKaa
[HA],

M
[A'],

M PH
ôbsd>

sec"! S”

TRIS 8.3 0.2 0.2 8.25 0.02
TES 7.5 0.2 0.2 7.45 0.11
Phosphate 6.8 0.2 0,2 6.52 19.37 1.07
Citrate 5.6 0.2 0.2 5.65 119.98 6.16
Pivalate 5.1 0.2 Ô.2 5)08 205.01 10,52
Acetate 4.7 0.2 0.2 4.65 381.63 11.91
a At 20.0°.b Sample standard deviation where N > 5.

F i g u r e  1 .  P l o t  o f  l o g  kobsd v s .  p H  f o r  t h e  o x i d a t i o n  o f  s u l f i t e  b y  h y d r o 

g e n  p e r o x i d e .

A mechanism, which is consistent with the present kinet
ic results, can be written as follows

K,i2_1
H* -  S032- HSO3- (6)

- O

HS03' + H20 2 -j£*. ^ s—ooh + h2o (7)
c>

-o
\

O'
/

s—OOH + HA H2S04 ■ A ( 8 )

where
HA = H30* or H2P04’

According to this mechanism, the reaction probably occurs 
via a nucleophilic displacement by H2O2 on HSC>3~ to form 
a peroxomonosulfurous acid intermediate which then 
undergoes a rate-determining rearrangement. Equation 7 is 
analogous to the reaction of hydrogen peroxide and sulfuric 
acid to give peroxomonosulfuric acid.8

H202 + H2S04 hooso3h + h2o (9)

TABLE II: Summary of Kinetic Data for the Variation 
of [H2PO4“] at pH 6.40, 12.0°, n = 1.0, [S03~2]o = 5.0 
x 10~3M and [H2O2]0 = 2.5 x 10 2 M

[H2P04-], kobsd, [H,P04-], kahsd,
M sec' 1 M sec-1

0.32 5.78 0.08 2.28
0.16 3.51 0.04 1.75

F i g u r e  2 .  A  p l o t  o f  fco b s d  a s  a  f u n c t i o n  o f  [ H 2P 0 4 ~ ]  a t  1 2 . 0 ° ,  ¡x = 
1 . 0 ,  a n d  p H  6 . 4 .

Alternatively a mechanism in which there would be an 
equilibrium protonation of the bisulfite followed by a pro
ton transfer to A-  can also be written as follows

H* + SO,

HSO," + HA

- hso3"

H2OS02 ■+ A
- O .

( 1 0 )

( 1 1 )

6 \
A '  + H20 2 + H20-S02 77^* yS—OOH + HA (12)

/
O

S-OOH HS04- (13)
o /

In this scheme, the termolecular step, in which A~, H2O2, 
and H20 -S02 react to form peroxomonosulfurous acid, 
would be rate determining. Both of these mechanisms are 
consistent with the results of an isotopic labeling study of 
the reaction between SO32- and H20 2 at pH 5 by Halperin 
and Taube9 in which the product sulfate was found to have 
two 180  atoms which were present initially in the doubly la
beled peroxide even though the stoichiometry requires the 
net addition of only one oxygen atom. Their results were 
rationalized in terms of a peroxomonosulfurous acid inter
mediate which rearranges to form the doubly labeled sul
fate. Presently, there is no evidence for participation of the
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pyrosulfite ion2 in the reaction scheme, especially

k1 = 7.0 x  102AT' sec-1
*1

2HSO,' S20 52’ + H20
k .i  =  1 .0  x  1 0 4 s e c ' 1

(14)

in light of the observed first-order dependence on the total 
sulfite concentration. Our results do not necessarily pre
clude a radical mechanism but when combined with the re
sults of Halperin and Taube they seem to favor a polar 
mechanism. Recently, radical intermediates have been de
tected by ESR in thfc_; reaction of SO2 and H2O2.10 Contri
bution of a free-radical pathway in the overall reaction 
seems unlikely but it definitely cannot be excluded.

Acknowledgment. We are grateful to the PHS (Grant 
No. ES0080-08) and the AFOSR (Grant No. 71-1961A) for 
financial support.

References and Notes
(1) M. Eigen, K. Kustin, and G. Maass, Z. Phys. Chem. (Frankfurt am  Main), 

30, 130 (1961).
(2) R. H. Betts and R. H. Voss, Can. J. Chem., 48, 2035 (1970).
(3) H. W. Albu and H. D. Graf von Schweinitz, Berichte, 65, 729 (1935).
(4) W. C. E. Higginson and J. W. Marshall, J. Chem. Soc., 447 (1957).
(5) P. M. Mader, J. Am. Chem. Soc.t JO, 2634 (1958).
(6) K. Meyer and L. Roth, Z. Wiss. Photogr., 49, 10 (1958).
(7) J. p .  Edwards, “ Inorganic Reaction Mechanisms", Benjamin, New York,

N.Y.; 1965, p 17. “
(8) F A. Cotton and G. Wilkinson, “ Advanced Inorganic Chemistry", Inter

science, New York, N.Y., 1972, p 450.
(9) J. Halperin and H. Taube, J. Am. Chem. Soc., 74, 380 (1952).

(10) B. D. Flockhart, K. J. Ivin, R. C. Pink, and B. D. Sharma, J. Chem. Soc. 
D,339(1971).

Matrix Effects on the Charge Resonance Energy of the Dimer Cations. 
Low-Temperature Radiolysis of Glassy Aromatic Solutions1
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Near-infrared absorption bands due to several aromatic hydrocarbons in irradiated organic glasses have 
been assigned to the charge resonance band of the corresponding dimer cations. The observed drastic- 
changes of these bands with the matrix characteristics are found to correspond to the changes in the struc
ture of the dimer cation: a hard matrix (e.g., methylcyclohexane) strongly distorts the dimer cation, there
by reducing the charge resonance energy, unless steric effects are involved (difference between benzene 
and tert-butylbenzene). On softening the matrix there is a continuous relaxation process with a simulta
neous increase in the charge resonance energy, until the conformation of the free dimer cation is reached. It 
is concluded that benzene and terf-butylbenzene do form quite loose complexes, suffering large matrix ef
fects, that the naphthalene dimer cation is a very tight complex with no matrix effects, and that bromoben- 
zene is intermediate. Earlier published band assignments by Ekstrom for systems with benzene are recon
sidered in the context of this matrix effects. For a 3MP glass with benzene and CC^Br the benzene dimer 
cation decays isothermally (77 K) into a new transient, absorbing at 740 nm. The corresponding changes in 
the absorptions cannot be related to a matrix effect. The new 740-nm band was tentatively assigned to a 
complex between the benzene cation and CClsBr. The decay of the bromobenzene dimer cation in 3MP 
leads to the formation of a new absorption at 570 nm. This is assigned to the (Br-BrPh) charge transfer 
complex.

Introduction

In the low-temperature radiolysis of organic glasses and 
polycrystalline samples it is often puzzling that the posi
tion of many absorption bands depends rather critically on 
the matrix involved, the way the matrix was formed, the 
type of other solutes added, and on the temperature. This 
is particularly true for systems with aromatic hydrocarbons 
and with halogenated compounds. This paper discusses the 
behavior of the absorption bands of aromatic cations, relat
ed to the matrix involved.

It is well known that irradiation of aromatic compounds 
in hydrocarbon glasses, particularly in the presence of an 
electron scavenger, do yield aromatic cations. Such cations

were studied at 77 K by Hamill and coworkers3 in polycrys
talline C C I 4 , 4 ' 5  in butyl chloride glasses,6 and glasses of 3- 
methylpentane (3MP).7 Similar information was given by 
Ekstrom8 for a 3MP matrix at 77 K, by Willard and Ek
strom9 for a methylcyclohexane (MCH) matrix at 20 K, 
and by Louvrier and Hamill10 in alkane matrices at 77 K. 
The most detailed information stems from investigations 
by Badger and Brocklehurst in isopentane-butyl chloride 
glasses (IP:BuC  ̂= 1 :1 ) at 77K.11“13 These authors detected 
cationic absorptions for many aromatic compounds: e.g., 
for benzene a charge-resonance band of the dimer cation 
(C6H6)2+ at 935 nm, an absorption band of the complexed 
monomer cation (C6H6)c+ at 470 nm and a band for the 
noncomplexed (free) cation C6H6+ at 555 nm.11 The
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charge-resonance band generally is quite isolated from 
other transient absorptions. Most of the results in this 
paper are related to such charge resonance bands. For a 
particular dimer cation it was found that such bands may 
vary as much as 300 nm depending on the matrix. It will be 
shown that this large shift is related to distortions of the 
cationic complex. For weak complexes the matrix effect can 
be large, whereas for strong complexes the matrix has little 
or no influence.

Experimental Section
1. Method. A copper-quartz double cell, filled with de

gassed solution, was mounted in an evacuated cryostat. 
One of the two cells was irradiated by 2-MeV electrons 
from a Febetron 70514 from both sides for maximum dose 
uniformity, through thin aluminum windows of the cryo
stat and the quartz windows of the cell. The second cell was 
shielded to servé as a reference cell. The double cell holder 
was then rotated by 90° so that the cell quartz window be
came parallel to the cryostat quartz window. Spectra were 
then recorded with a Beckman spectrograph Model DK2.

2. Cryostat (Figure 1). The cryostat was made from an 
evacuated, vertical brass cylinder carrying a thin stainless 
steel inner tube (R) to hold liquid N2. From the copper bot
tom of this inner tube two copper fingers (H) extend down
ward to embrace the cell block (Figure 2), which was tightly 
fastened for each experiment to guarantee good thermal 
contact. The copper fingers were partly hollow for liquid 
N2. The cell holder (H) was surrounded by a rectangular 
blackened brass box to fit into the cell compartment of the 
spectrograph. The access of the electron beam (0.01 mm A1 
foil) and spectrographic light beam (2 mm quartz plate) 
were at right angles. Correspondingly the cell holder could 
be rotated on ball bearings under vacuum. The tempera
ture was measured by a thermocouple T fitted tightly into 
the cell block. The temperature difference between the cell 
block and the solution was less than 0.1 K for isothermal 
measurements, but was estimated to be about 1 K during 
warming experiments.

3. The Cell (Figure 2 ). The two cells are filled together 
through the copper-glass connection R and the channels U 
and K. Each cell is cut from the copper block leaving a cen
tral spacer with a sharp edge N on which a Teflon gasket 
Tj (0.2 mm thick) ensured tightness for the quartz windows 
Q (1 mm thick). For vacuum tightness the edges of the 
quartz plates were sealed with Silastic-731-RTV from Dow 
Chemical from the outside. The optical path length was 3.1 
mm.

The cell block was usually cleaned by washing with dis
tilled acetone and ether, drying in an oven at 110° for 4 hr, 
washing with concentrated H2SO4, rinsing eight times with 
doubly distilled water, again drying in an oven, and then 
evacuating for at least 2 days to ensure outgasing of the 
Teflon gaskets. After about three to four experiments or 
whenever the chemical system was altered the Teflon gas
kets were replaced.

4. Sample Freezing. Different to the usual dip-freezing, 
the temperature of the probe was lowered ̂ slowly by adding 
liquid Ñ2 in small portions into the cryostat. Complete 
freezing to 77 K within about 30 min resulted in better 
glass quality than by rapid freezing with a completely filled 
cryostat. The glass sample was irradiated after a minimum 
.f 25 min of standing at 77 K for matrix relaxation.

5. Irradiation. An equal number of electron pulses were

F i g u r e  1 .  C r y o s t a t  f o r  s a m p l e  I r r a d i a t i o n  a n d  s p e c t r o s c o p y .  ( R ,  t h in  

s t a i n l e s s  s t e e l  i n n e r  t u b e  f o r  l i q u i d  n i t r o g e n ;  H ,  c o p p e r  c e l l  h o l d e r ;  T ,  

t h e r m o c o u p l e . )

F i g u r e  2 .  T h e  c o p p e r  c e l l  b l o c k  w i t h  t w o  c r o s s  s e c t i o n s  ( s e e  t e x t ) .  

R ,  U ,  a n d  K ,  c h a n n e l s  f o r  f i l l i n g  w i t h  s o l u t i o n ;  N ,  e d g e  f o r  t h e  T e f l o n  

s e a l s ;  T ,  T e f l o n  g a s k e t s ;  Q ,  q u a r t z  w i n d o w s ;  S ,  t i g h t e n i n g  n u t ;  C ,  

c o p p e r  c e l l  b l o c k ;  V ,  c o p p e r  p l a t e  t o  c o v e r  t h e  f i l l i n g  c h a n n e l  U .

applied from both sides to one of the two cells for a high 
uniformity of dose (Figure 3). The second cell was shielded
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b  y i e l d s  c u r v e  c ,  t h e  d o s e  d i s t r i b u t i o n  w i t h i n  t h e  c e l l .  D o s e  u n i f o r m i t y  

I s  b e t t e r  t h a n  a b o u t  2  % .

by the thick brass wall and the copper cell holder. The dose 
was determined by calorimetry15 with an aluminum probe 
and by correcting for the density of the material. Correc
tions for differences in the dose-depth curves (different 
nuclear charge) and back-scattering at the interface 
quartz-solution vs. quartz-aluminum were neglected.15 For 
all experiments reported in this paper a total of eight puls
es were applied, corresponding to a dose of 200 ± 12 krads 
in 3-MP at 77 K.

6. Spectral Analysis. The 100% transmission was cali
brated at 77 K, but on warming of the matrix this 100% 
transmission could change due to matrix changes. No cor
rections were applied for these changes. Since most spectra 
were recorded over a rather narrow temperature range 
(typically —196 to —180°) this error was small. The warm
ing rate of the sample was 1.7 K min-1 from 77 K to about 
140 K. Hence, there was a temperature drift of up to 1 K 
from low to high wavelength in the recorded spectra. Any 
small wavelength shifts of the absorption maxima, due to 
fast scanning, were corrected for. In most cases the correc
tion was less than about 10 nm.

7. Chemicals. 3-Methylpentane (3MP) and methylcyclo- 
hexane (MCH) were preirradiated with about 2 Mrad from 
a 60Co source, then purified by pushing the solvent three 
times through a silica gel column and once through an alox 
column16,17 (length 45 cm, diameter 2.5 cm), and finally by 
distillation. For 3MP the only detectable impurity was 
0.4% of 2-methylpentane, an isomer which could not inter
fere with the experiments. CC14, benzene, terf-butylben- 
zene, and bromobenzene were first treated with concentrat
ed sulfuric acid, then NaOH or soda, then dried with CaCl2, 
and finally distilled from molecular sieve type A4. All other 
solutes (Fluka puriss.) were used without further purifica
tion.

Results
Benzene, tert-butylbenzene, bromobenzene, naphtha

lene, and biphenyl have been studied alone or together 
with small halocarbons such as C C I 4 ,  CCl.jBr, CBr4, C 2 C I 6 , 

and CCIF2-CCI2F (Freon 113) in 3MP and MCH glasses. 
The radiation-induced transient absorptions have been re
corded at 77 K (—196°) and on warming of the matrix to 
their complete disappearance. Generally there were at least 
two typical regions of transient absorptions: an infrared 
band in the range from 800 to 1100 nm and absorption 
bands in the visible region from 400 to 600 nm. The in
frared band is related to the aromatic compound, the visi
ble bands mostly to the halogenated compound. Both have 
similar band widths on an energy scale and suffer wave
length shifts on warming of the matrix, though in opposite 
directions. The visible absorption will be the subject of a 
separate study. In this paper the behavior of the infrared 
band will be reported with a selection of typical transient 
spectra.

(a) Aromatic Solutes Alone. Aromatic hydrocarbons are 
known to form cations as well as anions, their spectra being 
closely related (alternant hydrocarbons). As a result naph
thalene and biphenyl do show many close lying bands.3,12’13 
The spectra of benzene and substituted benzenes are less 
specific: Figure 4 for benzene (Bz), Figure 5 for tert-butyl- 
benzene (t-BuBz). These absorptions are relatively weak. 
Due to the fact that benzene is a slow electron scavenger, 
many of the initially produced cations are neutralized again 
by the relatively mobile electron in the hydrocarbon ma
trix. The dominant infrared bands clearly correspond to 
the charge resonance bands of the dimer cations:11 (Bz)2+ 
at 930 nm and (£-BuBz)2+ at 1030 nm. On warming of the 
hydrocarbon matrix the spectra due to naphthalene or to 
biphenyl slowly decay without changing their band posi
tions. At —180° all transient absorptions between 300 and 
1100 nm have disappeared. The spectra due to benzene and 
tert-butylbenzene do behave differently; simultaneous to 
the decay of the charge-resonance band a strong apparent 
blue shift occurs, so that on disappearance at —180° the 
absorption maxima are found at about 750 nm for benzene 
and at 850 nm for tert-butylbenzene. Details of this shift 
are much better seen in systems with high concentrations 
of electron scavengers, when most of the cation-electron 
neutralizations are stopped by the formation of immobile 
anions (see below).

(b) Aromatic Solutes with Added Electron Scavengers. 
Systems with both aromatic and halocarbon solutes did not 
show new absorption bands at 77 K than have already been 
seen with each solute alone. However the cation spectra 
were generally much more intense, and absorptions due to 
aromatic anions disappeared. Typically the spectra for 
tert-butylbenzene with CC14, CCl3Br, and C2CI6 are shown 
in Figures 6, 7, and 8, respectively. In all cases the charge 
resonance band of the dimer cation at 77 K lies between 
1000 and 1035 nm with an optical density of 0.30-0.38 (200 
krads). On warming, the absorption slightly increases first 
before decaying rapidly under simultaneous blue shift 
toward 800 nm, where the charge-resonance band disap
pears at a temperature of about —180°. Obviously this be
havior is not dependent on the choice of electron scaven
gers. In a few systems new absorption bands appear in the 
visible region on warming, not seen in systems with the in
dividual solutes alone. They seem to be related to the cat
ion decay.

(c) Bromobenzene (Figure 9). Bromobenzene is both an
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F i g u r e  4 .  S p e c t r u m  f o r  2  m o l  %  b e n z e n e  in  3 M P  a t  7 7  K .

F i g u r e  6 . S p e c t r a  f o r  1 m o l  %  f e / t - b u t y l b e n z e n e  a n d  1 m o l  %  C C I 4 
in  3 M P  a t  7 7  K  a n d  o n  w a r m i n g .

electron scavenger and a positive trap. Consequently the 
absorptions are also intense, the optical density at 930 nm 
even being higher by about 50% than comparable mixtures 
of aromatic and halogenated compounds (higher yield of 
dimer cation or higher extinction coefficient for the charge 
resonance, band). On warming, the infrared band shifts 
from 930 to 890 nm, disappearing at about —182°. This is a 
rather small shift relative to the systems with benzene and 
tert-butylbenzene. The visible band at 600 nm (77 K) also 
shifts to the blue on warming, but with a strong increase in 
absorption. After reaching the maximum at 570 nm the 
band disappears without further shift, indicating that the 
570-nm band must be due to a new species.

o

F i g u r e  7 .  S p e c t r a  f o r  1 m o l  %  f e r t - b u t y l b e n z e n e  a n d  0 . 4  m o l  %  

C C I 3 B r  in  3 M P  a t  7 7  K  a n d  o n  w a r m i n g .

F i g u r e  8 .  S p e c t r a  f o r  2  m o l  %  f e r t - b u t y l b e n z e n e  a n d  0 . 2  m o l  %  

C 2C I 6 ¡n  3 M P  a t  7 7  K  a n d  o n  w a r m i n g .

F i g u r e  9 .  S p e c t r a  f o r  2  m o l  %  b r o m o b e n z e n e  in  3 M P  a t  8 0  K  a n d  

o n  w a r m i n g .

id) Matrix Viscosity. In Figures 10 and 11  the effect of 
the matrix viscosity at 77 K is shown: the MCH glass is 
about 107 times harder than the 3MP glass (tj(MCH, 77 K)
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D

Figure 10. S p e c t r u m  f o r  b e n z e n e  a n d  CCI4 in  3 M P  a n d  M C H  a t  7 7  K .  

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

o n  w a r m i n g :  ( a )  2  m o l  %  b e n z e n e ,  0 . 1 2  m o l  %  C C l 4 in  3 M P ;  ( b )  1 

m o l  %  b e n z e n e ,  0 . 1 2  m o l  %  C C I 4 in  M Q H .

Figure 1 1  S p e c t r u m  f o r  1 m o l  %  f e r t - b u t y l b e n z e n e  a n d  0.12 m o l  

%  C C I 4 i n  3 M P  ( a )  a n d  in  M C H  ( b )  a t  7 7  K .  T h e  d o t t e d  a r r o w  in d i 

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

= 2 X  1019 P, r)(3MP, 77 K) = 2 X  1012 P).44 On going from 
a soft to a hard matrix the charge resonance band for ben
zene cations suffers a red shift of 136 nm (929-1065 nm), 
while for ieri-butylbenzene cations the shift is only 35 nm 
(1029-1064 nm). On warming of the soft 3MP matrix both 
charge resonance bands initially increase in optical density 
by a few percent (e.g., Figure 6). In MCH matrices however 
the charge resonance band for tert-butylbenzene almost 
doubles and for benzene increases by about 25% to reach a 
maximum at about -180° before decaying at higher tem
perature (see the arrows in Figure 10 and 11). In all four 
cases the blue shifts on warming (for hard and soft matri
ces) amount to about 160-200 nm.

(e) Isothermal Effect. In all systems studied, the radia
tion-induced transient spectra were stable as long as the 
matrix was held at 77 K. However there was one exception: 
with benzene and CCl.jBr as solutes (Figure 12) the charge 
resonance band slowly decreased with a simultaneous in
crease of absorption in the 650-800-nm region, showing a 
well reproducible isosbestic point at 810 nm. The charge 
resonance band seems to shift again to the blue, but this is 
merely the effect of the two overlapping bands, centered at 
920 nm (charge resonance band) and at about 740 nm. 
Therefore the isothermal spectral changes shown in Figure 
12 cannot have the same origin as the blue shift of the 
charge resonance band as discussed in previous sections.

By warming the benzene-CCl3Br-3MP matrix the iso- 
thermally initiated change is accelerated and the 740-nm 
band decreases rapidly, disappearing without wavelength 
shift at a relatively low temperature of —189°. This behav
ior contrasts to the results for the similar system tert-but- 
ylbenzene-CCl3Br-3MP (Figure 7).

D

F i g u r e  1 2 .  I s o t h e r m a l  c h a n g e  o f  t h e  s p e c t r u m  f o r  1 m o l  %  b e n z e n e

a n c  1 m o l  %  C C I 3 B r  in  3 M P  a t  7 7  K .

Discussion
1 . Spectral Assignment. The infrared absorption as mea

sured in this study at 77 K (Table I) compared to the 
known absorptions of aromatic cations11 must clearly be 
identified as the charge resonance bands of the aromatic 
dimer cations. The fact that the band shifts to the blue on 
softening of the matrix could either be explained by the 
formation of a new transient, absorbing at a shorter wave
length with simultaneous combined decay or by a real band 
shift due to changing structure of the dimer cation. Since 
the shift is very large the first argument would seem to be 
more realistic. However, assuming comparable band widths 
for both bands and taking into account that in no instance 
the two bands can be resolved, the second band should ap
pear in the region of 800-900 nm for the ieri-butylbenzene 
systems or 700-800 nm for the benzene system, irrespective 
of the halocarbons present. The monomer cations, absorb
ing typically at shorter wavelengths (Xmax(Bz+free) 555 nm, 
Xmiix(Bz+c) 470 nm),11 cannot be responsible for that band. 
The appearance of an isosbestic point in the benzene- 
CClaBr system (Figure 12) is not indicative of such a sec- 
onc band as this system constitutes a special case (see 
below). The red shift occurring in harder matrices (see 
below) also cannot be explained by this second band. It is 
believed therefore that the strong blue shifts are real and 
due to changes in the dimer cation structure. This is sup
ported by a recent paper by Irie et al.18 concerning a charge 
transfer band for the complex between a benzyl radical and 
a chloride ion. This band at 360 nm appears in low-temper
ature glass matrices if the benzyl chloride anion is caged. In 
a softer matrix this charge transfer band shifts to the blue 
and disappears as the benzyl radical is separating from the 
chloride ion. The present dimer cations also relax on warm
ing the matrix, resulting in a blue shift of the charge reso
nance band wdth simultaneous reduction of dimer cation 
concentration, due to ion neutralization and changes in the 
monomer-dimer cation equilibrium.

2 Matrix Effects. Changing from the soft matrix (3MP) 
to the hard matrix (MCH) the charge resonance band shifts 
by +135 nm for the benzene dimer cation, and +35 nm for 
the ieri-butylbenzene dimer cation (Table I). For bulky 
molecules the complex cannot be distorted much by a hard 
matrix, contrary to the locally more mobile benzene mole
cule. An increase of the halocarbon concentration in 3MP 
also yields a red shift, as seen for the benzene-CCl4 system:
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TABLE I: Char~eResonance Enertties of Aromatic Dimer Cations

Charge
Halocarbon Aromatic resonance

Dimer solute, solute, band at 77 K,
cation" Solvent mol % mol % A...... ,IIl11 Re(

(I-BuBz)2 .. 3MP gle:ss I-BuBz (1) 1030 Figure 5
CCl4 (0.12) t-BuBz (1) 1029 Figure 11
eCI, (1) t-BuBz (1) 1035 Figure 8·
CCIJBr (0.4) I-BuBz (1) 1030 Figure '1,

~." (0.2) t-BuBz (2) 1000 Figure 8
MeH gla.s$ e<;;,1 (4.12) t-BuDz (I) 1064 FigUeil

Utth' 3MP glass Bz (2) 930 Figcre 4
CCI, (0.1,2) Bz (2) 929 Figure 10
CCI. (2) Bz (1) 960 b
CCI, (5) Bz (2.8) 1030 c
CCl3Br (1) Bz (1) 920 Figl:re 12
CBr, (0.2) Bz (2) 910 b

MCR glass cel, (0.12) Bz (1) 1065 Figure 10
(BrPh)z' 3MP glass BrPh (2) 930 Figure 9

a t-BuBz '= tert-butylbenzene; Bz '= benzene. b W. Funk, unpublished results. c Reference 8.

.21.U

5 mol % of CC4 shifts the charge resonance band to 1010
nms (Table I). Presumably this erIect is not related to the
viscosity of the matrix but rather to the molecular CC4
benzene associations at low tempentures.

The blue shift of the charge reeonance band on warming
the matrix is large for benzene (Figure 10) andtert-butyl
be~ne (Figure 6--8), small for bromobenzene. (Figure 9),
and negligible for naphthalene. This implies that the struc
ture of the dimer cation of naphthalene is stable, irrespec
tive of the surrounding matrix. For benzene and substitut
ed benzenes the dimer cation has a weak bond and the ma
trix effect js dominant. It is so dominant that the shift of a
benzene, toluene. m-xylene. and mesitylene charge reso
nance band in a 1:1 n-butyl chloride-isopentane matrix on
warming slightly is cancelled on refreezing to 77 K.ll,19

3. Cation Formation and Dec.y. All systems in a 3MP
matrix show an initial increase of the eharge resonance
band by a few percent on warming. In the hard matrix
(MCH) however this initial increase is quite large (Figure
10 and 11). It probably is the result of additional complex
formation due to the presence of excess monomer cations.
It indicates that in a MCH matrix the association of molec
ular benzene is far from complete. Badger and Brockle
hurst found a similar shift for ae monomer-dimer cation
equilibrium on softening an-butyl chloride-isopentane
matrix (see Figure 2 in ref 11).

4. Comparison with Theory. Further support for our as
signments stems from a theoretical study on monomer and
dimer cation absorptions by Badger and Brocklehurst.2o

From their calculations for benzene and naphthalene the
charge resonance transitions are expected in the far visible .
to neAr-mf1'aNd l'llgion, well· sell!lcated Crom other absorp
tions. This ag:reeswith the experiments. Unfortunately the
theory yields but an order of magnitude, and the model
cannot easily be optimized. as too many parameters are in
volved. However for the present findings of a blue shift for
charge re!fOnance hands on softening the matrix, it is inter
esting to note that the theory also predicts a strong blue
shift, if the intermolecular orbital overlap in the dimer cat
ion is reduced to zero.2O Badger and Brocklehurst20 also
found that both the calculated and experimental monomer
cation transitions suffer a bille shift on complexation

(dimer formation), however, that the experimental shift i!l
much larger. They suggested that the dimers must consid

.erably be distorted from the calculated perfect sandwich
~onformation. Such distortions can be criticall! dependent
!In the matrix involved. As:the -matrix. s&ucturechanges
with in~reasiiig temperature; t.he distortion changes, and
consequently the monomer Catl~n ~d8ild the charge res
onance band shift. We could not obRrve the mo-.omer cat
ion band (see section 6), hut the charge resoDSnce banda
clearly show these shifts. .

If a neutral dimer molecule has a different conformation
than the corresponding dimer Cation, the latter should be .
formed fIrst with the preformed neutral dimer conforma
tion. It will relax on softening the matrix, together with a
charge resonance band shift. However from th~ fact that
the charge resonance bands for various dimer cations re
turn to their initial positions on refreezing (see section 2).
one has to conclude that the matrix effect (cage effect) is
dominant. .

The distortion of the dimer cation by the matrix is large
if the complex is weak (benzene, tert-butylbemene). For
polar molecules the dimer cati01l5 are expected to have
stronger bonds with correspondingly letlilmalrix effect
(bromobenzene). For naphthalene the interaction in the
dimer cation is large through the extended r system (no
matrix effect).

5. The Benzene-CC1;Jlr System (Figure 12). The iso
thermal spectral changes observed in this system, together
with a rather pronounced isosbestic point cannot result
froin a matrix effect. A new species absorbing at about 740
nm must be formed from the dimer cation demy. The nec
essary condition for thi8 process ig the Pl'~of CCl:Jh
since the dimer cation is stable with all otherhalocaroona
at 77 K. On warming, the CCIaBr-benzene sys'!'..ern does not
show a blue shift of the charge resonance band Instead the
dimer cation decays through the new 740-nm uansient. It
is suggested, rather tentatively, that the new band may be
assigned to the charge-transfer band of the ionic complex
(Bz+·CCl;JBr). Because of the high solute ccneentrations
and the expected molecular associations at low tempera
ture, the aromatic dimer cation will mostly find CCIsBr.
molecules close by. It is then assumed that the dimer cation
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(Bz)2+ is weaker than the postulated complex of the ben
zene cation with CCl3Br. In systems with the other nonpo
lar halocarbons the existence of similar complexes, e.g., (£- 
B u B z ) + - C C 1 4 , cannot be excluded. However they must be 
weaker and could not be detected in our experiments.

6. Other Transient Absorptions. The absorption of the 
complexed monomer cation (e.g., Amax(Bz+c) 470 nm) 
should shift toward the free monomer cation band 
(Xmax(Bz+free) 555 nm) while the charge resonance band 
shifts to the blue. It is tempting to correlate this effect with 
the apparent red shift of the visible absorptions in all mix
tures of halocarbons and aromatic solutes, as illustrated by 
Figure 6. However the results from Badger and Brockle- 
hurst11 suggest that the intensity of the complexed mono
mer cation band should be about a factor of 5 smaller than 
the charge resonance band. Consequently the monomer 
cation absorption must be hidden within the visible ab
sorption which actually is due to some yet unknown halo- 
carbon transients.

For bromobenzene in 3MP the dimer cation decay is par
alleled by the formation of a new transient absorption at 
570 nm. It is assigned to the bromine atom charge transfer 
complex with bromobenzene (Br-BrPh), already known in 
the literature.21-23 This result agrees with a similar spec
trum published by Noda et al.24 (Figure 6 in ref 24). Al
though not correctly interpreted their spectrum clearly 
shows the 560-nm charge transfer band and an additional 
band at 340 nm due to the bromine adduct radical 
( B r 2C 6H 6-).

The transient spectra of the pure aromatic hydrocarbons 
in 3MP (Figures 4 and 5) do show the charge resonance 
band, but are rather unspecific otherwise. For benzène 
(Figure 4) the 316-nm absorption is assigned to the 06^- 
radical. The broad 410-nm band must be due to the ben
zene anion (see Gardner25), probably with mixed-in ab
sorption from the complexed monomer cation at 470 nm. 
The band assignment for the £ert-butylbenzene system 
(Figure 5) is quite similar: the 320-nm band due to the H- 
adduct radical, the 378-nm absorption due to the anion, 
with the absorption of the complexed monomer cation 
mixed into the red slope of the anion absorption.

7. Comments to Previously Published Band Assign
ments. Even though Badger and Brocklehurst have pub
lished1120 quite extensive proof for the cation assignments, 
some other conclusions published in the same year by Ek- 
strom8 are still debated.26 It will be shown here to what ex
tent that controversy27 is solved in the authors opinion.

In a system of benzene in 3MP Ekstrom8 assigned bands 
at 525 and 930 nm to the benzene monomer and benzene 
dimer anion, respectively. In a similar system with addi
tional 5 mol % CCU he found bands at 320, 465, and 1030 
nm, which he assigned to the benzene monomer cation, 
some unknown species due to CCI4, and to the benzene 
dimer cation, respectively. In the view of our results the 
930-nm band and the 1030-nm band are not due to differ
ent species. Both bands must be assigned to the charge res
onance band of the benzene dimer cation, merely shifted 
due to the presence of a high concentration of CCI4 (see 
Table I and section 2). The monomer-dimer equilibrium 
studied with these two bands are also identical (Figures 2 
and 5 in ref 8). The 525-nm band, which disappears with 
increased concentration of benzene, corresponds to Brock- 
lehurst’s 555-nm band, i.e., the uncomplexed monomer cat
ion band of benzene. As the dimer cation is formed (930 
nm) the monomer cation band (525 nm) disappears or rath

er is replaced by thé complexed monomer cation band at 
465 nm.11 In systems without any additional electron scav
engers this band however is hidden under the broad ben
zene anion band, which is expected in the region of 410 nm 
(Figure 4 and results by Gardner;25 see also section 6).

Ekstrom’s bleaching experiment for the 525- and 930-nm 
bands with tungsten light probably means that the benzene 
anion (absorbing at about 410 nm) can be ionized and the 
freed electron then neutralizes any cations (monomer at 
525 nm or dimer at 930 nm) in the system.

Ekstrom assigned thf 320-nm band in the benzene-3MP 
systentflwith high condentration of. CCI4 to the monomer 
catioh. That means that its behavior should be identical 
with the other monomer cation band at 525 nm, as support
ed by its disappearance when the dirjier cations are formed 
(Figure 5 in ref 8). However other ftiets make the assign
ment less clear: e.g., Figure 3 of ref 8'displays a strong 320- 
nm band but no 525-nm band. The strong 320-nm absorp
tion was only detected in systems with high concentration 
of CCI4. We believe that it is due to a yet unknown species, 
which is different from our 316-nm band'"(Figure 4) in the 
benzene-3MP system. The latter we assigned to the CfiH7 
radical (see section 6). The fact that wë do not see the 
known fine structure for thàt radical (316.5 nm:311 nm 
with intensity ratio of 2:128) is due to the experimental con
ditions which did not allow us to resolve the weak 311-nm 
band.

Conclusions
The observed dependence of the charge resonance ener

gy on the matrix characteristics corresponds to changes in 
the structure of the dimer cation: a hard matrix strongly 
distorts the dimer cations, thereby reducing the charge res
onance energy, unless steric effects block further distortion 
(e.g., tert-butylbenzene). On softening the matrix there is a 
continuous relaxation process with a simultaneous increase 
in the charge resonance energy, until the conformation of 
the free dimer cation is reached (unless it first disappears 
by neutralization or by a shift of the monomer-dimer cat
ion equilibrium). For benzene and tert-butylbenzene this 
free state is quite loose, but stable, since it had been detect
ed by high-pressure mass spectrometry in the gas phase.29 
Due to the small shift observed for bromobenzene, its free 
dimer cation cannot be much different from the one in a 
matrix at 77 K. Naphthalene dimer cations are obviously 
tight enough so that no matrix effect can be seen.
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Partial volume expansibility of some representative organic solutes, in aqueous solution at 3.98° and infi
nite dilution, were computed from shifts in the temperature of maximum density. Interplay of electrostric
tive disruption of solvent structure by polar groups and the solvent ordering effects associated with the hy
drocarbon moiety of solute molecules are thereby brought into focus.

Introduction
An acceptable model of solution structure must be con

sonant with a set of fundamental thermodynamic proper
ties which includes solute partial volumes and partial ther
mal expansibilities. There is a unique experimental method 
for acquiring thermal expansibility data on dilute aqueous 
solutions near 3.98° which is attributable to the existence 
of maximum solution density near this temperature. Ear
lier work on this topic was reviewed by Franks.1

The shift in the temperature of maximum density under 
the influence of solute in dilute aqueous solution was ex
pressed by Wada and Umeda2 as

AB = -1/(1 -  x)2fiVl *[xaV2° + aAVMA>T] (1)
where x is solute mole fraction, a is the thermal coefficient 
of expansion of pure solute, /3 is the coefficient in the para
bolic relation to temperature of the molar volume of water 
in the vicinity of 3.98°, V2° is the molar volume of pure so
lute at 0°, Vi* is the molar volume of water at 3.98°, and 
A VM is the excess volume of mixing.

Frank3 identified an approximate relationship between 
the apparent molal expansibility, <t>, and AO

4> = -A e/m[d2V/aT2] (2)
where m is the molality and where the second derivative is 
to be evaluated at 3.98° and infinite dilution. Subsequently 
it has been shown4 that eq 1 can be cast into a form which 
provides a direct link between experiment and a value for 
thé partial molal expansibility of solute at 3.98° and infi
nite dilution

ôV2*/ôT = —2 0 W [ A 0 / x ]l  (3)

or the thermal coefficient of partial volume expansion of 
solute

a* = -2dV1*/V2*[A0/x]L (4)
where [A0/x]l is the limiting value of A6/x at infinite dilu
tion and V2* is the partial molal volume of solute at 3.98° 
and infinite dilution. The reliability of such solute expansi
bility data will be limited by the precision of extrapolation 
from experimental measurements. A 6/x is quite insensitive 
to solute concentration for a large number of electrolytes4 
at high dilution. However, nonlinear extrapolation func
tions may be needed for other cases in which this is not 
true.

This is a report of some experimental measurements of 
AB/x and the calculation of partial expansibility data from 
these, and from other experimental measurements reported 
in the literature, for some simple organic solutes in aqueous 
solution.

Experimental Section
Measurements of A8 were made by the method of Wada 

and Umeda2 with the following modifications. Matched di- 
latometers, one containing the aqueous solution and the 
other water, were immersed side by side in a controlled 
temperature water bath. This type of differential measure
ment eliminated the need for glass expansion corrections 
and rendered less critical errors in thermal equilibration or 
temperature measurement.

The temperature of maximum density, Tmd, was calcu
lated from at least eight data points (height, h, of liquid in 
dilatometer arms) taken over a range of Tdm ± 2°. Multili
near regression was used to find the best fit to the equa-
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TABLE I: Partial Specific Volumes, Shifts in Temperature of Maximum Density Vs. Concentration. and Thermal
Coefficients of Partial Volume Expansion for Some Simple Organic Solutes in Water at Infinite Dilution and 3.98°

[Ae/X]L'
deg mole 103(i*,

V*, ml g_t fraction-t deg-t

CH40 Methanol 1.lB6a 42e -0.32
CH20 2 Form'.c acid 0.76()d -41B 3.44
C2H6O Ethanol 1.1B7a 14F. -0.74
C2H6OZ Ethanediol 0.864 -18ge 1.02

-172 0.92
C2H40 2 Acetic acid 0.8334 -413 2.38
C2Hs02N Glycine 0.530 -548 3.99
C3HBO 2-Propanol 1.188a l40e -0.56

I-Propanol 1.165a 117e -0.48
C3HB0 2 1,2- Propanediol 0.926 46e -0.19
C3HB0 3 Glycerol 0.768 -164e 0.67
C3H6O 2- Propanone 1.121 -120e 0.53
C3H60 2 Propanoic acid 0.877 -407 1.80
C3H70 2N a-Alanine l 0.657 -399 1.96

{3-Alanine 0.640 -501 2.53
C4HIOO 2-Methyl- 2- propanol 1.185b 393e -1.29

2-Butanol 1.160a 140e -0.47
2- Methyl-I-propanol 1.159a 71e -0.24
I-Butanol 1.156a n e '-0.24
Diethyl ether 1.093 -44 0.16

CIHBO Tetrahydrofuran 1.050c -223e 0.85
-238 0.91

C4Hs0 2 2-Methylpropanoic acid 0.917 -408 1.46
1,4-Dioxane 0.895c -410e 1.50

-414 1.51
1,3-Dioxane 0.724 -451 2.04

CSHtOO2 3-Methylbutanoic acid 0.957 -438 1.29
CsHtt0 2N Valine 0.756 -368 1.20
CsHtP2N Leucine 0.760 -580 1.67

Isoleucine 0.794 -485 1.34
CsHtOO3N2 Alanylglycine 0.610 -618 1.81
CgH120 3N2 Alanylalanine 0.670 -628 1.69
CBHt603N2 Glycylleucine 0.714 -894 1.91

a Reference 6. b Reference 7. c Reference 8. d Reference 5. e Reference 2. f Amino acids are all in the dl form.

tion, h - hMD = c(T - TMD)2, where c is a constant. This
interpolation equation is based upon the empirical parabol
ic relation between temperature and volume of water and
dilute aqueous solutions near 3.98°. A corresponding value
of TMDo for water in the matched dilatometer was found
and JlfJ/x = (TMD - TMD°)/x was recorded for each solu
tion. Values of JlfJ/x for a number of solutes were taken
from the literature, subject to the condition that they could
be extrapolated to infinite dilution with the desired preci
sion.

It was possible to obtain a limiting value of Jl9/x at infi
nite dilution, [Jl9/xlL, for most solutes by use of a linear ex
·trapolation function, Jl9/x = ax + b, where a and b are con
stants. Better extrapolation for alcohols, as a class, was
achieved with M/x = ax 1/2 + b. In either case the reliabili
ty of the extrapolated value was within ±5%.

Standard pycnometric methods were employed to mea
sure densities used in the calculation of partial specific vol
umes within error limits no greater than ±l%, but where
possible, values were interpolated from density measure
ments reported in the literature.
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Results

Three comparisons between values of thermal coeffi
cients of partial volume expansion, a*, computed from the
measurements of Wada and Umeda2 and those from my
measurements are available in Table I, i.e., ethanediol, te
trahydrofuran, and 1,4-dioxane. Agreement is within the
confidence limits of ±5% deduced from my own measure
ments.

The values of a* listed in Table I draw particular atten
tion to monohydric alcohols in this set, all of which are neg
ative, and to the highly symmetrical 2-methyl-2-propanol
standing in a class by itself. The dramatic effect of addi
tional hydroxy groups is apparent: compare ethanol with
ethanediol and I-propanol, or 2-propanol with 1,2-pro
panediol and glycerol. Conformational relationships among
tetrahydrofuran (THF), I-butanol (BA), and diethyl ether
(EE) suggest the following consideration. If THF is
thought of as cyclized EE with concomitant restriction on
freedom of reorientation Of the hydrocarbon portion of the
molecule, then one sees a significant increase in a*. If, on
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the other hand, the hydroxy group of BA is replaced by an 
ether linkage with ring closure to form THF, there is a 
much greater increase in ct*.

The series of carboxylic acids included in this set starts 
with formic acid which has a value of a* comparable with 
ammonium halides.4 Increasing size of the hydrocarbon 
moiety in the progression formic, acetic, propanoic, 2- 
methylpropanoic, and 3-methylbutanoic acid is accompa
nied by an uninterrupted decline in a* values, ranging from 
3.44 X 10~3 to 1.29 X 10~3.

The effect of increasing size of the hydrocarbon moiety 
upon the value of a* for a sequence of amino acidsvis even 
more pronounced, ranging from 3.99 X  10~3 for glycine to
1.20 X  10~3 for valine. However, the values for the six-car
bon isoleucine and leucine are greater than the sequence 
minimum of valine. The effect of a hydrocarbon tail, unre
stricted by hydrophylic substituents or by ring closure, is 
again illustrated in the comparison of d-alanine and «-ala
nine.

The three dipeptides in this set have values of á* less 
than the average of the respective amino acids from which 
they are formed.

Discussion
Although some insight into aqueous solution structure 

was provided by a separation of measured shifts of Tmd 
into A0¡deai and A09tructUrai,2 further significance of these 
measurements is revealed by the computation of partial 
volume expansibilities of the solute. When comparing so
lutes of vastly different partial molal volumes, it is espe
cially advantageous to remove the volume dimension from 
expansibility data, as done in defining á*, the thermal coef
ficient of partial volume expansion.

The concept of a cage-like solvent structure, involving an 
increase in hydrogen bonding in the solvation sphere, is 
supported by a variety of properties of many dilute aque
ous solutions.1 Especial attention has been focused on the 
alcohols since it appears that, among relatively soluble or
ganic solutes, they have the most profound effect.1’9'10 To 
the extent that such a clathrate-like structure exists, it 
must be associated with increased short-range order in the 
solvent near the guest molecule. One can expect that this 
type of structure would be more favored at the Tmd than at

higher temperatures. Thus a rise in temperature would 
cause some disruption of the short-range order, and an ac
commodation of the guest molecule in a somewhat more 
limited space.

Formal electric charge or electric polarity on a guest mol
ecule produces quite a different effect: solvent électrostric
tion, disruption of the normal hydrogen-bonded structure 
of liquid water, with the guest molecule occupying a rela
tively small volume element. This volume element, of 
course, will expand as the thermal energy of the water mol
ecules increases.

When a polar organic molecule with a hydrocarbon moi
ety is placed in an aqueous environment, each of these two 
effects of the solvent will be manifest to a greater or less ex
tent, and the partial volume expansibility should reflect 
the manner in which these two solution-structuring effects 
are balanced against each other: electrostrictured solvent 
contributing to greater thermal expansibility and quasi- 
clathrate formation causing a reduction. Moreover, if ex
pansibility data relate to infinite dilution, the complica
tions of solute-solute interactions and their effect on solu
tion structure are eliminated.

If the integration of concepts considered in this discus
sion is accepted, the collection of data in Table I then illus
trates the manner in which these contrasting effects on sol
vent structure balance out in some representative classes of 
organic solutes. In any event such data should be useful in 
testing any solution structure model.
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Coenzyme Model Studies. II. Polyelectrolyte Influence on 
the Complexation Equilibrium between Model Compounds of 
Nicotinamide Adenine Dinucleotide and Indole Derivatives1
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Complex formation of analogs of nicotinamide adenine dinucleotide (NAD+), namely, 3-carbamoylpyridi- 
nium compounds quaternized with chloroethylated adenine (NAA), thymine, and theophylline, with indole 
derivatives were studied in the presence of simple and polyelectrolytes and a surfactant, and in their ab
sence. The indoles are indoleacetate, indolepropionate, indolebutyrate, L-tryptophan, and tryptamine. 
The polyelectrolytes were sodium poly(ethylenesulfonate), sodium poly(styrenesulfonate) and a copolymer 
of diethyldiallylammonium chloride and sulfur dioxide. The surfactant was cetyltrimethylammonium bro
mide. All electrolytes decreased the association constants between the model compounds and indoleace
tate, and increased those between the model compounds and tryptamine. Complex formation of the model 
compounds with L-tryptophan was not influenced with addition of simple and polyelectrolytes. These ef
fects were discussed theoretically in terms of the secondary salt effect using the Debye-Hiickel theory and 
Manning’s theory on polyelectrolytes, suggesting that electrostatic forces were thus most important to the 
stability of the complex. The thermodynamic quantities of the complex formation between NAA and in
doleacetate, i.e., the free energy (AG), enthalpy (AH), and entropy (AS) were derived. AH and AS were 
found to decrease by addition of salts, which was also successfully explained theoretically by using the 
Debye-Hiickel and the Manning theories.

Introduction
In a preceding paper,2 we synthesized analogs of nicotin

amide adenine dinucleotide, NAD+, namely, 3-carbamoyl- 
pyridinium compounds quaternized with chloroethylated 
adenine (NAA), thymine (NAT), and theophylline

"N+

R

CONH,
+

R'
complex

N

NATH, R =  ('HCH.,— CH,

( 1 )

CH,
indoleacetic acid (IA), R' = CH2COOH 
indolepropionic acid (IP), R' = CH2CH2COOH 
indolebutyric acid (IB), R' = CH2CH2CH2COOH 
tryptophan (Try), R' = CH2CHCOOH

NH2
tryptam ine (TA), R' = CH2CH2NH2

(NATH) and examined their equilibria and reaction rates 
with cyanide ions. These kinds of analogs which contain 
neither phosphate nor carbohydrate residues but nucleic 
acid bases only are very interesting for investigation of 
charge-transfer interactions.3' 8

In the present paper, systematic studies were carried out 
on the influence of polyelectrolyte addition to the complex 
formations of the model compounds, NAA, NAT, and 
NATH with indole derivatives, i.e., L-tryptophan, indole- 
3-acetic acid, tryptamine, etc. The phenomena that inter
ionic complex formation between similary charged ionic 
species is facilitated by increasing the concentration of sim
ple electrolytes, or ionic strength, whereas that between 
ionic species of the opposite signs is retarded, are well es
tablished as the secondary salt effect.9 However, the influ
ence of polyelectrolytes on the association phenomena have 
not been reported. As continuation of our previous work on 
polyelectrolyte “catalysis” on the reaction rates,10' 14 we 
wished to investigate this point and to clarify the impor
tant contribution of the electrostatic forces to the stability 
of the complexes between the model compounds and indole 
derivatives which may be inferred from previous work3' 8 to 
interact with each other by charge-transfer forces.

Experimental Section

Materials. The coenzyme model compounds, NAA, 
NAT, and NATH, were prepared by the Menschutkin reac
tion of nicotinamide with N-ehloroethyladenine, thymine, 
and theophylline. The details of the preparation were re
ported in preceding papers.2,15 Indole-3-acetic acid (IA) 
and indole-3-butyric acid (IB) from Merck (for biochemical 
use) were used without further purification. Indole-3-pro-
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Wave Length (nm)

Figure 1. Charge-transfer difference spectra of NAA (curve 1), NAT 
(curve 2), and NATH (curve 3) with indoleacetate at 25°: [NAA] = 
[NAT] = [NATH] = 2 m M , [IA] = 30 m M  (curves 1 and 2); 16 m M  
at 340 nm, pH 6.0 in H2O.

pionic acid (IP), L-tryptophan (Try), tryptamine (TA) hy
drochloride, KC1, and CaCl2 were guaranteed reagents.

Sodium poly(ethylenesulfonate) (NaPES), degree of po
lymerization 770, was a gift from the Hercules Powder Co., 
Wilmington, Del. Sodium poly(styrenesulfonate) (NaPSt) 
was kindly donated by the Dow Chemical Co., Midland, 
Mich. The molecular weight was 6,300,000. The purifica
tion of these anionic polyelectrolytes was described in the 
preceding paper.2 The copolymer of diethyldiallylammon- 
ium chloride and sulfur dioxide (DECS) is a strongly basic 
polyelectrolyte prepared by Harada et al.16’17 n-Cetyltri- 
methylammonium bromide (CTABr) was commercially 
available. Deionized water was further distilled using a 
Yamato automatic still (Model WAG-21) for the prepara
tion of aqueous solutions of the model compounds, indole 
derivatives, and polyelectrolytes.

Equilibrium Constants. The apparent association con
stant, K, in the absence of foreign salts was evaluated using 
the Foster-Hammick-Wardley method18 and the Behme- 
Cordes method19 from the slope of the (e — to)/N vs. t plot, 
where to is the sum of absorbances of indole derivative and 
the coenzyme model compound, e the absorbance of the 
equilibrium mixture, and N  the concentration of the indole 
derivative. The association constant in the presence of the 
added salt was derived from the equation, K~1 = N\a8/(t — 
eo) — 1], where a is the concentration of the coenzyme 
model compound, and 8 the molar extinction coefficient of 
the charge-transfer complex at a given wavelength (340 or 
350 nm). There were no salt perturbations of the band 
maxima under the present experimental conditions. The 
calculated values of K  at three different wavelengths (330, 
340, and 350 nm) were the same within experimental error 
for the systems of NAA, NAT, or NATH and indoleacetate. 
The reproducibility of the value of K was about 5% both in 
the presence and absence of poiyelectrolytes. The associa
tion constants were determined using a Hitachi spectro
photometer (Model EPS-3T) equipped with a thermo- 
stated cell holder.

R esu lts
When the coenzyme models were added to a solution of 

indoleacetate (pH 6.0 in pure water), a faint yellow color 
appeared instantaneously. As is seen from Figure 1, the dif
ference spectra indicate the appearance of a quite diffuse

2109

Figure 2. Foster-Hammick-Wardley plots for NAA (curve 1), NAT 
(curve 2), and NATH (curve 3) complexes with indoleacetate at 25°: 
[NAA] = [NAT] = [NATH] = 2 mM, [IA] = 27-60 m/W, at 340 nm, 
pH 6.0.

TABLE I: Association Constants of Model Compounds 
of Coenzyme I w ith Indole D erivatives at 25° “

k , Ar1

Indole derivative PH NAA NAT NATH

Indoleacetate 6 6 . 0 1 1 . 8  (860) 9.7 (940) 13.3 (790)
Indolepropionatec 6 . 8 13.5 (700)
Indolebutyratec 6.5 10.1 (870)
Tryptam ine 6 . 0 1.08 (2 0 0 0 )

hydrochloride 6 

L-Tryptophan6 6 . 0 5.63 (750)
“ [NAA] = [NAT] = [NATH] = 2 mM, [indole derivative] = 

24-96 mM, in H2O. The values in parentheses are m olar extinction 
coefficients of charge-transfer complexes a t 340 or 350 nm . b At 340 
n m . c At 350 nm.

band as a long tail to the longer wavelength. The spectra 
are quite similar to those found for NAD+-indoleacetate 
and other coenzyme models-indoleacetate mixtures.5’6'8 It 
may be quite plausible that indoleacetate is charge donor 
and the pyridinium moieties of NAA, NAT, and NATH are 
charge acceptors.

The representative Foster-Hammick-Wardley plots are 
given in Figure 2. The (e — to)N vs. (t — to) plots yielded in 
all cases straight lines which imply the formation of 1:1 re
versible complexes. The K values were obtained from the 
plot (see Table I). The K  values of nicotinamide adenine 
dinucleotide (8 isomer, /JNAD+) with tryptamine and L- 
tryptophan were reported by Alivisatos et al.5 as 14.55 and 
13.40 M_1, respectively, in water at 27° and ionic strengths 
of 0.02-0.1 M. The K  values of the present model com
pounds with tryptamine are fairly small compared with 
those of NAD+, because of electrostatic repulsive forces be
tween the donor and acceptor. The K values of the model 
compound, NATH, decreased in the order indole acetate 
(anionic) > L-tryptophan (neutral) > tryptamine (cation
ic). The salt effects on the K value of the NATH-IA com
plex are shown in Figure 3. As is clearly seen, K decreased
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Figure 3. Electrolyte effects on complex formation between NATH 
and indoleacetate at 25°: [NATH] = 2 mM, [IA] = 30 mM, at 340 
nm, pH 6.0; experiment (O) KCI, (X) CaCI2, (□) DECS, (A) NaPSt, 
(•) CTABr; theory broken curve (1) KCI, (2) CaCI2, (3) DECS (£ = 
1.4), (4) NaPSt (£ = 2.85).

by addition of the simple, poly- and micelle electrolytes. 
The effects of poly- and micelle electrolytes were larger 
than those of simple electrolytes, which should be ascribed 
to high electrostatic potential of the micelles and ma
croions. The retarding actions of KCI and CaCl2 are the so- 
called “secondary salt effect” on the equilibrium constant.9 
A quantitative discussion will be given later.

In Figure 4 the retarding effects of an anionic polyelec
trolyte, NaPES, on the NATH-IA, NATH-IP, and NATH- 
IB complexations at 25° are shown. The changes of the 
equilibria are mainly due to the electrostatic interactions 
between NaPES and NATH, or between NaPES and in
dole derivatives. It should be mentioned that the retarding 
actions of NaPES or CTABr did not depend on the model 
compounds as is clearly shown in Figure 5.

The spectra of the NATH-Try system did not show any 
change by addition of NaPES or DECS, when the concen
trations of NATH, Try, NaPES, and DECS were 2 mM, 96 
mJlf, 20 mequiv l-1, and 20 mequiv l-1, respectively, and 
pH was 6.0. This may be due to the interactions between 
the polyelectrolytes and neutral tryptophan being very 
weak under the experimental conditions.

When the anionic polyelectrolyte, NaPES, was added to 
the NATH-TA-HC1 system, the solution turned yellow and 
turbid. This shows that NaPES adsorbs both of NATH and 
TA by electrostatic attractive forces and strikingly en
hances the complexation. The determination of the associ
ation constants in the presence of NaPES was not possible, 
of course.

The complexation of NATH-TA system was slightly en
hanced by cationic polyelectrolyte, DECS, and KCI, as is 
seen in Table II. The calculated values were obtained using 
theories to be mentioned later (eq 7 and 17). The reason for 
the enhancement will be described later.

D iscussion

Now let us discuss the influence of simple and polyelec
trolytes on the association constant in terms of the “secon
dary salt effect” theoretically. First, the “secondary salt ef
fect” of simple electrolyte is considered. When a complex is 
formed between ions D and A

D + A ^  D-A (2)
the thermodynamic equilibrium association constant, K0, is 
defined by

Figure 4. Retardirg effect of NaPES on complex formation between 
NATH and indole derivatives at 25°: (O) IA, (AÏ IP, (X) IB; [NATH] = 
2 mM, [IA] = [IP] = [IB] = 30 m/W, at 340 nm, pH 6.0.

Figure 5. Retarding effect of NaPES and CTABr on complex forma
tion between coenzyme model compounds and indoleacetate at 
25°: [NAA] = [NAT] = [NATH] = 2 mM, [IA] = 30 mM, at 340 
nm, pH 6.0; (O) NATH, (A) NAA, (X) NAT; (broken curve) Manning’s 
theory for NaPES (£ = 2.85).

TABLE II: Enhancing Effect of KCI and DECS on 
Complex Form ation between NATH and 
Tryptam ine Hydrochloride at 25°

E lectro ly te

E lectro ly te 
concn. 

equiv l ' 1

K/K*
(obsd)“

K/K*
(calcd)'

KCI 0 . 0 2 1.04 1.18
0 . 1 1.24 1.84
0 . 2 1.41 2.73

DECS 0.0535 1.08 1.46
0.0764 1 . 1 2 1.59
0.115 1.18 1.76
0.153 1.23 1.89
0.191 1.30 1.98

° [NATH] = 2 mM, [TA-HC1] = 30 mM,  at 340 nm, pH  6.0. The 
K  value in the  absence of foreign sa lt (K *) is 1.08 M “ 1 (see Table 
I). b From eq 7 for KCI and eq 17 for DECS.

Ko -  od-a/od-cia (3)
where a denotes the activity. The activity is the product of 
the activity coefficient, /, and the concentration. Thus, eq 4 
and 5 are obtained.

K  _  [ D 'À ]  / d -a  _  „  / d -a  

[ D ] [ A ] / d / a  / d / a

K = Ko / d / a

/  D-A

(4)

(5)

We can observe only the ratio of the concentrations of D, 
A, and D-A (not the ratio of the activities); the K values 
(not Kq) can be obtained by experiments. In very dilute
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aqueous solutions, the activity coefficients, / d , / a , and / d -a , 

can be safely estimated by the Debye-Hückel theory as fol
lows:

log fi = -0.509 Zi2P ' 2 at 25° (6)
where 2, is the valency of the ionic species, i, and I the ionic 
strength. From eq 5 and 6 we obtain

log K = log K0 + 1.C18ZdZa/ 1/2 (7)
Comparison of the observed ff values for complex forma
tion between unlikely charged ionic species in the presence 
of KC1 and CaC^ with values calculated from eq 7 is dem
onstrated in Figure 3. It is seen that the observed retarding 
effect by CaCl2 is larger than that by KC1, though the 
agreements between the observed and calculated K/K* 
values are not so good, especially at high concentrations. 
This deviation may be due to (1) the ionic strength being so 
high (0.1-1) that the application of the Debye-Hiickel 
theory is difficult and (2) both reactants, the donor and ac
ceptor ions, being too large to be assumed as point charges.

Next, we discuss the “secondary salt effect” of polyelec
trolytes on the interionic association constants between 
ionic species with unlike charges. In this case, log / d -a  can 
safely be neglected compared with log / d  or log / a . because 
the activity coefficients of the electrically neutral complex 
are not sensitive to changes in ionic concentration. We, 
therefore, obtain the following relation from eq 5

lo g  K = lo g  Ko + lo g  ( / d / a ) (8 )

In discussing the polyelectrolyte effect, it is convenient to 
use the association constant without added salt, K*, as a 
reference. K* is then given as follows

log K* = log K0 + log (/d7 a*) (9)
where the asterisk denotes the reference state. From eq 8 
and 9, eq 10 is derived

log K/K* = log (/d/ a//d7 a*) (10)
Since the mean activity coefficient, f±, of the electrolyte 
D~A+ is given by ( / d / a ) 1/2, the following is obtained.

log K/K* = 2 log f±/f±* (11)
Manning developed a theoretical expression for f ± of 

added simple salts in dilute polyelectroiyte solutions as fol
lows (eq 48 of ref 20)

, 2 r lne + ns r  ~£ lne 1
/ ±  = -----------T -----------e x P  7 3 1 ---------7 ~ 3ne "b ns L (  r ig  t  2 n s J

£ > 1 (12)

where £ is the charge density parameter given by the rela
tion

£ = e07 DkTb (13)
where b is the distance between the neighboring charges on 
an infinite linear line charged macroion, D the dielectric 
constant of solvent, and eo denotes the electronic charge. ne 
and na are the equivalent concentrations (number of ions 
per cm3) of macroions and the number of added simple 
salts per cm3. Equations 11 and 12 are combined and the 
following relation is obtained.21

In K/K* = In 1 + £-tX 
X + 1

X
X + 2£ (14)

where X is ne/(ns + Mr, + wr2) and nRt and fiR2 denote the 
numbers of reactant 1 and reactant 2, respectively.

In Figure 5, a theoretical curve (broken line) for the re
tardation by NaPES calculated by eq 14 is shown. The pa
rameter value of £ was taken to be 2.85 for NaPES (b was 
calculated as 2.5 A from the molecular structure). The di
electric constant, D, of water was estimated to be 78.54 
from Wyman’s data.23 The theory fairly well predicts the 
observed strong retarding effect of pojyelectrolytes. The 
observed K/K* values were, however« a little larger than 
the calculated, which may be due to the fact that the com- 
plexation reactions occurred between comparatively large 
and complicated ions for which the theory is not valid. The 
comparison for the CTABr containing system with theory 
was not carried out, since the CTABr micelle is spherical,24 
for which theory is not valid either.

Figure 3 shows a comparison of the K  values of the 
NATH-IA system with the theory in the presence of DECS 
and NaPSt. In the case of DECS the agreement between 
the theory (curve 1) and the observed values (open circle) is 
good. As is seen from the figure, the observed retarding ef
fect of NaPSt is larger than that obtained from the theory 
(eq 14). This could be due to the strong hydrophobic na
ture of NaPSt;12 the NATH molecules accumulate around 
the PSt macroion because the electrostatic and hydropho
bic attractive forces between the hydrophobic PSt ma
croanion and the hydrophobic NATH univalent cation are 
extremely strong and are retarded from complexation with 
indoleacetate anions, which are far from the PSt macroion 
on account of the electrostatic repulsive forces between 
them.

We note here that eq 14 is also valid for the cyanide ad
dition reaction of NAA s+udied earlier in the presence and 
absence of polyelectrolytes.2 In Figure 6, the observed equi
librium association constant, K, was compared with the 
theory (eq 14). A good agreement between the theory and 
the experiment was obtained, particularly at low polymer 
concentration regions. Deviations at high polymer concen
tration regions may be due to the imperfection of Man
ning’s limiting law in such a concentration range.

Now, we discuss the “secondary salt effect” of cationic 
polyelectrolytes on interionic association constants be
tween cationic charged ionic species, such as between a 
coenzyme model compound and tryptamine. In this case, 
all activity coefficients, fu, / a , and / d -a , in eq 5 are those of 
coions of macroion given by (see ref 20)

! > 1  " 5)
and

/ DA = exp f — — 1 £ > 1 (16)L £ lne 4- 2nsJ
Thus, the In K/K* is expressed as follows:

♦ « ( £  + £ ) ]  (17)

where X t = n j n ^  and X?. = ne/riR,r rr, and nr2 denote 
the numbers of reactant 1 and 2. The calculated values for 
the NATH-TA complexation in the presence of DECS 
using eq 17 are shown in Table II. The calculated values in 
the presence of KC1 were derived using the Debye-Hiickel 
theory (eq 7). As is seen from the table, the observed en
hancing effect of simple and polyelectrolytes is supported 
by the theories, though the agreements between the ob
served and the calculated K/K* values are not so good for 
both KCl and DECS. This deviation may be attributed to
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Figure 6. Comparison of observed and calculated K  values for NAA- 
CN~ reaction in the presence of NaPES at 25°: [NAA] = 0.198 
mM, [KCN] = 4 mM, [KOH] = 1 m/W; (Q) NaPES added, observed 
(from ref 2); (----- ) calculated.

TABLE III: Thermodynamic Constants of 
Complexation between NAA and Indoleacetate at 25° “

A Gb A H b ASb
Elec- ------------------  ------------------- -----------

trolyte Obsd Calcd Obsd Calcd Obsd Calcd

None -1.47 (-1.47) ^1.44 (-4.44) -10.0 (-10.0)
KC1 -1.34 -1.05 -4.67 -4.68 -11.2 -12.2
CaCl2 -1.30 -0.88 -4.80 -4.75 -11.7 -12.9
DECS -1.20 -1.24 -4.48 —4.49 -11.0 -10.9
NaPES -1.19 -1.10 -4.44 -A Al -10.9 -11.4

° [NAA] = 2 mM, [LA] = 30 mM, at 340 nm, pH 6.0. 6 The units 
of AG and AH  are in kcal mol-1 , and AS in eu. The experimental 
uncertainty is believed to be ±0.05 for AG, ±0.2 for AH, and ±2 
for AS.

NATH and TA being too large to be assumed as point 
charges and the high concentrations of KC1 and DECS.25

Next, we discuss the temperature dependence of the as
sociation constants. The K value for the NAA-IA system 
decreased with increasing temperature. This reflects the 
fact that reaction 1 is exothermic. Table III gives the free 
energy (AG), enthalpy (AH), and entropy (AS) of NAA-IA 
complex formation. By addition of simple or polyelectro
lytes, AG increased, which is in agreement with the ob
served changes of K. Both AH and AS decreased with 
added electrolytès, though slightly.

The thermodynamic parameters for the interionic com
plexation can be computed theoretically from the Debye- 
Hückel theory and from the Manning theory; AG and AH 
in the presence of polyelectrolyte were obtained from eq 14 
as follows:

AG -  AG* = RT

AH -  AH* = RT

, r 1*  + 1-In -----------+X + 1
X

X + 2|J
(18)

r x
2£X 1 ( 1 + Td D\

Lx + s (X + 2£)2J \  D d T /
(19)

where the asterisk denotes the absence of added polyelec
trolyte. The changes in AG and AH of the complex forma
tion by the addition of simple electrolytes (KC1 or CaCl2 in 
the present case) are given by the Debye-Hückel theory.

AG -  AG* = -2 RT  v/2tt/V/1000 ' e02 \3/2 
DkT/

X

(VnRl + nRi + [(z2 + z)/2]na -  V nRl + nR2) (20)
,________________  /  e „ 2  \  3 / 2  /  T d D \

AH -  AH* = 3 RT  V2ttN/1000 ( ( 1 + -  —  )X
\D kT/ V D d T /

( ~ ^ n Rl + nu2 + [(z2 + 2)/2]ns -  V n Rl + nR2) (21)
AS can be determined by

AG = AH -  TAS (22)
In Table III, the calculated values are also compiled. The 
structural parameter, £, was taken to be 1.37 for DECS (6 
was estimated as 5.2 A from the molecular structure). As is 
clear from the table, the agreement between theory and ex
periment was excellent; particularly the observed AH 
values were accurately predicted by the electrostatic inter
action theories, that is, eq 19 and 21. The larger changes of 
AG, AH, and AS by the addition of CaCL compared with 
KC1 are also accounted for by eq 21. From the agreements, 
we can state that the electrostatic interactions between

fhe complex-forming ions and added electrolyte are most 
significant for complex formation in the present cases.

From the above theoretical considerations, it is possible 
to conclude that the polyelectrolyte influence under con
sideration on the complex formation constant is due to the 
changes of the activities of the complex forming ions, i.e., 
the “secondary salt effect”. This conclusion implies that 
the accumulation or condensation effect of ions in the poly
mer domain in the narrow sense of the term is not basically 
an appropriate factor. It should be noted that the same 
conclusion has been reached from a theoretical consider
ation (on the bases of the Debye-Hiickel theory and the 
Manning theory) on the rate-enhancing effect of a cationic 
polyelectrolyte on ionic reactions between cationic 
species.26
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Application of Passynsky’s Method for Determination of Hydration Numbers of 
Electrolytes in Water-Organic Mixtures
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Revised Manuscript Received May 19, 1975)

Passynsky’s method was applied for the determination of hydration numbers of uranyl salts in aqueous so
lutions from ultrasonic velocity and density measurements. The hydration numbers of uranyl salts in 
water-dioxane mixtures were determined by a modification of the above method. Two different procedures 
were applied and discussed for water-dioxane mixtures.

In order to obtain some information on the structure of 
uranyl compounds in water and mixed water-dioxane sol
vents, especially the hydration of ions and ion associates in 
those systems, the latter have been studied by means of ul
trasonic measurements. This paper presents the treatment 
of data based on the well-known Passynsky’s method (in 
the case of aqueous solutions) and on a modification of it 
for the determination of hydration numbers of electrolytes 
in water-dioxane mixtures.

The compressibilities of solutions of uranyl sulfate and 
nitrate in water and water-dioxane mixtures have been cal
culated from sound velocity and density measurements. 
The measurements were carried out with an ultrasonic in
terferometer at 1 MHz and at constant temperature of 25 ±
0.05°. All other experimental details were described else
where.1 Typical results obtained for uranyl sulfate in aque
ous solutions are given in Figure 1. Similar curves have 
been obtained for all other systems investigated.

The sound velocity decreases with increasing electrolyte 
concentration both in aqueous solutions and in water-diox
ane mixtures. Aqueous solutions of a few other salts of 
heavy metals also show such an abnormal behavior which 
according to Allam and Lee2 may be due, among other 
things, to ion pair formation. Nevertheless, the /? values de
crease with increasing electrolyte concentration similarly as 
in the case of all other known electrolyte solutions. This de
crease reflects the compressibility change of the solvent 
caused by solvation and affords possibilities for computa
tion of hydration numbers.

Treatment of Data and Results
Aqueous Solutions. The hydration numbers for aqueous 

solutions were determined using Passynsky’s method3 
based on the following assumptions: (1) The compressibili
ties of electrolyte ions and molecules together with their 
hydration spheres are equal to zero, d2 = 0. (2) The appar
ent molar compressibility of the dissolved electrolyte is 
equal to the loss of the compressibility of water, i.e., to the 
number of moles of water bound by one electrolyte mole 
times the molar compressibility of pure water

. . . v p - m V M S= ------------------ = -HhVi0di°
n 2

where ipk is the apparent molar compressibility of the elec
trolyte; V, Vi° are the volume of solution and the molar 
volume of water, respectively; /3, di° are the compressibility 
coefficients of the solution and water, respectively; n% n\

are the numbers of electrolyte and water moles in volume 
V; and rih is the hydration number of the electrolyte. Thus
n.h can be calculated from the formula

„ = ü i / 1 _ _ Y £ \
h tt2\  n iVi°di°/ (1)

Equation 1 yields true hydration numbers when extrapo
lated to infinite dilution. However, hydration numbers cal
culated from eq 1 often prove to be concentration indepen
dent up to moderate electrolyte concentrations (1.5 N  for 
monovalent ions,4 as well as for the uranyl salts investi
gated). In this case a graphical method may also be em
ployed according to the following equation:

io3d f7 n„ „ Vi°di°M!-----= v i°/3i° -  nh-----— ----m
c i  I D 3

(2)

where c i is the molarity of water (moles of water per liter of 
solution); m is the molality of the electrolyte (moles of elec
trolyte per 1000 g of solvent); and Mi is the molar weight of 
water. A plot of this type for an aqueous uranyl sulfate so
lution is shown in Figure 2.

Electrolyte Solutions in Water-Dioxane Mixtures. In 
the case of mixed solvents, some difficulties arise since 
both solvent components may participate in the formation 
of solvation shells. In order to -calculate hydration numbers 
from experimental data, we have used a method similar to 
that of Passynsky making two additional assumptions. (1) 
Ions and ion pairs are solvated exclusively, or at least main
ly, by the stronger solvating component (water). (2) Even if 
the organic component does participate in the formation of 
the first layer around the ion, the électrostriction of its 
molecules by the ions does not markedly influence the com
pressibility of the solvent. Both of the above assumptions 
seem to be justifiable in the case of the solutions studied 
containing 20 and 45 wt % of dioxane for the following rea
sons. (1) Dioxane is a much weaker solvating agent than 
water. (2) The mole ratio dioxane:water equals approxi
mately 1:18 and 1:6 in the solvent mixtures containing 20 
and 45 wt % dioxane, respectively. (3) Because of the size 
and structure of the dioxane molecules, their électrostric
tion in the electric field of the ions should be small in com
parison with the électrostriction of water molecules, i.e. ac
cording to the model of Bockris and Reddy5 dioxane mole
cules, although contributing to the coordination number 
(CN), are not associated with the ions such as water mole
cules and therefore do not contribute to the solvation num
ber (SN) of the electrolyte.
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Figure 3. Apparent molar compressibility of dioxane in aqueous so
lutions.

Figure 1. The concentration dependence of density (A), ultrasonic 
velocity (O), and compressibility (•) of aqueous U02S04 solutions.

o? 06 ' it) T ll
m[mols/1000g solvent]

the electrolyte concentration. In order to determine this 
value and its dependence on solvent composition, ultrason
ic velocities of water-dioxane mixtures as well as their den
sities have been measured and the apparent molar com
pressibilities of dioxane calculated at different concentra
tions of the organic component. The apparent molar com
pressibilities of dioxane corresponding to the solvent com
positions, yio0, have been determined from the plot shown 
in Figure 3.

Two different procedures may be used for the calculation 
of hydration numbers from eq 3.

Procedure 1. Because of the relatively slow variation of 
yk3 with solvent composition, the approximation u%3 » <^3° 
seems to be justified, i.e., the apparent molar compressibil
ity of dioxane in the pure solvent mixture (without the 
electrolyte) may be used instead of the true yx3 value. As
suming a hydration number of 10, the changes in <̂ 3 
caused by hydration do not exceed 1% of <̂ 3° even for the 
highest uranyl salt concentrations studied. Thus, if <̂ 3 is 
considered to be independent of the electrolyte concentra
tion, the hydration numbers may be calculated from eq 3, 
by setting yk3 = yk3°- For a concentration range in which rih 
remains constant (i.e., does not change with electrolyte 
concentration), a graphical method (Figure 1) may be ap
plied according to the following equations:

106d
C3M3 + C1M 1

103(n3<gk3 + n ^ ^ d i 0
n3M 3 + niMi MhVi°di°m (4)

Figure 2. The graphical determination of the hydration number of 
UO2SO4 in aqueous solutions according to eq 2. The slope equals
- r ^ v P p - f M ï  X 1< r3. 103d = (C3*k3 + ClFrVl0) -  MhV,l°dl°C2 (5)

The assumptions of Passynsky together with the two ad
ditional ones lead to the following equation:

<Pk _  Y A z l A  
«2

Vp -  (n3<pk3 + n 3 Vi°di°) 
n 2 -«hVi°di°

where yk is the apparent molar compressibility of the so
lute (electrolyte); Vspa is the compressibility of the solvent; 
yk3 is the apparent molar compressibility of dioxane in the 
solution; and n3 is the number of moles of dioxane in vol
ume V. Thus

£1 + C3<?k3 -  103d
c2 C ^ i W (3)

where ch C2, and C3 are the concentrations of water, electro
lyte, and dioxane in moles per liter solution, respectively. 
In general, yk3 depends on the solvent composition and on

where M3 is the molar weight of dioxane and all the other 
symbols have the same meaning as before.

Procedure 2. If the variation of <¿*3 with the electrolyte 
concentration is taken into account (an amount of water 
proportional to the electrolyte concentration is “removed” 
from the solvent which results in an increase of the organic 
component concentration) an iteration procedure may be 
applied. The concentration dependence of the apparent 
compressibility of the organic component in the vicinity of 
yk3° (Figure 3) can be represented by a polynomial: v%3 =
Wc3(0) +  ¥’k3<1)(m 3° -  "13) +  <i\3(2\ m R0 ~  m 3) 2 +  V>k3(3)( " l3 0
— m3)3, where m3° is the molality of the organic compo
nent in the pure solvent and m3 is the molality of the or
ganic component in a certain vicinity of m3°. Starting with 
the approximation y â ~ yk3°, nb is calculated using eq 3. In 
the next approximations yk3 is corrected taking into ac-
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Figure 4. The graphical determination of the hydration number of 
UO2SO4 in a water-dioxane mixture containing 20 wt % dioxane ac
cording to eq 4. The slope equals —nhV',0̂ 0.

TABLE I: Hydration N um bers of U ranyl Sulfate and 
Uranyl N itrate in W ater and W ater-D ioxane M ixtures

U O lS O  ! U 0 2(N 0;j)2
WL /Ç

diox
ane

Procedure
1

Procedure
2, ,

Procedure
1

Procedure
2

0 10.3 ± 0.60“ 11.9 ± 0.71
20 6.3 ± 0.07 6.7 ± 0.30 6.3 ± 0.15 6.6 ± 0.30
45
70

4.8 ± 0.06 5.5 ± 0.18 5.8 ± 0.17 7.1 ± 0.43
-10.9

a M ean values for the concentration range studied  with confi
dence lim its corresponding to the  95% confidence level.

count the corrected solvent composition (i.e., and the 
amount of water in the solvent decreased by the amount 
bound by the electrolyte) according to the scheme:

1. approximately yJk3(1) = ‘fv30 -* rih(1)
2. approximately rih(1) -*■ yW2* nh<2)

n. approximately rth(n n * <Fkn(n> n\\n>
A computer program was prepared for the iteration proce
dure. Our results indicate that the application of procedure 
1 leads to hydration numbers somewhat smaller than those 
obtained by procedure 2 (Table I).

The constancy of the hydration numbers in the whole 
concentration range studied (except of the U02(N03)2 so
lution in the 70% dioxane-water mixture where the hydra
tion number varies with the electrolyte concentration from 
about 14 to 9.8) suggests a predominantly outer-sphere as
sociation not accompanied by any (or only by an insignifi
cant) loss of hydration water molecules. Also in the case of 
other divalent metal monosulfate complexes, the predomi

MOLE FRACTION OF DIOXANE IN THE SOLVENT

Figure 5. Hydration numbers of U02S04 and U02(N03);> In water- 
dioxane mixtures. The hydration number of U02(N0 3)2 in the mixture 
containing 70 wt % dioxane decreases from 14 to 9.8 in the con
centration range studied.

nation of outer-sphere association is indicated by the re
sults obtained from a kinetic analysis of the multiple relax
ation spectra.6 The mean hydration numbers found for 
aqueous solutions agree relatively well with those obtained 
by other authors for the uranyl ion (7.357 and 48), for the 
sulfate anion (6,9 7.9, and 8.82), and for the nitrate anion 
(610'11).

No comparative data are available for water-dioxane so
lutions, but the decrease of the hydration numbers with in
creasing dioxane concentration seems to be quite reason
able since the water structure is markedly promoted by di
oxane up to the mole fraction of the organic component X  
=5; 0.2.12~15 Dioxane molecules may also partially replace 
water molecules in the coordination sphere of the ions de
creasing the number of solvating molecules (SN) if the 
coordination number (CN) remains constant or even de
creases because of steric factors. The enhancement of the 
water structure by dioxane is opposed by the electrolyte 
provided it contains a structure breaking ion (e.g., N O 3-  16) 
which leads to a slight increase of hydration at higher diox
ane concentrations (45 wt %, i.e., still below X  = 0.2), while 
the hydration of U O 2S O 4 containing the structure ordering 
anion S O 42 - decreases continuously up to 45 wt % of diox
ane (Figure 5).

It should be noted that the above method may be useful 
only for studying electrolyte solutions in water-organic 
mixtures containing an organic component of low solvating 
properties compared to those of water. Also, some difficul
ties may arise in the case of very small hydration numbers 
because the hydration number is then calculated as a small 
difference between two much greater values (eq 4).
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A Plastic-Crystalline Phase of Ethane

D. F. Eggers, Jr.
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Visual and dilatometrie observations are reported for the solidification of liquid ethane. A plastic-crystal
line phase has been detected, and it is stable from the solidification temperature of the liquid to a tempera
ture 0.45° lower. The melting point of ethane, as reported by the majority of earlier workers, agrees with 
our transition temperature between the low-temperature solid and the plastic crystal. All crystals of the 
low-temperature solid observed in polarized light showed sharp extinctions, and this means the crystal can
not be uniaxial as is presently accepted.

Introduction
We had done some infrared spectroscopic work on eth

ane, and found some definite evidence that the crystal 
structure could not be that which was reported by Mark 
and Pohland.1 In seeking further evidence regarding solid 
ethane, we observed the slow solidification of the liquid. A 
new phase, which we believe to be a plastic crystal, was ob
served; this has apparently not been previously reported. 
We record here some optical and dilatometric observations 
on the two solid phases of ethane and briefly discuss the 
implications concerning the structure of the low-tempera
ture solid.

E xperim ental Section
Phillips research grade ethane was used, with stated pu

rity of 99.92%. We were unable to detect any impurities in 
it by infrared spectroscopy, and the only purification em
ployed was to pump several times on the frozen solid. The 
dilatometer was made from a Pyrex tube of 1.94 mm i.d. 
with an attached bulb to permit condensation of about 0.5 
ml of liquid. The position of the meniscus was measured 
with a cathetometer through the walls of a clear glass 
dewar that contained liquid oxygen or oxygen-nitrogen 
mixtures. Slow raising of the coolant level around the dila
tometer sufficed to freeze the sample.

Visual observations were conducted with the ethane con
densed in a cell made entirely of fused quartz; the sample 
thickness was 0.15 mm. This cell was connected through a 
quartz-Pyrex graded seal to a bulb of about 400 ml volume; 
a stopcock and ground joint allowed filling of the system. 
To ensure a more uniform temperature, the quartz cell was 
enclosed in a split aluminum cylinder of 2.4 cm diameter 
and 12 cm long; there were holes drilled through both

halves of the cylinder in the vicinity of the cell to permit 
observation of its contents. The halves of the cylinder were 
held together with bolts, and the mating faces were milled 
out to fit fairly snugly around the cell. The aluminum cyl
inder and ethane cell were placed in a special clear glass 
dewar whose inner diameter was only 0.5 mm larger than 
the aluminum cylinder. There was also a thermometer well 
in the cylinder for a silicon diode that was used as the main 
device for recording temperature and temperature changes. 
The dewar was provided with a heating coil between the 
inner and outer walls.

This special dewar was immersed in liquid nitrogen con
tained in a larger, conventional clear glass dewar. The well 
of the inner dewar contained liquid oxygen to promote 
thermal contact; the heater was supplied with a small ac 
voltage from a variac and transformer. Adjustment of the 
variac permitted the temperature of the sample to be main
tained constant to within 0.01°, or it could be very slowly 
warmed or cooled.

The silicon diode was a 1N5614 Semtech unit. A simple 
circuit was constructed for supplying the diode with a small 
dc current of 0.4 mA ;hat was carefully regulated. The re
sulting voltage drop across the diode near 90 K was only 
slightly less than the voltage of a standard cell; this differ
ence voltage was balanced against the voltage across some 
precision resistors carrying a known current. The net volt
age was directly recorded on a 10-mV strip-chart recorder. 
Since the diode voltage under these conditions changes by 
2.14 mV/deg, it is easily possible to see a change of 0.01°. 
The nonlinearity of the voltage as a function of tempera
ture is negligible over the small temperature range of inter
est here. The calibration of the diode was carried out by 
comparing it with a platinum resistance thermometer that
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was supplied by Leeds and Northrup and certified by the 
National Bureau of Standards.

One problem with the use of the diode is sensitivity to 
light. In earlier exploratory work the diode was not en
closed in a thermometer well; simply turning on and off the 
observation light bulb produced voltage changes equivalent 
to temperature changes of several tenths of a degree. With 
proper shielding from light the diode has been found to be 
remarkably stable and reproducible as a thermometer.

Only enough ethane was used to half-fill the quartz cell, 
and it was tilted with the long axis almost horizontal dur
ing the cool-down and freezing process. Upon returning the 
cell to the vertical position, we had the solid ethane con
fined to one side of the cell. The melting could then be 
readily observed since the liquid as formed would flow to 
the bottom of the cell. Pieces of sheet polaroid were placed 
in back and in front of the outer clear glass dewar; the eth
ane in the cell was viewed through the polaroids with the 
aid of a light bulb in back of the assembly. The polaroids 
were kept in the crossed position by rotating them simulta
neously.

R esults

Careful cooling of the liquid invariably first produced a 
solid that appeared uniformly dark for all rotations of the 
(crossed) polaroids; the liquid phase yielded similar results. 
Further cooling transformed the solid to another form that 
produced definite directions of sharp extinctions in small 
areas as the polaroids were rotated. By a careful adjust
ment of the temperature, regions of single crystal with 
areas of several mm2 could be produced; they displayed 
striking first-order interference colors. This anisotropic 
solid is presumed to be the familiar solid form.

Careful warming of the anisotropic solid invariably pro
duced the isotropic solid before the liquid phase was 
formed. The isotropic solid phase must therefore be ther
modynamically stable and not a metastable phase formed 
only under certain special conditions.

The dilatometer showed a decrease in volume accompa
nying the change from liquid to isotropic solid of about 2.7 
± 0.2%. We also attempted a direct measurement of the 
volume decrease from liquid to anisotropic solid, but on re
peated attempts these solids displayed numerous large 
cracks. The value that we obtained, about 9%, is thus a 
lower limit to the true magnitude. This may be compared 
with a value of 11.1% deduced from the measured values 
for the heat of fusion, the change of melting temperature 
with pressure, and use of the Clapeyron equation.2’3

It is interesting that we have never, in the course of 
many solidifications of ethane, either in the quartz cell, in 
quartz tubes of several millimeter diameter, or in Pyrex 
tubes, observed fractures of any type in the isotropic solid. 
Very careful observation of the solidification in the quartz 
cell showed some faint needles at the liquid-isotropic solid 
interface; however, after the entire sample had solidified, 
only the perfectly clear solid could be seen. These observa
tions, together with the absence of any rotation of plane- 
polarized light, strongly suggest that this form is a plastic 
crystal.

The temperature of the solid-solid transition was found 
to be 89.82 ± 0.02 K; the melting point of the isotropic solid 
was found to be 90.27 ± 0.02 K. The indicated uncertain
ties reflect mainly the difficulty of telling exactly when the 
sample was entirely transformed to isotropic solid or to liq
uid upon warming, rather than uncertainty in measured

temperature. It is interesting to note that Witt and Kemp2 
gave 89.87 K as the melting point; more recently Burnett 
and Muller4 reported 89.82 K based on an NMR method. 
Both of these values agree quite well with our temperature 
of the solid-solid transition. On the other hand, Clusius 
and Weigand reported a melting point of 90.35 K; our value 
is in essential agreement.

D iscussion

The apparent absence of earlier observations of the plas
tic-crystalline phase is puzzling. Witt and Kemp2 found a 
substantial increase in the heat capacity of solid ethane 
from about 67 K up to the melting point, and they ascribed 
the increase to a premelting phenomenon due to about 
0.5% impurity. Apparently no analysis of the sample was 
done to verify the existence of the impurity. It is possible 
that their sample was actually more pure, and that the ris
ing heat capacity is associated with increased motions of 
the molecules as the solid-solid transition temperature is 
approached. It is also noteworthy that the heat capacity of 
the solid was always measured by Witt and Kemp with suf
ficient heat input to raise the temperature by approximate
ly 2 or 3°. The initial temperature of the highest such mea
surement on the solid was 86.73 K; the final temperature 
was 88.63 K. Thus the sample would not have reached the 
solid-solid transition temperature.

Many years ago Wahl6 reported his observations on the 
freezing of ethane to form the anisotropic solid. He de
duced that it was uniaxial since he found some crystal sec
tions that remained dark as the crossed Nicol prisms of his 
polarizing microscope were rotated. We have tried to re
peat this observation numerous times, omitting the micro
scope, and had no success. That is, in a sample completely 
converted to the low-temperature phase, all parts were ob
served to have definite extinction directions. We attempted 
to convert a large part of the sample to one single crystal 
but were never successful; however, the presence of a num
ber of different single crystals at the same time provided 
more opportunity to verify the uniaxial nature of the solid, 
if indeed it were. We can only report the consistent failure 
to observe even one small crystal that did not rotate polar
ized light.

We suggest that Wahl might very well have had part of 
his sample transformed into the isotropic solid, and this 
would of course lead to the erroneous conclusion that the 
(single) solid phase was uniaxial. It should be noted that 
Mark and Pohland1 used Wahl’s result, together with their 
X-ray powder pattern from solid ethane, to deduce the 
crystal symmetry of space group Deh4- However, if the 
crystal is not uniaxial, a space group of such high symmetry 
can no longer be a possibility. Mark and Pohland’s work 
was done at a time when the true symmetry of the isolated 
ethane molecule was not firmly established. Thus the site 
symmetry for ethane molecules in the D§h4 space group is 
D3h; we now know that the molecular symmetry is D3ct.

The infrared-active fundamentals of pure solid ethane 
show splittings in the spectrum near 60 K.6 We have also 
studied isotopic mixtures and found that most of the de
generate fundamentals are still split even when the mole
cule of interest, e.g., C2D6, is isolated in a large excess of 
C2H6. This observation conclusively rules out the existence 
of a threefold rotation symmetry axis that passes through 
the ethane molecule in the crystal; it is in agreement with 
our failure to observe evidence of uniaxial crystals in the 
anisotropic solid.
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We have made some attempts to observe the infrared 
and Raman spectra of the isotropic solid; thus far we were 
not successful. In the infrared there is a problem arising 
from the nonzero vapor pressure of the ethane; it sublimes 
to a slightly colder region of the conventional low-tempera
ture cell. We have designed a special infrared cell that in
corporates two cold windows with provision for introducing 
ethane between them and isolating the sample from the in
sulating vacuum. For Raman work the sample was con
tained in a quartz tube connected to an expansion bulb; 
cooling was done by a stream of cold nitrogen gas. It was 
not possible to hold the sample temperature in the 0.4° 
range of stability for the isotropic phase for more than a 
few minutes. A different cell, with provision for much bet
ter temperature control, has been designed; we plan to re
port the infrared and Raman spectra of the isotropic solid 
phase in a separate paper.

In some work on condensed phases of ethane at high 
pressures, Webster and Hoeh7 reported a solid-solid phase 
transition; solid I, which lies between the liquid and solid 
II, has a range of stability of about 5° at a pressure of 1 
kbar. These workers suggested that there must be a solid
I-solid II—liquid triple point between 0 and 1 kbar; they 
were unable to conduct measurements in this region. We 
believe that the isotropic solid phase that we have observed

is the same as their solid I phase, and that there is no triple 
point involving these phases in the range of pressures from 
0 to 5 kbars, the upper limit of their measurements.

It would be most interesting to have additional measure
ments of the heat capacity of highly purified ethane in the 
vicinity of the solid-solid transition temperature as well as 
near the melting point. We suspect that the enthalpy 
change of the solid-solid transition may be substantially 
larger than the enthalpy change of melting.
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Effect of the Potential Correlation Function on the 
Physical Adsorption on Heterogeneous Substrates

P. Ripa and G. Zgrablich*
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A model for heterogeneous substrates with a multivariate gaussian distribution for the adsorption potential 
is proposed. The evaluation of second and third virial coefficients shows a considerable dependence on the 
correlation length, in the range of the other parameters where heterogeneity plays an important role. The 
model has as limiting cases the homogeneous and large patches models; but the behavior at finite correla
tion lengths is by no means intermediate between that corresponding to those extremes.

I. Introduction
The most commonly used model for the adsorption of 

gases on heterogeneous substrates depicts the adsorption 
potential (f/ad) as being constant through large patches of 
the surface.1 Another model was also proposed in which the 
surface is partitioned in an infinity of single adsorbing sites 
and I!¡u\ is randomly distributed on them with no correla
tion between the values of Uaci for neighboring sites.2 For 
both models, the best distribution for the values of Uad was 
found to be gaussian.2 3

We propose here a model in which t/acj is considered to 
have a chaotic (stochastic) structure with a finite correla
tion length. The potential has a multivariate gaussian dis
tribution and, therefore, all its statistical properties are 
given in terms of its mean value and covariance function.

The usual formulae for the evaluation of the two-dimen
sional virial coefficients (reviewed in section 2) are used in

section 3 with the distribution of the present model to ob
tain a general expression for the nth coefficient.

The second and third coefficients are evaluated in sec
tion 4 for a square well parametrization of the interparticle 
potential, while the conclusions are discussed in section 5.

We include an Appendix with the deduction of the mul
tivariate gaussian distribution for the sake of completeness.

2. V irial Expansion o f the A dsorption-Isotherm  
Equation

We are interested in those adsorption processes that can 
be pictured in terms of an ideal nonadsorbed phase (NAP), 
a two-dimensional adsorbed phase (AP), and an inert solid 
substrate, responsible for the adsorption force. For simplic
ity we take both phases to have one component.

The NAP is macroscopically described by means of its 
absolute temperature T, the volume particle density po,

The Journal o f Physical Chemistry, Voi. 79, No. 20, 1975



Physical Adsorption on Heterogeneous Substrates 2119

and the pressure p (equal to kTpo in our case), while the 
AP is described by T, the surface adsorbed particle density 
p, and the two-dimensional or spreading pressure <j>. The 
latter can be expanded in powers of p giving

= feTp(l + L  B n ( T ) p »->) (1)
n> 2

where Bn(T) is the nth two-dimensional virial coefficient.
Using this expansion in Gibbs equation po drj> = p dp, 

which gives the condition for statistical equilibrium be
tween the NAP and the AP, yields

p = K(T)p expf £  - ? — Bnm p n- 1] (2)Ln>2 IT 1 J
where K(T) is an integration constant.

We further assume that the potential energy of the sys
tem of adsorbed particles can be written as the sum over all 
pairs of the interparticle potentials [7gg(|jc, — S;|), plus the 
sum over all particles of the particle-solid potential4

U ad(Zi,Xi)  =  i  k Z (Zi -  z m ) 2 +  V ( X i )  (3 )

In the above equation x = (x,y) denotes the two-dimen
sional position vector.

Under these assumptions, the coefficients K(T) and 
Bn(T) can be evaluated as

K(T) = (kTkz /27r)^(exp(-V/kT))-1

Bn(T) = - I n/(n(n -  2y j f )  (4)
with

I n  =  • J “ d i j . . . d x n 8 ( x i  +  . . . +  x n ) X

Si...(  ft exp(-V(S,)AT) ^

where
Si ,2 = f  12 = exp(—f7gg(|S,' -  xj\)/kT) -  1

Sl,2,3' = f u f  13/23
S 1,2,a,/ = / 12/ 13/ 14/ 23/ 24/34 + 6/ 12/ 13/ 14/ 23/34 +

3/ 12/ 23/ 34/14

and in general S i , . . i s  the sum over all completely con
nected diagrams (see Figure 1).

In the above formulae we denote by (F(x 1, . . . , U )) the 
average of F over the surface

{F(x 1,. . . , x k)) = limA-» \  X A

XdRF(xi + R___ xk + R) (5)

Hill6 used eq 4 and 5 to evaluate B2 with V(x) a periodic 
function of x. The case of a heterogeneous potential is 
treated in next section.

3. A dsorption on a H eterogeneous “G aussian” S urface
In order to use eq 4 when the adsorption potential has a 

chaotic structure we must postulate the validity of the sta
tistical homogeneity hypothesis

(F(x 1 + a, . . ., xk + 3)) = (F(x 1,. . . ,Xk)) (6)
i.e., averages must be functions of the differences of coordi
nates. Physically this hypothesis means that any macro-

s,'; = -.... • s'2l =

.* *.... • ■........4
S_ ,= + 6  : :+ 3 :

*- «....* •...... t

Figure 1. Interparticle interaction contribution for the integrand of /„ 
in eq 4, for n  =  2, 3, and 4. Each dotted line represents a factor f ir

scopic portion of the total surface has all the meaningful 
information.

Now, all statistical information about the surface is given 
by the multivariate potential distribution <J>„ for all values 
of n, where 4>n dVi . . .  d Vn is the fraction of the surface 
such as the potential at the point i, is between V, and V, + 
dVi, for i =  1,  2 , . . .  , n .

Equation 4 shows that to evaluate K(T) we need only $ 1, 
whereas to calculate Bn(T) we must know the interparticle 
interaction and 4>„. Bn(T), however, does not depend on 
the mean value of V(5).

For the distribution of V{x) over the surface it has been 
common to use a gaussian form

ZAV) = [*T,(2x ) i /V  e * p [-  \  (7)

where —kTa and kTs are the mean value and standard de
viation of V(x), respectively

(V(x)) = - k T a; ((V(i) + kTa)2) = (kTs)2 (8)
This distribution gives K(T) = (kTkz/2ir)1/2 exp[ - T J T  — 
U T J T ) 2]

For the evaluation of Bn(T) we propose for <J>„ a multi
variate gaussian form (see Appendix)

4>n(Ui, ■ ■ ■ , Vn; xi -  x2, ■ ■ ■ , x„-i -  xn) =

[(27t)" detH ] - 1 exp f  (V(î,-) + kTa) XL i j = 1

(H-%(V(xj) + kTa) J (9)

where Htj = ((U(i;) + kTa)(V(xj) + kTa)) = (kTs)2C(x, -  
Xj), is the covariance matrix.

Thus '?>„ can be evaluated for any set of positions S„ in 
terms of Ta, Ts, and a single function, namely, the correla
tion function C(r). The latter satisfies C(0) = 1, C(°°) = 0 
and|C(r)| < 1 for |r| 5̂  0.

Using (9) in (4) gives

Bn(T) = ---- 1 f  f d * 1 . . . d i n X
n ( n  — 2)! J  a  J

&(x 1 + . . . + x n) S 1...ft expUTJT)*C(ii-Zj)]  (10)
i > j =1

The above equation can be diagrammatically represented 
as in Figure 2.

One could pose the question whether it is correct or not 
to average the integrand of which is not a directly mea
surable quantity. If we call

Z n = J '  d S i  . . . d x n S ( x i  +  . . . +  x „ ) X

Si...fl exp[~V(x,)/kT]
i = 1

it can be easily proved that the vanishing limit of f(r) and 
C(r) as |r| (short range of interparticle potential and
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. , - i  —  A

Figure 2. B„ for heterogeneous substrates, for n =  2, 3, and 4 (eq 
10). A solid line represents a factor exp(^/(/cT)2) and a wiggly line 
denotes a factor exp{HJ{kT)2).

adsorptive potential correlation) leads to <ZnZm) = InIm, 
i.e., the Zn are deterministic variables (standard deviation 
zero) with mean value In.

We have then constructed a model in which all the nec
essary information about the adsorption potential is given 
by its mean value, - k T &, and the covariance function 
(kTs)2C(f). In the spirit of this model, indeed, this is all the 
physically meaningful information, i.e., the adsorptive po
tential of two substrates with identical macroscopic proper
ties (for instance, two carbon blacks graphitized at the 
same temperature) will very likely have different detailed 
structures, but identical mean values and covariances.

In next section we calculate B 2 and B 3 using
C{r) = exp[—%(r/r0)2] (11)

We do not intend to take eq 11 as a realistic parametriza- 
tion of the correlation function. We rather use it as a useful 
form to study the effect of the correlation length r0.

We also want to discriminate the influence of the repul
sive core and attractive part of the interparticle potential. 
This can be easily achieved using a “square well” parame- 
trization

i «> for r < a
—kTgg for a < r < b (12)

0 for b < r

for this potential.

4. B„( T) for th e Square W ell P otentia l
Using (11) in (10) we find that

limro—o Bn = limrs—0 Bn = Bn

limro_«o Bn = exp ĵ ” 2 1" ) ] Bn (13)

where Bn is the virial coefficient for a constant, and then 
homogeneous, adsorptive potential. For a fixed value of n 
the first limit is reached (roughly speaking) for {TJT) 
exp(—nb/2ro) «  1, and the second one for Tsn2b/4Tro «  1, 
where b is the range of interparticle potential. Therefore, 
{TJT) exp(—b/r0) somehow indicates the degree of hetero
geneous behavior of the surface at temperature T .9

We calculated B2 and B3 using the square well potential 
(12), in the form

b 2 = ~  (Ji(2) -  tA 2))

b 3 = (JV3> -  7j 2(3) + tW !) -  7 W :i)) (14)

with 7 = exp(Tgg/T) — 1. The integrals J A  are functions 
of rja,  T J T , and, except for J A ,  of R = b/a. The J A  
have only the contribution of the hard core and the J A  
(for i > 1) have the contribution of the pure attractive part. 
The above decomposition allows an independent variation

of T J T  and TgJ T  without increasing considerably the 
computation time.

The limiting values when T/Ts —* <» (or r0 —*■ 0) are

J i (2) = 1; J 2(2) = R 2 ~  1 
4 T /2 8

J A  = -  -  — ; J A  = - { R 2-  1 A  -  3 7T IT
9 3('3)1/2
— sin \pi R(R2 + 2) H---------7T IT

J A  =-(R'2-  l)(R2i2 + t i)  +TT
op
—  [sin \̂ 2(2/?2 + 1) — sin \pi(R2 + 2)] +

( i A A - >  <“ >
where

_ (cos-1 (R/2) R <2
0 R > 2

and

\p2 = COS-1 (1/(211))

In any range of the parameters the easiest way to calcu
late J:v:i’ is through the relation

t  j P J r J a ,  R, T/Ts) = R*Jj3)(r0/b, 1, T/TJ  (16) 
¡=1

The second virial coefficient can be evaluated analytical
ly in terms of the exponential integral function £,(x)7 in 
the form

'/l<2, = 2 ( ^ ( A t A s / T ) 2] -

Ei [ {TJT)2 exp |  (a/r0)2) ]  j

f i [ ( W « p ( - l 0 a) ] )

The J ,(3) were calculated using a three-dimensional 
Simpson integration subroutine with a 1% precision.

B<i* — B j ^ a 112) and B J  = B3/{ira2/2)2 are shown in 
Figure 3a-c as functions of T/Tsg for T J T gg = 0.5 (quite 
homogeneous), T J T gg = 2 and T j T gg = 2.5 (very heteroge
neous), for r ja  = 0, 1, and >̂; and for R -  1.85.

For heterogeneous substrates (Figure 3b, c) the behavior 
for finite values of r0 is quite different from the behavior at 
f  0 = 0 (homogeneous) and r0 = ® (large patches). Indeed, 
as T —1- 0, B2 and B3 tend to — =° for ro = 0 or r0 = but 
they tend to for 0 < ro < “ (predominance of the repul
sive core).

The reason for this is very simple: at very low tempera
tures the particles are trapped in wells of very large (nega
tive) adsorptive potentials (wells narrower the deeper they 
are), and thus the main contribution comes from the hard 
core. Although the portion of total surface with such deep 
wells is very small, the probability of finding a particle 
there is enhanced at small T by the Boltzmann factor 
exp(-l/ad/feT) (for instance, the average potential energy
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Figure 3. Second and third virial coefficients (for a square well po
tential) as a function of the reduced temperature T/Tgg, for different 
values of the correlation length r0 and standard deviation of the ad
sorptive potential kTs.

per particle in the absence of interparticle interaction is 
—kTa — kTs2/T  which goes to — <*> as T —► 0).

5. Conclusions
We have succeeded in constructing a stochastic model of 

heterogeneous substrates in terms of two parameters: the 
standard deviation of the absorption potential, kTs, and 
the correlation length for the values of (Jad at two points of 
the surface, r0. At a given temperature heterogeneity ef
fects will be more important for larger values of TJT  
exp(—(b/ro)2), where b is the range of interparticle poten
tial. For the coefficient K = lim,,—o (p/p), however, the 
scale of temperature for heterogeneous behavior is Ts2/Ta, 
—kTa being the mean value of the adsorption potential.

A numerical calculation of the second and third two- 
dimensional virial coefficients shows a considerable influ

ence of ro for values of Ts of the order of the strength of the 
interparticle attraction.

We thus conclude the importance of introducing the cor
relation function to understand adsorption phenomena on 
heterogeneous substrates. A fit to experimental data, actu
ally being carried out, will show, though, the sensitivity of 
the adsorption isotherms to simultaneous variation of r0 
and Ts. Further developments of the model will appear 
elsewhere.8

We are also constructing an approximate model valid at 
any temperature, including phase transition range, and any 
coverage in order to see the importance of correlation ef
fects in the whole equation of state.
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Appendix. Multivariate Gaussian Distribution
The gaussian probability distribution for a random var- 

iabe x, with mean value (x) = x and standard deviation 
((x — x)2) = a2 is

$i(x) = (2ir(r2) - 1/2 exp i  (Al)

The corresponding generating function is given by
f(a) = (ea(i~x>) = exp(%a2(72) (A2)

Alternatively (A2) can be taken as defining, the distribu
tion, since from it we can get back (Al) performing the in
tegral

— dd/(i'd) exp(-ifix) = (5(x -  x)) = 4*i(jc)

(A3)
For n random variables x, with mean values x, the gener

ating function is
f{ai, . . . , an) = (exp[ai(ii -  xj) + . . . +

an(xn -  x„)]) = expCEi.jOi,Hijaj) (A4)

where H, which can be shown to be the covariance matrix 
H,j = <(x; — Xi)(xj — Xj) >, must satisfy det H > 0 (when 
the determinant vanishes the x, are not all linearly inde
pendent). The probability distribution, when det H > 0, 
can be calculated from (A4), giving

<M*i, • ■ • , xn) = ^ JJ ¿(x¡ -  Xj) ^ = (2tt det H)-'in X

IT e x p j - i i x i - X i K t f - 1) ; ; ^ - * ; ) ]  (A 5) 
i, j=1 L ¿ J

Finally, if we have a continuously infinite set of random 
variables x(i) which are functions of a parameter t (sto
chastic process), we define the generating functional

£F(a) dt a(t)(x(t) — x(t))
] > -

exP X[ ¡ S S di di' a(t)H(t,í')úf(í') I (A6)

where H(t,t') = ((x(f) — x(t))(x{t') —x(t'))).
If we select n points i, with an appropriate function a(t) 

we obtain eq A4.
In our case, the adsorptive potential must satisfy the hy

pothesis 6, therefore we obtain the generating functional
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$(a) = ^ exp £ J '  dx a (i)(V(*) -  V(i)) ] ) -
exp [ i  S  dx dy a(x)H{x -  ÿ)ot(ÿ) j  (A7)
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Using a new, high sensitivity surface viscometer, the surface shear viscosity of sodium dodecyl sulfate solu
tions is studied as a function of increasing bulk concentration. The surface viscosity is shown to exhibit an 
abrupt rise beginning at 1.5 g I.-1, well below the critical micelle concentration. This rise continues through 
the critical micelle concentration until at a bulk concentration of 2.4 g l.-1 the surface viscosity attains a 
near plateau value. The addition of dodecanol to sodium dodecyl sulfate solutions can greatly increase the 
surface viscosity due to a synergistic interaction in the interface between the two surface active compo
nents, but the proper balance of components in the interface depends sensitively upon competition for 
these components by mixed micelles formed in the bulk solution.

1. Introduction
In two recent communications1’2 from this laboratory we 

have described the construction and hydrodynamic inter
pretation of a new, highly sensitive surface viscometer and 
demonstrated its usefulness in measuring the surface vis
cosity of an insoluble monolayer (stearic acid). The instru
ment is absolute in the sense that full consideration is 
given in the theory to the hydrodynamic coupling of vis
cous interactions between an interface bearing an adsorbed 
film and its bulk substrate exhibiting ordinary internal or 
bulk viscosity. If the general theory is correct, then surface 
viscosities .determined with its use should be independent 
of the geometry of the instrument employed, just as surface 
tensions determined by different experimental methods are 
independent of the apparatus used. We thus anticipate 
that the surface viscosity, known for over a century to exist 
for films adsorbed at liquid interfaces, will in the future 
come to be accepted as an absolute surface transport prop
erty of the same interest and reliable reproducibility as the 
surface tension itself.

In the present article we demonstrate the application of 
our viscometer to the elucidation of the surface structure of 
solutions of soluble surface active agents.

2. S urface V iscom eter

Our instrument has been described elsewhere.2 Briefly it 
consists of a thermostated, cylindrical, steel vessel into 
whose wall has been machined a narrow, circular slot in 
such a way that the cylinder is divided into upper and 
lower halves. Into the slot is inserted a knife edge ring 
coaxial with the cylinder and flush with its wall. The ring 
rotates with steady angular velocity o>, and when the cylin
der is filled to the level of the ring with a suitable liquid, 
the rotating knife edge makes contact with the perimeter of 
the viscous interface and tends to twist it with respect to 
the supporting bulk substrate. This twisting motion is op
posed by the viscous drag of the underlying fluid, and it is 
from the momentum balance attained between these forces 
that a steady pattern of fluid angular velocity develops at 
the interface.

The experimental technique consists in floating a Teflon 
dust particle on the interface near the axis of the cylinder 
and in measuring its period of revolution around the axis. 
After subtracting from the motion of the dust particle a 
substrate contribution (“calibrating” the instrument), the 
contribution Q of the surface film to the total angular ve
locity of the particle may be determined, after which the
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Figure 1. Surface tension vs. bulk concentration curves of aqueous 
SDS solutions: O, commercial SDS; • , after purification.

dimensionless ratio fl/o> is formed. The surface viscosity r) is 
then

V -  0.5631 (Q/a)na (1)
in which ii is the internal viscosity of the substrate in poise 
and a is the radius of the cylinder. Equation 1 is an asymp
totic approximation to an exact relationship given in ref 1, 
and for the case of aqueous substrates should not be used if 
r) exceeds 0.008 g sec-1 = 8 surface millipoise. For all of the 
work reported here, however, eq 1 is adequate.

Procedures for cleaning and aligning the surface viscom
eter and details of the quality of the water used are de
scribed in ref 2.

The viscometer has mounted above it a Cahn electroba
lance from whose arm a Wilhelmy plate is suspended for 
surface tension measurements in situ in the viscometer. No 
attempts to measure surface viscosity were made until the 
solution under study had achieved' a condition of stable 
surface tension equilibrium.

3. S urface V iscosity  of Sodium  D odecyl Su lfate  
Solutions

Sodium dodecyl sulfate (SDS) has been exhaustively in
vestigated with respect to its surface and micellar proper
ties.3-10 In many ways it has become a standard soluble 
surface active agent in the same way that stearic acid has 
become a standard monolayer forming material. In this sec
tion we present data on the surface viscosity of aqueous 
SDS solutions as a function of bulk concentration.

Our sample of SDS was purchased from Eastman Kodak, 
catalogue no. 5967. A plot of the surface tension vs. aque
ous concentration at 22°C of the material as received is 
shown in Figure 1 as well as the same plot after the com
mercial sample had been extracted with anhydrous diethyl 
ether for 48 hr in a Soxhlet extractor. It is evident that the 
commercial sample was grossly impure. The surface ten
sion vs. concentration curve of the purified material shows 
no minimum and agrees well with the similar plot pub
lished by Elworthy and Mysels.3 From the abrupt change 
in slope of the plot we infer a critical micelle concentration 
(cmc) of 2.4 g l.-1.

In order to calculate surface viscosities from eq 1, it is ev
ident that the internal viscosity m of the bulk phase must 
be known. To measure ii we used an Ostwald capillary vis
cometer, but the use of the Ostwald viscometer in turn re
quires that the density of the solution be known, and these

0 1 2  3 4 5
SOS CONCENTRATION (gm»./liter)

Figure 2. Density of aqueous SDS solutions at 22.0°C.

SDS CONCENTRATION (gm»/llter)

Figure 3. Bulk viscosity of aqueous SDS solutions at 22.0°C.

densities were measured using a Weld pycnometer. Both 
the Ostwald viscometer and the Weld pycnometer were cal
ibrated at 22.0°C using distilled water. The results for 
aqueous SDS solutions are plotted in Figures 2 and 3. It is 
evident that neither the internal viscosity nor the density 
of the solutions changes by more than 2% over the concen
tration range studied. This is the same as the precision ob
tainable in measurements of the surface viscosity itself, so 
that with negligible error we might have used in eq 1 the 
viscosity of pure water. The measurements are nonetheless 
interesting, for both the density and the viscosity curves 
show a change in slope at 2.0 g l._1 and inflection points at
2.2 g l._1. If the inflection points are identified as critical 
micelle concentrations, then this value is to be compared 
with the cmc of 2.4 g l._1 determined from Figure 1. Wil
liams, Phillips, and Mysels4 * report a cmc of 2.34 g l._1 for 
SDS taken as an average of conductivity, dye solubiliza
tion, and light scattering techniques; and it is thus evident 
that different physical properties of solutions of surface ac
tive agents are affected to slightly different degrees by the 
formation of micelles. Indeed, Figures 2 and 3 suggest that 
micelle formation in SDS starts at a concentration as low as
2.0 g l.-1.

Finally our results for the surface viscosity at 22°C of so
lutions of SDS are plotted in Figure 4. The interface is 
without detectable viscosity until a bulk concentration of
1.5 g l.-1 is achieved, meaning that the surface viscosity is 
10~6 surface poise or less. Between 1.5 and 2.4 g l.-1 the 
surface viscosity rises steeply, following which it levels off
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Figure 4. (Upper curve) surface viscosity of aqueous SDS solutions; 
(lower curve) surface excess of SDS as reported by Nilsson.5

to a near plateau value. In the lower half of Figure 4 is plot
ted the surface excess concentration T taken from the work 
of Nilsson.5 These values were measured by a radioactive 
counting technique, and are thus free from the usual errors 
involved in the use of an approximate Gibbs adsorption 
isotherm with concentrations substituted for thermody
namic activities.6-7

By comparing the plots, one can calculate that the area 
per lauryl sulfate ion in an adsorbed monolayer is 53 A2 
when the surface viscosity begins its initial rise at 1.5 g l._1, 
is 50 A2 at 2.0 g l.-1 when the first micelles start to form, 
and is 45 A2 at 2.4 g l._1 when the surface viscosity achieves 
its plateau value and the surface tension ceases to fall rap
idly with increasing bulk concentration. At higher concen
trations the surface is nearly saturated, and further SDS 
added to the solution is largely consumed in the formation 
of new micelles with only small subsequent changes in the 
surface tension and surface viscosity.

To our knowledge this is the first time that anyone has 
succeeded in measuring the surface viscosity of uncontami
nated SDS solutions. Both McBain and coworkers8 and 
Gupta and Wasan9 report the surface viscosity of SDS so
lutions to be zero at all concentrations. Using an instru
ment not all of whose hydrodynamic characteristics could 
be measured or controlled, Ewers and Sack10 claimed sur
face viscosities of the order 10-4 surface poise for SDS solu
tions more dilute than any studied here. Their acknowl
edged experimental difficulties render their results ques
tionable.

4. Discussion
Our data clearly indicate that the initial abrupt rise in 

surface viscosity at 1.5 g l.-1 (53 A2 per lauryl sulfate ion in 
the interface) occurs before the appearance of the first mi
celles at 2.0 g l.-1 (50 A2 per detergent ion in the interface). 
At neither of these points does the surface tension show

any deviation from its steady fall with increasing concen
tration, nor do Nilsson’s data5 over this range show any al
teration in the smooth rise in surface excess. Any attempt 
to explain the initial rise in tj in terms of a “two surface 
phase” model is hence inadmissible, being inconsistent 
with the phase rule. Thus our data on stearic acid mono- 
layers2 also reveal an abrupt rise in surface viscosity begin
ning at about 25 A2 per stearic acid molecule. This is coin
cident with the well-known abrupt rise in surface pressure 
as the surface area is reduced. For films more dilute than 
25 A2 per molecule it is well recognized11-13 that stearic 
acid exists in the surface as floating islands of condensed 
film in chemical equilibrium with a dilute, two-dimensional 
stearic acid surface “vapor”. Compression of such two 
phase films on a film balance takes place without change in 
either the surface pressure or the chemical potential of the 
stearic acid so long as the two surface phases are both 
present.

Once, however, the surface vapor phase has been elimi
nated, the surface pressure and the chemical potential of 
stearic acid rise steeply upon compression, as does the sur
face viscosity. In the latter case one can interpret the 
rheological effect as due to the difficulty of shearing a co
herent sheet of condensed stearic-acid film. A two phase 
film would be expected to yield easily to shear stresses, for 
the floating islands of condensed film would remain largely 
intact with rheological distortion occurring locally in the 
easily sheared portions of vapor covered interface.

For adsorption films of SDS, however, the two surface 
phase model is eliminated by virtue of the fact that the 
chemical potential of SDS changes smoothly over the whole 
concentration range, albeit more slowly above the cmc. 
From the phase rule it is thus impossible to have present 
more than one surface phase. It would seem then that the 
rise in surface viscosity at 53 A2 per long chain ion in a ho
mogeneous adsorption film is due to the sensitivity of the 
surface viscosity to the increasingly dominant van der 
Waals attraction between the paraffin chains; but it is at 
the same time remarkable that it is only the transport 
property 77 which is affected dramatically by these forces 
while the thermodynamic properties y and T remain seem
ingly indifferent. In a three-dimensional, bulk phase sys
tem, the equivalent effect would be to find a marked 
change in the viscosity of a dense gas at some point along 
an isotherm abcve the critical point of the gas, without any 
special irregularity in the isotherm itself. In three-dimen
sional systems we know of no such experimental effect.

5. S urface V iscosity  o f SD S -D od ecanol M ixtures

It has been known for a long time that the presence of 
dodecanol in solutions of SDS has a striking affect upon 
the surface properties.5'6’8'9’14’15’17 A synergistic interaction 
takes place in which a mixed adsorption film of consider
able stability is formed. In this section we present data con
cerning the rheological properties of these mixed Films.

Our dodecanol sample was fractionally distilled under 
vacuum and then recrystallized from n-hexane, being heat
ed to drive off the last traces of hexane. It had a melting 
point of 24.4° (handbook values 22-26°). Before adding it 
to SDS solutions, we examined it alone in an aqueous solu
tion of 1.0 mg/1. The surface tension was 59 dyn cm-1 and 
the surface viscosity 0.13 surface millipoise. Higher concen
trations were not studied because of the low solubility of 
dodecanol in water.

For our viscosity measurements we prepared three stock
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Figure 5. Surface viscosity and surface tension of a solution con
taining 1.75 g I.-1 of SDS as a function of increasing dodecanol con
centration.

Figure 6. Surface viscosity and surface tension of a solution con
taining 2.00 g I.-1 of SDS as a function of increasing dodecanol con
centration.

solutions of SDS at 1.75 g l.-1, 2.00 g l.-1, and 2.50 g l.-1. 
For pure SDS solutions these correspond respectively to a 
micelle free solution, to a solution just at the beginning of 
its micelle forming range, and to a solution in excess of the 
cmc. Into each of these stock solutions was dissolved in
creasing quantities of dodecanol, and the surface tensions 
and viscosities of these mixed solutions were determined. 
The time required to form a stable interface was much 
longer here than for pure SDS solutions, with up to 1 hr 
necessary for the surface tension to achieve an equilibrium 
value.

The data at 22.0° C are presented in Figures 5-7. Surface 
viscosities ?j were calculated from eq 1 using for ¡i the bulk 
viscosity of the corresponding SDS solution ignoring any 
effect due to added dodecanol.

6. D iscussion
The surface viscosity shows a remarkable variation with 

the concentration of added dodecanol. Let us discuss Fig
ure 6 first, for it exhibits features common to the other two 
plots. In Figure 6 the bulk concentration of SDS is 2.00 g 
l.-1, just below the cmc. Injection of dodecanol at first rap
idly increases the surface viscosity, a feature which we in
terpret as the formation of a “plastic” film through syner
gistic interaction between SDS and dodecanol adsorbed 
into the interface. During this process the surface tension 
rises somewhat, suggesting that che adsorption of dodeca
nol is accompanied by a partial desorption of SDS. This re
sult is in agreement with the radio tracer experiments of 
Nilsson5 on mixed SDS-dodecanol films. Finally, a maxi
mum in the surface viscosity is achieved, and further addi
tions of dodecanol serve only to depress the surface viscosi
ty. We interpret this maximum as due to the formation of 
mixed micelles in the bulk solution, meaning that the addi
tion of about 0.8 mg l.-1 of dodecanol into an SDS solution

Figure 7. Surface viscosity and surface tension of a solution con
taining 2.50 g I.-1 of SDS as a function of increasing dodecanol con
centration.

depresses the cmc from 2.3 to 2.0 g l."1 of SDS. Indepen
dent support for this interpretation is obtained by plotting 
the surface tension of solutions containing 0.76 mg l.-1 of 
dodecanol as a function of the concentration of added 
SDS.16 A minimum appears in the surface tension at an 
SDS concentration of 2.0 g l._1.
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As dodecanol is added beyond the cmc, desorption con
tinues from the interface, for the surface tension continues 
to rise slightly. According to Tajima, Muramatsu, and Sa
saki,17 it is the SDS which is still being desorbed, and in 
any case the rapid fall in surface viscosity indicates that 
the synergistic balance in the interface necessary to form 
the plastic film has been upset. The minimum in surface 
viscosity at 2.3 mg l._1 of dodecanol is lower than that for 
the pure SDS adsorption film but at the same time higher 
than the 0.13 surface millipoise which we found for the 
pure dodecanol adsorption film, so that our results are con
sistent with the hypothesis of Tajima, Muramatsu, and Sa
saki.

Finally, additions of dodecanol beyond 2.3 mg l._1 result 
in another rapid rise in the surface viscosity, accompanied 
by a sharp drop in the surface tension. This can only mean 
that the micelles are no longer able to compete successfully 
for SDS, so that SDS repenetrates the interface to reform 
the synergistic, plastic film.

Dodecanol can be successfully dispersed in SDS at high
er concentrations than the points plotted in Figures 5-7, 
but the solutions have a cloudy appearence quite unlike the 
optical clarity of the solutions employed in these experi
ments. It is largely with such concentrated solutions that 
previous investigations of this system8’9 have been con
cerned.

Having dealt with Figure 6, let us now turn to Figure 5 in 
which the SDS concentration is submicellar at 1.75 g l._1. 
The initial surface viscosity maximum of Figure 6 is repro
duced here, but it is postponed until the addition of about
3.1 mg l.-1 of dodecanol. Interpreting the maximum as due 
to the break up of the synergistically plastic surface film 
because of the formation of micelles in the bulk solution, 
we conclude that a dodecanol concentration of 3.1 mg l._1 
lowers the cmc of SDS to 1.75 g l._1. The surface tension 
data are concordent with this interpretation, for y falls as ij 
rises, achieving a minimum coincident with the maximum 
in surface viscosity.

In Figure 7 the concentration of SDS at 2.50 g l._1 is 
above the cmc, and there are thus micelles present from the 
start of dodecanol addition. The initial surface viscosity 
maxima of Figures 5 and 6 are thus absent from Figure 7, 
and dodecanol enters the micelles preferentially, although 
from the falling surface viscosity it would appear that to 
some extent it also replaces SDS in the interface. Finally 
with micelle saturation, the plastic film reforms and the 
surface viscosity rises. Throughout this process the surface 
tension falls, at first slowly and then with increasing rapidi
ty.

7. Non-Newtonian Effects
It is shown in ref 1 that a newtonian surface film is char

acterized by a strict proportionality between the angular 
velocity Q of the floating dust particle and the angular ve
locity to of the driving ring. For all films examined by us 
this proportionality is exact for sufficiently low ring speeds, 
and all viscosities herein reported were calculated from lin
ear plots of Q against to in the newtonian regime. At the 
highest ring speeds, however (to = 10 rpm), some deviation 
was occasionally noted from this newtonian law. In every 
case the deviation was such as to make fi lower than ex
pected, meaning that the film tends to become more fluid 
at higher shear rates.

The appearance of non-newtonian behavior in every case 
correlated with the formation of the plastic surface film in

SDS-dodecanol mixtures. Thus in Figure 6 the plastic film 
formed near the first maximum in surface viscosity was 
markedly non-newtonian at high shear rates, while the 
rheological behavior of the film at the surface viscosity 
minimum was newtonian at all shear rates available to us. 
Films of intermediate surface viscosity displayed interme
diate non-newtonian behavior. This is further evidence for 
the synergistic effect to which in section 6 we attributed 
the surface viscosity maxima. Because the plastic films 
tend to become more fluid at higher shear rates, it follows 
that the synergistic structure of -mixed SDS-dodecanol 
films deteriorates upon sufficiently rapid mechanical de
formation.
8. Sum m ary

Surface shear viscosity is shown to be a parameter highly 
sensitive to the structure of adsorbed surface films. When 
accompanied by measurements of the surface tension, it 
can throw much light upon changes in the physical condi
tion of an interface.

In this paper we have shown that adsorption films of so
dium dodecyl sulfate behave in a manner entirely analo
gous to insoluble monomolecular layers of stearic acid in 
that the surface viscosity is immeasurably small (less than 
10~6 surface poise) at low surface coverages, but rises 
abruptly when the area per surfactant molecule in the in
terface is less than a certain critical value. For SDS this rise 
in surface viscosity occurs at 53 A2 per long chain ion, well 
before the formation of micelles in the bulk solution and 
continues through the critical micelle concentration, after 
which it ceases (area per lauryl sulfate ion — 45 A2).: Pre
sumably it ceases only because the surface concentration r  
above the cmc increases but slowly.

Injection of dodecanol into an SDS solution can cause 
profound increases in the surface viscosity, but only if the 
bulk concentrations are properly balanced so as to produce 
surface concentrations favorable to the creation of a syner
gistically plastic surface film. The proper ratio of compo
nents in the surface needed to produce the plastic film is 
sensitive to competition for these components by mixed 
micelles formed in the bulk phase.
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From-the infrared spectra of acetylene, deuterated acetylene, propyne, and but-2-yne, chemisorbed in Cu, 
Na-Y zeolites, which have undergone various treatments, it is inferred that (i) the OH groups interact only 
with the weakly adsorbed molecules, (ii) the Cu+ ions are not involved, (iii) the acetylenic hydrogen atoms 
do not take part in the bonding, (iv) the Cu2+ ion-alkyne bond results mainly from tt donation from the 
unsaturated hydrocarbon to the metallic ion.

Introduction

Within the last few years, attempts have been made to 
anchor coordination complexes on solid supports for prac
tical as well as for theoretical reasons. Zeolites, owing to the 
mobility of protons, cations, and adsorbed molecules in 
their lattice, may be considered as a choice material to 
compare homogeneous and heterogeneous catalysis. Never
theless, to our knowledge, works on unsaturated hydrocar
bon complexes in zeolites have not hitherto been published.

Previous reports on Y zeolites1-2 showed that dehydrated 
or partly dehydrated cations with an even number of half- 
filled d orbitals are capable of cyclotrimerizing C2H2, 
whereas the formation of a more stable complex was point
ed out in the case of copper cations.2 Here is presented an 
infrared study of the nature of the bonding formed be
tween copper cations and some alkynes in Y zeolites.

Bonding between metal cations and acetylenes maybe 
formed either by replacement of ar. acetylenic hydrogen by 
the metal cation or via the C=C bond.3-4 The latter bond
ing mode has been found with certain transition cations, 
whereas, usually, copper acetylides correspond to the for
mer mode or to coordination polymers combining both 
types.4 It was of interest to determine the type of bonding 
present in Y zeolites, since the alkyne reactivity depends 
upon it.

E xperim ental S ection
The Cu2+, Na-Y zeolite was prepared from the commer

cial material Linde SK-40 by repeated exchanges, using 
0.3% Cu(NOa)2 aqueous solutions. Samples containing 2.5,
15.5, and 24.5 Cu2+ ions per unit cell were obtained. Care 
was taken to prevent precipitation of the metal hydroxides 
or deterioration of the zeolite structure which can occur if 
an unsuitable pH is used. Chemical analyses for copper and 
sodium (flame spectroscopy) yield cation equivalents of 56 
± 3 per unit cell. Retention of the faujasite structure was 
checked by studying the ir spectra in the 1300-350-cm_1 
region.5-10

Acetone was removed from cylinder C2H2 by passing the 
gas through concentrated sulfuric acid. Deuterated acety
lene contained more than 99.5 atom % of deuterium. All the 
alkynes were vacuum distilled and thoroughly dried over 
molecular sieves.

For ir measurements, the zeolites were compressed at a 
pressure of 103 kg cm-2. The resulting disks (=¿5 mg cm-2) 
were mounted in a quartz sample holder and treated in a 
cell similar to that described previously11 but with no joint

or stopcock. Greaseless vacuum systems were used, since it 
has been observed that grease is a very effective reducing 
agent for cations in zeolites.12 Dehydroxylated samples 
were obtained after the following treatment. Under vacu
um, the temperature was raised stepwise up to 450° in 5 hr. 
Then, O2 was admitted, and the cell, connected to a liquid 
nitrogen trap, was maintened at this temperature for 4-5 
hr. Finally, the zeolite was evacuated overnight at 550°. 
Despite the oxygen treatment, formation of CuO was not 
observed for similar samples, as shown by X-ray diffraction 
patterns13 and EPR spectra.14 Hydroxylated zeolites re
sulted from a mere evacuation at 200° for 15 hr. Treatment 
in CO at 450° for 15 hr before the final above evacuation 
partially reduced the Cu2+ ions into Cu+ ions.15

To obtain spectra at wave numbers lower than 1200 
cm-1, powders were treated in the same way as the disks, 
then impregnated with nujol under vacuum.

Spectra were scanned on a Perkin-Elmer Model 125 
grating spectrophotometer (Model 225 for the region below 
400 cm-1). The reference beam was attenuated.

R esu lts

Figure 1 shows the spectra of C2H2 adsorbed on a dehy
droxylated sample. Table I indicates the wave numbers of 
the observed bands for C2H2 and the other alkynes. In the 
OH region of the spectra, no band occurs. The absorption 
maxima of C2D2 corroborate the assignment of the C2H2 
bands. No OD band is found.

Admission of C2H2 onto a hydroxylated Cu2+, Na-Y zeo
lite causes the OH band near 3630 cm-1 to diminish, 
whereas that near 3550 cm-1 remains unchanged. The easi
ly accessible OH groups corresponding to the 3630-cm-1 
band are weakly hydrogen bonded to C2H2 molecules. The 
formation of new OH bands is not observed. On evacuation 
at room temperature, the 3630-cm-1 band is restored. 
These phenomena are similar to those pointed out for C2H4 
adsorption in decationated Y zeolites.16

If a small quantity of H>0 is introduced after CiH> ad
sorption, C2H2 is not removed from the surface, but higher 
quantities of H20  produced C2H2 desorption. In a partly 
hydrated zeolite, C2H2 bonding to Cu2+ ions is possible. In 
contrast, molecules which form more stable complexes with 
the copper ions in Y zeolite are capable of displacing C2H2. 
This is the case for methyl isocyanide.17 These experiments 
give an idea of the stability of the C'2H2-Cu2+ ion bond.

The influence of the Cu content was examined for acety
lene. Even for the sample containing only 2.5 Cu2+ ions per
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TABLE I: Frequencies (in cm 1) of Acetylene, 
Deuterated Acetylene, Propyne, and But-2-yne

Alkynes Vibrations

Free
state (gas 
or liquid)

Adsorbed 
in Cu. Na -Y 

zeolite“

Frequency 
shift 
free - 

adsorbed

c 2h2 3250 49
sCH 3289 3190 sh 99

3170s 129
C=C 1974“ 1820 sh 154

1810s 164
CiDt =CD 2427 2365 sh 62

23456 82

0 III 0 1763“ 1650 sh 113
1640s 123

C3Hj =CH 3365 3230 sh 135
32006 165

CsC 2142 1975 167
c ,h6 c = c 2233“’“ 2045 188

° Raman. b Most intense band in its spectral region.' Reference 30. 
d sh = shoulder.

Figure 1. Ir spectra of chemisorbed acetylene: (a) dehydroxylated 
Cu, Na-Y zeolite containing 24.5 Cu2+ ions per unit cell; (b) after ad
sorption of 50 Torr of C2H2 at 25° for 15 hr, then desorption at 25° 
for 5 min.

unit cell, C2H2 bands resistant to evacuation were found, 
though their intensity was very weak. This confirms that 
Cu2+ ions, located in the small cavities of the zeolite after 
treatment at high temperature, migrate to the supercages 
because of the presence of unsaturated hydrocarbons.18 
The sample containing 15.5 Cu2+ ions per unit cell gives 
rise to C2H2 bands whose intensity does not differ a great 
deal from that observed in the case of the sample contain
ing 24.5 Cu2+ ions.

For C2H2 and C2D2, attempts were made to detect the 
CH (or CD) deformation mode and the Cu-C stretching 
mode, using nujol mulls. Unfortunately, no band was ob
served down to 250 cm-1, although the bands correspond
ing to the CH and C=C stretching modes were visible.

A decrease in intensity but no change in frequency of the 
C 2H 2 and C3H 4 bands were observed for the partially re
duced samples as compared with the unreduced ones. It is 
inferred that no Cu+ ion-alkyne interaction takes place.

D iscussion
Possibility of Formation of Cu-C=CR Species. If C2H2, 

C3H4, and C2D2 loose a hydrogen or deuterium atom on ad
sorption, this atom will most likely react with a lattice oxy
gen and yield an OH or an OD group. This was found in the 
case of ZnO.19 The appearance of new OH bands, which in
creased on standing, was also pointed out for C2H2 and 
C3H4 adsorbed on silica-supported CuCl2.20 Here, forma
tion of OH or OD bands was not observed.

The absence of OH bands casts a doubt on the possible 
formation of RC2CU species. Other data are also in agree
ment with this conclusion, (i) For propyne, which has only 
one acidic hydrogen atom, the CH stretching vibration 
subsists in the adsorbed state and the stability of the CH 
and C=C ir bands on desorption are comparable, which 
shows that these two bands refer to the same chemisorbed 
species, (ii) But-2-yne, which has no labile hydrogen atom, 
is also chemisorbed on the copper ions, as evidenced by 
thermally stable ir bands, (iii) The frequency shifts found 
for the C-H and C=C stretching vibrations are more im
portant than those noted for RC2M acetylides.

The CH stretching frequency of the acetylides HC2M is 
in the 3215-3290-cm-1 region21'22 which corresponds to the 
bands previously observed for C2H2 chemisorbed on ZnO19 
and for the mixture C2H2-O2 chemisorbed on MgO-NiO.23 
The 3170-cm_1 band found in the present case is far below 
this region. Also the C=C stretching vibration is at 1810 
cm-1, outside the 1850-1961-cm_1 range reported for the 
acetylides HC2M21>22 but close to that observed for u n 
bonded acetylene on silica-supported CuCl2 (1818 cm-1) 
whose =CH bands are at 3290 and 3205 cm-1.

In the case of propyne, however, the wave number of the 
C=C band does not allow such a clear cut distinction, since 
this band is shifted 167 cm-1 from its position in the gas, 
compared with 187 cm“ 1 for C6H5C2H and C6H5C2Cu24 
and 277 cm-1 for propyne probably chemisorbed as a (CH2 
—C=CH) species bonded to Zn atoms on ZnO.19 Neverthe
less, as pointed out above, the presence of the CH stretch
ing band suffices to rule out the formation of CH3C2CU 
species. Morecver, a 180-cm-1 shift was found for yr,w- 
bonded propyne on silica-supported CuCl2,20’25 whereas it 
was suggested that the CH3C2CU species, formed on stand
ing, cause a 96-em~1 shift toward high wave numbers.20

Formation of ir-Acetylenic Complexes. Bonding be
tween alkynes and metals or cations may be depicted as in
termediate between the two extreme cases26 I and II. The

V
c

V
c
III

IIL M —  1
c ò

\ C 5+
\

II
respective importance of electron donation from the hydro
carbon to the cation and back donation from the cation to 
the hydrocarbon depends upon the relative positions of the 
energy levels of the alkyne ir and ir* orbitals on the one 
hand and the bonding s, p, and d orbitals in the cation on 
the other hand. Also, a complex close to type II is favored 
by electron-donating substituents on the alkyne (such as 
CH3 groups) and electron-withdrawing ligands on the 
metal or cation.

Due to the transfer of electron from the cation into the ir 
orbitals of the alkyne, the C=C bond order is greatly de
creased in I and hence the (C=C) band is considerably
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lowered (from 2260-2190 cm-1 to 1845-1740 cm-1).26 In II 
the C=C frequency is in the 2046-1994-cm-1 region.26 For 
but-2-yne in Cu, Na-Y zeolite, the C=C band is displaced 
from 2233 cm-1 in the Raman spectrum of the liquid to 
2045 cm-1, which refers to a type II bonding. In contrast no 
band due to the C=C bond was found for but-2-yne ad
sorbed on silica27 and alumina.27’28 The shifts observed for 
C2H2 (164 cm-1) and C3H4 (167 cm-1) in the Cu, Na-Y zeo
lites are not very large and may be accounted for by a type 
II complex, though data on such complexes of acetylene 
and simple monosubstituted alkynes are missing. The ap
pearance of an ir active C=C band is due to a cis configura
tion. It is not possible to determine accurately the bond 
order from the ¡<(C=C) frequency, because this frequency 
also depends upon the C=C -R angle.29

Similar bondings have not been pointed out for those 
simple alkynes in Cu2+ ion solutions. Their formation in Y 
zeolite may be due to the lattice electrostatic field and/or 
to the electron transfers with the framework. It is worth 
noting that the Cu+ ions which are less electron deficient 
do not give complexes stable at room temperatures with 
acetylene and propyne.

Because of its relative weakness, the Cu2+ ion-acetylene 
bond described above may correspond to intermediates in 
catalytic reactions in which the acetylene molecule is not 
dissociated, since a nucleophilic attack at the acetylenic 
carbons is favored.
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The reaction of S03 with atomic oxygen was explored using the matrix isolation method. A new species was 
observed by infrared spectroscopy having peaks at 1434, 1267, 925, 777, 611, 498, and 490 cm-1 in an Ar 
matrix at 15°K. Similar spectra to within small matrix shifts were observed in Xe, N2O, SF6, and C02 ma
trices. The species giving rise to these spectra is identified as neutral, monomeric S04. Both 34S and 180  
isotope labeling studies were carried out with this new species. The results of these indicate that the struc
ture is of either C1 (or Cs) symmetry having a sulfuryl group and an open SOO group or of C2u symmetry 
having a sulfuryl group and a SOO three-membered ring. The latter of these two structures is preferred on 
the basis of the positions of certain infrared bands. The mechanism of formation of SO4 is discussed and 
evidence for its photo and thermal decomposition presented.

Introduction
Neutral sulfur tetroxide has previously been proposed as 

an intermediate in a variety of sulfur oxide reaction sys
tems. It has been suggested as-the active oxidizing species 
in persulfate oxidations1 and as a transient species pro
duced by the action of a silent electric discharge over sulfu
ric acid solution.2 The SO4 molecule has also been invoked 
as an intermediate in the reaction of sulfur trioxide with 
atomic oxygen,3’4 and as an atmospheric intermediate in 
the photoinduced oxidation of sulfur dioxide by molecular 
oxygen.5-8 However, in none of these studies was SO4 di
rectly observed.

Some early work was reported in which sulfur tetroxide 
was produced by the action of a silent electric discharge 
(6500-8000 V) on mixtures of S02 and 0 2.9,10 The product 
is isolated as a white solid which melts at 3° with decompo
sition. Later work11 characterized this solid as a polymeric 
species of composition S03.s_4 0, the exact product compo
sition depending on the S:0 ratio in the discharge reaction 
mixture. Wannagat and Schwarz12 give a theoretical dis
cussion of the existence of monomeric S04 and argue that 
such a molecule would be unstable relative to polymeriza
tion.

In the present work we report the synthesis and charac
terization of a molecular species identified as monomeric 
S04. This was accomplished by the reaction of SO3 with 
atomic oxygen at low temperatures (15-78°K) in several 
inert matrices. The atomic oxygen was produced in situ by 
the photolysis of matrix-isolated ozone, nitrous oxide, or 
sulfur trioxide at various wavelengths. The oxygen atoms 
produced were free to diffuse through the matrix and react 
with coisolated SO3 molecules. The product S04 thus iso
lated in a rigid support was unable to polymerize. The in
frared absorption spectrum of matrix-isolated S04 was ob
served and 34S and 180 isotope labeling studies were car
ried out on it from which its most probable structure was 
inferred.

E xperim ental Section
A modular liquid helium dewar Model MHD-3L-15N 

manufactured by Andonian Associates was used for the 
low-temperature experiments. The design has been de
scribed previously.13 This dewar could be used with liquid

nitrogen, solid nitrogen, or liquid helium as the primary 
coolant giving matrix sample block temperatures of 78, 65, 
15°K, respectively.

Matrix samples were made by deposition of gas mixtures 
onto the cold window in several (5-10) pulses of 0.05-0.1 
mmol. This method gave matrix deposits sufficiently glassy 
for spectroscopic work and obviated long deposition times 
needed in the slow spray-on method of matrix deposition.

Gas samples were prepared on an all-glass vacuum line 
using halocarbon stopcock grease from the Halocarbon 
Corp. This grease was inert to all the gases sampled except 
for sulfur trioxide which was handled in a separate mani
fold equipped with greaseless, Kel-F bore, high vacuum 
stopcocks from the Kontes Co. The gas mixtures were mea
sured out using a quartz spiral null manometer from Texas 
Instruments Co. and condensed into 1-1. bulbs containing 
glass beads. These mixtures were stirred by shaking the 
bulbs causing an agitation of the glass beads.

Ozone was prepared by silent electric discharge (15,000
V) through oxygen in a closed system cooled with liquid ni
trogen. This setup gave 99+% conversion of oxygen to 
ozone. Ozone enriched in 180  was prepared in the same way 
using 94.0 atom % 180-enriched oxygen obtained from Yeda 
Research and Development Co. Sulfur trioxide was isolated 
from 30% fuming sulfuric acid by bubbling with helium at 
110° and condensing the effluent with liquid nitrogen. The 
S03 was then purified by repeated bulb-to-bulb distilla
tions under vacuum and several freeze-pump cycles at 
—78° to remove residual S02. Sulfur trioxide enriched in 
180  was prepared by heating elemental sulfur and an ex
cess of 180 -enriched oxygen in a quartz ignition tube to a 
temperature of ca. 500° for 24 hr. The resulting 180-en- 
riched sulfur dioxide was transferred to another ignition 
tube containing an excess of 180-oxygen and Pt-black cata
lyst and was heated to 400° for about 1 week. The product 
S180 3 was purified by the method that was used for isotopi- 
cally normal sulfur trioxide described above. The overall 
yield of S180 3 was 90%. Sulfur trioxide enriched in 34S was 
prepared similarly by using 34S-enriched elemental sulfur 
and isotopically normal oxygen. The 34S content of the en
riched sulfur obtained from Oak Ridge National Laborato
ry was 67.5 atom %.

Infrared spectra were recorded between 4000 and 200 
cm-1 using a Perkin-Elmer Model 621 grating spectropho
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tometer. .The spectra were calibrated to within 1.0 cm-1 
using atmospheric water vapor14 and indene liquid15 as 
standards.

Photolyses were carried out with a 450-W medium-pres
sure mercury lamp (Ace Glass Inc.) used together with 
chemical filters for the isolation of various regions of the 
spectrum. These filters have been described previously.16’17 
For photolyses at 1849 A in which it was desirable to ex
clude 2537-A light, a 7 -irradiated LiF plate was used. Such 
a filter has a sharp intense absorption band centered at 
2480 A (A ~  3.6) but transmits at 1849 A.18

Results
The reaction of sulfur trioxide with atomic oxygen was 

investigated in the matrix phase at temperatures between 
15 and 78°K. The product of this reaction gives rise to an 
infrared absorption spectrum previously unobserved in sul
fur oxide chemistry, with bands at 1434, 1267, 925, 777, 
611, 498, and 490 cm-1 in an argon matrix at 15°K.

This new species was produced in various matrices by 
several methods. In the first of these methods, ozone and 
sulfur trioxide were dispersed in argon, in xenon, or in car
bon dioxide matrices. The ozone was subsequently photo- 
lyzed with 5780-A light producing only 0(3P) as the atomic 
fragment, with 2537-A light producing 0 (XD), or with 
3130-A light producing a mixture of 0 (XD) and 0 (3P) in the 
ratio of about 1:10.19 These atomic species, being free to 
diffuse through the matrix, react with isolated SO3 mole
cules. Surprisingly, the reaction producing the new sulfur 
oxide was observed to occur even with ground state 0(3P) 
in an argon matrix at 15°K. This indicates a very low acti
vation energy (<0.03 kcal/mol) for this process. However, 
the most efficient production of the new species by this 
method was observed when 3130-A light was used. The in
frared spectra of such an ozone photolysis experiment in an 
argon matrix are shown in Figure 1. In the second method 
used to produce the new species, sulfur trioxide was isolat
ed in a nitrous oxide matrix at 77°K. Photolysis of the ni
trous oxide at 1849 A produces 0 (1D), and the reaction of 
0(*D) with the SO3 isolated in this matrix produced the 
new species. However, the yield for this reaction was quite 
low and only the two most intense bands in the infrared 
spectrum of the new product were observed at 1434 and 
1260 cm-1. A third means of synthesizing the new com
pound under consideration was also employed. In this 
method, sulfur trioxide was isolated in either a carbon 
dioxide, sulfur hexafluoride, or argon matrix. Photolysis of 
the SO3 itself at 1849 A produces 0(3P) and SO220 and 
0 (3P), as already has been noted, was found to react with 
isolated SO3 molecules. The product of this reaction has an 
infrared spectrum that was very similar to that of the new 
species produced by the other methods. A spectrum for this 
reaction in a CO2 matrix is shown in Figure 2. It should be 
pointed out that when neat deposits of S03 were irradiated 
under these conditions, only polymeric products were ob
served.

The infrared data from the above experiments are given 
in Table I. The small shifts in the infrared absorption max
ima among these matrix experiments are attributed to dif
ferent environments in the lattice sites of the various hosts.

Other syntheses which were attempted, though they did 
not meet with such gratifying success, merit brief mention 
here. In the first of these, sulfur dioxide was isolated in an 
oxygen matrix at 15°K. The matrix was subsequently irra
diated with 2537 A for 4.75 hr. The idea behind this experi-

Flgure 1. Infrared spectra for the photolysis of 03 in the presence of 
SO3 in an Ar matrix at 15°K: (solid line) deposit before photolysis, 
SO3 bands centered at 1389, 1070w, 529, and 486 cm-1, O3 bands 
centered at 1110, 1043, and 705 cm-1; (broken line) after 1.5 hr of 
irradiation at 3120 A, S04 bands centered at 1434, 1267, 925, 777, 
611, 498, and 490 cm-1.

FREQUENCY (CM- 1 )

Figure 2. Infrared spectra for the photolysis of S03 in a C02 matrix 
at 78°K: (solid line) deposit before photolysis, S03 band centered at 
1391 cm-1, cutoff at 700 cm-1 dii3 to BaF2 windows used on the 
low-temperature dewar; (broken line) after 1.5 hr of irradiation with 
the unfiltered light from a low-pressure mercury lamp, S02 bands 
centered at 1329 and 1148 cm-1, S04 bands centered at 1437, 
1268, 929, and 779w cm-1. These spectra give direct evidence for 
the photodisproportionation reaction: 2S03 + bv(1849 A) = S02 + 
S04.

ment was to elevate SO2 to an excited state which might 
react with an adjacent O2 molecule in the matrix. However, 
no reaction was observed by infrared spectroscopy to occur 
under these conditions. An attempt was also made to iso
late the new sulfur oxide species directly from the gas 
phase. A radiofrequency discharge (7.37 MHz) was passed 
through pure SO3 and through mixtures of S02 and 0 2 im
mediately prior to freezing at 15° K. The infrared spectra of 
these deposits, however, showed no peaks attributable to 
the new sulfur oxide species observed above.

Several isotope labeling experiments were carried out 
with this new molecule in order to obtain more information 
about its structure and mechanism of formation. In the 
first of these experiments, 32S1603 and 18Os (94.0 atom % 
180) were isolated in an argon matrix. Photolysis of the 
1803 at 3130 A generated the new compound containing 
one 180  statistically distributed in the molecule. This is ev
idenced in the infrared spectrum in which each peak due to 
the new species shows an lsO isotope shifted peak at lower
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TABLE I: Infrared Data on the Product of the Reaction of Sulfur Trioxide with Atomic Oxygen

Experiment IV XIII XLIII LVI XLIX XLVm LX LII
Matrix host c o 2 c o 2 Xe Ar N20 C02 s f 6 Ar
Temp, °K 78 78 65 15 78 78 78 15
O source o 3 o 3 0 3 0 3 NjO S 0 3 SO3 S 0 3

New infrared 1438 1430 1431 1434 1434 1437 1436 1433
stretching 1267 1265 1264 1267 1260 1268 1266 1262
frequencies, 1263
cm ' 1 928 927 925 929 924

777 776 777 779 782 772
608 608 611 607
497 496 498 497 497
491 490 490 492

TABLE II: Infrared Isotope Data and Relative 
Isotope Shifts for 34S04 and S180.j

V
32s ,so4,

cm ' 1

V
;i4S1G04,

cm' 1
Relative 
shift, %

V
32s18o4.

cm"1
Relative 
shift, %

1434 1418 1.12 1387 3.28
1267 1256 0.868 1223 3.47
925 924 0.108 881 4.76
777 767 1.29 746 3.99
611 610 0.164 582 4.75
498
490

(487)“ 2.21 (481) 3.41

“ Values in parentheses questionable due to their close proximity 
to intense SOs bands.

frequency. In the second of these isotope studies, 32S1803 
and 1803 (both 94.0 atom % 180) were isolated in an argon 
matrix. Photolysis in this case at 3130 A resulted in the for
mation of the new molecule in which all of the oxygen 
atoms are replaced by 180  as well as a smaller percentage of 
the new species which is less completely labeled. In the 
third of these isotope labeling experiments 34S160s (67.5 
atom % 34S) and 160.3 were isolated in an argon matrix. 
Photolysis of the ozone in this matrix generated the new 
species enriched in 34S. The results of these isotope label
ing experiments are summarized in Table II.

No evidence was seen for the photodecomposition of the 
new product with visible light. A slight amount of decom
position was observed however when SO4 samples were ir
radiated with the unfiltered light of the medium-pressure 
mercury lamp. These observations indicate that SO4 may 
have an absorption maximum in the ultraviolet. Unfortu
nately, attempts at measuring the uv-visible spectrum of 
this new species were inconclusive. No absorption peak was 
seen in the region from 8000 to 2000 A which might be at
tributed to this compound, but, since the amount of prod
uct in this experiment was relatively small, a weak absorp
tion may have gone unnoticed. To form this product in 
greater quantity, thicker matrix deposits were required and 
the high degree of light scattering from these deposits in
terfered with the uv-visible measurement.

Electron spin measurements were made on the product 
of the reaction of SO3 with 0(3P) using S03 as the atomic 
oxygen source by self-photolysis at 1849 A. The reaction 
was carried out in both CO2 and SF6 matrices. These ex
periments showed no detectable ESR signal attributable to 
the new molecule under consideration. When these samples

were warmed to room temperature after photolysis and re
frozen, the vacuum inside the cell degenerated and the 
characteristic ESR spectrum of O2 gas was observed, indi
cating thermal decomposition of SO4.

Infrared measurements indicated that the new species is 
stable at least up to the softening point of a carbon dioxide 
matrix (100-150°K). Above this temperature the matrix 
became frosty and began to sputter away and further in
frared measurements were impossible.

D iscussion

Seven new infrared absorption maxima have been ob
served attributable to the product of the reaction of SO3 
with atomic oxygen. These peaks (see Table I) are the only 
new features which are observed when the infrared spec
trum is scanned from 4000 to 200 cm-1 using Csl windows 
on the low-temperature dewar. They have been observed 
when the reaction was run in five different matrix hosts 
(Ar, Xe, N2O, CO2, SF6) and the positions of the infrared 
maxima are the same, apart from small matrix shifts in 
these different media. Furthermore, the relative intensities 
of these peaks remain constant during their growth and 
disappearance. This behavior indicates that these peaks 
arise from the production of only one new species and not 
the simultaneous production of two or more new species.

The positions and relative intensities of the new infrared 
absorption peaks were also found to be independent of the 
mode of production of atomic oxygen. Therefore, neither 
the atomic oxygen source nor the matrix host molecules are 
responsible directly or indirectly through adduct formation 
for any of the new infrared bands. That is, the only reac
tants essential for the production of this new entity are sul
fur trioxide and atomic oxygen.

A comparison of infrared absorption band intensities in 
the spectrum of the new product (see Figure 1) gives an in
dication of the number of fundamentals present. The two 
high-energy peaks at 1434 and 1267 cm-1 are also the most 
intense. These peaks are probably due to fundamental vi
brational transitions in the new molecule since overtone 
and combination bands are characteristically of diminished 
intensity. The rest of the bands in this infrared spectrum 
are between 490 and 925 cm-1. If any of these were due to 
overtone or combination bands, one would expect to see 
strong fundamentals at lower energy. Since no such low- 
frequency fundamentals were observed down to 200 cm-1, 
it is likely that the five remaining bands between 490 and 
925 cm-1 are also fundamentals. If this is true, seven in
frared active fundamental vibrations are observed for the 
new product.
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Since sulfur trioxide itself shows a tendency to polymer
ize and since it has been argued that sulfur tetroxide 
should be unstable relative to polymerization,12 the ques
tion of the number of sulfur atoms per new molecule is an 
important one. That the species is not polymeric is evi
denced by the sharpness of the infrared peaks, since even 
at low temperatures polymers characteristically show broad 
peaks in the infrared. Moreover, the new species has been 
produced both in the presence and absence of polymeric 
SO3 with no observable difference in the infrared spectra. 
Furthermore, the new product was made using 67.5% en
riched 34S0s. In this case no peak assigned to the new 
species showed more than one 34S isotope shifted peak. 
This is strong evidence in favor of the ratio of the one sul
fur atom per new product molecule, indicating that it is a 
monomeric species.

Sulfur trioxide and atomic oxygen may react at low tem
peratures by one or more of the following reactions:

0
0 . 0 I

/ \
/ 0 /'

0 Ò

c l  , 0

HI C2v

° V °

CL

V C ,(CS)

Figure 3. Some possible structures for S04.

S03 + (X3P) —-  SO, + 0 , (1)

S03 + 0(3P) —*- QSOO + 0(3P) (2)

S0s + CK3P) so4 (3)

where the role of the third body molecule M is played by 
the matrix. Reaction 1 has been observed at room tempera
ture in the gas phase.4 However in this study, no SO2 for
mation as a result of reaction 1 was observed in the matrix 
phase at low temperatures. Reaction 2 involves the forma
tion of a peroxy isomer of SO3. Such tetratomic species 
would show only six infrared active fundamentals whereas 
seven are observed in this study. Reaction 2 is in any case 
impossible unless 0(3P) possesses much excess kinetic en
ergy, and energy loss to the matrix should be efficient. 
Thus the most likely of these reactions is reaction 3 involv
ing the addition of atomic oxygen to sulfur trioxide in the 
matrix to form sulfur tetroxide.

Spectrum and Structure of SO4. A variety of molecular 
structures involving one sulfur and four oxygen atoms can 
be drawn. Some of the structures which might arise from 
the reaction of sulfur trioxide with atomic oxygen are 
shown in Figure 3. Structure I (together with its corre
sponding resonance forms) represents a molecule having 
tetrahedral symmetry. Such a molecule would have only 
two infrared active fundamentals. A C3l) structure (II) 
would have six fundamentals which are infrared active. A 
C2V structure such as III would show eight infrared active 
fundamentals. A molecule of C2V symmetry such as struc
ture IV as well as one of C\ (or Cs) symmetry (V) would 
have nine fundamentals, all of them infrared active.

On the basis of the observed spectrum, structures I and 
II are ruled out immediately, since seven fundamentals are 
observed in the infrared spectrum, and these structures are 
compatible with only two and six, respectively. Structure 
IV is unlikely since the infrared spectrum of the new 
species shows two intense bands in the S = 0  stretching re
gion at 1434 and 1267 cm-1. This implies that the species 
contains more than one sulfur-oxygen double bond, while 
structure IV has only one such group. Thus the remaining 
likely structures are C%v structure III and C1 (Cs) structure
V.

A comparison of the infrared data on isotopic substitu
tion collected for the 1434- and 1267-cm“ 1 bands of SO4 
with the isotope data for i»3 and «1 of SO2 isolated in Kr ma
trices21 shows that the relative observed isotope shifts fol

low the same patterns. This comparison is shown in Table
III. The implication of this correlation is that the SO4 
bands at 1267 and 1434 cm-1 are due to the symmetric and 
antisymmetric stretches of a SO2 moiety.

Values for the characteristic frequencies of the sulfuryl 
group in various compounds are given in Table IV. The 
correlation between the symmetric and asymmetric 
stretching frequencies is consistent with the presence of the 
SO2 moiety in S04. A comparison of the S02 bending 
frequencies in these compounds gives a strong indication 
that the corresponding frequency in S04 should be at about 
530 cm-1. Unfortunately a product peak was never ob
served in this region since S03, which is always present in 
these experiments, has an intense absorption which peaks 
at 529 cm-1. Thus whether or not SO4 actually has a 530- 
cm“1 band must remain open to question.

The band at 925 cm-1 is assigned to a vibration which is 
mainly 0 -0  stretching. This assignment was made on the 
basis of the observed isotope data. Table II revealed that 
this band shows the largest relative 180  isotope shift of all 
the observed S04 bands. Furthermore, the 0 -0  stretching 
frequencies of peroxides25 and of transition metal dioxygen 
complexes26 are located in this general region from 800 to 
1200 cm-1. The relation between structures and 0 -0  vibra
tional frequencies in the latter may have a bearing on the 
structure-frequency relationship in SO4. Two classes of 
transition metal dioxygen complexes have been observed.

JO 0
| M— o '

T>
class I class II

The 0 -0  vibrational frequencies for class I complexes 
range from 820 to 909 cm-1, whereas the corresponding 
frequencies for class II complexes lie between 1120 and 
1140 cm-1. Since the assigned 0 -0  vibrational frequency 
in SO4 is at 925 cm“1, the above structure-frequency rela
tionship in metal dioxygen complexes provides indirect 
support for the C2u structure III of S04. The assignment of 
the two low-energy bands of S04, namely, those at 498 and 
490 cm“1, was made primarily on the basis of their proxim
ity to the out-of-plane deformation mode of S03. These 
bands are assigned to the wagging and rocking modes of the 
sulfuryl group, respectively, although this assignment may 
also be reversed. Finally, the bands at 777 and 611 cm“1 are 
assigned to the antisymmetric and symmetric stretches of
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TABLE III: A Comparison of the Isotope Data for the 
1287- and 1434-cm-1 Bands of SO4 with 
Corresponding Data for r 1 and r3 of SO2

32s 16o 2 32s l6o ,8o 32s18o2 34s 16o2

N(S0 2)a 1149.8 1121.4 1098.9 1142.4
Ap,/P i 0 0.025 0.044 0.0064

1267 1244 1223 1256
A v f v 0 0.018 0.035 0.0087
P3(so2)° 1350.9 1331.8 1307.6 1334.0
AP3/P3 0 0.014 0.032 0.013
v(02S02)6 1434 1417 1387 1418
A v / v 0 0.012 0.033 0.011

0 Frequencies measured in a Kr matrix, 
measured in an Ar matrix, this work.

ref 21. b Frequencies

TABLE IV: Sulfurvl Group Frequencies of Various 
Compounds Frequencies in cm" 1

pa(OSO) n (oso) 6 (OSO) Ref

f 2so2 1502 1269 545 22
c i2so2 1414 1182 560 22
o so 2 1391 1068 529 22
so 2 1362 1151 518 22
SsOg 1515 1270 534 23
(ch2)?so2 1310 1168 24
o 2so2 1434 1267 This work

the S-0 single bonds in the three-membered ring of the C2v 
structure III. However since this ring does not exist in the 
Ci structure V, these bands are assigned to the S-0 single 
bond stretch and the S -0 -0  bend in this structure. The 
relative isotope shifts for these two bands seem to be more 
consistent with the former assignment to a symmetric and 
antisymmetric pair of S-0 vibrations. Furthermore 611 
cm-1 is quite high for an S -0 -0  bending mode. This also 
favors the Civ assignment for the structure of SO4.

On the basis of the isotope data, the above assignments, 
and chemical intuition, both structures III and V are possi
ble for SO4, but the C<iu structure III is favored for the 
aforementioned reasons. A theoretical test of these assign
ments using the Teller-Redlich product rule was impossi
ble to carry out due to the incompleteness of the isotope 
data. A matrix isolation Raman or high-resolution infrared 
study, particularly in the 450-550-cm~1 region, may be 
helpful in obtaining further isotope data on SO4. With suf
ficient information on the vibrational frequencies of the 
various isotopic species of SO4 and a successful application 
of the product rule, it should be possible to distinguish be
tween these two remaining possibilities for the structure of 
S04.

Mechanism of Formation of SO4. Since the sulfur atom 
in SO3 is slightly electron deficient, initial attack of SO3 by 
0 (3P) probably takes place on the nonbonding electrons of 
an SO3 oxygen atom or on the electron density of an S = 0  
double bond. This will produce S04 in some triplet state as 
shown, for example, in the reaction

S 0 :1 +  0 ( 3P) —  0 2S — 0 — 0  (4)

The ring may subsequently close by the spin forbidden
process

OS—0 —0 o,s:
.0

N i
(5)

From this point the added oxygen atom may be equilibrat
ed with the other three merely by shifting electrons. This 
accounts for the isotopic scrambling observed when S1603 
reacts with 180. It should be pointed out that even if the 
ground state of S04 is the open Ci(Cs) structure V, the 
scrambling of oxygen atoms can only be explained by a 
mechanism in which at some point all four oxygen atoms 
are bound to the sulfur.

The production of S04 was found to be more efficient 
when the photolysis of ozone was carried out at 3130 A in
stead of 2537 A. It is not known whether the inefficiency of 
production using 2537-A light is due to cophotolysis of S04 
at 2537 A, via the reaction

S04 + hv (2537 A) S0:) + OOP) (6)
or to the contribution of the reaction

S0:J + 0(‘D) —  S04* —  S03 + 0(3P) (7)

which describes net deactivation of OOD) by SO3. The fact 
that isotope exchange was observed in the SO3 when 
180 (1D) was used is consistent with both reactions 3 and 4. 
Attempts at measuring the uv-visible spectrum of S04 to 
assess the contribution of reaction 3 were inconclusive.

After long photolysis times, when the steady-state con
centration of S04 is reached, reaction 8 may also be occur-

SO, + OOP), CD) —4- S0:) + 02 (8)
ring. This reaction also accounts for the observed isotope 
exchange.
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Optical Transitions to the Rydberg-Like and Ionized States 
of an Organic Molecule in Nonpolar Organic Media

Yoshihiro Nakato and Hiroshi Tsubomura*

Department of Chemistry, Faculty of Engineering Science, Osaka University, Toyonaka, Osaka, Japan (Received February 10, 1975)

Absorption spectra assigned to transitions to the Rydberg-like and ionized states from an organic molecule 
( l,l /,3,3/-tetramethyl-2,2'-biimidazolidinylidene) in nonpolar organic media are studied. The spectrum 
changes strongly with temperature, but little with solvent in wavelength and intensity. On the other hand, 
the photocurrent thresholds shift definitely with solvent. From these experimental results, the energy of 
the electron in the bottom of the conduction band of the solvent, the electron-cation binding energy in the 
lowest Rydberg state, and the absorption intensity of the “Rydberg” band are evaluated. It is found that 
these quantities are well correlated with the molecular sphericity of the solvent. The similar correlation has 
been reported already for the excess electron mobility. It is also predicted from this correlation that very 
high-mobility electrons exist in tetramethylsilane matrices at 77 K.

Introduction
It is well known that an electron ejection from organic 

molecules into solvents occurs by excitation in the near-ul
traviolet region. Recently, the ionization thresholds of 
some organic compounds in solutions were determined by 
the method of photocurrent measurements.1-4 The values 
obtained are about 1.1-1.8 eV lower than the gas-phase 
ionization potentials of the same molecules, but still above 
the low-lying (ir-7r*)-type excited states. This is one of the 
reason why no direct measurement of the optical absorp
tion spectrum corresponding to the electron ejection in so
lution has ever been made.

Recent experiments have shown that mobile, excess elec
trons exist in liquid hydrocarbons.5,6 The magnitude of the 
electron mobility in these liquids varies over a wide range 
from 0.07 for n-hexane to 90 cm2 V-1 sec-1 for tetrameth
ylsilane, increasing with the molecular sphericity of the sol
vent. It has also been found that the energy of the excess 
electron varies with media, increasing with decreasing elec
tron mobility.7

We reported previously2,8 that some of the low-lying ab
sorption bands of tetrakis(dimethylamino)ethylene 
(TMAE) and l , l ,,3,3/-tetramethyl-2,2/-biimidazolidinyli- 
dene (TMBI) could be assigned to the transitions to the

CH:i CH,
I I

H,C—N N-CH,I c - c  |
h,c- n V ch2

I I
CH;l CH3 

TM B I

Rydberg-like states and even to the ionized states. In the 
present paper, we will report and discuss the results of de
tailed measurements of the absorption spectra, together 
with the photocurrent yield curves and the fluorescence ex
citation spectra of TMBI in nonpolar organic media.

E xperim ental Section
Merck spectrograde cyclopentane and isooctane (2,2,4- 

trimethylpentane) and Merck NMR grade tetramethylsil
ane were dried with Na-K mirrors just before use. Other 
materials were prepared and purified in the same way as 
described previously.2,8

Absorption spectra were measured with a Cary Model 15 
or a Shimadzu MPS-50L spectrophotometer. Fluorescence 
and its excitation spectra were measured with an Aminco- 
Bowman spectrophotofluorimeter. The temperature of the 
sample solution was controlled by using quartz dewars con
taining isopentane or methanol cooled with nitrogen gas. 
3-Methylpentane (3-MP) gave clean, transparent solutions 
throughout the temperature range, but tetramethylsilane 
(TMS) crystallized and became completely opaque at 
about 178 K when cooled gradually. Glassy, cracked TMS 
solutions at 77 K, which were used for measurements, were 
obtained by cooling rapidly in a thin cell. The Shimadzu 
MPS-50L spectrophotometer was used for measurements 
of absorption spectra of such slightly opaque samples. The 
determination of the molar extinction coefficient of TMBI, 
reactive with atmospheric oxygen, was made by weighing 
TMBI in vacuo by use of glass ampoules with breakable 
seals.

The steady-state photocurrents were measured by using 
a quartz cell equipped with two platinum-plate electrodes. 
The details were described elsewhere.2
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R esu lts
The absorption and fluorescence spectra of TMBI in 

3-MP and TMS are shown in Figures 1 and 2, respectively. 
The absorption spectra in solutions are greatly different 
from the gas-phase spectrum and also change with temper
ature. This change in the spectral shape by the environ
ment and temperature is quite anomalous and one might 
be tempted to think of an isomeric equilibrium. However, 
as there are no geometric isomers having different ultravio
let absorption spectra conceivable for TMBI, such an idea 
is of course not feasible. The blue shift at the onset of the 
absorption from the gas phase to the solution is typical of 
the behavior of Rydberg bands of organic molecules.2,8 
Also, its intensity obtained here (( ~  2000-3000) is reason
able for Rydberg transitions. The blue shift of the fluores
cence spectrum of the 3-MP solution with decreasing tem
perature also shows that the fluorescent state is of Rydberg 
character.2 These results suggest that the absorption spec
tra of TMBI in the region lower than 45 kK are assigned to 
the transitions to the Rydberg-like and ionized states. ̂ The 
steeply rising absorptions in the region higher than 45 kK 
both in solutions and in the gas-phase are assigned to the 
transition to the lowest (V-Tr^-type excited state of TMBI, 
as discussed previously.8

The photocurrent yield (the photocurrent divided by il
lumination intensity) is shown in Figure 3, together with 
the fluorescence excitation spectra and the absorption 
spectra. The photocurrent yield is correlated with the 
probability of the transition to the ionization continuum in 
solutions, while the fluorescence excitation spectrum can 
be correlated with transitions to Rydberg-like states. These 
interpretations are supported by the fact that the absorp
tion spectrum can be regarded as a composition of the pho
tocurrent yield curve and the fluorescence excitation spec
trum for each solution, as seen from Figure 3A.9

Based on the above interpretation, the relatively sharp 
peak appearing at 36,5 kK in the 3-MP solution spectrum 
at 77 K can be assigned to the transitions to Rydberg-like 
states (Figure 3B). The peak at 36.5 kK observed in the 
TMS solution at 77 K is also probably of the same charac
ter. To determine the ionization thresholds in these solu
tions at 77 K, the formation of TMBI+ was investigated 
spectroscopically. On excitation of the TMS solution with 
monochromatic light from an Aminco-Bowman speetro- 
photofluorimeter, it rapidly became yellow at short wave
lengths and a new absorption band assigned to TMBI+ at 
407 nm10 appeared. The threshold of the action spectrum 
lay at 350 ± 10 nm, almost the same as the onset of the ab
sorption spectrum of TMBI. This very efficient photoion
ization seems to be in good harmony with the fact that the 
TMS rigid solution at 77 K shows no detectable fluores
cence. The colored sample showed no thermoluminescence.

The similar uv irradiation of TMBI in the 3-MP solu
tions at 77 K yielded no new band.

Absorption spectra and photocurrent yield curves were 
also obtained in other solvents. The results are summarized 
in Table I. It is seen that the absorption spectra shift very 
little with solvent, while the ionization threshold definitely 
shifts.

D iscussion

As stated in the preceding section, the near-ultraviolet 
absorption spectra of TMBI have been assigned to transi
tions from the ground state to the Rydberg-like and ionized 
states in solutions, or, by analogy with the photoionization

Figure 1. Absorption (left) and fluorescence (right) spectra of TMBI In
3-MP at (— ) 293, (----- ) 231, (-------) 134, and (....) 77 K. e is the
molar extinction coefficient (M~1 cm - ’), the error of which is esti
mated to be less than 5 %. The curve denoted by vapor is the vapor- 
phase absorption spectrum of TMBI, with an arbitrary unit for thé or
dinate.

Figure 2. Absorption (left) and fluorescence (right) spectra of TMBI in 
TMS at (— ) 293, (........ ) 216, (....) 77 K.

of impurity states in inorganic crystals, to transitions to the 
Wannier-type impurity states and conduction bands of sol
vents.

The hot electron, formed by photoexcitation, relaxes 
with time, losing its kinetic energy through the collisional 
interaction with randomly oriented solvent molecules, until 
it comes to thermal equilibrium with the solvent inside or 
outside the sphere of the coulombic well of the parent cat
ion. From electron mobility measurements,11,12 it is sug
gested that such a thermalized electron can be described as 
a quasi-free particle with a mobility of about 150 cm2 V-1 
sec-1, which is halted briefly from time to time by groups 
of solvent molecules. The trap depth ranges from 0.18 for 
n -hexane to 0.02 eV for neopentane.

The absorption spectra of TMBI in solutions (Figures
1-3) show that the part of the absorption assigned to tran
sitions to Rydberg-like states is sharpened with decreasing 
temperature.13 This part is thought to consist of numerous 
transitions to Rydberg-like states. The spectral sharpening 
mentioned above can be explained as follows. As discussed 
in a previous paper,2 the lowest Rydberg band is blue shift
ed by change from the vapor phase to the solution phase, 
and further to the solid solution, while the ionization 
threshold is not shifted as much, or rather red shifted. The 
Rydberg states therefore become more condensed. This 
condensation is also understood by taking into account 
that the stabilization of Rydberg-like states by the elec
tronic polarization of the solvent is small for the lower state
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TABLE I: Relation between the Excess Electron Mobility and Some Quantities Concerning the 
Photoelectron Ejection Process of TMBI in Various Organic Media“

Solvent T V* e0 emax E(e) £„

n -Pentane 293 0.1 3.23 5.10 4.29 -0.11 1.06
3 -Methylpentane 293 3.26 5.11 4.24 - 0.12 0.98
Cyclopentane 293 1.1 3.18 5.04 4.08 -0.23 0.90
Isooctane 293 7 3.24 5.06 3.99 -0.35 0.75
Tetramethylsilane 293 90 3.18 5.04 3.66 -0.69 0.48
3 -Methylpentane 77 3.87 4.51
Tetramethylsilane 77 3.44 4.54 3.54e - 0.66 0.10
TMBI vapor 323 2.95e 5.41e 0.00 2.46

° T, temperature in K. n is the excess electron mobility (cm2 V~1 sec“1)• €q, fniaxi and Eth are the energies (in eV) at the absorption onset
the absorption maximum, and the photocurrent threshold, respectively. E(e) is the energy (in eV) of the excess electron. Eb is the electron 
binding energy (in eV). b Determined from plots of log (photocurrent)/(light intensity) vs. photon energy. ‘ From the threshold of the TMBI+ 
production monitored spectroscopically. d References 5 and 6.e Reference 8.

Figure 3. Photocurrent yield curves and fluorescence excitation 
spectra of TMBI in solutions. Curve 1 is the absorption spectrum of 
the 3-MP solution and curve 2 that of the TMS solution. Curve 3 is 
the fluorescence excitation spectrum of the 3-MP solution and curve 
4 that of the TMS solution. Curve 5 is the photocurrent yield curve of 
the 3-MP solution and curve 6 that of the TMS solution. Curves 7 and 
8 are the absorption and the fluorescence excitation spectrum of 

. the 3-MP solution at 77 K, respectively. The fluorescence excitation 
spectra are so adjusted as to agree with the corresponding absorp
tion spectra in the lower energy region.

but large for the higher one with increasing size of the 
Rydberg orbital, while the repulsive interaction between 
the Rydberg electron and the solvent molecules corre
sponding to the large, negative electron affinity of the sol
vent molecule is relatively indifferent to the size of the 
Rydberg orbital. Both effects increase with the density of 
solvent. It is also pointed out as another factor influencing 
the sharpening of the Rydberg band that the local distribu
tion of the solvent molecules around TMBI becomes more 
homogeneous at low temperature as the solvent becomes 
more compact.

As discussed in previous papers,2'4 the ionization poten
tial of a molecule, M, in solution, 7S(M), is related to that in 
the gas phase, 7g(M), as follows (Figure 4).

Figure 4. The energy level diagram showing the photoelectron ejec
tion of a molecule, M, in a gas phase (left) and in a nonpolar solution 
(right). The subscripts g and s represent the gas phase and the solu
tion, respectively.

7S(M) = 7g(M) + S(M) -  jS(M+) + S'(M+)| + E(e) (1)
where S(M) is the solvation energy for M; ,S'(M+) + S'(M+) 
are the solvation energies for M+, in which S(M+) gives 
only the part relevant to the monopositive charge on M+ 
and S'(M+) the remaining part; and E(e) is the energy of 
an electron in the bottom of the conduction band of the 
solvent relative to the vacuum level. Under the approxima
tion that S(M) is nearly equal to S'(M+),4 the above equa
tion becomes

7S(M) = 7g(M) -  S(M+) + E(e) (2)
S(M+) can be calculated by use of Born’s equation,4 and 
7S(M) is taken as equal to the photocurrent threshold, 
7?th(M).14 We can, therefore, calculate the values of E(e) in 
various solvents. The results, obtained by using 7g(TMBI) 
= 5.41 eV8 and a(TMBI+) = 3.25 A,4 the average radius as
sumed for M+ in the Born’s equation, are listed in Table I. 
The E (e) values thus calculated are in good agreement with 
those reported.3-7

The binding energy between M+ and the electron in the 
lowest Rydberg-like state, Eb, which can be taken as the 
energy difference between the ionization threshold and the 
absorption onset (co), is also included in Table I. The value 
of Eb obtained for TMBI in the gas phase, ~2.5 eV, is in 
good agreement with that expected for large molecules,13 
and of reasonable magnitude. The large decrease of Eb for 
TMBI in solutions is a consequence of the great lowering of 
the ionization threshold and the slight destabilization of 
the lowest Rydberg state in solutions.

The main aspects of our experimental results on the sol
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vent dependence of the photoelectron ejection process at 
room temperature are now summarized as follows. With 
the increasing electron mobility, (1) the electron energy in 
the bottom of the conduction band, E(e), is lowered, (2) the 
electron binding energy, Eb, decreases, and (3) the intensi
ty of the absorption band assigned to the transitions to 
Rydberg-like states becomes weak, as can be seen from Fig
ure 3A.16

The change of Ey, seems to be caused by the difference in 
the microscopic structure of the solvent, because the opti
cal dielectric constant, e0p, and hence the coulombic inter
action between the ejected electron and the parent cation, 
-e2/topr, is almost the same in TMS and 3-MP. It may fur
ther be concluded that all the changes mentioned above 
originate from the difference of the molecular sphericity of 
the solvent.

Theoretical interpretations on the shifts of the electron 
mobility and energy were made.11’17'18 The aforementioned 
correlations may be understood by using an effective-mass 
(m*) approximation.19 Since the relation, Eh m*, is ex
pected by analogy of the impurity levels and also since the 
electron mobility (¡i) increases with decreasing m*, it fol
lows that Eh decreases with increasing p. In addition, as E h 
gets smaller, the radius of the electron orbital becomes 
larger, and the transition probability becomes smaller.

It should be noted that Eh and E(e) at low temperature 
also depend on the molecular sphericity of the solvent. 
Especially, it is very interesting that the magnitude of Eb 
in the rigid TMS solution at 77 K is extremely small. Ac
cording to the above-mentioned correlations, it is expected 
that very high-mobility electrons exist in this matrix. Such 
a property is unique in organic media.
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Vibrational spectra of bicyclo[2.1.0]pentane are presented for the molecule in the gaseous, liquid, and solid 
states and assignments for all vibrational fundamentals are proposed. The transannular bond results in an 
unusual potential function for puckering of the five-membered ring. This and other structural features are 
discussed, qualitatively, in terms of the proposed vibrational assignments.

Introduction
Recent interest in transition metal complex promoted re

arrangements of strained hydrocarbons2® has promoted an 
investigation of the mechanism and intermediates in reac
tions of this type involving bieyclo[2.1.0]pentane using low- 
temperature vibrational spectroscopy as a probe. Since no 
vibrational assignments for this molecule were found in the 
literature the complete spectrum of vibrational fundamen
tals was obtained and is presented herein along with a pro
posed assignment.211

Relatively few assignments of the vibrational spectra of 
highly strained molecules have been reported yet such data 
has found wide application in elucidating the quantitative 
relationships between the structure, energy, and reactivi
ties of small acyclic systems.2c Also, there has been consid
erable recent interest in spectra-structure relationships for 
the conformation changing vibrations of small rings3 yet 
few polycyclic or highly strained molecules have been in
cluded in such studies. For these reasons it is felt that the 
vibrational data and analysis presented here are of suffi
ciently general interest to warrant publication as a separate 
paper.

E xperim ental Section
Bicyclo[2.1.0]pentane was prepared by the method of 

Gassman and Mansfield.4 Sample purity was checked by 
comparing the infrared spectrum of this compound with 
that reported by Criegee and Rimmelin.5 In addition, since 
the major impurity of the synthetic reaction is known to be 
cyclopentene, a careful search was made for spectroscopic 
evidence of that molecule in the sample. The low-tempera
ture infrared spectrum of solid bicyclo[2.1.0]pentane (Fig
ure 1) shows no sign of absorption in regions in which solid 
cyclopentene exhibits its most intense vibrational bands.6 
Since the two compounds boil within 1°C of each other, the 
failure to observe any cyclopentene is not due to any purifi
cation by fractional sublimation resulting from the deposi
tion and annealing processes accompanying preparation of 
the solid film at low temperatures. Furthermore, the 
Raman spectrum of gaseous bicyclo[2.1.0]pentane (Figure
2) showed no evidence of cyclopentene impurity.

Infrared spectra were recorded on a Beckman IR-12 dou
ble-beam grating spectrophotometer which was purged 
with a continuous stream of dry nitrogen gas and calibrated 
in the usual manner.7 The spectrum of the gaseous mole
cule at 90 mm pressure (Figure 3) was obtained in a 10-cm 
Pyrex cell fitted with Csl windows and viton 0  ring vacu

um seals. Polycrystalline films of bicyclo[2.1.0]pentane 
were prepared in a modified Wagner-Hornig cold cell8 by 
permitting the vapors to slowly distill onto a Csl substrate 
in good thermal contact with a dewar of liquid nitrogen at 
its normal boiling point. The solid samples were repeatedly 
annealed until no further change in the spectrum was ob
served. The use of a silicon wedge as a substrate gave spec
tra identical with those obtained for the sample deposited 
on Csl and there were no differences in the spectra of sev
eral different depositions on Csl.

The Raman spectrum of liquid bicyclo[2.1.0]pentane 
(Figure 4), degassed and sealed under vacuum in a Pyrex 
capillary, was excited with 150 mW (measured at sample) 
of 488.0-nm radiation from an Ar+ laser and recorded on a 
Cary Model 82 spectrometer. The sample capillary was illu
minated and viewed normal to its long axis and depolariza
tion ratios were obtained by rotating a piece of Polaroid in 
the scattered beam which subsequently passed through a 
polarization scrambler before entering the monochrometer. 
The Raman spectrum of the gaseous molecule at 85 mm 
pressure was obtained with the same equipment by focus
sing 10 passes of a 1-W (measured at sample) 514.5-nm Ar+ 
laser beam at the center of a quartz cell fitted with quartz 
windows set at Brewster’s angle. The Raman spectrometer 
was calibrated with atomic emission lines. The spectral 
data are summarized in Table I.

A ssignm ent
The microwave substitution structure of bicyclo- 

[2.1.0]pentane9 is shown in Figure 5. The molecule exhibits 
only a plane of symmetry which bisects both the cyclobutyl 
and cyclopropyl rings, and is normal to the planes of both 
rings. The angle between the ring planes is 112.67°. Under 
the Cs point symmetry of the molecule, all 33 vibrational 
modes are both Raman and infrared active. Of chese, 18 are 
symmetric (a') and 15 are antisymmetric (a") with respect 
to the molecular symmetry plane. The a' modes may give 
rise to a maximum of 18 polarized Raman lines all of which 
may have infrared counterparts. The microwave study of 
bicyclo[2.1.0]pentane9 has shown that the rotation axes of 
least and greatest moment of inertia (A and C, respective
ly) lie in the molecular symmetry plane. Therefore, in the 
spectrum of the gaseous molecule the a' modes will give rise 
to bands with sharp single Q branches whereas the a" 
modes will be distinguished by the absence of a single cen
tral Q branch. The calculated10 PR separations are 23 and 
31 cm-1 for ideal A and C type bands, respectively. This is
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TABLE I: Observed Frequencies“ of Bicvclo[2.1.0]pentane

In frared Raman

Vapor Solid Liquid Vapor As sign  rn

280 vw brd  dp 265 vw brd dp 33
403 P
416 Q vw A 
427 R

424 m 418 w p 417 Q m p 18

698 vw 678 vw brd dp 18 + 33
743 P
755 Q m A/C 755 s 755 m brd  p ? 755 Q w p 17
769 sh

765 P
774 Q m A/C 767 w 775 w b rd  p? 774 Q w p 

781 R
16

783 Q m B 777 s
790 Q m B 
799 R

782 s 781 m brd  dp 790 w brd  dp 32

870 P 881 w
883 Q m A/C 
903 P

885 w 880 w brd  dp 883 Q w dp 15

914 Q m B 
918 Q m B

917 m 914 m brd  dp 31

927 Q m B 924 w 925 w brd dp 30
962 P 961 sh
968 Q m A/C 
974 Q m B

966 m 966 vs p 967 Q vs p 14

981 Q m B 978 m 978 brd sh 29
1012 Q vw A/C 
1017 P

1006 w 1009 m p 1012 Q m 13

1026 Q w B 
1033 Q w B 
1039 P

1028 s 28

1049 Q w B 
1056 Q w B 1047 m 27
1066 R

1096 w 
1098 w

1094 P 1101 w
1106 Q w A 1104 w 1104 s p 1107 Q s 12
1117 R 1108 w

1170 sh p 1179 Q w 18 + 32
1188 w 1191 Q m s
1190 w 1188 s p 1195 Q ms 11
1198 w 26

1207 P 
1218 Q w C 1210 w brd 10

1217 w 29 + 33
1234 Q w B  
1242 Q w B  
1264 P

1235 w 1237 ? vw brd 25

1274 Q m B 1265 sh
1280 Q m A/C 1270 s 1275 vw brd dp 1283 ? vw brd 9
1284 Q m B 
1295 R

24

1296 vw brd  p 1300 Q vw 15 + 18
1320 Q vw B 1323 vw dp
1329 Q vw B 1324 (obsd in 1) 23
1332 Q vw A/C 1326 m p 1330 Q m 8
1341 R
1384 Q vw A/C 
1434 P 1435 sh w

1335 sh
14 + 18

1446 Q mw A 1438 m 1441 w brd  dp 1445 w brd 7
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Table I (Continued)

Infrared Raman

V apor Solid Liquid Vapor Assignm

1458 R 1440 m
1461 Q mw B 
1468 Q mw B 1457 w 1450 sh 2 2

1470 Q m A/C 
1481 R

1466 w 1464 w dp 1470 Q w 6

1508 sh 16 + 17
1638 p 
1648 Q vw 
1656 R

15 + 16

1674 Q ? vw B ? 
1685 Q ? vw B ? 
1707 p

16 + 31

1715 Q vw A/C 
1723 R

14 + 17

1772 sh 
1777 p 
1793 R 
1800 sh 
1825 P

13 + 16

1835 Q vw A/C 
1846 R

14 + 15

2016 P
2029 Q vw A/C 
2040 R

9 + 1 7

2074 Q vw A/C 10 + 15
2098 Q vw A/C 9 + 1 7
2215 Q vw A/C 6  + 16
2682 Q vw A/C 
2866 P

6 + 1 0

2874 Q s A/C 2861 s 2862 s p 2875 Q vs 5
2885

2880 w
2898 sh p ?

2 X 22 
6  + 2 2

2907 P
2921 Q s A/C 
2932 Q s B

2910 m 2909 s p 2922 Q vs 4

2939 Q s B 2929 s 2926 sh dp? 2936 Q m 2 1

2946 Q vs A/C 2939 s 2937 s p 2945 Q vs 3
2966 Q vw B? 
2970 P

2961 sh 2957 sh dp 2965 w brd 2 0

2982 Q vs A/C 
2993 R

2974 s 2975 s p 2982 Q vs 2

3051 Q s B 
3058 Q s B 3045 s 3051 sh dp 3058 Q vs 19
3070 Q s A/C 3056 s 3060 s p 3070 Q vs 1

0 Frequencies in c m ^ 1. vw = very weak, w ;= weak, mw = m edium  weak, m = m edium , s = strong, vs = very strong, sh = shoulder.
: broad, p = polarized, dp = depolarized, A = A-type band. B = B-type band, C = C-tvpe band.

in good agreement with the observed separations of 22 and 
31 cm-1, respectively. The calculated10 QQ separation for B 
type bands is 8 cm-1 and the observed separations for such 
bands average 8 cm-1.

C-H Stretches. The structure of the representation 
formed by the eight CH stretches is 5a' + 3a". The approxi
mate descriptions of these modes and their assignments are 
given in Table II. In view of the expected s character in the 
bonds and the correlation between this quantity and vibra
tional frequency the CH stretching frequencies should

occur in the order: 1-bridge methylene > bridgehead meth- 
ine > 2-bridge methylene. The proposed assignments are 
consistent with this expectation and also with die infrared 
and Raman band contours of the gaseous molecule and the 
Raman depolarization data obtained for the compound as a 
neat liquid (cf. Table I). In addition, the assignments are 
consistent with those proposed for cyclopropane,11 substi
tuted cyclopropanes,12 cyclobutane,13 cyclobutene,14 bicy
clobutane,15 norbornane,16 and bicyclo[l.l.l]pentane.17

CH Deformations. The CH2 deformations should give
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Figure 1. The infrared spectrum of polycrystalline bicyclo[2.1.0]pen- 
tane at — 175°C.

Figure 2. The Raman spectrum of gaseous bicyclo[2.1.0jpentane at 
85 mm pressure excited by 1 W of 514.5-nm Ar+ laser radiation.

Figure 3. The infrared spectrum of gaseous bicyclo[2.1.0]pentane 
at 90 mm pressure (insert, 18 mm pressure) and 10 cm absorption 
path.

rise to two A/C hybrid bands and one B-type band in the 
1400-1500-cm_1 range of the infrared spectrum of gaseous 
bicyclo[2.1.0]pentane. This prediction is confirmed (cf. 
Table I) and the assignments are straightforward. The ex
tent of mixing between the a' CH2 deformations cannot be 
determined with the present data and we have chosen to 
describe these two modes as pure 1-bridge and 2-bridge 
CH2 scissoring motions.

The bridgehead deformations should give rise to two 
symmetric and two antisymmetric modes. Thus i>s and 1/9 
are described as a7 bridgehead deformations and V23 and 
as a" bridgehead deformations. Analogous modes have 
been assigned at 1228 cm" 1 in bicyc\o[l.l.l]pentane17 and 
in the range 1145-1317-cm"1 in norbornane.16 Thus, the 
assignments (cf. Table II) proposed here are consistent 
with those of analogous modes in other bicyclic molecules 
as well as with the band contours and Raman depolariza
tion ratios expected for the bridgehead deformations.

There are nine CH2 deformations remaining unassigned 
and these may be described (in order of decreasing fre
quency) as twists, wags, and rocks. The structure of the 
representation formed by these modes is twist (a' + 2a"),

Figure 4. The Reman spectrum of liquid bicyclo[2.1.0]pentane ex
cited with milliwatts of 488.0-nm Ar+ laser radiation.

Figure 5. The microwave substitution structure of bicyclo[2.1.0]pen- 
tane (ref 9).

wag (a' + 2a"), and rock (2a7 + a"). The extent of mixing of 
the 1- and 2-bridge a" methylene deformations is not 
known and these modes will not be characterized further.

The twisting nodes of cyclobutane13 have been assigned 
at 1225 cm" 1 in good agreement with the assignment of j/10 
to the weak C type band observed at 1218 cm-1 in the in
frared spectrum of gaseous bicyclo[2.1.0]pentane. It should 
be noted that v10 cannot involve any 1-bridge methylene 
twisting due to the symmetry of the molecule. The an
tisymmetric methylene twists, v2s and k26, are assigned to a 
weak B-type band observed at 1238 cm-1 in the infrared 
spectrum of the gaseous molecule and to a weak band ob
served at 1198 cm" 1 in the infrared spectrum of the solid, 
respectively.

There are four polarized bands observed in the Raman 
spectrum of liquid bicyclo[2.1.0]pentane in the frequency 
range expected for the a7 methylene wag (1/12). The most in
tense of these correlate well with the ring breathing 
frequencies in cyclopropane11 and cyclobutane.13 Of the re
maining two, v\2 is described as a cyclobutylmethylene wag 
although the possibility of extensive mixing with //13 cannot 
be excluded in the absence of data for the perdeuterated 
molecule. Reasons for this assignment will be given in the 
following section

Of the five, as yet unassigned B type infrared bands in 
the range expected for the a" methylene wags, those at 
1030, 978, and 922 cm" 1 are assigned to the skeletal defor
mations as described in the following section. The two a" 
methylene wags < v2i and j>3i) are assigned at 1053 and 917 
cm"1, respectively.

The methylene rocking modes ( i /16, i'i 7 , j>32) should give
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TABLE II: Vibrational Assignments 
of Bicyclo[2.1 .OJpentane

Approx In frared  Ram an
Vibrn d esc rip tio n  --------------------  ----------------
no. o£ v ib rn ” Vapor Solid Liquid Vapor

i Cp CH2 (-)
a'

3070 3056 3060 3070
2 Cp CH2 (+) . 2982 2974 2975 2982
3 Bh CH 2946 2939 2937 2945
4 Cb CH2 (-) 2921 2910 2909 2922
5 Cb CH2 (+) 2874 2861 2862 2875
6 CH? def 1470 1466 1564 1470
7 CH2 def 1446 1440 1441 1445
8 Bh CH def 1332 1324* 1326 1330
9 Bh CH def 1280 1270 1275* 1283*

1 0 Cb CH2 tw 1218 1 2 1 0

1 1 Cp rin g  b reathe 1190 1188 1195
1 2 Cb CH2 wag 1106 1098 1104 1107
13 Cb rin g  def 1 0 1 2 1006 1009 1 0 1 2

14 Cb ring  b reathe 968 966 966 967
15 Cp ring  def 883 885 880 883
16 CH2 rock 774 767 775 774
17 CH2 rock 755 755 755 755
18 Envelope flap 416 424 418 417

19 Bh CH
a"

3054 3045 3051 3058
2 0 Cb CH2 (-) 2966 2961 2957 2965
2 1 Cb CH2 (+) 2936 2929 2926 2936
2 2 CH2 def 1465 1457 1450
23 Bh CH def 1325 1324* 1323
24 Bh CH def 1279 1265 1275* 1283*
25 CH2 tw 1238 1235 1237
26 CH2 tw 1198
27 CH2 wag 1053 1047
28 Cb ring  def 1030 1028
29 Cb ring  def 978 978 978
30 Cp ring  def 922 924 925
31 CH2 wag 914 917 914 915
32 CH2 rock 787 782 781 790
33 Cb ring  pucker 280 280

3  Cp = cyclopropyl, Cb = cyclobutyl. Bh = bridgehead, ( - )  =
out-of-phase, (+) = in-phase, def = deformation, tw = twist, * -  
assigned to more than one vibration.

rise to an infrared band with a B-type contour and two 
with A, C, or A/C hybrid contours. The Raman counter
parts of the latter two may be polarized. Since there are 
only two A-type infrared bands in the frequency range of 
the methylene rocks and these have polarized Raman coun
terparts, they may be assigned to vie and vn with confi
dence. Similarly, the B-type infrared band centered at 787 
cm-1 with a depolarized Raman counterpart may be as
signed to 1 '3 2 -

Skeletal Modes. The structure of the representation 
formed by the skeletal vibrations of bicyclo[2.1.0]pentane 
is 5a' +4a". The five totally symmetric skeletal motions 
may be described as ring breathing (two modes), ring de
formation (two modes), and envelope flap (bending around 
the transannular bond).

Breathing modes always give rise to the most intense 
Raman lines and these motions in cyclopropane11 and cy
clobutane13 have been assigned at 1188 and 1004 cm-1, re

spectively. Similarly, the three- and four-membered ring 
breathes (i>u and vu) are assigned to the bands at 1195 and 
967 cm-1, respectively, in the Raman spectrum of gaseous 
bicyclo[2.1.0]pentane.

There has been some controversy as to the deformation 
frequencies of the cyclopropyl ring.11 Recent analyses of 
these vibrationslle>f indicate that i>n  of C3H6 (868 cm-1) 
has a much larger skeletal component than <<io (1028 cm“1). 
In the present assignment the description of vis and 1/30 as 
the symmetric and antisymmetric components of the ana
log of vu in the three-membered ring in bicyclo[2.1.OJpen
tane is consistent with the cyclopropane analyses.

One symmetric and two antisymmetric skeletal modes 
expected above 800 cm“1 remain unassigned. These may all 
be described as cyclobutyl deformations. Two of the three 
may be considered as arising from a degenerate mode, in an 
analogous cyclobutyl ring of higher symmetry, which is 
split in bicyclo[2.1.0]pentane. Thus a pair of closely spaced 
fundamentals is expected. One of these gives rise to a B- 
type band in the infrared spectrum of the gaseous molecule 
and a depolarized Raman counterpart whereas the other 
exhibits an A/C type band contour and a polarized Raman 
counterpart. These criteria best fit the assignment of vi3 
and i>28 to the modes under consideration. Although it is 
possible to assign 1106 cm"1 to the a' mode in question, 
such an assignment presents several difficulties. In the first 
place this assignment would result in an average cyclobutyl 
stretching frequency of 1020 cm“1 for bicyclo[2.1.0]pentane 
compared with 975 cm“1 for cyclobutane,133 whereas the 
present assignment gives a value of 997 cm“1 for this quan
tity. Some increase in electron density of the cyclobutyl 
ring in bicyclo[2.1.OJpentane over that in cyclobutane is 
consistent with the average bond lengths of these two cy
clobutyl rings,9 however, this effect is a small one. More
over, the alternative assignment would require overlap of 
the frequency ranges of the cyclobutyl wags and skeletal 
motions whereas in cyclobutane the methylene wags ap
pear to be firmly assigned at appreciably higher frequen
cies than the skeletal modes.133 The third cyclobutyl ring 
deformation presently under consideration is of a" symme
try and may be assigned to "29 (978 cm“1) by analogy with 
the 999-cm“ 1 assignment for the B2 ring mode in cyclobu
tane.133

Only two vibrational modes of bicyclo[2.1.OJpentane are 
expected to be below 500 cm“ 1 and only the a' envelope 
flap (vis) may be assigned to a polarized Raman line. Of the 
two frequencies observed below 500 cm“1, in the vibration
al spectrum of bicyclo[2.1.0]pentane, only the Raman coun
terpart at 417 cm“ 1 is polarized and, therefore, it must be 
assigned to lug. The last mode to be assigned is «33 and this 
must be described as the puckering of the four-membered 
ring. The only band observed below 500 cm“ 1 in the vibra
tional spectrum of bicyclo[2.1.0]pentane which may be as
signed to an a" fundamental is the depolarized band at 280 
cm“ 1 in the Raman spectrum of the liquid molecule. 
Therefore, this frequency is assigned to «>33. As will be dis
cussed in detail below, the analogous mode in cyclobutane 
has been reported at 199 cm“ 1.13

D iscussion
In the infrared spectrum of polycrystalline bicyclo- 

[2.1.0]pentane the splitting of "7, i'u, "12, ¡'15, and ('32 is 
thought to be due to coupling of the motions of at least two 
symmetry related molecules in the unit cell. Since the mul- 
tiplet spacing does not appear to be approximately propor
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tional to the absolute intensity of the bands, the intermo- 
lecular forces are not primarily dipolar.

Harris et al.18 have discussed five-membered ring puck
ering potentials in terms of mixed series in even powers of 
the two puckering coordinates (applicable to molecules 
having C‘>,: symmetry in the planar state). Due to the con
tribution of angle strain, the anharmonic terms in such se
ries may be significant.19 Such a situation has a number of 
consequences for the vibrational spectrum. In the first 
place, significant anharmonicity of the bending and twist
ing modes (¡us and ¡<33, respectively) will shift the frequency 
of hot bands of these vibrations relative to their respective 
fundamentals. If the upper states of these low-energy mo
tions are appreciably populated, a band progression may be 
observed assuming the components are sharp enough to be 
distinguished. A second consequence of significant anhar- 
monicity in the puckering modes is that higher order cross 
terms can be large enough to couple v\& and ¡/33-20'21

In the present work, a very broad featureless band, ap
proximately centered at 265 cm-1, was observed in the 
Raman spectrum of gaseous bicyclo[2.1.0]pentane with a 
weak depolarized counterpart appearing at 280 cm-1 in the 
Raman spectrum of the liquid. This frequency has been as
signed to the a" twisting fundamental G33), whereas the 
bending fundamental (c]8) has been assigned to the very 
weak A-type band observed at 416 cm-1 in the infrared 
spectrum of the gas with Raman counterparts at 418 cm-1 
(liquid, w, p) and 417 cm-1 (gas, m, p). A search for over
tones and for additional features on the fundamental in
frared and Raman bands of the gaseous molecule was limit
ed by the amount of material available and a tendency 
toward increasingly rapid decomposition at higher laser 
powers.

The failure to observe sharp features on the 265-cm“1 
Raman band in gaseous bicyclo[2.1.0]pentane and the ab
sence of any appreciable sample scattering in the 100- 200- 
cm_1 region favor assignment of this feature to the funda
mental twisting transition. The single sharp feature ob
served at 416 ± 1 cm-1 in both the infrared and Raman 
spectrum of the gaseous molecule, and the absence of a fea
ture near 200 cm-1, favors assigning this frequency to a 
highly harmonic fundamental. Thus the two-dimensional 
puckering potential well for bicyclo[2.1.0]pentane has a 
deep, double minimum contour along the bending coordi
nate which closely approximates a parabola in the region of 
the equilibrium structure. The contour along the twisting 
coordinate must be a single minimum but its curvature 
cannot be further characterized without assignments for 
upper state twisting transitions.

Direct comparisons of the puckering frequencies of bicy- 
clo[2.1.0]pentane with those reported for other five-mem
bered rings22 will not be valid if the comparison molecule 
exhibits some degree of pseudorotation (i.e., the puckering 
normal modes are not pure bending or pure twisting). How
ever, the five-membered ring in bicyclo[2.1.0]pentane is 
unique in that its bending frequency is higher than its 
twisting frequency. This may be attributed to the high bar
rier to inversion at the bridgehead carbon (estimated to be 
30 kcal/mol)23 which results in a bending potential function 
with a high curvature near the equilibrium value of that 
coordinate. The twisting frequency of the five-membered 
ring in bicyclo[2.1.0]pentane is higher than those reported 
for methylenecyclopentane24 and cyclopentanone.25 Al
though this may merely reflect a higher degree of quartic 
angular strain resulting from a twisting deformation of the

equilibrium structure, it probably includes a significant 
contribution from steric repulsion of the 1-bridge and 2- 
bridge methylene groups.

Harmony9 has pointed out that the average length of the 
skeletal bonds in three-, four-, and five-membered rings in 
a number of different molecules is quite similar, suggesting 
that a fixed amount of electron density is available for C-C 
bonding in such structures and that it will be distributed 
around the ring in a manner which minimizes the molecu
lar energy. The close correspondence between the present 
assignments for the breathing modes of the three- and 
four-membered rings in bicyclo[2.1.0]pentane and the anal
ogous modes in cyclopropane and cyclobutane seems con
sistent with this idea.
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The 13C chemical shifts of all of the isomeric butenes adsorbed on SiC>2 have been measured. The trend of 
shifts is very similar to that observed by other workers in zeolites. Experiments with sodium doped and 
thermally dehydroxylated silicas indicate that neither surface OH nor Na+ can account for the observed 
trends of chemical shift.

In troduction

Recently Michel has published 13C chemical shifts rela
tive to the liquid for all of the isomeric butenes sorbed in a 
Na-Y zeolite.1 These results are in qualitative agreement 
with previous measurements in this laboratory of shifts for 
the 2-butenes adsorbed on silica.2 Michel has interpreted 
these shifts as arising from interaction of the olefin with 
Na+ in the zeolite structure, as contrasted with our previ
ous proposal that the shifts arose from interaction with 
surface OH groups. In order to elucidate the situation, we 
have extended our measurements to include all of the bu
tenes on pure silica and on a silica which has a substantial 
surface concentration of Na.

E xperim ental Section
All spectra were measured at 25.2 MHz with a Varian 

XL-100 spectrometer incorporating a TTI Fourier trans
form modification. Most spectra were obtained under pro
ton noise decoupled conditions, using an external 19F lock, 
or using a concentric sample tube containing D2O in con
junction with the internal 2H lock circuitry. Line widths 
were typically of the order of 10-20 Hz and lock stability 
over the duration of an experiment of the order of ±1 Hz, 
making it possible to determine chemical shifts to ±0.1 
ppm. Shifts were referenced to a separate liquid sample of 
the appropriate butene in each case. Diamagnetic suscepti
bility corrections were applied by observing the 4H reso
nance of Si(CH3)4 physically adsorbed on samples of the 
same adsorbent, the assumption being made that at high 
coverage the proton shifts do not differ intrinsically from 
those in the liquid state. This procedure enables us to ob
tain a shift correction which incorporates both the usual 
diamagnetic effect, together with a correction for the error 
which arises from differential shielding of the external lock 
sample by experimental samples of differing diamagnetic 
susceptibilities.3 The latter correction amounts to as much 
as 0.2 ppm on the XL-100 spectrometer3 and must there
fore be applied for accurate shift measurements between 
separate samples using the external lock. The corrections 
obtained by the above method agree to ±0.05 ppm with 
those calculated from the molar susceptibility of SiC>24 to
gether with the bulk density of our adsorbent and an inde
pendent measurement of lock perturbation using the spec
trometer’s linear field sweep unit.3 We therefore believe 
that our shifts of adsorbed butenes relative to liquid bu
tenes are correct to ±0.1 ppm.

Samples were prepared by vacuum degassing of the ad

sorbate, followed by adsorption of butene from the gas 
phase, the quantity adsorbed being measured as previously 
described.2 Samples were degassed at various temperatures 
from 150 to 700° C as noted below. In the case of pure silica 
this causes a variation of the surface OH concentration 
from 7 to 2 ^mol/m2.5 Whether similar variation occurs 
with Na-treated silica is not known. Results of acetone ad
sorption experiments (see below) suggest some differences 
in surface chemistry.

Surface areas were obtained by BET measurements 
using N2 at 77 K, and an assumed area of 16.2 A2 per mole
cule. Monolayer coverages of 1-butene and cis-2-butene 
were determined by the BET method using these gases as 
adsorbates at a temperature of 273 K. These differed by 
about 10 and 2% respectively from values obtained from 
the liquid density assuming a spherical shape. The calcu
lated values were therefore used for trans-2-butene and 2- 
methylpropene, since for these equally compact molecules 
the approximation should be as good as with cis-2-butene.

All adsorption measurements and spectrum accumula
tion were performed at 33 ± 1°C.

Materials. The silica used in our previous experiments2 
from Matheson Coleman and Bell could not be used for 
measurements on 1-butene and 2-methylpropene, since it 
catalyzed the isomerization and polymerization, respective
ly, of these two molecules at inconveniently rapid rates at 
room temperature. This is presumably due to the presence 
of surface impurities.6 We have therefore used Baker and 
Adamson Chromatographic grade silica which is free of 
these unwanted catalytic effects. Its surface properties 
seem otherwise to be similar, as chemical shifts for 2-bu
tenes and acetone are in reasonably good agreement with 
our previous results.2 The present silica has a surface area 
of 253 m2/g and a bulk density of 0.36 g/cm3.

Sodium treated silica was prepared by soaking SiCL in 
0.1 M  NaOH, filtering, titration of the residual solution to 
determine the amount of Na incorporated, and drying the 
filtered solid. The samples used contained 2.3 Mmol of Na/ 
m2. The results of Malinowski et al.7 show that the Na is 
uniformly dispersed in catalysts prepared with aqueous 
NaOH, in that catalytic activity increases linearly with in
corporated Na, and that surface base sites are available to 
acidic reagents in the expected numbers. These workers 
suggest that the sodium is incorporated as Si-O-Na 
groups, although there is no direct structural evidence on 
this point. The Na-treated Si02 had an area of 177 m2/g.

The butenes used were CP grade gases from Matheson of 
Canada Ltd., and were vacuum distilled before use.
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TABLE I: Chemical Sh ifts“ for I-C4H8 on Pure SÌO2

Coverage,
pmol/m2

Frac
tional
cov

erage

Degas
sing

temp,
°C H2C = =CH— - ch2- - ch3

0.68 0.20 250 + 0.7 -3.1 +0.6 + 1.6
1.77 0.53 250 + 0.6 -2.8 +0.5 + 1.6
2.33 0.70 250 + 0.7 -2.5 + 0.5 + 1.5
3.31 0.99 250 + 0.6 -2.3 + 0.6 + 1.6
2.04 0.61 150 + 0.6 -2.6 + 0.5 + 1.5
2.04 0.61 350 + 0.7 -2.5 + 0.6 + 1.6
2.05 0.61 500 + 0.8 -2.3 + 0.6 + 1.4
2.08 0.62 700 -0.1 -2.6 + 0.5 + 1.3

0 In th is and subsequent tables, chem ical shifts are in ppm  with 
respect to the neat liquid, and are corrected as indicated  in the 
tex t. Positive shifts are to high field.

TABLE II: Chemical Shifts for Other Butenes on S i02

Molecule
C overage,
p m o l/m 2

F ra c 
tional

cov
erage

D egas
sing

tem p,
°C C atom

Shift,
ppm

f-2 -C 4H8 1.4 0.39 500 - c h 3 + 1.5
= C H — - 1 . 1

2.76 0.80 250 -C H 3 + 1.4
= C H — -1 .4

c-2 -C 4H8 2.79 0.80 250 -c h 3 + 1.5
==CH- -1 .3

c h 2= c (c h 3 ) 2 1 . 8 0.50 500 ~c h 3 + 1.5
==c i \ 2 + 1 . 2

1

= C — -4 .1
1.96° 0.54 700 -c h 3 + 1 . 8

= c h 2 - 0 . 2

1

= C — -5 .0
2.39 0 . 6 6 250 —c h 3 + 1 . 0

= € H 2 +1.3
1

= c— —1.7

a Partia lly  dim erized when spectrum  recorded.

R esu lts
All of our results are presented as chemical shifts relative 

to the same molecule in the pure liquid phase. These have 
been corrected for susceptibility differences and instru
mental effects as noted above. The necessary corrections 
are —0.3 ppm when using an external lock and —0.5 ppm 
when using concentric samples and the internal lock. A 
typical spectrum is shown in Figure 1.

Our most complete investigation has been made for 1- 
butene, and our results for chemical shifts on pure Si02, as 
a function of coverage and of degassing temperature, are 
shown in Table I. Our results for the other butenes on pure 
Si02 are shown in Table II, and results for the Na-treated 
Si02 in Table III.

We previously found2 that the carbonyl chemical shift 
for adsorbed acetone can be used to monitor the surface 
concentration of OH, at least on pure Si02. We have made

TABLE III: Chemical Shifts for Butenes on 
Na-Treated S i02

C over
age,

M olecule + m o l/m 2

F ra c 
tional
cov

erage

D egas
sing

tem p,
°C C atom

Shift,
ppm

1 H Ä CO 0.53 400 = € H , + 1.5
= C H — -2.9
- c h 2- + 0.4
-CHj + 1 . 6

/-2 -C 4HB 2.0 0.56 300 = C H — - 1 . 1

—c h 3 + 1.7
CH2= C (C H 3 ) 2 2.0 0.56 150 = c h 2 + 1.5

1
= c — —4.9
-C H 3 \ + 1 . 1

2 . 0 0.56 300 = C H 2 ' + 1.4

1
= C — -4.4
- c h 3 + 1 . 1

liquid 1 -C4H8. Single scan.

measurements for acetone on our pure and Na-treated 
samples, and these are shown in Table IV.

For at least one sample of each butene, we have mea
sured a spectrum without proton decoupling. This enables 
the direct-bonded C-H coupling constants to be deter
mined. We have not found any change in these values upon 
adsorption. Longer-range couplings are not resolved in our 
adsorbed samples.

Since the liquid-phase chemical shifts of -CH2-  and 
-CH3 in 1-butene do not appear to have been reported in 
the literature as yet,8 we have measured these relative to 
Si(CH-j)4 using a saturated solution of 1-butene in the lat
ter compound. The observed shifts are —27.1 ppm for 
-CH2-  and —13.3 ppm for -CH3. The corresponding results 
for H2C =  and =C H - are —113.3 and —140.1 ppm, respec
tively. The last is in good agreement with the previously re
ported value,8 the former is 0.5 ppm to lower field.

D iscussion

As can be seen from Tables I and II, a range of chemical 
shift variations occurs for the various carbons of various
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TABLE IV : Chemical Shifts of Acetone on Pure and 
Na-Treated Si02

S i0 2

F ra c 
tional

coverage

D egas
sing

tem p, °C
CO

shift
c h 3

shift

P ure 0.80 250 -6 .7 + 1 . 0

P ure 0.80 500 -3 .7 + 1 . 2

N a-trea ted 0.77 250 -6 .7 + 1 . 1

N a-trea ted 0.82 500 -5 .1 + 1 . 1

olefins on pure Si02. The trend throughout is for the less 
protonated carbons to move downfield on adsorption and 
the more protonated carbons to move upfield with respect 
to the liquid. The extreme range of shifts is from —4 to —5 
ppm for the nonprotonated carbon of 2-methylpropene to 
+1.5 to +2.0 ppm for various methyl groups. These trends 
display a remarkable parallelism to those observed by Mi
chel1 in Na-Y zeolite, but are on the whole of about one- 
half the magnitude. This parallelism casts doubt on Mi
chel’s interpretation of such shifts as arising from interac
tion with Na+.

It can be seen from Table I that the shift of the =C H - 
carbon of 1-butene has a regular dependence on coverage, 
whereas the shifts of the other carbons do not. This result 
suggests that this carbon is involved in a fairly specific in
teraction with a relatively small number of localized sites 
on the surface, the average shift decreasing as further non
interacting molecules are added.

As can be seen from Tables I and II, the only marked ef
fect of strong dehydroxylation (heating to 700°C) is to re
move the upfield shifts of the =C H 2 groups in 1-butene 
and 2-methylpropene, bringing the carbon in question to 
approximately its liquid phase value. This suggests an in
teraction of such carbons with surface OH leading to up
field shifts. Unfortunately this interpretation is complicat
ed in the case of 2-methylpropene by the fact that heating 
at 700° C developed some activity for 2-methylpropene po
lymerization, and we were unable to obtain a spectrum free 
of lines arising from the dimer. Thus our interpretation 
may be confused by a coverage dependence in this case.

A comparison of Table III with Tables I and II shows 
that Na substitution of the surface has little effect on the 
shifts. The only clear change seems to be an upfield shift of 
the =C H 2 group in 1-butene. This effect is not reproduced, 
however, with 2-methylpropene. Thus it again appears that

Na+ is not important to the establishment of overall pat- 
•terns of shift on adsorption.

Table IV shows the shifts observed for acetone on pure 
and Na-treated Si02. The results for pure Si02 are in good 
agreement with our previous correlation2 between carbonyl 
shift and degassing temperature (and hence by implica
tion5 with surface hydroxyl concentration). In *Jhe case of 
Na-Si02 heated at 250°C, the shift is the same as with pure 
Si02, whereas at 500°C, a larger C = 0  shift is recorded. If 
these data are interpreted at face value they would imply 
that Na treatment increases the thermal stability of surface 
OH groups. This interpretation is rather tentative, how
ever, as little is known of the surface chemistry of Na-treat
ed Si02. Malinowski’s results73 indicate, for example, that a 
catalyst of Na content similar to ours has, after heating to 
120°C, about three-quarters of the acidic surface OH con
centration possessed by pure silica.

In conclusion, we have shown that the various isomeric 
butenes adsorbed on pure Si02 show a range of 13C chemi
cal shift behavior which is quite parallel to, but smaller 
than, results obtained1 in Na-Y zeolite. Modification of the 
surface by Na addition or OH removal has little effect on 
any of these shifts, except for small variations in the ==CH2 
groups. The hypotheses that the shift patterns arise mainly 
from interactions with OH or Na+ do not therefore seem to 
be sustainable. One is therefore left with the conclusion 
that they arise from interaction with some other compo
nent of the lattice, possibly O atoms whose degree of ionic- 
ity might differ appreciably between Si02 and molecular 
sieve. We hope to elucidate this point by further investiga
tions on other pure oxides.
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13C NMR spectra have been measured of normal, sec-, and tert-butyllithium, and of isopropyllithium as 
representative of alkyllithiums. Spectra have also been measured of two allyllithium compounds and three 
benzyl alkali metal compounds as typical compounds where delocalized carbanions might be expected. All 
these compounds are typical of those found in anionic polymerization systems. Although it was found that 
the benzyl compounds behaved as if the charge was largely delocalized, and the C„ had an sp2 character, 
the allyl compounds were found in hydrocarbon solvents to have a less extreme character.

Introduction
NMR investigations have been carried out on three types 

of organo alkali metal compounds. First, the lithium alkyls 
used as initiators in anionic polymerization, secondly the 
adducts of tert-butyllithium with butadiene and isoprene 
which model the active chain end in the polymerization of 
these monomers, and finally benzylic alkali-metal com
pounds which correspond to the propagating species in the 
polymerization of styrene and its derivatives. The three 
types of compound form a series where the bonding proba
bly changes from highly ionic (benzyl compounds) to nearly 
covalent (lithium alkyls). None of these compounds how
ever form simple covalent structures. All in hydrocarbon 
solvents form aggregates and the lithium alkyls are associ
ated even in donor solvents. These latter compounds in the 
solid state still show aggregated structures which are com
monly supposed to result from multicenter bonding. Inter
esting variations are observed in the 13C NMR spectra 
which could lead to an increased understanding of the 
bonding properties.

E xperim ental Section
13C spectra were measured either on a Varian CFT20 

spectrophotometer at 20 MHz, or on a Varian XL100 in
strument at 25.2 MHz. The polymers were in CeDe or 
CiDgO solution. All <5 values given are ppm downfield from 
TMS.

Isopropyl, sec-, and tert-butyllithium were prepared by 
allowing the appropriate aliphatic chloride to react with 
finely dispersed lithium. A petrolatum dispersion of lithi
um (2% Na) from Lithium Corp. was freed of petrolatum 
by rinsing with a heptane solution of n -butyllithium in an 
all glass vacuum apparatus fitted with breakseals and a 
glass filter. The lithium was filtered and rinsed many times 
by condensing the heptane onto it and filtering. Finally the 
heptane was distilled back on to the lithium and the por
tion of the apparatus containing the residues sealed off and 
removed. The alkylchloride was slowly distilled onto the 
stirred lithium suspension at 15° from an evacuated side 
arm after a restraining breakseal had been broken. When 
the reaction was completed the lithium alkyl solution was 
filtered through the glass filter and sealed off. The solvent 
was then removed, the alkyllithium given a short path dis
tillation in the case of sec-butyllithium or a sublimation in

the case of the other two, still in the vacuum apparatus. 
The product was dissolved in CeDg from a breakseal fitted 
side arm and sealed in an NMR tube. The n -butyllithium 
was a commercial sample.

The adduct of tert -butyllithium and butadiene was pre
pared directly as before.1 The product appeared free of any 
product containing two butadiene units. The corresponding 
adduct of isoprene prepared in this fashion always contains 
some of the two unit addition product which complicates 
the 13C spectrum.2 A purer product was obtained from the 
corresponding mercury compound. First an isoprene solu
tion in heptane was added, under N2, to an equimolar solu
tion of tert -butyllithium in pentane, cooled below room 
temperature. After allowing the mixture to react for 1 hr, 
HgCl2 (0.4 mol based on tert -butyllithium) in THF solu
tion was added slowly at 0°. After 0.5 hr, water was added 
carefully to destroy the remaining organo lithium com
pounds and to dissolve the salts. The organic layer was 
washed, dried, and freed of solvent. The residual organo 
mercury compound was given a molecular distillation 
under high vacuum up to a temperature of 60°, the middle 
third being retained.

The product gave the NMR spectrum expected of a mix
ture of cis- and irans-di(2,5,5-trimethylhexen-2-yl)mercu- 
ry. This compound was then allowed to react in a benzene 
solution in a vacuum apparatus with finely divided lithium 
as described above, and filtered into the NMR tube. Nei
ther the 13C or 'H NMR spectra showed any evidence of 
the addition product with two isoprene molecules.

The potassium salt of the dimer of «-methylstyrene and 
the addition product of fert-butyllithium and «-methyl
styrene were prepared as described before.3 The lithium 
dimer was prepared from the potassium compound by add
ing dry LiBr to its solution in THF in a vacuum apparatus. 
KBr precipitates leaving the lithium dimer in solution in 
the presence of excess LiBr.4

R esu lts

The spectra of the four lithium alkyls are shown in Fig
ure 1. The peak positions are abstracted and compared 
with those of the parent hydrocarbon in Table I. The most 
significant difference between the spectra is the absence of 
13C-7Li coupling in n-butyllithium. The tert-butyllithium 
spectrum shows a multiplet containing an odd number of 
lines with 11 appearing above the noise, Figure 2. The most
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Figure 1. 13C NMR spectra of (1) n-butyllithium, (2) sec-butyllithium, (3) isopropyllithium, (4) iert-butyllithium. Solvent C6D6, proton decoupled, 
room temperature. The carbon numbering is as in Table I.

direct interpretation of this spectrum is that each carbon is 
interacting with four equivalent lithium atoms. This would 
give a 13 line spectrum, but the outside pair would be lost 
in the noise. A comparison of the intensities, found and cal
culated, is given in Table II.

Such analysis is not possible in the case of sec-butyllith
ium and isopropyllithium. What is assumed to be the ab
sorption due to the carbon a to the lithium, only appears as 
a broad unresolved band. It is possible that at lower tem
peratures the resolution would have improved if the broad
ening was caused by the onset of intermolecular exchange, 
but as the solvent was benzene the temperature range was 
restricted.

The spectra of the addition products of ferf-butyllith- 
ium with butadiene and isoprene are given in Figure 3, and 
the relevant shifts compared with the parent compounds in 
Tables III and IV. The shifts of 5,5-dimethylhexene-2 were 
calculated by means of the formula given recently by Rob-

TABLE I: 13C Shifts of Alkyllithium 
in Benzene Solution“

Li Li Li L i1
c h , c h 2c h , c h .3 c h 3c h c h 2c h 3 (c h 3)2c h (CH ;) (C
1 2 3 4 3 1 2 4 2 1 2 1

5: 11.8 (17) 10.2 10.5
A, -1 .4 (-8) -5 .9 -10.7
02 31.9 31.3 23.7 33.3
a 2 + 6.9 +6.3 + 8.1 + 9.0
ö3 31.4 19.2
a 3 + 6.4 + 6.0
6 4 13.9 15.8
Ac +0.7 + 2.6

Q \  — -i n 0n RH — Òn RLi, positive values downfield 6 II o

Hz.

TABLE II: Calculated and Measured Intensities of 
13C„ Lines Coupled with Four 7Li 
in tert-Butvllithium

Calcd 0.023 0.09 0.23 0.45 0.71 0.90 1.00
M eas 0.14 0.21 0.47 0.73 C.92 1.00

erts et al.5 The spectrum of 2,5,5-trimethylhexene-2 was 
measured before,2 but the assignment of two carbons have 
been reversed to give agreement with the spectrum calcu
lated as above.

The lithium compound from butadiene exhibits peaks 
from both the cis and the trans forms which coexist in ben
zene solution. The spectrum of 2,5,5-trimethylhexen-2-ylli- 
thium prepared by the new method is a great improvement 
over the previously published spectrum2 containing the ad
dition product with two isoprene molecules, and enables 
more of the peaks to be assigned. It is now possible to see 
that all carbons contribute simple peaks to the spectrum 
for both cis and trans forms, although Table III still lists 
two carbons where assignment is uncertain. It can be seen,
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+

Figure 3. 13C NMR spectra of (top) 2,5,5-trimethylhexenyl-2-lithium and (bottom) 5,5-dimethylhexenyl-2-lithium. Solvent C6D6, an asterisk indi
cates the methyl peak of ferf-butyllithium a plus sign the C6D6 peaks plus some C6H6.

however, that in neither of these compounds does 13C-7Li 
coupling occur as was previously considered possible.

Three benzyl type compounds were studied, all in THF- 
dg solution because of their low solubility in benzene. First 
the potassium salt of the tail-to-tail dimer of «-methylstyr
ene, then the equivalent lithium compound, and lastly the 
adduct of ieri -butyllithium with «-methylstyrene. The 
spectra of the potassium dimer, coupled and decoupled 
from 'H, and of the parent hydrocarbon are shown in Fig
ure 4. The uncoupled spectrum is readily assigned, with 
any doubts settled by the coupled spectrum. The relevant 
data are given in Table V. The ortho and para aromatic 
resonances are moved up field by the charge delocalized 
over the phenyl ring. Both ortho and meta resonances are 
double showing the absence of rotation of the phenyl rings 
as has been found from the proton NMR spectrum.3

The corresponding lithium compound gave a very poor 
spectrum at room temperature, although it was apparent 
that the doubling of the aromatic lines was absent. Some 
improvement was obtained at —10° where once again the 
doubling of the aromatic lines was seen as in the potassium 
dimer. Evidently this temperature range marks the onset of 
rotation of the phenyl rings. This is seen more clearly in the 
behavior of the ortho protons in the ’H spectra of this lithi
um compound in Figure 5. Probably the lithium dimer is 
less rigid than the potassium compound. There is also evi
dence for a smaller delocalization of the charge in the lithi
um compound as is shown in Table V, where the ring 
charges are calculated from the shifts in the 13C spectrum 
compared with that of the parent, using the relationship le 
= 160 ppm.6 Also shown in the table are the corresponding 
values from the proton spectra, (lc = 1.08 ppm). The two

give rather different values, particularly for the meta posi
tion.

The 13C spectrum of the adduct of tert-butyllithium and 
«-methylstyrene was measured at —5° as decomposition 
occurred at room temperature. The spectrum was good and 
the relevant data are given in Tables V and VI. At this tem
perature the ortho and meta aromatic carbon signals were 
doubled, as also was the case at room temperature, but pro
ton studies have shown the onset of more rapid rotation 
above room temperature.3

D iscussion

ieri-Butyllithium is known to be tetrameric in benzene 
solution.7 The presence of clearly defined coupling of the 
carbons with four lithium atoms in this compound clearly 
supports the suggestion that rapid intramolecular exchange 
of lithium atoms occurs. Such coupling was found in the 7Li 
spectrum of 13C enriched tert-butyllithium by Waack and 
McKeever,8 but on the basis of intensities it was not possi
ble to differentiate clearly between coupling with three Li 
for slow exchange (local environment hypothesis), or four 
Li for fast exchange. Previously Brown9 had suggested that 
rapid intraaggregate exchange occurred in mixed tert- 
butyllithium-lithiomethyltrimethylsilane tetramers at 
room temperature.

Evidently 13C-7Li coupling also occurs in sec-butyllith
ium and isopropyllithium, but it is not possible to distin
guish what form it takes, n -Butyllithium, however, shows 
no coupling, as also found by Waack and McKeever from 
the 7Li spectrum.8 Brown has suggested that intermolecu- 
lar exchange may occur through the hexameric form.10 
Such exchange would, if fast enough, cause the coupling to
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T A B L E  I I I :  13C  S h ifts  fo r A lly l ic  C om pounds

X = 
Y =

K

H .CH,X 

X C = C \
(CH):,CCIL CRY

%
S'

(CH,):1CCH,

X
 

>i
\

/O'II

7 65 4 3 j 7 65 4
9

3  i

H
H

H
Li(cis)

L i(trans)
H

C H jLi(trans)
H

H
CH2 Li(cis)

1 18.0 23.6“ 2 1 .2 “ 2 0 . 0

2 26.3 27.4“ 28.4“ 20.7
3 132.4 150.6 148.4 144.3 140.3
4 122.3 1 0 0 . 1 100.5 103.3 103.0
5 42.6 42.9 43.4 48.2 41.3
6 31.8 32.0 32.0 31.4 31.4
7 29.6 29.6 29.6 29.4 29.4
° The assignment of these four peaks is uncertain.

TABLE IV: 13C Shift Differences between 
Allyllithium Compounds and Parent Hydrocarbon“

Solvent a ß y

Butadienyl® Benzene 5.3 16.2 -25 .2
Isop reny l6 Benzene 3.9 17.2 - 2 1 . 6

Allyl“ THF 31.7 13.6 -64 .8
C ro ty l6’“ THF 17.0 19.5 —46.1
A llylsilicon“ 6.7 -0 .4 .,. -1 .9

“ Positive sign downfield. 6 Average ofcis and trans values'. c Ref
erence 16. ri Reference 15.

disappear from the spectrum. Both ferf-butyllithium and 
sec-butyllithium have been shown to be tetrameric, and 
hence intermolecular exchange may not be rapid enough. 
Isopropyllithium was shown by Brown9 to be at least partly 
hexameric and hence would not be expected to show the 
coupling it does if Brown’s hypothesis is correct.

The benzyllic compounds in THF must be considered as 
highly ionic. The electrical conductance of their solutions 
indicates that they exist principally as intimate ion pairs. 
Under these circumstances a largely delocalized benzyllic 
anion is to be expected. This is confirmed by the upfield 
shifts experienced for the aromatic absorptions in both the 
13C and ]H spectra. The appreciable differences in the esti
mates of the ring charges calculated from the two types of 
spectrum indicate that these systems are more complex 
than the simple unsubstituted aromatic anions where pro
portionality between charge and NMR shift was measured. 
Little reliance can be placed on the absolute values given, 
but they indicate that at least half of the charge is on the 
ring, with the rest presumably residing on the a carbon.

Such delocalization of the charge would be expected 
from a sp2-hybridized a carbon with the three bonds and 
the phenyl ring coplanar for maximum overlap. The 13C 
NMR absorption of the a carbon is then, relative to the 
parent compound, susceptible to the upfield shift caused 
by any charge residing on the carbon, and an opposing 
downfield shift caused by the change from sp3 to sp2 hy
bridization. The net result in the K dimer is a downfield 
shift of 37 ppm from the parent’s C„ absorption (Table V). 
Allowing 100 ppm as a typical downfield shift for the sp3-

V w V  V V .0 1 VMwmv

Figure 4. 13C NMR spectra of (top) 2,5-dlphenylhexane (tail-to-tail 
dimer of «-methylstyrene), (middle) 2,5-diphenyl-2,5-dlpotassiohex- 
ane, and (bottom) the same nonproton decoupled. An asterisk indi
cates the solvent THF-d8 peaks.

sp2 change, this gives about 63 ppm upfield shift caused by 
the charge. If the t = 160 ppm ratio is still valid for nonring 
carbons8 this would suggest a charge of 0.41r on C„, which 
matches well with the 0.57£ on the ring measured from the 
13C shifts. Similar calculations give 0.44f for the C„ of the
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T A B L E  V :  13C  C h e m ic a l S h ifts  o f B e n zy l C om pounds“

Li or K dimer

M = L i K (Jc„)

1
2
3
4
5
6
7
8 
9

10
11

147.9
127.2 
128.6 
126.1 
128.6
127.2 
40.6 
37.0 
22.5

148.9
109.4
129.0

97.0 
128.6
108.0
63.1 
36.3 
19.8

136.8
107.5 (154)
131.1 (146)
87.5 (160)

129.1 (149)
102.1 (153) 

77.8
33.6 (116) 
19.1 (122)

149.9
127.6
128.9 
126.2
128.9
127.6
37.7
52.7 
26.4
31.7 
30.6

142.0
108.3
128.3
89.5

127.3
106.0

66.8
50.9
23.9 
37.3
30.6

° Positions 2 and 6, 3 and 5 are arb itrary .

Figure 5. 1H NMR spectra of 2,5-diphenyl-2,5-dilithiohexane. An as
terisk shows the solvent THF-de residual protons.

Li adduct compared with 0.56e for the ring. The Li dimer 
gives 0.48e and 0.42e as the charges on Ca and ring, respec
tively. The sum is appreciably less than le. Corresponding
ly, the Li dimer shows appreciable rotation of the phenyl 
rings at room temperature, which might suggest there may 
be less sp2 character to the Ctt, although the methylene pro
tons remain equivalent suggesting Ca is still planar. From 
these rough calculations it would appear that the estimates 
of the ring charges from the 13C measurements are self-con-

TABLE VI: Ring Charges of Benzyl Compounds 
from NMR Shifts

1 Ortho Meta Para Total

K dimer 13c -0.07 -0.14 + 0.01 -0.24 -0.57
*H -0.19 -0.11 -0.28 -0.88

L i dimer 13C + 0.01 -0.13 + 0.01 -0.19 -0.42
*H -0.14 -0.09 -0.22 -0.68

L i adduct 13C -0.05 -0.13 -0.01 -0.24 -0.57
‘H -0.17 -0.10 -0.26 -0.80

sistent, and perhaps to be preferred to those from the 
measurements.

Waack and McKeever11 considered on the basis of 13C, 
7Li, and 1H NMR data that in benzyllithium and 1,1-di- 
phenylhexyllithium C„ had considerable sp3 character. Al
ternative explanations for the results obtained have been 
given.3’12 The results here for the K dimer, however, can be 
interpreted best as having a large degree of sp2 character of 
the Ca as described earlier. Supporting evidence for the 
planar structure is the absence of separate absorptions of 
meso and racemic forms in the 13C spectra of both dimers, 
the equivalence of the methylene protons in the 1H spec
trum, and of course the restricted rotation of the phenyl 
ring. Rapid inversion of the corresponding sp3 forms could 
give some of these effects. It was noted, however, that the 
*H spectrum of the Li dimer showed appreciable broaden
ing of the methylene peak at -60° while the methyl peak 
began to broaden at -90°. It is possible that slowing of in
version would cause both to broaden at the same tempera
ture. If the broadening was merely caused by restriction of 
rotation in this stiff molecule, this could occur at different 
temperatures for different bonds. In view of the evidence 
from charge delocalization, at least the potassium dimer 
must be considered to have a fully sp2 C„, with the two lith
ium compounds very nearly so.

There is no evidence for coupling between C„ and Li in
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the 13C spectrum of the adduct of tert-butyllithium and a- 
methylstyrene. However as free exchange of the lithium ion 
is expected such coupling is not expected.

The addition compounds of tert -butyllithium and buta
dienes were studied in benzene solution as stability was 
poor in tetrahydrofuran at room temperature. In this latter 
solvent the NMR spectrum of allyllithium indicates13 a 
symmetrical delocalized anion exists. The equivalence of a 
and 7 positions are not interpretable in terms of rapidly in
terconverting covalent structures. The 13C spectrum14 can 
be used therefore to estimate the effects of charge and hy
bridization changes on chemical shifts. There is a net up- 
field shift of 64.8 ppm (Table IV) of the 7 -carbon com
pared with the parent propene and hence a shift in this sys
tem of about 130 ppm per electron. (Ca and C7 should have 
each nearly half an electronic charge.) This can be com
pared with the often suggested shift of 160 ppm per elec
tron in aromatic systems. The shift of the a-carbon is 32.5 
ppm downfield would result from the same 64.8-ppm up- 
field shift due to the charge plus a 96.7-ppm downfield 
shift caused by the change from sp3 to sp2 hybridization. 
This is in agreement with the conventionally suggested 
value (~100 ppm) in aromatic and ethylenic compounds for 
such a hybridization change. It seems unlikely that alkyl 
substitution would significantly change the nature of such 
species but, for example, in crotyllithium the 7 substituent 
will make this position less favorable for charge location. In 
the 13C spectrum in tetrahydrofuran, the a and 7 shift dif
ferences are —14.7 and +18.7 ppm less than in allyllithium. 
The nearly equal differences of opposite sign can be pro
duced by an unequal charge distribution without change in 
hybridization. It is true that the coupling constant Je  n at 
the a position drops to 132 Hz on methyl substitution, a 
value little above those normally obtained for sp3 carbons, 
but since the coupling constant is nearly unchanged at 
137 Hz it must be concluded that as this carbon is in any 
case sp2 that such arguments are not reliable in charged 
systems.

In benzene solution, the addition compounds of tert-bu
tyllithium with isoprene and butadiene are tetrameric1516 
as are some of the lithium alkyls. No coupling between car
bon and lithium is evident which could indicate a differ

ence in bonding. The absence of coupling in some of the al
kyls however suggests that differences in intermolecular 
exchange rates may be at least as important. These com
pounds show typical near-uv absorption bands both in ben
zene and in tetrahydrofuran17 in the region 270-320 nm ex
pected of allylic anions. The 13C spectra do however show 
evidence for further charge transfer away from the 7 car
bon (Table IV) leaving only about one third that in the cor
responding position in the allyl anion. Correspondingly the 
lower downfield shift at the a carbon compared with the 
parent is consistent with increased charge at this position. 
Decreased sp2 character could also explain the a-carbon 
shift. Preliminary XH experiments on 2-ieri-butylcrotyl- 
lithium and 2-tert-butylallyllithium (soluble in benzene 
unlike the unsubstituted compounds)18 suggests that 
charge redistribution away from the more substituted car
bon is an important phenomenon. The latter compound 
shows only one XH absorption for the two CH2 groups, as 
expected from delocalization to an ionic species, at a posi
tion intermediate between those of the a and 7 carbons of 
the former.
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Longitudinal Relaxation Rates of Lanthanum-139 in Aqueous Salt Solutions
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Longitudinal relaxation rates of lanthanum-139 at 8.4 MHz are reported for aqueous solutions of LaCl3 
and La(ClC>4)3 in the concentration range 0.1-1.7 M. The effects of added NaCl, LiC104, and LiN03 have 
also been investigated. It is found that the 139La relaxation in aqueous chloride solutions is well described 
by the classical theory of a moving rigid sphere in a viscous medium. The relaxation rate at infinite dilution 
is l/Ti° = 277 sec-1 and the quadrupole coupling constant of 139La in the aquo-ion is 3.1 MHz. Departures 
from the classical theory are observed in the presence of excess perchlorate, which are explained by the for
mation of outer-sphere ion pairs. The effect on the relaxation rate of inner-sphere complex formation with 
nitrate is much larger.

Introduction
A large volume of data on the thermodynamic and trans

port properties of aqueous solutions of rare earth salts, re
cently augmented by X-ray and Raman spectral studies, 
has been interpreted by Spedding and his coworkers in 
terms of the structure and microdynamic behavior of the 
aquo complexes.1'2 The interpretation of the partial molal 
heat capacities has been subjected to some criticism by 
Grenthe et al.3 A more direct way to look into this problem 
is by nuclear magnetic resonance in general and nuclear re
laxation rates in particular.4 Work in this laboratory has 
focused in the past on the proton and oxygen-17 NMR of 
the solvent and anion nuclei.5,6 Advantage was taken of the 
fact that most of the trivalent lanthanides are paramagnet
ic and exert their influence on nuclei in their vicinity 
through the electron-nuclear hyperfine interaction. Among 
the trivalent rare earth ions only lanthanum and lutetium 
are diamagnetic and it appears that lanthanum-139, a nu
cleus of spin 7/2 with a natural abundance of 99.91% and 
NMR sensivitity (relative to that of protons) of 5.92%, is 
suitable for NMR experiments. Attempts to observe the 
nuclear resonance of lutetium-175 failed probably because 
its quadrupole moment7 is a factor of 10 larger, leading to 
two orders of magnitude faster relaxation.

Presented here are the results of a preliminary study of 
the longitudinal relaxation rates of lanthanum-139 in aque
ous solutions of the chloride and perchlorate salts. The ef
fects of added excess of chloride (as NaCl), perchlorate (as 
LiClCL), and nitrate (as LiNO.j) were also investigated in 
order to clarify some of the observed phenomena. Line 
widths of lanthanum-139 in ionic aqueous solutions have 
previously been reported by Nakamura and Kawamura.8 
While the general appearance of the present results resem
bles that of the line widths, there are some differences in 
the detailed features leading to different conclusions. A 
comment regarding the possible sources of these discrepan
cies is given in the Experimental Section. The theoretical 
background forming the basis of the present work is sum
marized for convenience in the following paragraphs.

T h eoretica l Background
Lanthanum-139 possesses a quadrupole moment, the in

teraction of which with intramolecular electric field gradi
ents modulated by molecular motion gives rise to pro
nounced relaxation effects. These effects may serve in turn

to monitor both the changes in the immediate environment 
of the ion and its microdynamic behavior. The longitudinal 
relaxation rate, 1 IT i, of a quadrupole nucleus in the case of 
rapid tumbling (extreme narrowing) is given by9

3(27 + 3) (e2Qq
40/2(2/ -  1)'K h .

where eQ is the quadrupole moment of the nucleus of spin 
I, eq is the electric field gradient, rc is the correlation time 
characteristic of the motion for molecular reorientation, 
and the usually negligible contribution of an asymmetry 
factor has been omitted. An analogous equation governs 
the transverse relaxation rate.9 The quantity e2Qq/h, 
which has frequency units, is referred to as the quadrupole 
coupling constant, K. Thus for lanthanum-139 we obtain

1/T i = 0 .403K2tc (2)

The chemical environment is reflected in the magnitude of 
K  and the microdynamic behavior in rc. Assuming that the 
molecular motion is described by the diffusion equation of 
Stokes, i.e., that the complex may be regarded as a rigid 
sphere of radius r moving in a medium of viscosity y, the 
correlation time may be expressed as10

rc = birrir\l‘&kT (3)
Equations 2 and 3 predict a proportionality between the re
laxation rate and the viscosity for constant K.

If several complexes are present in solution with rapid 
chemical exchange between them, the observed relaxation 
rate will be given by the weighted average

1 /T l.o b sd  = H  Pi/T 1,' (4 )
i

where Pi is the relative abundance of the ith species, the 
relaxation rate of which is 1/Ti,-.

Experim ental Section

Stock solutions (2-2.5 M) of the chloride and perchlorate 
salts of lanthanum Were prepared by allowing La20 3 (Fluka 
AG) to react with the appropriate stoichiometric amounts 
of hydrochloric or perchloric acids, respectively. Concen
trations were determined by EDTA titrations using Arse- 
nazo I as the end point indicator. Dilutions were made vo- 
lumetrically. In order to eliminate the possible effects of 
hydrolysis all solutions were made 0.01 M  in hydrochloric
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or perchloric acid. The samples, ca. 0.5 ml in volume, were 
contained in 10-mm o.d. tubes. Measurements were done at 
the ambient probe temperature of 23 ± 2°.

The lanthanum-139 magnetic resonance was observed at
8.4 MHz (magnetic field of ca. 14 kG) with a Bruker 322S 
pulsed NMR spectrometer equipped with a Hewlett-Pack
ard Model 5480A signal analyzer. Longitudinal relaxation 
rates, 1/Ti, were determined by the 180-90° pulse method, 
by which the magnetization amplitude, A, is measured as a 
function of the time interval, t, between the two pulses and 
the relaxation rate obtained from the relation

A = Ao[l — 2 exp (— t/Ti)} (5)
where A 0 is the amplitude in the absence of the 180° 
pulse.9 Typical runs are shown in Figure 1. It is seen that 
the magnetization difference, Ao — A, decays as a single ex
ponent over the whole concentration range investigated as 
predicted by eq 5. The uncertainty in the 1/Ti values ob
tained in the present work is estimated to be less than 
±3%.

A Comment on the Lanthanum-139 Line Widths. Pulse 
methods can be employed in principle to measure 
transverse relaxation rates. An alternative and experimen
tally more convenient way is to obtain them from the line 
width at half-height of the continuous wave absorption 
mode spectrum. This approach has been used by Nakamu
ra and Kawamura who, in addition, used audio frequency 
modulation and observed the derivative of the absorption 
mode.8 The lines obtained in this way are distorted and 
corrections have to be applied in order to account for the 
broadening due to the finite modulation amplitude. These 
corrections have been shown to be a nonlinear function of 
the ratio between the true line width and the modulation 
amplitude.11,12 However, in the above-mentioned line 
width study, the corrections have been done by linear ex
trapolation to zero modulation amplitude.8 It has been our 
experience, and it can be shown by a calculation,11'12 that 
in this way narrower lines are “under-corrected” and 
broader lines are “over-corrected”. Another possible source 
of “instrumental” broadening, particularly at the lower 
concentrations, is partial saturation due to the higher ra
diofrequency power that might have been necessary in 
order to observe the weaker signals. It is not surprising 
therefore that the transverse relaxation rates reported by 
Nakamura and Kawamura8 are higher at the lower concen
trations and slightly lower at the higher concentrations 
than the longitudinal relaxation rates obtained in the 
present work, although it is anticipated on theoretical 
grounds4’9 that I/T 2 = 1/T 1 in this system.

R esu lts
Longitudinal relaxation rates, 1/T 1, of lanthanum-139 

were measured in solutions of LaCL, in the concentration 
range 0.1-1.7 M. Already from the decays of the magnetiza
tion difference, shown in Figure 1, it is seen that the relaxa
tion is faster at higher concentrations. The relaxation rates 
are plotted as a function of the concentration in Figure 2. 
Over the concentration range covered the relaxation rate 
increases by a factor of ca. 3 in a way similar to that of the 
macroscopic viscosity.18 Spedding and Pikal have shown18 
that the relative viscosity, i¡r, of lanthanide chloride solu
tions is well described by the modification of Vand’s equa
tion of the form14

In i)r = A3c/{ 1 -  Q'c) (6)

Figure 1. The exponential decay of the magnetization difference (in 
normalized arbitrary units) of 139La in LaCI3 solutions as a function of 
the time interval, f, between the 180 and 90° pulses.

Figure 2. Longitudinal relaxation rates of 139La in aqueous solutions 
of LaCI3 and La(CI04)3 as a function of concentration. Ordinates are 
displaced for clarity. Curves are calculated (see text).

where c is the molar concentration and A:> and Q' are ad
justable parameters. Thus, if the relaxation rates do follow 
the viscosity they should be of the form

1/T, = r]r/T ,° (7)
where 1/T,0 is the relaxation rate extrapolated to zero con
centration. The results were fitted to eq 6 and 7 (the solid 
curve in Figure 2) and the parameters obtained are A;, = 
0.653 Q' = 0.008 M ~\ and 1 /T ,°  = 21n sec“ 1 with a 
standard deviation of 4.26%. The broken line in Figure 2 
shows the fit to the experimental viscosities reported by 
Spedding and Pikal18 with 1/T,° = 284 sec~!. The agree
ment between the two sets is excellent. The quadrupole 
coupling constant was calculated from eq 2 with 1/T, = 277
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Figure 3. Longitudinal relaxation rates of 139La as a function of 
added salt concentration: (▲ ) LiCI04, (•) LiN0 3 , (O) NaCI. Concen
trations of La(CI04)3 were 0.3, 0.315, and 0.375 M, respectively. 
The solid curve is calculated (see text).

sec-1 and rc = 7 X 10~u sec (as previously determined 
from proton relaxation rates in dilute GdCl3 solutions15) 
and found to be i f  =  3.1 MHz.

The effects of added NaCI on the relaxation rates of a 
0.375 M La(C104)3 solution are shown in Figure 3. The 
solid curve was calculated from eq 6 and 7 using the param
eters A3 and Q' for NaCI given by Robinson and Stokes.14 
Again the fit is excellent.

The relaxation rates in solutions of La(C104)3 are shown 
on the upper part of Figure 2. The curve was calculated 
with eq 6 and 7 and the parameters obtained are Aa = 0.75 
M-1, Q' = 0.013 M-1, and 1/Ti° = 275 sec-1 with a stan
dard deviation of 6%. However the relaxation rates here are 
faster than those in LaCl3 solutions although the viscosities 
of lanthanide perchlorates are known to be lower than 
those of the corresponding chlorides in this concentration 
range.2 In order to test the effect of excess perchlorate, the 
relaxation rate of a 0.3 M  La(C104)3 solution was measured 
as a function of added LiC104. The results are shown in 
Figure 3. Again the relaxation rate increases with increas
ing concentration faster than anticipated from the viscosity 
change. In going from 0 to 2.4 M  LiC104 the relaxation rate 
increases from 380 to 610 sec-1, whereas the relative viscos
ity of LiC104 solution increases from 1 to 1.25 over the 
same concentration range.16

In order to obtain the effect of inner-sphere complex for
mation the relaxation rate of a 0.315 M La(C104)3 solution 
was measured as a function of added LiN03. Already at 0.4 
M LiN03 an approximately twofold increase in the relaxa
tion rate is observed (see Figure 3), whereas the relative 
viscosity of LiN03 solutions in this concentration range 
should have increased by not more than 5%. An order of 
magnitude calculation with eq 4 and 2 using 0.5 M-1 as the 
formation constant of the mononitrato complex6 shows 
that the 139La quadrupole coupling constant in the complex 
has increased by a factor of nearly 3 over that of the aquo- 
ion.

D iscussion

The longitudinal relaxation rates of lanthanum-139 in 
solutions of chloride salts are well represented by the mac
roscopic viscosity. This finding provides additional support 
to the classical view of Stokes that the viscosity of electro

lyte solutions is a measure of the hydrodynamic effect aris
ing from the distortion of streamlines by particles larger 
than water molecules.14’17 No evidence is found in the 
present work for an equilibrium between different hydrat
ed forms of the lanthanum ion as has been previously been 
invoked on the basis of 139La NMR line widths.8 It now 
seems that that interpretation may have resulted from in
strumental artifacts (see Experimental Section). Our find
ings are in agreement with the recent X-ray work of Sped- 
ding et al.1 who observed that in a saturated PrCl3 solution 
nine water molecules are coordinated to the lanthanide cat
ion.

Nitrate ions are known, e.g., from previous oxygen-17 
NMR studies,6 to form inner-sphere complexes with lan
thanides. The present findings of the effect of added 
LiN03 on the 139La relaxation rates concur with the intui
tive expectation that in the nitrato complex a higher elec
tric field gradient is imposed on the lanthanum nucleus. On 
the other hand, it has previously been shown that perchlo
rate ions do not penetrate the first coordination sphere of 
lanthanides.6 The unexpected relaxation effects of perchlo
rate observed in the present work seem to reflect the for
mation of an outer-sphere ion pair between the lanthanum 
aquo-ion and perchlorate. The 139La relaxation rate in the 
ion pair should be faster than that of the aquo-ion since in 
addition to size effects on the correlation time (see eq 3) 
there will be a considerably larger electric field gradient 
imposed on the lanthanum nucleus by the nearby perchlo
rate anion. This interpretation is in agreement with the 
transport and Raman spectral data of Spedding et al.1’218 
In particular water molecules shared between cations and 
anions, i.e., belonging to an ion pair, have been observed in 
the Raman spectra of concentrated lanthanide perchlorate 
solutions.18-20

C onclusions

The longitudinal relaxation rates of lanthanum-139 in 
aqueous chloride solutions are well described by the classi
cal theory of a moving rigid sphere (the aquo-ion) in a vis
cous medium. In solutions of La(C104)3 as well as in the 
presence of excess perchlorate an outer-sphere ion pair is 
formed leading to relaxation effects larger than anticipated 
from the viscosity changes. Stable inner-sphere complexes, 
e.g., the nitrato complex, have much more pronounced ef
fects on the relaxation rates. Thus 139La relaxation rates 
may serve to monitor complex formation as well as to study 
the microdynamic behavior in solution.
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The crystal structures of hydrated (a = 12.301 (2) A) and vacuum-dehydrated (a = 12.309 (2) A) potas
sium-exchanged zeolite A have been determined by single-crystal X-ray diffraction techniques in the cubic 
space group Pm3m. In each case all 12 potassium ions per unit cell were located, and the structures refined 
to final conventional R indices of 0.114 and 0.057, respectively. In the dehydrated structure, three equiva
lent K+ ions lie near the centers of the oxygen 8-rings. Another six equivalent K+ ions lie on three of the 
four threefold axes opposite 6-rings in the large cavity, in an eightfold equipoint. The three remaining K+ 
ions are nonequivalent, and lie along the remaining threefold axis, two inside the sodalite unit and one re
cessed far into the large cavity. It is most unique that this latter K+ ion is not within contact distance of 
any atom or ion; it occupies a relatively shallow energy minimum in the electrostatic field of the remainder 
of the structure. In the hydrated structure, eight K+ ions are found inside the large cavity on the threefold 
axes near the 6-oxygen rings; three more lie near the centers of the 8-rings but somewhat off those planes; 
the twelfth is located near the center of the unit cell. Twelve water molecules bridge between the eight 
threefold axis K+ ions along the edges of the cube. Three of these twelve can also be close to the twelfth K+ 
ion near the center of the large cavity. The sodalite unit contains eight water molecules which hydrogen 
bond to each other and to framework oxygens.

Introduction
The K+ positions in potassium-exchanged zeolite A, 

K-A,1 are likely to be similar, except for the effect of ionic 
radius, to those of the Na+ ions in Na-A. The position of 
the twelfth K+ ion, if it could be determined, would be of 
interest in the hydrated structure because it would suggest 
which of the possible positions previously determined2 for 
a twelfth Na+ ion is correct and would serve to complete 
the structure of hydrated Na-A, the form in which zeolite A 
is synthesized. In the dehydrated case, a position opposite 
a 4-oxygen ring was noted in dehydrated Na-A;3 the larger 
X-ray scattering factor of K+ might have allowed a strong 
confirmation of the previous result. An ion populating such 
a site at high temperature in this or another zeolite would 
be particularly available to sorbed molecules, would be par
ticularly coordinatively or associately unsaturated, and 
could be a site of high catalytic activity. Such a site has 
been shown to be sensitive to sorbate content.3

Recent ir studies of hydrated monovalent cation-ex
changed zeolite A have led, using large-ring vibrational as

signments,4 to specific conclusions about the placement of 
K+ ions in the zeolite. The work reported herein was un
dertaken in part to test the validity of these assignments 
and the conclusions based upon them.

E xperim ental S ection
Crystals of zeolite 4A were prepared by a modification of 

Charnell’s method,5 including a second crystallization 
using seed crystals from the first synthesis. Ion exchange 
with 0.2 N  aqueous KC1 solution, conducted for 1 week at 
28° with daily agitation and renewal of solution, yielded 
clear and colorless crystals. A flame test of these crystals 
indicated, by the absence of the yellow sodium D  line, that 
the exchange was complete. Later, a separate batch of crys
tals was similarly prepared with 0.2 N  aqueous KOH solu
tion to discourage any possible hydrogen ion exchange into 
the zeolite. Subsequent crystallographic analysis indicated 
the presence of 12 K+ ions per unit cell in each sample.

A crystal 0.08 mm on an edge, exchanged in KC1 solu
tion, was dehydrated by a procedure3 similar to that used
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TABLE I: P osition al, Therm al,“ and O ccupancy Param eters for K-A

O ccu-
Wyckoff pancy
position X V £ 0ii o r B is0 A 2 0 :« 0 ( 2 0 1 2 023 fac to r

(a) D ehydrated

(Si. Al) 24(0) 0 1886(3) 3774(2) 14(2) 16(2) 19(2) 0 0 2(4) 1 »
0 (1 ) 1 2 (A) 0 2457(8) 1/2 41(9) 2 2 (8 ) 13(7) 0 0 0 1

0 (2 ) 1 2 (/) 0 2833(6) 2833(6) 44(9) 26(5) 26(5) 0 0 31(15) 1

0(3) 24(//f) 1111(4) 1111(4) 3597(6) 41(4) 41(4) 46(4) 33(13) -9(8) -9(8) 1

K (l) 8 (g) 2311(4) 2311(4) 2311(4) 49(3) 45(3) 49(3) 50(8) 50(8) 50(8) 3/4
K(2) 1 2 (f) 0 4770(25) 4770(25) 61(13) 93(30) 93(30) 0 0 -45(55) 1/4
K(3) 8 (g) 3557(62) 3557(62) 3557(62) 833(183) 833(183) 833(183) -611(247) -611(247) -611(247) 1 / 8

K(4) 8  Or) 1306(24) 1306(24) 1306(24) 4(1) 1 / 8

K(5) 8 (g) 1849(34) 1849(34) 1849(34) 7(2) 1 / 8

(b) Hydrated

(Si, Al) 24(A) 0 1825(2) 3712(2) 16(2) 16(2) 1 0 (2 ) 0 0 5(3) l 6

0 ( 1 ) 1 2 (A) 0 2228(11) 1 / 2 151(20) 16(8) 14(7) 0 0 0 1

0 (2 ) 1 2 (/) 0 2941(7) 2941(7) 32(8) 18(4) 18(4) 0 0 19,(10) 1

0(3) 24 (m) 1113(6) 1113(6) 3437(11) 32(4) 32(4) 92(11) 23(10) 36(10) 36(10) 1

0(4) 1 2 (/) 2683(21) 2683(21) 1/2 387(71) 387(71) 93(27) -599(156) 0 0 1

0(5) 8 (g) 978(15) 978(15) 978(15) 103(11) 103(11) 103(11) -26(25) -26(25) -26(25) 1

K(l) 8 (g) 2585(4) 2585(4) 2585(4) 56(2) 56(2) 56(2) 26(5) 26(5) 26(5) 1

K(2) 24(m) 795 (56) 4460(34) 4460(34) 8 (1 ) 1 / 8

K(3) 24(w) 3828(141)4621(81) 4621(81) 8(5) 1/24
“ Positional and anisotropic thermal parameters are given x lO4; isotropic thermal parameters are in A2. Numbers in parentheses are the 

estimated standard deviations in the least significant digits. See Figure 1 for the identities of the atoms. The anisotropic temperature factor 
= exp[-(0uh2 + 022*2 + 033p  + 012hk + 0i3hl + 023*0)]- b Occupancy for (Si) = 1/2; occupancy for (Al) = 1/2.

for dehydrating zeolite 4A, Na-A. The Pyrex capillary con
taining the crystal was sealed off by torch under vacuum 
after 48 hr of dehydration at 300° and 10~6 Torr, and was 
mounted on a goniometer head. The crystal remained clear 
and colorless.

Another crystal frcm the same exchange, also 0.08 mm 
on an edge, was mounted on the tip of a fine glass fiber and 
was left exposed to the atmosphere (relative humidity 30%) 
during data collection. Subsequent diffraction intensities 
for both crystals were collected at 20°. Two crystals pre
pared from KOH solution, also both 0.08 mm on an edge, 
were treated similarly.

The cubic space group Pm3m (no systematic absences) 
appeared to be appropriate.3’6“9 A Syntex four-circle com
puter-controlled diffractometer with a graphite monochro
mator and a pulse-height analyzer was used throughout for 
preliminary experiments and for the collection of diffrac
tion intensities. Molybdenum radiation (Kai, X 0.70926 A; 
Kc<2, X 0.71354 A) was used throughout. In each case, the 
cell constant, a = 12.309 (2) A for the dehydrated crystal 
(prepared from 0.2 N  KOH solution) and a = 12.301 (2) A 
for the hydrated crystal (prepared from 0.2 N  KC1 solu
tion), was determined by a least-squares treatment of 15 
intense reflections for which 28 < 24°. (As will be discussed 
later, only the results for these two of the four data sets are 
presented.)

The 28-6 scan technique was employed at a constant 
scan rate of 0.5°/min (in 26). The scan range varied from 
2.0° at 26 = 3° to 2.5° at 28 = 70°. One-half of the total 
scan time was spent counting background at each end of 
the scan range. All unique reciprocal lattice points (889 for 
each crystal) below a maximum 28 value of 70° were exam
ined. The high upper limit for 28 was chosen to maximize 
the size of the data sets, even though few reflections with

large 28 values showed significant intensity. Three check 
reflections, monitored in each data collection after every 
100 reflections, indicated no significant variation in inten
sity.

Standard deviations were assigned according to the for
mula:

ff(I) = [o>2|CT + 0.25(tJthn B l + B2)\ + (p /)2]1/2

where w is the scan rate, CT is the total integrated count 
obtained in a scan time, fc, B i, and Bq are the background 
counts each obtained in time tb, and I  = oj[CT -  0.5(fc/ 
tb)(B\ + B2)\. A value of 0.02 was assigned to the empirical 
parameter p 10 to account for instrumental instability. The 
net counts were then corrected11 for Lorentz and polariza
tion effects, including that of the monochromator crystal 
which was assumed to be half perfect and half mosaic in 
character. An absorption correction was not necessary-the 
transmission coefficients are estimated to range within 
0.6% of their average values.

Only those reflections in each data set for which the net 
counts exceeded three times the corresponding esd’s were 
used in structure solution and refinement. This amounted 
to 214 and 374 unique reflections for the dehydrated and 
hydrated crystals, respectively.
Structu re D eterm ination

Dehydrated K-A. Full-matrix least-squares refinement 
of dehydrated K[AlSi04]-A,lc or K-A (exchanged using 
KC1), began using the cation coordinates (adjusted to ac
count for the differing ionic radii) and framework positions 
of thallium-exchanged zeolite A.8 Isotropic refinement con
verged quickly to an i index, (2| F0 -  \F,. | )/2F0, of 0.095 
and an R 2 weighted index, (2w{Fn — |.Fc|)2/2 u).F02)1/2, of 
0.101. Anisotropic refinements of all framework atoms with
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T A B L E  I I :  S e lec ted  In te ra to m ic  D is ta n c e s  (À ) an d  A n g les  (d e g )a

(a) Dehydrated K-A
(Si, Al)-O(l) 1.676(5) 0(lH Si, Al)-0(2) 108.5(4)
(Si, Al)-0(2) 1.660(3) 0(l)-(Si, Al)-0(3) 111.0(4)
(Si, Al)-0(3) 1.668(2) 0(2MSi, Al)-0(3) 107.94)

0(3HSi, Al)-0(3) 110.24)
K(l)-0(3) 2.620(7) (Si, A lHXlHSi, Al) 128.5(6)
K(l)-0(2) 2.986(3) (Si, Al)-0(2HSi, Al) 178.4(5)
K(2)-0(l) 2.861(30) (Si. AD-0(3HSi, Al) 153.7(5)
K(2 )—0(2 ) 3.372(45)
K(3)-C>(3) 4.257(10) 0(3)-K(1)-0(3) 111.3(4)
K(4)-0(3) 2.840(25) 0(1)-K(2)-0(1) 101.4(10)
K(5)-0(3) 2.505(9) 0(2)“K(2)~0(2) 96.1(8)

0(1)-K(2)-0(2) 50.7(6)
0(3)-K(3)-0(3) 119.4(29)
0(3)-K(4)-0(3) 99.2(8)

(b) Hydrated K-A
(Si, Al)-O(l) 1.660(5) 0(lH Si, Al)-0(2) 107.5(6)
(Si, Al)-0(2) 1.668(4) OdHSi, Al)-0(3) 110.6(6)
(Si, Al)-0(3) 1.660(3) 0(2)-(Si, Al)-0(3) 108.6(4)

0(3MSi, Al)-0(3) 111.1(9)
K(l)-0(3) 2.768(11) (Si, Al)-0(lMSi, Al) 145.2(9)
K(iy-0(4) 2.975(5) (Si, Al)-0(2MSi, Al) 159.3(6)
K(2)-0(l) 2.99(4) (Si, Al)-0(3HSi, Al) 146.0(9)
K(2)-0(2) 2.82(6)
K(3)-0(4) 2.81(12) 0(3)-K(l)-0(3) 93.9(4)
K(l)-0(5) 3.425(33) 0(4)—K(l)-0(4)- 85.3(11)
K(l)-0(2) 3.240(4) K(l)-0(4)-K(l) 173.5(2)
0(5)-0(5) 2.40(4) 0(4)—K(3)-0(4) 91.7(38)
0(5)-0(2) 3.62(2) 0(1)-K(2)-0(1) 107.6(19)
0(4)-0(1) 3.35(1) 0(2)-K(2)-0(2) 98.1(10)

0(l)-K(2)-0(2) 54.9(11)
0 (2)—K(l)-0 (2) 104.3(5)
0(3)-0(5)-0(3) 83.4(5)
0(l)-0(4)-0(l) 71.0(12)

a T he num bers in parentheses are the estim ated  s tandard  deviations in the un its  of the least significant digit given for the  corresponding 
param eter.

seven K(l)’s (see Table I), three K(2)’s, and a single potas
sium ion between K(4) and K(5) lowered the error indices 
to 0.072 and 0.073, respectively. The occupancy of K(2) re
fined well to one ion per 8-ring (three per unit cell).

Since the twelfth K+ ion could not be located on subse
quent refinements, the previous exchange of one hydrogen 
ion per unit cell was suspected. For this reason a new data 
set was collected using a crystal exchanged with aqueous 
KOH. Full-matrix least-squares refinement of the struc
ture model of the previous paragraph converged with the 
error indices R\ = 0.058 and R2 = 0.050. A subsequent dif
ference Fourier map revealed five small peaks (1.3 to 2.6 e 
A“3 in height) at (0, 0, 0), (0, 0, 0.16), (0, 0, 0.40), (0.14, 
0.14, 0.14), and (0.23, 0.5, 0.5). The first three were unsta
ble in least-squares refinement. The fourth peak, in subse
quent refinements, indicated the presence of two nonequiv
alent potassium ions, K(4) and K(5), since the thermal el
lipsoid of a single potassium ion placed at an intermediate 
position became very elongated and then nonpositive defi
nite in refinement. The fifth peak refined well with a single 
potassium ion to the final R 1 and R 2 values of 0.057 and 
0.044, respectively. The close approach distances between 
K(l) and K(4), and K(l) and K(5), can be dismissed as vir
tual if no two ions are simultaneously assigned to the same
6-ring. Furthermore, by the same reasoning, K(4) and K(5) 
must be placed on the same threefold axis but on opposite

sides of the origin, and K(3) must be placed on the opposite 
side of a 6-ring from K(4). Thus the final model has six 
K(l)’s, three K(2)’s, and one ion at each of the positions, 
K(3), K(4), and K(5).

Finally, this 12 K+ model was refined using the data set 
for KCl-exchanged K-A, to R\ = 0.072 and R 2 = 0.071. The 
presence of 12 K+ ions per unit cell was indicated in KCl- 
exchanged K-A. The structure does not depend, then, on 
the exchanging solution, so only the better data set, which 
happened to be that of the KOH-exchanged crystal, and its 
structure, are reported.

The standard deviation of the electron density on the 
Fourier function was 0.1 e A-3. The goodness-of-fit, CSw(F0 
— |Fc|)2/(m — s))1/2, is 1.65; m is the number of observa
tions (214), and s (37) is the number of variables in least 
squares. All shifts in the final cycle of refinement were less 
than 1% of their corresponding esd’s. Calculated and ob
served structure factors are available.11 The final structural 
parameters are presented in Table la, and selected bond 
lengths and bond angles are given in Table Ha.

Hydrated K-A. Least-squares refinement of hydrated 
K-A (KC1 exchanged) was commenced using the parame
ters of the dehydrated structure. After several trials, eight 
ions at K(l) and three at K(2) were located (see Table lb) 
with R1 = 0.21 and i?2 = 0.20. Successive Fourier syntheses 
and least-squares refinements served to reveal the posi
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tions of 20 water molecules, which fully occupy two equi- 
points: 0(4) (Wyckoff 120)) within the large cavity, and 
0(5) (Wyckoff 8 (g)) within the sodalite unit. The inclusion 
of these water molecules (as isotropic oxygen atoms) fur
ther reduced R i and Ro to 0.118 and 0.112, respectively.

Since again, the twelfth potassium ion was not located, a 
new data set was collected for a KOH-exchanged K-A crys
tal. Least-squares refinement using the modfel derived from 
the KCl-exchanged K-A crystal led to R i and R > indices of 
0.126 and 0.158. A subsequent Fourier difference function 
revealed three peaks: (0, 0, 0; 2.3 e A-3), (0.18, %, 2.5 e
A-3), and (0.39, %, 3.0 e A-3). Only the last refined well
at a position compatible with the rest of the structure. An 
ion at that position, K(3), was reasonably distant (3.2 A) 
from three 0(4)’s related by the threefold axis; its inclusion 
in refinement allowed R i and R2 to reach 0.119 and 0.124, 
respectively; actually a position just off the fourfold axis re
fined slightly better and is reported.

Subsequent least-squares refinement using the same 
model with the KCl-exchanged K-A data set resulted in 
error indices of 0.114 and 0.107, and a substantially lower 
goodness-of-fit value, so only this latter data set and its 
corresponding structure, which as before does not differ 
from the structure based on data collected with the other
wise-exchanged crystal, is reported.

The standard deviation of the electron density of the 
Fourier function is 0.15 e A-3. The goodness-of-fit is 2.37; 
R1 = 0.114; R -2 = 0.107; the total number of observations
(m) is 374; and the number of variables in least squares was 
39. The large error indices suggest that a few additional 
water molecules, perhaps near the center of the large cavity 
near K(3), may exist per unit cell, and were not located in 
this work; also 0(4) appears to be an average position.

All shifts in the final cycle of refinement were less than 
1% of their corresponding esd’s. Calculated and observed 
structure factors are available.11 The final structural pa
rameters are presented in Table lb, and selected bond 
lengths and bond angles are given in Table lib.

The full-matrix least-squares program used12 in all 
structure determinations minimized 2m(A|i^)2; the 
weights (w) were the reciprocal squares of a, the standard 
deviation of each observation. Atomic scattering factors for 
K+,13 O,13 O“ ,14 and (Si,Al)1-75+ were used. The function 
describing (Si,Al)L75+ is the mean of the Si0, Si4+, Al°, and 
Al3+ functions.14 The scattering factors for K+ and 
(Si,Al)175+ were modified to account for the real compo
nent (A/') of the anomalous dispersion correction.15

D iscussion
In the dehydrated structure (see Tables la, Ha, III, and 

Figures 1 and 2), 9 of the 12 K+ ions per unit cell are dis
tributed over four nonequivalent threefold axis equipoints 
(Wyckoff 8 (g)), while the remaining three lie in the plane 
of the 8-oxygen rings (Wyckoff 12(0)-

The first nine K+ ions, K(l), K(3), K(4), and K(5), have 
occupancies, per unit cell, of 6, 1, 1, and 1 ions, respectively. 
The most populated position, K(l), is located in the large 
cavity, 0.79 A above the 0(3) plane of the oxygen 6-rings. 
While two nonequivalent K+ ions, K(4) and K(5), are locat
ed inside and very near to the surface of the sodalite unit, 
respectively (1.35 and 0.19 A from the [111] plane at 0(3)), 
the ninth K+ ion was found deep within the large cavity 
(3.45 A from the 0(3) plane). K(l), K(4), and K(5) are tri- 
gonally coordinated to their respective sets of three frame
work 0(3)’s at 2.62, 2.84, and 2.50 A. Because of disorder,

TABLE III: Deviations of Atoms (A) from Planes“

Dehydrated K-A Hydrated K-A

(a) F rom  the (111) P lane at 0(3)
K(l) 0.79 K(l) 1.49
K(3) 3.45 K(3) 5.26
K(4) -1 .35 0 (4 ) 3.34
K(5) -0 .19 0(5 ) -1 .94

(b) From the (100) Plane at 0 (1 )  and 0 (2 )

K(1) 3.18
K(2) 0.98
K(3) 4.71

0 A negative deviation indicates th a t th e  atom  lies on the same 
side of the plane as the origin. The num bers in paren theses are the 
estim ated  stan d ard  deviations in the units of the least significant 
digit given for the  corresponding param eter.

DEHYDRATED ZEOLITE K-0

Figure 1. The dehydrated K-A zeolite unit cell is shown12 with potas
sium ions placed statistically within each of the five equipoints so as 
to minimize intercationic repulsions. Closest ionic approaches to 
framework oxygens are indicated by broken lines. The unique three
fold axis on which K(3), K(4), and K(5) lie is indicated by a dotted line. 
Ell psoids of 20% probability are shown.

only the average 0(3) positions could be calculated. How
ever, the framework 6-rings should be nonequivalent, de
pending on which kind of K+ ion is nearest. For this reason, 
the short K(5)-0(3) distance of 2.505(9) A (Table Ha) is 
likely to be virtual.

To minimize K+-K + repulsions, it is necessary that K(3), 
K(4), and K(5) be on the same threefold axis (that is, asso
ciated with two opposite 6-rings of the large (or small) cavi
ty), while the six K(l)’s fully occupy the six remaining 6- 
oxygen rings per unit cell. Furthermore, the two K+ ions in 
the sodalite unit at K(4) and K(5) must be on opposite 
sides of the origin, and K(3) and K(4) must be on opposite 
sides of the same 6-ring, so that the actual intercationic 
distances are as large as possible: K(3)-K(4), 4.80 A; 
K(4)-K(5), 6.73 A; and K(3)-K(5), 9.79 A.

It is most interesting to observe the position of the K+ 
ion at K(3). It is not in ionic contact with any other ion or 
atom in the structure. Instead, it lies at a position relative-
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DEHYDRATED ZEOLITE K-A DEHYDRATED ZEOLITE K-A
Figure 2. Stereoview12 of dehydrated K-A. Ellipsoids of 20% probability are shown.

HYDRATED ZEOLITE K-0 HYDRATED ZEOLITE K-A

Figure 3. Stereoview12 of the large cavity of hydrated K-A. Ellipsoids of 20% probability are shown.

K-A HYDRATED S00ALITE CAGE K-0 HYDRATED S00ALITE CAGE

Figure 4. Stereoview12 of the sodalite cavity of hydrated K-A. Ellipsoids of 20% probability are shown.

ly loosely defined by the electrostatic field of the frame
work and the other K+ cations. Its nearest neighbors, all 
part of the nearest 6-ring or arranged symmetrically about 
it, are three 0(3)’s at 4.26 A , three 0 (2)’s at 4.56 A , the sin
gle K(4) at 4.80 A , six 0 (l)’s at 4.91 A , and three K(l)’s at
5.53 A . Its broad oblate thermal ellipsoid appears to be 
consistent with the maintenance of the distance between 
K(3) and its nearest neighbors at 0(3), 0(2), and K(4). The 
K(3) thermal parameters do not depend upon the exchang
ing solutions, aqueous KC1, or KOH, and presumably are 
not artificially large for reasons for partial occupancy be
cause of possible partial proton ion exchange. These large 
thermal parameters indicate instead the relative shallow

ness of the electrostatic minimum, and appear to be rea
sonable.

Lastly, the K(2)’s are located in the planes of the 8-rings, 
2.86 A  from two adjacent 0 (l)’s and 3.37 A  from the near
est 0(2). If the K(2)’s were located at the centers of the 8- 
rings, the K+- 0  atomic distances would have been 3.13 A  
to all four 0 (l)’s, and 3.77 A  to all 0 (2)’s, each far greater 
than the K(l)-0(3) distance of 2.62 A  (which is near to the 
sum of the ionic radii16 of K+ and O2”, 1.33 + 1.32 = 2.65 
A ). Accordingly, it is reasonable that the K(2)'s are not 
found at the centers of the 8-rings.

Upon hydration, the positions of the framework atoms 
remain almost unchanged, but those of the cations are
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modified (see Tables lb, lib, and III, and Figures 3 and 4). 
First, the partially occupied nonequivalent K(l), K(4), and 
K(5) positions become a fully occupied K(l) position. No 
K+ ions are found inside the sodalite unit in hydrated K-A.

The K(l)-0(3) distance increases by 0.15 A  and the 
K(l)’s are found recessed 0.70 A  further into the large cavi
ty from the [ill] plane at 0(3), nearly doubling the dis
tance. The solitary K(3) ion in the large cavity shifts away 
from Wyckoff (8(g)) to a 24 (m) position, to associate with 
two of the twelve 0(4)’s, so that the shortest K(3)-0(4) dis
tance becomes 2.81 A . Again, the K(l)-0(4) distance (2.98 
A) must be regarded as an average distance, since the K(3) 
position has caused the 0(4)’s to become nonequivalent. 
The K(l)’s are each associated with three 0(3)’s and three 
0(4)’s in a distorted (but eclipsed) trigonal trapezoidal (C3[) 
= 3m) arrangement.

The eight 0(5)’s, hydrogen bonded to each other within 
the sodalite unit, form a cube which can accommodate up to 
12 of the 16 hydrogen atoms in hydrogen bonding along its 
edges. The remaining four or more hydrogen atoms can hy
drogen bond to 6-ring oxygens, probably 0 (2).

Upon hydration, the three K(2) ions at the 8-rings shift 
off those planes, and the K(2)-0(l) and K(2)-0(2) dis
tances become 2.99 and 2.82 A , respectively. This could re
sult in part from a strong interaction between each K(2) 
and two of the twelve 0(4)’s. The 0(4) position determined 
should then be the average of two nonequivalent sets of six 
oxygens each, one set associated with the three K(2)’s and 
the other not. The K(2)-0(4) distance determined could be 
too long because it is to the average 0(4) position, so that 
the actual K(2)—0(4) distance would be closer to the sum of 
their respective ionic radii, 2.65 A .16 The unusually large 
0(4) “thermal” parameters of Table lb support this sugges
tion.

The water molecules at 0(4) can form two long (3.35 A) 
equivalent “hydrogen bonds” to two 0 (1) atoms of the 
nearest 4-ring. The “hydrogen bond” angle (OH-O) is ap
proximately 155°. Perhaps the 0(4) oxygens find minimum 
energy positions somewhat off the diagonal mirror planes 
where one better hydrogen bond could form.

An attempt to reduce the symmetry of the 0(4) position 
to Wyckoff (24(Z)), as suggested by the elongated 0(4) 
thermal ellipsoid, was not successful. Although the 0(4) 
positions off the diagonal mirror plane appear to be reason
able (0.2511, 0.2861, %), perhaps so as to allow one good 
linear hydrogen bond 3.17 A  in length to form between 
0(4) and one 0(1), no significant lowering of the error in
dices is observed.

Only the single ion at K(3) does not associate with a 
framework oxygen ion. Its position is 2.81 A  from two 
0(4)’s, perhaps accounting for its much lower thermal pa
rameter (see Table lib) as compared to that of K(3) in the 
dehydrated structure.

It is unique to the K-A system, of results reported to 
date, that the cell constant does not decrease upon dehy
dration. In zeolite systems, the removal of all ligand 
(sorbed) molecules generally results in a smaller unit cell 
volume. In dehydrated K-A, the K+ ions appear to be in
volved in a sufficient number of repulsive interactions to 
counteract this effect.

A comparison of the (Si,Al)-0-(Si,Al) angles between 
the two structures indicates large angular changes upon de
hydration of —17° at 0(1) and +19° at 0(2) (see Table II).

The change at 0(3) is much less, +8°. Somewhat smaller 
changes (all of opposite sign!) are observed in Tl-A,8 and a 
much smaller deformation is noted in Na-A,3 upon dehy
dration.

In conclusion, the structures of K-A (hydrated and dehy
drated) are surprisingly different from those of Na-A.2’3 In 
the hydrated structure, the arrangement of water mole
cules is completely different in the large cavity. In the de
hydrated structure, the twelfth K+ ion cannot approach a
4-oxygen ring because its approaches to two K(l) ions 
would be too close, so it must occupy an unusual site re
mote from the zeolite framework. That twelfth K+ ion 
should be particularly sensitive and available to sorbed 
molecules, and suggests that dehydrated K-A could be an 
ionic superconductor. The position of K(l) in the hydrated 
case is consistent with the conclusion,4 based on ir studies, 
that 8 of the 12 K+ ions are firmly bonded to the zeolite 6- 
rings.
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The crystal structures of hydrated (a = 12.320 (2) A) and vacuum-dehydrated (a = 12.158 (2) A) seven- 
twelfths Cs+-exchanged synthetic molecular sieve zeolite A, Cso.ssNao^fAlSiOJ-A, stoichiometry Cs7- 
Na5Ali2Sii2048 per unit cell, have been determined from three-dimensioqal X-ray diffraction data gath
ered by counter methods. The structures were solved in the cubic space group PmSm and refined to final R 
(unweighted) indices of 0.098 and 0.090, respectively. Cesium ions are located at three distinct crystallo
graphic sites in each structure. Three Cs+ ions lie at the centers of the 8-oxygen rings at sites of D4d sym
metry, filling that equipoint; these ions are approximately 0.3 A  further from their nearest framework oxy
gen neighbors than the sum of the appropriate ionic radii would indicate. The remaining four Cs+ ions are 
associated with the 6-oxygen rings and lie on unit cell threefold axes. Because each Cs+ ion is too large to 
lie in the plane of its nearest 6-ring neighbors, all four are found near but off that position. Three Cs+ ions 
are recessed approximately 2.0 A  into the large cavity from that plane, and one is located in the sodalite 
unit approximately 2.15 A  from the plane of its nearest framework oxygen neighbors. To minimize electro
static repulsions, these latter four Cs+ ions are probably associated with four tetrahedrally placed 6-rings 
in each unit cell or sodalite unit; the exchange limit observed appears to be related to this structural fea
ture. In each structure, positions for only four of the five Na+ ions were found; these are near the centers of 
those remaining four 6-rings not associated with Cs+ cations. In the hydrated material, water molecules 
were not located.

Introduction

Complete exchange of Li+ 1,2 (ior.ic radius = 0.60 A),3 of 
Ag+ 2’4 (ionic radius = 1.26 A),3 of K+ 1-2’5 (ionic radius = 
1.33 A),3 and of Tl+ li2’4 (ionic radius = 1.40 A)6 for 12 Na+ 
(ionic radius = 0.95 A)3 ions per unit cell has been reported 
in zeolite A at room temperature. With Rb+ (ionic radius = 
1.48 A),3 only 8.37 or 8.41 of the 12 Na+ ions per unit cell 
have been reported to be exchangeable, and with Cs+ (ionic 
radius = 1.69 A)3 the exchange limit is apparently less. Pre
vious studies of partially Cs+-exchanged sodium zeolite A 
have been carried out with 6.1,7 5.4,1 and 3.8s Cs+ ions per 
unit cell. This work was undertaken in part to determine 
the exchange limit of Cs+ for Na+ at room temperature, 
and to learn the structural basis for that limit.

This work was also undertaken to test the validity of the 
infrared methods9 which have been used7 to establish the 
ring associations and therefore the approximate positions 
of some large univalent cations in zeolite A and X. By that 
procedure, it has been concluded that only loosely bound 
Na+ ions can be exchanged by Rb+ or Cs+, that these large 
ions interact relatively weakly with the zeolite framework, 
and that they tend not to be associated with the 6-rings of 
the zeolite framework.7

Selective sorption measurements on zeolite A containing 
K+ and Zn2+ have indicated that K+ ions occlude 8-oxygen 
rings preferentially over 6-oxygen rings,10 although the lat
ter are unoccupied and are available to K+. Although this 
specific problem is now under investigation in this labora
tory, the placement of the large Cs+ ions in dehydrated 
partially Cs+-exchanged zeolite A was expected to indicate 
siting preferences for the larger ion in the activated zeolite.

General discussions of the structure of zeolite A and of 
the terms used in its description are available.8’11’12

E xperim ental Section

Single crystals of zeolite 4A, Na[AlSi04]-A13 (exclusive 
of water molecules) and subsequently referred to as Nai2- 
A, or Nai2Al12Sii2048-27H20  per unit cell, were grown as 
clear colorless cubes by the method of Charnell.14 Approxi
mately 0.1 g of zeolite A was allowed to exchange at 28° 
with 10 ml of aqueous 1.0 M  CsCl, a large ionic excess of 
Cs+, and was periodically agitated to ensure a uniform Cs+ 
ion concentration in the vicinity of the crystals. Ion ex
change for 1 month, with renewal of exchanging solution to 
pure aqueous CsCl approximately weekly, yielded crystals 
unaltered in appearance.

Wet-chemical analysis was not attempted because dif
ficulties were anticipated, and because least-squares refine
ment of the occupancy parameters of the Cs+ ions (large 
scatterers) at their position(s) in the dehydrated structure 
was expected to yield a definitive result. This expectation 
was fulfilled (see Structure Determination section). The ze
olite has the formal name13 Cso.58Nao.42[AlSi04’-A, with a 
unit cell composition exclusive of water molecules of 
Cs7Na5Sii2Ali20 48, and will be subsequently referred to as 
Cs7Nas-A.

A relatively large cubic single crystal 0.08 mm on an edge 
was mounted at the tip of a glass fiber and maintained at 
19° and a relative humidity of 30%. Diffraction intensities 
were collected using graphite-monochromatized Mo Ka ra
diation (K«i, X 0.70926 A ; Ka% X 0.71354 A ). A second 
crystal, also 0.08 mm on an edge, was dehydrated by a pro
cedure similar to that employed before with Nai2-A (zeolite 
4A):12 the capillary containing the single crystal was sealed 
off under vacuum after a 24-hr dehydration period at 350° 
and 4 X 10~6 Torr. The crystal remained colorless upon de
hydration. Subsequent diffraction intensities were collect-
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TABLE I: Positional, Thermal, and Occupancy Parameters for Cs7Nas-Aa

Occu -
Wycoff pancy
position .V V z /111 or B is0 022 0 m 0 \2 0 n f e factor

(Si. Al) 24(A) 0 1814(9) 3697(9)
(a) D ehydrated 

24(9) 38(9) 48(10) 0 0 7(16) 1 "
0 ( 1 ) 1 2 (A) 0 2248(28) 1 / 2 60(40) 86(35) 16(28) 0 0 0 1
0 (2 ) 1 2 (1 ) 0 3016(16) 3016(16) 59(33) 40(23) 40(23) 0 0 -177(54) 1

0(3) 240» ) 1124(13) 1124(13) 3348(17) 47(13) 47(13) 57(24) 20(34) -22(23) -22(23) 1

C s (1 ) 3(c) 0 1 / 2 1 / 2 143(15) 78(7) 78(7) 0 0 0 1

Cs(2) 8  ( ff ) 2825(9) 2825(9) 2825(9) 1 1 0 (8 ) 1 1 0 (8 ) 1 1 0 (8 ) -8(17) -8(17) -8(17) 3 /8
Cs (3 ) 8 Or) 847(37) 847(37) 847(37) 197(38) 197(38) 197(38) -103(73) -103(73) -103(73) 1 / 8

Na 8 Or) 1960(51) 1960(51) 1960(51) 131(44) 131(44) 131(44) 350(94) 350(94) 350(94) 1 / 2

(Si, Al) 24(A) 0 1832(3) 3714(2)
(b)

19(2)
H ydrated

13(2) 9(2) 0 0 4(3) l 6

0 ( 1 ) 12(A) 0 2239(12) 1 / 2 92(14) 25(8) 8(7) 0 0 0 1

0 (2 ) 1 2 0 ) 0 2944(8) 2944(8) 36(9) 18(5) 18(5) 0 0 32(12) 1

0(3) 240») 1104(6) 1104(6) 3437(8) 31(4) 31(4) 48(7) 34(10) 15(8) 15(8) 1

C s(l) 3(c) 0 1 / 2 1 / 2 302(14) 112(4) 112(4) 0 0 0 1

Cs(2) 8 Of) 2841(3) 2841(3) 2841(3) 60(2) 60(2) 60(2) -4(4) -4(4) -4(4) 3 /8
Cs(3) 8 Or) 872(18) 872(18) 872(18) 142(12) 142(12) 142(12) -25(30) -25(30) -25(30) 1 / 8

Na 8(f) 2166(40) 2166(40) 2166(40) 194(40) 194(40) 194(40) 302(95) 302(95) 302(95) 1 / 2

a Positional and anisotropic thermal parameters are given x 104; isotropic thermal parameters are given in A2. Numbers in parentheses 
are the estimated standard deviations in the last significant digits. See Figure 1 for the identities of the atoms. The anisotropic temperature 
factor = exp[-(/3nh2 + /¡2 2 k 2  + &3 3 I2 + P1 2 hk  + 0i3hl + feW)]. 6 Occupancy for (Si) = 1/2; occupancy for (Al) = 1/2.

ed at 19° for 0° < 28 < 70°. The space group Pm3m (no 
systematic absences) was used instead of Fm3c for reasons 
discussed earlier.12’10-16

A Syntex four-circle computer-controlled diffractometer 
with a pulse height analyzer was used throughout for pre
liminary experiments and for the collection of diffraction 
intensities. In each case the cubic cell constants, a = 12.320
(2) A  for the hydrated crystal and a = 12.158 (2) A  for the 
dehydrated one, were determined by a least-squares treat
ment of 15 intense reflections for which 20° <28 < 24°.

The 8-28 scan technique was employed at a fixed rate of 
0.5°/min in 28. All unique reciprocal lattice points (891 and 
857 for the hydrated and dehydrated crystals, respectively) 
for which 28 < 70° were examined. The high upper limit 
was chosen for 28 to maximize the size of the data sets even 
though few reflections with large 26 values showed signifi
cant intensity. One-half of the total scan time for each re
flection was spent counting background at each end of the 
scan range, which varied from 2.0° at 28 = 3° to 2.5° at 28 
= 70°. Three check reflections, monitored after every 100 
reflections during the course of data collection, showed no 
significant trends in intensity.

Standard deviations were assigned according to the for
mula:

a(I) = [o)2|CT + 0.25(ic/ ib)2OBi + B2)) + (p/ )2]1/2

where CT is the total integrated count obtained in a scan 
time of tc, Bi and B-, are the background counts each ob
tained in time ib, and I = a)[CT — 0.5(fc/ib)(-Bi + .82)]. A 
value of 0.02 was assigned to the empirical parameter p 17 to 
account for instrumental variabilities. The net counts were 
then corrected for Lorentz and polarization effects. Ab
sorption corrections were not applied: fx = 39.3 and 40.3 
cm-1 for the hydrated and dehydrated crystals, respective
ly, and transmission coefficients ranged from 0.735 to 
0.768, and from 0.716 to 0.750, respectively.

S tru ctu re D eterm ination

Dehydrated CsiNa^-A. Initial full-matrix least-squares 
refinement of the dehydrated Cs7Na-,-A zeolite using the 
framework and anisotropic Cs+ ion parameters from the 
hydrated structure, which was determined first, quickly 
converged at an Ri index, (2|F„ — \FC ||/2.F0), of 0.090 and 
a' corresponding weighted R% index, C2w(F0 — |FC|)2/ 
Zw F2)112, of 0.077.

Occupancy parameter refinement indicated 3.0 Cs(l)’s,
2.9 Cs(2)’s, 1.1 Cs(3)’s, and 3.4 Na+’s per unit cell. These 
values constitute crystallographic verification of the pres
ence of seven Cs+ ions per unit cell and were fixed at the 
integers 3, 3, 1, and 4, respectively, the latter to fill the re
maining 6-windows. The final R values remained un
changed.

The goodness-of-fit, (2w(F0 — |Fc|)2/(m — s))1/2, is 1.57; 
m (123) is the number of observations, and s (32) is the 
number of variables in least squares. All shifts in the final 
cycle of least-squares refinement were less than 1% of their 
corresponding esd’s. The final structural parameters are 
presented in Table la and a listing of the observed and cal
culated structure factors is available.18 The structure is 
shown in Figures 1 and 2. Those 123 reflections for which 
/0 > 3<r(/o) were used throughout.

For dehydrated Cs7Na5-A, the largest peak on the final 
difference Fourier function, whose estimated standard de
viation is 0.14 e~/A3, was 2.0 e- /A3 in height and was locat
ed at (’/;, %, %). Five other peaks with heights between 1.1 
and 1.5 e~/A3 appeared also, at (0.10, 0.10, 0.22), (0.11, 
0.28, 0.28), (0.14, % %), (0.22, 0.22, 0.22), and (0.25, %, %). 
All six of the above peaks were unusually narrow with an 
approximate width at half height of 0.2 to 0.6 A , or irregu
lar, and hence, in addition to being weak, apparently not 
indicative of new atomic positions. The final difference 
function was particularly featureless at and near (0, %, %).
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DEHYDRATED CS-EXCHANGED ZEOLITE A
Figure 1. The dehydrated Cs7Nas-A unit cell is shown with Cs+ and 
Na+ ions placed statistically within their four equipoints. Positions of 
partial occupancy are represented so as to maximize the approach 
distances between cations. Closest ionic approaches to framework 
oxygens are indicated. Ellipsoids of 20% probability are shown.20

OEHYORRTEO CS-EXCHANGEO ZEOLITE A 0EHT0RATED CS-EXCHANGED ZEOLITE A

Figure 2. A stereoview20 of the dehydrated Cs7Na5-A unit cell is 
shown. Ellipsoids of 20% probability are used. To produce a physi
cally meaningful drawing, the thermal parameters (323 for 0(2) and 
/312 for Na+ are reduced by 2.0a.

Hydrated Cs^a^-A. Using framework parameters of 
hydrated three-quarters Mn(II)-exchanged zeolite 4A,19 
initial full-matrix least-squares refinement of hydrated 
CsyNas-A zeolite quickly converged to ft i and ft 2 indices of 
0.37 and 0.36, respectively. Successive difference Fourier 
syntheses and least-squares refinement served to reveal the 
positions of the seven Cs+ ions distributed among three 
equipoints, three at (0, Hz), three at (0.28, 0.28, 0.28), and 
one at (0.09, 0.09, 0.09). Four Na+ ions were located at 
(0.20, 0.20, 0.20).

The final values of Ri and ft2 are 0.098 and 0.086, and 
the goodness-of-fit is 2.22. All 323 reflections which were 
significant at the 3a level were used throughout; the num
ber of variables in least squares was 32. The final structural 
parameters are presented in Table lb, and a listing of the 
observed and calculated structure factors is available.18 
The structure is shown in Figure 3.

The two largest peaks on the final difference Fourier 
function for hydrated CsvNas-A, whose esd was calculated 
to be 0.16 e“/A3, were 2.4 e~/A3 in height and were located 
at (0.12, 0.12, 0.12) arid (0.26, 0.26, Hi)- Four other peaks of 
height 1.3 to 1.7 e_/A3 were also present.

HT0RATE0 CS-EXCHANGED ZEOLITE A

Figure 3. A stereoview20 of the hydrated Cs7Na5-A unit cell is 
shown. Ellipsoids of 20% probability are used.

In hydrated Cs7Na5-A (Table IB AND Figure 3), accept
able positions for water molecules were not established. 
Two peaks located on a final difference Fourier function 
refined satisfactorily with nine oxygen atoms at 0.27, 0.27, 
Hi (Wyckoff position 120')) and B = 12 A2, and three oxy
gen atoms at 0.11, 0.11, 0.11 (Wyckoff position 8(g)) and B 
= 5 A2. Although the inclusion of these atoms caused the 
error indices to decrease to fti = 0.078 and ft2 = 0.071, 
plausible distances to established atoms were lacking, and 
water oxygens were not assigned to these positions in the 
final model.

The full-matrix least-squares program20 used in both 
structure determinations, UCLALS4, minimizes £u;( A| F\ )2; 
the weights (uj) were the reciprocal squares of a, the stan
dard deviation of each observation. Atomic scattering fac
tors21 for Cs+, Si2+, A1I 5+, Na+, and 0 “ were used. The 
first was corrected for the real part of anomalous disper
sion,22 and the second two were averaged to describe the 
(Si,Al) disordered position. The final cycles of least- 
squares refinement of the dehydrated structure were re
peated using NUCLS20 and including the imaginary part of 
the anomalous dispersion correction22 for Cs+, but no sig
nificant change in any structural parameter resulted.

Discussion
In the dehydrated structure (Table la and Figures 1 and

2), three Cs+ ions at Cs(l) are located in the middle of the
8-oxygen rings at sites of Did symmetry, 3.35 A from four 
0 (1) oxygens and 3.41 A from four 0(2)’s. The remaining 
Cs+ ions, at Cs(2) and Cs(3), and the four Na+ ions which 
could be located, are on threefold axes and are associated 
with 6-oxygen rings. The ions at Cs(2) and the Na+ ions are 
recessed into the large cavity by 2.02 and 0.20 A, respec
tively, from the [111] plane at 0(3). The ion at Cs(3) is 2.14 
A from the same plane but in the sodalite unit, perhaps to 
better distribute the charge with respect to the anionic 
zeolite framework. The ions at Cs(2) and Cs(3), and Na+, 
are all three-coordinate, approaching their respective sets 
of three framework 0(3)’s at 2.99 (3), 3.08 (6), and 2.22 (2)
A.

One would expect the conformation of a particular 6- 
oxygen ring to depend upon the identity and position of the 
cation associated with it. In this work, only the average 
conformation over eight such rings has been determined, 
and small errors in Cs-0 distances due to this disorder are 
expected.

The lack of agreement between the sum of the ionic radii 
of Cs+ and O2-, 3.09 A,3 and those observed, 2.99 and 3.08 
A; and between Na+ and O2-, 2.35 A,3 and the observed 
value of 2.22 A, is presumably a result of the unusually low
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TABLE II: Selected Interatomic Distances (A) 
and Angles (deg)“

Cs7Na5-A
Cs7Na5-A (hydr) (dehydr)

(Si, Al)-O(l) 1.662(5) 1.670(15)
(Si. Al)—0(2) 1.666(4) 1.679(13)
(Si. Al)—0(3) 1.665(3) ' 1.659(9)
Csd)-O(l) 3.401(14) 3.346(34)
Cs(l)-0(2) 3.582(13) 3.412(27)
Cs(2)-0(3) 3.114(11) 2.992(26)
Cs(3)-0(3) 3.187(28) 3.077(58)
Na-0(3) 2.424(24) 2.216(23)

0(1)—(Si, Al)—0(2) 107.1(7) 101.1(15)
0(l)-(Si, Al)-0(3) 111.0(4) 113.7(8)
0(2)—(Si. Al)-0(3) 109.0(6) 108.3(10)
0(3)—(Si. Al)-0(3) 109.6(7) 111.0(15)
(Si. Al)—0( 1 )—(Si, Al) 144.9(10) 143.2(23)
(Si,Al)-0(2MSi,Al) 159.4(9) 149.1(20)
(Si, Al)-0(3)—(Si, Al) 147.0(7) 140.2(14)
0(3)-Cs(2)-0(3) 81.5(2) 79.4(7)
0(3)-Cs(3)-0(3) 79.3(6) 76.8(15)
0(3)-Na~0(3) 113.9(35) 119.2(48)

“ Numbers in parentheses are the estimated standard deviations 
in the last significant digits.

association number (ligancy) of the cations in the dehy
drated structure.

The differences between the hydrated and dehydrated 
structures are limited to moderate positional shifts, as can 
most easily be seen in the distances given in Tables II and
III. The Na+-0(3) distance decreases by 0.21 A  (Table II) 
upon dehydration, corresponding to the movement of Na+ 
to a position closer to the plane of its nearest 0(3) neigh
bors, and to conformational changes in the 6-oxygen rings. 
Lesser changes upon dehydration include the correspond
ing movement of the Cs(2) and Cs(3) ions toward their 0(3) 
neighbors. Similar decreases in distance are found between 
Cs(l) and its 0(1) and 0(2) neighbors, and may contribute 
to the contraction of the unit cell edge length.

In general, the (Si,Al)-0-(Si,Al) framework bond angles 
of hydrated Cs7Na5-A (see Table IV) are very similar to 
those in hydrated Nai2-A,23 hydrated Ki2-A,B and hydrated 
Tln-A,15 and can be considered the “relaxed” or least- 
strained framework conformation. Upon dehydration, how
ever, relatively large changes (see Table IV) are observed 
which can be compared with those found in Na+-,12 K+-,5 
and Tl+-exchanged15 zeolite A. It is surprising that the 
framework conformations of these dehydrated structures 
are so different.

In neither structure could the fifth Na+ ion be located. It 
is likely, since the other eleven ions per unit cell are each 
associated with one of the eleven 6- and 8-rings, that this 
remaining Na+ ion occupies a new equipoint and has a low 
occupancy. A site in the large cavity near a 4-ring, such as 
that found in dehydrated Nai2-A,12 is available in dehy
drated Cs7Na5-A between a Na+-containing 6-ring and the
6-ring associated with Cs(3), which is located within the so- 
dalite unit. The structures of hydrated Naj2-A23 and K12- 
A5 suggest that the fifth Na+ ion in hydrated Cs7Na5-A is 
in the large cavity, associated entirely with water molecules 
and not in ionic contact with the zeolite framework.

All of the 8-rings, but only half of the 6-rings, are occu
pied by Cs+ ions. This indicates either that Cs+ prefers 8-

TABLE III: Deviations of Atoms (A) from the
(111) Plane at 0(3)“

C s 7Nag -A
Cs7Na5-A (hydr) (dehydr!

Cs(2) 2.05 2.02
Cs(3) -2.16 -2.14
Na 0.61 0.20
0 (2) 0.17 0.30

“ A negative deviation indicates that the atom lies on the same 
side of the plane as the origin.

TABLE IV: (Si,Al)-0-(Si,Al) Angles“ at
Various Oxygen Positions

0 (1) 0 (2) 0(3)

(a) Hydrated
Nau-A" 146 160 144
K12-Ac 145 159 146
Tln-A" 148 161 144
Cs7Na5-A 145 159 147

(b) Dehydrated
Na,2-Ae 145 166 146
K,2-Ac 128 178 154
Tl„-A" 162 144 138
Cs7Na5-A 143 149 140

° Esd’s are 2° or less. b Reference 23. cReference 5. d Reference
15.e Reference 12.

ring sites, into which it fits better, or that Na+ prefers 6- 
rings for analogous reasons, or both. This is consistent with
the conclusion10 of Takaishi et al. based upon sorption
measurements in the Zn,K-A system, that K+ ions locate 
preferentially in the 8-rings instead of available 6-rings, 
and with that of Maxwell and Baks7 that 6-rings associate 
preferentially with Na+ ions instead of the much larger Cs+ 
ions.

This structure agrees generally with that predicted by 
Maxwell and Baks7 on the basis of infrared correlations of 
spectra with position. However, Cs+ ions are less reluctant 
to associate with 6-rings than suggested.7 Only two Cs+ 
ions were located in 6-rings by infrared methods in CseNa6- 
A; presumably had an additional Cs+ ion been present as 
was the case in this work (Cs7Na5-A), it would have been 
sited in a 6-ring to give an assignment of three such Cs+ 
ions per unit cell, one less than is found crystallographical- 
ly. The four “loosely bound and readily exchangeable” 7 
positions in the large cages in hydrated Nai2-A23 must be 
those in the planes of the 8-rings (three ions) and in the vi
cinity of the center of the large cavity (one ion). Upon 
seven-twelfths Cs+ exchange, no Cs+ ion is located near the 
center of the large cavity. All are associated with the zeolite 
framework, although the 8-ring Cs+ ions are further from 
the framework oxygens by approximately 0.3 A  (see Table 
II), and their interaction should be correspondingly weak
er, than those of the 6-ring Cs+ ions. There are, then, only 
three “loosely bound” Cs+ positions according to this work, 
not four,7 per unit cell.

The coalescence of the four potential minima (at 0, z, z; 
0, 1 -  z, z; 0, z, 1 -  z; and 0, 1 -  z, 1 -  z) found for 
Na+,12’23 K+,6 and Tl+ 15 ions in an 8-ring to one (at 0, %, 
Hi) for Cs+, keeps the shortest Cs+ approach to the frame
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work at 3.40 A (Cs(l)-O(l), hydrated) or 3.35 A (dehy
drated), substantially longer than the sum of the corre
sponding ionic radii, 3.09 A.3 The apparent absence of di
rect ionic contact between Cs(l) and the zeolite is the 
structural basis of the observation7 that Cs(l) has a weak 
interaction with the zeolite framework, while nearly all 
Na+, K+, and Tl+ ions have strong interactions in their cor
responding hydrated structures.7

The weak interaction observed between some Rb+ ions7 
and the zeolite implies that these are also located at Wyck- 
off 3(c), at the very centers of the 8-rings, so that an even 
greater disparity, of approximately 0.5 A, between the 
Rb+-0(1) distance and the sum of the corresponding ionic 
radii should exist. (The value 0.5 is the approximate sum of 
the disparity in this work, 0.31 A, and the difference in the 
ionic radii of Cs+ and Rb+, 0.21 A. Expected changes in ze
olite framework conformation are likely to cause the true 
disparity to be somewhat different from that sum.) A criti
cal monovalent cation radius for the occupation of Wyckoff 
3(c) between that of Tl+ (1.40 A) and Rb+ (1.48 A) is indi
cated, although the possibly more covalent bonding by Tl+ 
may confuse this result. Tl+ ions are strongly bound" and 
do not occupy the Wyckoff 3(c) equipoint.15 It appears that 
these 8-ring Cs+ and Rb+ ions are further examples of ions 
which occupy positions of minimum electrostatic energy 
whose centers are not within an icnic contact distance of 
any other ion or atom in the dehydrated structures, al
though the Cs+ ion is approximately one root mean square 
thermal vibration amplitude from each of four such con
tacts, as Rb+ is likely to be. A much clearer example of an 
isolated ion was reported for a K+ ion in dehydrated K-A.5
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Nonelectrolytic transport through a membrane has been described in terms of the friction formalism of 
nonequilibrium thermodynamics. The assumption of constancy of the friction coefficients along the trans
port direction in the membrane leads to linear concentration profiles in the stationary state. The depen
dence on concentration of measurable resistance coefficients can be predicted and allows the evaluation of 
partition coefficients. Experimental data obtained in a number of systems, consisting of a sugar as solute, 
water as solvent, and porous glass (Vycor) as membrane, support the theory.

1. Introduction
Transport processes involving membranes have been 

successfully described hitherto by nonequilibrium thermo
dynamics. Two main approaches can be distinguished: the 
continuum theory and the black-box theory. In the latter 
theory the membrane separates two bulk phases and main
tains discrete differences between the state variables in 
those phases. Going from one bulk phase to the other and 
considering the membrane a black box one has a discontin
uous change in the state variables. In the continuum theory 
the membrane appears as a separate phase, in which the 
state variables are continuous functions of space coordi
nates and time. Consequently, the black-box theory re
quires a minimum of information about the membrane it
self and provides us with a very general description of the 
transport process, irrespective of the membrane model 
adopted. On the contrary, the continuum theory covering 
the phenomena occurring locally within the membrane 
supposes detailed knowledge of what happens in its interi
or.

In this respect two extreme situations can be distin
guished.1 3 If the membrane pores have dimensions much 
larger than the mean free path of the permeating molecules 
the membrane participates only marginally in the trans
port process. If, however, the membrane pores are of the 
same order of magnitude as the mean free path of the per
meating molecules the membrane is involved intimately in 
the transport process at a molecular level. Frequently one 
meets this distinction between two membrane models in 
the literature, here referred to as “pore model” and “gel 
model”, concurring with respectively the former and the 
latter case discussed before.

In the pore model the membrane consists of a number of 
uniform cylindrical pores crossing an impermeable bar
rier.24 In that case the characteristics of the transport pro
cess are implied in the transport properties of a single mac
roscopic capillary of which an analysis has been given.1 In 
the pore liquid there is in the isothermal case a local entro
py production, which contains diffusive terms but also 
terms due to viscous flow. In the steady state the pressure 
gradients are maintained by forces caused by viscous drag. 
The influence of the membrane is restricted to a small part 
of the pore liquid which is in contact with the wall of the 
capillary. Contrary to this the membrane participates more 
intensively in the transport process when the gel model 
applies. It contributes as a specific component in the local 
entropy production. In the steady state at mechanical equi

librium the pressure gradients are balanced by the external 
forces exerted on the components (the membrane includ
ed). This is the only difference with the situation met in 
freely diffusing liquid mixtures or solutions, where pressure 
is uniform because of the absence of external forces. Hence, 
one can make fruitful use, dealing with the gel model, of 
the many available theories on liquid mixtures.5-8

The theory to be discussed here applies to a continuum 
and starts from the gel model since we consider the mem
brane (pore radius about 20 X 10-10 m) to be interspersed 
at a molecular level among the permeating molecules. Fol
lowing the pathways of nonequilibrium thermodynamics 
we derive phenomenological force-flow equations for two 
different choices of the frame of reference with respect to 
which the velocities of the components are counted. By 
taking the membrane itself as a reference component we 
arrive at phenomenological relations in which the so-called 
resistance coefficients Rik appear as transport coefficients. 
The other reference scheme is found by taking into consid
eration only the relative velocities between two individual 
components, leading to the so-called friction coefficients 
rik- The latter coefficients are well-defined physical quan
tities,5-8 being a measure for the friction between two dif
ferent species having a relative motion to each other.

Further treatment has been focussed on the comparison 
of the concentration-dependent coefficients Rik with the 
concentration-independent coefficients rik. As it appears 
information about partition and friction in the membrane 
is obtained in this way.

Apart from that an equivalent description of membrane 
phenomena in terms of frictions is well known and has been 
put forward first by Spiegler9 and later on by Kedem and 
Katchalsky.10 Their friction coefficients /;* developed from 
a mechanical model differ by a concentration factor from 
the coefficients r,*. However, we emphasize that nonequi
librium thermodynamics itself provides a framework for 
formulating a friction formalism, though it has been sug
gested otherwise.11

2. The P henom enological R elations in  the G el M odel

The system to be discussed here consists of a number of 
diffusing components i (i from 1 to m), which form the 
“membrane phase”, i.e., the membrane including the pore 
liquid. The membrane phase is considered as a slab only 
normal to which transport can occur (x direction). The 
transport phenomenon will be treated as an isothermal uni
directional diffusion of a multi-component system, on the
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understanding, however, that component m, being the 
membrane, is confined by a “wall potential” between two 
boundary surfaces and is made to form a lattice.

We start with the basic assumption that mechanical 
equilibrium has been established everywhere in the mem
brane phase. Let VP be the local pressure gradient in the x 
direction, c; the local molar concentration of species z per 
unit of total volume of membrane phase, and P, the exter
nal forces exerted on a mole of species z, then the equation 
of motion reduces at mechanical equilibrium to the fol
lowing force equation1

m
0 =  - V P  +  X  c i F i (1)

¡=1
in which accelerative and viscous contributions vanish.

When Vfz, represents the local gradient of the chemical 
potential of species i into the x direction, VP can be related 
to these gradients by the Gibbs-Duhem equation according 
to

m

X  Cj Vpj  =  V P  ( 2)
M

Introduction of eq 1 into eq 2 yields the equality
m

0  =  Z . c t ( F t ~  V Mi) (3)
1 = 1

Upon inspection of eq 8 and eq 9 it is seen that a number of 
xhm(m — 1) is sufficient to determine the force-flow rela
tions.

In the following we will show that an alternative descrip
tion in terms of friction coefficients r,-* can be introduced in 
a formal way. By analogy to the derivation of eq 8 from eq 7 
one can define starting from eq 4 linear relations between 
forces and flows

m
F i ~  Vpj =  ~ X  r ikc k (uk ~  u*) i  =  1, 2, , m

(ID
It must be noted that the coefficients rLk in eq 11 are not 
uniquely defined because of the dependence of the forces 
expressed by eq 3. As we l^ve seen the minimally required 
number of independent coefficients is equal to %m(m — 1), 
so there remains among the m2 coefficients r,  ̂ a number of 
%m(m + 1) restrictive relations. We arrive at these restric
tive relations by confrontation of the set (11) with the eq 8 
and 10. First the arbitrariness due to ua in eq 11 can be 
completely removed by adopting m restrictive relations5-8

m
X  r a c k = 0  ¿ = 1 , 2 , . . . .  m  (12)
<¡=1

Then it follows by eliminating the coefficients ra from eq 
11 and eq 12 that

Using a theorema due to Prigogine and the equality (3) De 
Groot and Mazur write for the local entropy production in 
the case of isothermal diffusion of m components1

m
<?d = l / f X c i ( « i  “  Ma)(Pf -  v Mj) (4)

i=i
with T the absolute temperature, u; the local velocity of 
species z, and ua an arbitrary reference velocity. Generally 
neither the flows c,(u, — ua) nor the forces (Fl — V/zi) in eq 
4 are independent. In order to obtain independent flows 
and forces in eq 4, we simply put into eq 4

Ma =  Z (m (5)

and we define the flows Ji, measured with respect to the 
membrane component, as

= Cjtzq -  w j (6)

F< -  V U i X  r i*c M i  ~  u k)fcal
i = 1, 2,

By means of eq 6 we rearrange eq 13 and obtain

F{ -  VM, = ' ¥  r i kc k +  r imc m

-ITi c i
J i -  X  r ikJ k

, »i

(13)

i * k, i — 1, 2, . . . , m -  1 (14)
and with eq 12

771-1

F m ~  VPm =  -  X  UnA  (15)
fe=l

It is clear that eq 14 and 15 essentially describe the same 
phenomena as eq 8 and 10. Comparing the coefficients of 
Jk in both sets, we have the following equalities

which finally leads to

a D =  1 / r X  H F i  -  V n t) ( 7)
i=i

For small deviations from the equilibrium state we assume 
that the forces are linearly related to the flows according to

F i -  V p j  =  i  =  1 , 2 , . ' . .  , m  -  1 (8)
k= 1

where the coefficients of proportionality Rik(i ^  k) are 
subjected to the Orisager reciprocal relation

— Rfci i i  k\ ¿, k — 1, 2, . . . , yyi 1 (9)
because they relate independent flows to their conjugated 
independent forces.1 From eq 8 and eq 3 we derive for the 
membrane component

VM„
1 m. 1 R n Cj

- x  X (10)
i=l fe=l

The coefficients Rik are called “resistance coefficients”.

m“ ~ V C  -1- v c
Rh = X  i = 1, 2, . . . , m -  1

fe=l c i
(16)

R ik = - r ik  i  *  k ;  i ,  k  =  1, 2. . . .  , m  -  1 (17)

m-1 p  n

X f * ^ »  i = 1, 2, . . . ,  »1 -  i  (18)

From these relations by which the resistance coefficients 
Rik(i, k = 1, 2, .. ., m — 1) are expressed in terms of the 
friction coefficients r;*(£, k = 1, 2, . . . ,  m) it follows with the 
Onsager reciprocal relation (9) that

r ik ~ rki i * G * = 1» 2, . . . .  in (19)
A number of %m(zn — 1) cross relations appear in eq 19 
among the coefficients r,*(z ^  k) which together with the 
m relations (12) amounts to the required number of lkm\m 
+ 1) restrictive relations to which the elements of the ma
trix rik are subjected.
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The treatment above shows that two equivalent descrip
tions are possible. One uses the symmetrical resistance ma
trix Rik and is based on eq 8 and eq 9, the other one uses 
the symmetrical friction matrix rtk and is based on eq 13 
and eq 19. In the latter matrix the elements r„ are not of 
interest, because they do not occur in eq 13 and eq 19. 
From a physical point of view it means that friction be
tween particles within the same species does not enter into 
the transport equations because they cannot be distin
guished from each other. However, by radioactive labeling 
of some of these particles, which makes them distinguish
able, the friction within the same species can be made per
ceptible. In that case coefficients ru do appear in the trans
port equations.12

The description in terms af friction coefficients fre
quently met in literature3'4’6’8-14 has often been put for
ward because of its alleged physical clarity. The interpreta
tion of the coefficients as well-defined quantities de
scribing the friction of 1 mol of species i with 1 mol of 
species k is closely connected to their supposed slight de
pendence or independence on concentration. In order to 
clarify this somewhat we develop the coefficients rtk in a 
Taylor series with respect to the solute concentrations Cj 
(including the membrane)

r i6(ci, c2, . . . , c,) = ( r j 0 + L c ;  1 ^ - 1  + • ■ •
j = l  L JO

i * k; i, k =  1, 2, . . . , m (20)
where the function values at the right member have been 
taken at zero solute concentrations and are subjected to the 
Onsager reciprocal relation. The coefficients rlk do not van
ish in the limit of zero solute concentrations but have a lim
iting value (rl7i)o.15’16 In dilute solutions it is plausible to 
expect rather constant friction coefficients rt* because they 
become approximately equal to the leading terms (r,*)o 
which are relatively large compared to the higher terms. 
However, in general the friction coefficients depend on 
composition, and only in cases in which no or little change 
in composition is involved does the concept of constant 
friction coefficients apply.

Also from Bearman’s statistical mechanical approach7 
the coefficients r,*, emerge as quantities which generally de
pend on composition. The resulting phenomenological 
equations derived by him are identical with our eq 13, 16- 
19, if they are specified to the isothermal case (cf. eq 5.8 
and 5.12 in the literature cited). Further Staverman13 and 
Richardson11 have presented results in agreement with our 
eq 14, although they do not take into account explicitly the 
external forces present in the system. Finally, by the re
placement of

r ikck = f ih i * k; i, k = 1, 2, . . . , m (21)
into eq 13 and eq 19 we are led to the phenomenological 
equations derived by Spiegler9 from a model of Newtonian 
frictions. The same replacement applied to eq 16 and eq 17 
yields results identical with those obtained by Kedem and 
Katchalsky10 (cf. eq 1-12 in the literature cited). Clearly 
the introduction of Spieglers friction coefficients fik is jus
tified by the assumption that in the linear approach the 
forces will be proportional to the velocities. However, the 
coefficients /;*, do depend on the concentration Ck, eq 21 
and are therefore less appropriate quantities for analysis of 
the concentration dependence of the resistance coefficients 
Rik- Only in cases where this concentration does not change 
can they be used.

3. T he In tegra l P henom en ologica l R elations for  a 
T ern ary N on elec tro ly tic  System

The system of interest here consists of a nonelectrolytic 
solvent, a nonelectrolytic solute, and a membrane compo
nent, respectively, indicated by 1, 2, m. The origin of the 
coordinate system is fixed in space. Within this coordinate 
system there is no movement of component m, being the 
membrane. So at every point x of the transport direction 
llm 9.

At the interfaces x = 0 and x = l the membrane slab 
meets respectively the external bulk phases a and ft which 
are kept at uniform pressure and composition. For the 
membrane phase 0 < x < l, we may put, because of the ab
sence of external forces acting on components 1 and 2

*1 = o
F2 = 0 (22)
Fm * 0

The inequality in eq 22 expresses that a reaction force Fm 
is present which as is seen from eq 1 maintains a pressure 
gradient.

Finally, the following conditions are assumed to be ful
filled.13’17 (1) At the boundaries x = 0 and x = l no jump in 
the chemical potentials of the components 1 and 2 exists, 
which means that

fJ n
Vpj dx Mi Mi = ^Mf 1, 2 (23)

Corresponding to the nonelectrolytic character of the com
ponents 1 and 2 A c a n  be written out in a concentration 
dependent and a pressure dependent part as

A/j.{ = Am/  + vfAP i = 1, 2 (24)
(2) The flows Ji(i = 1, 2) are independent of x within the 
membrane, i.e., a steady state is assumed in which neither 
accumulation nor depletion of any species may occur local
ly in the membrane.

Using the symbol ( ) for the averaging operation l/l 
/ oz( ) dx we find from eq 8, 9, 22-24

¿Mi!
I

am/
i

vr
AP

l
A P

{Rn)J, + (Ru)J2

(25)
+ V1 i — Ĉ 21 )'J\ + (R22V2

with <Ri2> = (R2i >-
Along the same lines of reasoning we derive from eq 14, 

19, 21-24

A Mi° , A P /  r i?C? + f i n \
l + l - \  C J /  '

am/ + r  A P /  r21Cl + f im \
i

+ t 2 l  - ;
\  C2 /

(r 12)̂ 2

) J 2 (^ îV j
(26)

with (ri2) = <r2i).
Force-flow eq 25 and 26 are identical with the relations 

originating from the black-box theory, but have been found 
here as a result of the integration of the local equations of 
the continuum theory. By comparing the set (25) with the 
set (26) we have the following equalities:

(27)

<*„> = \  c,

<R22> = + / 2*\  c2

(R1 2 ) =  -< r 12> =  - ( r 21) =  (P21>
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The average resistance coefficients appearing in the left- 
hand side of eq 27 can be evaluated from experimental 
data. The same applies to the average friction coefficient 
(/-12) which accounts for the friction between solvent and 
solute. Contrary to this the friction coefficients 
fim(-rimCm) and / 2m(=r2mCm) involving the membrane are 
not simply determinable without auxiliary assumptions. 
The basic assumption underlying the further development 
starts from constancy of r j2, r\m, and r2m with respect to x. 
This needs some explanatory remarks. As follows from eq 
20 r i2, rim, and r2m generally depend on the composition of 
the system expressed by c2 and cm. However, the depen
dence on cm is irrelevant in the transport direction in which 
cm may be supposed constant. The remaining dependence 
on C2 disappears in the limit of dilute solution and, more 
generally, when the concentration gradients in the mem
brane are too small to change the friction coefficients. The 
constancy of the friction coefficients enables us to specify 
the concentration profiles within the membrane as shown 
in the following. Finally, it leads to a prediction of the de
pendence on concentration of the average resistance coeffi
cients, which can be tested experimentally.

4. T he S olute C oncentration  P ro file  w ith in  the  
M em brane under S teady S ta te  C onditions

We shall calculate the concentration profile of the solute 
c2(x) for the simple ternary system defined above. Once it 
is known, the profile of the solvent concentration ci(x) fol
lows by taking into account the interdependence of the 
concentrations within the membrane, reading

C\V\ + C2V2 + 0 m = 1 (28)
where <f>m represents the volume fraction of the membrane 
species, supposed to be uniform everywhere in the mem
brane phase. Assuming that r i2, f  im, fim, and 4>m do not de
pend on x and dealing with dilute solutions (c2u2 «  it 
can be shown (see paragraph at end of text regarding sup
plementary material) that the function c2(x) turns out to 
be

c2 = <y + C2", ~ y  (e”  -  1) (29)
where the prime and double prime refer to concentrations 
within the membrane at the interfaces at x = 0 and x = l 
and z represents a reciprocal characteristic diffusion length 
defined by

__ In (r2'/y 2") r„{ 1 -  <j> J  + f lmv2 J  ( ,

with 72 the activity coefficient of the solute and J u the total 
volume flow given by

J v — J \ V \  + -/n r'2 (31)
For small values of zl the exponents appearing in eq 29 can 
be developed into a series, which is broken off after two 
terms, giving

c2 = c2' + c?"  ~ Cz' x (32)
The linear concentration profile suggested by eq 32 may be 
expected for small values of z, i.e., for small volume flows 
Jv and for cases where 72'  — 72". The latter situation arises 
when the solute concentrations in the outer bulk phases do 
not differ too much. In that case a single partition coeffi
cient K  couples the solute concentrations inside and out
side the membrane at the interfaces according to

= ac2“( 1 -  j>j x = 0
c 2"  -  A'c26(l -  <t>m) X = l

(33)

where c2“ and c2̂  represent the external concentrations in 
respectively the a phase and the /3 phase. In the ideal case 
that neither adsorption nor depletion of the solute occurs 
within the membrane at the boundaries K = 1  and the ex
ternal concentrations c2“ and c are equal to respectively 
c27(l — <{>m) and c2'7 (l -  <pm) being the solute concentra
tions per unit of pore volume of the membrane at the 
boundaries. If K  > 1, this is an indication of adsorption of 
the solute, whereas K < 1 indicates the occurrence of de
pletion of the solute. Summarizing one may expect linear 
concentration profiles according to eq 32 in the nonelectro- 
lytic system described above, if the volume flow Jv is rather 
small and the ratio c-f/r j 1 does not deviate much from 
unity. Actually these requirements were fulfilled in our ex
periments. £*•

5. T he R elations betw een  the F riction  C oeffic ien ts and  
th e R esistan ce C oefficients

Relationships 27 between (flu), (R22), (R12) and r 12, 
fim, Î2m can be worked out further if the latter coefficients 
do not depend on x. In that case eq 27 become

< * ” > =  rn(^) +  / „ ( i )  ( 3 4 )

(R12) = — r 12
From eq 34 it is clear that if the assumption of constant 
friction coefficients is valid the coefficients (flu) and 
(R 22) are functions of the concentrations of the solute and 
the solvent as distinct from (Ri2>. Evaluation of the terms 
between brackets on the right-hand side of eq 34 requires 
specific knowledge of the concentration profiles within the 
membrane. Assuming that the solute concentration c2 is a 
linear function of x according to eq 32, that the membrane 
volume fraction </>m does not depend on x , and that a single 
partition coefficient relates the internal solute concentra
tion to the external one according to eq 33, we calculate the 
following average quantities:

. r 1 -  K v ^ c , 01

K( 1 -  -  c2")

Ï1 + + c,6)}

ln [c2a/c 2g 1
\C2/  ~ K{ 1 -  <PJ{c2a -  c2b)

_  ^  fin [(1 -  Kv,c, “)/(!  -  K v,c f)\ \
v2 \  K v lc  f  -  c2a) j

M \  _  £2 In [c2a/c 2e1
Z’ LKv2(c2a -  c2 )

y2K -Yc2a + c2b) 
(35)

1

Insertion of eq 35 into 34 leads to

Y % - ^ W / 2 (c2“ +  c2s)
-*■ t m J

h m V n (C2a/c{ )  _
1 -  <Pm)  C2a -  c }

+ / l  m * 1_
1 -  <Pm

(36)

(37)
?’l

(R12) — r 12 (38)
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The merit of eq 36-38 is that by measuring {R n ), (R22), 
(R12), and (1 — <j>m) the coefficients r i2, /1 m> f 2m> and K 
can be determined.

It turns out that (Rn) increases linearly with the aver
age concentration HAc-f + c2?) and that (R22)  decreases 
linearly in a rather good approximation with the reciprocal 
average concentration 2/(c2“ + c2/3). The latter can be seen 
by developing the concentration function in eq 37 which se
ries expansion reduces to the desired form when c2" ==; 
c2(i.3'18 Under the assumptions adopted (R12) must remain 
constant with respect to the average solute concentration. 
It must be noted, however, that without making any as
sumptions one can always evaluate (ri2) using eq 27. The 
assumptions made in the derivation of eq 36-38 are neces
sary to evaluate the remaining côéfficients f \m, / 2m, and K.

6. The E xperim ental Q uantities
Experimentally we have observed the permeation of the 

successive solutes pentaerythritol (C5H1204; mol wt 
136.15), mannitol (C6Hi406; mol wt 182.17), sucrose 
(C12H22O11; mol wt 342.30), and raffinose (Ci8H320i6; mol 
wt 504.44) and the solvent water through a Vycor glass 
membrane at 25°C. Four experimental quantities have 
been determined: the filtration coefficient Lp, the solute 
permeability to, and the reflection coefficients a and a'. 
They are defined by the experimental equations due to 
Staverman14-19' 21 and to Kedem and Katchalsky18-22 as

J 2 = wAII + c2(l -  u’)Jv (39)
Jv = L„{\P -  crAn) (40)

where All represents the ideal osmotic pressure difference 
across the membrane given by

All '=  —Ap.]0/ r j  (41)

and c2 represents an effective concentration defined by24-14
________1________
t’2 -  (AiijV^Ml0)^!

(42)

However, to evaluate the coefficients (R22), (R1 1 ), and 
(R2 2 ) only three experimental quantities Lp, <0, and a are 
necessary because of the Onsager reciprocal relation a = a'. 
The latter equality has been verified experimentally for the 
systems mentioned above.23-33

By confronting eq 39 and 40 with the set (25) using eq 41 
and 42 we can express the resistance coefficients in terms 
of the experimental quantities. This yields

(«11) 

(•^22) =

TTIH

-  (1 -  o)c,v,}v. (43)
1 <JÛ

2 ^ , ( 1
IL,

-  o)2c?v1 2 
lco (44)

V  , U - (1 -  o)c2V2f
(45)IL , l(j)C2

As is seen from eq 43-45 the determination of the resis
tance coefficients involves, besides the measurement of <r, 
Lp, and to, the measurement of the partial molar volumes of 
the solute and the solvent and the geometry of the mem
brane. The practical data of the coefficients (Rik) for man
nitol as solute have been compiled in Figure 1. (Additional 
figures for the three remaining solutes are available on mi
crofilm.) They were obtained from experiments where the 
ratio c was about 2.5 and the volume flows Jv were
very small.

m an n ito l

Figure 1. Resistance coefficients as a function of external concen
trations in the case of mannitol as solute, water as solvent, and po
rous glass as a membrane at 25°C.

7. E xperim ental Section

Measurements have been performed with an improved 
version25 of an osmometer described earlier.26 This full 
glass osmometer consists of an a compartment (20 X 10“ 6 

m3) and a B compartment (250 X 10~ 6  m3) separated by a 
porous glass membrane (Vycor, Corning Glass Works, Cor
ning, N.Y.). In both compartments a stirring mechanism is 
present. Leaky joints frequently met in osmometers with 
clamped membranes have been excluded here, as the mem
brane was fused to the a compartment. The porous glass 
phase consists of about 96% silica glass27 with a pore radius 
which proved to be 20-30 X 1 0 '10 m. The geometry of the 
membrane has been determined with a cathetometer and 
by measuring the upward force in a submersion experi
ment. The values found for the different membranes do not 
vary much. The membrane surface is about 25 X 10~ 4  m, 
the membrane thickness l about 1.4 X 10- 3  m. For detailed 
data we refer to the literature cited.25 The water content of 
the membrane has been measured by weighing it in the wet 
state as well as in the dry state. From this the pore volume 
fraction (1 — </>m) has been calculated for a membrane con
taining only water (Tables I and II). It is supposed that this 
pore volume fraction remains unchanged in case a dilute 
solution is introduced in the membrane. The pore volume 
fraction defined in this way need not be identical with a 
pore volume fraction determined in an inert gas. The par
tial molar volumes v 1 and v2 have been evaluated from den
sity data obtained by pycnometry. By means of regulating 
manostats the pressure difference between the two os
mometer compartments could be varied from 0 to 80 X
10 - 2  m water or from 0 to 76 X 10 ' 2  mHg. The resulting 
flow J u has been measured by following the descending me
niscus in a capillary with a calibrated uniform diameter 
and connected to the a compartment. At the beginning and 
the end of each experiment the concentrations c2“ and c2a 
were analyzed with a Rayleigh interferometer (Zeiss). 
Moreover, the concentration c2,:| could be followed contin
uously during the experiments by circulating the solution 
in the d compartment through a differential refractometer 
(Waters R4).

The transport phenomena were studied by two types of
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TABLE I: Friction Coefficients fa, (N sec m ' 1 m o l1) 
and the Partition Coefficient if  in the Glass Membrane 
at 25°C

10- %
c2 in 10 or 
50 mol m'3

Solute/
membrane 1 -<Pm

10-13-
/21

10'13-
f 2m

1011-
f \ m 10 50 K

Pentaeryth- 0.352 2.71 0.36 1.22 0.14 0.70 1.03
ritol/M4

Mannitol/M5 0.309 3.61 0.26 1.44 0.21 1.06 0.92
Sucrose/M5 0.324 5.40 1.50 1.33 0.30 1.51 1.06
Raffinose/M6 0.288 5.85 2.67 1.25 0.37 1.85 1.02

TABLE II: Friction Coefficients r 12 and r i2f (N sec m2 
m ol'2) Successively in the Glass Membrane and in 
Free Solution at 25°C

Solute/
membrane 10- % 10- %

% / %
(1 -  <y = e2

Pentaeryth- 0.352 1.39 5.89 0.12
ritol/M4

Mannitol/M5 0.309 2.11 6.72 0.10
Sucrose/M5 0.324 3.01 8.57 0.09
Raffinose/M8 0.288 3.67 10.28 0.10

Figure 2. The dynamic measurement of the experimental osmotic 
pressure crAII in an an osmotic experiment with various solutions of 
mannitol in water and a glass membrane. The intersections with the 
APaxis represent the value of crAII.

measurements: the dynamic experiment and the relaxation 
experiment. In the dynamic experiments a rather constant 
solute concentration difference between both compart
ments could be maintained over a period of about 4 hr due 
to the slowness of the transport process and the relatively 
large osmometer compartments. By varying AP and mea
suring the corresponding J u, perfect linear relations have 
been found between Jv and AP according to eq 40, as 
shown in Figure 2 for mannitol as solute. From the slopes 
and intercepts the reflection coefficients <r and the filtra
tion coefficient Lp have been calculated. In the relaxation 
experiments the system was subjected for about 30 hr to a 
hydrostatic pressure difference approximately equal to 
<rAIl. In this manner the resulting volume flow J,, was kept

practically equal to zero. By analyzing the composition of 
the solution in both osmometer compartments at the be
ginning and at the end of the experiment the solute perme
ability co has been measured on the base of eq 39 specified 
to the case Jv = 0. The procedure described above and de
tailed numerical data have been presented elsewhere.25

8. R esu lts and Interpretation

The discussion of the results centers around the applica
tion of eq 36, 37, and 38. From these equations one expects 
linear graphs when the coefficients (Rik) are plotted 
against the appropriate concentration functions and the as
sumption of constant friction and partition coefficients is 
true. This expectation is confirmed by the experimental re
sults shown. From the slopes and intercepts of the lines r 12, 
/ i m ,  / 2m ,  and K have been calculated. One can immediately 
conclude from eq 38 and the figures that r 12 is constant 
with respect to external concentrations. The constancy of 
r12 and the linearity of the graph of (Rn> vs. %(c2" + c2̂ ) 
implies a constancy of f \m and K. Finally, the constancy of 
/2m is reflected by the linear plot of (R22) vs. (In c2“/c2ii)/ 
(c2" — c2'3). A general view of the friction and partition 
coefficients present in the system has been given in Table I. 
From the coefficient r i2 two friction coefficients / 2i and / i2 
have been derived, successively equal to r2iCi and r 12c2. 
The solvent concentration c\ being nearly constant in the 
membrane has been approximated by (1 — <j>m)/v 1, whereas 
for the solute concentration c2, having a gradient in the 
membrane, two representative values have been chosen.

From Table I the following conclusions may be drawn,
(a) /21 > / 2m- One mole of the solute (2) undergoes more 
friction from the solvent (1) than from the membrane 
species (m ) during permeation. Both friction coefficients 
increase with larger molecular weight of the solute, (b) / 2m 
»  f \m. The membrane exerts more friction on 1 mol of the 
solute (2) than on 1 mol of the solvent (1). In the sequence 
mannitol, sucrose, and raffinose this effect is stronger as 
the molecular weight increases. The relative large value of 
/2m in the case of pentaerythritol might be an indication of 
adsorption of this solute. However, a significantly higher 
value of K  has not been found, (c) f \m > f  i2. In the con
centration range used 1 mol of the solvent (1) undergoes 
friction from the membrane (m) which is of the order or 
larger than the friction from the solute (2). The influence 
of the solute becomes larger according as its molecular 
weight and its concentration increase, (d) The discrepan
cies between the different f \m values can be reduced by 
considering f im/<t>m, by which the influence of the different 
concentrations cm is eliminated. The remaining discrepan
cies must be ascribed to differences in the average pore ra
dius. (e) The partition coefficients turned out to be about 
unity. The standard deviations, about 5%, make a conclu
sion concerning the occurrence of adsorption (K > 1) or de
pletion (K < 1) difficult. Nevertheless, the fact that the 
values of K center around unity indicates that the mem
brane is chemically inert. In the case of mannitol we have 
performed another independent measurement of K by 
equilibrating the membrane in contact with a solution con
taining radioactive tracers of this solute. This static proce
dure yields a value of 0.98 for K in conformity with the 
value found from the dynamic measurements mentioned in 
Table I. The main aspect emerging especially from conclu
sion e is that we are dealing with membranes showing a 
neutral behavior (K = 1) with respect to the solute mole
cules despite the fact that their small pore dimensions

The Journal o f Physical Chemistry, Vof. 79, No. 20, 1975



2174 J. A. M. Smit, J. C. Eijsermans, and A. J. Staverman

might enhance interactions of the membrane matrix with 
these molecules.

In order to get a more complete picture it is worth draw
ing the coefficient ri2f found in free solution into our con
sideration and comparing it with the coefficient r\2 found 
within the membrane. It has been pointed out3 that when 
K = 1 the ratio ry f/r ^  turns out to be a purely geometrical 
factor which is independent of the solute chosen, but does 
depend on the porosity of the membrane (1 -  <f>m) and the 
tortuosity of the channels inside it. In the case considered 
we may write

r \l = (1 -  <Pm)e\ 2 (46)

where 6 represents the so-callecj. tortuosity factor.
In Table II the data for the e<̂ fefficients r 12 and r t2{ have 

been compiled. These coefficients are calculated from the 
mutual diffusion coefficient in free solution.28*31 The last 
column of Table II shows a reasonable constant value for 
the different solutes in agreement with eq 46 and demon
strating the chemical inertness of the membrane. The de
viation found in the case of pentaerythritol might be a cor
ollary of an adsorption phenomenon reflected by a relative 
high value of f 2m, although such a significant conclusion 
cannot be drawn from the value of K in this case.

Inspection of Table II shows that values of 6 have been 
found in the range of 0.30-0.36, whereas for comparable 
but not identical porous glass species values in the range 
0.39-0.42 have been reported32 using an expression for 
Knudsen flow of a gas. Debye and Cleland34 predict a value 
of 8 equal to 0.5 for a porous system with random oriented 
pore segments.

Clearly the fact that permeation behavior of four differ
ent solutes leads to values of K centering around unity as 
well as to relatively constant values of 82 suggests that the 
friction between solute and solvent is not remarkably in
fluenced by chemical factors in the glass membranes dis
cussed here and does not differ in this respect with the cor
responding friction found in free solution.

Sym bols

R,

T

M¡
U3

Vi

X

z.

72 2
ft

<Pi
Mj
M,c

co
n
a,a'

8
Operators
V Q

A Q

\Q)

Indices
i j .k

resistance coefficient coupling the driving 
force F { -  vp,- to the flux J k, N m2 sec 
mol'2

friction coefficient coupling the driving 
force F t -  V p i to the diffusional flow 
c k(iii  -  u b), N m2 sec mol"2 

the corresponding friction coefficient r ik in 
free solution 

absolute temperature, K 
local velocity of species i , m sec’1 
arbitrary local velocity, m sec'1 
partial molar volume of species i, m3 

mol'1
transport direction normal to the mem

brane, m
reciprocal characteristic diffusion length 

defined by eq 30, m'1
activity coefficients referring to the solute 

(2) at x = 0(’ ’ and x  = I1" ’ in the 
membrane

volume fraction of species i  

chemical potential of species i ,  N m mol'1 ' 
concentration dependent part of p i , N m 

mol'1
solute permeability, N'1 sec'1 mol
osmotic pressure, N m'2
reflection coefficients
local entropy production, N m'2 sec'1 K'1
tortuosity factor

local gradient of Q normal to the mem
brane: V Q  =  d Q ( x ) / d x  

difference of Q  between the external phases: 
AQ = Qa -  Q*

average of Q  in the membrane: (Q) =  1 / 1  
f 1 Q ( x )  Ax

1,2, w  in the ternary system: 1 refers to the 
solvent, 2 refers to the solute, mrefers to 
the membrane species

r  ' r  "
-2  JC 2

r « r * C2 >C2

c2

Fi

fin

Ji
■h

K

l
Lv
P
R

concentration of species i in the membrane, 
mol m"3

concentrations of the solute (2) in the mem
brane at the boundaries x  =  0(,) and x  =  
l i “ ) , mole m'3

concentrations of the solute (2) in the 
stirred bathing solutions facing the mem
brane at x  = 0(a) and x  =  mol m'3

concentration of the solute averaged ac
cording to eq 42 over c2“  and c26, mol m"3 

external force exerted on a mole of species 
i ,  N mol'1

friction coefficient coupling the driving 
force F t -  vp; with the relative velocity 
m; — u k, N sec m'1 mol'1 

flux of species i  equal to ciwi, mol m'2 sec'1 
total volume flow per unit area of the mem

brane, m sec'1
partition coefficient relating c /  to c2“ and 

c 2"  to c2s according to eq 33 
thickness of the membrane, m 
filtration coefficient, N"1 m3 sec'1 
pressure, N m"2
universal gas constant, N m mol'1 IT1

Supplementary Material Available. The derivation of 
the function c2(x) and Figures 3-5 showing the practical 
data for the solutes pentaerythritol, sucrose, and raffinose 
will appear following these pages in the microfilm edition 
of this volume of the journal. Photocopies of the supple
mentary material from this paper only or microfiche (105 X 
148 mm, 24X reduction, negatives) containing all of the 
supplementary material for the papers in this issue may be 
obtained from the Journals Department, American Chemi
cal Society, 1155 16th St., N.W., Washington, D.C. 20036. 
Remit check or money order for $4.00 for photocopy or 
$2.50 for microfiche, referring to code number JPC-75- 
2168.
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The rest potential of the front side of Pt foil diaphragm was recorded as a function of pH and Po2 before 
and after the back side of the foil had been strongly anodized. The rest potential is a mixed potential and 
the local cell involved consists of the cathodic reduction of oxygen coupled with the anodic oxidation of the 
Pt. From an analysis of the kinetics of the proposed local cell model, calculated values for the coefficients, 
dE/dpH and aE/a log Pqv were found to agree well with the experimentally determined values. An expres
sion for the mixed potential (Em) may be written as Em — Em° — 0.048 pH + 0.012 log P q 2.

Introduction
For a number of years, a certain amount of controversy 

has existed1 concerning the nature of the electrode reac
tions which determine the rest potential of a Pt electrode 
in contact with an oxygen-saturated, acid solution, al
though it is generally agreed2“10 that this potential is a 
mixed potential.11 It was proposed1-5 that the local cell is 
composed of the cathodic reduction of O2

0 2 + 4H+ + 4e~ 2H20  (1)

and the anodic oxidation of Pt
Pt + H20  ^  Pt-0 + 2H+ + 2e- (2)

The direction of the local cell is such that a layer of ad
sorbed oxygen, Pt-O, is formed on the Pt surface. As point
ed out by Wroblowa et al.,7 the local cell action would cease 
to exist if the Pt surface became covered with the protec
tive, conducting layer of Pt-O. Under these conditions, the 
rest potential would be determined solely by eq 1 and an 
open circuit potential of 1.229 V (the reversible 0 2 poten
tial) would be observed. This behavior is contrary to exper
imental observation, since the rest potential of a prere
duced P t |02 electrode is observed to reach values no high
er than about 1.06 V in 2N  H2S04 solution (pH ~0) satu
rated with 0 2 at Po2 = 1.

To bring the mechanism in line with experimental fact 
requires a steady-state coverage of Pt-O which is less than 
a monolayer, and this requirement is met by the dissolu

tion of adsorbed oxygen into the bulk metal. When the rate 
of formation of Pt-O by local cell action equals the rate of 
dissolution into the Pt lattice, a steady-state coverage of 
about 30% of a monolayer12 and a rest potential value of
1.06 V are reached. The Pt lattice acts as a vast reservoir 
for dissolved oxygen. It was calculated13 that it would re
quire about 190,000 days to saturate 1 cm3 of Pt (one face 
exposed to the anodic current) with dissolved oxygen at the 
experimentally determined14-15 local cell current density of 
about 10“7 A/cm2. Consequently, the rest potential appears 
to remain at the steady-state value indefinitely.

It has been found12-13-16 that large amounts of dissolved 
oxygen can be obtained in Pt by strong anodization of the 
Pt electrode. When the back side of a Pt foil diaphragm, 
which was mounted between two halves of a two-compart- 
mented Teflon cell, was anodized, it was observed13 that 
the rest potential on the front side approached the revers
ible oxygen potential (within 50 mV). This behavior was 
explained as follows. Anodization of the back side of the Pt 
diaphragm nearly saturates the Pt lattice with dissolved 
oxygen. As a result, the rate of dissolution of dissolved oxy
gen, Pt-O, is greatly reduced and the Pt-O layer grows, ap
proaching the value of a monolayer. The observed fact that 
the rest potential increases linearly with increasing cover
age, 8, of the surface with adsorbed oxygen12-14-17-18 ac
counts for the value of 1180 mV observed on the front side 
of the diaphragm.

The kinetics of the local cell reaction which determines 
the rest potential has never before been set down. It
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seemed desirable to assume a specific mechanism for the 
cathodic and anodic processes making up the local cell. An 
equation for the potential is derived from which the coeffi
cients for the dependence of pH and partial pressure of O2, 
Po2, can be calculated. The calculated values of these coef
ficients are compared with the experimentally determined 
coefficients as a check on the validity of the assumed mech
anism. This report is an account of such a procedure.

T h eory
Consider the local cell diagram sketched in Figure la. 

The local cell polarization curves for the reduction of O2 
are represented by curves Ai to A3 for decreasing values of 
Po2. The Nernst equation for the reversible oxygen reac
tion may be written as

E = 1.229 -  0.059 pH + 0.015 log Pq2 (3)
Curve B represents the polarization curve for the oxidation 
of Pt (eq 2) and is independent of Pq2- Since the metal sur
face is an equipotential surface, the observed rest potential, 
which is a mixed potential, is the potential value where the 
B curve crosses the A curves. When Po2 is 1 atm (curve Ai), 
the rest potential is the observed value of 1.06 V, the polar
izing local cell current is 3.2 X 10-7 A/cm2 15 and 8 is 0.3. 
The reversible potential for eq 2 was found5 to be 0.88 V. 
From Figure la, the dependence of the mixed potential on 
Po2 is about the same as that for the reversible oxygen po
tential. In the literature,5’19-20 values for aE/a log Pq2 for a 
Pt | O2 electrode at steady state range between 0.011 and 
0.015 V.

The first step in the reduction of oxygen in acid solution 
at a Pt electrode is the adsorption of O2 molecules from so
lution by dissociative adsorption7’21’22 on the Pt surface.

O2 <=* 20ads (4)
k-i

With the discharge of an electron, an adsorbed 0 “ ion is 
formed and it is this step that is considered to be the rate
determining step.

20ads + 2e —► 20ads (5)

Following this rate-limiting step, the reaction with H+ ions 
and the discharge of another electron complete the reduc
tion of O2 to H2O.

2H+ 2e~ 2H+
20ads-  ^  20Hads ^  20Hads-  2H20  (6)

The rate of the cathodic reaction, vc, is
uc = k 2(O ads) e- - ( s - W / R T  (7)

where a is the symmetry factor and Eoc is the equilibrium 
potential of the O2-H 2O reaction, eq 1. At steady state, the 
concentration of all intermediates is constant with time so 
that
d(Oads) _ Q _

at
h ( 0 2) -  k 2(O ads)2e ~ 2o,(E~ E°c)F/RT -  fe-iiOads)2

(8)
From eq 8

(Oads)2 = M O 2 )
k 2 e - 2a(E-Eoc)F/RT + k _l (9)

Figure 1. (a) A sketch of the local cell determining the rest potential 
at a Pt 102 electrode with curve B representing the polarization 
curve for the anodic oxidation of Pt and curves A 1 to A3 those for 
the cathodic reduction of 0 2 for decreasing values of P o 2. Where the 
curves cross, one obtains the mixed potential (rest potential), E m , 
and the corrosion current, /. (b) A sketch of the local cell determining 
the rest potential at a Pt-0 alloy |0 2 electrode. The notation is the 
same as in (a).

However k 2 «  so

(Oads) = (A1/fe_1)1'2(0 2)1'2 (10)
Finally, after substitution of eq 10 into eq 7

vc = fe2M - i ) 1/2(0 2)1/2 (n )
Damjanovic and coworkers7’21’22 found a square root rela
tionship between Po2 and (Oads) as expressed by eq 10.

For the anodic reaction, “bare” Pt surface sites, PtsUrf, 
react with H20  to produce adsorbed oxygen atoms, (Pt-
0 )surf-

Ptsurf + H20  % (Pt-0)surf + 2H+ + 2e~ (12)
k-x

Certain (Pt-0)surf sites can flip over by a place exchange 
mechanism23 to form dermasorbed24 oxygen, (Pt-0)derm

(Pt-0)surf^ ( P t - 0 ) derm (13)

and it is this reaction that is considered to be rate deter
mining. The dermasorbed oxygen can then migrate into the 
bulk metal as adsorbed oxygen, Oabs

(Pt-O)derm «=* Ptsurf +  Oabs (14)
£-3

with the regeneration of Phllrf sites which can react with 
H20  again by eq 12 to maintain the local cell action.

The rate of the anodic reaction is

va -  &2(Pt-0 )surf (15)
At steady state the rate of change of (Pt-0)surf with time is 
zero.
d(Pt-Q)surf

at
= 0 = (fe1(Pt9urf)(H20)e2<1- “)(i;- i:o»)i'/R7’ _

fe2(Pt-0)surf -  *_i(Pt-0),urf(H+)2 e- 2«(£-£o‘)f/rt (16)

where E0a is the equilibrium potential of the Pt |P t-0  reac
tion, eq 2. From eq 16, we obtain
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(Pt-0)surf = (k2 + fe_i)(H+)2 e- 2«(£-£o“)F/RT (17)

By substituting eq 17 into eq 15 with the condition that k 2 
«  ki, we find

s  (PtsuT^CHaO,1 2(e- e0‘)f/rt (ig\
\ k  (H+)2 U '

When the local cell has reached steady state, E becomes 
the mixed potential, Em, the activity of H2O is unity, and 
the total cathodic current, I c, equals the total anodic cur
rent, Ia, which equals the local cell current, I, in Figure la. 
In other words, the rate of the cathodic reaction equals that 
of the anodic reaction, vc = va, since v and /  are directly re
lated. Consequently

K(0 2)1/2 e-«(Em-E0')F/RT _ ft' E0*)F/RT

After rearranging

~(2+cx)EmF/RT p(aEoc+2Eoa)F/RT — K"(Ptsurf)
(02)1/2(H+)2 

and taking logarithms of both sides, we have
2 3RT

aEoc + 2Eoa — (2 + a)Em = ——— log (Ptsurf) —

(19)

(20)

log (02)1/2 -  log (H+)2 + log K" (21)

Then
àEm

B log P02
= (1/2)

2.3 R T / 1 \ 
F \2 + a)

for a = 1/2 and T = 25°. Similarly

0.012 V

dEm = 4.6RT / 1 \ 
apH "  F \  2 + a)

0.048 V

(22)

(23)

Note that the a appearing in eq 21 is the ac associated with 
the cathodic reaction since aa associated with the anodic 
reaction drops out of the expression for «a (eq 18).

Experimental Section
A Pt foil (0.00127 cm thick, 2.03 cm2 in area, and 99.99% 

pure) was prepared and clamped between the compart
ments of a clean Teflon cell as described earlier.13 After the 
two compartments were filled with a 2 N  H2SO4 solution, 
testing for leaks around or through the Pt diaphragm and 
purification of the electrolyte were carried out by proce
dures presented elsewhere.13

The partial pressure of 0 2 was varied by mixing the 
streams of 0 2 and N2 (both purified in a multistaged puri
fication train) in a long spiral of polypropylene tubing be
fore entering the cell. The relative gas flows were deter
mined with rotameters and the Pq2 of the exit gas from the 
cell was measured with the polarographic sensing unit of a 
Beckman oxygen analyzer. Because bE/b log Pq2 shifts from 
about 0.015 V at high values of Po2 to 0.060 V at low 
values,7’26,26 measurements were only made in the vicinity 
of 1 atm. This change from a 0.015-V slope to a 0.060-V 
slope may involve a change in mechanism of the 0 2 elec
trode at low Po2 or it may occur because of changes in the 
polarization of the local cell reduction of 0 2 (p 36 of ref 1).

Since changes of a few thousandths of a volt must be 
measured at potentials over 1 V, the potential of a standard 
cell was used to buck the potential of the test cell so that a

slopes of 0.012 and 0.015 V are drawn through the data points to 
show that the data are consistent with 0.012 V < bE /b log Po2 < 
0.015 V for each electrode.

lower and more expanded scale could be used on the elec
trometer. A saturated calomel reference electrode (SCE) 
was used and the potential values are recorded with respect 
to a Pt | H2 electrode in the same solution.

Measurements were made at three values of the pH ac
cording to the following procedure. After the potential on 
the front side of the Pt foil diaphragm was recorded in the
0 2-stirred approximately 2 N  H2S04 solution, the 0 2 was 
replaced with H2 and the potential of the SCE was record
ed against a P t|H 2 gauze auxiliary electrode in the front 
compartment of the cell. The H2 stirring was replaced with 
0 2 stirring until the potential of the Pt diaphragm had re
turned to the value before H2 stirring was begun. Using a 
cleaned hypodermic syringe, exactly 6 ml of solution was 
removed from the front compartment through the gas exit 
tube and exactly 6 ml of triply distilled water was added. 
The total volume of solution in the compartment was 13.5 
ml. When the rest potential of the front side of the Pt foil 
had come to a virtually steady value, this potential was re
corded along with the potential of the SCE vs. Pt | H2 as de
tailed above. By removing another 6 ml of solution and re
placing with triply distilled water, a third pH measurement 
was obtained by repeating the above procedure. The pH of 
these three solutions was determined from pH-potential 
(SCE vs. Pt | H2) tables.
Procedure and Results

With purified 0 2 bubbling in the front compartment and 
purified N2 bubbling in the back compartment, the rest po
tential of the front side of the Pt foil diaphragm was per
mitted to reach a steady value (after 16 hr). The Po2 was 
varied by first lowering the Po2 and then increasing it back 
to 1 atm. During two complete cycles of Po2 variation the 
data were reproducible within ±1 mV and are plotted in 
Figure 2 (triangles).

In the manner described before,13 the back side of the Pt 
diaphragm was anodized (Ea = 2.05 V; ;a = 6.1 mA/cm2) 
until the rest potential of the front side had risen to 1.148 
V (after 2 days). Again, the Po> was varied and the data are 
presented in Figure 2 (circles). A Pt diaphragm which had 
been strongly anodized such as this one will be referred to 
as a P t-0  alloy diaphragm.
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Figure 3. Plot of the rest potential of a Pt-0 alloy 102 electrode as a 
function of pH. Lines with slopes of 0.048 and 0.050 V were drawn 
through the data points to show that the data are consistent with 
0.048 V < aE/a pH < 0.060 V.

A plot of the rest potential on the front side of the P t-0  
alloy diaphragm as a function of pH for the three solutions 
studied is given in Figure 3.

D iscussion
In Figure 2, lines with slopes of 0.012 and 0.015 V have 

been drawn through the points to show that the data are 
not really inconsistent with either value of aE/aPo2- If the 
value of a is less than 0.5, aE/aPo2 can have values between 
0.012 and 0.015 V. The data in Figure 2 are in good agree
ment with the literature value of a£/aPo2>5’19'20 which range 
between 0.011 and 0.015 V. Should equal confidence be 
placed on each data point for the Pt | O2 electrode (triangles 
in Figure 2), the least-squares analysis of the data yields a 
value of 0.015 V for aE/aPo2 (a = 0.70 mV).

Therefore, for a Pt | O2 electrode at steady state in a 
given acid solution, the potential is determined by the local 
cell mechanism sketched in Figure la and eq 21 can ac
count for the dependence of the rest potential on Po2.

When the data in (7) are analyzed, a value for aE/apH is 
found to be 0.052 V. This same value was also recorded5 
earlier and is in excellent agreement with eq 23 showing 
that eq 21 can also account for the dependence of the rest 
potential on a steady-state Pt | 0 2 electrode.

As the Pt | O2 electrode is converted to a P t-0  alloy | O2 
electrode by strong anodization of the back side of the Pt 
foil diaphragm,13 the concentration of absorbed (dissolved) 
oxygen, Oabs, is increased. This action drives eq 14 to the 
left and increases the concentration of (Pt-0)derm sites 
with the consumption of Ptsurf sites. Because of the in
crease in (Pt-O)derm sites, the rate-determining step, eq 13, 
will be slowed down and the local cell current will be di
minished. For given values of Pq2 and pH, eq 21 shows that 
Em is inversely proportional to the log of Pt3Urf, thus ac
counting for the increase in the rest potential as the Pt lat
tice is charged with dissolved oxygen (decrease in PtsUrf).

Experimentally, it was found that the local cell current 
(rate of oxygen dissolution) fell,13 the coverage of the Pt

surface with (Pt-0)9urf increased,18 and the rest potential 
shifted to more noble values13 as the Pt lattice was charged 
with dissolved oxygen. In this case, the local cell mecha
nism is sketched in Figure lb. Here, Eoa for P t-0  alloy

PtOPt + H20  ^  PtOPt-O + 2H+ + 2e- (24)
is most likely not the same as for eq 2 (0.880 V).

The P t-0 2 system is said to be a local cell under anodic 
control (27, p 359 of ref 1).

From Figure 2 (circles) is is seen that the data for the de
pendence of the rest potential on a P t-0  alloy 102 electrode 
on Po2 is consistent with a value of aE/a log Po2 ranging be
tween 0.012 and 0.015 V. The least-squares analysis of 
these data yields a value of 0.0137 V. (cr = 0.14 mV). In Fig
ure 3, lines having slopes of 0.048 and 0.060 V are drawn 
through the points. A least-squares analysis of these data 
gives a value for aE/api\ of 0.047 V (<j = 0.25 mV). The 
good agreement between the experimental and the calcu
lated values of the coefficients suggests that eq 21 can ac
count for the dependence of the rest potential of a P t-0  al
loy |0 2 electrode on both Po2 and pH and for the shift in 
the rest potential toward more noble values as the Pt lat
tice is charged with dissolved oxygen.

If it were possible to saturate the Pt metal with dissolved 
oxygen, then all of the PtsUrf sites would be converted to 
(Pt-O)derm sites. Under these conditions the anodic reac
tion, eq 12, would cease, the local cell current would go to 
zero, and the surface would be covered with a complete 
layer of Pt-O. The only potential-determining reaction 
would be the 0 2-H20  reaction (eq 1) occurring on the con
ducting Pt-0 layer, and the reversible 0 2 potential (1.229
V) would be observed. Experimentally, the closest ap
proach to this ideal situation was a Pt-0 alloy diaphragm 
which reached a rest potential of 1.188 V. As noted be
fore,13 there is always some leakage of dissolved oxygen to 
the atmosphere from the exposed edges of the foil in the 
cell used in these investigations, thus preventing complete 
saturation of the lattice.

Since steady-state rest potentials on a Pt |0 2 electrode in 
acid solution lie between 1.0 and 1.06 V1’5'7 and since they 
are determined by the local cell described in Figure 1 and 
by eq 21, oxygen must begin to dissolve in the Pt lattice in 
the potential range 1.0 V < Em < 1.06 V as required for 
steady-state conditions. Although oxygen should not dis
solve in Pt below 1.1 V as interpreted28 from potential 
sweep traces and although one may associate certain inter
mediate stoichiometries for hydrated P t-0  as the P t-0  
layer grows,28 the fact remains from the data presented 
here that oxygen begins to dissolve in the Pt lattice when 
the potential reaches values 1.0 < Em < 1.06 V.

Some evidence in favor of the mechanisms described by 
Figure 1 exists in the literature where Damjanovic and 
Brusie20 measured aE/a log Po2 on freshly prepared (<1 hr 
in contact with 02-saturated acid solution) and aged (17 hr 
in contact with 0 2-saturated acid solution) P t |0 2 elec
trodes. The fresh electrode exhibited a rest potential of 
0.98 V and aE/a log Po2 of 0.06 V, whereas the aged elec
trode exhibited 1.03 V and <0.015 V, respectively. An ex
planation other than theirs may be made in the light of the 
work presented here. The freshly prepared P t |0 2 electrode 
is not at steady state; and during the determination of the 
Po2 measurements, the rest potential is drifting to more 
noble values, causing the value for aE/a log Pq2 to be too 
high. After aging the P t |0 2 electrode for 17 hr, a virtual 
steady-state condition is reached at 1.03 V, and the value
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for aE/a log Po2 can be determined without the drift error. 
In this case, the low value of slope is recorded.

It is interesting that Rand and Woods,29 in a recent arti
cle, suggest that oxygen is not dissolved in Pt which had 
been preanodized at 1.23 V for about 14 hr because the 
traces obtained from triangular potential sweeps applied to 
the electrode were identical during the first ten cycles. On 
the contrary, such data provide excellent evidence that 
oxygen does dissolve in the Pt during anodization. As noted 
by these authors as well as by others,30’31 the potential 
sweep traces obtained on prereduced Pt electrodes display 
large changes in shape between the first ten cycles of polar
ization. It is suggested here that it requires from five to ten 
cycles of polarization to build up the dermasorbed oxygen 
concentration in the surface layers of the Pt metal so that a 
stable, reproducible, steady-state surface can be generated. 
Certainly, anodization of Pt at 1.23 V for 14 hr will gener
ate such a steady-state surface and no changes in the shape 
of the potential sweep traces would be expected in the first 
ten cycles of polarization.

In summary, it is concluded that the steady-state rest 
potential of a Pt | O2 electrode is a mixed potential and the 
potential-determining process is a local cell composed of 
the cathodic reduction of 0 2 (eq 1) and the anodic oxida
tion of Pt (eq 2). The mixed potential is determined by eq 
21, which may be simplified to

Em = Em° -  0.048 pH + 0.012 log P02

At a P t |0 2 bead electrode in 2 N  H2SO4 solution stirred 
with purified 0 2 at 1 atm, Em° = 1.060 V.5 If the Pt lattice 
could be saturated with dissolved oxygen, the Pt surface 
would become covered with a conducting layer of Pt-O, the 
anodic oxidation of Pt would cease, the local cell process 
would disappear, and the rest potential would be the re
versible O2 potential determined solely by the 0 2-H 20  re
action, eq 1. The reason why the reversible potential of 
1.229 V cannot be observed on prereduced Pt electrodes is 
the fact that Pt is not inert in 0 2-saturated electrolytes. 
The corrosion of Pt sets up a local cell and the rest poten
tial is shifted from the reversible value. When the Pt sur
face is protected by a passive layer of conducting P t-0  or 
P t0 2,18’19’32-35 the reversible potential is observed.
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Density, viscosity, and conductance measurements of molten Ca(N03)2*3.99H20  and its mixtures with 
KCNS were made as functions of temperature and composition. Densities were least-square fitted to an 
equation of the form, p = a — bt(°C). Fluidity, 4>, and equivalent conductance, A, data were fitted to the 
equations, Y(<f>,A) = A0,aT~1/2 exp[~ k^J(T  -  To,0,a)] and Y(<t>,A) = A0i/  exp[-B0jAV( V -  V0,̂ ,a)] based 
on the free volume model. A0,a, fe0,A, Tol0,A, A0jA', B ^a , and Vo,0,a are empirical parameters. Almost iden
tical values of Voy* and Vo,A, as well as those of TOi0 and To>A were found. Composition dependences of the 
empirical parameters have been discussed. The molal volume, Vm, and intrinsic volume, Vo, were found to 
be additive in nature. The glass transition temperature, To, has been found to increase linearly with com
position. The ratio of the activation energies, has been found as 1.26 ± 0.03. The low values of the
product of the ratio of critical void volume, u*, to average molecular (ionic) volume, 0m, and a geometric 
factor, y, yv*/vm viz., 0.31 and 0.25 obtained from fluidity and conductance data, respectively, both in the 
cases of Ca(N03)2-3.99H20  (a = 4.6 X 10"4) and its mixtures with KCNS (a = 4.5 X 10~4), indicate that a 
random distribution of free volume is apparently not obtained in molten salts.

Introduction
Hydrated melts allow the exploration of their properties 

at relatively lower temperatures than those in the corre
sponding anhydrous melts. A direct consequence of these 
low liquidus temperatures is that the temperature depen
dence of the transport properties of various hydrated 
melts,1-4 e.g., Ca(N03)2-4H20, Mg(N03)2-4H20, Na2S20 3- 
5H20, Ca(N0 3)2-4H20 -Cd(N0 3)2-4H20 , Ca(N03)2-4H20 -  
KN03, is non-Arrhenius and is well described by an equa
tion of the form

Y(0 ,A) = A0,aT~1/2 exp[-fe0,A/(T -  T0)] (1)
where Y is equivalent conductance, A, or fluidity, </>; A and 
k are constants characteristic of the transport process and 
the chemical system. To, on the other hand, is a constant of 
the chemical system alone provided the external pressure is 
held constant. Equation 1 may be derived from theories 
which take the free volume or the configurational entropy 
as the important quantity in setting the temperature de
pendence of the liquid transport properties. To has been 
called the “zero mobility” or “ideal glass transition” tem
perature at the specified composition and interpreted as 
the temperature below which no further changes in internal 
energy by means of rearrangements of particles into config
urations of lower potential energy are possible. In most 
cases where the glass transition can be observed as an ex
perimental phenomenon the transition temperature, Tg, is 
found to lie slightly above To. Empirically it is found that 
the non-Arrhenius behavior implicit in eq 1 is observed in 
the temperature interval To to 2 To.

Doolittle5 suggested empirically an exponential relation 
of the form

<j> = Ai expl-BiVo/uf] (2)

for the dependence of viscosities of normal alkanes on free 
volume. Ai and B i are the empirical constants. The free 
volume was defined as or = u — u0, where v is the specific 
volume of the liquid at any temperature and i>o is the spe
cific volume of liquid extrapolated to absolute zero without 
change of phase. Later Cohen and Turnbull6 derived theo

retically such an equation based on a “hard-sphere” model. 
Recently Doolittle’s expression was found to hold well in 
glass-forming anhydrous melts7 also. An attempt has been 
made here to apply Doolittle’s expression to aqueous melts 
of calcium nitrate tetrahydrate. However, in doing so the 
expression has been modified to

Y{<t>,A) = A0/  exp[—B0iA7(y  -  V0)} (3)

in which A' and B' are empirical parameters, V is the molal 
volume at any temperature, and V0 is the intrinsic volume 
or the molal volume at T0.

The hydrated cation of fixed stoichiometry with larger 
effective size is taken as a fundamental component in hy
drated melts and also in their solutions with salts having 
cations of low charge/radius ratios as evidenced by spec
tral,8'9 conductance,1’4 and density10 studies. However, 
many measurements,11-12 especially those in which the 
water concentration is an independent variable, show such 
an assumption to be untenable. For example, kinetically, 
there is no stoichiometry such that the transference num
ber of water relative to calcium ion is zero. Similarly, the 
formation of associated species suggest a competition be
tween hydration and ion association rather than a fixed 
stoichiometry.

Density, viscosity, and conductance measurements of bi
nary solutions of molten calcium nitrate tetrahydrate and 
potassium thiocyanate are made. The applicability of the 
above models (eq 1 and 3) has been examined, and the sig
nificance of the computed parameters emphasized.

E xperim ental Section

Commercial calcium nitrate tetrahydrate (BDH) was 
used as solvent in the molten state. Potassium thiocyanate 
(BDH) was recrystallized twice from double-distilled 
water.

Several samples of Ca(N03)2-4H20-KCNS were pre
pared at ~60°. Ca(N03)2-4H20  was found to dissolve up to 
~65 mol % of KCNS.

All measurements were performed in a manner as de
scribed earlier13 except for the differences in the dimen
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sions of the viscometer (6.26 cSt/sec) and conductivity cell 
(0.76027 cm"1).

Results
No reaction has been found to occur between KCNS and 

molten calcium nitrate tetrahydrate unlike those in the 
molten KN0 s-NaN03 system.14

The measured densities of calcium nitrate tetrahydrate 
at 25° are found to be 0.012 and 0.14% higher than those 
reported by Ewing and Mikovsky15 and Moynihan,2 respec
tively. On the basis of the density comparison, the actual 
H20/Ca mole ratio has been corrected to 3.99 ± 0.01. Den
sity data for each melt were least-squares fitted to a linear 
function of the form p = a — bt(°C), and the molal vol
umes, Vm, along with thermal expansivities, a, were com
puted (Table I).

The measured viscosities and conductances of pure 
Ca(N03)2-3.99H20  at 40° differ by ~8-10% when com
pared (Figure l )16 with those reported by Moynihan2 for 
Ca(NO3)2-4.04H2O. This may be attributed to a difference 
in the water content in the two cases. A 2% difference in 
our results for every 0.01 change in the H20/Ca ratio is 
consistent with those of Moynihan et al.3

The molal volume of pure KCNS at 50° has been ob
tained as 57.5 cm3/mol by the extrapolation of molal vol
ume isotherm and this almost coincides with that calculat
ed from its density data,17 viz., 57.25 cm3/mol. The viscosi
ty has been found to increase slightly from 0 to 20 mol % 
KCNS and then increases linearly with composition. How
ever, no such regularity has been found in the case of the 
conductance isotherm. The additive nature of fluidity and 
conductance data could not be estimated accurately be
cause it involves a 100°K extrapolation of literature data17 
for pure KCNS to lower temperatures.

The conductance and fluidity data (Table II)16 show 
non-Arrhenius behavior and are therefore least-squares fit
ted to eq 1. The empirical parameters along with the stan
dard deviations in In A and In 0 are given in Table III. The

TABLE I: Densities, Molal Volumes, and Expansivities 
for Ca(N0 3)2-3.99H20 -KSCN Melts0

Cation
fraction

Ca2+ a 103&
V» at 50°, 
cm 3/m o l

104ff at 
50°, deg’

1.000 1.7694 0.80853 136.863 4.6763
0.800 1.7627 0.78832 120.941 4.5743
0.600 1.7592 0.78733 105.019 4.5778
0.500 1.7570 0.78662 97.057 4.5795
0.400 1.7543 0.78570 89.096 4.5811

“ The density equation is p(g/cm3) -  a -  bt(°C).

linear plots (Figure 2) of log AT1/2 and log 0 T1/2 vs. [l/(T — 
T0)] also signify the applicability of eq 1 based on the free 
volume model in explaining the transport behaviors in mol
ten Ca(N03)2-3.99H20-KCNS systems.

The conventional activation energies, EA and E,, were 
computed from the corresponding derivatives and their 
corrected values were obtained (Table IV)16 as Ecorr = EA $ 
+ (1/2) JIT.

Further, values of A and 0 plotted (Figure 3) against 
those of (V — V0) tend to be nonlinear signifying the in
ability of the Hildebrand18 equation, Y(A,0) = B(V  — 
Vo)/Vo, to explain the transport behavior in the present 
system. However, linear plots (Figure 4) of log A and log 0 
vs. [1/(V — Vo)] demonstrate a better fit of these data 
(Table V) to eq 3.

Discussion.
The parameters A, k, and Tq do not vary significantly 

with composition unlike those expected. There are a num
ber of A-k-To sets which may adequately describe the re
sults. As an example, the fluidity data for X r c n s  (mole 
fraction) = 0.2 may be fitted to eq 1 with a standard devia
tion of 0.0165 in In 0, i.e., twice that for the best fit for TtK4, 
anywhere in the range 206.6-209.0. The corresponding 
ranges in Artl and k ,  are 8845-7917 and 676-648, respective
ly. It appears likewise, from this example, that the parame
ter To is the one most precisely determined by the curve 
fitting procedure and that small variations in it will pro
duce much larger variations in A and k. Consequently, one 
does not expect a large composition dependence of To while 
no meaningful trends are apparent in the composition de
pendences of A and k terms.

Recently Angell and Brassel19 considered k as nearly 
constant multiples of To in aqueous melts of calcium ni
trate tetrahydrate and substituted DT0 for k in eq 1 where 
D is independent of composition. However, such a varia
tion in k with composition has not been observed in the 
present case. This has been supported by an empirical 
rule1’4’20 which states that the k term is composition inde
pendent for systems in which the composition changes do 
not alter the melt structure in too radical a fashion as 
found in a large variety of fused nitrates and chlorides and 
concentrated aqueous solutions.

Therefore, the parameters A and To were computed by 
using almost constant values of k by the method adopted 
by Moynihan et al.3 The standard deviations for the fits 
with equal k terms are slightly larger than the best fit stan
dard deviations (Table VI).16 However, such a fit gives T0>(i, 
values approximately equal to T0>A values within ±2° as 
expected. A gradual increase in A and To values with com
position has been observed (Table III).

A constant value for k is also expected in the light of

TABLE III: Parameters for Eq 1 for the Fluidity and Electrical Conductance of Ca(N03)2-3.99H20 -KSCN 
Melts Selected to Give Almost Constant k$ and k\ Values

Cation
fraction

K* A* *0 T o . ,

Std dev 
in In 0 K To. A

Std dev  

in In A

0.0 8579.9 671.16 205.50 0.00919 2120.1 542.53 203.40 0.0308
0.2 8684.4 673.38 206.51 0.00887 2406.2 547.69 206.98 0.0163
0.4 9360.0 676.50 211.74 0.00817 2912.1 545.00 210.60 0.0192
0.5 9430.2 675.50 215.00 0.01994 3367.3 544.30 214.31 0.0159
0.6 9617.5 676.00 217.50 0.00709 3583.9 542.00 216.44 0.0187
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Figure 2. Plots of log Y(t}>,h.)V2 vs. [1/(7— 70)] for molten Ca(N03)2-3.99Hs0-KCNS systems
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Figure 3. Plots of Y(<j>,A.) vs. (V — l/0) for molten Ca(N0 3)2-3 .99H20 -KCNS systems.

Cohen and Turnbull’s “hard-sphere” model6 in which k = 
■yv*/aùm, where a is taken as the mean value of the expan
sion coefficient for a temperature change from To to T  and 
7 is geometric factor to correct for the overlap of free vol
ume in the calculation of the probability of occurrence of a 
critical void. On the basis of this model the diffusion coeffi
cient of solutes, e.g., KCNS in this case, will be governed by 
the molecular size. If the solute molecule is smaller than

the solvent molecule it will diffuse at the same rate as that 
of solvent since the diffusive transport is completed only by 
the jumping of a neighboring solvent molecule into the 
void. In the case of conductance Ca(H20)42+ may act as a 
solvent cation of larger size. No doubt, the rate of diffusion 
will decrease by the addition of solutes due to a decrease in 
the average free volume per molecule. Consequently the 
critical void volume, u*, should remain the same both in
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T A B L E  V :  B es t F i t  P a ra m e te rs  fo r Eq  3 fo r  th e  F lu id ity  and  E q u iv a le n t  C o n d u ctan ce  o f
C a ( N 0 3)2 -3 .9 9 H 20 - K S C N  M e lts '1

C a t i o n

f r a c t i o n  S t d  d e v  S t d  d e v

K * V ¿ V F 0 l * i n  I n  <p A ’ Ba ' ^ 0 , A i n  I n  A ^ 0 ,  e x t r a p

0.0 2 2 0 . 0 3 3 2 . 4 7 1 3 0 . 2 3 0 . 0 1 6 6 5 2 . 6 5 6 2 5 . 3 0 8 1 3 0 . 0 4 0 . 0 5 0 2 1 2 9 . 2 5

V  0 . 2 2 7 1 . 4 3 3 1 . 4 2 1 1 4 . 8 6 0.0110 8 4 . 2 1 0 2 6 . 0 0 0 1 1 4 . 7 9 0 . 0 2 1 9 - 1 1 4 . 3 0

0 . 4 3 1 1 . 8 8 2 8 . 3 5 9 9 . 9 0 0 . 0 1 6 7 1 2 3 . 0 4 0 2 3 . 0 1 6 9 9 . 9 8 0 . 0 4 0 8 9 9 . 5 0

0 . 5 4 7 4 . 8 5 3 0 . 9 0 9 2 . 0 2 0 . 0 1 4 7 1 7 7 . 5 0 0 2 6 . 0 0 0 9 1 . 7 9 0 . 0 5 8 9 9 2 . 0 0

0.6 6 3 1 . 5 7 3 0 . 9 0 8 4 . 3 8 0 . 0 2 6 5 2 2 4 . 1 8 2 4 . 3 5 7 8 4 . 4 2 0 . 0 3 5 9 8 4 . 7 5

° Vo. ext rap ¡s obtained  by ex trapolating  the plot of V vs. T  to Tg.

Figure 4. Plots of log Y(4>,K) vs. [1/(1/ — V0)] for molten Ca(N03)2- 
3.99H20-KCNS systems.

the cases of solvent and the molten mixture containing so
lutes of smaller molecular size. Since a varies by about 2% 
in the composition range studied, yv*/vm (or k) itself must 
be substantially independent of composition. The value of 
k,,, = 676°K conforms with the value obtained by Moyni- 
han2 for Ca(NO3)2-4.04H2O and that of kA = 542°K is 
somewhat lower. The yv*/vm  values are found to be 0.31 
and 0.25 in the cases of fluidity and conductance, respec
tively, both for Ca(NC>3)2-3.99H20 (a = 4.6 X 10-4) and its 
mixtures with KCNS (a = 4.5 X 10~4). The value 0.25 
seems to coincide with those for anhydrous melts20 ob
tained from conductance study. The ratio kJkA = 1.24 is 
very close to those reported by others,21 viz., 1.18-1.2. The 
higher value of than k A appears to originate from the 
differences in E$ and E \ which have actually been ob
served here.

The corrected activation energies for fluidity and con
ductance, Ecorr, are tested for linearity with the function 
[T/(T -  To)]2 for the most appropriate choice of T0. The 
values of k (i>tA for different compositions have been calcu
lated from the slopes of such plots: for example, ^ ( X kcns 
= 0.0) = 670.8, ^ ( X kcns = 0.2) = 671.0, ^ ( X kcns = 0-4) 
= 670.8, k(f,(Xk c n s  = 0.5) = 676.1, and k^iX^CNS = 0.6) =
679.2. Similar constancy in the values of k \ has also been 
observed. This further signifies that remains almost

independent of composition for the system under consider
ation.

From the activation energy isotherms (Figure 5)16 it is 
apparent that changes in E,P and EA with composition are 
considerably less in the low concentrated region and be
come larger at higher concentrations. At low temperatures 
activation energies for fluidity and conductance are com
paratively larger and the isotherms become more and more 
steep. According to the free volume model6 average free 
volume per molecule decreases with increasing composition 
and the molecules get closer and closer resulting in high in- 
termolecular forces. Consequently, in the concentrated re
gion the flowing entities appear to involve clusters which 
evidently need higher energy to flow as compared to simple 
entities. As the temperature increases the free volume in
creases due to thermal expansion which causes a decrease 
in the intermolecular forces. This helps in bringing down 
the height of the potential energy barrier for viscous flow. 
Similar explanation also holds good for the conductance of 
ions. The ratios of the activation energies, E^/EA (Table 
VII), are found to be «1.26 ± 0.03 which is close to those 
reported earlier13 in the cases of MC12 (M = Mn2+, C02+, 
Ni2+) -rich mixtures of BU4NCI where E J E A ~ 1.30 ± 0.10. 
This ratio was found to be greater than unity in ionic melts 
also. Hence it is apparent that migration of molecular 
species requires higher activation energy to surmount the 
energy barriers for fluidity than those required for ionic 
conductance.

The glass transition temperature, To, increases linearly 
with composition (Figure 6). This observation is similar to 
those in molten Ca(N03)2-4H20  + KN03 systems.4 A cor
relation has been found22 between Tg (or T0) and the char
acteristic Debye temperature, 0d which, in turn, shows an 
m ~1/2 dependence on the effective masses of the compo
nent particles of the amorphous phase. Consequently, the 
increase in To observed here may be due to a decrease in 
the average molecular mass by the addition of KCNS. 
Qualitatively T0 of a particular system refers to the extent 
of cooling required to reach the glass transition region. 
Since the free volume decreases with increase in composi
tion, less cooling is required for supercooling the material 
at higher concentrations than those at lower concentrations 
and accordingly this may result in an increase in To with 
composition. On extrapolation of the To isotherm one ob
tains To = 225°K for pure KCNS. However recently from 
electrical conductance data23 the value of To for KCNS has 
been reported as equal to 203°K. This restricts such an ex
trapolation as was also the case in alkali metal + divalent 
metal nitrate systems.24

Looking to the components embodied in A$A terms it is 
clear that A<t>iA is directly related to m~1/2. Hence one can
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TABLE VII : The Ratio E,t,/E \ as a F unction of 
Temperature for Ca(N03 )2-3.99H20-KSCN Melts

e J ea

t ,°k
0.0 mol % 

KSCN
20.0 mol 
% KSCN

40.0 mol 
% KSCN

50.0 mol 
% KSCN

60.0 mol 
%KSCN

313.0 1.2963 1.2258 1.2778 1.2663 1.2828
318.0 1.2949 1.2268 1.2772 1.2660 1.2821
323.0 1.2938 1.2280 1.2767 1.2658 1.2815
328.0 1.2927 1.2291 1.2763 1.2658 1.2810
333.0 1.2917 1.2302 1.2761 1.2659 1.2807
343.0 1.2902 1.2324 1.2758 1.2662 1.2806

1300

-3 1100 
o

-H 90 0

700 

500
0 0 20-0 400 60 0

Mole % of KCNS

Figure 6. Variation of (a) 7"0 i(/)ia and (b) V0,<m  with composition for 
molten Ca(N03)2'3 .99H20 -KCNS systems.

predict that the increase in A0iA with increasing X kcns is 
due to the lower molecular mass of KCNS. However, such a 
prediction fails in the case of C a (N O 3) 2 ■ 4.0 9 H 2 O -  C d (N O.)) a • 
4.07H2O melts3 where A increases with increasing mole 
fraction of Cd2+ having larger mass. Moynihan et al.3 pre
sumed that this discrepancy may be due to the fact that the 
composition dependence of A is also related to differences 
in the lability of water or nitrate ions in the coordination 
shells of Ca2+ and Cd2+.

A comparison of the plots (Figures 2 and 4) suggests a 
similarity in the “hard-sphere” and the Doolittle models. 
Higher standard deviations in In cj> and In A in Doolittle’s 
fit may apparently be due to the absence of T-1/2 in the 
preexponential term although its effects are insignificant 
even in Cohen and Turnbull’s expression. Furthermore, B' 
in the exponential term is related to yv* per mole and re
mains composition independent like that of Cohen and 
Turnbull’s k as supported by the least-squares fit and the 
slopes of the linear plots (Figure 4) of log 0 and log A vs. 
[1 /(V — Vo)]- Similarly, A' is expected to depend on com
position as is the case with A. is found to be nearly 
equal to V0tA as T0 <t, and TojA.

It is interesting to note that the Vo obtained from the ex
trapolation of the V-T plots (Figure 7)16 to T0 are almost 
similar to those obtained from the least-squares fit (Table
V). This emphasizes the view6-25 that the origin of free vol
ume is not at 0°K but T0.

In order to account for the deviation in normal alkanes 
from Doolittle’s expression at low temperatures Miller25 
reasoned that the intrinsic volume, V0, is dependent on 
temperature. No such deviation within the experimental 
range of temperature is observed in the present case. This

may be predicted presuming that Vo remains independent 
of temperature for a hard-sphere model while it becomes 
temperature dependent for more complex and linear mole
cules such as normal alkanes.

However, Vo has been found to decrease linearly with 
composition as apparent from Figure 6. On extrapolation of 
this plot to 0 mol % Ca(N03)2-3.99H20  one obtains the Vo 
for pure KCNS as 54 cm3/mol. V0 is found to be additive 
and can be given by the relation Vo,*, = JZ, X, V0 l where 
Vo,1, is the intrinsic volume of the melt with x, as the mole 
fraction of the ith component. This additive nature of Vo 
may also be due to the ideal behavior of the system with re
spect to the molal volume; Vo appears to show a direct de
pendence on m unlike To (Figure 6).

It is important to note here that, even though the free 
volume model seems to be a useful and successful represen
tation of the present data5 the empirical parameters may 
not be quantitatively interpreted in terms of the structure 
of the system. Especially during the study26-28 of the effect 
of pressure on viscosity or Tg and oh electrical conductivity 
the free volume theory fails badly. The Rice-Allnatt theo
ry 29,30 based upon Kirkwood’s hypothesis31 in which the 
dissipative forces are divided into cbmponents arising from 
the long- and short-range parts of the intermolecular pair 
potential, was extended to molten salts by Berne et al.32 
and Rice33 and has been found to be a more promising 
quantitative theory of transport in ionic melts. Recent ex
amination of some fundamental simplifying approxima
tions made in the Rice-Allnatt theory29-30 by Smedley and 
Woodcock34 using Monte Carlo and molecular dynamics 
computational results35-38 has indicated the cooperative 
nature of transport and the distribution of relaxation 
times. Moreover such an analysis reflects that cross correla
tions between hard and soft forces are important which 
implies that the simple two-event mechanisms for momen
tum transfer is not suitable to real liquids. Secondly, cou- 
lombic forces are found to make an appreciable contribu
tion to the dissipation of energy in ionic liquids largely 
through cross correlations with the short-range repulsions 
and, therefore, the transport properties of the melt are 
largely determined by short-range forces. Lastly, the relax
ation time characteristic of the dispersion (soft) forces is 
distinctly less than that due to the repulsive (hard) forces 
in ionic melts.

From the molal volume and equivalent conductance iso
therms (Figure 8)16 it is apparent that A VE = 0, but AAE ^
0. This reflects that the system is not strictly ideal in ther
modynamic properties and the additivity of molal volumes 
is not a very rigorous test of ideal mixing. Such behaviors 
are also observed in AgCl + AgBr and PbCl2 + PbBr2 
melts.39 A appears to decrease with composition over the 
temperature range 298-308° K, even though, the decrease is 
negligible from X kcns = 0.2 to X kcns = 0.4. It seems that 
the isotherm passes through a maximum at X k c n s  = 0.4 
over the range 313-328°K and, further, this maximum ap
pears to shift to X kcns = 0.5 in the range 333-343°K. 
Throughout the temperature scan there is a decrease in A 
from X kcns = 0.0 to X kcns = 0.2. Here the substitution of 
the more highly conducting K+ for '/2Ca2+ causes a de
crease in conductance instead of the anticipated increase. 
This phenomenon is found to be common to many binary 
systems, e.g., MgCl2 + KC1, CdCl2 + KC1, A1F3 + NaF. At 
the moment we are not able to explain why conductance 
isotherms show such behaviors. However, in the region 
0.0- 0.2 mole fraction of KCNS the decrease in conductance
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may be due to the suppression of the mobility of K+ ions 
by the steric hindrance of hydrated cations of the solvent 
which are in excess. Consequently the decrease in the aver
age free volume per ion by the addition of solute causes a 
decrease in the conductance. As cited earlier, the rate of 
diffusion of the smaller solute cation becomes similar to 
that of the solvent cation and the lower value of E J E A for 
X  k c n s  = 0.2 provide further support for the above view.
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Heats of Mixing of Polyelectrolyte Solutions Having a Common Polyion. I. 
Polystyrenesulfonic Acid with Its Magnesium Salt

J. Skerjanc
Department o f Chemistry, University o f Ljubljana, 61000 Ljubljana, Yugoslavia (Received April 14, 1975) 
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The heats of mixing of aqueous solutions of polystyrenesulfonic acid with solutions of its magnesium salt of 
the same concentration have been measured at 25° at two polyelectrolyte concentrations, 0.0600 and 
0.00811 monoM. The heat effects are endothermic; the maxima of the curves, AHm vs. equivalent fraction 
of the acid, decrease with increasing polyelectrolyte concentration. The experimental values have been 
compared with those predicted by the cell model with cylindrical symmetry. Reasonable agreement be
tween theory and experiment has been found.

Introduction

Most of the research work in the field of synthetic poly
electrolytes has thus far been concerned with the proper
ties of a single polyelectrolyte in a pure solution or in a so
lution containing an excess of simple electrolyte. Studies of

such properties are essential to an understanding of the in
terionic forces which distinguish polyelectrolvte solutions 
from ordinary polymer solutions. Usually only one counter
ionic species has been present in pure polyelectrolyte solu
tions. However, few studies have been reported on solu
tions containing mono- as well as divalent counterions.
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Studies of such mixed polyelectrolyte solutions are attrac
tive not only per se but also in the perspective of their ex
tension to solutions of naturally occurring polyelectrolytes, 
i.e., proteins and nucleic acids, which very often contain as 
counterions ionic species differing in valency.

The equilibrium properties of these mixed polyelectro
lyte solutions which have been studied thus far are the os
motic1 and activity coefficients,2 heat of dilution,3 and vol
ume change on dilution.4 Among other thermodynamic 
properties of interest are the enthalpy and volume changes 
on mixing. These two properties have been extensively in
vestigated with solutions of simple electrolytes and ordi
nary polymers, but as far as we could ascertain no such 
studies have been performed with solutions of polyelectro
lytes. Therefore, this work hasdiSen undertaken. Measure
ments have been made of the enthalpy change ensuing 
from mixing an aqueous solution of polystyrenesulfonic 
acid with a solution of its magnesium salt of the same con
centration. An interpretation of the results with a theoreti
cal treatment based on the cell model will be attempted.

E xperim ental Section
Sodium polystyrenesulfonate, NaPSS (mol wt, 100,000; 

degree of sulfonation, 1.00) obtained from Polysciences Inc. 
(Rydal, Pa.) was used as starting material. The polymer 
was purified by repeated slurring and filtering with a meth
anol-water solution (10:1) and finally by exhaustive dialyz
ing of a polymer solution against water. The dialyzed 
NaPSS solution was converted to the acid solution by ion 
exchange and its concentration was determined by poten- 
tiometric titration. The magnesium salt was prepared from 
the acid solution as described previously.5

Calorimetric measurements were carried out at 25° using 
an LKB 10700-2 batch microcalorimeter with golden reac
tion cells.

R esu lts and D iscussion

The heats of mixing, AHm, in the present study were ob
tained in experiments in which the solution of polystyren
esulfonic acid was mixed with the solution of its magne
sium salt of the same concentration. By mixing appropriate 
amounts of these solutions the dependence of AHm on the 
equivalent fraction of the acid, N i, was obtained. It is con
venient to express the results of mixing processes in calo
ries per monomole of polyelectrolyte in the resulting mix
ture. Then AHm is related to the enthalpies of the mixed 
and both single solutions, containing 1 monomole of poly
electrolyte, by

AH m = H mixed soin -  N 1Hl -  (1 -  N i ) H 2 (1)

Figure 1. Heats of mixing of polystyrenesulfonic acid with its magne
sium salt in water at 25° for two polyelectrolyte concentrations as a 
function of the equivalent fraction of the acid.

Figure 2. Theoretical curves calculated for A = 2.83 and for various 
values of y.

The calorimetric results for two polyelectrolyte concentra
tions are shown in Figure 1. It may be seen that the enthal
py change is positive and that the skewness of the curves is 
more pronounced at lower polymer concentration. Similar 
behavior of the AHm curve is predicted by the cell model.6 
According to this model the cylindrical polyion of radius a 
and length h carries v negative charges and is enclosed by a 
larger concentric cylinder of radius R which contains all the 
counterions. In our previous paper3 this model has been ap
plied to a polyelectrolyte solution containing a mixture of 
mono- and divalent counterions and the electrostatic inter
nal energy of the solution, Ee, has been calculated. Ex
pressed per monomole of polyelectrolyte it reads3

——  ̂1 +  ̂
4X V din 77

= fO ‘ (2)

-  e i/kT  = <f>,r = a exp(i), R = a exp(7 )
where ip is the electrostatic potential, r the distance from 
the polyion axis, e the positive charge within the limits 0 « 
e < e0, where e0 is the protonic charge, k is the Boltzmann 
constant, t the dielectric constant of the solvent, & the gas 
constant, T the absolute temperature, and the charging pa- 
rameter A has been defined68 by
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X = ve02/ekTh (3)
The heat of mixing, AHm, defined by eq 1, may be for

mally split into two terms
AHm = AHm° + Affme (4)

where AH° is the nonelectrostatic and AHe the electrostatic 
contribution. In the present calculation AHm° is assumed 
to be much smaller than AHm<e and is therefore neglected. 
It is seen from eq 4 that for comparison of experimental 
and theoretical results we would actually need an expres
sion for the electrostatic enthalpy of the solution, He. How
ever, the difference He -  Ee is small at moderate concen
trations7 and consequently we may use eq 2 as a reasonable 
approximation for He. From eq 1 and 2 we thus obtain

d In <(H i /
4X ( 1 + dln7V

[HNÔ -  N lI(N 1 = 1) — (1 — N l)I(N1 = 0)] (5)

The theoretical curves, calculated according to this equa
tion, are presented in Figure 2. For the charging parameter 
its structural value8 was used (X = 2.83 at 298.15 K with t = 
78.54 and h/v = 2.52 Â) and for the coefficient d In «/d In T 
the value9 for water, —1.368, was taken. For the evaluation 
of the integral I we have to solve the Poisson-Boltzmann 
equation for the fully charged system. A detailed descrip
tion3 of the numerical calculation and the computed 
values4 of the integral have been given previously. The con
centration parameter y, defined by eq 2, is related to the 
monomolar concentration, c. The values of 7 = 1, 2, 3, and

4 for polystyrenesulfonates (a = 8 A) correspond to 0.443, 
0.0600, 0.00811, and 0.00110 monomolar solutions, respec
tively. The concentration of the theoretical curves for 7 = 2 
and 7 = 3 correspond thus to the concentrations of both 
experimental curves. It may be seen that although the 
agreement between calculated and theoretical values is 
only semiquantitative, the concentration dependence of 
AHm is properly predicted. This finding is in general ac
cord with the results of previous studies1-5.!8*10 and may be 
considered as additional support for the applicability of the 
cell model for those systems in which no significant specific 
binding of counterions to the polyion has been detected.
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Mercury-Photosensitized Production of Free Radicals in Organic Glasses1
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Trapped free radicals are produced by Hg-photosensitized reactions when 3-methylpentane (3MP), 
CH3OH, C2H5OH, or C3H7OH glasses containing dissolved or vapor deposited Hg are exposed to 254- or 
185-nm light at 77 K. During illumination at 254 nm the uv absorption peak of the Hg in the region of 
250-260 nm decreases while the radical concentration grows to a plateau. Subsequent steady illumination 
with broad band uv light regenerates part of the original Hg absorbance and is accompanied by continuing 
growth in radical concentration with a yield of many radicals per dissolved Hg atom. A search for ESR and 
optical absorption lines of HgH in samples from which the Hg absorbance has been bleached has yielded 
negative results. The optical absorption spectrum of the radicals produced in 3MP is reported.

Introduction
Trapped electrons and free radicals produced in organic 

glasses by ionizing radiation have been extensively investi
gated.2 The purpose of the experiments reported here has 
been to determine whether these species can be formed by 
photoionization or photosensitization reactions of mercury 
dispersed in such matrices at 77 K. Production in this way 
would allow them to be studied in the absence of interfer

ing species which accompany formation by ionization ra
diation.

Mercury-photosensitized decomposition of hydrocarbons 
has been investigated in the gas3 and liquid phases4 by de
termination of the stable reaction products. The free radi
cal products from 11 gaseous alkanes have been determined 
by 14C2H5 radical scavenging.30 Transient radicals pro
duced have also been observed by mass spectrometry.5 In
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sofar as we are aware, no mercury-sensitized reactions have 
been studied in the solid phase, although photosensitized 
radical production in solid hydrocarbons has been observed 
with aromatic molecules as sensitizer.6 Uv irradiation of so
dium dispersed in 3-methylpentane glass at 77 K yields 
both trapped electrons and 3-methylpentyl radicals.7

Experimental Section
Sample Preparation and Measurement. Dispersions of 

Hg in 3MP glass have been prepared by dissolving liquid 
mercury in purified degassed 3MP followed by quench 
cooling in liquid N2 and by deposition of Hg and 3MP va
pors onto a cold finger using an apparatus of the type illus
trated in Figure 1. The solubility of Hg in n-hexane has 
been determined83 to be 6.3 X  10-6 M  at 25°C and 15 X 
10“6 M at 40°C with the aid of radiomercury. The absorp
tion spectrum is a broad doublet with a maximum absorp
tion at ~257 nm. The solubility in 3MP has not been di
rectly determined but is assumed to be 5 X 10-6 M at 25°C 
from data8 on other branched hydrocarbons. A fivefold in
crease in concentration (to ~25 X 10-6 M) has been ob
tained in the present work by shaking of Hg with the sol
vent for a few minutes at ~55°C. Solutions saturated at 
room temperature or above and quenched to 77 K show 
similar spectra and nearly the same concentration as at the 
saturation temperature, but with a small blue shift, giving a 
maximum absorption at ~255 nm. The spectra in the glas
sy state at 77 K were measured using two 2.5-cm2 fused sili
ca cells in series to give a light path of 5 cm. The cells were 
mounted under liquid nitrogen in a styrofoam box provided 
with Suprasil light pipes from the cell face to the outside of 
the box. The light pipes prevented bubbles in the liquid ni
trogen from causing fluctuations in the analyzing light 
beam from the Cary spectrophotometer. When samples of 
3MP-Hg glass at 77 K are warmed slowly to room tempera
ture without shaking, very little Hg remains in solution, in
dicating that solubility equilibrium is achieved at low tem
peratures during the warm-up. The origin of the structure 
of the Hg absorption band in the liquid has been consid
ered extensively.9

To prepare 3MP-Hg samples with the apparatus of Fig
ure 1, the temperature of the 3MP reservoir (F) was main
tained at ca. -80°C (vapor pressure of 3MP 0.2 Torr). The 
temperatures used for the Hg reservoir, and the corre
sponding vapor pressures, were 25°C, 1.8 X 10~3 Torr; 0°C,
1.3 X 10-4 Torr; -80°C <10-7 Torr. When the dewar (A) 
was filled with liquid nitrogen and stopcocks H, I, and J 
were opened, a nearly uniform thickness of an opaque 
3MP-Hg mixture was deposited in a band 3-4 cm high on 
all sides of the 3-mm i.d., 4-mm o.d. central finger (K). This 
was white for pure 3MP but became grey with increasing 
Hg concentration. About 30 min was required to prepare a
0.5 mm thickness of deposit. The tube (L) was then moved 
up with the aid of the sliding vacuum seal (C) until the 
sample deposit was near the bottom of the tube. (L) was 
then introduced into the cavity of the ESR spectrometer. 
Deposition of 3MP on all sides of the cold finger indicates 
considerable reflection of molecules from the walls of the 
outer tube. In the following text the deposits are arbitrarily 
designated by the ratio of the vapor pressures, e.g., “Hg/ 
3MP” = 1:103. At constant incident light intensities the 
rates of growth of radicals as indicated by ESR peak 
heights were the same (±10%) for samples with the same 
Hg:3MP ratio but differed for different ratios.

Figure 1. Apparatus for vapor deposition and ESR examination of 
Hg-3MP mixtures: (A) liquid nitrogen dewar assembly; (B) stopcock- 
vacuum line connection; (C) movable O-ring vacuum seal; (D, E) 
temperature baths; (F) 3-methylpentane reservoir; (G) Hg reservoir; 
(H, I, J) stopcocks; (K) 3 X 4 mm Suprasil cold finger; (L) 11-mm o.d. 
Suprasil outer tube.

Suprasil and Vycor spiral low-pressure Hg lamps, a Ha- 
novia end window SC2537 low-pressure Hg lamp, a colli
mated beam from a quartz-jacketed GE AH4 medium- 
pressure Hg lamp, and a Chromatix tunable dye laser were 
used as light sources, with filters noted later in 'the text. 
The intensities were measured with a power meter or esti
mated from earlier chemical actinometry. For illuminations 
with the spiral lamps, the finger of the Varian ESR dewar 
holding the sample under liquid nitrogen was positioned in 
the center of the spiral. All other illuminations in the ESR 
experiments were made with the sample in the Varian V- 
4531 cavity of a Varian 4501 ESR spectrometer. An open 
waveguide in the cavity wall admitted the beam. The spec
tra were taken in the X band, using 100-kHz modulation, 
powers of 40-500 for radical signals and of 10-40 /¿W to 
look for trapped electron signals. Absolute spin concentra
tions were determined by comparison with solutions of 
known concentration of the stable free radicals DPPH and 
galvinoxyl by comparison of the double integral values of 
the first-derivative spectra using a Northern Scientific Co. 
signal averager data processor. All ESR measurements for 
absolute spin determinations were made in 2- or 3-mm i.d. 
calibrated Suprasil tubes containing a small droplet of Hg 
for saturating the purified degassed liquid at room temper
ature.

Phillips Pure Grade 3MP was further purified by stand
ing over Linde 13X molecular sieve, passage through 2 m of 
freshly activated silica gel, degassing by freeze-pump-thaw 
cycles, and storage over a sodium mirror under vacuum. 
Methanol (Mallinkrodt AR, anhydrous), ethanol (AR, ab
solute), and propanol (Fisher Certified Reagent) were puri
fied by treatment with 2,4-dinitrophenylhydrazine.10
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WAVELENGTH, nm

Figure 2. Optical spectra of Hg in 3MP glass at 77 K (5-cm path- 
length in two 2.5-cm2 quartz cells): (A) spectrum of quartz cell walls; 
3MP is transparent in this region; (B) 3MP saturated with Hg at 25°C 
and quenched to 77 K; (C) 3MP saturated with Hg at ~55°C and 
quenched to 77 K.

Figure 3. Optical spectrum produced fcy Hg-photosensitized decom
position of 3MP glass at 77 K, obtained by subtracting absorption be
fore illumination from absorption after illumination. Same conditions 
as for Figure 2B.

R esu lts
Effect of Illumination on Optical Spectrum. 3MP glass 

containing ~2.5 X 10~5 M Hg in two 2.5-cm square quartz 
cells in series was exposed at 77 K to a Hanovia end win
dow SC2537 low-pressure Hg lamp which had 85% of its 
emission at 254 nm and no other significant output below 
310 nm. This caused the absorbance due to Hg (Figure 2) 
to decrease to a steady state value equal to ~ 2% of that be
fore illumination. Subsequent exposure to the full emission 
of the quartz-jacketed AH4 medium-pressure Hg lamp re
generated Hg absorbance to a steady state value of ~7% of 
the original. During both these illuminations, a broad ab
sorption (Figure 3), believed to be due primarily to 3-meth- 
ylpentyl radicals, grew in. Exposure for several minutes to 
the AH4 lamp, filtered (25 mm of 0.17 g of KI/100 ml of 
H20) to remove >99% of the 254-nm radiation while pass
ing wavelengths greater than 260 nm, regenerated the Hg 
to 11% of its initial absorbance and longer illumination 
might have increased it further. A small increase in broad 
background absorption for X <240 nm accompanied the re
generation of the Hg absorption. Light from the AH4 lamp 
filtered by 6 mm of Pyrex (OD > 2 at <300 nm) did not re
generate mercury atom absorption.

In a sample where the broad absorption below 280 nm 
was generated by bleaching an initial Hg concentration of

A I
J i !

B

/■

* ! i
4 0 GI-------1

H

Figure 4. ESR spectra of rjtkjteajs produced by exposure of vapor 
deposited 3MP-Hg at 77 if to full light from quartz-jacketed AH4 
lamp (Hg:3MP = 1:103): (A) 3MP radicals after ~2-hr photolysis; (B) 
3MP radicalsafter ~2-hr photolysis and 7-hr thermal decay. Spectra 
taken at 500-«W microwave power, modulation amplitude 2 G.

Figure 5. ESR spectra of radicals produced by exposure of vapor 
deposited Hg-alcohol mixtures at 77 K to full light of quartz-jacketed 
AH4 lamp: (A) Hg:MeOH = 1:1.5 X 104, 5-hr photolysis; (B) Hg:EtOH 
= 1:104, 1 hr; (C) Hg:n-PrOH = 1:5 X 103, 3 hr; (D) sample B after 
~1-hr thermal decay following photolysis. Microwave power, 40 ,uW, 
modulation amplitude, 2 G. A was recorded at 1.6 times the sensitivi
ty used for the other spectra.

~5 X IO-6 M for 4 min with the AH4 lamp, the absorption 
had decreased by ~60% after 3 days in the dark. On warm
ing to room temperature the species responsible for this ab
sorption disappeared.

Radicals Produced. When 3MP-Hg glass prepared by ei
ther of the methods described in the Experimental Section 
is exposed to light from the AH4 medium-pressure Hg 
lamp, radicals giving the ESR spectrum of Figure 4A are 
produced. Similar illumination of pure 3MP produces no 
ESR signal. Figure 4B is the spectrum of the same sample 
after an additional six hr at 77 K in the dark. It is similar to 
that found in 7 -irradiated pure 3MP glass, which is due 
predominantly to secondary 3-methylpentyl radicals.11 The 
latter is converted to a spectrum similar to that of Figure 
4A by 254-nm irradiation1213 without significant change in 
total spin concentration and reverts to that of Figure 4B on 
standing in the dark.

Vapor-deposited dispersions of Hg in methanol, ethanol, 
and propanol have been prepared in the apparatus of Fig
ure 1 and exposed to the full light of the AH4 lamp. In each 
case radicals were produced (Figure 5A-C). After decay at 
77 K for 1 hr the initial ethanol spectrum (Figure 5B) 
changed to the spectrum of 5D.
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Factors Determining Radical Growth Rates. When 
vapor-deposited samples with “Hg:3MP” ratios of 1:106, 1: 
10:!, and 1:150 were exposed while in the ESR cavity to the 
full light of the AH4 lamp, the ESR signal as measured by 
the vertical distance from the maximum of peak 3 on the 
low-field side to the minimum of peak 5 (Figure 4) grew 
linearly after an apparently faster initial growth. The rate 
was higher for the 1:103 sample than the 1:10s sample, but 
that for the 1:150 sample was much lower, presumably be
cause of Hg agglomeration. A sample prepared by disper
sion of Hg in 3MP with an ultrasonic microprobe (70 W 
cm-2) in air, followed by quenching at 77 K, gave about the 
same growth rate as the 1:10s vapor deposited sample. 
Rough estimates indicated quantum yields of 0.1 to 1 based 
on the light absorbed by the H g f^ \

Beam-expanded laser light falling on vapor deposited 
samples (“Hg:3MP” = 1:103) in the ESR cavij^jshowed no 
radical production at either 392 nm (~4 X 1014 photons 
sec-1 on portion of sample in sensitive region of cavity) or 
265 nm (~3 X 1014 photons sec-1). Similarly exposure to 
the AH4 lamp with Corning Glass Co. 7-39 and 7-37 filters 
which gave about 3 X 1014 photons sec-1 between 300 and 
400 nm but negligible intensity below 300 nm, produced no 
radical signal. In experiments using the AH4 lamp without 
a filter, with a Vycor filter, and with a Corning 7-54 filter 
the peak heights of the radical ESR signal grew at rates 
proportional to the estimated light intensity in the 250- 
265-nm region.

Samples of degassed 3MP saturated with Hg at 25°C and 
quenched to 77 K showed the radical growth indicated in 
Figure 6 when exposed to the Vycor spiral lamp. The peri
ods of illumination were alternated with dark intervals of 
~4 min for measurement in the ESR cavity. The concen
trations were determined by double integration of the first 
derivative ESR signals. When a sample which had reached 
the plateau of Figure 3 was then exposed to the AH4 lamp, 
the radical concentration again increased as shown by the 
dashed lines of Figure 6. The lower dashed line is for an 
AH4 illumination that was started after a sample had un
dergone a 30-min period of dark decay after reaching the 
plateau. Figure 7 shows the radical growth (based on the 
double integral of the spectrum) for a similar sample dur
ing continuous illumination by the AH4 lamp, without 
prior illumination with the low-pressure Hg lamp. Growth 
curves similar to these for radical production in 3MP have 
been found on illumination of Hg in 3-ethylpentane glass. 
It is estimated that the absolute radical concentrations 
given in Figures 6 and 7 are accurate to ±20%.

Electrons, H Atoms, and HgH. In none of these experi
ments have we found any evidence for the ESR singlet typ
ical of trapped electrons,2 for the doublet of ~500-G split
ting characteristic of trapped H atoms in 3MP,14 or for 
ESR or optical spectra indicative of HgH.

The search for electron production has included illumi
nation of vapor-deposited 3MP (“Hg:3MP” = 1:103) in the 
center of the spiral Suprasil low-pressure Hg lamp through 
interference filters which gave a ratio of intensity at 185 
nm to 254 nm of 16 with an incident intensity on a 1 cm 
height of the sample of ~2 X 1015 photons sec-1 at 185 nm. 
The sample, in the apparatus of Figure 1, was transferred 
to the ESR cavity and a spectrum taken within 5 min after 
a 5-min irradiation. All ESR measurements in search of 
trapped e~ were made at an ESR power of 10-40 /¿W. The 
rate of radical production by the spiral lamp was similar to 
that by the unfiltered AH4. The absence of a trapped-elec-

Flgure 6. Hg-photosensitized production of radicals In 3MP glass at 
77 K. Open points (three different exposures) and solid line show re
sults of exposure to Vycor low pressure Hg lamp; closed points and 
— lines show results of exposure to AH4 lamp. The absolute values 
of concentration and [R-]/[Hg] shown on the ordinate scales refer 
to the experiment with points Indicated by the □. The data for the 
two other exposures were normalized at the plateau. The dotted line 
indicates a dark period.

122 O t~z K> <(T*
X\o
UJo3QO
a.a,</}J<uO<cc.

Figure 7. Hg-photosensitized production of radicals in 3MP glass at 
77 K using quartz-jacketed AH4 medium-pressure Hg lamp.

tron signal indicates that the gas phase ionization potential 
of Hg (10.4 eV) is not lowered sufficiently in the glass to 
allow photoionization by 185-nm (6.5 eV) light. Previous 
work has shown that photoionization of Na in similarly 
vapor deposited Na-3MP matrices produces readily ob
servable trapped electrons.7

The search for HgH by ESR included scanning of the re
gion from 2750 to 4350 G and multiple scanning at high 
sensitivity with signal averaging of the region from 3400 to 
2900 G where the most intense ESR lines from HgH in Ar 
matrices have been found.15 Microwave powers from 0.3 to
8.5 mW were tested.

Numerous optical emission lines from HgH have been re
ported16’17 from 161 to 452 nm. Absorption lines of ground 
state HgH in band systems in the region of 280-450 nm 
have also been reported.18 In the present work, no absorp
tion was found in the 300-420-nm region, using a 5-cm 
pathlength of 3MP glass at 77 K from which the absorption 
due to an initial Hg concentration of ~2.5 X 10-5 M  had 
been bleached. There also was no structure attributable to 
HgH on the broad free radical absorption at wavelengths 
below 300 nm.

D iscussion

Mechanism of Radical Formation. The disappearance of 
the Hg optical absorption (Figure 3 as compared to Figure
2) during 254-nm irradiation of 3MP-Hg glasses and the 
accompanying decrease in rate of radical production (Fig
ure 6) imply that the formation of the radicals is accompa
nied by formation of an Hg compound which is not rapidly
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decomposed at this wavelength, presumably because of a 
relatively low extinction coefficient. The regeneration of 
the Hg with light at wavelengths in the 260-300-nm range 
indicates that the compound absorbs in this region. Its ab
sorption has not been resolved from the broad band be
lieved to be the spectrum of trapped radicals, nor are any 
lines attributable to it resolved from the ESR spectrum.

The only Hg compounds which might account for the ob
servations seem to be HgH, HgCeHi3, and Hg(CeHi3)2. As
suming for the purpose of illustration the compound is 
HgH, a plausible mechanism for radical production may be 
represented as

Hg-Photosensitized Production of Free Radicals in Organic Glasses

H g t f ’So) -  H g (6 3P i )  (1)
254 nm

H g (6 3P i)  +  R H  —  H g H  +  R  (2)

H g H  ^  H g  +  H *  (3)
200—300 nm

H * +  R H  — H 2 +  R  (4)

According to this sequence of reactions, the initial rapid 
rise in radical concentration in the experiment of Figure 6 
is attributable to reactions 1 and 2. When the Hg concen
tration has been depleted, radical growth becomes slow, 
but is increased when the AH4 which provides a band of 
wavelengths absorbed by HgH is used. Radical production 
continues by the reaction sequence 3 + 4, and by reactions 
1 and 2 utilizing the Hg produced in reaction 3.

HgH is known to be produced with significant yield 
when Hg is activated by 254-nm light in the presence of 
gaseous H2, CH4, C2H6, C3H8, or C4H10.17-19 It has only a 
transitory lifetime as a gas, but has been postulated to be 
an intermediate which persists for several minutes in a liq
uid alkane.4b If it is formed in the glassy systems and has a 
still longer lifetime, a repeated utilization of an Hg atom 
with radical formation both by Hg excitation and by hot H 
atoms from HgH activation seems possible. The energy of 
the hot hydrogen atoms, H*, produced by reaction 3 would 
be >50 kcal mol-1 for the wavelengths available. The prob
ability for such a hydrogen atom to be thermalized before 
abstraction of H from 3MP in the glass at 77 K is low.20 Al
though H atoms can be thermalized and trapped in perdeu- 
terated hydrocarbons at <50 K, they are not found in pro- 
tiated glasses even at 4 K.14

Direction dissociation of C-H bonds by energy transfer 
from Hg(63Pi) atoms (Hg(63Pi) + RH -*• HgPSo) + R +
H), in contrast to HgH formation, could account for the be
havior observed if some of the Hg atoms combine with rad
icals to form HgR and the H atoms abstract H from other 
molecules to yield more radicals. In this case the HgCsHt3 
must be decomposed by light in the 260-300-nm region in a 
reaction analogous to (3). HgC^H - 3 is expected21 to have a 
bond energy of ~3 kcal mol-1, sufficient for stability at 77
K. Hg(CeHi3)2 would be expected to be stable even at room 
temperature. It is unlikely that it contributes significantly 
to the primary disappearance of the Hg because it could 
only be formed by sequential processes involving diffusion 
(Hg + R -*• HgR, HgR + R — HgR2, or 2HgR — HgR2 + 
Hg).

Radical Tracks. In the experiment of Figure 7, the ratios 
of number of radicals present at the end of the experiment 
to number of Hg atoms initially present was 11 and other 
experiments with the AH4 lamp regularly showed similarly

high ratios, indicating that on the average each Hg atom 
must have absorbed many photons and caused the decom
position of many 3MP molecules. For these radicals to be 
observable, sufficient Hg atom diffusion must occur during 
the period of illumination to allow the radicals to be spaced 
at distances great enough so that they do not react with 
each other rapidly. The diffusion coefficient of C6H13 radi
cals in 3MP at 77 K has been estimated as 9 X 10-20 cm2 
sec-1.12 Estimating the diffusion coefficient of Hg atoms to 
be 2 X 10-19 cm2 sec-1, on the basis of the relative radii, it 
may be estimated that such atoms undergo an average dis
placement of 0.07 A sec-1 (using the relation X2 = 2Dt 
where X  = the displacement in centimeters, D the diffu
sion coefficient, and t the tjme). Each Hg atom in an ESR 
sample absorbing 10n to 1012 photons sec-1 from the AH4 
lamp absorbs a photon about once in every few hundred 
seconds. Assuming these estimates, the average displace
ment between photon absorptions is several tens of Ang
stroms or several molecular diameters. It would be of inter
est to determine radical yields per mercury atom at lower 
temperatures, where diffusion is very slow. If this did not 
decrease the radical yields per Hg atom at the same inten
sity, it would suggest that radicals may be formed by ener
gy transfer at several molecular diameters from the Hg 
atoms.

Radical Spectra. The six-line ESR spectrum of Figure 
4B is similar to the spectra obtained in 3MP glass following 
7 radiolysis,11 abstraction by hot H atoms from the photol
ysis of HI,20 and photosensitization by benzene.6 Systems 
exposed to 254-nm light give the sharp spectrum of Figure 
4A which reverts to the broader spectrum (4B) in the dark, 
with relatively little change in concentration. The sharpen
ing on illumination (which has also been observed for the 
radicals in 7 -irradiated 3-ethylpentane glass, 3-methylhep- 
tane glass, and polycrystalline n -hexane)13 must result 
from an isomerization or change to a hindered configura
tion of the radical made possible by the energy of the ab
sorbed photon. It is not known whether the radicals pro
duced by the Hg photosensitization are born in this config
uration or promoted to it by subsequent absorption of a 
254-nm photon.

The optical spectrum of the radicals formed by Hg pho
tosensitized decomposition of 3MP glass shown in Figure 3 
is a composite of the spectrum of the sec-3-methylpentyl 
radicals which give the ESR spectra of Figure 4 and any ab
sorption contributed by the Hg compound which is respon
sible for the disappearance of the Hg spectrum of Figure 2. 
Figure 3 is similar to recently reported absorption spectra 
for C5 and C6 alkyl radicals, produced by electron pulse ra
diolysis in the liquid phase22’23 and proton pulse radiolysis 
in the gas phase.24

Spectra of Alcohol Radicals. The spectra of the radicals 
produced in vapor deposited Hg-CH3OH and Hg-C2H5OH 
mixtures by illumination with the AH4 source (Figure 5) 
are similar to those reported for the illumination of alco
hols with a low-pressure Hg lamp with Vycor filter (to re
move light below 210 nm), and ascribed to methyl and 
ethyl radicals, respectively.25 The large singlet in the spec
trum from C2H5OH after 1-hr decay (Figure 5D) is proba
bly due to the ethoxy (C2H50) radical. The prominent line 
in the center of the spectrum from CH3OH (Figure 5A) is 
presumably due to methoxy radicals. By analogy, the spec
trum observed after photolysis of Hg-C3H70H (Figure 5C) 
is attributed to propyl and propoxy radicals. In contrast to 
the spectrum of Figure 5B, 7-radiolysis of ethanol glass
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produces a clean five-line spectrum of the CH3CHOH radi
cal.26

Since the absorption band of highest wavelength in the 
pure alcohols occurs below 200 nm,27 the earlier workers25 
suggested the possibility that the photolytic radical pro
duction which they observed might be due to trace impuri
ties. However, their results were unaffected by added oxy
gen and its reaction products. It may be speculated that the 
radicals reported were produced by Hg-photosensitized re
actions as in the present work. The solubility of Hg, and 
the extinction coefficient for the Hg^So) —*■ Hg(63Pj) 
transition, in liquid alcohols is about the same as that in 
hydrocarbons.8
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As a preliminary to studies of the relaxation kinetics of processes involving temperature-induced coordina
tion changes for transition metal ions dissolved in glasses, it has been necessary to determine the equilibri
um spectroscopic and structural characteristics of these systems. For the particular case of the equilibrium 
between the tetrahedral and dodecahedral forms of Co(II) in 3:2 KN0 3-Ca(N0 3)2 glasses containing 0-9 
mol % KC1, the enthalpy change is found to be (5.2 ± 0.2) kcal/mol. Decreases in temperature and increases 
in KC1 content shift the equilibrium in favor of more tetrahedral Co(II) formation. The molar absorptivi- 
ties of the two forms were determined. Preliminary relaxation measurements indicate that at the glass 
transition temperature the relaxation time of the local Co(II) environment is of the same order as the 
structural relaxation time characteristic of the whole system.

Introduction

Recently there has been much interest in characterizing 
the time scales on which inorganic glasses and supercooled 
liquids respond to different types of perturbation from 
their equilibrium states. For instance (average) relaxation 
times for electrical field perturbations, determined by con
ductivity relaxation studies1 prove in some cases to be 
many orders of magnitude shorter than the (average) relax
ation times for shear stress perturbations as determined by

shear viscosity and ultrasonic absorption studies.2 Volume 
and enthalpy relaxation studies3 using refractive index, 
light scattering, dilatometry, and differential scanning cal
orimetry techniques have yielded relaxation times that 
agree with each other within a factor of 2 but which are an 
order of magnitude or more longer than the shear relaxa
tion times. It is the volume and enthalpy relaxations which 
determine the temperature at which the so-called “glass 
transition” occurs, and these processes would appear to
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provide the best measure of the rate at which general struc
tural reorganizations occur at constant pressure and tem
perature in the vitreous quasi-lattice. The different charac
teristics of the conductivity relaxation process have natu
rally been ascribed to the quasi-independent motion of 
charge-carrying species in the glass. In the two types of 
glass on which these recent measurements have been con- 
céntrated, NagO^SiOg and 6KN03-4Ca(N03)2, the mobile 
species are assumed to be Na+ and K+ ions, respectively.

The independence of such relaxation processes has 
prompted us to inquire into the possibility of studying re
laxation processes in glasses by techniques which follow 
specifically the structural equilibration of single elements 
of the glass structure. It would seem quite possible that 
such measurements could reveal the presence of a number 
of separable relaxation processes which occur sequentially 
in the overall process of structural equilibration, particu
larly in a multicomponent glass, in which case the total 
process will only be properly understood when its elements 
have been individually elucidated. The existence of struc
tural elements with different relaxation times has in fact 
been proposed as one possible explanation of the finding 
that the relaxation process in viscous liquids can only rare
ly be described in terms of a single relaxation time. Spec
troscopic studies, which can follow changes in the local 
structure around specific ions in the glass, would seem to 
offer an excellent means of examining this question since a 
series of structure-sensitive probes, each with different 
charge and/or shape characteristics, can in principle be 
studied in a single base glass.

It has been known qualitatively for a long time that tem
perature-induced coordination changes for transition metal 
ions dissolved in various types of glasses are arrested near 
the ordinary glass transition temperature,4 and we have 
therefore decided to investigate this time-dependent struc
tural equilibrium quantitatively in order to determine its 
relaxation kinetics. This type of process is easily followed 
spectroscopically since the d-d electronic transition ener
gies of 3d cations depend sensitively on the chemical na
ture and geometrical arrangement of the nearest neighbors. 
When these change with time, the absorption coefficient at 
the wavelength of a chosen transition will reflect that 
change and, in favorable cases, very small perturbations 
from equilibrium will be detectable.

Since it is clearly desirable to carry out such measure
ments on systems which have already been characterized 
with respect to other relaxation processes, we have investi
gated the possibility of studying the structural relaxation 
of Co(II) ions in what are essentially 60KN03-40Ca(N03)2 
base glasses. To establish a temperature-dependent struc
tural equilibrium involving Co(II) ions in these glasses it is 
necessary to add a small mole fraction (0.01-0.04) of chlo
ride ions. Co(II) is then observed to coordinate selectively 
with the chloride ions to yield the tetrahedral (C0CI4) 
group in proportions which increase with decreasing tem
perature. The small chloride additions have only minor ef
fects on the glass transition temperature, as documented 
below, and it is probable that the relaxation times for the 
processes already studied in these glasses1’2'5 will be little 
affected by the composition modification. As a preliminary 
to relaxation studies, it has been necessary to determine 
such equilibrium spectroscopic and structural characteris
tics of the system as the molar absorptivities of the high 
and low temperature coordination states, the enthalpy 
change for the coordination equilibrium, and the nature of

the centers responsible for these spectra. The present 
paper reports the results of such studies, and some very 
preliminary results on the structural relaxation process at 
long relaxation times.

The use of Co(II) as a spectroscopic structural probe has 
been based on the fact that its visible absorption spectrum 
is very sensitive to changes in environment. In basic media, 
such as ZnCb glass,6 borate,7”11 silicate,7-9 and phosphate12 
glasses with a high alkali oxide or alkali halide content, and 
chloride melts (LiCl-KCl,13 NI^NOg-LiNOa-NI^Cl,13 
pyridine hydrochloride,13 KCI-AICI3,14 CsCl,15 ZnC^15), 
most of the Co(II) is present in tetrahedral coordination, 
with a spectrum characterized by three strong bands peak
ing at or about 690, 660, and 623 nm, respectively. The 
weak absorption band araund. 570 nm due to Co(II) in acid 
(low-alkali) oxide glasses7-12 as well as in certain salt mix
tures and molecular solutions, e.g., the sulfates (K2S04-  
ZnS04,6’u NaHS04-KHS04,16 H2SO416) and the acetates 
(Pb(OAc)2,17 HOAc18), has been attributed to ocrahedrally 
coordinated Co (II). The effect of distortions of these two 
symmetries on the spectra has been discussed.6 However, 
in order to account for the single, relatively strong peak 
around 550 nm due to Co(II) in the 3:2 KN0 3-Ca(N03)2 
glass a third type of symmetry, viz. dodecahedral coordina
tion, has been proposed19 on account of the similarity be
tween this absorption spectrum and those observed in solu
tions of the [Co(N03)4]2-' and [Co(CF3COO)4]2- ions and 
of [CoL2(N03)2] complexes where the eightfold coordina
tion has been established using X-ray techniques.20-22 The 
spectra of Co(II) in a LiNOg-KNC/g melt,13 in KCl-ZnS04-  
ZnCl2 glass,6’19 and in LiOAc-NaOAC glass or melt18 are 
very similar to the spectrum observed in KN0 3-Ca(N0 3)2 
glass, and have been interpreted in the same way.18’19

Experimental Section
a. Composition. Most of the measurements were carried 

out on 2:3 Ca(N03)2-KN0 3 glasses, containing a small 
amount (8 X 10-3 mol %) of CoCl2 or Co(N03)2 and varying 
amounts (0-9 mol %) of KC1. Leaving the chloride out of 
consideration, these glasses contained 40.00 mol % or 51.97 
wt % Ca(N03)2.

A few measurements were carried out on 1.83:3 Ca(N03)2-  
KN03 glasses (37.90 mol % or 49.76 wt % Ca(N0 3)2).

b. Method of Preparation and Stability. The desired 
amounts of Ca(N03)2-4H20, KNO3, and KC1 (Mallinck- 
rodt, AR) were weighed and shaken together. A solution (1 
ml, of CoC12-6H20  or Co(N03)2-6H20  (Baker, AR) in 
deionized water, of a desired concentration, was added. 
The mixture was heated over a bunsen flame until com
pletely dissolved, and heating was continued until most of 
the water was expelled. Thereafter the melt was bubbled 
with N2 in an aluminum block at a constant temperature of 
500° K for 30 min to remove the rest of the water, and kept 
at this temperature for 15 min more to expel N2 bubbles. 
This last stage was very effective in preventing the appear
ance of cracks when the glass was later cooled to the vicini
ty of Tg. (Trapped N2 bubbles also appeared to promote 
devitrification.) Excessive heating was avoided so as to pre
vent the irreversible decomposition of the Co(II) salt to 
form gray CoO.

Glass samples (2:3 CaiNOgL-KNOg) prepared by this 
procedure and containing 0-5 mol % KC1 did not undergo 
crystallization at any temperature in the 320-530° K range 
for at least 1 hr. Samples containing 9 mol % KCI under
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went crystallization if maintained for more than about 20 
min at temperatures in the 360-440° K range.

1.83:3 Ca(N03)2-KNÛ3 glasses were less stable, samples 
containing 4.5 mol % KC1 displaying the same tendency to 
crystallize as 9 mol % KC1 2:3 CalNOs^-KNCXs samples. 
Only samples containing 0-2.5 mol % KC1 were stable for 
>1 hr in the least favorable temperature ranges.

c. Densities. The densities needed to convert absorb
ances to molar absorptivities were obtained with sufficient 
accuracy for present purposes (±0.5%) using a simple volu
metric technique.

d. Spectra. Absorption spectra of Co(II)-containing solu
tions of interest were obtained using a Cary 14R recording 
spectrophotometer. Samples were contained in 1.0-cm 
Pyrex glass cells mounted inr a oartridge-heated aluminum 
block, the temperature of which was controlled to ± 0.1° by 
means of a Dohrmann EP ProportioNull 1300 controller. 
The temperature was determined using a sheathed Cu- 
constantan thermocouple which dipped into the solution 
just outside the light path. The absorption of the Co(II)- 
containing solution was determined against the absorption 
of a solution of the same composition without Co(II).

Results and Discussion
a. Glass Transition. The glass transition temperature of 

2:3 Ca(N03)2-KN03, measured by means of a Perkin- 
Elmer DSC-2 differential scanning calorimeter operated at 
10 deg/min, was (341.5 ± 0.5)°K, in agreement with previ
ous results.23

Increasing KC1 concentrations caused a slight decrease 
in Tg. (In the presence of 4.6 mol % KC1, Tg = (340.0 ± 
0.5)°K; in the presence of 8.8 mol % KC1, Tg = (338.5 ± 
0.5)°K.)

1.83:3 Ca(N03)2-KN0 3 glasses (chloride-free) also had a 
slightly lower Tg, (339.0 ± 0.5) °K.

b. Densities. Densities of the KN03-Ca(NÛ3)2 solutions 
agreed with those of Dietzel and Poegel24 within the ex
pected limits except at temperatures outside the range in 
which spectral data were taken. Our data yield a smaller 
expansion coefficient, a « 5.5 X 10-4 deg-1. Addition of 4.5 
mol % KC1 caused only marginal density changes («0.2% 
decrease).

c. Molar Absorptivities of Tetrahedral and Dodecahe
dral Co(II). Absorbances determined for Co(II) in various 
media (see Experimental Section) were converted, using 
the appropriate composition and density data, to molar ab
sorptivity units (M-1 cm-1). The results are shown in Fig
ure 1. Curve A is the spectrum of Co(II) present in 0.77 
mM  concentration in a saturated aqueous solution of pyri
dine hydrochloride at 294.7°K (p = 1.163 g ml-1), where 
Co(II) is expected to be present in a tetrahedral configura
tion. Curves B, C, and D are the spectra of Co(II) (1.35 mM 
concentration) in 2:3 CaíNOs^-KNOs + KC1 glasses. 
Curve B is the spectrum in a 8.85 mol % Cl-  glass at 
343.0° K, where the tetrahedral form predominates. Curve 
C is the spectrum in the chloride-free glass, where only do
decahedral Co(II) is present, at a temperature of 343.0°K. 
Curve D is the spectrum in a 0.81 mol % Cl-  glass at 
340.9° K, where the tetrahedral and dodecahedral forms are 
present in comparable concentrations. Note that the three 
curves intersect at a common point (580 nm), suggesting 
that only two species are involved in the equilibrium.

The molar absorptivities at the absorption maxima are 
summarized in Table I and compared with previous results 
obtained in media where a major fraction of the Co(II) was

Figure 1. Absorption spectra of Co(ll) in various media (for explana
tion of different curves see text).

considered to be present either in a tetrahedral or in a do
decahedral coordination.

d. The Temperature Dependence of the Co(II)d->d <=* 
Co(II)let Equilibrium. The position of the Co(II)d3d <=* 
Co(II)tet equilibrium in mixed nitrate solutions was studied 
as a function of composition (0-9 mol % KCl) and tempera
ture (325-510°K) by measuring the absorbance of the 
Co(II)-doped solution (against that of the same solution 
without Co(II)) at two wavelengths: the Co(II)tet absorp
tion maximum at 660 nm and the Co(II)dod maximum at 
550 nm. Results obtained for the temperature dependence 
of the Co(II) absorption spectrum in the presence of an in
termediate concentration of chloride are presented in Fig
ure 2. The approximate isobestic point at «580 nm is con
sistent with the participation of only two species in the ex
change.

Denoting the concentrations of Co(II)tet, Co(II)dod, and 
total Co(II) by [T], [D], and [S], respectively, we have

[T]/[D] = K

[T] + [D] = [S] (1)

Hence

M _ 1 = M  = I
[T] [T] K

Substituting

d In K/dT  = AH/RT2

between any two temperatures, we obtain

([S]2 may be slightly different from [S]i for the same sam
ple because of the temperature dependence of the density.)

AH may therefore be calculated from the slope of the 
plot of In [([S]/[T]) -  1] vs. 1/T.

[T] and [D] are found from the spectra (where the optical 
pathlength is 1 cm):

Dm> -  f660T[T] + tB6oD[Dj 
■D550 = C550T[T] + <550D[D]

Therefore
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TABLE I: Molar Absorptivities of Co(II) in Various Ionic Media

e, A/ ' 1 cm ' 1

Composition Medium T, °K
P redom inant 

Co(II) coordination
690
nm

660
nm

623
nm

550
nm Ref

KN03-C a(N 0E)2-KCl G lass 343.0 T etrah ed ra l 531 525 368 14 This work (B)
NH4N 03-L iN 0 3-NH4Cl Melt 433 T etrah ed ra l 433 454 376 18 13
KCl-AlClj Melt 573 T etrah ed ra l 406 395 250 16 14
CsCl Melt 973 T etrah ed ra l 406 394 250 22 15
ZnCl2 G lass «300 T etrah ed ra l 622 489 335 <14 6
P y rid in e”H Cl-H 20 Concn soln 294.7 T etrahed ra l 745 640 436 <3 This work (A)
P y fid in erHCl Melt 433 T etrah ed ra l 634 574 8 13
KN03-C a(N 03)2-KCl G lass 340.9 T et-dod  m ixture 221 305 293 50 This work (D)
LiN O ,-KN 03“LiCl-K Cl Melt 433 T et-dod  m ixture 272 327 268 43 13
KN03-C a(N 03)2 Glass 343.0 D odecahedral 0.4 0.7 12 99 This work (C)
KN03-C a(N 03)2 G lass «300 D odecahedral 1 2 12 75 19
LiNO,-KN03 Melt 433 D odecahedral 1 4 21 89 13
LiOAc-NaOAc G lass «300 D istorted  dod 5 14 73 156 18
KCl-ZnSOj—ZnCl2 G lass «300 D istorted  dod 37 85 130 92 6

(mixed ligands)

Figure 2. Absorption spectra of Co(ll) in 2:3 Ca(N03)2-KN03, 2.41 
mol % KCI, 8 X 10-3 mol % Co(ll) (composition E, Table II) at differ
ent temperatures: (A) 339.9°K; (B) 3t7.4°K; (C) 414.6°K; (D) 
454.5°K; (E) 502.5°K.

rrpi _  L)630 ~  U660DD5ï>o/*550°) _ P  660 ~  0.0070,550 
f660T ~  (f550Tf660DA550D) 525

rp., _  ¿*550 ~  (t55QT-D66o/t66QT) _  ¿ * 5 5 0  ~  0.027DfifiQ , 
«550° — (f660Df550T/f660T) 99

The correction term  (O.OO7 D 5 5 0 ) in eq 3 due to  the absorp
tion of Co(II)oct a t  660 nm is < 1 % when [T]/[S] >  0.14.

[S] can be calculated either from eq 1  or from the rela
tion

| S ] . î Æ  (5)

where n is the to ta l quan tity  of Co(II) present (in moles), 
W  the weight of the sample, and p(T) the density.

In the presen t m easurem ents, very close agreem ent was 
found between [S] as calculated from eq 1 and from eq 5, 
and the small discrepancies between the values obtained by 
each of these m ethods did not exhibit any significant trend.

Figure 3. The dependence of the fraction of tetrahedral Co(ll) on 
temperature and chloride content (for explanation of different curves 
see Table II).

Using eq 3 and 5, the fraction of te trahedral Co(II), [T]/
[S], was calculated as a function of tem perature a t various 
glass compositions. The results are shown in Figure 3. Glass 
compositions are given in Table II.

In the case of the chloride-rich compositions H and I no 
m easurem ents could be carried out over the 360-440° K 
tem perature range because of crystallization effects (see 
Experim ental Section, b). In the case of the 2:3 Ca(NO;!)>- 
KNO 3  glass (composition H) rapid cooling through this 
range made it possible to prevent crystallization and carry 
out m easurem ents a t 343° K (see above, c), bu t in the case 
of the less stable 1.83:3 Ca(NO;!)2-K N O ;! glass (composi
tion I) crystallization always proceeded too rapidly. The 
values of In [([S]/[T]) — 1] were calculated for each compo
sition and plotted against T~ 1 (see Figure 3). The corre
sponding values of AH were calculated according to  eq 2  

and recorded in the fifth column of T able II. From Figure 3 
it was also possible to calculate Te, the  tem perature at 
which [T] = [D] = [S]/2 and In [([S]/[T]) -  1] = 0 , for each
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TABLE II: The CoiHW,ri ^  Co(1I),pi Equilibrium at Various Glass Compositions

Composition
Ca(N03)2-KN03

ratio f KC11, mol %
Total LCo(II)], 

mol % -A//, kcal/mol 7V °K

A 2:3 0.30 8 x 10'3 5.22 277“
B 2:3 0.81 8 x IO'3 5.13 339
C- 2:3 1.21 8 x 10'3 5.09 371 .■
Co 2:3 1.21 16 x 10'3 5.09 371 ".
D 2:3 1.61 8 x IO’3 5.43 394'
E 2:3 2.41 8 x 10'3 5.33 408.5
F 2:3 4.63 8 x 10'3 5.13 484
G yl,8;ÿ3 4.78 8 x IO’3 5.37 498
H '2:3 ; 8.85 8 x 10'3 5.00 524
I 1.83:3 9.13 8 x IO’3 5.01 541.5

° E xtrapo lated .

of the glass compositions investigated. The dependence of 
Te on the chloride content is shown in the last column of 
Table II and in Figure 4.

The results obtained can be summarized as follows. (1) 
In nitrate-chloride mixtures, low temperatures favor the 
four-coordinated tetrahedral arrangement [C0CI4] as found 
earlier by Gruen et al. for alkali metal nitrate-chloride 
melts.13 This is an interesting inversion of the natural ten
dency to higher coordination numbers at lower tempera
tures seen in most systems (both of mixed ligand type (e.g., 
H20  + HC1) and single ligand type (e.g., ZnCl2 + AICI315 or 
Na20  +  P 2 O5 ) ) . 2 5  (Actually if one considers only the num
ber of anions in the coordination sphere, then no change in 
.coordination number is involved in the process.) High- 
pressure studies will be needed to help decide whether the 
change occurs because of packing problems for the 
[Co(NC>3)]4 group in the second coordination shell, because 
the Co2+-CI~ bond is substantially stronger than the Co2+~ 
NO;i" bond, or because the stabilization energy for Co(II) 
in dodecahedral fields is comparatively small. (2) —AH = 
(5.2 ± 0.2) kcal/mol. This value is not affected by changing 
the Cl-  content over the range 0-9 mol % or changing the 
Ca(N03)2-KN03 ratio from 2:3 to 1.83:3. (3) In the absence 
of Cl- the coordination of Co(II) is dodecahedral indepen
dent of temperature in the range investigated. (4) At small 
CP contents small additions of CP cause large increases in 
the temperature, Te, below which most of the Co(II) is in 
the C0CI4 state. Above 5 mol % KC1 the effect of CP on Te 
is slight. When a large excess of CP is present, it is evident
ly the absolute concentration of CP in the glass, rather 
than the Co2+:CP ratio that determines the value of Te. 
This useful result is indicated in Figure 4 by the coinci
dence of points for the different Co(II) concentrations (8 X 
1CP3 and 16 X I I P 3 mol % , respectively). It implies that, in 
relaxation studies, for which small heat capacities and 
rapid heat transfers are desirable, it will be possible to re
duce sample thicknesses without changing the absorbance 
or the position of coordination equilibrium, simply by using 
increased concentrations of Co(II). (5) Changing the 
Ca(N03)2-KN0 2 ratio from 2:3 to 1.83:3 brings about a 
small increase (10-20°) in Te, i.e., favors the tetrahedral 
symmetry.

e. Preliminary Relaxation Time Measurements. The 
present results allow us to calculate the change in absorb
ance brought about by the sudden small change in system 
temperature employed in a T-jump type relaxation mea
surement. For instance, if it is assumed that for a certain 
glass composition at a temperature close to Tg, e.g.,

Figure 4. The dependence of the Co(ll)dod Co(ll) tet equimolar tem
perature Te on glass composition. ( Tq values indicated by dashed 
line.) (•) 2:3 Ca(N03)2-KN03; (X) 1.83:3 Ca(N03)2-KN03.

340.7°K, the fraction of Co(II)tet, [T]/[S], is 0.5000, then a 
temperature jump of 1° will decrease [T]/[S] to 0.4944 
when M i is 5.2 kcal/mol. With [S] = 1.35 mM  (correspond
ing to 8 X 10-3 mol % Co(II)) and an optical pathlength of 
1 cm, the result’ng change in absorbance at 660 nm will be 
0.0039. Such a change, although considerably less than one 
would freely choose for the purpose, should be sufficient to 
permit a reasonably accurate assessment of the average re
laxation time and its distribution using the low noise Cary 
system with a 0- 0.1 absorbance units slide wire, and a tem
perature jump of 1- 2°.

Some preliminary measurements in the vicinity of Tg, 
using a 0- 1.0 aosorbance slide wire and larger temperature 
jumps of ~7°, have been made by the straightforward (but 
slowly responding) method of changing the temperature 
setting on the controller thermostatting the aluminum 
block cell holder. The changes in absorbance at 660 nm and 
in temperature were recorded simultaneously and are 
shown, for the most trouble-free run, in Figure 5. It is clear 
that at the temperature of this experiment, the absorbance 
equilibration lags far behind the temperature equilibration.

The approximate average relaxation time for the Co(II) 
environment could therefore be obtained by taking, as an 
initial absorbance, a value at any time after the tempera
ture had reached its final equilibrium value, and finding 
the time required for the absorbance to undergo (1 — 1/e) 
of the change to the final equilibrium value. Several differ
ent values of the relaxation time could be obtained by tak
ing different points on the absorbance-time curve as initial 
values. Using the data in Figure 3, each of these initial ab
sorbance values could be associated with a temperature, Tf,
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Figure 5. The dependence of the relaxation time on the structural 
equilibrium temperature of the glass T ,. 16 X 10~3 mol % Co(ll) in a 
2:3 Ca(N03)2-KN03, 1.21 mol % KCI glass. Changes In absorbance 
measured at 660 nm: (•) AT, per cent of total (328.9°K —► 
337.3°K); (X) AD, per cent of total (1.415 —  1.356).

at which the system at equilibrium would have this absorb
ance. The relaxation time r  is plotted as a function of this 
“fictive” temperature in the inset to Figure 5, and the de
pendence is seen to be rather small. The limiting value t ~ 
15 min for T f —*• 337.3 (the final temperature) should cor
respond to the value of r for very small temperature jumps, 
i.e., the “equilibrium” value, apart from errors introduced 
by the assumption that the relaxation curve for small per
turbations is exponential in form.

The probe ion relaxation time, tc0(II), assessed in this 
way is almost two orders of magnitude larger than the 
shear relaxation time rs assessed from the viscosity t?5 by 
the Maxwell relation

rs = n/G. (6)
where the limiting high-frequency shear modulus G„ is 
available from ultrasonic sound velocity data.2’5 As noted 
earlier, the shear relaxation time is usually consideraby 
smaller than the volume or enthalpy relaxation times and it 
is the latter which provide the best guide to the overall 
structural relaxation time. Unfortunately the latter times, 
whose relation to the Co(II) times is of greatest interest, 
have not yet been assessed for the nitrate glass. We may 
however turn to a second value of rco(ii). 240 sec, measured 
at Tg (10 deg min-1), 341.5 K, and compare this with re
cently determined values of th and ry for B2O3 and AS2S3 
at their Tg (10 deg min-1).3d’e These values are all of the 
order of hundreds of seconds suggesting that rc0(ii), while 
much longer than rs, may not be significantly longer than 
the overall structural relaxation time (and in fact may be 
directly determined by it through cooperative mecha
nisms).

In this case the small dependence of r on fictive temper
ature, obtained on the assumption of exponential decay ki
netics, must be suspect. It could be the fortuitous result of 
cancellation of effects due to actual nonexponential decays 
(which characterize the enthalpy and volume relaxations3)

by opposing effects of nonlinear responses due to the rela
tively large displacements from equilibrium utilized in the 
present technique. This question will be resolved in future 
measurements.

The significant conclusions that we can draw at the 
present time are (1) the study of the kinetics of local struc
ture rearrangements in glassy media by time-dependent 
spectrophotometry26 is experimentally feasible; (2) the 
local structure equilibration time for a quite complex coor
dination shell rearrangement of a minor component in a 
mixed nitrate glass is probably little different from the 
overall vitreous quasi-lattice relaxation time.
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The Chromatographic Technique of Diffusivity 
Measurement

Publication costs assisted by Imperial College

Sir: Recently, Grushka and Kikta1 have discussed an ex
tension of the chromatographic broadening method to liq
uid phase diffusivity measurements. We too have devel
oped this technique,2 and are therefore prompted to com
ment on several points raised by Grushka and Kikta which 
may be misleading to potential users of the technique. In 
addition, we provide an example of a hitherto unreported 
application of the method.

First, Grushka and Kikta1 have implied that fulfillment 
of the condition

Ro2&
DabL

« 0.1 (1)

is necessary for the measurement of molecular diffusivities 
by the chromatographic technique. Here, Rq and L are the 
radius and length of the diffusion tube respectively, U is 
the average linear velocity of the flow, and Dab the molecu
lar diffusivity of species A and B.

At any instant of time the dispersing solute is normally 
distributed along the diffusion tube. However, observation 
of the eluted sample peak is necessarily carried out over a 
finite time at a fixed cross section so that the temporal 
variation of the solute concentration is not in general nor
mal, because the diffusion process continues during the 
time of measurement. If the diffusion process is slow (i.e., 
condition 1 is satisfied) the skewness of the distribution is 
negligible2,3 and graphical methods suffice to obtain the 
moments of the eluted peak from the recorded analog sig
nal. However, condition 1 need not be fulfilled, provided 
that a means of digitally recording the solute concentration 
is available, because then all the moments of a peak can be 
constructed and the complete working expressions,2-4 in
cluding the above-mentioned effects, may be used for the 
evaluation of the molecular diffusivity.

This relaxation of condition 1 is important in cases 
where the molecular diffusivity is low, so that fulfillment of
(1) would require inordinately long experiment times.4

Grushka and Kik'.a1 also discussed the influence of a 
coiled diffusion tube upon the dispersion process. They 
have speculated that the variation of the apparent molecu
lar diffusivity with flow velocity, at high velocities, is a re
sult of this coiling. In a recent publication,4 we have shown 
that this is indeed the case, by means of a comparison of 
our experimental results with the theoretical analysis of 
Nunge et al.s We therefore suggest that the work of Nunge 
et al.5 can be used to estimate the errors associated with 
the use of a coiled diffusion tube, and to ascertain the 
upper limit to the flow velocities to be employed for diffu
sivity measurements in particular cases. We are unable to

examine the work of Grushka and Kikta in this context, be
cause the radius of curvature of their diffusion tube is not 
specified.

Grushka and Kikta1 have also considerably underrated 
the potential of the chromatographic method for liquid 
phase diffusivity studies, in that they have suggested that 
only mutual diffusion coefficients at infinite dilution can 
be measured by this technique. Their conclusion was based 
upon the effect of changing the concentration of the solute 
in the injection pulse only. Taylor’s original analysis of the 
problem6 supports this view because, for the experimental 
conditions employed by Grushka and Kikta,1 the maxi
mum change of the inolé fraction of chloroform when a 
purè sample of toluene is injected into it is only 8 X 10~3. 
Thus, the diffusion process in such an experiment takes 
place in essentially pure solvent, and dilution of the solute 
in the injection pulse only serves to decrease the concentra
tion perturbation. If much larger sample volumes were in
jected than those employed by Grushka and Kikta, so that 
the perturbation to the mole fraction of the flowing liquid 
was significant, then the diffusion process would take place 
over a wide and changing range of mixture composition. 
Thus the measured diffusion coefficient would correspond 
to a complicated average over the relevant composition 
range.

We, however, have developed an alternative scheme for 
the measurement of liquid phase diffusivities as a function 
of composition using the chromatographic technique.2 Al
though Taylor’s original analysis related to the dispersion 
of a & function pulse of pure solute injected into a pure 
flowing solvent, the basic differential equation can easily 
be generalized to the case where the flowing fluid consists 
of a mixture of two species A and B, and where the injec
tion is composed of a mixture with a slightly different com
position. Then, the temporal variation of the mole fraction 
of species A at a distance L downstream from the point of 
injection, averaged over a cross section, is given by

i A  =  Ï A  + N  f ft Dei ft 1 - 1/2 -(1  -Û Î/ZJ2]
2nVY L 2 J ADe({(t/L2) (2)

where xa is the initial mole fraction of A in the flowing 
mixture, n is the number density of molecules in the mix
ture, V the volume of the diffusion tube, N  the excess num
ber of molecules of A injected, and

Deff -  Dabxa +
Ro2û2

48Dabia
(3)

Here, Dab*a represents the mutual diffusion coefficient of 
species A and B at the composition of the flowing mixture, 
provided that the perturbation to the mole fraction of this 
mixture is smal., which it is in all cases of practical inter
est.2

Thus, observation of the change in mole fraction of 
species A, from its value in the original mixture, allows de-

The Journal o f Physical Chemistry, Voi. 79, No. 20, 1975



Communications to the Editor 2199

Figure 1. Self-diffusion coefficierit for water: ( • )  present work; (▼) 
Mills;7 (A) Gillen et al.;8 (O) Simpson and Carr;9 (□) O'Reilly and Pe
terson.10

termination of Dab*a at any desired composition. We have 
reported results obtained with this technique,2 and have 
found good agreement with mutual diffusivities at varying 
mixture compositions obtained by other means. We may 
therefore conclude that our method allows determination 
of the mutual diffusion coefficient at a discrete mixture 
composition.

A further illustration of the wider application of the 
chromatographic broadening technique to the measure
ment of liquid phase diffusivities is provided by Figure l ,u 
where we have plotted data recently obtained for the self
diffusion coefficient of water by means of this method. 
These results were obtained by making injections of pure 
D2O into a flowing stream of pure H2O and, as Mills7 has 
pointed out the tracer for the self-diffusion process is 
therefore HDO. The eluted peak was detected with a dif
ferential refractometer as in our earlier work which also 
contains the pertinent details of our experimental installa
tion.2 The raw diffusion coefficients obtained have been 
corrected to self-diffusion coefficients for H2O according to 
the scheme suggested by Mills.7 Figure 1 also contains reli
able data for the same system7-10 selected from the large 
body of results available in the literature. One set of re
sults7 was obtained with the diaphragm cell method, 
whereas the other sets8-10 were obtained by NMR tech
niques. The satisfactory agreement obtained (within the 
mutual experimental uncertainty) establishes further con
fidence in the chromatographic method of measuring liquid 
phase diffusivities.

In principle, it should be possible to measure the two 
self-diffusion coefficients of a binary mixture by a similar 
technique. However the practical difficulties of preparing a 
flowing mixture and an injection mixture identical apart 
from the labeling of one constituent have thus far proved 
insuperable.
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On The ChromatographfW firoadening Technique of 
Liquid Diffusivity Measurements

Sir: We are obviously in agreement with Pratt and Wake
ham as to the potential of the chromatographic method in 
diffusion studies. We thus wish to make several comments 
concerning the communication by the above authors.’ We 
do not feel that our paper2 is misleading since, with one ex
ception, all the points raised were actually discussed in our 
work.

Pratt and Wakeham1 commented with regard to the 
limit

Rq2U
DabL «  1 (1)

where Rq is the tube’s radius, U is the solvent velocity, L is 
the column length, and Dab is the diffusion coefficient, al
though they agree that in theory it is correct. Examination 
of their paper on the subject3 (which incidentally we came 
across when our paper was in press) shows that they also 
used a time limit to obtain the diffusion coefficient:

> 50fl02
Î “  (3.8)2Dab

( note t  =\ u) (2)

In other words, the flow rate of the solvent in their system 
was so adjusted as to meet the condition set by eq 2, which, 
within a constant, is similar to eq 1. In reality, we did the 
same. Both their paper3 and ours2 show that the apparent 
diffusion coefficients become constants at a flow rate below 
a certain limit. Our data2 were obtained at flow rates about 
that limit, which emperically is given by eq 2. We did not 
try to give the impression that one should wait infinitely 
long for diffusion measurements. The limit given in eq I is 
that required theoretically to approximate closely to elut
ed peak by the gaussian shape. Our measurements were 
done at a solvent velocity of about 0.5-0.6 cm/sec which 
corresponds closely to the upper limit of the 0.46 cm/sec 
used in Pratt and Wakeham’s work.3

We feel that the important point is to ensure adequate 
sampling of all the streamlines in the solvent flow profile 
by the solute molecules. Otherwise, the observed diffusion 
coefficients, as obtained by the present method, will not 
have the correct magnitude and more complicated equa
tions are needed in order to determine D. This point 
should be realized by all who use the method.

The authors did not indicate1 how many moments they 
proposed to use, although for diffusion studies only the 
first and the second central moments are needed. We did 
use these quantities in our gaseous diffusion studies.4 3 We 
did find, however, that least-squares fitting a gaussian gave 
more reliable results. When calculating moments, especial
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ly the higher ones, the error associated with the measure
ments must be recognized (see, for example, the papers by 
Cram and coworkers6-7). More important perhaps is the 
point that, using the present method, digitized data does 
not mean that diffusion measurement can be made at very 
fast flow rates, a point which the authors seem to imply in 
the present communication.1

Regarding the comments made on the effect of tube coil
ing it seems that both our groups are in agreement.

We do agree with Pratt and Wakeham that the method 
can be used at a wide concentration range and not only at 
infinite dilution. Indeed, the work of Pratt and Wakeham3 
elegantly demonstrates that possibility. In addition, the 
method can also be extended to three, or more, component 
analysis, a facet which we arf* iiiyestigating right now. In 
any event, we do not think that we considerably underrated 
the potential of the chromatographic method, and in a 
paper now being submitted8 the utility of the technique in 
amassing, with ease, large quantities of data under various 
conditions is amply demonstrated. The application of the 
technique to self-diffusion1 is an additional testimony to 
the versatility of the technique. In regard to self-diffusion, 
Pratt and Wakeham might wish to take notice of a recent 
paper by Hildebrand9 where he questioned the validity of 
self-diffusion. [Since then, Hildebrand published several 
papers concerning the concept of fluidity.] In this particu
lar case1 thé diffusion of HDO in H2O can perhaps be re
garded in terms of binary diffusion since the difference in 
molecular weights of the two species is significant (~6%). 
Moreover, in view of Hildebrand’s recent argument it 
would be interesting to see if the data in Figure 1 of ref 1 
can be fitted to a straight line. As drawn there is a curva
ture in the line. Extrapolation of a straight line to zero D 
should be at T close to the freezing point.
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Inadequacy of the Ferrocene-Ferricinium Assumption 
for Estimating the Chemical Free Enthalpy (Gibbs 
Free Energy) of Transfer of Single Ions
Publication costs assisted by DMS Central Laboratory

Sir: Studies of recent literature1-4 have disclosed that the 
ferrocene-ferricinium (Foc-Fic+) assumption and the as
sumptions of the tetraphenylarsonium-tetraphenylborate

type (Ph4As+Ph4B- ) lead to different values for the chemi
cal free enthalpy of transfer of single ions from water to 
nonaqueous solvents (AG°tr). Essentially, the two assump
tions are similar. The Ph4As+Ph4B_ assumption derives 
from the work of Grunwald et al.,5 who state that “the sol
vation of a large ion with very low density of surface charge 
closely resembles that of an uncharged molecule of equal;, 
size and structure”.

The Foc-Fic 6 assumption is based on Strehlow et al.’s6 
“redox function”. These authors postulate that if the oxi
dation and reduction ions of a redox couple are sufficiently 
large and of eq ual size (as in some metalorganic complexes) 
the contribution of short-range interactions to AG°trox — 
AG°trred. does not change, and the electrostatic contribu
tion can be estimated by means of the Born equation. How
ever, for such an estimation to be made it is essential that 
the charge be located in the center of the complex and be 
shielded-by ligands.

Diggle and Parker4 conclude that the Foc-Fic+ assump
tion is at fault for several reasons, among which the rela
tively small radius of the ferricinium ion is quoted as the 
most important. This small radius should give rise to ion- 
dipole interaction and cause the solvent dipoles to orient 
toward the ion (solvation of the first kind). The ferrocene 
molecule should undergo only second kind of solvation in 
water. (Enhancement of the solvent structure by the pres
ence of large hydrophobic solutes.) In ref 7 it was demon
strated already that, with water being used as the solvent, 
suppression of dielectric saturation calls for an ionic radius 
larger than 5 A, the corresponding figure in the case of 
methanol being even larger than 15 A. However, based as 
they are on rather old experimental evidence,8 only semi- 
quantitative significance should be assigned to these limit 
values. Still, they seem to suggest that even Ph4As+ and 
Ph4B~ should be subject to dielectric saturation. Admitting 
that the foregoing is a plausible explanation for the invalid
ity of the Foc-Fic+ assumption, we still feel that the main 
cause has to be sought in the ferrocene molecule itself.

There is evidence showing that the electrons on the fer
rocene molecule are unevenly distributed to the effect that 
the two rings carry a net electron charge of —0.35 and the 
Fe atom a charge of +0.70.9-12 Owing to this distribution of 
charge, quadrupole-dipole interaction will occur between 
the ferrocene molecule and the solvent dipoles, which may 
account for the ferrocene having a higher solubility in 
(di)polar solvents than molecules of, e.g., noble gases and 
neopentane.

It also appears that the values of AG°tr for the transfer 
of ferrocene from water to methanol and other solvents dif
fer from those to be expected in view of the radius. This is 
illustrated in Figure 1 of ref 2, where the AG°tr values for 
several compounds have been plotted vs. the respective 
radii. In the case of transfer from water to methanol, AG°tr 
for the ferrocene molecule is about 2.5 kcal/mol less nega
tive than the expected value. This means that the solubili
ties of ferrocene in water and in methanol differ less than 
those of completely uncharged spherical particles of the 
same diameter. The influence of the quadrupole-dipole in
teraction will be more pronounced in water than in metha
nol, which is in agreement with the smaller radius of the 
water molecule.

A quantitative estimate of the influence of the quadru
pole-dipole interaction can be made with the aid of the fol
lowing model. The quadrupole is supposed to be linear, and 
the only significant contribution to the quadrupole-solvent
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dipole interactions comes from solvent molecules on the 
top and the bottom of the yoyo-shaped ferrocene molecule. 
The ring charge (5) is located in the center of the ring. Four 
solvent molecules are completely oriented on each ring. 
The solvent molecules are assumed to be spherical, with 
the dipoles being located in the centers. The dimensions of 
the ferrocene molecule have been taken from Stranks.13 
The dipole moments of H20  and MeOH are 1.85 and 1.70 X 
10~18 esu, and the molecular radii 1.4 and 1.95 A, respec
tively.

The quadrupole-solvent dipole interaction energies in 
this model are Uh2o = 215 kcal/mol and I/mpOh = 105 kcal/ 
mol; Uh2o ~ fjMeon = 115 kcal/mol « 2.5 kcal/mol.14 This 
gives 5 * 0.25, which is in fair agreement with the literature 
value of 0.35. It can be concluded, therefore, that the inva
lidity of the ferrocene-ferricinium assumption ip caused 
mainly by the quadrupole moment of the ferrocene mole
cule. In ref 2 it is further shown that, as far as the value, of 
AG°tr for transfer from water to methanol is concerned, the 
ferricinium ion fits into the series of the univalent spherical 
cations, which means that the ferricinium ion does not in
teract differently with the solvent than other cations do. 
This accords with quantum-mechanical considerations to 
the effect that the ferricinium ion should not possess an ap
preciable quadrupole moment. Hence, there are several 
reasons why the ferrocene-ferricinium assumption should 
be rejected for estimating the chemical free enthalpy of 
transfer of single ions; these can be summarized as follows: 
the quadrupole-solvent dipole interaction on the order of 
several kilocalories exhibited by the ferrocene molecule 
does not occur in the interaction between the ferricinium 
ion and the solvent; the ferricinium ion is smaller than re
quired by the condition that the electric field of the ionic 
charge must not cause orientation of the solvent dipoles.

It has proved possible to estimate the charge distribution 
on the ferrocene molecule with the aid of the solubility 
data for ferrocene in different solvents; these data can be 
easily obtained experimentally.

Acknowledgment. The author gratefully acknowledges 
the cooperation of Dr. Ostendorf in discussing the litera
ture on the quantum mechanics of ferrocene.
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A Study of Chemical Reaction of Olefinic Radical Ions 
on H-Zeolon Surface

Sir: Both natural and synthetic zeolites adsorb hydrocar
bon molecules. Spectroscopic methods such as ir, x-rays, 
and EPR can be employed to give useful information on 
the properties of zeolitic surface and modifications due to 
different activation treatments.1 Changes in the spectra of 
adsorbed molecules on the zeolitic surface could yield addi
tional knowledge about the interaction and chemical trans
formation of the reactive species.

Recently, we have performed extensive studies of various 
hydrocarbons chemisorbed on H-mordenite.2 When the un
saturated molecules are encountered with intrinsic Lewis 
acid sites on zeolites, a charge-transfer mechanism takes 
place between the absorbate and solid. An electronic 
boundary layer is developed and it may result in a consid
erable rise in potential barrier for the ionic species to dif
fuse out of the zeolitic crystals.3 With rigid channels of the 
solid and high heat of chemisorption of unsaturated mole
cules,4 the hydrogen form of zeolites presents an excellent 
template to study the ion-molecule reactions in the solid 
surface.

In the present communication, we are reporting the first 
experimental results in which the chemisorbed cyclopen- 
tene cation radical (C5Hs+) presented at low temperature 
could transform into a neutral allylic radical iCsHy) at 
higher temperature inside the zeolitic crystals,'observed by 
the change of ESR spectra under various conditions.

H-zeolon, obtained from the Norton Co., is calcined in 
oxygen at 500° to remove impurities, then activated under 
vacuum for 2 hr, and exposured to cyclopentene vapor at 
77°K in a standard sample tube. ESR measurements were 
carried out on a Varian X-band 4502 spectrometer.

The ESR spectrum of adsorbed cyclopentene on H-zeo
lon at —185° consists of a quintet with 37.0-G separation 
and a triplet with 14.5-G spacing (Figure 1). With slowly 
increase in temperature, spectra change gradually. In Fig
ure 2, an ESR spectrum at 35° indicates a quintet with
25.2-G and a 14.5-G triplet. The quintet was assigned to 
the identical methylene groups. The splitting at 25.2 G is in 
reasonable agreement with those expected from cyclo
pentyl allylic type radicals (15.4 X 1.70 = 26.2 G), where
15.4 is the average value of the methyl splittings in allylic 
radical and the geometric factor 1.70 is taking the steric ef
fect of the closed ring structure into account.6 A 14.5-G 
triplet is assigned to two a hydrogens. Drastic changes in 
ESR spectra of cyclopentene adsorbed on H-zeolon re
vealed the presence of the following ion-molecule reactions
on the zeolite surface:

C5H8* + csH8 —*• c5h7 + c 3ht
cation neutral allylic carbonium
radical molecule radical ion

The carbonium ion is expected to have the same order of 
electrostatic interaction energy with the zeolite as mea
sured by the ion radicals (25-30 kcal/mol).4 Hence, the 
neutral radical is in the vicinity of the carbonium due to in
fluence of charge polarization effect, and may not have 
complete random motion as in liquid phase, as suggested in 
the observed intensity distribution.

The anomaly of the observed ESR spectrum is expected 
for radical species adsorbed on amorphous solid 7 Neglect
ing four d protons and the a proton in the cyclopentyl allvl-
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ic radicals due to small anisotropic contributions,8 and we 
assume the known cyclopentene structure9 with 36° sepa
ration for two a protons, a computer simulation program

Figure 3. Computer simulated ESR spectrum at X-band for two a  
protons of cyclooentyl allylic radical rotating on zeolitic surface.

was used to study the outer wing of the observed ESR spec
trum (Figure 3). With the right magnitude of proton hyper- 
fine splittings and computer studies of line shape, we firm
ly established the existence of C5H7 and their restricted 
motions on the H-zeolon surface.

Similar reactions were suggested in early work of radioly
sis of alkenes at low temperatures. Smith et al.10 observed 
the formation of neutral radicals in 7 -irradiated vinylene 
and vinylidene alkenes. Shida and Hamill11 also showed 
reaction 1 to be slightly endothermic (AH = 3 kcal/mol) for 
vinylenes on the basis of thermochemistry. It is in excellent 
agreement with our observation that high temperature and 
trace amount of alkenes are required to promote reaction 1.

If alkenes are present inside the zeolites, this proton- 
transfer mechanism could play an important role in the 
synergistic effect on paraffin cracking reactions due to the 
presence of an olefinic initiator.12
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