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vides us with the basic behavior observed in Figs. 
2, 3 and 4 if we assume that the formate ion, too, 
reacts with the sulfate radical SO4

- , as shown in the 
above propagation and termination reactions. 
In fact, since G(CO2) at complete formic acid ioni
zation reaches a value of 680 at a pH of 4.9 com
pared to 80 at a pH of 0.5, the ratio (fe4/2feB)1A 

must be 8.5 times as great for the formate ion re
actions as for the neutral molecule reactions. The 
higher carbon dioxide yields are therefore asso
ciated with a more efficient propagation reaction 
(greater fe4) or with a less efficient termination 
reaction (lower k&). 

Reaction 3, the conversion of the sulfate radical 
ion into a hydroxyl radical, need not be assumed 
in any of the present reactions. However, the 
inclusion of reaction 3 does not affect the kinetics 
of the decomposition reactions since hydroxyl 
radicals react efficiently with formic acid. In fact 
a point in favor of reaction 3 is that G(COs) is 
lower in strong acid solutions than in weakly acid 
solutions. This result accords with the bisulfate 
inhibition of the photolytic decomposition of per-
disulfuric acid observed by Tsao and Wilmarth.4 
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TABLE I 

PURIFICATION OF MATERIALS 

Carbon tetrachloride" 
Fluorobenzene6 

t-Amyl alcohol0 

^-Camphor1* 
Adamantane chloridee 

Adamantane bromide8 

Source 

A 
B 
A 

A 
C 
C 

. B.p„ 
Obsd. 
76.5 
84 

102 
. M.p. 

177 
165 
120 

0 C. . 
Lit. 

76.7/ 
84 .7 / 

102.3 / 

, "C. . 

178.6 ' 
165» 
119-120' 
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Measurements of dielectric constant and loss of dilute solutions of five spherical polar molecules in carbon tetrachloride 
a t temperatures between 20 and 60° have been carried out a t various wave lengths between 1.25 and 50 cm. Measurements 
of dielectric constant alone were made a t 577 m, and refractive indices were measured using the sodium D-line. Mutual 
viscosities were determined for seven polar solutes in carbon tetrachloride solution. The influence of solute size and rigidity 
on the relaxation times found is discussed. Dipole moments of two adamantane halides are reported. 

In order to test the application of the Debye 
equation to a system where one would expect it to 
be valid, the dielectric behavior of solutions of 
spherical polar molecules in carbon tetrachloride 
was analyzed. Two approaches were considered. 
Since the macroscopic viscosities of the solutions 
are approximately equal at a given temperature, 
one might suppose that the internal friction co
efficients as well would be independent of solute.5 

In this case, at constant temperature, r (the relaxa
tion time) should vary as the molar volume from 
solute to solute. Alternatively, the internal fric
tion factor could be replaced by the mutual vis
cosity 7jm defined by Hill.6 If this is done, r/jjm 
would be expected to vary as the molar volume. 

Purification of Materials.—Carbon tetrachloride 
and the solutes were purified as shown in Table I. 
The substances investigated were obtained from 
(A) Matheson, Coleman and Bell, Inc., (B) East
man Kodak Company, (C) Mr. Robert D. Nicholas, 
Princeton University. The authors express their 
appreciation to Mr. Nicholas for the preparation 
of adamantane bromide and adamantane chloride. 

Experimental Results 
The apparatus and various methods of measurement have 

been described previously. ' - 9 The slopes for dependence 
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of dielectric constants and losses upon mole fraction of 
solute are shown in Table I I . The concentration range in 
mole fraction is given in parentheses for each set of solu
tions in Table I I . Cole-Cole arc plots fit the data satis
factorily in every case.10 Values of a » , the high frequency 
intercept, determined from the arc plot, a the distribution 
parameter, T the relaxation time and V, the molar volume, 
are listed in Table I I I . 

The percentage of monomer for solutions of Z-amyl alcohol 
in carbon tetrachloride was determined in the concentration 
range 0.005 to 1 M a t a temperature of 20°, using a Perkin-
Elmer double beam infrared spectrophotometer with a 
lithium fluoride prism. The mole fraction equilibrium con
stant for dimer formation Kx = =r; was determined 

X 2 monomer 
by the method of Liddel and Becker assuming a closed 
dimer.11 Evidence for this assumption from nuclear mag
netic resonance studies is given by Becker.12 Smith and 
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TABLE II 

SLOPES FOR DEPENDENCE OP DIELECTRIC CONSTANTS AND 

LOSSES OF CARBON TETRACHLORIDE SOLUTIONS UPON 

M O L E FRACTION OF SOLUTE 

. 20° . . 40° . r~ 60" . 
X(cra.) 

57700 
50 
25.0 
10.0 
3.22 
1.253 

Na D-linc 

57700 
10.0 
3.22 
1.254 

Na D-line 

57700 
24.9 
10.0 
3.30 
1.20 

Na D-liue 

57700 
24.9 
10.0 
3.30 
1.20 

Na D-line 

57700 
10.0 
3.22 
1.253 

Na D-line 

^-Camphor (0-0.05) 

12.58 
12.56 
12.50 
12.10 
8.52 
3.24 
0.00 

0.51 
1.30 
2.73 
6.08 
5.35 

11.30 
11.50 
11.46 
11.24 
8.39 
3.55 
0.00 

0.40 
0.93 
2.07 
4.87 
5.10 

r-Amyl alcohol (0-0.03) 

3.45 
3.38 0.20 
3.10 .63 
2.78 .98 

-0.222 

3.09 
2.95 
2.91 
2.56 

- 0 . 2 2 4 

0.30 
.49 

10.38 
10.35 
10.28 
10.04 
8.32 
3.87 
0.00 

2.76 
2.73 
2.63 
2.34 

- 0 . 2 2 6 

0.33 
0.66 
1.50 
3.86 
4.72 

.12 

.37 

.74 

Adamantane bromide (0-0.02) 

8.89 
0.75 
2.65 
4.09 
1.81 

9.14 
8.05 
5.21 
1.64 
0.49 

Adamantane chloride (0-0.02) 

8.25 
0.68 
1.97 
3.60 
2.02 

8.20 
7.42 
5.05 
1.84 
0.29 

Fluorobenzene (0-0.05) 

2.77 
2.70 0.21 
2.40 0.81 
1.64 1.23 
0.03 

2.42 
2.46 
2.31 
1.62 
0.03 

0.15 
0.67 
1.11 

2.19 
2.20 0.10 
2.21 0.54 
1.56 1.05 
0.03 

Creitz favor an open dimer, with one hydroxyl group be
having as if it were not hydrogen-bonded.13 In this case the 
equilibrium constant obtained should be multiplied by two 
since two open dimers would then be indistinguishable 
from the closed dimer plus two monomers in the previous 
case as regards the infrared spectrum. Assuming a closed 
dimer the value obtained for <-amyl alcohol was Kx = 5.9. 
Solution concentrations for dielectric measurements were 
chosen so that a maximum of 0 .5% alcohol would be present 
as dimer or polymer. 

The dipole moments of adamantane bromide and adaman
tane chloride were measured a t 20° with carbon tetrachlo
ride as solvent. The Halverstadt-Kumler ," Guggenheim16 

and standard Debye methods were used to calculate the 
moments. The results are shown in Table IV, which 
indicates the method by appropriate initials and gives 
calculated values of the molar refraction Ru for the so
dium D line, and the total induced polarization P E + A 
estimated from a™, under P . the total molar polarization at 
infinite dilution, and in the last two columns the moment 
values calculated from the polarization differences indi
cated. 

(13) F . A. Smith and E. C. Creitz, J. Research Natl. Bur. Standards, 
46, No. 2, 145 (1951). 

(14) I. F . Halverstadt and W. D. Kumler, T H I S JOURNAL, 64, 2988 
(1942). 

(15) E. A. Guggenheim, Trans. Faraday Soc, 45, 714 (1949). 

TABLE 111 

RELAXATION T I M E S AND OTHER QUANTITIES 

T X 10» 
, 0C. a<» a sec. Aa1(Cm.) V(cc.) 

Adamantane bromide 

20 1.08 0.00 19.1 3.00 15O" 

Adamantane chloride 

20 1.11 0.00 15,9 3.00 152° 

20 
40 
60 

20 
40 
60 

20 
40 
60 

0.05 
.10 
.07 

0.03 
.03 
.03 

0.44 
.45 
.46 

Camphor 

0.03 11.0 
.05 8.6 
.04 7.0 

Fluorobenzene 

0.07 
.05 
.01 

4 .8 
4.4 

i-Ainyl alcohol 

0.16 2.97 
.11 2.67 
.12 2.13 

2.07 
1.63 
1.32 

1.00 
0.91 
0.83 

0.56 
.50 
.40 

153.16 

154.6 
156.1 

93. 9C 

96.3 
99.2 

109.0° 
111.5 
114.1 

" Estimated from compounds of similar structure and 
known densities. 6 VV. Klemm, VV. TiIk and S. v. 
Mullenheim, Z. anorg. allgem. Chem., 176, 10 (1928). c J . 
Timmermans, "Physico-Chemical Constants of Pure-
Organic Compounds," Elsevier Publishers, 1950. 

TABLE IV 

DIPOLE MOMENTS (X 1018) OF ADAMANTANE CHLORIDE AND 

BROMIDE 

D 
H-K 
G 

D 
H-K 
G 

Chloride (Ri, 
177.8 
177.5 

Bromide (Ro 
183.7 
188.8 

Calculated from: 
I ? . - Ra) 

40.7, P E + A = 

2.51 
2.51 

( P . 
'8.9) 

,0 

2.18 
2.18 

49.0, P E + 
2.54 
2.59 
2.59 

= 81.8) 

2.21 
9 97 

Discussion of Results 
As shown by the data of Table III the distribu

tion parameter a lies close to zero for all of these 
compounds except £-amyl alcohol, which can have 
both over-all molecular rotation and hydroxyl 
group rotation. If the relaxation times correspond
ing to the two processes are not very far apart, 
the result is an increase in a. The solutions meas
ured were so dilute that, as indicated by the infra
red absorption measurements, the concentration 
of associated molecules was too small to affect the 
dielectric measurements. Another factor which 
tends to increase the distribution for/-amyl alcohol 
is the possible rotation of the ethyl group which 
causes the molecule to assume different shapes with 
different relaxation times. The result is a distri
bution of relaxation times which shows up as a 
relatively large value for a. The adamantane 
halides show no distribution at all as would be ex
pected in view of the nearly spherical shapes of 
these molecules. Fluorobenzene shows a slight 
distribution. I t is ellipsoidal in shape, but its 
dipole moment lies along a molecular axis and, 
according to the Perrin theory,10 it should show one 

(16) F . Perrin, / . filiys. radium, B, 497 (1934). 
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relaxation time with no distribution. The small 
distribution commonly observed for such molecules 
presumably arises from variation of the internal 
friction coefficient according to the axis about which 
the molecule turns. 

It is interesting to compare the values of a . 
in Table III with <JD (the dielectric constant-mole 
fraction slope at the sodium D-line) in Table II. 
For camphor and fluorobenzene, these are close to 
one another, as one expects for rigid molecules 
whose atomic polarization should be small. That 
o» is considerably larger than av for 2-amyl alcohol 
is consistent with its non-rigidity, giving evidence 
of high frequency absorption by rotation of the 
hydroxyl group. It is surprising to note the large 
differences in these quantities for the adamantane 
halides which might be expected to have small 
atomic polarizations and for which no probable 
high frequency absorption mechanism can be 
postulated. 

The adamantane halides and camphor have simi
lar molar volumes but their relaxation times differ 
markedly. Furthermore, the relaxation time of 
fluorobenzene seems slightly small, considering 
its molar volume, relative to any of the first four 
compounds. In the series fluorobenzene, camphor, 
adamantane chloride, adamantane bromide, the 
molecular shape is that of an ellipsoid of rotation 
or approximately spherical shell with a protruding 
group, the protrusion of the group increasing from 
fluorobenzene to adamantane bromide. These 
protruding groups should affect the internal friction 
coefficients, while not having much effect on the 
molar volume. One might suppose that the in
ternal friction coefficient increases with increasing 
protrusion of the polar group, which implies a 
corresponding increase in the relaxation time. A 
similar argument applies to the series fluorobenzene, 
chlorobenzene, bromobenzene, iodobenzene, nitro
benzene where the molar volumes increase slowly, 
but the relaxation times in carbon tetrachloride 
solution are 5.4(14°), 8.6(14°), 12.0(24°), 15.0 
(14°) and 15.2(20°), respectively.17 The small 
relaxation time shown by t-amyl alcohol would be 
expected if hydroxyl group rotation contributes 
appreciably, since the relaxation time of the hy
droxyl group would be small. 

In the absence of knowledge of the internal 
friction coefficient, it has been customary to ex
amine the dependence of relaxation times upon the 
viscosity of the medium. For solutions, the mutual 
viscosity,6 which measures the solute-solvent 
viscous interaction, would seem to be a more rea
sonable quantity to employ.18 Although the use of 
mutual viscosity has not proved generally effective, 
values are given in Table V for the mutual vis
cosities 77m calculated by the Hill equation6 and the 
reduced relaxation times. 

Another mutual viscosity t>m is the "properly 
averaged" mutual viscosity defined by 

VIt - Xfal + 2*i*2>ta + 3I-S2WS (1) 

where Tj12, 771 and 772 are the viscosities of solution, 
solvent and solute, respectively. This expression 

(17) F. Buckley and A. A. Maryott, "Tables of Dielectric Dispersion 
Data for Pure Liquids and Dilute Solutions," NBS Circular 589 
(1958). 

(18) D. A. Pitt and C. P. Smyth, THIS JOOHNAI., 81, 783 (1959). 

MUTUAL VISCOSITIES 
Solute 

Carbon tetrachloride 

Camphor 

Chlorobenzene 
Fluorobenzene 

Pyridine 
tf-Amyl alcohol 

MSutyl chloride 

Chloroform 

TABLE V 

AND REDUCED RELAXATION T I M E S 

(, °C. 

20 
40 
60 
20 
40 
60 
14 
20 
40 
60 
25 
20 
40 
60 
20 
40 
60 
20 

Im(Cp.) 

0.970 
.740 
.586 

2.16 
1.52 
1.13 
0.859 

.615 

.527 

.435 

.797 

.696 

.529 

.416 

.699 

.533 

.424 

.508 

r/ljm 

5.1 
5.6 
6.2 

10.0 
8.6 
9 .1 

10.1 
9.8 
4 .3 
5.0 
5.1 
4.9 
6.0 
6.9 
9 .8 

T/lJl 

11.3 
11.6 
11.9 
8.4 
5.5 
6.5 
7.5 
8.6 
3 .1 
3.6 
3.6 
3.6 
4 .3 
5.0 
5.2 

is derived by considering a solution with Xi mole-
fraction of solvent and Xi mole-fraction of solute. 
When a viscous interaction occurs between two 
molecules the probability that two solvent mole
cules are interacting is Xi2 (giving a viscosity 771), 
the probability that two solute molecules are in
teracting is X22 (giving a viscosity 772) and the prob
ability that one solvent and one solute molecule 
are interacting is 2xiX2 (giving the mutual viscosity 
77m). The form of equation 1 is very similar to 
Hill's. In fact values of rjm calculated by both 
methods give essentially the same value. For 
example, for chlorobenzene in benzene, Hill's 
equation gives 77m = 0.73 while equation 1 gives 
77m = 0.72. Similarly bromobenzene in benzene 
gives 0.90 and 0.89, respectively. Thus one might 
expect 77m to be a useful parameter apart from the 
theory of viscosity used by Hill in its derivation. 
Unfortunately, the use of ijm seems to offer no ad
vantage over that of 771 for the compounds studied. 

Camphor, with the largest molar volume (see 
Table III) of the compounds in Table V has too 
small a value of T/rjm, while T/TJI is consistent with 
the other compounds in the table. Chlorobenzene 
has slightly larger values of 7-/770, and T/TJI than 
fluorobenzene, as expected, but both are smaller 
than those for pyridine, which has a slightly smaller 
molecule. The values of r/7jm and r/rji for t-
butyl chloride are small compared to chloroform. 
However, the more symmetrical molecule of t-
butyl chloride might be expected to rotate more 
easily than that of chloroform, since it rotates in 
the solid state over a wide range of temperature, 
while the chloroform molecule does not.1920 

Since the values of r calculated from the Debye 
equation are too large, replacing vi by 7jm will lead 
to improved calculated values when T7i> 7;m and worse 
when 77m>77i. Thus improvement is obtained for 
all compounds studied except camphor. One 
should keep in mind, however, that the internal 
friction coefficient probably has a value consider
ably less than either the macroscopic or the mutual 

(19) W. O. Baker and C. P. Smyth, ibid., 61, 2798 (1939). 
(20) S. O. Morgan and H. H. Lowry, J. Phys. Chem., 34, 2385 

(1930). 
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viscosity, which is one reason why calculated 
values of r turn out too large when one uses r)i or 
r}m in the Debye equation. 

The three different methods of calculating the 
dipole moment show excellent agreement for 
adamantane chloride and a small discrepancy be
tween the Debye method and the other two for the 
bromide. The discrepancy is no larger than that 
frequently observed.14 The dipole moments of 
adamantane chloride and adamantane bromide 
calculated with the use of the refraction for the 
D-line are considerably larger than all of the 
values previously reported21 for alicyclic and ali-

(21) C. P. Smyth, "Dielectric Behavior and Structure," McGraw-
Hill Book Co., New York, N. Y., 1955, pp. 269, 274. 

Introduction 
Electron paramagnetic resonance (e.p.r.) spec

troscopy can be a powerful tool in the characteri
zation of free radical intermediates formed in 
radiation reactions. Because the concentration 
of these radicals is so low and their lifetimes so 
short, it has been necessary, in the first phase of 
such a characterization program, to accumulate 
the otherwise transient species in a frozen matrix. 
Although this accumulation of frozen free radicals 
gives rise to a strong e.p.r. signal, the observed 
e.p.r. spectrum may be influenced by the very 
matrix which stabilizes the radicals.1 

In some environments, however, the perturba
tion of the radical spectrum by the crystal lattice 
is small and the e.p.r. spectrum represents in a 
simple way the chemical structure of the radical. 
Ten members of the class of N-substituted amides, 
presented here, have e.p.r. spectra which character
ize the radicals present. Three members of the 
class of quaternary ammonium halides previously 
discussed also show this behavior.2 The e.p.r. 
spectrum of a single kind of radical formed in an 
irradiated solid has been observed in a number of 
other cases.3-6 

Care must be taken that any anisotropic dipolar 
interaction of the unpaired electron be considered.7 

(1) D. J. E. Ingram, "Free Radicals as Studied by Electron Spin 
Resonance," Academic Press, Inc., New York, N. Y., 1958, p. 117. 
See, however, H. Zeldes, G. T. Trammell, R. Livingston and R. W. 
Holmberg, J. Chem. Phys., 32, 618 (1960). 

(2) E. J. Burrell, J. Chem. Phys., 32, 955 (1960). 
(3) W. Gordy and C. G. McCormick, T H I S JOURNAL, 78, 3243 

(1956); C. F. Luck and W. Gordy, ibid., 78, 3240 (1956). 
(4) B. Smaller and M. S. Matheson, J. Chem. Phys., 28, 1169 (1958). 
(5) R. H. Luebbe and J. E. Willard, THIS JOURNAL, 81, 761 (1959). 
(6) R. G. Bennett, R. L. McCarthy, B. Nolin and J. Zimmerman, 

J. Chem. Phys., 29, 249 (1958). 

phatic halides. When, however, values of the 
total induced polarization (electronic polarization 
+ atomic polarization) estimated from 0«. are 
used in the moment calculation, instead of the molar 
refraction for the sodium D line, the moment 
values obtained are close to those found for the 
branched-chain and cyclic chlorides and bromides, 
e.g., 2-butyl chloride, 2.13; J-butyl bromide, 2.17; 
cyclopentyl bromide, 2.20; cyclohexyl chloride, 
2.2; and cyclohexyl bromide, 2.2. These are 
slightly higher than the values found for the smaller 
chlorides and bromides, probably, because of in
ductive effects. The moment values for the two 
adamantane compounds are, therefore, what would 
be expected, but the reason for their high atomic 
polarization values is not apparent. 

I t will be seen from the correlation of e.p.r. 
spectra with radical structure in examples reported 
here that anisotropic effects do not appear to inter
fere with the identification of the free radical 
structure. 

Experimental 
The N-substituted amides were synthesized for this study 

by members of the Carothers Laboratory, Textile Fibers 
Dept. , E. I . du Pont de Nemours & Co. The fact that only 
one kind of radical is formed in nine of the amides is taken as 
a sufficient indication of purity. Two kinds of radicals ap
pear in the other amide and probably represent two modes 
of decomposition rather than an impurity. Nuclear mag
netic resonance analysis was used to confirm the molecular 
structure of each amide before irradiation. 

Each amide was evacuated and sealed off at 10~5 mm. 
in a "Thermosil" (available from Thermal American Fused 
Quartz Co., Dover, New Jersey) quartz tube and irradiated 
at —80 or —195° with 2-Mev. electrons from the General 
Electric Resonant Transformer in this Laboratory. Neither 
color centers nor an e.p.r. signal was observed in the ir
radiated "Thermosil" quartz tube itself. 

The e.p.r. spectra were obtained using a modified 
Vanan V-4500 spectrometer.8 A quartz Dewar in the 
cylindrical e.p.r. cavity held the sample tube at —80° 
o r - 1 9 5 ° . 

Computation of Predicted E.P.R. Spectra.—An I .B.M. 
650 digital computer was programmed to compute the dif
ferential e.p.r. spectrum to be expected for a given model 
of the environment of the unpaired electron. The computer 
adjusted the hyperfine splitting and line-width parameters 
so as to give a least squares fit between the computed spec
trum and the experimental spectrum. The computed 
e.p.r. spectra are shown in the figures with the correspond
ing experimental spectra. The detailed programming and 
computational techniques will appear shortly. 

(7) H. M. McConnell, C. Heller, T. Cole and R. W. Fessenden, 
T H I S JOURNAL, 82, 766 (1960). 

(8) R. G. Bennett, P. C. Hoell and R. P. Schwenker, Rev. Sci. Inslr., 
29, 659 (1958). 
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Formation and Identification of Unique Radical Sites in Irradiated Amides 

BY E. J. BURRELL, JR. 
RECEIVED JULY 29, 1960 

The free radicals produced in each of ten N-substituted amides by irradiation with 2-Mev. electrons have been character
ized by their e.p.r. spectra. A single species of radical is formed in each of nine of the amides. The G(radical) yield for 
N-(»-propyl)-propionamide is 4.7 ± 1.4. 


