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TABLE I: Quantum Yields for the 147.0-nm Photolysis of Ethylcyclopropane
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P, T orr 1.0 40 .0 1.0 20 .0 1.0 1.0 1.0 1 .0
0 .05  NO 0.08  HI

A dd itive , T orr N one N one 0 .05  NO 1.0 NO 110  n 2 0.1 HI 110 n 2 0 .15  H 2S

h 2 0 .19 N d° 0 .20 0 .19 Nd Nd Nd Nd
c h 4 0 .05 0 .03 0.01 0.01 0.01 0 .65 0 .66 0 .60
c 2h 2 0 .03 0 .03 0 .03 0 .03 0 .03 0 .03 0 .03 0 .0 3
c 2h 4 0 .29 0.28 0.28 0.28 0 .28 0 .40 0.41 0 .38
C 2H6 0 .10 0.08 0.07 0.08 0 .07
c 3h 6 0 .08 0 .09 0 .0 6 0 .06 0 .06 0 .19 0 .19 0 .08
C 3 H 8 0 .02 0 .02 0.01
C3H4b 0 .01 0.01 0 .01 0.01 0.01 0.01 0.01 0 .01
C3H4c 0.07 0 .06 0 .0 6 0.07 0 .06 0 .06 0 .06 0 .0 6
c 4h 8-i 0 .35 0 .33 0 .32 0.31 0 .32 0 .37 0.39 0 .3 2
C4H6 -1,3 0 .14 0 .13 0 .17 0.18 0.17 0 .15 0 .1 6 0 .04

°  N ot determ ined. 6 M ethylacetylen e. c A llene.

TABLE II: Quantum Yields for the 123.6-nm Photolysis of Ethylcyclopropane
ECP, T orr 1.0 1.0 1.0 20.0 1.0 1.0 1.0 1.0

0 .05  NO 0.08  HI
Additive, T orr N one 15 6  N 2 0 .0 5  NO 1.0 NO 105  N 2 0 .08  HI 105  N 2 0 .15  H 2S

h 2 0.21 Nd 0 .18 0 .19 Nd Nd Nd Nd
c h 4 0 .06 0 .04 0 .01 0.01 0.01 0 .49 0 .50 0 .48
c 2h 2 0 .03 0 .04 0 .03 0.03 0.02 0.03 0.03 0 .03
c 2h 4 0.27 0 .28 0 .25 0 .26 0 .24 0.32 0.31 0 .29
C 2H6 0.09 0 .07 0 .06 0.07 0 .0 6
c 3h 6 0.08 0 .07 0 .07 0.07 0.08 0 .24 0 .22 0 .09
c 2h 8 0 .03 0 .02 0.01
C3H4 0.03 0 .03 0 .03 0 .03 0.03 0.03 0.03 0 .03
c 3h 4 0 .06 0 .07 0 .0 6 0 .06 0 .05 0 .06 0 .06 0.07
c 4h 5-i 0 .32 0 .33 0.31 0.30 0 .29 0.35 0 .35 0 .30
C4H6-1,3 0.07 0 .06 0 .09 0.08 0 .09 0 .09 0.08 0 .02

(1) Irradiation times were selected so as to hold the 
conversion below 0.05% for those experiments where 
quantum yields were obtained, except for those cases where 
hydrogen yields were to be analyzed through mass spec­
trometry. Conversions of nearly 0.3 % were required for 
sufficient hydrogen production. When radical scavengers 
(NO or 0 2) were present, all products, with the possible 
exception of 1,3-butadiene, appeared to be independent 
o f irradiation time over a range of approximately 
0.02-0.2% conversion.

(2) Although considerable effort was expended, C6 
products observed even in the presence of radical sca­
vengers could not be quantitatively determined, nor 
positively identified due primarily to parent molecule 
tailing. The sum of the quantum yields of the observed 
compounds was estimated to be less than 0.2 at both 
wavelengths. No strong pressure dependence was observed 
for these products.

(3) No C5 compounds were observed in the presence of 
radical scavengers. Vinylcyclopropane, with a quantum 
yield of 0.02 or greater, should have been observed if 
formed. In the absence of radical scavengers, small 
amounts of C5 were observed, with a total quantum yield 
of nearly 0.05.

(4) Extensive use of radical interceptors, H2S(D2S)12 and 
HI,13 was employed in this investigation. HI was found 
to be a more effective radical intercepter than H2S, as 
suggested by Ausloos.11 Increasing the concentration of 
HI from 3 to 15% revealed that the optimum concen­
tration of HI for radical interception is between 5 and 10% 
(8% normally used). This corresponds to the maximum 
in radical yields vs. HI concentration curve. H2S, on the 
other hand, required nearly 15% addition to obtain similar 
effects. Nonradical products were unaffected by the 
addition of HI, while 1,3-butadiene was reduced in the 
presence of H2S. The reason for this anomolous result is 
unclear. When D2S (15%) was used, stable products were 
isolated and determined through mass spectrometry. For

a 2 Torr ECP (15% D2S) at 147.0 nm the results showed 
H2:HD:D3 = 36:51:13; CH3D:CH4 = 64:36; C2H5D:C2H6 = 
57:43; C2H3D:C2H4 = 16:84; 1-C4H7D:1-C4H8 = 4:96; and
1,3-C4H5D:1,3-C4H6 = 100:0. Results of a similar exper­
iment at 123.6 nm were H2:HD:D2 = 31:55:14; CH3D:CH4 
= 70:30; C2H5D:C2H6 = 64:36; C2H3D:C2H4 = 20:80; 1- 
C4H2D 1-C4H8 = 12:88; and 1,3-C4H5D:1,3-C4H6 = 100:0.

(5) The ionization energy of ECP was 9.50 eV as de­
termined by Lossing.14 At 123.6 nm (10.0 eV), ionization 
occurs with the formation of the parent ion. The ionization 
efficiency was determined to be 0.12 at this wavelength 
(assuming the ionization efficiency o f cyclopentene = 
0.16.11,15 Examination of product yields vs. applied col­
lector voltage gave no indication of the presence of ion- 
molecule reactions. The methods used were the same as 
reported earlier.11 When 10% NO replaced the 5% 0 2 as 
a radical scavenger, no changes in product quantum yields 
were observed (ionization energy NO < ionization energy 
of ECP).

Discussion
The observed products presented in this report result 

from the primary decomposition of the photoexcited 
molecule, from the decomposition of resulting primary 
fragments, and from radical reactions. The use of NO or 
0 2 radical scavengers eliminates the latter reactions except 
for those involving hot radicals or methylene. The ability 
to distinquish between primary decomposition of the 
photoexcited molecule and the decomposition of resulting 
primary fragments requires either a competitive kinetic 
titration or deactivation process. The latter usually in­
volves an evaluation of the quantum yields vs. total 
pressure with respect to selected photolysis products.

From the results presented in Tables I and II it can be 
seen that the quantum yields of the unsaturated products 
appear independent of pressure and generally insensitive 
to the presence or absence of additives under the ex­
perimental conditions followed in this investigation.
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Formation of 1-Butene. The elimination of methylene 
from the cyclopropane ring would result in a C4H8 frag­
ment structurally identical to 1-butene (reaction 1). At

CH2 + 4̂ H Q (i)

147.0 nm, this process is exothermic by nearly 100 kcal/ 
mol, and 136 kcal/mol exothermic for 123.6-nm photons. 
If this excess energy were partitioned predominantly on 
the C4H8 fragment, secondary decomposition could result 
according to reactions 2 and 3.16 Reactions 2 and 3 require
(C 4H 8)* -  H + C4H 7 (2 )

-  CH 3 + C 3H 5 (3 )

in excess of 100 and 72 kcal/mol, respectively. It is highly 
unlikely that either reaction occurs at 147.0 nm, but it is 
more difficult to rule them out at 123.6 nm. The absence 
of any observable pressure effect on the quantum yield of
1-butene at 123.6 nm though would prohibit a stepwise 
elimination channel resulting in the further fragmentation 
of the excited butene.

The quantum yield of 1-butene in the presence of radical 
scavengers would be a direct measure of the primary 
reaction channel 1, assuming the absence of any secondary 
decomposition of the butene fragment. Therefore = 
0.32 and 0.31 at 147.0 and 123.6 nm, respectively. It is 
interesting to note that this quantum yield corresponds 
well with a value of 0.32 at 147.0 nm for methylcyclo- 
propane17 and 0.33 at 147.0 nm for 1,1-dimethylcyclo- 
propane.3b The fate of the eliminated methylene radical 
is somewhate in doubt. Insertion of the methylene into 
ECP is considerably exothermic. The resulting substituted 
ECP excited molecule would be expected to isomerize to 
a variety of “ hexenes” through ring opening processes.

Formation of 1,3-Butadiene. The most probable re­
action channel leading to the formation of 1,3-butadiene 
involves the elimination of the terminal methyl group, 1-2 
carbon cleavage of the cyclopropane ring, and the elimi­
nation of a 3-carbon hydrogen. Since, again, no pressure 
effect was observed in the formation of 1,3-butadiene, nor 
does the addition of additives (other than H2S) affect the 
total quantum yield, it is not possible to determine the 
order of the bond cleavages involved. Thus the primary 
reaction channel is assumed to be a concerted process 
within the time frame of the collision interval (reaction 4).

pected to dissociate directly into ethylene and propylene 
(reaction 5). This process is highly exothermic, 177 and

+ hv  -------- --  c 2h 4 +  c 3h 6 ( 5 )

213 kcal/mol with the 147.0- and 123.6-nm radiation, 
respectively. If a major part of this excess energy were to 
reside in the “ ethylene” fragment, processes 6-8 would be 
expected.13 Again the absence of a pressure effect on the
(C 2H4)* -  c 2h 2 + h 2 (6 )

-  C 2H3 + H (7 )

^  c 2h 4 (8 )

formation of ethylene eliminates reaction 8, and would 
require that reactions 6 and 7 be occurring nearly si­
multaneously with the propylene formation, that is within 
the framework of the collision interval associated with the 
pressures utilized in this study.

If, on the other hand, the distribution of excess energy 
were concentrated on the propylene fragment, methyl- 
acetylene might be expected to be produced (reaction 9).
(C H 3CH2CH )* -  H 2 + CH 3O C H  (9 )

With regards to the formation of propylene, a concerted 
process combining reaction 5 with reactions 6 and 7 would 
result in the formation of propylene (reactions 10 and 11).

---------— C 2 H2 +  H2 +  C 3H6 ( 1 0 )

--------- --  C 2 H3 +  H +  C 3 H6 ( 1 1 )

The quantum yields of propylene formation (in the 
presence of NO) are reported as 0.06 and 0.07 for the xenon 
and krypton photolyses, respectively. The quantum yield 
of reaction 10 may be assigned from the reported quantum 
yield of acetylene, (i.e., <t>l0  =  4>c2h 2) . 0 io =  0.03 for both 
wavelengths. Thus, the evalution of reaction channel 11 
can be obtained by 4>n = ($ c3h6 -  $ c2h2) or <j>n = 0.03 at
147.0 nm and 0.04 at 123.6 nm.

Formation of Methylacetylene and Aliéné. The re­
action channel leading to the formation of methylacetylene 
is related to the secondary decomposition of propylene, 
reaction 9. Again no pressure effects are observed for 
either propylene or methylacetylene formation and a 
“ concerted” process is in order (reaction 12). The

j +  hv  ---------— CH 3 +  H +  C 4 H6O . 3 ) ( 4 )

1
Reaction 4 is exothehrmic by 82 and 118 kcal/mol for 147.0 
and 123.6 nm, respectively. Although further decompo­
sition is energetically possible, the absence of a pressure 
dependence would seem to render the reaction unlikely, 
especially in view of the necessary distribution of excess 
energy that would be required.

If it can be assumed that reaction 4 represents the sole 
process leading to the formation of 1,3-butadiene, then the 
primary quantum yield of reaction channel 4 is equal to 
the quantum yield of 1,3-butadiene <f>± = 4>4 ~ 0.17
and 0.09 at 147.0 and 123.6 nm, respectively. It should be 
noted that 1,3-butadiene is decreased in the presence of 
H 2S, but not when HI is used as a radical interceptor. 
Similar effects have been observed previously in this 
laboratory as well as by Collin and Perrine.18 Presumably, 
this is due to the rapid addition of HS to 1,3-butadienes 
forming a resonance-stabilized C4H6SH radical.

Formation of Propylene. Considering the observed 
cleavage of many cyclic hydrocarbons, ECP may be ex­

+  hv  ------------- C2H4 +  H2 +  C 3H4 ( 1 2 )

quantum yield assignment for this reaction channel is 
based on the methylacetylene yields of 0.01 and 0.03 at
147.0 and 123.6 nm, respectively.

Allene would not be expected from the reaction channel 
12 due to the structure of the “ propylene” fragment. On 
the other hand, the elimination of the whole ethyl fragment 
would result in the formation of a “ hot” cyclopropyl radical 
which would undergo a 2-3 carbon cleavage with or 
without hydrogen atom elimination (reactions 13-15).

-  c 2h 5 +  ( A )  ( 1 3 )

C 3H5 ( a lly l )  ( 1 4 )

H +  C3H4 ( a lle n e )  ( 1 5 )

Reaction 13 is exothermic by some 102 or 138 kcal/mol 
depending upon the wavelength used. Sufficient energy 
is therefore available for the production of allene since the
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TABLE III: Quantum Yield for the Primary Reaction Channels in the \acuum-UV Photolysis of Ethylcyclopropane
147.0 123.6 123.6°

° Corrected to exclude ionization.

CH2 + C4H8
CH3 + H + C4H6(1,3)
C2H2 + H2 + C3H2
C2H3 + h  + c 3h6 
c 2h4 + h 2 + c 3h46 
c 2h 5 + H + C3H4c 
c 2h4 + H + C3Hs 
c h 3 + c 2h4 + c 2h 3 
c h 3 + c 4h ,

b Methylacetylene. c Aliéné.

0.32 0.31 0.35
0.17 0.09 0 . 1 0

0.03 0.03 0.03
0.03 0.04 0.05
0 . 0 1 0.03 0.03
0.06 0.06 0.07
0.16 0.18 0 . 2 0

0 . 1 1 0.04 0.05
0.05 0.05 0.06

Total 0.94 0.83 0.94

overall process requires approximately 124 kcal/mol 
(reaction 16). If, therefore, reaction 16 is the only process

C 2H5 + H + C 3H4 (16)

involving the formation of allene, 016 = <l>c:1H4(aiiene) = 0-06 
at both wavelengths. With respect to this assignment, it 
would be expected that the i c 2H6 formation equal 4>c3h4- 
It may be seen in Tables I and II that the quantum yields 
of C2H6 (in the presence of HI or H2S) are within the 
expected experimental uncertainties of these values.

Formation of Ethylene. As previously cited, ethylene 
is formed in conjunction with the formation of methyl- 
acetylene, reaction 12: but this reaction channel only 
accounts for a small fraction of the ethylene observed. Two 
additional sources of ethylene might be expected. Con­
sidering reaction 13, with the excess energy favoring the 
ethyl radical, a hydrogen atom may be eliminated. The 
resulting reaction channel would produce ethylene, a 
hydrogen atom, and an allyl radical (reaction 17). In

c 2h 4 + c 3h 5 (17)

addition, ethylene formation may be accounted for by a 
process similar to reaction 4, in that, through a methyl 
radical elimination and two C-C bond cleavages, ethylene 
may be formed (reaction 18). Assigment of values to 4>17

c h 3 + c 2 h 4 +  C 2H3 (18)

and <Pis would not be possible without a measure of either 
<f>c2H3 or 4>c3h5 since both H2S and HI appear nearly 
quantitatively to intercept vinyl radicals lz>13’19 and both 
lead to nearly the same value, i.e. [4>c2h3 =  $c2H4(with HI 
or H2S) -  4>c2H4(with NO)]. 4>c2h3 is assigned values of 0.12 
and 0.07. Recalling that reaction 11 required a vinyl 
quantum yield of 0.03 and 0.04 for 147.0 and 123.6 nm, 
respectively, then <}>13 = 0.09 and 0.03 for the two wave­
lengths in question.

Considering the total 4>C2h4 = 0.28 at 147.0 nm, the <f>l7 
= (0.28 -  f>n -  $ 18) = (0.28 -  0.01 -  0.09 = 0.18 at 123.6 
nm $ 17 = (0.25 -  0.03 -  0.03) = 0.19. The direct titration 
of the allyl radical by HI produces 4>C:)H5 = 0.13 and 0.15. 
This would seem to indicate that HI intercepted ap­
proximately 75% of the allyl radical, based on the as­
sumption that the vinyl radical was quantitively inter­
cepted. In reality, one must assume that neither the vinyl 
nor the allyl radical is quantitatively intercepted but will

account for around 80-90% o f these radical species 
present. With this in mind, the assumed values of reaction 
channels 17 and 18 should reflect approximately an 85% 
efficiency. Thus, <pi7 -  0.16 and </>lg = 0.11 at 147.0 nm 
and 4>17 = 0.18 and 4> 18 = 0.04 at 123.6 nm.

Othe- Primary Reaction Channels. Although H2S has 
been generally accepted as a quantitative intercepter for 
methyl radicals (and methylene), it can be seen that the 
quantum yield of methane is further increased in the 
presence of HI. If it can be assumed that HI is nearly a 
quantitative intercepter for methyl radical, tf>cH3 = 0.65 and 
0.49, at 147.0 and 123.6 nm, respectively. Considering the 
mechanism proposed at 147.0 nm, 4>CH3 = 4>1 + <j>4 + <j>18 
= 0.60 (assuming the methylene abstracts from HI, as 
opposed to inserting into the ethylcyclopropane ring in the 
presence of HI). At 123.6 nm, the mechanism predicts 4>CH3 
= 0.44. This would seem to indicate another reaction 
channe. for the production of CH3/C H 2. A second hint 
to the possible reaction channel may be found in the 
observed increase in 1-butene in the presence of HI, in­
dicating the presence of a C4H7 species. A value for 'I’qh, 
= 0.06 can be obtained at 147.9 nm and 0.04 at 123.6 nm. 
Since both the excess f>CH:l and the value of 4>c4h7 are equal, 
within experimental error, it would seem acceptable to 
assume that both are formed in the same reaction channel 
(reaction 19). 4>, 9 may be calculated from the methane

+ ch3  + c4 h7 (19)

yields as approximately 0.05 at both wavelengths.
It must be emphasized though, that the measurement 

of the CH3/C H 2 radical yields by HI titration must be 
considered a minimum value for the CH2 yield. Although 
the presence of HI did substantially reduce the C6 
products, still small amounts were observed indicating the 
incomp ete interception of all the methylene present.

Summary and Conclusion
The vacuum photolysis of ethylcyclopropane may be 

described in terms of nine primary reaction channels. 
These are given in Table III. It must be noted that the 
above mechanism gives <i>H = 0.42 and 4>Hî = 0.04 at 147.0 
nm; wh le at 123.6 nm $ H = 0.37 and $ h2 = 0-06, which 
are not in particularly good agreement with the reported 
$ h2 = 0.20 at both wavelengths. It must be recalled though 
that the results of the D2S experiments indicate pre­
dominate production of H atoms. This, coupled with the 
need of long irradiation times, would be expected to 
produce apparent hydrogen yields which are below the true
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Figure 3. The transient absorptions in aqueous solution, pH 5, argon 
saturated: • ,  NH2CN (0.1 M) +  S20 82- (0.1 M); x, S2Oe2'  (0.1 M). 0.5 
¡xs after the pulse, 26.7 krd.

at 325 nm. A possible explanation is that the radical 
produced in reaction 19 has a spectrum similar to that of 
the species produced in reaction 15. It seems more likely, 
however, that the OH adduct of cyanamide (eq 15) un­
dergoes a rearrangement on the submicrosecond scale, 
NH2C(O H )=N  (or NH2C=NOH) — NH2C (=0)N H , and 
that the absorption with a Arnax of 325 nm is due to 
NH2C (= 0 )N H  radicals only.

The Rate Constants of the Reactions of OH Radicals 
with Cyanamide and the Decays of Species Produced in 
Reactions 15 and 16. The values of kib and kw cannot be 
obtained experimentally by the techniques used in this 
work, but a reliable estimate is, however, possible. Based 
on the experimentally obtained overall rate constant fc(OH 
+ NH2CN) = 8.5 X  106 M“1 s '1 (ref 2) and on the kinetic 
behavior of the products from reactions 15 and 16, a 
reasonable assumption is kl6/kl5 = 0.1, which gives k, 5 =
7.7 X  106 M~x s~x and fe16 =  0.77 X  106 Mr1 s“1. These values 
were used in computer calculations.

The decay of the NH2C (= 0 )N H  radical was found to 
obey second-order kinetics and at pH 5

N H 2C (= 0 )N H  + N H 2C (= 0 )N H  -  P20 (2 0 )
2fe20 = 6 .2  X 1 0 9 M -; s - ‘

A pseudo-first-order process was found for the decay of 
the radical produced in reaction 16. This was observed 
at 370 nm. At pH 5
N H CN  + H 20  -  N H 2C (= 0 )N H  (2 1 )

k 21 =  1.1 X 1 0 3 M "1 S -

Acid Solutions of Cyanamide. The transient spectra 
observed at various acidities (0.01-1 M HC104) are similar 
to those shown in Figure 2a. It should be noted, however, 
that the absorption increases with acidity, as shown for 
the optical densities at 325 and 370 nm in Figure 4a. This 
increase is larger for the NHCN species. Its half-life also

250 300 350 400 A.nm

Figure 4. (a) The influence of acid concentration (HC104) on the transient 
absorption at 325 (upper curve) and 370 nm (lower curve). Cyanamide 
concentration 0.1 M, 20 krd. (b) The influence of the dose rate (1 .8-25  
krd in 1-jus pulse) on the transient absorptions at 325 nm measured 
at different concentrations of NH2CN: □ , 1 M NH2CN, pH 5; I ,  1 M 
NH2CN +  0.5 M HCI04; A , 0.5 M NH2CN, pH 5; A ,  0.5 M NH2CN +  
0.5 M HCI04; O, 0.1 M NH2CN, pH 5; • ,  0.1 M NH2CN +  0.5 M HCI04; 
for comparison the plotted OD values for 0.5 M perchloric acid solutions 
are 0 .9 1 0 0 ,^ .  (c) The absorption spectra of NH2C (= 0 )N H  ( A ^  325 
nm) and NHCN (Amx 370 nm).

strongly depends on the acidity: it decreases from 11 ns 
at pH 5 down to 2 ¡is in the presence of 1 M HC104. These 
findings suggest a protonation of the radical NHCN +  H+ 
— +NHzCN. The radical cation undergoes faster hy­
drolysis, which also may be seen from a comparison of k19 
and kn- A protonation of the radical produced in reaction 
15, NH2C (=0)N H  + H+ * NH2C (= 0 )+NH2, may explain 
the increase of the optical density at 325 nm, as well as 
a lower value of 2fe20 = 4.6 X 109 M_1 s '1 measured in the 
presence of 0.5 M HC104.

Figure 4a shows that the pK  of the transients formed 
in reactions 15 and 16 are shifted toward acidities higher 
than the pK  value of solute itself, which is reported as 1.1.10 
More work would be required for a better understanding 
of the acidity influence but the hydrolysis of cyanamide 
makes the interpretation of measurements difficult.

Reaction of OH with NH2C(—0)NH. The optical 
density at 325 nm depends both on the cyanamide con­
centration and on the dose rate as shown in Figure 4b. 
This dependence was observed both in neutral and acid 
media and with other solute concentrations as well. These 
variations in the hydroxyl radical adduct yield cannot be 
explained solely by an incomplete scavenging of the OH 
radicals, but must partly be attributed to a fast reaction 
of OH radicals with the radical adduct.

OH  + N H 2N C (= 0 )N H  -> P 22 fe22 =  4 X 1 0 9 M-> s’ 1 (2 2 )

The rate constant for reaction 22 was derived by computer 
calculations, fitting reactions 1-8,12-16, and 20-22 to the 
experimental values.
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purity), and trifluoroiodomethane (Pierce Chemical Co.) 
were used after repeated degassing on the vacuum line. 
Iodine was sublimed from a mixture of Mallinkrodt reagent 
grade I2, Baker reagent grade potassium iodide, and 
calcium oxide.

Preparation of Reaction System. A description of the 
techniques used to produce gaseous and condensed phase 
samples has recently been reported.10,11 High pressure 
gaseous samples were prepared by freezing 0.2 ±  0.01 Torr 
of iodine and 5 Torr of CF3I into the ampoule followed by 
the measured quantity of butene. Rare gas additives used 
in 1-atm samples were filled in the customary manner.10

Liquid samples were prepared by first freezing known 
quantities of iodine (5.15 X 10-5 mole fraction) into the 
ampoule followed by a known quantity of butene.

All samples were filled in a dark room, wrapped in 
aluminum foil, and stored in liquid nitrogen until just prior 
to irradiation to prevent photoinduced reactions.

Neutron Irradiation. All irradiations were performed 
in the Omaha, Nebraska V.A. Hospital Triga reactor at a 
thermal neutron flux of 1.1 X  1011 neutrons cnr2 s_1, and 
an accompanying 7 ray flux of 3 X  1017 eV g"1 min-1. The 
samples were irradiated from 0.5 to 30 min and extrap­
olated to zero irradiation time for correction of radiation 
damage. The liquid phase samples were irradiated at room 
temperature, immersed in ice water or dry ice. The density 
o f the reaction mixture was determined by the method of 
Willard and Rice12 and compared to literature values.13,14 
To minimize thermal reactions of I2 with butene, tem­
peratures greater than room temperature were not at­
tempted.

Extraction Procedure. After irradiation, the ampoules 
were broken in a separatory funnel containing 5 mL each 
of CC14 +  I2 and 0.5 M Na2S 04 solution. The organic and 
inorganic phases (3 mL each) were counted in an Ortec 
single channel analyzer employing a 3 X 3 in. Nal(Tl) 
detector. The samples containing xenon moderator were 
counted on a Harshaw 12.2% efficient Ge(Li) detector 
interfaced with a Nuclear Data 2400 1024-channel analyzer.

Radiogas Chromatographic Separations of the Acti­
vated Mixtures. The radiogas chromatograph used in this 
research has been previously described in detail.10,11 The 
column used was a 3-mSS coil containing 5% by weight 
di-(2-ethylhexyl) sebacate on 50/60 mesh firebrick. Linear 
temperature programming from 25 to 130 °C was em­
ployed for gaseous samples together with a mixture of 
known carrier composition which was simultaneously 
injected into the helium stream. Liquid phase samples 
were directly injected into the chromatograph by em­
ploying the preinjection freeze-controlled-thaw techni­
que.10

Individual organic product yields were determined by 
triplicate radiogas chromatographic runs. Integration of 
the chromatograms gave relative yields which were nor­
malized to the total organic product yield to give the 
absolute individual organic yields (IOPY)15 for a particular 
mole fraction additive. A radiation dose curve as estab­
lished for each sample condition by evaluting yields for 
0.5-, 1.0-, 2.0-, 5.0-, 10.0-, 15.0-, 20.0-, and 30.0-min irra­
diations. Extrapolation to zero irradiation time produced 
TO PY16 and IOPY values corrected for radiolytic con­
tributions.

All the products reported in this paper showed a de­
crease in yield (with the exception of t-C4H9I in the me- 
thylpropene system) with increase in irradiation time. 
Butyl iodides were also observed in the cis-butene-2 and 
trans-butene-2 systems. However, their yields extrapolated 
to zero at zero time of irradiation. No attempt was made

Figure 1. Effect of rare gas additives on total organic product yield 
at 1 atm (c/s-butene-2); helium ( • ) ;  krypton (■); xenon (▲).

to analyze the inorganic products H128I produced by ab­
straction or 128I I by thermal exchange with the scavenger 
due to the rapid exchange between I2 and HI.

Results and D iscussion
The characteristics of radiative-neutron capture iod­

ine-128 have been reported.9 The translational spectrum 
of 128I ranges from 0 to 194 eV with a most probable value 
of 152 eV.16 Greater than 50% of the iodine born via the 
(n, 7 ) process are charged and at least 25% is in excited 
electronic states.17,18 The isomers of butene have several 
characteristics that make them ideally suitable for study. 
They are experimentally easy to work with and provide 
tr bond and multiple n bond sites for iodine attack. More 
importantly, butene-1, methylpropene, cis-butene-2, and 
irans-butene-2 have the same molecular weight, a narrow 
range of ionization potentials (a range of 0.6 eV),19 and 
many other properties that show only minor variations in 
the series. The only major variation in the series is 
structural.

The cis-Butene-2 System. The total organic product 
yield of iodine-128 with cis-butene-2 in the 1-atm un­
moderated system is found to be 60.5 ±  2.2%. Three 
products are observed: CH3I (47.0%), C2H3I (11.5%), and 
C2H5I (2.0%). 0 2 is often added to systems as a radical 
scavenger; however, at 0.1 mole fraction 0 2 additive the 
organic product yield is 59.0 ±  2.0%, equal within ex­
perimental error, to that of the I2 scavenged 1-atm system. 
Both 0 2 and I2 are radical scavengers. In all systems 
containing oxygen additive, I2 was also present. Even if 
the 0 2 and I2 reaction rates with radicals are different as 
we may expect, we would expect the addition of 10 mole 
% 0 2 to the system would be sufficient to scavenge a 
significant radical population. Therefore, since the ad­
dition of 0 2 has no effect on the organic product yield, we 
suggest there are no major product formation routes that 
are radical in nature in the cis-butene-2 system.

The removal of I2 from the reaction system has a more 
profound effect. Unlike “ normal” systems where I2 acts 
as a radical scavenger, the total organic product yield is 
reduced to 29.9 ±  3.5%, the major reduction being in the 
CH3I (to 19.7%) and the complete suppression of C2H6I. 
This is similar to the 128T- G2H4 system,7 where Pettijohn 
and Rack found ion-molecule reactions to occur that were 
dependent on the formation of 128I-I+ as the initiation step 
of the reaction mechanism. Pettijohn and Rack also re­
ported an inverse trend in moderator behavior, not nor­
mally associated with hot reactions. As can be seen in 
Figure 1, a similar trend occurs in the 128I-cis-butene-2 
system where moderation occurs in the order Xe < Kr <
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MOLE FRACTION MODERATOR

Figure 3. Effect of rare gas additives on total organic product yield 
at 1 atm (trans -butene-2): helium ( • ) ;  krypton (■); xenon (A).

Figure 4. Effect of mole fraction helium on individual organic product 
yields at 1 atm {trans-butene-2): CH3I (■); C2H3I (A).

though decreasing with increasing pressure as observed, 
cannot explain the increase of CH3I yield in the highest 
density condensed phases. The proposed reaction in­
termediate (2), while involving only internal migrations, 
is sensitive to the molecular environment. This sensitivity 
is most likely the result of nonreactive stabilizing collisions 
with the vibrationally excited product.

The trans-Butene-2 System. Iodine-128 is organically 
bound in the 1-atm trans-butene-2 system to the extent 
of 23.8 ± 0.4% and, as seen in Figure 3, exhibits the same 
moderator trend (Xe < Kr < He) as observed in the 
ci.s-butene-2 system. No reduction in total organic product 
yield is observed in the presence of 10 mol % 02; however, 
counter to the ci’s-butene-2 system, an increase in organic 
yield (to 29.9 ± 3.5%) is observed in the absence of I2. It 
is apparent that, contrary to the moderator data, no 1 2 - 
dependent ion-molecule reactions occur. Figure 4 shows 
the variation of vinyl iodide and methyl iodide yields with 
mole fraction of He. The methyl and vinyl iodide yields 
decrease with increase mole fraction of the rare gas ad­
ditives Kr and Xe with vinyl iodide showing “normal” 
behavior (He < Kr < Xe) and inverted behavior for methyl 
iodide.

This apparently paradoxical problem of moderator 
trends is resolved by noting the gas to condensed phase 
transition data (Table II). The vinyl iodide yield increases 
throughtout the entire gas to condensed phase transition 
showing hot reaction and enhancement. The methyl iodide 
yield decreases and disappears in the condensed phase. 
The anomolous behavior observed under moderated 1-atm 
conditions is the result of CH3I being formed via a de­
composition reaction.

TABLE II: Total and Individual Organic Product Yields
for the frans-Butene-2-■Iodine System

P, g cm '3 \/o TOPY c h 3i C2H3I
0.002 (1 atm) 15.04 23.8 ± 0.4 13.6 10.2
0.007 (3 atm) 7.85 36.2 ± 1.5 9.4 26.8
0.60 (liq, 23 °C) 1.77 37.9 ± 2.1 37.9
0.63 (liq, 0°C) 1.75 42.3 ± 1.3 42.3
0.71 (liq, -7 8  °C) 1.68 43.8 ± 0.4 43.8
Absence of I2 at 29.9 ± 3.5

1 atm
10 mol % 0 2 at 23.7 ± 1.4

1 atm

Figure 5. Effect on rare gas additives on total organic product yields 
at 1 atm (methylpropene): helium ( • ) ;  krypton (■); xenon (A).

Figure 6. Effect of mole fraction helium on individual organic product 
yields at 1 atm (methylpropene): CH3I (■); C2H£I (▼); /'-C4H9I (A).

£rans-Butene-2 would appear to proceed via a short-lived
reaction intermediate analogous to the 
actions (2-4):

cis-butene-2 re-

C4H8 + (I)exc [C2H4I ] exc 110)
[C2H4I ]exc -*■ C2H3I (11)

c h 3i (12)

while it may be tempting to ascribe part of the CH3I yield 
to direct attack by I at a terminal CH3 group, this would 
result in a product whose yield should increase or remain 
constant throughout the gas to condensed phase transition. 
Only a decomposition mode would show the negative 
pressure dependence observed.

The Methylpropene System. Presented in Figures 5-8 
are the effects of rare gas additives on the total and in­
dividual organic product yields of the iodine-128- 
methylpropene system.21 An inverse moderator trend is 
again observed where Xe < Kr < He. Three organic 
products are observed in the 1-atm unmoderated system:
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TABLE III: Total and Individual Organic Product Yields for the Methylpropene-Iodine-128 System
P, g e m '3______________ \/o T O P Y  CH3I C2H sI ¡-C4H9I

0.002 (1  atm ) 1 5 .66 58 .4  ± 1.2 33 .8 18.7 5.9
0 .0 07  (3  atm ) 10.86 54.7  ± 3.7 32 .8 17 .7 4.2
0 .59  (liq , 23 °C ) 2 .46 26.7  ± 1.1 11.2 12.3 3.2
0 .62  (liq , 0 ° C ) 2 .43 32 .5  ± 2 .3 24 .4 6.5 1.6
0 .70  (liq , - 7 8  °C ) 2.33 4 6 .2  ± 0.7 41 .1 5.1
A bsen ce o f  I2 at 26 .2  ± 2.3 25 .4 0.4 0.4

1 atm
10 m ol %  0 2 at 45 .1  ± 2.8

1 atm

Figure 7. Effect of mole fraction krypton on Individual organic product 
yields at 1 atm (methylpropene): CH3I (■); C2H5I (▼); /-C 4H9I (A).

Figure 8. Effect of mole fraction xenon on individual organic product 
yields at 1 atm (methylpropene): CH3I (■); C2H5I (Y).

viz., CH3I (33.8%); C2H5I (18.7%); and ¿-C4H9I (5.9%), 
summing to a total organic product yield of 58.4 ±  1.2%. 
The removal of I2 at 1 atm results in a reduction of yield 
to 26.2 ±  2.3%, again suggesting the presence of I2 de­
pendent ion-molecule reactions. Only trace quantities, 
approximately equal to zero within the limits of error, are 
found for ethyl iodide and isobutyl iodide suggesting that 
they are formed entirely by these I2 sensitive reaction 
channels. The addition of 0.1 mole fraction of 0 2 also 
suppresses the organic product yield to 45.1 ±  2.8%. 
Examination of Figure 5 shows that the 0 2 suppression is 
approximately equal to that expected by kinetic energy 
moderation (the point falls between the Kr and He curves) 
but, since kinetic theory cannot be rigorously applied to 
iodine systems, some doubt may exist as to the suppression 
being entirely due to kinetic energy moderation or a 
combination of moderation and radical suppression.

The data in Table III show the effect of collapsing 
molecular environment on the total and individual organic 
product yields. Similar to the cis-butene-2 systems there

is an initial decrease in total organic product yield with 
increasing density followed by an increase in yield in the 
condensed state. The product yield of CH3I follows an 
identical trend. Ethyl- and isobutyl iodide display a 
decrease in yield with ¿-C4H9I disappearing in the highest 
density system.

This decrease in C2H5I and ¿-C4H9I yields is suggestive 
of decomposition reactions, but, as strictly the result of 
I2-dependent reactions, cannot be the result of the de­
composition of a short-lived reaction intermediate, as in 
trans-butene-2 (hot reaction), or from a persistent reaction 
complex as in acetylene or butene-1 systems.8,9 Fur­
thermore, the decomposition of an Independent complex 
of the type [C4H8I2]+ is not feasible since the i-C4H9I 
product would be the result of a stabilization reaction and 
the C2H5I product can only be formed via extensive re­
arrangement, most probably requiring a second methyl­
propene molecule. The decrease in yield of these two 
products must be the result of kinetic and/or dynamic 
restrictions which are functions of molecular environment. 
For example, in the formation of the reaction initiator 
128I-I+, the use of a constant quantity of I2 in the gaseous 
and high pressure samples results in a decrease in the mole 
fraction of I2, reducing the relative concentration of the 
reactant. Additionally, if directed attack on an olefinic 
molecule is a necessity for the formation of an I2-olefin 
complex (it appears that attack at the double bond is 
required), the interposition of nonreacting molecules 
between the I2+ and the ultimate target molecule results 
in the narrowing of the successful attack angle, the 
equivalent of a reduction in reactive cross section.

Methyl iodide is the only product which has both 12- 
dependent and nondependent product formation routes. 
Since the 0 2 additive data are inconclusive, the data do 
not provide sufficient evidence of a “ radical” formation 
route for CH3I. However, in considering possible product 
formation routes, we must include the radical formation 
routes for CH3I in the reaction scheme. These reaction 
routes would show the necessary enhancement increase in 
the condensed phase that would result in an increase in 
the organic product yield. The proposed scheme is

C4H 8 + ( I )e x c  -  C H 3I 
C4H s + (I )exc -  C H 2I -  CH 3I 

128I + I 2 -* I + ,28I-I  +

I 2 + + C4H 3 -  [C 4H 8I2 r  

[C 4HaI 2r - C H 3I 

C 2H sI

-  c 4h 9i

(1 3 )

(1 4 )

(1 5 )

(1 6 )

(1 7 )

(1 8 ) 

(1 9 )

The Systematics of Iodine-128 Attack on ir-Bond 
Systems. From previous studies of reactions of radiative 
neutron capture iodine with 7r-bond systems4,5,7 it is known 
that iodine reactions are diverse and complex. Cursory 
examination of these iodine-7r bond systems shows no 
systematic trend with simple chemical or physical pa-
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The kinetics of reactions of several electron acceptors with trapped electrons in alcohol glasses at 77 K have 
been studied from 10 7 to 102 s by pulse radiolysis. In EtOH glass, where the traps progressively deepen with 
time, weak acceptors capture only the shallowly trapped electrons present at short times. Some strong acceptors 
react more readily with the deeply trapped, than with the shallowly trapped electrons. The observations are 
qualitatively rationalized in terms of long-range electron transfer (tunneling) reactions, the rates of which depend 
on Franck Condon factors for overlap with vibrational states of the products. Spectral changes of the trapped 
electrons, which occur with or without added acceptors, are attributed to relaxation of the solvent around the 
electrons. The data do not support the concept that the electrons undergo any transport processes, aside from 
tunneling to electron-accepting impurities, on the time scale of these experiments.

I. Introduction
This paper explores the influence o f energy on electron 

tunneling reactions by exploiting the time dependent trap 
depths of solvated electrons trapped in alcohol glasses. 
The electron solvation process effectively “sweeps” the 
exothermicity of the electron transfer reaction as a function 
o f time. The results will be interpreted in terms of the 
effects of nuclear restrictions (e.g., Franck Condon factors) 
on electron tunneling reactions. The results also support 
the concept that electron solvation occurs by dipole re­
orientation around a stationary trapped electron (all 
localized electrons will be called trapped electrons, herein, 
no matter what their state of solvation).

“ Electron tunneling reactions” described herein are 
electron transfers which occur at long distances, between 
species separated by tens of angstroms of inert solvent. 
Because the rates of these reactions depend very strongly 
on distance (typically the rate changes by a factor of 10 
for each 1.5 A change in distance between the reactants), 
a huge range of rates is observed when the reactants are 
randomly dispersed in rigid matrices. There is much 
evidence for these reactions1 including observation of 
tunneling reactions over as many as ten orders of mag­
nitude in time2-6 and implication of electron tunneling in 
photosynthetic electron transport.7

The rates of tunneling reactions of trapped electrons 
depend strongly on the nature of the acceptor, displaying 
large range of rates (>1010).2 The rates seem to depend 
very strongly on the difference between the energy which
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Research o f the U.S. Energy Research and Development Adminis­
tration.
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binds the electron to the electron donor and the electron 
affinity of the acceptor.2

Electrons trapped in alcohol glasses reside initially in 
shallow traps and absorb light in the infrared, relaxing to 
deeper traps which absorb in the visible.8"12 These re­
laxations deepen the traps over a wide time scale from 
nanoseconds to minutes,10”12 and have interesting effects 
on the kinetics of electron tunneling reactions with ac­
ceptors added to the matrix.

II. Experimental Section
All of the experimental procedures have been described 

in ref 11 and its supplementary material, copies of which 
are available from the author. Reagent grade chemicals 
were used without additional purification. The molar 
concentrations given herein are for the matrices at 77 K. 
The room temperature concentrations were about 17% 
smaller. Samples were degassed and sealed off under 
vacuum in quartz cells. They were immersed in liquid 
nitrogen at least 5 min before use.

The samples were irradiated with 4-40 ns, 5 A pulses 
of ca. 15-MeV electrons. The analyzing light passed 
through a monochromater (bandwidth < 10  nm full width 
at half-height) and a light chopper (5% “ on” ) before 
reaching the sample to reduce photobleaching. Tests both 
in the pure matrices and in matrices containing scavengers 
showed that the data were unaffected by fivefold changes 
in light intensity. EMI 9781R and RCA 8852 (for A >600 
nm) photomultiplier tubes were used in five-stage con­
figurations. Data were digitized by a Biomation 8100 
transient recorder, operated under control of the Chemistry 
Division’s Sigma 5 computer. The yields of absorbance 
were reproducible to only ±10% , but the reported results

©  1978 American Chemical Society
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Figure 1. R e a c t io n s  o f  t r a p p e d  e le c t r o n s  in M eO H  ( + 5 %  e th y le n e  
g ly c o l)  a t 7 7  K. A t e a c h  p oin t in tim e  th e  a b s o r b a n c e  A  in a  s a m p le  
c o n ta in in g  e le c t r o n  a c c e p t o r  is d iv id ed  b y  th e  a b s o r b a n c e ,  A 0, in a 
s a m p le  w ithout a d d e d  e le c tr o n  a c c e p t o r s .  T h e  a b b rev ia tion s  u se d  a re  
listed  in T a b le  I.

Log|Q(t), sec

Figure 2. R e a c t io n s  o f  t r a p p e d  e le c t r o n s  in EtOH g la s s  a t 7 7  K. A 
a n d  A 0 h a v e  th e  s a m e  m e a n in g  a s  in F igure 1.

are based on repeated experiments and the yields are 
believed to be accurate to ±7 %. The shapes of the decay 
curves were more reproducible.

III. Results
Spectral shifts during solvation of electrons in alcohol 

glasses cause the absorbance due to the electrons to grow 
in the visible and decay in the near-infrared. The largest 
growth occurs in EtOH glass, where the absorbance at 550 
nm almost doubles between 1(T7 and 102 s. Complete data 
are reported in ref 10-12. Methanol glass (which contained 
5% ethylene glycol (EtG) to prevent crystalization) is 
unusual among alcohols in that the final (visible) ab­
sorption spectrum is almost fully formed at 10~8 s.11 Figure 
1 shows the decay of solvated electron absorbance due to 
several electron acceptors. To correct for the small growth 
of absorbance which occurs in MeOH glass without ac­
ceptors, we divide the absorbance (A) in the sample 
containing the acceptor by A0, the absorbance of MeOH 
glass without acceptor. This is done at each point in time. 
Thus we plot the fraction of solvated electrons which 
survive capture by the acceptor as a function of time. We 
use the same method in the other alcohols.

The reactions of acceptors with solvated electrons in 
MeOH glass (Figure 1) are very similar to reactions in 
aqueous glasses.2,3 We note especially that the several 
fastest reacting acceptors give almost identical decay 
curves. The situation in EtOH glass (Figure 2) is different. 
In EtOH glass the decay curves for the strong electron

F ig u re  3 . D e c a y  o f  tra p p e d  e le c t r o n s  in EtO H  at 7 7  K o b s e r v e d  at 
d iffe re n t w a v e le n g th s  a s  th e  e le c t r o n s  r e a c t  w ith n it r o b e n z e n e .  T h e  
stim ulations, from  e q  2  and  3  (d a sh ed  cu rv es ), a re  b a s e d  o n  th e  e x tre m e  
a ssu m p tio n  that a b so rp t io n  a t d ifferen t w a v e le n g th s  is d u e  t o  d ifferen t 
e le c t r o n s ,  a n d  that th e  o b s e r v e d  p h o to n  e n e r g y  is p ro p o r t io n a l t o  th e  
trap  d ep th .

F igure 4. D e c a y  cu r v e s  at different o b se rv in g  w a v e le n g th s  fo r  rea ction  
o f  tr a p p e d  e le c t r o n s  in EtOH with th e  w e a k  a c c e p t o r  a c e t o n e .

acceptors nitrobenzene (NBz), I2, tetranitromethane 
(TNM). and picric acid are similar to each other and to 
the corresponding decay curves in MeOH only at long 
times (t > 1 s). At short times, when the electrons in EtOH 
are in shallow traps, picric acid captures a greater fraction 
of the electrons in EtOH than in MeOH. This is as ex­
pected, because the more shallowly trapped electrons in 
EtOH can tunnel further in a given period of time. 
However remarkably, the strong acceptors NBz, I2, and 
TNM capture fewer electrons at short times (<10-4 s) in 
EtOH than in MeOH. Apparently these strong scavengers 
react efficiently with deeply trapped electrons, but not as 
efficiently with shallowly trapped electrons. These effects 
can be rationalized in terms of Franck-Condon restrictions, 
which can slow a reaction because it is too exothermic.

Figures 1 and 2 show reactions measured at only one 
wavelength, at approximately the long time Amax, although 
the spectra of the solvated electrons are broad in all 
matrices (>1 eV at half-height) and change with time in 
EtOH and 2-PrOH (2-propanol) glasses. Figures 3-5 show 
how the decay curves are affected by the wavelength at 
which the absorbance is measured. There little effect of 
wavelength on the decay curve in EtOH (Figures 3 and 4) 
indicating that most of the electrons have similar trap 
depths at any given instant in time, even while the



Tunneling Reactions of Trapped Electrons

Log|0 (t), sec

F igu re  5 . D e c a y  o f  tra p p ed  e le c tro n s  o b s e r v e d  at different w a v e len g th s  
a s  th e  e le c t r o n s  r e a c t  w ith n itro b e n z e n e  in 2-P rO H  g la s s  a t 7 7  K. T h e  
d iffe r e n c e s  a m o n g  th e  d e c a y  c u r v e s  in d ica te  that ra n g e  o f  trap  d ep th s  
s im u lta n e o u s ly  p r e s e n t . T h e  d a s h e d  c u r v e s  h a v e  th e  s a m e  m e a n in g  
a s  in F igure 3 . T h e  ra n g e  o f  trap  d e p th s  a p p e a r s  t o  b e  n a rro w e r  than 
th e  r a n g e  o f  p h o to n  e n e r g ie s  in th e  a b s o r p t io n  s p e c tr u m .

F ig u r e  6 .  D a ta  o f  B a x e n d a le  a n d  S h a r p e 12 re p lo tte d  to  d e m o n s t r a te  
th e  in v a ria n ce  o f  th e  a b sorp tion  s p e c tru m  o f  tra p p e d  e le c t r o n s  in EtOH 
a t  7 7  K a s  b e n z y l c h lo r id e  c a p tu r e s  th e  e le c t r o n s .

spectrum changes during solvation. The decay curves in
2-PrOH (Figures 5 and 7) are more sensitive to the 
wavelength of observation, indicating some dispersion of 
trap depths, with the shallower traps having red-shifted 
absorption spectra.

Similar data for the case of benzyl chloride have been 
obtained over a wider range of wavelengths.12 Figure 6 
shows data of Baxendale and Sharpe12 replotted to show 
the invariance of the solvated electron’s absorption 
spectrum as benzyl chloride (BzCl) captures electrons in 
EtOH glass at 77 K. Even when nearly half of the elec­
trons have been captures by BzCl, the shape of the 
spectrum of et in 0.0174 M BzCl is identical, within ex­
perimental uncertainty, to the spectrum in pure EtOH. 
This agrees with the present results (Figures 3 and 4), 
which show decay curves that are nearly independent of 
wavelength. Baxendale and Sharpe12 also studied the 
reaction of trapped electrons in 1- and 2-propanol, where 
the spectra12 (not shown here) were altered as the electrons 
decayed. The spectral changes were greatest in 1-propanol, 
where the ratio of the far red absorbance (1300 nm) to the 
absorbance at the peak of the spectrum (~  575 nm) de­
creased almost a factor of 2 at 1 s by the addition of 8.7 
mM BzCl. It appears that trapped electrons are present 
in a fairly wide spectrum of trap depths in 1-PrOH, in 
contrast to EtOH.

Figure 7 shows decay curves for the weak acceptors CS2 
and phenol. As with acetone (Figure 4) these acceptors

The Journal o f  Physical Chemistry, Vol. 82, No, 7, 19 7 8  769

F igu re  7 . D e c a y  o f  tra p p ed  e le c tr o n s  rea ctin g  with the w e a k  a c c e p t o r s  
(a ) 0 .0 5  M C S 2 a n d  (b) 0 .2  M p h e n o l in a lc o h o l  g la s s e s  a t  7 7  K . T h e  
re a ct io n s  a lm o s t  c e a s e  a fte r  the e le c t r o n s  b e c o m e  su fficien tly  s o lv a te d  
a t «5 1 0 _1 s  in EtOH, « 1 0 1 s  in 2 -P rO H , a n d  < 1 0 ~ 8 s  in M eO H .

F igu re  8 . G row th s  o f  a n ion s  o f  b iphenyl a n d  triph enyleth y lene a s  th e s e  
a ro m a tic  m o le c u le s  ca p tu re  tra p p e d  e le c tr o n s  in 2-PrO H  at 7 7  K. T h e  
g ro w th s  a r e  m o n ito re d  a t th e  p e a k s  o f  th e  a n io n s . T h e  f ig u re  a ls o  
d isp la y s  th e  a b s o r b a n c e  a t  n e a rb y  w a v e le n g th s  w h e r e  th e  ex tin ction  
coe ffic ien ts  o f  th e  an ions a re  at least five tim es sm aller, but the extinction 
c o e f f i c ie n t s  o f  th e  t r a p p e d  e le c t r o n s  a r e  n ot g re a tly  d ifferen t,

are effective at capturing only the shallowly trapped 
electrons. As the traps deepen in EtOH and 2-PrOH, 
reaction with these acceptors slows greatly, and nearly 
ceases in some cases, leaving a sizeable fraction of the 
electrons unreacted. The remaining absorbances in these 
cases (e.g., acetone, CS2, and phenol) are smaller if larger 
concentrations of the acceptors are used, and are readily 
bleached with visible light, indicating that the absorbances 
are due to solvated electrons.

Figure 8 shows the growths of anions of biphenyl (Ph2) 
and triphenylethene (Ph3Et) as these molecules capture 
solvated electrons in 2-PrOH by tunneling. The growth 
of Ph2 is relatively small because Ph2 is a weak acceptor 
which reacts well only with the shallowly trapped electrons 
which are present at early times. The apparent growths 
of Ph2 and Ph3Et would both be larger were it not for

c  v a w u f) 3 ™ vi n ' i a i ri «  j
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Figure 9. D e c a y s  o f  tra p p e d  e le c t r o n s  r e a c t in g  with v a r iou s  a ro m a tic  
m o le c u le s  In M eO H  a t  7 7  K. T h e  d e c a y  c u r v e s  h a v e  b e e n  c o r r e c t e d  
fo r  th e  g ro w in g  a b s o r b a n c e  d u e  to  a n io n s  o f  th e  a r o m a t ic s .  T h e  
a b b re v ia t io n s  a r e  g iv e n  in T a b le  I, e x c e p t  fo r  b iphenyl, w h ich  a p p e a r s  
a s  P h 2 th e re .

decay of these anions due to protonation by the solvent 
and transfer of the electrons to positive charge or other 
radiation products.6 Kevan reported that Ph2- did not 
grow under similar conditions,9 but his data covered a 
much narrower range of time. In the present work, the 
anions of pyrene and PhoEt were also observed to grow in 
EtOH glass.

Figure 9 shows reaction of several aromatic molecules 
with solvated electrons in MeOH glass. Most of these 
aromatics do not have sufficient electron affinity to react 
efficiently with the deeply trapped solvated electrons in 
MeOH glass.

Discussion
A. Literature Review and List of Conclusion to be 

Drawn. Solvated electrons in alcohol glasses are useful for 
the study of electron transfer reactions, particularly to 
determine the role of energy in determining the reaction 
rates. For this use of solvated electrons, we must un­
derstand their nature, which is in dispute. It is generally 
agreed8-12 that the near-infrared spectra observed at short 
times (<10~5 s) in EtOH, 1-PrOH, and 2-PrOH at 77 K are 
due to shallowly trapped electrons, and that the spectra 
peaking in the visible at long times (>1 s) are due to deeply 
trapped electrons. Most workers assume that the trap 
depths are approximately equal to the size of the absorbed 
quanta. It is not known whether the spectra are very broad 
because each electron has a broad spectrum 
(“ homogeneous broadening” ), or because many different 
electrons absorbing at different wavelengths combine to 
produce a broad spectrum (“ heterogeneous broadening” ). 
Neither is it known whether the electrons reorient solvent 
molecules to “ dig” deeper traps, or move about “ seeking” 
deeper, preformed traps. Walker13 has recently reviewed 
the “ diggers” vs. “ seekers” and homogeneous vs. heter­
ogenous broadening questions. The diggers-seekers 
question is closely related to the mechanism of reaction 
with solutes. Thermally activated “ trap hopping” 12 and 
“ trap to trap tunneling” 14 have been suggested to explain 
reactions with solutes as well as spectral changes which 
occur in the absence of solutes. These are presently only 
rough concepts which have not yet led to well-defined 
models.12,14 Both of these concepts are rejected here, for 
the reasons given below.

It is concluded that electrons, once localized in alcohol 
glasses, are immobile, except for the possibility of tunneling 
directly to an electron acceptor added to the matrix. The 
rates of these tunneling reactions are controlled by

well-known principles of outer-sphere electron transfer. 
The reactions serve as tests of electron transfer theories 
with three unusual features: (1) fixed distances (no dif­
fusion), (2) low temperature, (3) the energy of the donor 
state varies with time as the electrons solvate. The 
electrons dig deeper traps by reorienting nearby solvent 
molecules. This reorientation process is gradual, taking 
many orders of magnitude change in time to deepen the 
traps by about a factor of about 2. In EtOH at inter­
mediate times, most of the electrons are at the same stage 
of the solvation process, and have very similar trap depths. 
The spectra are therefore homogeneously broadened, in 
the limited sense, that the breadth of the spectra are not 
due to different trap depths. In 1-PrOH, and to a lesser 
extent in 2-PrOH, a substantial range of trap depths 
contributes to the widths of the spectra.

The ways in which the present data and data of other 
workers point out to these conclusions will be described 
below.

B. The Nature of Electron Solvation and Reactions. 
1. Evidence Against Trap Hopping Mechanisms. It is 
tempting to explain both the spectral shifts and electron 
capture by solutes in rigid alcohol glasses by one mech­
anism: that electrons hop into successively deeper,
preexisting traps. The conceptual difficulties with such 
a mechanism would seem nearly to rule it out a priori, as 
will be discussed below. Conflicts of trap hopping 
mechanisms with present experimental data and data of 
other workers will be described first.

Figures 1-7 show that, as in aqueous glasses,2 the time 
required to capture a given fraction of the deeply trapped 
electrons is longer by a factor of at least 108, for many of 
the weak acceptors, than for the strong acceptors. This 
is true for several acceptors (biphenyl, naphthalene, 
acetone, CS2, CC14, phenanthrene, and Cd2+) which react 
at nearly diffusion-controlled rates with solvated electrons 
in liquid alcohols. The weak acceptors often react only 
with the shallowly trapped electrons present at short times, 
while strong acceptors react with deeply trapped electrons 
as well. The “ reaction radii” for weak acceptors listed in 
the trap to trap tunneling model14 could not be inde­
pendent of time as Buxton assumed,14 but would have to 
decrease to unreasonably small values, less than 1 A, at 
long times (t > 10“3 s in EtOH glass and over our whole 
time region in MeOH glass). Clearly the direct interaction 
between the trapped electron and the acceptor molecule 
is most important, not the rate of trap to trap hopping, 
which should be unaffected by the nature of the acceptor.

This is also indicated by studies at very low tempera­
tures, where the spectral shifts are greatly slowed. The 
shallow, infrared absorbing electrons in EtOH, which 
disappear on the microsecond time scale at 77 K, are stable 
to at least minutes at 4 K.15,16 However benzyl chloride, 
a weak acceptor, captures electrons much more effectively 
at 4 K than at 77 K.18 This result is readily understood 
in terms of tunneling, because the shallowly trapped 
electrons live longer, and thus can tunnel farther at 4 K. 
If “ trap hopping” were responsible for the spectral changes 
and the reactions with solutes, then these processes should 
not have been affected oppositely by a temperature change. 
The data of Higashimura and co-workers18 also provide 
interesting evidence that relaxation processes, which are 
inhibited at least for minutes at 4 K, are necessary to 
develop the optical absorption spectrum of the benzyl 
radical (Bz-). Thus the absorbance of Bz- is an unreliable 
measure of electron capture by BzCl. This may have 
contributed, along with the inability of this weak acceptor 
to react efficiently with deeply trapped electrons, to





772 The Journal o f  Physical Chemistry, Vol. 82, No. 7, 1978 John R. Miller

The failure of electron acceptors to modify the ab­
sorption spectrum in EtOH also shows that electron 
solvation occurs either continuously or, through many 
steps. If solvation occurred in one or two discrete steps, 
the spectrum would either show sudden changes (viewed 
in log time) if all electrons had the same rate constant for 
each step, or would be altered by electron acceptors if 
different electrons took greatly different times to solvate. 
Solvation in many steps seems unlikely to be accomplished 
by the trap to trap tunneling mechanism unless such 
tunneling can occur with very little energy loss in each step.

The data which led us to believe that most of the 
trapped electrons in EtOH have similar solvation histories 
do not exclude the possibility that a modest fraction 
(<20%) of the trapped electrons are solvated much faster 
than the rest. This possibility is supported by the fact that 
0.017 M benzyl chloride in EtOH at 4 K removes almost 
all of the infrared absorption (shallowly trapped electrons) 
revealing a small absorption in the visible, similar to the 
spectrum of fully solvated electrons, and by photoshuttling 
between visible and infrared absorbing traps at 4 K.18 
Clearly trapped electrons may be simultaneously present 
in a wide range of trap depths at 4 K. This may be true 
also at early times at 77 K, but the present data suggest 
that it is only a small fraction of the trapped electrons 
which have trap depths substantially deeper than the 
average.

C. Theory for Electron Tunneling Reactions. The 
complex variations of the reaction rates with time and the 
nature of the acceptor will be interpreted by electron 
tunneling reaction rates proportional to Franck-Condon 
factors, F. This is the same interpretation we used in 
aqueous glasses.2 The tunneling rate IT at a given distance 
a is

F igure 10 . F ra n ck -C o n d o n  fa cto rs , F, a s  a  function  o f  th e  exoth erm icity , 
A E, o f  a n  e le c t r o n  tra n s fe r  r e a c t io n . T h e  c u r v e s  a p p ly  to  a  d is p la c e d  
(vibrational m o d e (s )  h a v e  different in tern uclear d is ta n ce s  in th e  p ro d u c ts  
than in th e  r e a c ta n ts )  h a rm o n ic  o s c illa to rs  o f  f r e q u e n c y  hoc. A  la rger  
S  in d ica te s  la rg er  d is p la c e m e n t(s ) .  T h e  d e c r e a s e  in F, a n d  h e n c e  
r e a c t io n  ra te , will n o t  g rea tly  s lo w  th e  r e a c t io n  a t  la rg e  v a lu e s  o f  A E  
if a  low -ly in g  e le c t r o n ic  e x c i te d  s ta te  o f  th e  p r o d u c t s  is a v a ila b le  to  
d iss ip a te  e n e rg y , a s  ex em p lified  by  th e  d a s h e d  lines, w h ich  in c lu d e  th e  
e f f e c t  o f  a  low -ly ing e x c ite d  s ta te  a t 2 5  hoc (2 .5  e V  fo r  e x a m p le  if hoc 
is 0 .1  e V ).

W = v0F exp[-2a(2m B )in /h] s~‘ (1)
where vQ ~  1015 s"1. We invert this expression to obtain 
the tunneling distance a (in A) at a given time t (in s)
a =  a0 +  2 .26(15 + logE  +  log A (2)

where B is the binding energy for the electron on the donor 
(in this case a solvent trap) in eV and a0, which is usually 
about 4 A, corrects for the finite size of the electron donor 
and acceptor.

Equations 1 and 2 are currently based on very recent 
treatments of electron transfer20"27 which employ modern 
radiationless transition theory to express the electron 
transfer rate as the product of a Franck-Condon weighted 
density of states (line shape) function and the square of 
an electron exchange matrix element (interaction energy). 
Implicit in eq 1 is the estimation of the interaction energy 
using calculations on very simple model potentials, double 
square wells or the H2+ molecule ion.28 Also we use the 
separation to give a simple product of an averaged 
Franck-Condon factor and an averaged density of states 
for the region of interest.29 It is interesting that eq 1 and 
2 were first obtained from the different idea of a barrier 
penetration probability and an attempt frequency, with 
Franck-Condon factors inserted afterward.2 The new 
treatments place the theory on a more consistent basis.

The very interesting dependence of the Franck-Condon 
factor on temperature,20"22 with temperature-dependent 
activation energies and activationless regions, does not 
concern us here. We are most interested in the dependence 
of the rate on AE, the exothermicity of the reaction, at a 
constant, low temperature. For weakly exothermic re­
actions, the electron transfer increases rapidly with in­
creasing AE. For strongly exothermic reactions, which do 
not involve too much nuclear rearrangement, the rate, as

a function of AE, reaches a maximum and decreases at 
high AE.20~26 F decreases at high AE because vibrational 
wavefunctions for the vibrationally excited products os­
cillate rapidly, causing cancellation of overlap with the 
more slowly changing v = 0 states of the reactants. Il­
lustrative examples are sketched in Figure 10.

The examples of F vs. AE of Figure 10 are just the well 
known calculation of nuclear overlap for a displaced 
harmoic oscillator30 using Jortner’s21 extension of the form 
to more than one oscillator. If n vibrational modes are 
displaced by the electron transfer, each mode having a 
dimensionless, reduced displacement A; = (ix l̂ h)ll2Aqh 
then the total “ electron-phonon coupling strength” for the 
reaction is S = £;(A,2/2). The Franck-Condon factor F 
= exp( S)Sp/p', where ocD and Ac/, are the reduced mass, 
angular frequency, and the change in equilibrium inter­
nuclear distance of the ith vibrational mode. When vi­
brational modes with different frequencies are coupled to 
the electron transfer, the F vs. AE curve is more skewed 
so that F rises relatively faster at low AE and falls off more 
slowly at high AE.20 Figure 10 does not include the effects 
of “ low frequency phonon modes” (hoc < kT) which were 
included by Ulstrup and Jortner.20 The rigidity of the 
glassy matrices used in this work probably minimizes the 
participation of low frequency modes, which would not 
relax around the electron before it reacts with scavengers.

The rate and distance dependence of a tunneling re­
action are determined by two parameters, B and F, the 
binding energy which holds the electron on the donor, and 
the Franck-Condon factor. If B and F are known then the 
tunneling rates as a function of distance can be calculated. 
The decay curve for electron donors in the presence of 
randomly distributed acceptors is given byld’2’3>6
P =  e x p ( - 2 .5 1  X 1 ( T V M ) ( 3 )





to large changes in rates for weakly exothermic reactions. 
Both of these effects will flatten the decay curves for 
weakly exothermic reactions relative to decay curves for 
strongly exothermic reactions. Furthermore, the 
Franck-Condon factor or “ Franck-Condon weighted 
density functions” 31 may show considerable vibrational 
structure at small AE's which is washed out at large AE’s. 
This effect also would lead to large differences in rates for 
trapped electrons with small differences in their trapping 
energies, causing “ flattening” of the decay curves for 
weakly exothermic reactions.

2. Reactions in EtOH Glass. Increasing Trap Depths 
Cause Either Decreasing or Increasing Franck-Condon 
Factors. For weak acceptors, the trapped electron yields 
observed at —HT65 s are reduced, probably due to vigorous 
reaction of shallowly trapped electrons in the picosecond 
and early nanosecond regions. These reactions continue 
into the microsecond region but become very slow at longer 
times as the traps deepen, making AE very small or even 
endothermic. For these weak acceptors, the deepening of 
traps with time causes decreasing reaction rates at longer 
times (relative to the case of constant trap depths) for two 
reasons: the decreasing tunneling barrier permeability due 
to increasing barrier height, B, and the decreasing 
Franck-Condon factors, F, due to decreasing AE. The 
decay curves for reactions of trapped electrons with weak 
acceptors are strikingly different in EtOH than MeOH, 
where the trap depths are nearly constant with time.

For strong electron acceptors, the decay curves in EtOH 
are expected, and found, to be much more similar to those 
in MeOH. At short times when the traps in EtOH glass 
are shallow, the tunneling barrier height is smaller, 
speeding up the reaction. However the higher value of AE 
while the traps are shallow is likely to decrease the 
Franck-Condon factor for very exothermic reactions. 
These effects will partly cancel each other. Furthermore, 
shallow traps probably have nuclear configurations similar 
to unrelaxed solvent, so that less distortion and dis­
placement of vibrational modes (small S) occurs upon 
electron transfer to an acceptor when the traps are shallow. 
This leads to a stronger decrease of the Franck-Condon 
factor for strongly exothermic reactions. (See Figure 10 
and ref 20-21 for more detail.)

If F remained constant, independent of changes of the 
trap depths with time, then the decay curve might look 
similar to the dashed curve in Figure 11. A decrease in 
F for shallowly trapped electrons at short times would raise 
the dashed curve closer to the curve with constant B = 1.75 
eV. A large decrease in F might even cause the shallowly 
trapped electrons to react slower at short times than deeply 
trapped electrons (e.g., in MeOH) would. This would raise 
the dashed curve above the 1.75 eV solid curve at short 
times. This appears tc have occurred in EtOH glass with 
three strong acceptors, nitrobenzene, I2, and tetranitro- 
methane. Apparently these acceptors captured few of 
shallowly trapped electrons in EtOH during the picosecond 
and early nanosecond time regions. During the late na­
nosecond and microsecond regions, the decay curves 
“ caught up” as the traps deepened, increasing F. This 
effect will not occur if the acceptor undergoes large vi­
brational displacements or distortions when it captures an 
electron, or if the anion of the acceptor has low lying 
electronic excited states. Picric acid appears to be such 
a case.

Conclusions
The reactions of solvated and trapped electrons with 

added electron acceptors shows a rich variety of behavior, 
which might seem puzzling at first glance. Closer in­
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spection shows that the data are fully rationalized in terms 
of electron tunneling directly to the acceptors, with no 
intermediate “ trap to trap” transfers. The rates o f the 
election tunneling reactions are controlled by the 
Franck-Condon principle as has been elaborated in several 
recently developed theories of electron transfer.
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TABLE I: Relaxation Data at 25 “ C

H. B. Silber, D, Bouler, and T. White

x h2o
10 'M I2, 

Np cm"1 s2 f i2, MHz
1017Aln , 

Np cm"1 s2 f i l l ,  MHz
lO 'lB ,17 

Np cm"1 s2
A. 0.200 M NdCL Solutions

~0 20.4 ± 1.5 433 ± 163 151.2 ± 2.5 18.3 ± 0.61 30.7
0.022 26.7 ± 1.9 272 ± 48 171.2 ± 2.5 19.0 ± 0.6 30.6
0.043 37.7 ± 2.5 196 ± 20 168.3 ± 2.5 19.5 ± 0.7 30.5
0.12 51.6 ± 5.2 199 ± 25 129.2 ± 4.5 30.1 ± 1.8 30.6
0.20 77.7 ± 6.2 149 ± 11 78.4 ± 5.2 32.7 ± 3.0 29.6
0.26 61.9 ± 10.5 180 ± 25 55.5 ± 9.8 48.0 ± 7.3 31.4
0.35 66.8 ± 10.7 179 ± 27 31.3 ± 9.9 43.0 ± 12.9 32.4
0.48 60.2 ± 4.5 154 ± 12 9.8 ± 3.7 26.8 ± 18.4 34.7
0.68 19.6 + 6.0 226 ± 69 13.7 ± 5.6 55.8 ± 19.5 34.6
0.83“ 7.9 ± 0.3 212 ± 25 26.4
0.95b 24.8
1.0b 22.0

B. 0.200 M GdCl, Solutions
0.027 24.5 ± 3.3 273 ± 94 391.6 ± 31.1 10.7 ± 0.9 30.6
0.048 23.0 ± 1.5 510 ± 216 437.1 ± 12.4 11.5 ± 0.4 30.6
0.068 28.4 ± 3.1 260 ± 64 484.5 ± 17.5 12.4 ± 0.6 30.6
0.085 49.3 + 5.8 198 ± 39 465.5 ± 8.8 17.0 ± 0.7 30.5
0.15 46.4 ± 5.7 152 ± 22 424.4 ± 6.9 17.4 ± 0.7 30.2
0.20 69.2 ± 6.0 107 ± 8 357.7 ± 5.5 17.7 ± 0.7 30.0
0.35 85.6 ± 21.0 105 ± 18 82.4 ± 17.4 26.6 ± 7.4 32.4
0.38 77.4 ± 10.8 115 ± 13 89.8 ± 7.9 23.1 ± 4.2 32.4
0.41 67.3 ± 19.2 139 ± 33 78.3 ± 16.8 34.4 ± 8.2 33.4
0.43 80.0 ± 7.8 123 ± 10 44.4 ± 6.1 26.2 ± 6.1 33.7
0.58c 58.5 ± 3.2 79 ± 10 37.2 ± 3.4
0.69 32.6 ± 4.0 259 ± 73 23.2 ± 4.9 19.4 ± 9.7 34.2
0.83“ 11.1 ± 0.4 129 ± 33 26.3
1.00b 22.6

’ the high frequency relaxation is present. b No relaxations are present. c Could not be resolved in terms of
relaxations.

relaxation frequency for each step, At is the characteristic 
relaxation amplitude for each step, and B is the solvent 
absorption in the absence of any chemical effects. The 
excess absorption, p, is the difference between the system 
absorption and the solvent.

A Beckman Acta UV-visible spectrophotomer was 
utilized to determine the chloride association constants at
23.6 °C using an approximate technique.15 Hypersensitive 
peaks at 577.8, 521.7, and 346.4 nm were utilized for 
Nd(III) and 278.6, 275.5, and 273.8 nm for Gd(III). The 
measured association constants of 3.3 for NdCl2+ and 3.7 
for GdCl2+ were assumed to be valid at 25 °C because of 
the low AH value.

Results
No excess absorption occurs in either lanthanide salt 

solution in water, indicating the absence of inner-sphere 
complexation, a feature observed in previous studies by 
x-ray5 and NMR.16,17 Below water mole fraction of 0.95, 
the GdCl3 and NdCl3 solutions have a sound absorption 
greater than aqueous methanol in the presence or absence 
of NaCI18 (Figure 1), attributed to chemical relaxation 
phenomena. Assuming the presence of only one relaxation 
results in a calculated B significantly greater than that 
present in the solvent containing NaCI, a nonassociating 
salt. An unusually large B value indicates the presence 
of a second relaxation and the data are therefore calculated 
by our double relaxation program. These calculated re­
laxation results are summarized in Table I.

By anology to similar systems in water14 and in aqueous 
methanol,7-12 the two relaxations are identified with the 
two steps of reaction 1. The high frequency relaxation 
corresponds to step 12 and the low frequency relaxation 
to step III. The excess absorption maximum, pmax, is 
proportional to the concentrations of reacting species times 
the square of the reaction volume change, defined as

Mm ax = fiM C j 2) (3)

Figure 1. Ultrasonic absorption data in aqueous methanol at X H 0 =  
0.2 and 25 °C: (A) solvent; (▼) 0.200 M NaCI: (O) 0.200 M NdCI3; 
( • )  0.200 M GdCI3.

Here C is the sound velocity in the solutions, assumed to 
be the same as that in the solvent.719 The variations in 
Mmax with water mole fraction are shown in Figure 2 for the 
high and low frequency relaxations. These data will be 
discussed later in terms of lanthanide solvation equilibria.
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Figure 3. Ultrasonic absorption for 0.200 M salts at 25 °C and 10.4 
±  0.1 MHz: (▼) NaCI; (O) NdCI3; ( • )  GdCI3.

between water and alcohol molecules or to concentra­
tion-fluctuation effects. Recent measurements on aqueous 
methanol have established the existence of a small 
maximum in sound absorption with water mole frac­
tion.18,24 However, the addition of a nonassociating salt 
such as NaCI does not significantly alter the shape of the 
solvent absorption with water mole fraction curve.18 The 
only significant difference between the aqueous methanol 
solutions with and without NaCI is a small increase in a/f 
below X H2o = 0.65, explained in terms of the formation of 
small concentrations of outer-sphere complex. No strong 
salt-solvent interactions could be detected at any solvent 
composition for 0.200 M NaCI solutions. The NaCI so­
lution with the lowest water mole fraction of 0.043 con­
tained 0.010 mol of NaCI, 1.242 mol of methanol, and 0.055 
mol of water. Assuming reasonable solvation numbers for 
Na+ and Cl' leads to t ie conclusion that insufficient water 
is present to completely solvate the ions, requiring that 
the inner solvation shells be composed of methanol and 
water molecules. Increasing the water content should 
result in the replacement of methanol by water molecules 
in the inner-solvation shell resulting in a volume change 
from 40 to 18 cm3 per mole of solvent. Even though this 
volume change should exist, it is not detected by our 
ultrasonic measurements.

Figures 1 and 3 show the sound absorption as a function 
of frequency and demonstrate that the absorption is 
significantly different for a rare earth chloride than for the 
solvent or solvent plus a nonassociating salt. At least two 
relaxations are present for GdCl3 and NdCl3 solutions, 
whereas no variation in a/f1 exists with frequency for 
either aqueous methanol or aqueous methanol with 0.200 
M NaCI. This unusual variation in sound absorption with 
water mole fraction at constant frequency is confirmed 
when the excess absorption maximum is plotted as a 
function of solvent composition in Figure 2.

If the only change that occurs as water is added to a 
methanolic solution of an associating salts is the shift from 
inner- to outer-sphere ion pairs or solvated ions, then a 
graph of Mmax as a function of water mole fraction should 
result in a decreasing excess absorption maximum with 
increasing water content for step III, as has been observed 
for ErCl3.25 This is not the case for GdCl3 and NdCl3. One 
explanation for the increase in ¿¿maX[n with increasing water 
mole fraction is that it reflects the large volume change

associated with the replacement of water for methanol in 
the inner-solvation shell. This explanation was suggested 
to describe the small increase in Mmaxm observed for 
Nd(C 0 4)3 and Gd(C104)3 with increasing X H2o aqueous 
methanol.11 However, the absence of the maximum for 
ErCl3 solutions at 0.096 and 0.200 M26 in the region where 
water replaces methanol appears to rule out this expla­
nation for the lanthanide chlorides. Both Figures 2 and 
3 lead to the conclusion that the observed sound absorption 
variations with solvent composition are a consequence of 
specific salt-solvent interactions, rather than reflecting 
general salt effects. Significant differences in both curves 
are observed for the lanthanide salts, rejecting differences 
in the solvated cations or complexes.

The major difference is the increasing /xmax with X H2q 
observed for GdCl3 and NdCl3, which is absent for ErCl3. 
We attribute this maximum in Figure 2 to the coupling 
of an additional reaction step to the inner-sphere com­
plexation process for GdCl3 and NdCl3. As in other 
lanthanide systems,7' 12 we speculate this step is a change 
in coordination number of the lanthanide cation resulting 
in the loss of additional solvent molecules during the 
complexation process. The observation that this desol­
vation equilibrium does not occur for all of the lanthanide 
chlorides indicates that it is not strictly a function of the 
anion, but rather of the size of both the cation plus anion. 
Furthermore, these data indicate that the solvation 
number change occurs during complexation, consistent 
with the hypothesis of Geier.2

Other differences are also observed between the Er(III), 
Nd(III), and Gd(III) chlorides. At low water mole frac­
tions, the addition of small quantities of water to the ErCl3 
solutions results in a large decrease in fm, attributed to 
the destruction of the bis complex. Further additions of 
water then lead to an increasing fm, which is typical for 
lanthanide complexation reactions when only the one to 
one complex is formed.12 This effect is absent for both 
Nd(III) and Gd(III) chloride solutions indicating that only 
the one to one complex forms in aqueous methanol. Also, 
the amplitude of nmax at any water composition is greater 
for the Gd(III) than for Nd(III) salt, as was observed in 
the case of the perchlorates.11 Since the overall com­
plexation constants for the two complexes are approxi­
mately the same, this amplitude effect is independent of 
K{. The kinetic data in Table II indicate that the asso­
ciation constant for inner-sphere complex is approximately 
an order of magnitude greater for Nd (Kf = 1.4) than for 
Gd (K? = 0.24) and if the amplitude variation is a function 
of the concentration of inner-sphere complex, then the 
amplitude should be greater for NdCl2+ than for GdCl2+, 
contrary to experiment. Therefore, the sound amplitude 
variation must reflect a larger reaction volume change for 
GdCl2+ formation than for NdCl2+ formation. Within 
experimental error, for the high frequency process, /rmaXl2 
is essentially the same for both salts. Since the high 
frequency process represents solvent-separated outer- 
sphere complexes, it is not expected that significant 
differences should be served for different lanthanide 
cations. The small increase in nmax with X Il20 is similar 
to that observed in the nitrate system and may reflect 
either a loosening of solvent molecules in the cation solvent 
shell, a change in bound solvent molecules from methanol 
to water, or the large errors associated with the high 
frequency data. This study cannot distinguish between 
the possibilities.

There exists discrepancies between our ultrasonic results 
and published solution x-ray studies.5,27,28 Wertz’s in­
vestigations on LaCl3, NdCl3, and GdCl3 indicate outer-
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Solid RuOF4 releases its oxygen even at room temperature. The rate of this thermal decomposition, expressed 
in mol of 0 2/°C , reaches a maximum at about 70 °C and then decreases markedly with temperature; RuOF4 
is an unstable material contrary to the description of earlier literature. The vapor pressure of RuOF4 was checked 
by transpiration method; it is expressed approximately by the following equation in a temperature range 0-70 
°C: In Pmm = 8.48 -  2.74 X  103(1 /7*). Since the bulk of solid RuOF4 decomposes at about 70 °C, the vapor 
pressure measurement is meaningless over 70 °C. Infrared analysis of the solid indicates that the R u = 0  bonds 
change into single bonds upon condensation; this may be related to the instability of solid RuOF4.

Introduction
Although the product of R u02 F2 reaction had been 

suggested to be RuF5 by many other workers,1,2 we re­
ported in the previous work that it was RuOF4.3 The 
heaviest species in the mass spectrum of the product was 
RuOF4+; chemical analysis gave a value 4.0 ± 0 .1  for the 
F /R u  mole ratio in the product, and mass spectrometry 
confirmed the release of oxygen from the product. The 
papers so far published on RuOF4 are very few; the only 
paper may be by Holloway and Peacock. They reported 
in 19634 that they had obtained RuOF4 by the reaction of 
ruthenium metal with a mixture of bromine trifluoride and 
bromine at 25 °C. Its magnetic moment and vapor 
pressure data were presented; they used a static method 
in measuring the vapor pressure.

According to our experiments, however, RuOF4 is a 
rather unstable material; it releases oxygen even at room 
temperature.3 Therefore, it appears that the static method 
is not suitable for measuring RuOF4 vapor pressure, 
therefore the earlier data are obscure. On the other hand, 
the property of releasing oxygen seems to be peculiar to 
RuOF4, because no such data have been reported for other 
oxide tetrafluorides such as MoOF4, WOF4, and ReOF4.5 
The question was raised, why RuOF4 was so unstable.

These uncertainties on the properties of RuOF4 urged 
us to study its properties in further detail. In the present 
work, the temperature dependence of the thermal de­
composition is studied with attention to the oxygen 
quantity released from the solid, the vapor pressure is 
measured by a transpiration method, and the instability 
is discussed on the basis of the infrared spectra obtained.

Experimental Section
Materials. Commercial grade R u02-nH20  of purity 

higher than 99.9% was heated in air at 700 °C; the x-ray 
diffraction pattern of the resulting substance agreed with 
that of Ru0 2.6 Infrared analysis showed no presence of 
water in the substance. Its specific surface area, deter­
mined by the BET method using krypton, was 6.3 m2/g. 
Fluorine from Matheson Co. was passed through a 
chemical trap charged with sodium fluoride for removal 
of hydrogen fluoride. Helium of purity higher than 
99.999% served as the carrier of fluorine and RuOF4, after 
passage through a cold trap at -196 °C.

Apparatus and Procedure. The apparatuses used were 
made of corrosion-resistent materials such as Monel, nickel,

00 22 -3 6 5 4 /7 8 /2 0 8 2 -0 7 8 0 $ 0 1.00/0

copper, and Teflon. Monel valves of Autoclave Engineers 
and Hoke Inc. were used for the connecting lines through 
which fluorine and RuOF4 were passed. Leakage of the 
apparatuses was checked with a helium leak detector, 
which was kept below 1CT9 atm cm3/s.

RuOF4 was prepared by the reaction of R u 0 2 with 
fluorine.3 R u02 (1-2 g) was placed in a “ boat” reactor, 
heated under high vacuum to remove moisture, and then 
fluorinated with 20% F2 in a He stream at 300-400 °C. 
The volatile products from the reactor were collected in 
a Monel container cooled to -196 °C. At the end of the 
fluorination, the container was evacuated at 0 °C by 
pumping to remove HF and trace amount o f R u 0 4 (by­
product). The container was then separated from the 
fluorinating apparatus and positioned in another apparatus 
shown in Figure 1 for the measurements of the vapor 
pressure and thermal decomposition of RuOF4.

The transpiration method was employed for vapor 
pressure measurement in order to avoid the influence of 
the oxygen released from RuOF4. The RuOF4 container 
was thermostated at an operating temperature between 
0 and 100 °C and then helium was allowed to pass through 
it at a constant flow rate between 2 and 25 cm3/m in for 
a specific period. The effluent gas from the container was 
passed through a connecting line kept at a temperature 
slightly higher than that of the container and then in­
troduced into a trap cooled to -196 °C, where the RuOF4 
vapor in the gas stream condensed. The temperature of 
the container was kept constant to within ±0.2 °C and the 
flow rate of helium was regulated with bellows valves from 
Nuclear Products Co. with an error smaller than ±0.2 
cm3/min. A mass flow meter of Hasting Raydist a Tel­
edyne Co. Model LF-20 measured the flow rate of He. 
After completion of each run, the trap was evacuated, 
warmed to room temperature, and then allowed to in­
troduce about 60 mL of 2 N NaOH (containing 1.5% 
K2S2Os) through a Teflon stopcock with the aid of vacuum. 
Immediately after separation of the trap from the ap­
paratus, a small quantity of 2 N NaOH was admitted to 
the sidearm of the trap for collecting the RuOF4 deposited 
therein. Chemical analysis of ruthenium and fluorine 
followed this hydrolysis of the RuOF4 collected. The ALC 
photometric method was used for the determination of 
fluorine7 and spectrophotometry with 8-quinolinol was 
used for the determination of ruthenium.8 It was expe­
rienced in the previous3 and present works that on hy-
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Figure 1. The apparatus used for measuring the vapor pressure and 
thermal decomposition of RuOF4. The RuOF4 container was ther- 
mostated at the desired temperature and He was allowed to pass through 
it at a constant flow rate. RuOF4 vapor in the He stream was collected 
in the cold trap and, at the end of the run, it was hydrolyzed with a 
NaOH solution for calculation of its partial pressure in the gas stream. 
The effluent gas from the trap was introduced into a gas chromatograph 
for the determination of the oxygen liberated from RuOF4 solid.

drolysis about 6% of the ruthenium unavoidably pre­
cipitated as hydroxide; so a step of dissolving it was 
necessary before the determination of ruthenium. This 
operation increased greatly the complexity of the analysis 
of ruthenium. In the present work, ruthenium analysis was 
made with some typical samples only to confirm that the 
fluorine-to-ruthenium mole ratio in solution was close to 
the theoretical value (= 4 ). The RuOF4 partial pressure 
in the helium stream was calculated from the analytical 
values of fluorine.

The apparatus in Figure 1 was also used in measuring 
the quantity o f the oxygen produced by the thermal de­
composition of RuOF4. In this case, the effluent gas from 
the trap was fed to Hitachi Model 063 gas chromatograph. 
The flow rate of helium was kept constant at 20 cm3/min 
according to specifications of the instrument. At a 
temperature of the container between room temperature 
and 400 °C, helium was allowed to passed through the 
system until oxygen was no longer detectable in the ef­
fluent gas from the trap. The helium flow was then turned 
off, and temperature of the container was raised for the 
next higher temperature measurement. Measurements 
were thus made stepwise: the temperature was raised by 
5 or 10 °C in each step up to 100 °C, and then 100 °C in 
each step beyond 100 °C. Finally, chemical analysis of the 
residue in the container was carried out in the same 
manner as in the previous work.3

The infrared absorption spectrum of solid RuOF4 was 
obtained in a manner similar to that in the previous work.3 
An absorption cell flanged at one end was connected di­
rectly to the “boat” reactor so as to enable gaseous RuOF4 
to diffuse smoothly into the cell from the reactor. R u02 
(200-300 mg) was placed in the reactor and heated to 
300-350 °C, then fluorine was admitted to the system to 
a pressure of 200 mmHg. Gaseous RuOF4 diffusing from 
the reactor was allowed to condense on the silver chloride 
windows kept at room temperature. Infrared spectra were 
scanned with Japan Spectroscopic Co. Model IRA-2 re­
cording spectrophotometer (400-4000 cm4 ). The windows 
were not corroded by the solid; therefore they were used 
repeatedly after wiping with gauze.

Results and Discussion
Thermal Decomposition. Mass spectrometry confirmed 

in the previous work3 that the gas produced by the thermal 
decomposition was only oxygen; no free fluorine and 
oxygen fluorides were detected. In the present work, the

Figure 2. The amount of the oxygen produced by the thermal de­
composition of solid RuOF4. The histogram shows the average per 
degree of temperature rise, and the broken line shows the integrated 
amount of oxygen in its ratio to the theoretical value calculated from 
the initial RuOF4 quantity 1.786 g (9.25 X  10“3 mol).

temperature dependence of the thermal decomposition was 
studied. The amount of released oxygen depended on both 
the quantity and temperature of the solid. Moreover, it 
was found that the solid liberated oxygen only when the 
temperature was being raised. After the temperature 
became constant, the liberation of oxygen slowed gradually 
and ceased within 1-2 h. Further increase in temperature 
resulted in an additional release of oxygen. This finding 
means that thermal decomposition takes place partially 
depending upon temperature.

The measurement of oxygen was carried out in each 5, 
10, or 100 °C rise in temperature up to 400 °C, and the 
average per degree of the rise was taken, i.e., mol of 0 2/°C . 
The results up to 300 °C are shown in Figure 2 as a 
histogram. The release of oxygen reaches a maximum at 
about 70 °C and then decreases sharply with temperature; 
however, a small amount of oxygen is liberated even at 400 
°C. The broken line in the figure shows the integrated 
amount of the oxygen in its ratio to the theoretical value 
calculated from the initial amount of solid RuOF4. The 
oxygen quantity amounted to about 80% of the theoretical 
value in heating to 400 °C. The remaining oxygen (~  20%) 
is partly present in the form of RuOF4 in the cold trap and 
is partly confined still in the residual solid in the container. 
The value of 80% obtained for the oxygen quantity 
substantiates the previous conclusion3 that the product of 
the Ru0 2-F 2 reaction is RuOF4. Also, it is evident from 
the present experiments that solid RuOF4 is so unstable 
as to decompose below 100 °C. Since chemical analysis 
gave values of 3.8-4.0 for the F /R u  mole ratio in the 
residual solid, it is considered that the thermal decom­
position proceeds to produce RuF4 and 0 2:
RuOF4(s)-> RuF4(s) + 1 / 2 0 2(g)

The residual solid was black and sensitive to moisture. We 
have not succeeded in x-ray analysis of RuF4. The only 
paper so far published on RuF4 may be by Holloway and 
Peacock.9 They prepared RuF4 by the reduction of RuF5 
with I2 and attempted x-ray analysis; however, the cyrstal 
structure data were not presented.

In other experiments, the interaction of gaseous RuOF4 
with the surface of a Monel tube was checked by the use 
of radioactive 103RuO2.10 The 103RuO2 was obtained by 
irradiating R u02 in JRR-2 for 180 h in a neutron flux of
4.3 X 1012 n /cm 2 s.11 About 30 mg of it was fluorinated 
in the same manner as described already, and the resulting
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The apparent molal volumes and adiabatic compressibilities of 15 amino acids in water have been determined 
at 25 °C from precise density and sound measurements. The électrostriction partial molal volume and 
compressibility of the amino acids were determined from V'Xmeas) -  V°(int) and K°(meas) -  K°(int). The values 
of V°(int) have been estimated from U® of the unchargec. amide isomers and V°cryst, the crystal molal volume. 
Both V°(elect) and K°(elect) yield values of 4.1 ±  0.4 for the number of water molecules hydrated to the amino 
acids. Group contributions for the partial molal volume and adiabatic compressibilities have been determined 
from the amino acids. The volume results are in good agreement with the values calculated by other workers 
on soluble organic solutes.

Introduction
Recently there has been an increased interest in the state 

of water in the living cell. Since most biological macro­
molecules are physiologically active in aqueous solutions, 
a knowledge of water-protein interaction is necessary to 
understand the role of water solvated to soluble organics 
in the living cells. A better understanding of this type of 
interaction may be obtained from dipolar ions. Since 
amino acids are zwitterions in aqueous solutions,1' 3 their 
volume and compressibility properties should reflect 
structural interactions with water molecules as in the case 
of electrolytes.

Many experiments4 on the properties of protein solutions 
indicate that ca. 0.3 g of water per gram of dry protein are 
bound or hydrated in aqueous solutions. Work on the 
volume properties of proteins and some amino acids have 
shown that they undergo a decrease in volume upon 
dissolving in water.5' 14 This decrease in volume upon 
dissolution is similar to what occurs for electrolytes15 and 
can be attributed to électrostriction due to water-protein, 
and water-amino acid interactions. The number of water 
molecules determined from the électrostriction of 
proteins16 and amino acids17,18 (using methods that have 
been applied to electrolytes)19 agree very well with the 
values determined by other methods.4,14'17,18 Although 
these results might indicate that proteins behave as 
electrolytes, the effect of pressure on the specific volumes12 
indicate that the so-called “ bound water” behaves more 
like water solvated to soluble organic solutes.16 To better
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understand the hydration of proteins and amino acids, 
basic physico-chemical properties are needed. In this 
communication, we report on the volume and compres­
sibility measurements made on amino acids in water at 25 
°C.

Experimental Section
The amino acids used in these studies were obtained 

from ICN Pharmaceuticals, Inc., and were used without 
further purification. All solutions were made by weight 
with ion-exchanged (Millipore Super Q) water. All weights 
were vacuum corrected.

The densities were measured at 25 °C to ±3 X  10'6 g 
cm '3 with a vibrating flow densimeter (Sodev, Inc.). The 
values of Ad = d -  d0, where d and d0 are the densities of 
the solution and water are listed in Table I.20 The system 
was calibrated with N2 gas and ion-exchanged water using 
the densities of Kell.21 The accuracy (±3 ppm) o f the 
system has been determined by measuring the densities 
of standard seawater solutions.22

The sound velocities were measured at 2 MHz to a 
precision of ±0.02 m s '1 using a “ sing around” sound 
velocimeter (Nusonic, Inc.). The system was calibrated 
with pare water using the sound velocities of Del Grosso 
and Mader.23 The accuracy (±0.1 m s '1) has been de­
termined by measuring the speed of sound in seawater 
solutions.24

The relative sound velocities (Au) of the aqueous so­
lutions at 25 °C are listed in Table I20 and were determined 
from the frequency measurements using

Au = u -  u0 = (1 )

0 0 2 2 -3 654 /78 /2082 -07 84$ 01 .00 /0  ©  1978 American Chemical Society
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Figure 1. Plot of </>v vs. m  for amino acids in water at 25 °C .

amino acids studied with the exception of histidine and 
tryptophan which have large negative slopes. Amino acids 
with complex functional groups have greater positive slopes 
when compared with the slopes of the amino acids having 
aliphatic and sulfur groups.

Discussion
The partial molal volumes of the amino acids at infinite 

dilution, as shown in Figure 3, are a linear function of the 
molecular weight. These results indicate that the volume 
contribution of the hydrocarbon portion of the amino acids 
is proportional to the molecular weight (similar to other 
organic solutes) and the volume contribution due to 
NH3+C H C (=0)0~  is not strongly affected by the hy­
drocarbon groups. A similar correlation of the partial molal 
compressibilities does not exist. This is expected since the 
compressibilities (which vary from -23 to -36 X 10“4) are 
more closely related to solute-water interactions. These 
results led us to examine the additivity properties for the 
hydrocarbon portion of the amino acids.

The first investigation of the additivity properties of 
group partial molal volumes in homologous series of or­

F. J. Millero, A. Lo Surdo, and C. Shin

m

ganic solutes in water was made by Traube.30 Recent 
studies of partial molal volumes of tetraalkylammonium 
halides,31 azoniaspiroalkane bromides,32 alcohols,33,34 al- 
kylamines hydrobromides,35,36 cyclic amines hydro­
bromides,37 aliphatic acids,38 dicarboxylic acids,38,39 and 
sodium salts of aliphatic and dicarboxylic acids38,39 have 
been utilized to calculate the group partial molal volumes, 
V°(group). Values for V° o f-C H 3, -CH2- , and -CH groups 
are given in Table IV. For methylene groups on carbon 
atoms, V°(-CHz-)_ = 15.9 cm3 moF1 which is in excellent 
agreement with V°(-CH2-)  = 16.1 cm3 moT1 found by 
Traube.30 The values of -C H 2-  on nitrogen are smaller 
than those on carbon. For methyl groups V°(-CH3) = 18.1 
cm3 moF1.31,32

Also listed in Table IV are the various groups con­
tributing to the V° of aqueous amino acids solutions at 25 
°C obtained from the literature data. The values of V° for 
H2N+<, H3N+-, H 0 -C (= 0 )- ,  and -C (= 0 )-C F  were es­
timated by two independent methods: (1) by least-squares 
fitting Y° of the compounds containing the group vs. the 
molecular weight of the hydrocarbon portion of the 
compound and (2) by additivity. The two methods give
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Figure 3. Plot of <£v° vs. mol wt for amino acids in water at 25 °C:
( I )  alanine, (2) arginine, (3) aspartic acid, (4) cysteine, (5) glutamic acid, 
(6) glycine, (7) histidine, (8) leucine, (9) methionine, (10) phenylalanine,
( I I )  proline, (12) serine, (13) tryptophan, and (14) valine.

TABLE IV : Partial Molal Volumes for Various 
Functional Groups at Infinite Dilution in Water at 25 °C

Group

v ° ,
cm 3

mol“1 Method

O
11

-C -O H 34.3 From CH3(CH 2)„COOH a
25.8 From [CH 2]„(CO O H )2a,bo

II
-C -O - 26.3 From CH3(CH2)„COONaa

17.8 From [CH 2]„(COONa)20,b
- n h 3+ 14.0 From CH3(CH 2)„N H 3+C
> n h 2+ 18.4 From cyclic amines'*

1
-N +- 11.7 From R „N X  and azoniaspiroalkane halidese

- c h 3 18.1 On carbon atoms from R ,N X e’ ^
- c h 2- 16.1 From Traube77

15.9 On carbon atoms from R „N Xe’  ̂
and R N H 3X b

14.8 On H3N+-C H -C ( = 0 ) -0 - ,  from
1

a,oj-aminocarboxylic acids'
14.1 On cyclic amines'*
13.8 From azoniaspiroalkane halides6

-CH 12.0 From alcohols7

12.4 Estimated by additivity from -C H 3 and 
-C H 2-  groups on R 4N X

-c- 9.1 Estimated by additivity from -C H 3, -C H 2,
1 > C H  and -H

9.9 Estimated by Traube at 16 °C e
-H 3.0 Estimated from -C H 3, -C H 2-  from R 4N X, 

and -C H  from alcohols
3.1 Estimated by Traube47

-S - 15.5 Estimated by Traube at 16 °C g
-O H 12.0 From mono and dialkylamino alcohols1*

11 From alcohols7

a Reference 38. b References 38 and 39. c References 
35 and 36. d Reference 37. e Reference 32. f Refer­
ence 31. 8 References 1, 2, and 30. h Reference 34.
1 Reference 14. 7 Reference 33.

obtained from these data are in good agreement with our 
group values. It should be noted that these group values 
contain contributions due to the intrinsic size of the group, 
V°(int), as well as hydration and hydrophobic effects which 
are especially important with aliphatic side chains and side 
chains that can hydrogen bond with water.

The group V’s can be used to estimate the V° of glycine. 
From the groups V°( NH:1+) = 14.0, V ° ( -C (= 0 ) -0 )  =

17.8, and V°(-CH2-)  = 15.9 cm3 mol \ we obtain

^ °(g ly c in e )calcd = F ° (-N H 3+) + V °(-C H 2- )  +
Vc(-C(=0)-CT) = 47.7 cm3 moL1 (7)

For V °(-C (= 0 )-0 ~ ) = 26.3 cm3 mol \ V°(glycine)calcd = 
56.2 cm3 moT1. These estimates are in poor agreement 
with the measured value of 43.2 cm3 mol“\ The measured 
value is 4.5-13.0 cm3 mol-1 lower than predicted. These 
results indicate that the decrease in volume due to -N H 3+ 
and C (=—0  ) 0  on glycine are greater than on aliphatic 
compounds. This is presumably due to the inductive effect 
of the two charged groups increasing the hydration. 
Similar effects are found for dicarboxylic acids and their 
Na salts.

In Table V we list the various groups contributing to the 
V° of the amino acids. These values are determined from 
the experimental data and are compared with the group 
values calculated from first principles using the literature 
values given in Table IV. While most of these calculated 
results are in excellent agreement, the last two entries are 
in poor agreement (Table V), even when using the lower 
value for -COOH (Table IV).

At 25 °C, the isoelectric points of aspartic and glutamic 
acids are about pH 2.8 and 3.2, respectively.41 At this pH, 
the amino group carries a positive charge and the two 
carboxyl groups carry one equivalent of negative charge 
between them, most of it on the a-carboxyl group, which 
has the lower pK  value.42 Thus, the -COOH group on the 
side chains of these acids is expected to be ionized and, 
therefore, it could account for the poor agreement in the 
last two entries in Table V. If we assume that the -COOH 
group is ionized and use the V°( COO ) values (Table IV), 
a better agreement between observed and calculated values 
is obtained for the last two entries listed in Table V. 
Similarly, the isoelectric point of arginine is close to pH 
11.42 At this pH, ionization of the H2NC(NH)2-  group can 
occur and the value of V° for H2NC(NH)2(CH2)2-  is for 
some ionized form of this group (Table V).

Although the values of <pK°  for the amino acids are not 
linear functions of the molecular weight, it is possible to 
estimate group contributions for Ks°_ from the data. 
Literature data are available for the Ks° for alcohols,43 
amines, and the tetraalkylammonium salts.44 From these 
results, it is possible to estimate Ks° values for -CH 2-  and 
-C H 3. These values are given in Table VI along with the 
values estimated from the amino acids. Further studies 
on a large number of organic solutes in water are needed 
before the reliability of these group contributions can be 
asserted.

The partial molal volumes of the amino acids can be 
examined by a simple model

V °(am ino acid) = V °(int) + V °(elect) (8)

where V°(mt) is the intrinsic partial molal volume of the 
amino acid and V°(elect) is the électrostriction partial 
molal volume due to the hydration of the amino acid. The 
V°(int) is made up of two terms, the van der Waals volume 
(Vw°) and the volume due to packing effects (VP°)

V °(int) = Vw° + Vp° (9)

The V° (elect) can be estimated from the experimentally 
measured _V°’s providing a reasonable estimate can be 
made for V°(int)

V °(elect) = V °(am ino acid) -  V °(in t) (10 )

Earlier workers17,18,27,45“50 have estimated values of V°(mt) 
for amino acids by assuming they are equal to the partial 
molal volume of the equivalent amide. Since experimental
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Standard Thermodynamics of Transfer. Uses and Misuses
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The standard free energy of transfer of a solute A between two solvents a and b is discussed at both a 
thermodynamic and a statistical mechanical level. It is shown that whereas thermodynamics alone cannot be 
used to choose the “ best” standard quantity, statistical mechanics can help to make such a choice. It is shown 
that Ag.p?p, the standard free energy of transferring A, computed by the use of the n u m b e r  d e n s i t y  (or m o la r i t y )  
scale, has the following advantages: (1) it is the simplest and least ambiguous quantity; (2) it is the quantity 
that directly probes the difference in the solvation properties of the two solvents with respect to the solute 
A; (3) it can be used, without any change of notation, in any solution, not necessarily a dilute one, and including 
even pure A; (4) by straightforward thermodynamic manipulations one obtains the entropy, enthalpy, volume 
changes, etc. for the same process. All of these quantities have advantages similar to the ones indicated for 
the free energy change. Because of the advantages of this particular choice of standard quantities, we propose 
to “ standardize” the use of the standard thermodynamic quantities of transfer and refer to them as the 
l o c a l - s t a n d a r d  quantities. Some common misconceptions and misinterpretations of other standard quantities 
are indicated.

1. Introduction
The purpose of this paper is to examine critically some 

thermodynamic quantities which are ubiquitous in the field 
of aqueous solutions. Part of the material presented here 
has already been published before,1,2 but here we shall 
present the issue in more detail. Also some new and more 
fundamental arguments are given which have not been 
presented previously.

Today, there are a growing number of articles ranging 
from solution chemistry to biochemistry and biology in 
which standard thermodynamic quantities of transfer are 
used. In many of these papers the authors make certain 
statements concerning the interpretation of these concepts 
without taking the trouble of checking their validity.

The central issue of this paper is to show that standard 
thermocynamic quantities of transferring a solute between 
two phases, based on the m o l a r  c o n c e n t r a t i o n  scale, have 
unique advantages over all other standard quantities. The 
main reason for that is that these standard quantities are 
completely devoid of any contribution from the transla­
tional degree of freedom of the solute. Therefore they are 
referred to as the l o c a l - s t a n d a r d  quantities of transfer.

The l o c a l  character of these quantities are quite easy 
to see in the standard free energy of transfer. Here a mere 
choice of the correct concentration scale leads directly to 
the required standard quantity. The identification of the 
l o c a l - s t a n d a r d  entropy, enthalpy, or volume of transfer 
is more intricate and involves some subtle arguments. To
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exp[-|3 G(Na + 1 ,N B)] =
JdV f- • -/d E o  dR^A dR^B e x p [~ßU(NA +
_____________________________________________1 , jVB) ~  ßP V ]

(Na + 1 )  \Nb ! A a 3<jva  + 1 )A b 3JVb

(3.6)
e x p [-0 G (N A + 1, N B; R 0) =

JdVf- • - /d R NA d R NB e x p [-j3 U(NA +

_____________________________________l ,N B)-ß P V ]
Na ’-Nb ! A a3JVa Ab3JVb

(3.7)
It is instructive to examine the difference between the two 
expressions in (3.6) and (3.7). The factor (NA + 1)! in (3.6) 
is replaced by NA\ in (3.7). The reason is that in the first 
case we have NA + 1 indistinguishable A molecules, 
whereas in the second case we have only NA indistin­
guishable molecules; the newly added molecule is dis­
tinguishable by the very fact that it is placed at a fixed 
position R 0. Since in the second case the added particle 
is devoid of translational degrees of freedom it does not 
contribute a factor Aa3 to the partition function. Hence 
we have AA3(iVA+1) in the first case and only Aa3,Va in the 
second. For the same reason the integration in (3.6) is over 
all the locations of the NA +  1 +  NB molecules. In (3.7) 
the location of the added molecule is fixed at R 0 and 
integration extends only over all locations of the NA + NB 
molecules.

Having the statistical mechanical expressions for G(NA, 
Nb) in (3.2), for G{NA + 1, NB) in (3.6) and for G{NA + 
1, Nb; R 0) in (3.7) we can form the differences in (3.4) and 
(3.5) to obtain the CP and the PCP of the component A. 
It is convenient to define BA(R0) by
U(Na + 1  ,N b)=  U(Na, Nb ) + £a(R0) (3.8)
where J3A(R0) is the interaction energy of an A molecule 
at R 0, with the rest of the system, at some specific con­
figuration symbolically denoted by {NA, NB). We shall 
refer to BA(R0) as the “ binding energy” of A.

There is a standard procedure to compute the CP from 
the partition functions (3.6) and (3.2). A very detailed 
derivation may be found in Appendix F of ref 2. Briefly, 
the process is

e x p [ - / 3 p A ] =

exp[-i3G(ATA + 1, A7B) + 0G(NA, JVB)] 
A (T ,P ,N a + 1,N b)

A (T ,P ,N a,N b)
<exp[-(3SA(R 0)])o

pA = feT ln p AAA3 -  feTln <exp[-/3BA(R 0)])0 (3.11)
Pa = ~kT  In <exp[~j3RA(R 0)]>0 (3.12)

Combining (3.11) with (3.12) we obtain the final result

Ma = Ma +  kT\n p a A a  (3.13)
which is valid for any composition of the mixture. So far, 
we have invoked no assumption of ideality of the mixture 
in any sense. The meaning of (3.13) is very simple and 
should be noted carefully. The work required to add a new 
A molecule to the system (at T, P, NB constant) is split 
into two parts corresponding to two consecutive steps; first 
we add the particle at a fixed position, e.g., R 0, the cor­
responding work being p.A, then we relax the constraint 
imposed on the particle, i.e., we let the particle wander over 
the entire volume. The second contribution, kT In 
(NaAa /V), involves three important factors: NA, Aa , and
V. The acquisition of translational momentum brings in 
the factor Aa3. The accessibility of the entire volume to 
the released molecule brings in the factor V, and the 
indistinguishability of this molecule from all other A 
molecules brings in the factor NA. It is appropriate to call 
this term the liberation free energy, i.e., the free energy 
change due to the release of the new particle from a fixed 
position. The decomposition of pA as given by (3.13) is 
valid only within the realm of classical statistical me­
chanics.

Formally the same expression for the chemical potential 
may be obtained in the T, V, N or in the T, V, p ensembles, 
with the understanding that N or V may be either con­
stants or fluctuating quantities. For the purpose of 
comparison with experimental results, especially when 
dealing with the entropy, enthalpy, and volume of transfer, 
the T, P, N ensemble is the most useful one. This is the 
main reason for choosing this particular ensemble in the 
derivation of (3.13) in this paper.

It should be noted, however, that the decomposition of 
Ma into two terms does not necessarily require two steps. 
Another way of viewing (3.13) is to assume that we have 
chosen the center of the coordinate system at the center 
of the added A molecule. Thus juA depends on the nature 
of the environment of A as seen from this position, and 
kT In paAa3 is the contribution to pA due to the trans­
lational freedom of this molecule.

In a similar fashion one can split any other partial molar 
quantity of A into two parts. For instance, taking the 
derivative of (3.13) with respect to the temperature we 
obtain

SA = —  (fcT ln p AAA3)

can be o b ta in ed  fo r j jA.2 T hese tw o  are w r it te n  in  a m o re
fa m ilia r  fo rm  as

where we have defined the number density pA = (NA + 
1 )/V  =  Na/V, and V is the average volume of the system 
at T, P, Na, Nb. The symbol ( )0 represents an average over 
all configurations of the molecules in the system except 
the newly added molecule. We use the conditional 
probability density of finding a specific configuration of 
N a +  N b molecules given that the system has volume V, 
i.e.
P(NA,N B/V) =

________ exp [~ (1 U(Na, Nb )]__________
/• • -/dR ^ A  d R wB exp[-pU(NA,NB)]

An expression similar to (3.9) but without the factor AApA

where the first term on the right-hand side of the equation 
is the entropy change due to the addition of A to a fixed 
position; the second term may be referred to as the lib­
eration entropy of A.6

In the following, it will be convenient to use a somewhat 
more detailed notation for pA, namely

PA=W ( A I A + B ; x a ) (3 .14 )

Here, we read W(A|A +  B; xA) as the coupling work of an 
A molecule to the rest of the system composed o f A and 
B with composition xA.

It should be noted that the form of pA in (3.13) has been 
obtained by a statistical mechanical argument. It can by 
no means be obtained from purely thermodynamic ar-
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pA = [W (AIB) + feTln Aa 3Pbp] +  kT In xA
= /jaox +  kT  In xA (4 .1 0 )

where we have introduced the standard chemical potential 
o f A in the mole fraction scale. Again, it is very important 
to observe that pAox is not a proper chemical potential of 
A in any real state.7,8 It does contain the term kT In pBp 
but not the characteristic term kT In pA that should be 
present in a proper chemical potential. Failure to recognize 
this point is a major source of many misinterpretations. 
This is especially so when one uses the same notation for 
pAox in (4.10) and for pAp in (4.4), a very common and 
unfortunate practice.

At this point it is instructive to note a common inter­
pretation of pAox as a CP of A in a “ hypothetical standard 
state” of pure A, i.e., one substitutes xA = 1 in (4.10) and 
thus confers a meaning on pAox as a CP of pure A. The 
substitution of xA = 1 in (4.10) is inappropriate since we 
have derived this equation only in the limit of extremely 
dilute solution and therefore (4.10) is not expected to hold 
at xA = 1. More important, such a hypothetical state 
requires one to envisage a pure liquid A in which each A 
is supposed to be surrounded exclusively by B molecules 
[since pAox contains the term W(A|B)], and naturally one 
would expect that in a pure A each A molecule should be 
surrounded by A molecules only! The most important 
argument however against the use of such hypothetical 
states is simply that in all applications of standard 
thermodynamic quantities, they are never required. As 
will be demonstrated below all the significant quantities 
can be properly interpreted without ever resorting to such 
hypothetical states. Therefore we recommend here to 
abandon the practice of using such hypothetical states.

At this point a citation of Friedman’s review on this 
topic which advocates a different view is appropriate:9 
“ The hypothetical, xA = 1 standard state for the solution 
is the most frequently chosen, and it has been used in some 
key papers on the thermodynamics of solvation.19"12 This 
seems to be sufficient reason to continue its use, but it 
must be noted that, from the theoretical point of view, it 
does not have an advantage over other standard states for 
solutions except in special cases: Isotope mixtures and 
substitutional solid solutions are examples” .

As we have seen above, in the case of isotopic mixtures 
and in the case of lattice models for solutions13 it is ad­
vantageous to use the real pure state as a standard state. 
The present author is not aware of any example of isotopic 
mixtures or substitutional solid solutions where it is ad­
vantageous to use such a hypothetical state. Furthermore, 
we believe that the mere fact that a quantity is frequently 
used is not a sufficient reason to continue its use.

The second concentration scale is the molality scale 
which, for very dilute solution, is related to the density pA
by

tions, is the aquamolality. This is the number of moles 
of a solute dissolved in 55.51 moles of water.14 Very similar 
units have been employed15 for reporting the solubility of 
gases in aqueous solutions of tetraalkylammonium salts, 
i.e., the number of milliliters of gas dissolved in 1000 g of 
water.

Clearly one can construct many other concentration 
scales. If these are well-defined quantities there is nothing 
wrong in their application for reporting solubilities. The 
central issue of the following sections is not to discuss the 
relative merit of different units for reporting solubilities 
but to examine the standard thermodynamic quantities 
which are based on the choice of these different scales. For 
this purpose the molarity scale has a unique advantage 
over all other scales.

5. Standard Free Energy of Transfer, 
Measurement, and Interpretation

5.1. Very Dilute Solutions. In section 4 we have de­
veloped some expressions for the chemical potential of A 
in various two component solutions. The experimentally 
measurable quantities are, however, not the chemical 
potentials but differences in chemical potentials.

The first step in constructing a free energy change for 
transferring A between the two phases, e.g., a and b is to 
form the difference in the chemical potential o f A in the 
two phases, and not the difference in SCP. Thus we write

A G (a -* b) = (pAb -  pAa) d/VA (5 .1 )

This is the work required to transfer ANA molecules (or 
moles) from one phase, a, to another phase, b, where the 
phases have been fully specified in terms of their tem­
perature, pressure, and composition. In the following we 
shall always transfer a single A molecule, i.e., diVA will be 
taken to be unity (T, P, and 7VB are kept constant).

For convenience, we shall denote by cA any one of the 
concentration units that were mentioned in section 4. We 
start by treating very dilute solutions of A in B, for which 
we can write

Ma  =  Ma °c + kTln cA (5 .2 )

where pA°c is formally defined by the limit 

pA°c = lim [pA -  kT  In cA]eA~“ 0

Consider now two phases a and b in which the con­
centrations are cAa and cAb, respectively. The free energy 
change for the transfer of one A molecule from a to b is

AG
a -> b

f  a  , c A  

kT In (cAb/cAa)

= kAb ~ MA* MA °cb -  h A °ca +

(5 .3 )

mA = 1000pA/MBpBp 

substituting in (4.5) we obtain

pA = W(AIB) + kT  In 

= pA"m +  kT  In mA

■Mb p bp A a3
1000

(4 .11 )

+ kT  In mA

(4 .12 )

where MB is the molecular weight of B, and pA°m is the 
standard chemical potential of A in the molality scale. 
Again we stress that pAom is not a proper chemical potential 
of A for the same reasons given above for pAox.

Another concentration unit that has been suggested, and 
sometimes claimed to be advantageous in aqueous solu-

Now consider a special case where the concentration of 
A is the same in the two phases, in which case we obtain

AG
a -> b

n  SL —  f*  b
CA  CA

zz II ° c bMa Ma (5 .4 )

This is a simple but an important result, it says that 
differences in the SCP of A between two phases is equal 
to the free energy of transferring A from a to b, provided 
the concentrations cAa and cAb are the same in the two 
phases. This conclusion is valid for any concentration 
scale. The important point to be noted is that while each 
of the standard chemical potentials is not a chemical 
potential of A in any real system, the difference in SCP
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quantity as the free energy change for transferring A from 
a fixed position in pure A, to a fixed position in the 
aqueous solution (which in the particular example given 
above is almost pure W). The second equality in (5.11) 
provides the means of measuring this quantity, simply 
from the number densities of A in the two phases at 
equilibrium.

At this point we present one common misuse of standard 
free energy of transfer. Consider a very dilute solution of 
CC14 in water. For the two phases we can write

pAw = W(AIW) +  feT In Aa3paw (5 -12)

Ma a  = W (A lA ) +  feT In Aa jPa a (5 .13 )

One can think of several processes of transfer:
(1) Transfer of A between the two phases at equilibrium

Ma w  -  Ma a  =  0  ( 5 - 1 4 )

(2) Transfer of A from pure A to some arbitrary con­
centration of A in W, in which case we have

Ma w  -  Ma a  = W(AIW) -  W (AIA) +
fcT ln  (pAw/pAA) (5 .15)

where pAA is the density of A in pure A and pAw is any 
arbitrary density of A in W (of course within the limits of 
the solubility of A in W but otherwise arbitrary).

(3) The transfer of one A from a fixed position in pure 
A to a fixed position in W, in which case we have the 
quantity defined in (5.11).

The first two are real processes which can actually be 
carried out in the laboratory. The third is a theoretical 
and well-defined process, the free energy change of which 
is indirectly a measurable quantity through (5.11).18 This 
is the quantity that measures the difference in the sol­
vation properties in the two phases.

However suppose we form the difference

hAA -  hA°pw = W (AIA) -  W(AIW) +
feT In pAA (5 .16 )

This quantity, though measurable through the relation

0  =  P A A  -  MA w  =  MAA  -  h A 0 p w  -  kT  In ( p A w ) eq

(where pAw is the equilibrium density of A in W), is not 
a free energy of transfer of A between any two real states.19 
The reason is simple; whereas pAA is a proper CP of A in 
a real system, pA°pw is not! Therefore the quantity pAA -  
pA°pw may not be assigned the meaning of a free energy 
o f transfer of A between two phases.

The difficulty is not removed by changing to mole- 
fraction units. For dilute solution, we write pA ~  pwwxA 
where pww is the number density of W in pure W and we 
obtain the analogue of (5.16) (see also (4.10)):

Pa a -  Pa xw = AIA) -  W(AIW) +
feT In ( p a a / p w w ) (5 .17)

Again, this quantity bares no direct relation to the free 
energy for transferring A between two real phases.19

The literature unfortunately contains many quantities 
of somewhat indefinite meaning such as (5.17). We shall 
present one example only, which is very instructive for 
reasons that will become clear in the following.

In a recent paper, Reynolds et al.20 writes: 
“ Hydrophobic free energy may be defined in terms of the 
unitary free energy of transfer of a non-polar solute from 
a non-polar reference solvent such as a liquid hydrocarbon

to an aqueous medium...For pure hydrocarbon one may 
use the solubility of the hydrocarbon in water (Xs in mole 
fraction units)” .

For reasons of clarity we write their eq 2 in their own 
notation, and in the corresponding notation of this paper.

~ Mho = ~ kT  y s (5 .1 8 )
Pa°*w -  Pa a = ~kT  In ( V * ) ^

Thus phc° *s the CP of the pure hydrocarbon, which we 
denote by A, and from the context and from their ref 21 
it is clear that /xw° is the SCP of A in W defined in the limit 
of dilute solution. xs is what we denote by (xAw)eq:

The authors of ref 20 do not explain why the quantity 
defined in (5.18) has the meaning they claim for it (see 
citation preceding 5.18). Instead they write: “ The ne­
cessity of using unitary units in these equations has been 
spelled out in several places” .21-23

Since Reynolds et al. employ the quantity in (5.18), but 
do not explain its meaning, we examine the references cited 
by them.24

Gurney22 does speak of “ unitary” and “ cratic units” (see 
next section) on pages 90-92 of his book, but in no place 
does he discuss or interpret quantities of the form (5.18).

Kauzmann23 also cites Gurney’s units. He not only does 
not support the meaning assigned to (5.18), but correctly 
notes that if one transfer A from pure A to a solution of 
A in water the correct entropy change is (in our notation)

AS = SA°XW -  Saa -  k In xAw (5 .19 )

We shall discuss entropies of transfer in section 7. 
However what Kauzmann says about the entropy change 
is equally true for the free energy change. Namely, the 
free energy change for transferring A from pure A to a 
dilute aqueous solution of A in W, at any arbitrary con­
centration xAw, is simply

AG = pA°*w -  pAA + feT In xAw (5 .20 )

This is a meaningful quantity, which clearly differs from
(5.18). In particular, if we put xAw = (xAw)eq in (5.20) we 
obtain AG = 0.

Thus neither ref 20 nor the references cited therein 
provide the explanation to the meaning assigned to (5.18). 
What remains from (5.18) is simply another way of re­
writing the solubility of A in W. No further meaning can 
be assigned to the quantity 1uA0IW -  pAA as a free energy 
of transfer of A between two phases. This is in contrast 
to the significant meaning that can be assigned to the 
quantity defined in (5.10), or its low-concentration limit.

6. “Unitary” and “Cratic” Terms. Which 
Quantity Do We Want?

6.1. Mixing Free Energy. We devote a special section 
to the analysis of the terms “ unitary” and “ cratic” since 
these have recently been used (and more oftenly misused) 
quite extensively. We start by stating our conclusion in 
this section, which is: The use of these terms, as intro­
duced originally by Gurney22 is appropriate and meaningful 
only within the context of SI solutions, or solutions which 
are viewed as deviating from SI behavior, such as the case 
of regular solutions. However, these terms are inappro­
priate and somewhat misleading when applied to the 
problem of solvation of one molecule in a solvent.

The free energy of mixing of two components (at T, P 
constants)25-27 is

A G M = (NApA + NBpB) -  (NApAp +
Nbp bp ) (6 .1 )





800 The Journa l o f  P hysical Chemistry, Vol. 82, No. 7, 1978 A. Ben-Naim

one of the solvent densities tends to zero. Therefore, these 
quantities cannot serve as bona fide measures of the free 
energy of interaction with solvent!

In spite of the obvious simplicity of (6.8), other authors 
have advocated the use of other quantities included in the 
above list. The reason for that stems from the fact that 
thermodynamics alone cannot discriminate between the 
relative significance of the various standard quantities. 
This fact, together with the common practice of using the 
same notation for e.g., pAp and pA°x, has led to a wrong 
interpretation of the term kT In xA. As a result there has 
been a strong tendency to prefer the mole-fraction scale.21,31 
On the other hand, if we start from the statistical me­
chanical expression for the chemical potential, we observe 
that the very definition of pA0p in (4.5) [or /¿A*p in (4.6)] 
has removed the term kT In pA. The next step was to form 
differences in pA°p in two phases, thereby also cancelling 
out the term kT In Aa3. What remains is a quantity (6.8) 
which is devoid of the liberation free energy and hence 
is a measure of the difference in the solvation properties 
of A in the two solvents.

In the early development of the theory of solutions, 
various lattice models13 were commonplace in the liter­
ature. In these models the momentum partition function 
and the volume of the system were not features. These 
two factors are essential parts of the liberation free energy 
in liquid mixtures as explained in section 3.

Thus using Gurney’s procedure of extracting the “ cratic” 
term, kT In xA in the definition of pA°x does remove the 
factor kT In NA. Formation of differences of pA°x in two 
phases further eliminates kT In Aa3. However this, un­
fortunately, leaves the factor kT In (V8/!^ )  in each of the 
quantities in (6.10) to (6.12). In other words, the Gurney 
procedure does not eliminate the entire liberation free 
energy from pAolb -  ma°*8.

7. Temperature and Pressure Dependence
7.1. The Standard Entropy of Transfer. The tem­

perature (and pressure) dependence of the molar con­
centration has been a major argument against its use. In 
a recent review14 we find the following argument: “ The 
mole fraction scale enjoys freedom both from temperature 
and density effects and is therefore preferred here” .

The view that the temperature dependence of the 
molarity scale is a disadvantage, in constructing SFE’s of 
transfer, is extremely widespread. It is ironic to note that 
this very property of the molarity scale is in fact to its 
advantage.

However even without reference to standard states we 
think that the objection to molar concentrations has been 
misdirected.

Of course if we have a 1 M solution of KC1, prepared 
at 25 °C, the molarity will be different at 35 °C. However, 
whether it is convenient or not, this is the scale that should 
be used for certain purposes (e.g., for spectroscopic 
measurements or for volumetric titration). One cannot 
avoid the temperature dependence of the p concentration 
merely by transformation to other concentration scales. 
Fortunately this apparent inconvenience of the molarity 
scale is irrelevant when using the interpretation of the SFE 
o f transfer, advocated in sections 5 and 6. In fact, the 
temperature dependence of the volume enters into all the 
SFE’s except that based on molar concentration. This will 
now be shown.

Let us first see where the temperature dependence 
enters in the common use of the standard entropy of 
transfer. For simplicity we shall discuss the DI solution 
(the same is true for concentrated solutions). As in (5.3) 
the free energy change is written as

AG
a -»■ b 

-a 3, C Ab 

kT  In (CAb/CAa)

= MA°cb -  PA°ca +

(7 .1 )

where CAa is the concentration of A in any scale. The 
corresponding entropy change is

-AS
-  b “I

l, c AbJ dT (Ma° c b  — MA°ca) +

k In (CAb/CAa) + kT —  [In (CAb/CAa)] (7 .2 ) 
01

and for the particular process where CAa = CAb, as in (5.4) 
we obtain the result

- A S
1

a~> b
n  a =  n  b
*-A v a dT (kACh "  MA°ca) +

kT —  [In (CAb/CAa)] 
ol

(7 .3 )

where all the derivatives are at constant P, NA, and NB.
It is important to note that the substitution CAb = CAa 

in (7.2) is made after the differentiation with respect to 
temperature not before.

The usual argument against using the molarity scale is 
the following: if we put CA = xA, or CA = mA the last term 
on the right-hand side of (7.3) drops. However, if we put 
CA = pA it does not. The three possible results are

-A S “ a-*- b “
'V a — 'Y bxA xA = “ (/V°*b '  k A X a ) (7 .4 )

-A S
a -> b

m A a = m A h
= ¡ ^ ^ A ° m b -  h A m a ) (7 .5 )

-A S
~ a -> b 

PA3 = PAb

0

= ¡ ^ A ° Pb -  ^ A ° P a ) +

k T ~ (  ln (V a/ F b )) (7 .6 )

where Hie last term on the right-hand side of (7.6) contains 
the temperature dependence of the volume of the phases 
a and b. It is apparent that the two quantities in (7.4) and
(7.5) are simpler to evaluate, since there the temperature 
dependence of the volume does not enter; this is the basic 
objection to the use of the p concentration scale.

Our first objection to this argument is that the choice 
between the various quantities in (7.4) to (7.6) should be 
made on their scientific merits, not on their relative ease 
of evaluation. However fortunately, at the thermodynamic 
level there is no way of determining which of the processes 
indicated is preferable.

The interest in solvation entropies of solutes32,33 perhaps 
even preceded that of the free energy changes. In this case 
the interest was focused more on the “ structure” around 
the solute than on the “ interaction” with the solvent. It 
was natural to seek a “ standard” quantity that will not 
carry in it the translational entropy of the solute, but will 
“ sense” the local environment of the solute. As in the case 
of the free energy, thermodynamics alone could not offer 
any means by which one could make a choice of the “best” , 
or most informative quantity. As a result, various standard 
states for the entropy have been suggested.

In contrast to our discussion of the free energy, where 
thermodynamics alone could not be used to make a choice, 
in the case of the entropy it looks, at first sight, as if the 
process [a ->• b; pAa = pAb] indicated in (7.6) gives a more
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ample, for the process corresponding to (7.4) we have 
(a /9 P )(p A°*b -  Pa 0“ ) = (9 /9P )[W (A lb ) -  W (Ala) + 

kT  In p bp/p ap] = A F (a  b ; L) + 
(a/3P)[feTln(V*/Vb)] (7.17)

Again we note that whereas A V(a —»■ b; L) has a truly local 
character, the volume change corresponding to the process 
in (7.17) diverges if one phase is a rarefied gas, for which 
case we obtain
_9_  

9 P
(kT  In V*)

kT  9V® 
yg 9 P

kT—> oo
p

for P  —1- 0.
The common way of bypassing the difficulty of diver­

gence is to consider the partial molar volume of A in the 
liquid only i.e., at infinite dilution we have

y  o 9p A __ 9 W (A /b ) kT dV*
A ~ 9P ~ 9P V" 9P

kT  ay*5
A y ( g - > b ; L ) -  — —  (7 .18)

Again we see that y A° includes the compressibility of the 
liquid b, which is not necessarily a negligible quantity. 
(Here, we have assumed that the local volume change from 
the gas to the liquid is equal to the volume change for 
introducing A to a fixed point in the liquid). It must be 
noted, however, that AV(& - b; L) in (7.16) does not 
correspond to the process indicated in (7.6). This is the 
volume change for transferring A from a fixed position in 
a to a fixed position in b, and it is obtained by a direct 
differentiation of AgA°p with respect to pressure. To the 
best of the author’s knowledge, this quantity, though the 
most significant one, has never been used as a “ standard” 
volume of transfer.

Finally the local standard energy of transfer is 
A P (a  -> b ; L) = AH(a. b ; L) -

PA y (a  -* b ; L) (7 .19)

This quantity when applied to the process of transfer from 
a gas to a liquid is the simplest quantity that reflects the 
energetic changes in the liquid caused by the introduction 
of a solute.

The above list of quantities pertinent to the process (a 
—► b; L) are all free of contributions from the “ liberation” 
step in introducing a particle into the solution. All of these 
can be applied to arty concentration of the solute A. They 
are the simplest to obtain experimentally and they can be 
used as probes of the thermodynamics of solvation of a 
specific solute.

We suggest that the quantities listed in this section be 
used for tabulation of thermodynamics of transfer of solute 
between two phases. In such tables one needs to specify 
the temperature, the pressure, and the composition of the 
two phases. The most common application will be the 
limiting values of these quantities at pA — 0, and the 
phases a and b will be the pure solvents. However without 
any change of notation one can use pure A as one phase, 
or any mixture of solvents, e.g., o f water and ethanol, as 
another. Thus they can be used in a uniform manner in 
all cases of interest. This is not possible with the con­
ventional SFE of transfer from pure A to dilute A in W, 
or for the conventional volume of transfer from the gas to 
the liquid.

8. Summary and Conclusion
The essential issue addressed in this paper is the fol­

lowing: The statistical mechanical construction of the

(conventional or generalized) standard free energy of 
transfer involves three steps

pA = W (Alsolvent) + kT  In pAAa 3 (8 .1 )

<ua * p  = PA -  kT  In pA = W (Alsolvent) +
kT  ln A A3 (8 .2 )

ApA*P =  juA*pb -  bA*pa = W (A lb) -  W (Ala) (8 .3 )

Alternatively, we start from the general expression for 
the chemical potential of A in any solvent.34 W e first 
define the generalized standard chemical potential (which 
in the limit of pA — 0 coincides with the conventional 
standard chemical potential of A, pA°p). In this step we 
have removed part o f the liberation free energy of A. In 
the second step we form the difference in the generalized 
SCP of A in two phases, and thereby remove the remaining 
part of the liberation free energy. What remains is a simple 
and measurable quantity that is a proper free energy 
change for the process of transferring A from a fixed 
position in a to a fixed position in b.

The thermodynamic construction of the SFE of transfer 
is different. We first form the difference of the chemical 
potentials of A in two phases (assuming ideal dilute so­
lutions)

P Ab -  MAa = M Aocb -  P Aoca + kT  In (C Ab/CAa) (8 .4 )

thereby removing the term kT In Aa3. We then make a 
particular choice of concentrations CA = CAb to obtain

AG
a -> b "|

CAb = < V j = kA°Ch — k A°Ca (8.5)

In this step we remove the term kT In NA also, which is 
part of the liberation free energy. It is only with the choice 
of CA = pA that the term kT In V is also removed. For all 
other concentration scales we can write the transformation 
of variables as pA = TACA, and hence

AG
b

CAb = CAa
= W (Alb) -  W (Ala) +

kT In (TAb /TAa) (8 .6 )

The transformation functions, TA, contain the volume (as 
well as other factors) of the phases. From the above 
presentation it is crystal-clear that the simplest quantity 
is obtained in (8.6) by the choice of CA = pA, i.e., TAa = TAb 
= 1. In which case (8.6) coincides with the limit (pA - ► 0) 
of (8.3).

The quantity defined in (8.3) is the most appropriate 
measure for the difference in the solvation free energy of 
A in the two phases. Similar considerations apply to all 
other thermodynamic quantities derived from the free 
energy. Furthermore, this quantity may be used for any 
concentration of the solute without changing its signifi­
cance, an extension which is not always possible with other 
concentration scales. In addition, for complex solvents, 
e.g., a mixture of water, ethanol, and KC1, this quantity 
is computed using the least ambiguous concentration scale.

The thermodynamic quantities derived from A/j.a*p can 
be used as well-defined probes of the local environment 
of the solute A in various solvents. Hence we have referred 
to these as the locabthermodynamic quantities of transfer. 
All of these are completely devoid of any contribution from 
the liberation free energy, or its derivatives.
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A statistical mechanical theory of nonionic (single-component) micelles, well suited for applications, is developed 
by a simple extension of Hill’s theory of solutions. An expression for the Gibbs potential of a dilute micellar 
solution is derived which involves the micelle size distribution and certain effective micelle partition functions. 
Using this Gibbs potential, both micelle thermodynamics and micelle structure and size distribution can be 
simply and directly treated. The thermodynamics obtained agrees with Hall and Pethica’s small system 
thermodynamics treatment within the approximations (ideality, monodispersity, neglect of solvent composition 
changes) made by these authors. The micelle size distribution is found to obey Tanford’s law of mass action 
type relation with a size dependent free energy. An approximate but detailed consideration of the effective 
micelle partition function leads to the local packing condition for micelles recently introduced by Israelachvili, 
Mitchell, and Ninham. Interactions between micelles can be included in the present statistical theory by an 
expansion in powers of micelle molalities; a rough, excluded volume type estimate indicates that these interactions 
only become important for the micelle properties when the total amphiphile molality (moles of amphiphile 
per mole of solvent) is greater than about 10"2.

I. Introduction
A statistical mechanical theory of nonionic micelles1 is 

developed in this paper. The treatment amounts to a 
straightforward generalization of Hill’s theory of solutions2 
which is based on a statistical ensemble first extensively 
used by Stockmayer.3 An expression for the Gibbs po­
tential o f a micellar solution is derived; it involves the 
distribution of micelle aggregation numbers and also 
certain effective micelle partition functions. From this 
Gibbs potential the small system thermodynamics of Hall 
and Pethica4 for (single-component) nonionic micelles can 
be derived very simply. We note, however, that except in 
the monodisperse limit the micellar enthalpy and volume 
differences defined by Hall and Pethica are not identical 
with the quantities measured in a dilution experiment.

Tanford5 has introduced a theory, based on the law of 
mass action, which relates micelle sizes and the critical 
micelle concentration to a size dependent free energy of 
micellization. Israelachvili, Mitchell, and Ninham6,7 
modified Tanford’s theory by introducing a local packing 
criterion which imposes certain geometrical constraints on 
the allowed micelle structures. We indicate how contact 
between these theories and the present statistical theory 
is made by means of suitable approximations to evaluate 
the effective micelle partition functions. In particular, an 
approximate derivation of the local packing condition of 
ref 6 mentioned above is given. This packing condition 
appears to be of considerable importance. It links together 
micelles, vesicles, and bilayers in one theory,7 and may be 
important in the organization of biological membranes, as 
suggested by Israelachvili.8

Interactions between micelles can be included in the 
theory by an expansion in powers of micelle molalities 
which is formally similar to the virial expansion of a 
multicomponent imperfect gas. For simplicity, the ex­
pansion is carried out here only to second order; the ex­
pansion coefficients obtained are similar to second virial 
coefficients, except that potentials of mean force, rather 
than the direct interaction potentials between particles,
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Venezolano de Investigaciones Científicas (IVIC), Apartado 1827, 
Caracas 101, Venezuela.

0022-3654/78/2082-0804$01.00/0

must be used. If it is assumed that these expansion 
coefficients are determined mainly by the spatial di­
mensions of the micelles, one estimates ctot ~  10“2 for the 
total amphiphile molality ctot (in moles o f amphiphile per 
mole of water solvent) at which interactions between 
micelles become important for the micelle structures. (For 
very long cylindrical micelles, ctot might be smaller, see end 
of section VI.) This is much larger than typical cmc’s in 
aqueous solutions which have molalities of order 10“5.

Statistical theories of micelles have been previously 
published by Hoeve and Benson9 and by Aranow.10 The 
work of Hoeve and Benson is based on the canonical 
ensemble; they did not consider interactions between 
micelles or derive any thermodynamics. Aranow starts 
with the same ensemble used here, but then assumes that 
the solution is incompressible and bases his subsequent 
development on Hill’s physical cluster theory.11 As a 
consequence, Aranow’s theory centers around the micelle 
size distribution, and thermodynamic quantities or the 
micelle structures are hardly considered. (On the other 
hand, Aranow presents an approximate treatment of ionic 
micelles which we do not consider.)

In sections II IV we develop the general theory, and in 
sections V and VI we consider briefly applications to 
micelle thermodynamics and micelle structure, respec­
tively.

II. Micelles in Water as a 
Multicomponent Solution

In this section we derive an expression for the Gibbs 
thermodynamic potential G(M;, Nn, p, T) o f a dilute so­
lution of Nn micelles of aggregation numbers n,n = 1,2, 
3, ..., in M0 molecules of solvent (water) and Mlt i = 1, 2, 
..., r ions of various salts. We assume here that the salts 
in solution are fully dissociated. [If the salts are not perfect 
electrolytes, one should consider partial dissociation. The 
degree of dissociation depends on p, T, the total salt 
concentrations, and the molar ratios cn = Nn/M0. For 
small cr, the shift of the dissociation equilibrium away from 
the unperturbed value represented by = M,° (neutral 
salt molecules and ions now), that obtains for the solution 
of water and salts only, is small. It is not difficult to see 
that in first order this shift is accounted for by including

©  1978 American Chemical Society
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total micelle concentration. Comparing eq 35 and Hall and 
Pethica’s eq 16.49, we have the identification

G(n, T, p) = -k T  In q-V0'e =
Tip -  kT  In (cmice) (38 )

for the standard chemical potential of a micelle (we use 
the notation G instead of F for Gibbs potentials). The 
second part of eq 38 follows by use of eq 36 for n = n_.

It is easy to verify from eq 18 and 38 that dG/sp = V 
and - dG/dT = S are the partial micellar volume and 
entropy, respectively. Thus the total volume of the so­
lution is given by20

Vx = (9G/dp)jy[.jf x — Vo ~ kT2,Nnd(\n qnvo e)/9p
n

~  Vo + N _(d¡dp)[-kT  In q~v0'e] =

Vo' + N_ dG/dp (39 )

where V0' is the partial volume of system Mt plus Nx single 
amphiphiles. Similarly, ST = Sq + Nn(~dG/dT). With 
these observations and eq 37 we have

dG = -S  d T + V dp + p dn (40)

where changes in the concentrations M ;/M 0 are disre­
garded, following assumption (ii) above. From the second 
part of eq 38 and eq 40 we obtain

0 = - S d T +  Vdp -  n dp + d (fe T ln c mic) (41 )

where we have dropped an unimportant term kd T (ref 21). 
(This term arises from the chemical potential shift of the 
solvent, eq 14, and such effects are not to be considered 
within approximation (ii) above.) Equations 40 and 41 are 
the required eq 16.42 and 16.63 of ref 4, specialized to 
single-component micelles. All the thermodynamic de­
rivations of Hall and Pethica for single-component micelles 
are based on eq 40 and 41, together with p = p0 + kT In 
7jCb which follows from eq 20 (with p0 = - kT In qxv0' and 
7i = [1 + 20uCi + ...]_1).

Next, as an example to show that thermodynamic re­
lations can also be easily obtained directly from eq 18 and 
20, we consider the volume difference AV between the 
average partial volumes of an amphiphile in a micelle and 
in free solution.

From eq 39 it is clear that

-AV/kT= \ 2  Nnm n q nVo')/dp]/ 2  nNn \ -
\n=2 n= 2 )

9 (In qiV0')lbp (42 )

From eq 36 we obtain
c„ 9 (In qnv0')/dp = 9q ,/9p  -  cnn d(p/kT)/dp (43) 

and

9(ln qnv0')/dp = 9 In cn/dp -  nd(p/kT)/dp (44 ) 

Using eq 43 and 44, eq 42 becomes

AU  1 dCn/dp ~ mn
kT n l

2 c „
2

9 In c?i 9 (p/kT) 19 1 n cmic 9 In c x
---------- + ---------------= = ------------------------------ (45 )

9 p dp n dp dp

_  L  L

n = T,ncn/2cn
2 2

L
•̂mic ~ 2

(46 )

Equation 45 is identical with eq 16.83 of ref 4, except that 
we have put the activity coefficient = l .22 Note that 
eq 45 is valid for general micelle distribution cn. A parallel 
argument to the above for AH, the difference between the 
partial enthalpies of an amphiphile in a micelle and in free 
solution, leads to eq 16.82 of Hall and Pethica.

If we take the independent variables in (45) to be p, T, 
Cmic, we find

A V 9 In c x
9 In c miC kT  9 In c mjC dp

1 f9 n
d p T,cn

d 0 1 n cj 
d p  9 In c mi,

(4 7 )

since

9 In c
9 In Cj

mic —n (48 )

as can easily be verified from eq 36 and 46. Equation 47 
is another of the thermodynamic relations derived in ref 
4.23

As the last topic of this section, we show that, strictly, 
it is only in the monodisperse limit that the actual micellar 
enthalpy and volume changes in a dilution experiment are 
given by the quantities AH, AV defined above.

Suppose that the amounts of solvent (water) and salts 
are increased by a small fraction e, Mt -*■ (1 +  e)Mit while 
the amount of amphiphile N = nNn is fixed. From 
eq 36 we have, for the change ANn in the number of 
micelles n

A Nn = A(M0qnVo'emlkT) =
eM0cn +  M0cnnAp/kT (49)

to first order in e. The change in chemical potential p is 
determined by the condition that

0 = A N =  2nANn = eM0T,ncn + M0{AplkT)T,n2 cn
i i i

or

A p/kT = -e'Zncn/'En2cn= -e/ n t (50 )
i i

The enthalpy HT of the solution is given by

HT/kT2 = 9 (G /feT )/9T  =
-H 0lkT2-Z N n 9 (In qnv0')/dT

n

(neglecting interactions between micelles) and the change 
in enthalpy on dilution by

- A HT/kT2 = -AHo/kT2 -  T,ANn 9 (In qnu0’ )/dT
n

The second term on the right-hand side is the contribution 
AHTmlc due to the micelles; with eq 49 and 50 it can be 
written

A i f x mic L
urr2 = 2 cn( 1 -  n/nt) 9 (In qnvQ ) /9 T 

eM0kT2 i

= (9 c i/9  T ) ( l  -  l/nt) + 2 (3 c „ /9 T ) ( l  -  n/nt) 
2

In the second step above we used a relation analogous towhere





810 The Journal o f  Physical Chemistry, Voi. 82, No. 7, 1978 A. W ulf

where f'(x) = ef/dx. Since electrostatic and double layer 
effects are supposed tc be already included in Wn{A), there 
is no compelling reason why the functions hir should be 
different at different cells.25 Therefore we assume

hla(aa) = h^aa) (62 )

On the other hand, because of the factor

e 4 H<*
in the integral in eq 58, it is not strictly true that h2a is 
independent of the particular shape of cell a. However, 
we can write

h2a = e ~ ^ ah3 (63 )

where AE„ is the excess conformational energy of chain 
a over the average per chain in the micelle; then we have

If the coefficients 9 are determined mainly by the 
short-range repulsions preventing overlap of micelles, then 
by eq 34

1 pair excluded volum e o f  micelles M

v0 = M0/V0 = volum e per solvent (water) m olecu le

For spherical micelles, ~0M M  =  1 6 ttR z / 3 v 0 and Mv = 
47rfi3/3 , so that -dMM = AMu/v0, where v = volume per 
amphiphile in a micelle. For long, rodlike micelles of 
length and diameter l, d, we have ~0MM ~  (7r/4) (l2d/v0) 
(ref 27) and Mv =  ttd2l/4, so ~dM M  ~  lMv/v0d. From this 
and eq 69, it follows that, for v/u0 ~  10

f'i.ot ~~ M C y j

i (4 v/voY1 ~  3 X 10~2 (spheres) 

( (lu /dvo)’ 1 ~  d/10l (long rods)
1 dh2a 1 dh2 9A Ea

----------- -  = -------- - - P ------- -- (64 )
h2oi dva h2 dva dva
There is strong experimental evidence supporting the 
hypothesis of a liquid-like micelle interior;1 clearly, we 
obtain liquid-like behavior in the present model if
9 A Ea

«
ub’ 3 Uh

òva n dva

This condition should be satisfied quite well, since26
9 A Ea kT
dva va

while
à Up 20 kT
dva

It now follows from (60) and (62) that, in equilibrium 
aa = a (independent o f  a ) (66 )

When the O's are dominated by the short-range repul­
sions, the interaction term of eq 21 favors those shapes that 
give smallest excluded volume. In particular, it is clear 
from (70) that for a fixed total amphiphile concentration 
N/M0, the interaction term does not allow rods to have 
larger Ifd ratio than about M0v0fNv. (This assumes 
orientationally disordered rods.)28
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, , 1 bhi /  ^  1
1 -  a02/a2 = —  — 707 ^  -------

hx oa / ßya
(68)

Since 18ya > 10, the solution of (68) within about 5% is 
a = a0. When a 5- 2a„ the second term of eq 60 (steric 
repulsion) must be considered.

Interactions between Micelles. The interactions be­
tween micelles become important when the second term 
of eq 21 is comparable to the first. For a solution of 
micelles of aggregation number n ~ M, with negligible 
spread about M, this happens when

$MM CM I (69 )
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of the physical and structural changes which micelles 
undergo upon addition of solutes, in as much as they might 
affect the physical and chemical properties of solubilized 
species, such as the location of the probe molecules in the 
micelle, and the permeability of the micelle.2-6,11

For this purpose a series of experiments were carried out 
in which the rate constants for the reactions between Ps 
and nitrobenzene or Cu2+ ions in various micellar systems, 
such as sodium dodecylsulfate, hexadecylpyridinium 
chloride, hexadecyltrimethylammonium bromide, sodium 
octylsulfonate, and Tergitol-NPX were determined in the 
presence of several organic additives, such as benzyl al­
cohol, benzene, n-hexane, and 1-hexanol.

Experimental Section
(A) Purity of Compounds. Sodium dodecylsulfate 

(NaLS), obtained from Aldrich Co., was recrystallized in 
95% ethanol and dehydrated in a desiccator (with P20 5) 
under vacuum. The purification process was repeated until 
subsequent melting point measurements agreed with 
literature values within ±1.0 °C. Hexadecyltrimethyl­
ammonium bromide (CTAB) and hexadecylpyridinium 
chloride (CPyCl) were obtained from Pfaltz-Bauer, Inc. 
and purified in a similar way by carrying out the re­
crystallization in methanol. Sodium octylsulfonate 
(NaOSO) was obtained from Pfaltz-Bauer Inc. and was 
purified in the same way as NaLS. The source of Ter­
gitol-NPX was Union Carbide Co. All these latter com­
pounds were of highest purity available (>99%) and were 
dehydrated by the addition of molecular sieves to the 
liquid compound. The water used in this investigation was 
demineralized and triple distilled with a purity better than 
99.9%.

(B) Positron Lifetime Measurements and Preparation 
of the Sample. Positron lifetime measurements were 
carried out by the usual delayed coincidence method as 
previously described.12 The resolution of the system, as 
measured by the fwhm of the prompt coincidence spec­
trum of a 60Co source without changing the 1.27- and 
0.511-MeV bias, was found to be less than 0.36 ns fwhm. 
Specially designed cylindrical sample vials (Pyrex glass 100 
mm long and 10 mm i d.) were filled with about 2 mL of 
the appropriate solution. The positron sources consisted 
of 3 - 5  mCi 22Na diffused into a thin foil of soda lime glass.

The relative amount of positron annihilation occurring 
in the glass was found to be less than 2%, for which 
corrections were made. The radioactive glass sources were 
suspended in the center of the ampoule and all solutions 
were carefully degassed by freeze-thaw techniques to 
remove oxygen. The vials were subsequently sealed off and 
the measurements carried out at 22 °C.

Results and Discussion
(1) General Method of Data Analysis. The general 

method of the data analysis in micellar systems containing 
a probe molecule which is highly reactive toward Ps has 
been discussed in great detail in the previous paper7 to 
which reference is made. In analogy to the data analysis 
described in this reference it can be shown that X2, which 
is the slope of the long-lived component in the positron 
lifetime spectra, can be correlated to the pertinent rate 
constants for the reaction of the Ps with the various 
components of such a micellar system and their respective 
concentration by the following equation:

^ 2  =  ^ n n c ( H 20 )  { M ( H 20 ) }  +  ^ m i c A { A m } +
- K h 2o A { A ( h 2o ) }  + X mic{S m} +  X obsd° {S 0} (1) 

where A mic(H20) is the observed rate constants for the
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reaction of Ps with the micelle in water, which was found 
(in separate experiments) to be less than 107 M 1 s A KmicA 
and A H20a are the observed rate constants for the reaction 
between Ps and the additive (A) in the micelle and in the 
aqueous phase, respectively, and are for the systems chosen 
in this study of the order of 107 to 108 M 1 s L Kmic and 
A 0bsd° are the observed rate constants for the reaction of 
Ps with the probe molecules (nitrobenzene or Cu2+) in the 
micellar or aqueous phase, respectively, they were found 
to be >109 M 1 s '1. (M|, {Aj, and {Sj are the corresponding 
concentrations of the micelle, additive, and probe. Note 
that |S J  +  (S0| is the total concentration of probe molecules 
|ST(. The subscript m refers to the micellar phase o f the 
micellar solution, while the subscript zero refers to the 
aqueous phase. In the absence of additives eq 1 can be 
simplified to

X 2 =  K  m i c ( H 20 ) { M  ( H 20 ) }  +

K mic{S'M} + K'ohsd°{S'0} (2)
The first term in eq 1 and 2 can be obtained from the 
measurement of X2 without probe molecules present, i.e.,
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(SJ + (S0| = 0 or (S 'J  + {SJ = 0:

■̂2° = AimlC(H2o ){M (H20) }  +
■^micA(A m} + Kn20 (A(H 20)} (3 )

h 2° = K mic(H20){M (HjO)} (4)
By substituting eq 3 and 4 into eq 1 and 2, respectively 
one obtains

^2 “  X2° = X mic{S m} +  -KobsdiSo} (5 )

X '2 - X V  = * mic{S 'm} + X obsd{S '0} . (6 )

At high surfactant concentration one can safely assume 
that a probe molecule such as nitrobenzene is completely 
located in the micelle, therefore (S0j and (SJ will be zero.

Thus from the experimentally observed positronium 
reaction rates X2, X2°, X'2, and X'2°, the ratio Kmic/K'mk can 
be directly determined:

Kmic/K'mic = (x 2 -  X2°) /(X '2 -  X V )  (7 )

It represents the relatives changes of the rate constant for 
the reaction between Ps and probe molecule due to the 
presence of the additive.

In the case of Cu2+ ions which are insoluble in the 
hydrophobic core of the micelle but may be partially 
adsorbed on the surface of some of the micelles studied 
no such simplification can be made; thus

X2 ~ X2° _  7rmic{Sm} + Xobsd{S0} 
x'2 -  X V  "  X 'mic{S 'm} + X 'obsd0{S '0 } (8 )

Or if one defines 

■ ôbsd = (X2 ~ X2° ) / {S T} 
and

* ' o b s d  =  ( x ' 2 - x ' 2 ° ) / { s T }  

then
^obsd K mic+ (KohsA- K mic)({  S0 } / { S T } )

K 'obsd *  mic + (#'obsd° -  ^'raic)({S'0}/{ST}) 9
(2) The Effect of Additives on the Positron Annihilation 

Process in Micellar Systems. In the first series of ex­
periments the effect of additives, such as benzyl alcohol, 
benzene, 1-hexanol, and n-hexane on the positron lifetime 
spectra in aqueous micellar systems, such as NaLS, CTAB, 
CPyCl, NaOSO, and Tergitol-NPX was studied.
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X2 vs ADDITIVE CONCENTRATION 

IN VARIOUS AQUEOUS MICELLAR 
SYSTEMS

•  NaLS (3II mM)
A NaOSO (229mM)
O CTAB (23I mM) + BENZYL
A TERGITOL (232mM) ALCOHOL
V CPyCI (272mM)

IOO 200 300 400 500
mM ADDITIVE

Figure 1. \ 2 vs. additive concentration in various aqueous micellar 
systems at room temperature.

Figure 2. X2 vs. additive concentration in various aqueous micellar 
systems at room temperature.

While the effect of additives on these micellar systems 
on the Ps formation probability as expressed by the in­
tensity, / 2, of the long-lived component in the positron 
lifetime is generally very small (±2%  absolute), over the 
whole range, i.e., up to 600 mM of additives, the corre­
sponding positron decay rates, X2, show more drastic 
changes as seen in Figures 1 and 2, where Xz for the various 
systems is plotted as a function of additive concentration.

However, no general trends emerge from these data; 
while in some systems benzyl alcohol additives reduce X2, 
others enhance X2. With benzene a more consistent trend, 
i.e., a slight enhancement of X2 with increasing additive 
concentration is observed.

The cause for this behavior is probably due to changes 
in micellar shape or size upon addition of these 
compounds11 and will be discussed in context with the 
results obtained in the presence of probe molecules, see 
section 3 and 4.

3.4

3.0

-FOR THE REACTION OF Ps WITH 
NITROBENZENE (782 mM) IN VARIOUS 

-AQUEOUS MICELLAR 
SOLUTIONS 

- CONTAINING 
BENZYLALCOHOL 

. ADDITTIVES
J EXP, ERROR

2 2.2 -

100

o  NaLS (311 mM)

CTAB (231 mM) -

CPyCI (272 mM)-

200 300 400 500

mM BENZYLALCOHOL

Figure 3. K mlc/ K 'mic (relative rate constants for reaction of Ps with 
nitrobenzene in micellar solutions with and without additives present) 
vs. concentration (mM) of benzyl alcohol additives.

Figure 4. K mlc/ K 'mic (relative rate constants for reaction of Ps with 
nitrobenzene in micellar solutions with and without additives present) 
vs. concentration (mM) of benzene additives.

(3) The Effect of Additives on the Positron Annihilation 
Process in Micellar Systems in the Presence of Nitro­
benzene as a Probe Molecule. As discussed in a previous 
paper7 at high surfactant concentration one can assume 
that the relatively small amount of nitrobenzene molecules, 
less than 10 mM, is completely located in the micellar 
phase. Thus [S0] and [S'q] will be equal to zero, and the 
ratio of K^JK 'mic can be obtained from eq 7. It represents 
the relative changes of the Ps reaction rate constant caused 
by the presence of the additives. These Kmic/K'mic ratios 
are plotted as a function of additive concentration in 
Figures 3-5 for the various micellar systems.

The maximal concentrations of additives used in these 
studies and the absolute rate constants observed under 
these conditions are listed in Table I.

Information about the environment of the probe mol­
ecules in the micellar systems can be obtained by com­
paring the observed rate constants for positron annihilation 
in the micellar systems with those obtained in the aqueous
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Figure 6. K'obsd/K ',obsd (relative rate constants for reaction of Ps with
CuCI2 in micellar solutions) vs. concentration (mM) of benzyl alcohol 
additives.

TABLE III: Rate Constants for Ps-Nitrobenzene 
Interactions in Various Solutions

Solutions
^obsd

(1010 M- 1 s '1)
Water 1 . 0 0
1-Pentanol 0 . 8 6
Benzyl alcohol 1.16
n-Hexane 0.30
n-Octane 0.69
n-Dodecane 1.28
n-Hexadecane 1.15
Benzene 2.55
Water + 386 mM benzyl alcohol 0.82
n-Dodecane + 242 mM benzyl alcohol 1 . 0 2
n -Dodecane + 563 mM benzene 1.06
n-Hexadecane + 563 mM benzene 1 . 0 0
n-Hexadecane + 239 mM hexanol 0.96
n-Hexadecane + 883 mM n-hexane 0.97

An interesting case is the NaOSO system. Prior 
experiments7 with this system containing Cu2+ ions have 
shown a clear drop o f the rate constants for the reaction 
between Ps and Cu2+ upon micelle formation, which in­
dicated extensive Cu2+ adsorption on the surface of this 
micelle. The present results as shown in Figure 6 provide 
no evidence for a release of Cu2+ from the surface in the 
presence of benzyl alcohol additivies. We would like to 
interpret these results by assuming that if this micelle 
solubilizes benzyl alcohol at all, that it becomes incor­
porated not in form of clusters near the surface but more 
likely in a homogeneous form in the hydrocarbon-like core 
of the micelle consistent with the fact that the rate 
constant for the Ps-nitrobenzene interaction is not affected 
by the presence of additives either, as discussed in section
3 .

Sum m ary
The results of this study have shown that the positron 

annihilation technique is a sensitive tool for the investi-
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Figure 7. K’obsd/K''obsd (relative rate constants for reaction of Ps with 
CuCI2 in micellar solutions vs. concentration (mM) of benzene additives.

gâtions of changes introduced by the presence of additives 
in micellar systems.

It appears that additives such as benzyl alcohol, benzene, 
1-hexanol, and n-hexane form clusters in most of the 
micellar systems studied in this research at or near the 
micellar-water interface also leading to changes in the 
micellar surface charge.
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the well-depth els is related to the pairwise well depth by

egs
5ac

a 2 67rags
(1 .8 )

where ac is the area per carbon atom in the basal plane 
(2.62 A2). Values of the interplanar distance d in graphite 
are appreciably dependent upon temperature and upon 
the state o f crystalline perfection of the sample; we will 
take d = 3.37 A, but the uncertainty in this number is at 
least 1%.

The work reported here should be considered as an 
extension o f the study o f Putnam and Fort wherein the 
model leading to eq 1.7 is tested against the available virial 
coefficient data for rare gases on gcb. The data are most 
extensive for Ar and Kr, but some information at least is 
available for all rare gases from He to Xe. We will see that 
the summed (4-10) law (denoted by £ (4-10)) fits the data 
as precisely as the (3-12) law across the experimental 
temperature ranges (accurate data at higher temperatures 
are needed if one is to distinguish between the two rep­
resentations) and that the fit of experiment to theory leads 
to values of egs and crgs for the rare gas-carbon atom pairs 
which are in reasonable agreement with other estimates 
of these parameters. These results thus give strong support 
to the pairwise summation model (as well as defining best 
values of the parameters to use in it). In addition to being 
of interest in connection with the general theory of gas- 
solid interactions,11 the results should be helpful in de­
veloping interpretations of the interesting and complex 
phase behavior found in high-density monolayers of these 
gases on gcb.12

Theory and Experiment
For an (m , n )  power law potential, the reduced virial 

coefficient Bp&* = B^/As0, where A is the area of the solid, 
can be expressed as a power series in T* = kT/eu6; al­
ternatively, a simple Simpson’s rule integration yields these 
quantities for any z-dependent function. For potentials 
such as the £ (4 -10 ) defined in eq 1.7, it is convenient to 
define BAg* = BAS/Aog3 and also, d* = d/<rgs. Values of 
Ba$* were calculated for three choices of d* using 
Simpson’s rule integration; the results are tabulated in the 
Appendix (Supplementary material; see paragraph at end 
o f text regarding supplementary material) together with 
a retabulation of the virial coefficients for the (4-10) 
potential (which were found to be incorrectly given in an 
earlier listing by Yaris and Sams6).

It should be noted that the awkward infinite sums in the 
£ (4 -1 0 ) equation can be approximated to good accuracy 
by closed form expressions. Specifically, the Euler-Mac- 
Laurin theorem gives
v 1 1  1

(z* +  j'd * )4 2(z* +  d*)4 3d*(z* +  d * )3 +
d*_____________d * 3

3 (z* + d * )5 6 (z* +  d *y  +

If this series is truncated omitting the last term in eq 2.1, 
one has

j=o (z* + jd*)4
2z*2 +  7z*d*  +  7 d *2 

6 d*(z* + d * )s
(2 .2 )

This expression is accurate to better than 0.3% over the 
important range o f z* and of*; inclusion of the last term 
in eq 2.1 improves accuracy by nearly another factor of 10. 
The Euler-MacLaurin theorem can also be used to give 
the contribution of higher terms to the sum of inverse 
tenth powers. However, these terms are so small compared

Figure 1. Well depths and distances of zero energy for the £ ( 4 - 1 0 )  
potential are shown as a function of the reduced interplanar distance 
d '  =  d /a gs- i/4_10 Is the well depth for the unsummed 4 -1 0  potential; 
the distance z 0* is in reduced units obtained by dividing z 0 by Og,.

TABLE I: Constants in Eq 2.4
Potential a b

(3 -9 ) 0.92207 0.8194
(3-12) 0.92058 0.9699
(4-10) 0.92544 1.0919
2 (4 -1 0 )

d *  =  0.8 1.14718 1.3511
d * =  1.0 1.06366 1.3065
d *  =  1.2 1.01657 1.2819

Summed (6-12)
d *  =  0.8 1.14726 1.3513
d * =  1.0 1.06550 1.3121
d *  =  1.2 1.03208 1.3380

to the leading term that a simpler approximation can be 
used:
~ 1 1  1

J b (z *  + jd * )10 ~ z * i0 + 9d * (z*  + 0 .7 2 d * )9 (2 ‘ 3)

Of course, the inclusion of the interaction with non­
surface planes gives rise to a well depth umin/e ls and a 
distance z0 of zero energy which depend upon the pa­
rameter d*. Figure 1 shows the variation in well depth 
with d* relative to the (4-10) value (i.e., relative to the 
value for d* = °°). Also shown is the variation in z0* = 
2o /ffgs (limiting value at large d* = 0.8584). These changes 
obviously affect the calculated BAS* at a given reduced 
temperature T*. In addition, the shapes of the energy vs. 
distance curves for the £ (4 -10) potentials differ from the 
(m, n) functions, which leads to subtle differences in the 
shapes of the curves of BAS* vs. T*. In order to exhibit 
these differences most clearly, we take advantage of the 
fact that plots of In BAs* vs. l/l~* are almost linear at low 
T*.5 Thus, we define a difference function A which reflects 
deviations from this linearity:

A =  (a / T * )-b -I n  Bas* (2 .4 )

The constants a and b for the various potentials are ob­
tained by defining A to be zero at 1/T* = 7 and 10. Values 
calculated in this way are given in Table I and plots of 
these parameters as functions of d* are shown in Figure 
2 for the £ (4 -1 0 ) potentials. The values of A calculated 
from eq 2.4 for these and several other potential functions 
are plotted in Figure 3.

A glance at Figure 3 shows immediately that high 
temperature data are a necessity if one is to use the quality 
o f fit between theory and experiment to distinguish be­
tween models. For example, earlier analyses of the Kr-gcb 
data show that the experimental temperature range 
corresponds to 1/ T* > 4.5. In this region a fit of data to 
theory enables one to distinguish between the (4-10) and 
the other functions, if the data are good enough. Indeed, 
Putnam and Fort conclude that the (3-m) functions give
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Figure 2. Plots of the slopes a and intercepts b defined by fitting In 
BAS* to a linear function of 1/7"*.

Figure 3. Deviations of the calculated In BAS* from linearity in 1/7"* 
are shown here for several potential functions.

a somewhat better fit to the data than the (4-10), and that 
variations in m  from 9 to 16 with n  = 3 give a marginally 
best fit at m  ~  12. The preference for a (3- m )  potential 
is surprising at first because the theoretical justification 
for this model is weak; however, one of the most interesting 
features o f Figure 3 is the indication that the deviations 
o f In Bag *  v s . l/T* from linearity are nearly the same for 
the £ (4 -10) models as for the (3-12) potential, at least for 
l/T* > 4.5. Thus, one concludes that the ¿ (4 -1 0 ) po­
tentials should fit the Kr-gcb data at least as well as the 
(3-12). It is also clear that the task of refitting the data 
for Ar, Kr, and Xe on gcb to the £ (4 -1 0 ) model will be 
greatly facilitated by this similarity in shape. The simplest 
method of proceeding is to write

q,(S(4-10)) = a(3-12)
<*(3-12) a(S(4-10))

^ ^ P  = exp[h(S (4-10)) -5 (3 -1 2 )] (2.6)

An iterative technique was used to calculate constants 
for the £ (4 -1 0 ) potential from the published values for 
tls(3-12) and s0(3-12). Trial values of a{£(4-10)j and 
¿{£(4-10)} were selected using a reasonable guess for d *  

=  d / o gs. An experimental value of o"gs{£ (4 —10)} was then 
calculated from eq 2.6; this result was then used to obtain

TABLE II: Well Depths and Size Parameters from the 
Fit o f Data for Rare Gas-gcb Systems to the s  (4 -1 0 )  
Potential Function“

Experiment Lorentz-Berthelot

Gas eUlk, K <7gs, A
egs/^>

K lI M gg +
cts s ) j A

egs /
(eggess)]

He 200-210 2.98 15 2.95 0.87
Ne 348 2.94 26 3.08 0.83
(uncor- 340 3.04 25
rected)
Ar 959 3.38 58 3.40 1.00

(968) (3.21) (65)
Kr 1255 3.42 75 3.47 1.12

(1271) (3.25) (84)
Xe 1608 3.78 94 3.66 1.18
° Values shown in parentheses correspond to AP,, =

12.0 m2/g; with the exception o f  helium, other values
correspond to AP33 == 11.5 m2/g.

an improved value of d * .  Two repetitions of this procedure 
were generally adequate to give convergence to a fixed d * .  

In this way, constants for the £ (4 -1 0 ) potential for the 
Kr-gcb system were calculated from the values listed by 
Putnam and Fort for the (3-12) function. In addition, it 
should be possible to calculate the £ (4 -10) parameters for 
Ne, Ar, and Xe on (P33) gcb by using the values of t \ s/ k  

and As0 listed by Sams, Constabaris, and Halsey for the 
(3-12) law. Of course, this approach is feasible only if the 
specific area of the (P33) gcb is known. Putnam and Fort13 
have given a detailed discussion o f the results o f various 
types of surface area determinations of gcb, and have 
argued that the measurement of lattice spacing in dif­
fraction experiments can be combined with isotherm data 
to give more reliable estimates of surface area than by any 
other techniques. Since that time, new data have appeared 
that support this conclusion.14 Putnam and Fort estimated 
the surface area of their gcb to be 11.4 ±  0.4 m2/g . They 
also estimate that the ratio of the area of the P33 gcb used 
by Halsey and co-workers to that for their sample was 1.04, 
which gave AP33 = 12.0 ±  0.5 m2/g. In order to have some 
indication of the sensitivity of the results to the value 
chosen for substrate area, the calculations presented in this 
paper were carried out for AP33 = 11.5 and 12.0 m2/g. 
Table II shows the well depths «l8 and ega and the distance 
parameters <rgs calculated in this way for the £ (4 -1 0 ) 
model. Values in parentheses are for AP33 = 12.0 m2/g.

The data for the Ne-gcb system were also fitted to the 
£ (4 -10) model after correcting for quantum effects. The 
correction required is quite small and can thus be esti­
mated from the harmonic oscillator approximation; one 
has

5AS( quantum ) = SAS( classical)
( h v  y

2 4 \ k f ) _
( 2 . 7 )

where v is the frequency of vibration perpendicular to the 
surface. Estimating v to be 1.6 X 1012 s '1, eq 2.7 can be 
rewritten as

5 AS(classical) = SAS(exp tl)/ (2.8)

Table II shows well depths and distance parameters ob­
tained by fitting both the raw Ne-gcb data and the 
quantum-corrected values to the £ (4 -1 0 ) model.

Measurements of the Henry’s law constants for 3He and 
4He interacting with gcb at temperatures from 12 to 22 K 
have also been reported.15 These gas-solid systems are 
fully quantized and, consequently, the formal theory 
appears quite different from that presented here. In
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TABLE III: Derivatives of the Potential at Its Minimum

William A. Steele

Potential u " q

£(4-10) 
d = 0 . 8 46.2 28.6
d = 1 . 0 43.4 28.7
d = 1 . 2 42.1 28.8

TABLE IV: Calculated Vibrational Energies of Rare
Gas-gcb Systems for u = 0 ^  1

Gas ( A e / k )har> K ( Ae Ik )anh> ^ (Ae/fc)tot> K
Ne 64 - 8 . 2 56
36 Ar 70 -3 .4 67
Kr 52 -1 .4 51
Xe 43 - 0 . 8 42

particular, there is no simple way o f determining <rgs and 
«gs from a fit o f such data to theory. Nevertheless, the­
oretical calculations c f  the Henry’s law constants and of 
the heat of adsorption in the limit of zero coverage were 
carried out for a (4—10) potential using reasonable 
choices for ags and egs.15 Moderately good fits between 
theory and experiment were obtained, and it was estimated 
that best values for the parameters of the pairwise H e- 
carbon potential required only a slight adjustment to the 
parameters actually used. The adjusted numbers are also 
listed in Table II.

Very recently, a study of the inelastic neutron scattering 
from 36Ar adsorbed on gcb has been reported.16 This work 
lead to a number of interesting conclusions which include 
the finding that the vibrational motion of Ar perpendicular 
to the surface could be represented as that of an Einstein 
oscillator coupled to the substrate, with an energy Ae for 
the v = 0 —► v = 1 transition of 5.6 Mev or 64 K. Of course, 
the potential functions determined here allow one to 
calculate this energy change for Ar as well as the other rare 
gases. If effects of anharmonicity are included, one can 
write

h2
mk (2 .9 )

where the factor q in the anharmonic term is defined as

(2 .10 )

The derivatives of the potential at its minimum are 
evaluated in reduced units, for convenience:

u("> =
dn

dz*n \els (2 .11)

Values o f the force constant u"  and of the factor q are 
listed in Table III for the 51(4-10) potentials considered 
in this work, and the calculated vibrational energies are 
listed in Table IV for the rare gas-gcb systems.

It is noteable that the difference between the calculated 
and the experimental values of Ae/k for 36Ar is well within 
the combined uncertainty in the numbers. Note also that 
the correction for anharmonicity is nonnegligible for Ar 
and becomes quite important for Ne (and He). Clearly, 
the direct experimental determination of these energies 
by inelastic neutron scattering (or by other spectroscopic 
means) is very helpful in testing the accuracy of gas-solid 
potentials; it is hoped that such studies will soon be carried 
out for other adsorption systems.

Discussion
One o f the long-standing problems in fitting virial 

coefficient data to theory is that the parameter determined

is the product As0 (or A<rgs) rather than the individual A 
or s0. In the work of Sams et al., a substitution o f rea­
sonable choices for s0 into the experimentally determined 
products yielded surface areas that differed considerably 
from che BET area for this gcb. On the other hand, 
Putnam and Fort could take the areas as known quantities. 
Since their values for cls and .4s0 are quite close to those 
obtained by Sams et al., it is not surprising to find that 
the use of an area close to the BET area by Putnam and 
Fort gives s0 for the Kr-gcb system that is unreasonably 
small [specifically, 2.3 A for the (3-12) function]. In 
contrast, the 53(4-10) potential has not only the best 
theoretical justification and fits the available data as well 
as the best of the (m, n) functions, it also gives reasonable 
<rgs and egs values when the best estimate of the area is used. 
For example, if it is assumed that the cohesion of basal 
planes in graphite is due to a sum of pairwise (6-12) power 
interactions between carbon atoms in different planes, it 
can be shown that <rCc = 3-4 A and u:cjk = 28 K.17 These 
values can be used together with the combining rules for 
the parameters of the interaction potentials of unlike 
atoms to give estimates of trgs and egs. Perhaps the best 
known of these are the Lorentz-Berthelot rules, which 
consist of an arithmetic mean for a and a geometric mean 
for e:

° g s  =  K g  +  f f s s ) / 2  ( 3 . 1 )

egs — ( e g g e s s )  ( 3 . 2 )

These expressions have been used previously to estimate 
the well depths and size parameters for the rare gas-gcb 
systems.10 Recalculated values are also shown in Table II 
(using crGC = 3.37 A rather than the previous value of 3.40
A).

The agreement between the calculated and the exper­
imental values of is as good as one could hope for. The 
uncertainty in the experimental numbers is at least ±3% , 
due in part to lack of precision in A(rga obtained from what 
is essentially a logarithmic fit o f data to theory and in part 
to uncertainty in the area of the substrate. Unfortunately, 
an error in <rgs leads to an even larger error in cgs, since eq
1.8 shows that a calculation of this parameter from el8 is 
quadratically dependent upon cg8.

Although various tests1819 based on properties of bulk 
mixed rare gases show that the arithmetic mean rule for 
aq is quite accurate, it has been shown that the geometric 
mean rule for etJ is much less satisfactory. Consequently, 
a number of combining rules have been proposed as im­
provements on the Lorentz-Berthelot rule for e .̂20 In most 
cases, these rules (combined with the arithmetic mean rule 
for <rga) give rise to values for the ratio €gs/(fgg€Ss)1/2 which 
is less than unity by an amount that increases with the size 
difference between the atoms. Table II shows quite clearly 
that these extended rules are incapable of predicting the 
observed behavior for Kr and Xe. In fact, the data seem 
to indicate that this ratio increases smoothly with in­
creasing size of the gas atom, if one remembers that the 
egs have at least 5% uncertainty. A possible explanation 
for this observation is suggested by the fact that the 
neglected variations in energy with displacement parallel 
to the surface vary smoothly with changes in the gas 
atom/solid atom size ratio. Consequently, the virial 
coefficients were recalculated without omitting this part 
of the potential; the results are given in the Appendix 
(supplementary material), and the slopes and intercepts 
are shown in Table I. It is readily shown that only the 
virial coefficient fit for neon is noticeably affected when 
one uses the refined theory, and that the alterations in this 
case are a shift in ags from 2.94 to 3.00 A, a shift in egs/k
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quency results are shown in Table I. When the tem­
perature is higher, the liquid crystalline state of the bilayer 
starts at lower mole ratio of CC14/D P L and ends at lower 
mole ratio.

Discussion
Thus far, the majority of investigations of small mol­

ecules in bilayers have concentrated on the alcohols, such 
as benzyl alcohol, because of the importance of these in 
anesthesia. Our motivation for studying CC14 and CHC13 
is similar. In addition, as will be discussed further below, 
Martire et al.17-19 have recently investigated the effects of 
small spherical molecules on thermotropic liquid crystals. 
T his investigation of a lyotropic liquid crystal complements 
their work.

Both CC14 and CHC13 are quite insoluble in the aqueous 
phase of the bilayers (solubility in water: 0.01 g of 
CC14/100 g of H20  at 24 °C; 0.072 g of CHC13/100 g of H20  
at 23 °C), and we can assume that for spectroscopic 
purposes they are completely dissolved in the hydrocarbon 
region. Nonetheless, the greater polarity of CHC13 (dipole 
moment 1.15 D) and its greater dielectric constant (eCCLl 
2.238; €chci3 4.806) may account for some of the differences 
observed between the two molecules in this study. As no 
differences were seen in the spectra which would be in­
dicative o f any environmental differences between the 
solutes, no conclusion can be drawn on this point. Neither 
solute has any Raman bands which overlap with the bands 
of the lipid used in this study.

The phase transition induced by these solutes is, based 
on the spectroscopic data, one between the L/3' phase of 
the lipid multilayers in which the chains are in an all-trans 
extended conformation, and one in which there is a high 
proportion of gauche conformers present. The former 
conclusion rests on the observation that even at 0.1-0.2 
mole ratios of solute/DPL, the spectroscopic parameters 
are identical with those of the L¡3' phase. The phase 
existing at high ratios of solute to DPL may or may not 
be an La phase, as characterized for the pure bilayers at 
high temperatures by x-ray methods. While the spec­
troscopic parameters are quite similar, we do not have 
enough data to know whether Raman spectroscopy is 
sufficiently sensitive to distinguish between phases of 
similar conformation in the disordered chains but different 
packing symmetry. This point is discussed further at the 
end of the Discussion.

The phase transition occurs over a range of solute 
concentration. As the measurements taken here are 
equilibrium measurements, our discussion must be in that 
context, not in a kinetic one as is often done for none­
quilibrium measurements such as differential scanning 
calorimetry. Thus the results can be understood in terms 
of a phase equilibrium between two phases, one in which 
the lipid chains are highly ordered, and the other in which 
substantial amounts of gauche conformers are present.

The curves in Figures 1 and 2 indicate that there is a 
substantial two phase region, the extent of which is dif­
ferent for CC14 and CHC13. Such a region is required for 
a first-order phase transition when spherical impurities are 
added. In this two phase region, both ordered and dis­
ordered chains are present. The fraction of gauche 
conformers appears to increase linearly with concentration 
of solute in the two phase region. The curves thus provide 
us with a portion of the phase diagram for this three 
component system. It is interesting to note that Martire 
has also predicted17 and found18 a two phase region for the 
two component system of thermotropic liquid crystal plus 
spherical solute in the nematic case, but in general this 
region is very narrow. A similar two phase region is also

found in the case of liquid crystalline solutions o f certain 
polymers in methylene chloride, in which both isotropic 
and mesophases are present over a range of CH2C12 
concentration.20 McConnell and co-workers21 have ob­
served lateral phase separation in related phases. It would 
be interesting to apply the techniques used by them in 
their assertion of lateral phase separation to ascertain 
whether analogous separation is taking place here, or if the 
fluidization is uniform throughout the multilayer, occurring 
progressively along the chains from the bilayer center, 
which would be the alternative reasonable prediction.

The Raman data provide one piece of negative evidence 
related to this point. In the pure lipid-water gels, the lower 
phase transition is clearly seen in the Raman parameters.15 
When solute is added, this transition is not seen. In 
addition, if small amounts of solute (e.g., 0.14 mol of 
solute/mol of DPL) are added and the transition is in­
duced thermally, the lower transition is still not observed.22 
This lower transition occurs between different phases 
having all-trans, rigid chain conformations. If the two 
phase region was one in which lateral phase separation 
occurred, we would expect the region containing all-trans 
chains to exhibit the lower transition, while the fluidized 
region would not. As this is not seen, we believe that the 
fluidization occurs in a statistically random fashion.

Further evidence regarding the phase diagram is ob­
tained from the dependence of the spectroscopic pa­
rameters on solute concentration at 30 °C, shown for the 
case of CC14 in Table I. At this temperature, addition of 
even small amounts of solute already affects the spec­
troscopic parameters of the lipid chains. Clearly at these 
temperatures the entropic change caused by the presence 
of gauche conformers is sufficient to overcome the en- 
thalpic barrier.

The peak area of the solute peaks is linear with con­
centration, and appears to be unaffected by the phase 
transition which takes place. We can use this peak area 
as a reference, and from it derive the absolute change in 
the peak area of the / 1125 peak with decreasing order in the 
bilayer. This latter peak arises from CC stretching modes 
of the all-trans segments. Its intensity decreases as gauche 
conformers are introduced.

One can attempt to use this absolute change in intensity 
to calculate the concentration of trans segments in the 
system at any given point. If one carries out such a 
calculation assuming that / 1125 is directly proportional to 
the concentration of carbons, the result is that at a 2.5 mole 
ratio of CCI4/DPL or CHC13/D PL, 55% of the rotatable 
carbons are in the gauche conformations. This is in­
consistent with calculations of Nagle4 and others, indi­
cating that even in the vapor phase, no more than 42% 
gauche conformers exist. Furthermore, transferring our 
intensity results to the high temperature liquid crystal 
phase, at 43 °C, we would again conclude that 55% gauche 
conformers exist, while Nagle’s calculations and other 
measurements would indicate a value of 25% at this point.

The reason for failure of this attempt at using Raman 
spectra to produce a scale stems from the presence of 
overlapping modes in the CC region, each of which has a 
different dependence on concentration of trans segments. 
Because of the complexity of these modes, there is no way 
of knowing how many times a particular carbon atom 
manifests itself in the integrated intensity in any region. 
Thus we believe that Raman spectra are currently only 
useful for obtaining an upper limit on the fraction of 
gauche conformers.

As shown in the Results section, the solute results in­
dicate that In25 decreases while / 1295 increases. It is
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straightforward to explain the former result, as the IU25 
band is associated with all-trans C-C stretching, and there 
is a corresponding increase in intensity at 1095 cm “1, 
corresponding to C-C stretching of gauche segments. The 
increase in intensity at 1295 cm"1 is explained as follows: 
We note that with the increase in intensity there is a 
concomitant shift to higher frequency. Referring to force 
constant calculations for hydrocarbon chain segments, one 
finds that a number of CH2 twisting modes are predicted 
for the 1275-1325-cm"1 region.23 In the all-trans chains, 
the selection rules are strict, and certain of these are 
Raman active, others are infrared active, while some are 
inactive. In the fluid phase the symmetry is lowered. For 
example, a trans-gauche segment has no symmetry (Cj 
point group). All the CH2 twisting modes become allowed 
in this case, leading to an increase in intensity. A similar 
effect is seen in the CH2 stretching region, in which an 
intense infrared band of the all-trans chains at 2930 cm“1, 
absent from the Raman spectra of the L/L, phase, appears 
strongly in the La phase.15

The only spectral difference between the liquid crys­
talline state of D PL-H 20  at T > 45 °C and that of 
D PL-H 20-solute at room temperature is in the 2800- 
3000-cm"1 region. In the second case, the 2878-cm"1 peak 
continues to shift to higher frequency values as more solute 
is added, although all other measures in the system (in­
cluding the 2844-cm"1 frequency shift and h2ils/h2Ui 
values) indicate that a liquid crystalline state is already 
achieved. It seems reasonable to explain this continuous 
frequency shift with additional amount of solute (as the 
solute becomes the solvent, in fact) as a result of a gradual 
change in the long-range organization of the phospholipid 
molecules, from a bilayer structure to a micellar solution. 
The Raman spectrum of a micellar solution of DPL in 
CHC13 and that of the highest mole ratio of CHC13/D PL 
in multilayers (or CC14/D PL) measured in this study are 
almost identical. (See Figures 1 and 2, right-hand side.) 
At a mole ratio of 10 (solute to DPL) one has a 0.036 mole 
fraction of hydrocarbon in the solvent-hydrocarbon or­
ganic phase of the system. At this dilution the existence 
of micelles cannot be ruled out. The 2878-cm"1 frequency 
shift is not a result of a shift of one peak only, but a 
consequence of several changes in the 2800-3000-cm"1 
region. This region is very difficult to resolve into indi­
vidual components.

Although the packing is different no other spectral 
differences exist between the liquid crystalline bilayer and 
the micellar solution, indicating the same fraction of 
gauche conformers is present in both cases. The 1000- 
1350-cm“1 region is apparently not sensitive to packing, 
only to chain conformational order. This difference in 
behavior of CH stretches and CC stretches has also been 
seen in temperature dependence of dilauroyl phosphatidyl 
ethanolamine spectra.12

Further investigations of these systems, particularly 
temperature dependent studies designed to completely 
describe the phase diagrams, are in progress and will be 
reported shortly.
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Crystal-Field Calculations with Trigonal Bipyramidal Symmetry Potential. 2. Weak-Field 
Matrices at Nonzero Spin-Orbit Coupling for a d3 7 Configuration1

F. Palacio

Departamento de Física Fundamental, Facultad de Ciencias, Universidad de Zaragoza, Zaragoza, Spain (Received December 15, 1976)

Trigonal bipyram idal crystal-field energy matrices for a d3,7 configuration, at nonzero sp in -o rb it coupling, in 
a weak-field scheme are given. Racah algebra has been used for calculating them. The appropriate weak-field 
basis eigenfunctions are also given and some properties of the group are pointed out in order to describe a quick 
method for generating those eigenfunctions. A ll crystal-field matrices calculated here have been fu lly  checked 
and the checking procedures are also described.

Introduction

Crystal-field and spin-orbit energy matrices have proved 
to be a valuable tool in the study of the fine structure and

f This work was supported in part by Junta de Energia Nuclear, 
Madrid, Spain.

magnetic properties of complex ions. That work has been 
carried out for all dn configurations in Oh symmetry1 and 
for the majority of those in tetragonal, Dih, and lower 
“ pseudo-cubic” crystal-field symmetries.2 In D2h sym­
metry, however, this calculation has been performed only 
for d13 and d24 configurations. The goal of the present

0022-3654/78/2082-0825$01.00/0 ©  1978 American Chemical Society
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TABLE I: Compatibility between the Full Rotation
Group and the D 3h* Point Group for Centrosymmetric 
Half-Odd-Integer Representations

0 (3 ) states D 3fl* states
1/2 r  7
3/2 r 7 +  r  9
5/2 r ,  + r 8 + r  9
7/2 r 7 + 2 r 8 + r 9
9/2 r ,  + 2 r s + 2 r ,

11/2 2 r , + 2 r s + 2 r 9
13/2 3 r , + 2 r 8 + 2 r 9

paper is to set up complete crystal-field energy matrices 
from a Hamiltonian that includes also electrostatic re­
pulsion and spin-orbit coupling terms.

We are interested, as pointed out in the first part of this 
series5 (henceforth labeled as CFC-I), in the weak-field, 
or “ free atom” , representation;6 therefore the terms of the 
Hamiltonian

K = ^ j ^ + m r i)si -li + V D3h (1 )

will be treated in the order given in eq 1. The crystal-field

potential, VD , reduces the spherical symmetry o f both 
Coulombic and spin-orbit terms. Then, in order to obtain 
the |d3«S L J r ), where T denotes an irreducible repre­
sentation in the point group, eigenfunctions o f the 
Hamiltonian (1), the free ion \dsaSLJM) states have to 
be subduced onto the corresponding ones of the crystal- 
field point group.

We must first discuss some differences in the subduction 
procedure depending on whether the number of d electrons 
is even or not. In the first case the subduction of the free 
ion states can be done as in the zero spin-orbit limit, that 
is, by considering the DJ\R(a, ¡8, y )) full-rotation group 
representations, J integer, and restricting them, in the 
usual form, to the requirements of the point group op­
erations.

In the second case, however, the values of J are half 
integral numbers and then the elements of the basis of 
DJ\R{a, 8, y)j representations are spinors instead of vectors. 
Here the homomorphism between the matrices E^lRia, ¡3, 
Y ) j  and the rotations R(a, (8, 7 )  is a two-to-one homo­
morphism, that is, there are two DJ\R(a, ft, 7 ) )  matrices 
corresponding to each R(a, ft, 7 )  rotation and, therefore, 
the representations of 0(3) group are double valued.

F. Palacio

TABLE II
Trigonal Bipyramldal Energy Matrices In 

Representation

(non-zero elements only; (S) should be under;

« - fe, *PIO *uDj8
Matrix r? (a); |M| - 1/2 
<ct(S)LJl/2 |tk3h|'(S')L'J'l/?> Ds Dt

30) F9/2 -2/3 3
3(4)F7/2 -*5/21 6/5/7
3(4)P5/2 1/7 -18/7
3(4)F3/2 0 -7771
3(4} P5/2 1/777 -2/777
3d)P3/2 0 -/nr/3
3(b)Pi/2 0 771/3
3(4)F7/2 -10/21 -3/7
3(4)P5/2 —13/( 35/o) 6/7/7
3(̂ )F3/5 6/6/5/35 -I1/W7/7
3(4)P5/2 8/7777/5 -7T177
3(4>P3/2 36/7717/5 4/T57773
3(4)Pl/2 D /nr/3
3(4)F5/2 -66/175 -11/7
3(-:F3/2 -l8/5/l~5 H/0/7
3(4>P5/2 -21/777/26 3/777
3( ) P3/2 32/777/25 3/577
3 (a)pi/2 Wi 1/5/3 0
}!-}F3/2 -22/25 0
3(4)?5/2 -1 7171/25 »7777
3(i)F3/2 -1/5T/23 0
3<4)F:/2 1/7775/3 3

<a(S)LJl/2|ti,3h| a' (S')L'J'l/2> Ds Dt
3(2)D5/2 3(2)05/2 12/35 -19/21

3<2)D3/2 3/372/35 -19/271/7
1(2)05/2 12/577/5 -5//7I
l(2)D3/2 9/(5/!* 1 -5/27?
3(2)P3/2 1/5 0
3(2)Pl/2 -77/3 0

3(2)D3/2 3(2)03/2 3/10 0
1(2)05/2 9/i 5/Tf) -5/277
1(2)03/2 3/5T/10 0
3(2)P3/2 -7177/3 0
3(2)Pl/2 /T/5 c

1(2)05/2 i(2)D5/2 i/5
1(2)03/2 7777/3 /r
3!2)F3/2 -777/3 3
3 (2 ) ? 1 / 2 777/3 3

K21D3/2 1(2)03/2 7/10 1
3(2)P3/2 3/777/5 1
3(2>?l/2 -3/T/5 0

3(2>P3/2 3(2)?3/2 -2/5 a
3(2;Pl/2 -2/7/3 3

<a(S)LJl/2|(X3V)I 0'(S1)L'J'l/2> Ds Dt
3(1) P5/2 3(DP5/2 28/25 0

3(9)P3/2 21/25 0
3(9)Pl/2 -21/(5 77) 0

3(1 )P3/2 3(DP3/2 -28/25 0
3(9)Pl/2 -1/(375) 0

3 C 2)HI1/2 3(2)911/2 21/11 -56/33
3(2)H9/2 7175/11 -2/WI/ll
3(2)09/2 -9/(3755) -3/57TT
3(2)07/2 2/(3771) i5/(2/TT)
3(2)F7/2 2/T571T -5/5777/2
3(2)F5/2 0 -/57TT/3
3(2)05/2 0 2/57TI/3
3(2)03/2 0 -/W77
1(2)05/2 0 -2/77737
1(2)03/2 0 /7S7TC
3(2)P3/2 0 6/5/1X

3(2)K9/2 3(2)99/2 109/55 -18/11
3(2)09/2 9/7777/5 3/57TT
3(2)G7/2 -2/2/165 -3/77777
3(2)F7/2 2/77TT/7 -9/(7/77)
3(2)F5/2 2/55/7 -26/7777/7
3(2)05/2 0 -2/5737
3(2)03/2 0 2//IT
l(2)D5/2 0 2/14/11
1(2)D3/2 0 -2/7T7TT
3(2)P3/2 0 9/7777"
3(2)Pl/2 2/TI77

3(2)G9/2 3(2)09/2 8/15 -1
3(2)G7/2 2/(21/5> -Tin
3(2)F7/2 i/(7/7) -3/7/7

Matrix r? (b); |Mi = 11/2
10'(S')L'J'll/2> Os Dt

3(2)H11/2 3(2)911/2 -3 -2
Matrix rg(a); |M| - 5/2
<a (S) LJ5/2 |o‘(S'>L’J'5/2> Ds Dt
3(DF9/2 3(9)F9/2 -1/6 -17/6

3(9)F7/2 -5/( 3/T9) 10/277/3
3(9)F5/2 l/(2/35) 9/577/2
3(9)F5/2 2/275 7772

3(1)F7/2 3(9)F7/2 2/21 13/21
3(9)F5/2 -23/(7/10) -6/10/7
3(9)P5/2 8//35 2/577

3(1)F5/2 3(9)P5/2 33/70 -11/14
3(9)P5/2 6/277/5 3//PT

3(9)P5/2 3(9)P5/2 -7/5 0
3(2)Hll/2 .3(2)911/2 51/55 26/33

3(2)H9/2 2/7/11 -10/273/11
3(2)09/2 -8/(3/1T) -15//U
3(2)07/2 2/14/11/15 -3/7?22
3( 2)F7/2 2/47755 Z35/66
3(2)F5/2 0 -/357IT/3
3(2)D5/2 0 2/337TT/3
1(2)05/2 0 -14/3757

:0(S)Ul/2Hi)
3(2)F5/2 -8/21 6/7
3(2)05/2 10/21 24/7
3(2)D3/2 0 2/777
l(2)D5/2 10//5T -4/777
1(2)03/2 0 -/T7/3
3(2)P3/2 0 1
3( 2)Pl/2 0 -/7

3(2)07/2 3(2)07/2 11/21 -13/14
3(2)P7/2 -2/577/7 3/15/14
3(2)F5/2 4/5/21 -3/7/7
3(2)D5/2 2/(21/5) 6/7/7
3(2)03/2 3/675/7 H/W7/7
1(2)05/2 2//T755 -/T577
1(2)03/2 9/5735 -11/5714/3
3(2)P3/2 0 -71/2
3(2)Pl/2 0 /5/2

3(2)F7/2 3(2)P7/2 5/7 9/14
3(2)F5/2 2/3/35 3/(771)
3(2)05/2 -18/7/35 -10/(771)
3(2)03/2 27/7/35 371/7
1(2)05/2 -6/(5/7) -3/71
1(2)03/2 3/577/5 37J7V5
3(2)P3/2 24/7/35 -55/(14/3
3(2)Pl/2 0 -11//6

3(2)F5/2 3(2)F5/2 24/35 11/21
3(2)05/2 36/35 20/21
3(2)03/2 -18/5/35 -10/777/7
1(2)05/2 4/777/5 10//5T
l(2)D3/2 -6/777/5 -5*777
3(2)P3/2 8/35 -33/7
3(2 > Pl/2 4/7/5 0

<0(S)LJ5/2|(̂ 3h10'(S'>L'J'5/2> Ds Ot
3(2)99/2 26/55 17/U
3(2)09/2 /57T7/5 -17//55
3(2)07/2 -2/7777 -5/7777
3(2)F7/2 2/5777 -/57T7
3(2)F5/2 711711 13/570T5
3(2)05/2 0 Z35/66
1(2)05/2 0 -7/5757
3(2)C9/2 2/15 17/18
3(2)G7/2 7771/3 -5/577/9
3(2 )P7/2 2/10/21 -/10/21
3(2)F5/2 -4/0/75) -3/577/2
3(2)D5/2 7177/3 -6/577
1(2)D5/2 7171 /T5
3(2)G7/2 -11/105 169/126
3(2)P7/2 2/(7771) -13/571/14
3(2)P5/2 io/TU/21 3/15/7
3(2)D5/2 /X7721 -6/TO/7
1(2)D5/2 /10/21' /T577
3(2)P7/2 -1/7 -13/14
3(2)P5/2 71/7 -5/577/7
3(2)D5/2 -971/7 10/577/7
l(2)D5/2 -37777 37777
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Crystal-Field Calculations with Trigonal Bipyramidal 
Symmetry Potential. 3. d4'6 ConfigurationsT

F. Palacio

Departmento de Física Fundamental, Facultad de Ciencias, Universidad de Zaragoza, Zaragoza, Spain (Received December 15, 1976)

Trigonal bipyramidal crystal-field energy matrices for a d4,6 configuration in a weak-field scheme have been 
calculated by using Racah algebra both in the zero and the nonzero spin-orbit limit. The appropriate weak-field 
basis eigenfunctions as well as the reduced matrix elements for the tensor C,kl (k = 0, 2, 4) in this configuration 
are also given. All crystal-field matrices calculated here have been fully checked and the checking procedures 
are also described.

Introduction Crystal-Field Matrices at Zero Spin-Orbit Limit

In previous papers of this series, hereafter referred to 
as CFC-I1 and CFC-II,2 complete energy crystal-field 
matrices in a weak field of D3h symmetry were calculated 
for the d3,7 configuration. Calculations in this symmetry 
have been previously done for configurations d1,9,3,6 d2,8,3,4,6'8 
and d3,79 and in order to discuss spectroscopic data of some 
compounds with d2,3’6,7,8 configurations, Norgett, Thornley, 
and Venanzi10 and W ood11 have obtained suitable energy 
level diagrams. As far as we know, not too much has been 
said about calculations in d4 and d5 configurations in spite 
o f the fact that pentacoordinate compounds with this 
symmetry are well established in these configurations. In 
d4,6 configurations, e.g., high spin pentacoordinate com­
pounds with bipyramidal trigonal symmetry, Cr(II) and 
Fe(II) have been described.12-16 Those cases with trigonal 
bipyramidal C3„ microsymmetry may also be tried with 
quite good approximation as D3h ones, because the ad­
ditional perturbation deforming the equatorial plane, 
necessary to introduce C3u symmetry, does not entail 
significant modifications in the relative energies.11 
Moreover, a large series of high-spin pentacoordinate 
Mn(III) compounds has recently been prepared.1719 All 
o f them have by general formula MnL2Cl3 where L is a 
monodentate ligand such as dioxane, or arsine, phosphine, 
pyridine, and substituted pyridine oxides. In spite of what 
would be expected from their stoichiometric formula, they 
seem to exhibit a distorted C4„ symmetry. The only 
crystal-field energy matrices which are still required for 
a deeper study of the electronic spectra and magnetic 
properties of these pentacoordinate compounds are those 
for D3h symmetry. Matrices for a crystal field of C4u 
symmetry are easily obtained from those of Dih symmetry 
already published,20 on considering the isomorphism 
between the C4d and D4 groups and the central symmetry 
of d orbitals.

In the present paper, therefore, we shall calculate the 
complete crystal field energy matrices for a d4,6 configu­
ration in a weak field of D3h symmetry. In the first part 
of this work the weak-field matrices at zero spin-orbit limit 
are calculated, and in the second part the case of non­
vanishing spin-orbit coupling is also considered. Finally, 
the third part of the paper deals with a description of the 
checking procedures that have been used in order to 
guarantee the reliability of our calculations. The splitting 
produced in a d4 configuration under the action of a strong 
crystal field of D3h symmetry is also considered in that 
section.

f This work was supported in part by Junta de Energia Nuclear, 
Spain.

We shall obtain in this section the energy matrices of 
the Hamiltonian

JC -  K  er + V D3h (1 )

in a ¡d4aSLryal weak-field representation. As in previous 
papers F characterizes the irreducible representation in 
the D3ll group, y distinguishes the different degenerate 
states, if any, contained in F, and a is a label distinguishing 
states with equal S and T.

The form of the crystal-field potential with D3h sym­
metry, and the general form of the energy matrices for 
configuration d3,7, was given in expressions 3 and 10, re­
spectively, o f CFC-I. After an obvious translation of 
expressions 10 and 15 of CFC-I to the case of a d4 con­
figuration, we have

(dAaSLTya\VDih\d‘ia'S'L'r'y'a') = 8 rr '6jy '8aa' X
2 (aSLFa\aSLML) X 

mlml '
(a'S'L'ML'\a'S'L'r'y,a '> (-l)L-ML X

k
2

0 ,  2 ,  4
hfco(3d; 3d)|

'L k V  \
-M l 0 Ml )

X

<d4aSLH C (fe)l ld V S 'l /> (2)

where

<d4aSLIIC(fe)lld V S 'L '>  = 0SS'2 0 [(2 L  + 1 )(2L ' +

_2  (~ l )L + k + L(dAaSL{d3(aSL)daSL)X
_aSL_
a’s'L'
(d3(a'S’L')da'S'L'}d ‘iot'S'L') X 
)L  2 L I
\k L ' 2 /  5<*a ' 5 s s '5 l l ' (3)

The radial components, hfe0, of relation 2 have been de­
scribed in eq 11-13 of CFC-I.

The appropriate eigenfunctions to be used in expression 
2 may be easily derived with the method given in CFC-II. 
The explicit form of these functions will be essentially the 
same as those given in Table I of CFC-I after adequate 
modifications. It is only necessary to add the eigenstates 
originated from the subduction of the term \I. In Table 
I a compact form of these eigenfunctions is given. 
Likewise, in Appendix I21 the reduced matrix elements

0 0 2 2 -3 654 /78 /2082 -08 30S 01.00/0 ©  1978 American Chemical Society
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<.ls)Lj;|JD3hl.1 (S' ) L'' 2> Os Dt <a(S)LJ2|(}D3h|a' (S1 )L'J'2> Ds Dt «a(S)i.J0 1 Ds
o(3)05 -“/25 1/2 0(1)F3 0(1)00 -2/II/IO5 I5/I5777/2 0(3) F0 0(3)80 -0/27TÎ/13 -3//22
«(DH.H 2/10/11/25 -/10/1Î/3 0(1)16 0 -28/(3/fî) 0(3! H5 - 0 / ( 5 /j ) -3/3/2

0(3)H6 -0//33 -15/3/11/22(1)00 2(1)G0 -11/210(3)H6 -32/2/55/5 5/10/11/3 0(1)00 8/(21/11) 20/11/21 0(3)00 0(3)00 17/50 -3/2
0(3)H4 «(3)11« 208/825 -2 0(1)16 8/7/165 0 0(3)05 -3/25 3

*t( 3)H5 13/10/31/76 2/10/11 0( 1)00 0 C1)GO -IOO/23I -17/02 0(3)80 -28/6/11/?5 -7//S6
0(3)H6 -0/775/165 0 0(1)16 32/77I5/II 0 0(3)H5 -00/25 - 3/2

0(3)86 o/(5/ñ) 9/(2/TÏ)<K3)H5 0(3)H5 9/25 -0/9 0(1)16 0(1)16 10/11 -2/3
#(3)H6 0/2/55/5 20/10/11/9 0(3)05 0 ! 3)G5 0/25 3

6 0 ( 3 ) H 0 0/6/11/25 2/2/33®(3)h6 «(3)H6 5/11 0/9 Ds Dt 0(3)H5 -8/25 :
2(1)152 2(1)02 2/7 0/21 0(3)H6 -32/(5/ïï) -i//ñ

0( 1)02 12/2/7 10/2/21 0(3)H0 0(3)H0 -728/825 28/110(1)F3 0 2/35/3 2(3)f'0 2(3)F0 -1/3 _1 0(3)H5 26/2/33/25 -o/6/lí2(1)60 -o/(7/3) 10/3/7 0(3)?0 -7/3 0 0(3)H6 -/TT3/55 o/S/110(1)00 -8/1173/7 IO/3/II/7 0(3)00 -3/3/5 -O//!
<1(1)16 0 -0/357ÏÏ/3 0(3)05 ' -6/3/5 -8//3 0(3)H5 0(3)H5 -9/25 -8/3

0(3)110 -0/7711/15 2/2/11 0(3)H6 0/(5/U) -0/(3/îî)0(1)D2 0(1)D2 6/7 -16/21 0(3)HC0(1)P3 2/10/7 /5/ÏÔ/3 0(3>H6 -0//33 IO/3/II 0(3)H6 0(3)H6 -1/11 -128/33
2(1)00 -10/273/7 -10/5/7 2(1)00 2(1)00 -0/3 2/34(1)00 -2/22/3/7 -65/3/22/7 0(3) *"0 0 ( 3 ) r 0 -11/6 3/2 0(1)00 -0/(3/ñ) -0C/(3/îT)
0(1)16 3 2/70/11/3 0(3)00 -/3/10 l/(2/3) 0(1)16 2/2/11 20/2/110(3)05 -/]/-: 1//38U)F3 0(1)F3 3 7/6 0(1)00 0(1)00 50/33 17/33
2(1)00 -0/7/Ï5 0 0(1)16 8/2711 -25/7/11

0(1)16 0(1)16 -2/11 60/11

TABLE IV: Strong Crystal-Field States in a d4 Configuration
Configuration (VD3h> Splitting after Jfer Splitting after ïfer + Jfso

(e'T 4e0 + 4D s  - 1 6 D t ‘ A ,' r,
(e ’ )3(e' )’ 4«o + D s  -  11.DÍ 3A, ' 3A7”, 3E” , ‘ A ," , 1 A " JE" r „ r 2, 2r„ 2 r4, 2r5, 3 r 6

(e' ’ )3(ai ')’ 4e„ + 5 D s  - 6 D t 3E", ■ E" r „ r 2, 2 r 5, r 6

(e' ')2(eT 4e0 - 2 D s - 6 D t 5A, ', 3A /,, 23A2 ' to W CO f 1 A» -r t 2 ', 3’ E' 6 r, , 2 r 2, 2 r 3, 2 r4, 6 r s, 6 r 6

(e TO * / ) 2 + 6 D s  + A D t 3A2', 1 A, , ‘ E’ 2 r, , r 5, r 6

(e )2 (e )' (a, 4e0 + 2 D s - D t 5E', 3A ,V 3A2', 4:3E', 1 A , ' , ’A 31E' 3r, , 3 r2, 5r3, 5r4, 7 r s, 9 r 6

(e' )2 (ai )2 4e„ + 14 D t 3a 2 ‘A ,’ , *E' 2 r, , r 5, r 6

(e )2(e"  )'(a! 4e0 - D s  + A D t 5E",, 3a , t , 3a 2" , 43E", ’ A ,” , ■a 2" , 3‘E" 5r, , 5 r2, 3 r3, 3 r4, 9 r 5 ,7 r 6

(e ')'(e ' ) 3 4e0 - 5Ds - D t 3A,' ', 3A2'’ > 3E” , 1 a  "  1 > A ,", 'E” r 1; r 2, 2 r 3, 2 r 4, 2 r s, 3r 6

(e ' Y ( e 'Y ( ai 'Y 4e0 + 3 D s  + 9Df 3A / 3a 2” , 3E" 1 A "> -^i >’A ,", •E" r , , r 2, 2r 3 ,2 r 4, 2 r s, 3r 6

(e r « y 4e0 - 4 D s  + 9 D t 3E', ■E' r 3> r 4, r 5, 2 r 6
(e Y 4e„ - 8  D s + A D t ‘ A / r,

Since accidental degeneracy permits us to use \M\ as a 
good quantum number, the subduction of the |d4aSLJM) 
states onto the |d4aSLJT7 a) ones will be automatic be­
cause we may label the irreducible representations with 
|M\ just as well as with r. We may therefore use expression 
13 from CFC-II to calculate energy matrices of the 
crystal-field potential in this representation. So, for a d4 
configuration we have

(d *a S L J M \ V D3h Id V S ' L 'J 'M ' )  =

d M M 'h 2  > o ( - l ) s + i / - M[(2 J +  1 )(2 J' +
k =0 ,2 ,4

<d4aSLMC(fe)lldV S'Z /> (12)

where the reduced matrix elements appear in Appendix
I. 21

The electronic repulsion and spin-orbit coupling terms 
in Hamiltonian (11) are diagonal in J  and M  so that, by 
adding the crystal-field matrices derived from (12), the free 
ion electronic repulsion and spin-orbit coupling terms, 
complete energy matrices of this Hamiltonian will be 
obtained. In Table III the crystal field matrices (eq 12) 
are given for the d4 configuration in the |d4a'SLJTyaj 
representation. Electronic repulsion matrices have been 
given by Racah24 and are given in the matrices of Table
II. Spin-orbit matrices can readily be calculated from the 
Nielson and Koster tables25 and in order to guarantee the 
consistency with the wave functions herein used they are 
given in Appendix II.21

In order to complete the energy matrices, the constant 
4e0, deleted from Table III for simplicity, should be added 
to the diagonal elements. This amount will cancel if we 
are considering energetic transitions inside the same 
configuration.

The energy matrices for a d6 configuration may be 
obtained from those of Table III by changing the sign of 
the crystal-field and spin-orbit parameters.

Check of the Energy Matrices
As previously described, complete crystal field matrices 

are actually the sum of three matrices, two corresponding 
to interelectronic repulsion and spin-orbit coupling in the 
free ion, and the third corresponding to the crystal-field 
interaction. There is no problem for checking the first two 
because they may be easily worked out from the Nielson 
and Koster tables.23 The problem therefore reduces to the 
checking of the crystal-field matrices. The same situation 
arises with the matrices given in Table II for the zero 
spin-orbit coupling limit.

If both electronic repulsion and spin-orbit terms are 
neglected in the Hamiltonians given in (1) and (11), the 
resulting matrices from Tables II and III must give the 
same energy eigenvalues when the same values of the 
crystal-field parameters are used. These energy eigen­
values must fit, also in the same parametric conditions, 
with the resulting ones from a strong-field representation 
where both electronic repulsion and spin-orbit terms have 
been ignored. In Table IV expressions for the resulting 
crystal-field energies in this strong-field representation are 
given. Successive splitting of crystal-field states produced 
first by electronic repulsion, and secondly by electronic













2, 4) (2 pages), and full-size photocopies of Tables I and 
II (27 pages). Ordering information is available on any 
current masthead page.
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Communications to the Editor

C O M M U N I C A T I O N S  T O  T H E  E D I T O R

Modification of Benzophenone Phosphorescence by 

Molecular Complexation. A Reversible Process

Sir: The ability to modify molecular luminescence by 
forming EDA complexes is an interesting concept which 
has both theoretical and applied implications. The excited 
state properties of EDA complexes have been recently 
reviewed by Nagakura.1 Luminescence induced by 
complexation of nonluminescing molecules could, in 
principle, assist in locating the energy of a nonemitting 
state. In an earlier study we showed that the photo­
chemistry of nitrobenzene can be modified by forming an 
EDA complex with boron trichloride.2

In this report we demonstrate the effect of an electron 
acceptor such as boron trichloride on the phosphorescence 
of benzophenone, which together are known to form a 
stable 1:1 EDA complex at room temperature.3 The 
formation of the EDA complex between benzophenone as 
an electron acceptor and aromatic amines as electron 
donors has been observed at 77 K to exhibit a phos­
phorescence peak in the vicinity of 500 nm.4 In the present 
study benzophenone, which possesses a nonbonding pair 
of electrons and whose phosphorescence spectrum is well 
known, has been used as an electron donor. The UV 
spectrum of its EDA complex with BC13 does not exhibit 
any distinctly new absorption bands, however, an ap­
proximate 2.4-fold enhanced absorption in the 310-380-nm 
region, relative to that of free benzophenone, suggests that 
the complex absorbs in this wavelength range, since the 

—  ! n ,7 r*  band of benzophenone should move to higher energy 
upon complexation. This relatively weak interaction is 
most likely a reflection of the weak donor properties of 
benzophenone. Irradiation at 77 K of 6.6 X  10-3 M 
benzophenone in methylcyclohexane with 366 nm yields 
the recorded phosphorescence shown in Figure 1, which 
decreases in intensity upon the addition of BC13. No 
emission is observed when BC13 in methylcyclohexane glass 
is irradiated, nor are there any low lying states in BC13 
absorbing at the excitation wavelength. With regard to 
the specificity of the effect in terms of solvents, the same 
phosphorescence behavior is observed in cyclohexane and 
methylcyclohexane. Alcoholic as well as many other 
solvents had to be excluded from this investigation since 
they react with BC13. The phosphorescence decrease arises 
from removal of free benzophenone due to complex for­
mation in the ground state, and at sufficiently high 
concentrations of BC13 a new unstructured emission be­
comes evident with a wavelength maximum appearing at 
505 nm, which is readily assignable to the triplet state of

Figure 1. Variation of phosphorescence emission from 6.6 X 10~3 
M benzophenone in methylcyclohexane upon addition of BCI3: (1) no 
BCI3, (2) 4.4 X 1CT3 M BCI3, (3) 5.5 X 10~3 M BCI3, and (4) 6.7 X  1CT3 
M BCI3 (366-nm excitation, 77 K).

the charge-transfer complex, (Ph2CO+-..~BCl3). No 
fluorescence was observed from the complex. With the 
benzophenone concentration constant at 6.6 X 10'3 M, a 
steep growth of molecular complex phosphorescence occurs 
when the concentration of BC13 exceeds 5.5 X  10“3 M. 
Continued increase in the concentration of BC13 eventually 
results in precipitation of the complex, which limited the 
range of concentrations studied. Since the process involves 
an EDA complex, stable in the ground and excited state, 
a nonlinear Stern Volmer plot was observed for the 
disappearance of benzophenone phosphorescence. In 
spectrum (3) of Figure 1 it can be seen that most of the 
benzophenone phosphorescence based on the 413-nm band 
is gone, and evidence for the EDA complex emission is 
apparent in the inverted ratio of intensities of the first and 
third peaks in the phosphorescence spectrum. It should 
be noted that the weak 413-nm phosphorescence intensity 
of benzophenone in spectrum (3) reflects a smaller fraction 
of light absorption relative to spectrum (1), where only 
benzophenone absorbs. Similarly the small contribution 
of complex emission in spectrum (3) is due to a smaller 
fraction of light absorption relative to spectrum (4) where 
only the molecular complex is absorbing. A small but 
discernible contribution of benzophenone phosphorescence 
is still evident at 6.4 X  10-3 M BC13.

The phosphorescence maximum of the EDA complex 
corresponds to an energy of 56.5 kcal/mol, which is clearly 
lower than the energy of the localized benzophenone 
triplet, suggesting that it is charge transfer in character.

The phosphorescence quantum yield of the complex was 
determined to be 0.16 ± 0.02 relative to the value of unity

0022-3654/78/2082-0842S01.00/0 ©  1978 American Chemical Society
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Figure 1. Infrared spectra over the regions 850-900, 950-1000, and 
1180-1420 cm '1 of the reaction products of CsF with HF and DF in 
argon matrices. Trace a shows the spectrum of the products of CsF 
with Ar/HF =  400, while trace b shows the effect of dilution to Ar/HF 
=  1000. Trace c shows an experiment where HF is present only as 
an impurity (see text), and trace d shows the reaction products of CsF 
with a mixture of HF and DF in argon, total M/R =  1000.

gas phase information.7 The condensed phase studies have 
provided infrared spectral data, but under the influence 
of crystal interactions and possible distortions, while the 
gas phase studies have only provided thermochemical 
information. In view of the importance of the first member 
of this group, HF2”, a spectroscopic study in an inert 
environment appears essential to complete the charac­
terization of the species. The preliminary results of this 
study are presented here.

The salt/molecule reaction technique has been shown 
to form ion pairs in argon matrices through the transfer 
of a halide anion to a Lewis acid, from an alkali halide salt 
molecule.8”10 Several species have been synthesized in this 
manner, and it is anticipated that the HF2” anion can be 
formed through the reaction of a metal fluoride salt 
molecule with HF in an argon matrix. The salt molecules 
are generated through high-temperature evaporation from 
a stainless steel Knudsen cell, and codeposited with a 
sample of argon and HF.11

Several experiments were carried out in which CsF was 
codeposited with a sample of Ar/HF, with M/R ratios 
between 400 and 1000. A number of bands were observed 
in the spectrum between 4000 and 200 cm”1 which can be 
assigned to HF and polymeric forms of HF, both in the 
H-F stretching region, and in the low-frequency defor­
mation region 800-400 cm”1. In addition to these bands, 
reaction product bands were observed at 1118 (0.08), 1217 
(0.13), 1302 (0.03), 1328 (0.02), 1364 (0.46), 1402 (0.05), and 
1456 (0.07) cm”1 (optical densities given parenthetically). 
The band at 1364 cm“1 was the most intense band, and the 
broadest band as well, as can be seen in trace a of Figure
1. When a similar experiment was carried out at higher 
dilution of HF, M/R = 1000, the same set of product bands 
was observed with reduced intensity. However, certain 
bands disappeared at a faster rate than did others. In 
particular, the bands at 1217 and 1364 cm'1 remained 
relatively intense, with optical densities of 0.07 and 0.26, 
respectively, while the other five bands were reduced to 
optical densities of 0.02 or less. Finally, CsF was deposited 
with a sample of Ar/SiF4 in one experiment, and this 
sample subsequently was shown to have a slight HF im­
purity, on the order of M/R = 2500. In this same spectral 
region, only two bands were observed, at 1217 and 1364

cm x, and the remaining bands were not detected. These 
results are shown in traces a-c of Figure 1.

The deposition of CsF with a dilute sample of Ar/DF 
revealed these two bands at 1217 and 1364 cm“1, and also 
product bands at 970 and 880 cm”1, in about the same 
intensity ratio, while no intermediate bands were observed 
in the spectrum between these sets of bands. It should 
be noted that the parent spectrum of DF showed con­
siderable HF impurity from exchange in the vacuum line 
and vessel. The spectrum of the experiment is shown in 
trace d of Figure 1.

The results of these experiments involving CsF and HF 
in argon can readily be viewed in terms of the formation 
of the HF2” anion in the Cs+HF2” ion pair. Two sets of 
bands were observed in the various experiments conducted 
with these reactants. The first set, consisting of the bands 
at 1217 and 1364 cm”1, maintained a constant intensity 
ratio of 0.28 throughout all experiments, and persisted even 
at very high dilution. Consequently, these two bands can 
be assigned to a 1:1 reaction product. On the other hand, 
several weaker bands were detected in this same spectral 
region, but these bands did not show a constant intensity 
ratio to the 1364-cm“1 band. Instead, these bands were 
more prominent at high reactant levels, and decreased 
rapidly upon sample dilution. This behavior, coupled with 
generally low intensity, marks them as due to aggregate 
species, such as higher HjFy” species, which are known1 
from H2F3” up to H5F6”.

The 1217- and 1364-cm”1 bands are attributed to a 1:1 
reaction complex, and in view of earlier results using the 
salt/molecule reaction technique, assignment to the HF2” 
species is reasonable. Both bands show considerable 
deuterium shift to 970 and 880 cm”1, marking them as 
hydrogenic vibrations, and both showed no intermediate 
bands in the deuterium experiment, although D and H 
were both present, indicating the presence of a single 
hydrogen atom in the species.

The HF2” anion has been studied in solution and in 
crystals, so that infrared frequencies are available for 
comparison.12 v3, the antisymmetric stretching mode and 
generally the most intense band in hydrogen bonded 
systems, has been observed from 1450 to 1550 cm”1, de­
pending on the medium and the cation, while the bending 
mode v2 has been observed between 1200 and 1240 cm”1. 
These numbers are in good agreement with those obtained 
here, and the assignment of the 1364-cm”1 band to v3, and 
the 1217-cm”1 band to v2 is straightforward. Several points 
are worth noting with respect to these assignments. First, 
the band shapes are much sharper for the respective bands 
in the argon matrix than in crystals and solution, which 
might be anticipated for the inert matrix at low tem­
peratures, although v3 is slightly broader than v2, as is 
generally observed for a hydrogen-bonded hydrogen 
stretching vibration.13 Second, the observation of v2 of 
HF2” in this study marks the first time that a bending 
mode of a hydrogen dihalide anion has been observed in 
an argon matrix through the salt/molecule reaction 
technique. It has been a question as to whether the 
presence of the alkali metal counterion in the ion pair 
might inhibit this mode, but the observation here of the 
1217-cm”1 band indicates that this is not the case. This 
is an important step toward obtaining a complete potential 
function for the HF2” anion in inert matrices. Finally, 
there is no splitting or undue broadening of the 1364-cm”1 
antisymmetric stretching band, which indicates that the 
proton is sitting in a broad centrosymmetric single min­
imum, rather than a symmetric double minimum, in 
agreement with neutron diffraction and other studies.1





PHYSICAL
PHENOMENA

THE JOURNAL OF PHYSICAL CHEMISTRY
The biweekly JOURNAL OF PHYSICAL CHEMISTRY includes over 25 papers an Issue 
of original research by many of the world's leading physical chemists. Articles, commu­
nications, and symposia cover new concepts, techniques, and interpretations. A “ must”
for those working in the field or interested ________________________________________
in it, the JOURNAL OF PHYSICAL 
CHEMISTRY is essential for keeping 
current on this fast moving discipline.
Complete and mail the coupon now to 
start your subscription to this important 
publication.

AVAILABLE IN HARD COPY 
OR MICROFICHE.

1978
The Journal of Physical Chemistry 
American Chemical Society
1155 Sixteenth Street, N.W.
Washington, D.C. 20036
Yes, I would like to receive the JOURNAL OF PHYSICAL CHEMISTRY at the 
one-year rate checked below:

U.S.
ACS Member* □  $24.00
Nonmember □  $96.00
Bill me □  Bill company □
Air freight rates available on request.

Name

All Other 
Countries
□  $34.00
□  $106.00

Payment enclosed □

Street
Home □  
Business □

City State Zip

Journal subscrip tions start in January ’78.
Allow 60 days for your first copy to be mailed.
•NOTE: Subscriptions at ACS member rates are for personal use only.



P r i n c i p l e s  o f  

C h e m i c a l  K i n e t i c s
By GORDON G. HAMMES

Presenting the principles of chemical kinetics 
together with modern applications, this volume 
provides the reader with a firm foundation in the 
basic subject matter as well as exposure to exciting 
current research.
CONTENTS: Empirical Analysis of Reaction Rates. 
Theories of Chemical Kinetics. Reactions In the Gas 
Phase. Unimolecular Decompositions in the 
Gas Phase. Chemical Reactions In Molecular 
Beams. Energy Transfer and Energy Partitioning 
in Chemical Reactions. Kinetics In Liquid Solutions. 
Fast Reactions in Liquids. Enzyme Kinetics.

1978, 288 pp., $19.501212.65 ISBN: 0-12-321950-7

T h e o r e t i c a l  C h e m i s t r y  V O L U M E  3

Advances and Perspectives

Edited by DOUGLAS HENDERSON and HENRY EYRING 
CONTENTS: J .  S i m o n s ,  Theoretical Studies of 
Negative Molecular Ions. F .  W e i n h o l d ,  Geometrical 
Aspects of Equilibrium Thermodynamics. M .  S .  J h o n  

a n d  H .  E y r i n g .  A Model of the Liquid State. Three 
Phase Partition Functions. R .  D .  M u r p h y ,  Structure 
of Fluid 4He. F .  H .  S t i l l i n g e r ,  Proton Transfer 
Reactions and Kinetics in Water.
1978, 256 pp., $25.00/217.75 ISBN: 0-12-681903-3; 
also available in Library Edition with Microfiche, 
$32.50/223.05 ISBN: 0-12-681974-2;
Microfiche only, $17.50/212.40 ISBN: 0-12-681975-0

A d v a n c e s  i n  P h y s i c a l

O r g a n i c  C h e m i s t r y  V O L U M E  15

Edited by V. GOLD and D. BETHELL
CONTENTS: J .  F i i n e ,  The Principle of Least Nuclear 
Motion. J .  M .  T h o m a s  e t  a l . ,  Topochemical 
Phenomena in Organic Solid-State Chemistry.
T. E .  F l o g e n - E s c h ,  Ion-Pairing Effects in Carbanion 
Reactions A .  B r a n d s t r o m ,  Principles of Phase- 
transfer Catalysis by Quaternary Ammonium Salts. 
1977, 352 pp., $32.10/216.40 ISBN: 0-12-033515-8
Send payment with order and save postage plus 500 
handling charge.
Prices are subject to change without notice.

A C A D E M I C  P R E S S ,  I N C .
A Subsidiary of Harcourt Brace Jovanovich, Publishers 
111 FIFTH AVENUE, NEW YORK, N.Y. 10003 
24-28 OVAL ROAD, LONDON NW1 7DX

Marine Chemistry in the Coastal Environment

ACS
Symposium 
Series No. 18

Thomas M. 
Church, Editor

A special sym­
posium sponsored 
by the Middle 
Atlantic Region 
of the American 
Chemical Society.

Now available—a comprehensive voir 
containing the most recent advances ■ 
this new and Increasingly Important 
Held.

The collection represents an Indispens­
able source of Information for every 
marine scientist. Emphasis Is not merely 
on describing coastal problems but on 
showing the potential in applying the 
tools of modern oceanography and 
chemistry to solve these problems.

Forty-one chapters cover six major 
areas:

physical, organic, and tracer marine 
chemistry; estuarine geochemistry; 
hydrocarbons and metals in the estua­
rine environment; ocean disposal 
forum; applications and resources in 
marine chemistry; and organic and 
biological marine chemistry.

710 pages (1975) Clothbound $35.75 
(ISBN 0-8412-0300-8) LC 75-28151

Order from:
Special Issues Sales 
American Chemical Society 
1155 Sixteenth St., N.W. 
Washington, D.C. 20036

Removal of Trace Contaminants 
from the Air

This important new collection will pro­
vide you with critical and in-depth 
coverage of the latest literature on 
air pollution characterization and 
removal.

ACS
Symposium 
Series No. 17

Victor R. Deitz, 
Editor

A symposium co ­
sponsored by the 
Division of Colloid 
and Surface Chem­
istry and the 
Division of Environ­
mental Chemistry 
of the American 
Chemical Society.

Order from:
Special Issues Sales 
American Chemical Society 
1155 Sixteenth St., N.W. 
Washington, O.C. 2003G

Sixteen chapters focus on several 
common air pollutants and discuss 
methods of removing them from dif­
ferent atmospheric situations. The 
collection stresses the significant 
interactions among particulates and 
gas phase contaminants and includes 
specific information on the following 
topics:

• precipitation scavenging; persistent 
pesticides In the atmosphere: hazardous 
contaminants in the occupational en­
vironment

• cigarette smoke filtration; aerosol filtra­
tion; sulfur dioxide In stack gases; trace 
gas adsorption; ozone-hydrogen sulfide 
reactions

• ambient haiocarbors; nitrogen oxides; 
high ozone concentrations; ozone-olefin 
reactions; and more

207 pages (September 1975) $17.25 Cloth- 
bound (ISBN 0-8412-0298-2) LC# 75-25568


	THE JOURNAL OF PHYSICAL CHEMISTRY 1978 VOLUME 82 NO.7 APRIL 

	Contents
	Gas-Phase Photolysis of Ethylcyclopropane at 147.0 and 123.6 nm

	A Pulse Radiolysis Study of Aqueous Cyanamide Solutions

	Reactions of Iodine with Olefins. 5. The Systematics of Electrophilic High Energy Iodine in Gaseous, High Pressure, and Liquid Isomers of Butene1

	Tunneling Reactions of Trapped Electrons with Added Electron Acceptors in Alcohol Glasses at 77 Kt
	An Ultrasonic Absorption Investigation of Lanthanide Chloride Complexation in Aqueous Methanol

	Behavior of Ruthenium in Fluoride-Volatility Processes. 3. Thermal Decomposition of RuOF4
	The Apparent Molal Volumes and Adiabatic Compressibilities of Aqueous Amino Acids at 25 °C
	Standard Thermodynamics of Transfer. Uses and Misuses
	Statistical Mechanical Theory of Nonionic Micelles
	Effect of Organic Additives on Micellar Systems Studied by Positron Annihilation Techniques1

	The Interaction of Rare Gas Atoms with Graphitized Carbon Black

	Raman Spectroscopic Study of Chloroform and Carbon Tetrachloride in 69% Dipalmitoyl Lecithin-31 % Water Multilayers 

	Crystal-Field Calculations with Trigonal Bipyramidal Symmetry Potential. 2. Weak-Field Matrices at Nonzero Spin-Orbit Coupling for a d3,7 Configurationt

	Crystal-Field Calculations with Trigonal Bipyramidal Symmetry Potential. 3. d4,6 ConfigurationsT
	Crystal-Field Calculations with Trigonal Bipyramidal Symmetry Potential. 4. d5 Configuration1

	Communinations to the Editor



