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although hydrogen chloride did lead to some 
increase in rate. The synthetic acid may, of course, 
have contained some chain-stopping impurity to a 
greater extent than the presumably less pure com
mercial acid. 

Chlorine and bromine bring the reaction to a 
dead stop. Presumably, they react with tertiary 
carbonium ions with the formation of tertiary 
halides and cut the chain length drastically. The 
chain length with pure chlorosulfonic acid must be 
long since the loss of rotation follows first-order 
kinetics to large losses in rotation. 

Below 30°, chlorosulfonic acid and chloroform 
are miscible. No reaction is observed in such a 
solution in several days at room temperature. A 
mixture of chlorosulfonic acid (1.4 parts), chloro
form (3 parts) and (+)3-methylhexane (1 part) 
is also homogeneous at 0° and 25°. However, 
the mixture becomes orange and evolves sulfur 
dioxide. After a reaction period at 0°, such a 
solution was neutralized with alcoholic potassium 

Sulfuric acid and chlorosulfonic acid specifically 
interconvert methylalkanes.2-4 Change of chain 
branching as in the conversion of the 2- and 3-
methylhexane pair to the 2,3- and 2,4-dimethyl-
pentane pair occurs much more slowly. It, thus, 
seemed desirable to test the applicability of this 
discovery to the determination of the equilibrium 
constants of the following two reactions by direct 
equilibration 

3-methylhexane ^ > 2-methylhexane (1) 
2,3-dimethylpentane <

 > 2,4-dimethylpentane (2) 

Voorthuijsen5 determined the equilibrium con
stants of these reactions by direct equilibration of 
all heptanes by aluminum chloride at 20°. The 
more specific nature of the reaction with sulfuric 
acid offered hope of increased accuracy. The 
equilibrium constants have accordingly been meas
ured at 60, 0 and -33.4° . 

Experimental 
The preparation of the hydrocarbons has been described.3 

The infrared absorption spectra were indistinguishable from 

(1) Standard Oil Company (Indiana) Fellow, 1950-1951. 
(2) R. L. Burwell, Jr., and G. S. Gordon, III , T H I S JOURNAL, 70, 

3128 (1948); G. S. Gordon, III , and R. L. Burwell, ibid., 71, 2355 
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Allen S. Hussey, ibid., 76, 5822 (1954). 

(4) R. L. Burwell, Jr., Lucien G. Maury and Robert B. Scott, 
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hydroxide at —33° and washed several times with 
cold, concentrated sulfuric acid. Upon treatment 
of the acid-washed material with alcoholic silver 
nitrate, a dense, white precipitate was formed. 
The filtered solution was washed with sulfuric acid 
to remove alcohol. With a reaction period of ten 
minutes at 0° negligible change in rotation oc
curred ; in one hour, the rotation of the chloroform-
hydrocarbon solution declined from 1.44 to 1.21°. 

The failure of a reaction of long chain length to 
occur may be associated with the decreased dielec
tric constant of the medium and with reaction of 
any carbonium ions with either chlorosulfonic acid 
or chloroform to form the tertiary chlorides which 
appear to be present. 
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those of the Bureau of Standards standard samples and no 
ultraviolet absorption was exhibited at wave lengths longer 
than 2200 A. 

As isomerizing agents, 96.04% sulfuric acid was employed 
at 60°, an equimolar mixture of this acid and freshly distilled 
Eastman Kodak Practical Grade chlorosulfonic acid was 
employed at 0°, and the chlorosulfonic acid alone was em
ployed at —33.4°. Thermostating was by a water-bath 
at 60°, by an ice-water mixture at 0° and by refiuxing am
monia at —33.4°. 

The value of the equilibrium constant was first approxi
mated from the relative initial rates of isomerization of the 
two hydrocarbons by the relation K = ki/k-i. Mixtures 
of known composition on either side of the estimated equilib
rium composition were prepared and subjected to the isom
erizing conditions. According to the observed changes in 
composition, the estimated equilibrium composition was 
revised and new mixtures prepared. These were then sub
jected to isomerizing conditions. By this means, it was 
possible to employ short times of contact and relatively 
mild condition and, thus, to minimize side reactions. 

Reaction flasks and stirring procedures have been de
scribed.3 To avoid preferential vapor loss of one com
ponent, ratios of gas to liquid volume were kept low, never 
exceeding 15 to 1. 

The flask and acid were brought to temperature before 
the hydrocarbon mixture was added. After "emulsifica-
t ion" by magnetic stirring for the desired time, stirring was 
stopped and a sample of the hydrocarbon layer was pipetted 
into a cold 30% solution of potassium hydroxide. The 
hydrocarbon layer was then removed and stored over solid 
potassium hydroxide before analysis. Precautions were 
taken throughout to prevent change in composition of the 
hydrocarbon sample after removal from the thermostated 
reactor either by isomerization or preferential vapor loss. 

Analysis.—An infrared spectrometric technique was 
employed3 using a pair of matched cells and substitution 
against a standard mixture. As appropriate, this was 
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Equilibrium constants for the reactions 3-methvlhexane <=* 2-methylhexane and 2,3-dimethylpentane ?=* 2,4-dimethyl
pentane, are: 1.47, 1.48 (60°); 1.69, 2.40 (0°); and 1.90, 2.68 ( -33 .4° ) . These values were determined by direct equili
bration employing sulfuric acid at 60°, chlorosulfonic acid at —33.4° and an equimolar mixture of the two at 0°. 
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59.18 mole % of 2-methylhexane and 40.82 mole % 3-
methylhexane or 62.13 mole % 2,4-dimethylpentane and 
37.87 mole % 2,3-dimethylpentane. In the first system, 
measurements were made at 7.43, 8.63, 10.43, 11.09 and 
12.98 ix; in the second, at 8.68, 9.02, 9.96, 10.46, 12.38 and 
12.78. 

In the methylhexane system, a plot of log % transmission 
vs • % 2-methylhexane was prepared at each of the five wave 
lengths. The standard mixture was always in Cell A and 
the transmission was always adjusted to read 100% with 
Cell A in the beam. The plots were prepared from readings 
with the various synthetic mixtures prepared for isomeriza-
tion runs in Cell B. Average deviations from smooth 
curves were less than 0 . 1 % . Synthetic mixtures could be 
analyzed to this accuracy at all wave lengths. With prod
ucts of isomerization runs, particularly those extending over 
longer periods of time, there was some spread in the values 
determined for each wave length owing to products of side 
reactions. 

Results and Discussion 

By exposing mixtures of hydrocarbons in the 
vicinity of the equilibrium mixture to isomerizing 
conditions for relatively short times, the position 
of the steady state has been located with mini
mum interference by side reactions. We feel tha t 
the position of the steady state, so located, is 
accurate to within several tenths of 1%. The 
experimental data are shown in Tables I and I I . 

TABLE I 

T H E 2 - M B T H Y L H E X A N E - 3 - M E T H Y L H E X A \ E EQUILIBRIUM 

Reacn. 
time, 
hr. 

1.00 
1.0!) 

0 . 5 0 
. 50 

.67 

.33 

. 2 5 

. 67 

1.00 
0 . 5 0 

1.00 

Reactant 
mixture. 

% 2-methyl
hexane 

50 . 7 
6 0 . 4 

5 9 . 2 

5 9 . 8 

6 5 . 0 

6 3 . 5 

0 2 . 7 

6 0 . 5 

6 5 . 3 

0 5 . 7 

6 5 . 4 

T A B L E II 

Product 
mixture. 
av. % 

2-methyl
hexane 

5 8 . 0 

6 0 . 0 

5 9 . 5 

5 9 . 0 

6 4 . 6 

6 2 . 8 

6 2 . 8 

6 2 . 0 

0 5 . 5 

0 5 . 5 

0 5 . 5 

Av. (lev., 
% 

0 . 4 

.3 

.1 

.3 

. 8 

.4 
o 

.4 

. 7 

.3 
2 

T H E 2,3-DIMETHYLPENTANE-2,4-UIMETHYLPENTANE 

EQUILIBRIUM 

Reacn. 
time, 

hr. 

0 . 1 6 

. 16 

. 16 

.10 

.10 

.16 

.16 

.16 

. 16 

. 16 

Reactant 
mixture, 
% 2,4-

dimethyl
pentane 

6 0 . 2 

5 9 . 5 

5 9 . 8 

7 0 . 5 
7 0 . 8 

7 0 . 0 

7 4 . 2 
7 1 . 4 

7 2 . 7 

7 3 . 1 

Product 
mixture 

av. % 2,4-
dimethyl
pentane 

6 0 . 0 

5 9 . 6 
5 9 . 7 
7 0 . 6 

7 0 . 6 

7 0 . 6 

7 3 . 0 

7 2 . 2 
7 2 . 8 

7 2 . 9 

Av. 
dev., 

% 
0 . 1 

2 

, 2 

.1 

.1 

.1 

. 2 

. 2 

.1 

. 1 

However, as Bates has pointed out,6 in the pres
ence of side reactions, the steady state does not 
necessarily correspond to the equilibrium composi
tion. Since the interconversion of 2- and 3-
methylhexane proceeds about 10 times as fast as the 

(6) J. R. Bates, THIS JOURNAL, 68, 511 (1946). 

formation of dimethylpentanes,3 the error intro
duced into the equilibrium constant is small.6 

Furthermore, a t 60 °, a t any rate, if the mechanism 
advanced3 is correct, no error is introduced, since 
the rate constants of reaction of each of the pair 
of hydrocarbons involved would be identical. 
The small spread in the analyses at different wave 
lengths (Tables I and II) suggests tha t no serious 
error was introduced by side reactions. 

One group of investigators7 has reported tha t 
2,3- and 2,4-dimethylpentane are converted to 2,2-
dimethylpentane and/or tr imethylbutane nearly 
as fast as they are interconverted. Since such 
isomerization would invalidate our procedures, a 
sample of 2,4-dimethylpentane was agitated with 
sulfuric acid for slightly more than one-half life of 
conversion to 2,3-dimethylpentane. The hydro
carbon layer was fractionated in a spinning band 
column and analyzed mass spectrometrically. 
Traces of tr imethylbutane and 3,3-dimethylpen-
tane were reported only in the second fraction which 
was otherwise pure 2,4-dimethylpentane. Ignoring 
a first fraction of 3 .5% of the total which was not 
analyzed because of probable presence of hexanes, 
the rate of conversion to 2,3-dimethylpentane is at 
least 100 times tha t of isomerization to the two 
hydrocarbons found in trace amounts. The report 
of 2,2-dimethylpentane and/or tr imethylbutane 
probably resulted from the presence of branched-
chain octanes formed by disproportionation. 

Computed equilibrium compositions and con
stants are presented in Table I I I where they are 
compared with the values of Voorthuijsen,6 the 
recent values of Roebuck and Evering,8 and the 
computed values of Rossini.9 In view of the differ
ences in the experimental procedures, the several 
sets of experimentally determined equilibrium con
stants are in reasonable agreement. The agreement 
between the experimental and the calculated con-

Temp., 
0C. 

6O" 

0C 

- 3 3 . 4 e 

25 d 

20 e 

6 ( / 

Cl' 
- 3 3 . 4 ' 

" 2 - M H 

E 

T A B L E I I I 

Q U I L I B R I U M R E S U L T S 

Ii-MH = 2-MH» 
AF0, 

ATM H K cal. 

0 . 5 9 5 

.628 

.655 

. 5 6 -

. 59 

.62 

.51 

.56 

.00 

1.47 

1.69 

1.90 

1.35 

1.63 
1.05 

1.27 

1.49 

a n d 3 - M H are 

- 2 5 5 

- 2 8 5 

- 3 0 6 
- 1 8 0 

- 2 8 4 

- 29 

- 1 3 0 

- 1 9 1 

2- a n d 3-

2,3-MP = 2,4-MPi> 
AF" 

0 . 5 9 6 

.706 

. 7 2 8 

. 6 5 -

. 66 
.60 

.20 

. 22 

.25 

-methy lh 

1.48 

2 . 4 0 

2 . 6 8 

1.90 

1.50 

0 . 2 5 
.29 

. 33 

exane , 

- 2 6 0 

- 4 7 5 

- 4 7 0 

- 3 8 0 

- 2 3 6 

+ 9 2 1 

+ 6 6 8 

+ 5 2 5 

respec-
tively. l 2 ,3 -MP and 2,4-MP are 2,3- and 2,4-dimethyl
pentane, respectively. ' Results of this investigation. 
6 Roebuck and Evering (ref. 7). e Voorthuijsen (ref. 5). 
1 Rossini, et al. (ref. 8) . 

(7) D. P. Stevenson, C. D. Wagner, O. Beecfc and J. W. Otvos, 
ibid., 74, 3269 (1952). 

(8) A. K. Roebuck and B. L. Evering, ibid., 75, 1631 (1953). 
These values were obtained by direct equilibration with sulfuric 
acid. 

(9) American Petroleum Institute, Research Project 44 at the 
National Bureau of Standards, "Selected Values of Properties of 
Hydrocarbons," F. D. Rossini, E. T. R. Prosen and K. S. Pitzer, 
J. Research Natl. Bur. Standards, 27, 529 (1941). The values of AF" 
for the vapor state were corrected by the Antoine Equation from the 
first cited reference to the liquid state assuming Raoult's Law. 
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stants is as good as could be expected in the case of 
the methylhexanes. The discrepancy in the case 
of the dimethylpentanes amounts to about 1000 cal. 
in terms of AF°. 

To within the accuracy of the data, the values 
of AF° for the methylhexane reaction are represent-
able by AiI0 = - 4 3 6 cal. and A5° = +0.55 cal./ 
deg. Standard states are the pure liquids. The 

Among the key problems in photo-chemistry and 
radiation chemistry is the identification of high-
energy intermediates formed during the reaction. 
The use of rigid or glassy solvents affords a good 
method for stabilizing labile products since such 
bimolecular processes as ion or radical recombina
tion or dismutation may be prevented, and the 
unstable species studied by appropriate means. In 
a glass at low temperature, quenching of electronic 
energy by "internal conversion" to the ground state 
is also impeded2'3 making it possible to identify me-
tastable excited states by their luminescence3'4 or 
even by their absorption.3'5 The usefulness of rigid 
solvent techniques in studying the photochemistry 
and spectroscopy of complex molecules has been 
most clearly brought out in the beautiful work of 
G. N. Lewis and his school3'4'6'7 in which a variety 
of photo-processes (triplet-state excitation, elec
tron-ejection, bond dissociation) were established 
and studied by this means. Some peculiar lumines
cence effects also were observed, in addition to the 
well-known "normal" phosphorescence, due to trip
let-singlet transitions.8 Lewis and Bigeleisen9 

found extremely long afterglows (r ~> 1 hr.) in rigid 
solutions of N-lithium carbazole or diphenylamide. 
When the phosphor was withdrawn from the Dewar 

(1) This work is supported by grants from the U. S. Atomic Energy 
Commission (Contract No. AT(30-1)-820) and the U. S. Army Signal 
Corps (Contract No. DA-36-039 SC-15533). Material in this paper 
is taken in part from the doctoral thesis of M. G. Berry (Dept. of 
Chemistry, Syracuse University, September, 1951). 

(2) J. Franck and R. Livingston, J. diem. Phys., 9, 184 (1941). 
(3) G. N. Lewis, D. Lipkin and T, T. Magel, T H I S JOURNAL, 63, 

3005 (1941). 
(4) G. N. Lewis and M. Kasha, ibid., 66, 2100 (1944). 
(5) D. S. McCIure, J. Chem. Phys., 19, 670 (1951). 
(6) G. N. Lewis and D. Lipkin, THIS JOURNAL, 64, 2801 (1942). 
(7) G. N. Lewis and J. Bigeleisen, ibid., 68, 2419 (1943). 
(8) M. Kasha, Chem. Revs., 41, 401 (1947). 
(9) G. N. Lewis and J. Bigeleisen, THIS JOURNAL, 60, 2424 (1943). 

rate of change of AT70 is rather large in the case of 
the dimethylpentanes. We do not have results 
at sufficiently closely spaced temperature intervals 
to permit an accurate computation of AH° and 
AS°. A5° changes sign in the vicinity of 0° 
at which temperature, AH° has a value of about 
- 4 7 5 cal. 

EVANSTON, ILLINOIS 

and allowed to warm up, the luminescence inten
sity increased many-fold, went through a maximum 
and finally died out as the solvent fully liquefied.10 

The work described in this paper was begun in or
der to extend previous studies on photo-processes in 
rigid solvents and, in particular, to clarify the mecha
nism of the "delayed luminescence" found by Big
eleisen. 

The lifetime of this luminescence at liquid nitro
gen temperature is far too long to be accounted for 
by a triplet-singlet transition of the type usually 
responsible for phosphorescence of aromatic or
ganic compounds.8 The enhancement of intensity 
on softening of the solvent is also contrary to experi
ence with other organic phosphors, in which loss of 
rigidity causes increased thermal degradation. Since 
no change in the natural radiative lifetime occurs, 
this can only result in a diminution of intensity. 
It appeared therefore that the delayed lumines
cence was due either to a new type of transition, 
which was very strongly vibration-coupled, or to 
some type of viscosity-dependent recombination 
process.11 

In the same series of studies, Lewis and Lipkin6 

showed that the illumination of many easily oxi
dized organic molecules (amines, phenols, dyes, etc.) 
in rigid solvents leads to the appearance of absorp
tion bands which correspond to the known free 
radicals or semiquinones of these molecules, pre
pared by ordinary chemical oxidation. They there
fore proposed that direct photo-ionization (or oxi
dation) occurs in such cases 

hv 
R >• R + + e~ 

In most instances softening of the solvent by warm-
(10) J. Bigeleisen, personal communication. 
(11) H. Linschitz and M. G. Berry, Abstracts, 119th meeting of the 

American Chemical Society, Cleveland, Ohio, April, 1951. 
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Rigid solutions of alkali metals in solvents containing methylamine show an absorption peak at 6000 A. Upon illumina
tion, a new band appears in the near infrared while the 6000 A. peak diminishes. The new band is attributed to incompletely 
solvated electrons. This same infrared band is found in illuminated rigid solutions of easily oxidized organic molecules, 
indicating, in agreement with previous work of Lewis and Lipkin, that photo-ejection of electrons has occurred. Upon 
slight softening of the solvent, solutions of such organic molecules frequently emit light (delayed luminescence). This lumin
escence can be maintained for hours if the solvent viscosity is properly controlled. The phenomenon is quite general and 
occurs in a wide variety of molecules. Evidence is presented which establishes that the luminescence is due to triplet states 
arising from recombination of radicals and trapped or solvated electrons, both formed originally by photooxidation of the 
parent molecule. 


