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TABLE I

HvyproLYSIS RATE CONSTANTS

T, — CH;Ct ~~—CHFCl—— ~—CHF;Cl——
°C. k2 kR X 108 kg ki X 108 ks k1 X 108
60 0.817 0.25

80 1.04 2,08 0.71 0.35

20 . . .79 1.01

100 1.26 10.9 .87 2.67

110 1.38 25.9 .94 5.36 ..
120 1.49 46.5 1.02 12.0 4.89 1.16
130 1.10 25.2 5.27 2.40
140 1.18 49.0 5.65 5.55
150 6.04 9.5
160 6.42 18.5
170 6.80 26.6
180 7.18 42.2

mately 21 keal./mole at the higher temperatures to
about 23 kcal./mole at the lower.

A careful study of the hydrolysis of CH;Cl by
Moelwyn-Hughes” has given a rate constant of
1.08 X 10—* and an activation energy of 22.7 kcal./
mole, both at 100°, compared with the present
values of 1.09 X 10—*and 21.5 kcal./mole.

There is a steady decrease in the rate of hydrolysis
of the chlorine atom in the compounds we have
studied as the number of fluorine atoms attached to
the same carbon increases. The energy of activa-
tion, however, is approximately the same for all of
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the substances, so that the difference is in the pre-
exponential factor in the rate equation. In this
connection, it is of interest to note that Glew and
Moelwyn-Hughes® found that the hydrolysis rates
of CH,F and CH;Br at 100° differed by a factor of
3,400, although their energies of activation were
21,163 and 21,424, respectively.

The solubility of a methyl halide gas is at least
partially a measure of the forces of interaction be-
tween the methyl halide molecules and water mole-
cules. The water solubility of the series CH;F,
CH;Cl and CHj3Br rises' in a manner roughly par-
allel to the increase in rate of hydrolysis.” No such
parallelism is noted in the series CH;Cl, CH.FCI
and CHF,C], however. In the temperature range
we have used, CH,FCl is more soluble than either
of the other gases, but its hydrolysis rate is inter-
mediate between the other two.

A few experiments on the rate of the reaction of
CH;Cl, CH;FCl and CHF,;Clwith thiosulfate ion in
dioxane—water solution show behavior very similar
to that observed in the neutral hydrolysis reaction.!!
At 50.3°, the rate of the reaction between thio-
sulfate ion and CH;FCl is slower than the reaction
with CH;3Cl by a factor of about 15. CHF:Cl reacts
still more slowly than does CH,FCl.

(10) D. N, Glew and E. A. Moelwyn-Hughes, Discussions Faraday
Soc., 18, 150 (1953).

(11) The experiments on the thiosulfate ion were performed by Mrs,
Janice Goodwin Lonadier to whom the authors are indebted.

[CONTRIBUTION FROM THE RESEARCH LABORATORY, GENERAL ELECTRIC COMPANY, SCHENECTADY, NEW YORK]

Radiation Chemistry of Polydimethylsiloxane.! 1.

Crosslinking and Gas Yields

By A. A, MILLER
RECEIVED NOVEMBER 30, 1959

The electron-irradiation of a linear polydimethylsiloxane oil, [-Si(CH;).0-]., with a molecular weight of 85,000, was

studied in the glass state at —180° and in the fluid state from —40 to +4150°.
108 r./min., the crosslinking yield, derived from gel and gas measurements, is G(c.1.) = 3.0.
and gas yields are both temperature- and intensity-dependent.

At 25° and a radiation intensity of 13.8 X
In the fluid state the crosslink
The transition from the fluid to the glass state produces

some apparent anomalies in the over-all radiation chemical effects.

Introduction

A review of the earlier literature on the effects of
ionizing radiation in silicone polymers has been
compiled by Bovey.? Thus far, no systematic
study of the radiation chemistry of the linear poly-
dimethylsiloxane [-Si(CH;),0-], structure has been
reported. Kantor has reported work on the cyclic
tetramer?® and Dewhurst and St. Pierre have stud-
ied the irradiation of hexamethyldisiloxane.*

The polydimethylsiloxane structure has certain
radiation chemical features which are quite differ-
ent from other crosslinking-type polymers, such as
polyethylene (-<CH,CHjs—),. Thus, the irradiation

(1) Presented, in part, at a Symposium on Chemical Effects of
High Energy Radiation, A. A, A, S. Meeting, Washington, D. C,, Dec.
26-31, 1958,

(2) F. A, Bovey, ‘"Effects of lonizing Radiation on Natural and
Synthetic High Polymers,’’ Interscience Publishers, Inc.,, New VYork,
N. Y., 1958, p. 178.

(3) S. W. Kantor, Abstracts, 140th A. C. S. Meeting, Atlantic City,
September, 1966, Div. of Org. Chem., Paper No. 94.

(4) H. A. Dewhurst and L. E, St. Pierre, Abstracts, 136th A. C. S.
Meeting, Atlantic City, September, 1959, Div. of Polymer Chem.
Papers No. 51 and 52.

of dimethylsilicones causes both =Si—-CH; and
=SiCH,H scissions with the evolution of H., CH,,
and C,Hg as the gaseous products. Recombina-
tions of the two types of polymer radicals =Si- and
=SiCHy can lead to three types of crosslinks. In
linear polyethylene, the gaseous product is H; and
only carbon-carbon crosslinks can be formed. Also,
the polyethylene structure permits the formation of
H: and #rams-vinylene unsaturation without cross-
linking,® while the dimethylsiloxane structure pre-
cludes the formation of unsaturation and conse-
quently an exact correspondence between gas and
cross-linking yields should be expected.

In the first paper of this series, measurements of
crosslinking and evolved gas will be described for a
polydimethylsiloxane oil in the glass state at liquid
nitrogen temperature and in the fluid state between
—40° and +150°. The effects of additives are
reported in the second paper. On the basis of these

(8) A. A, Miller, E. J. Lawton and J. S. Balwit, J. Phyvs. Chem., 60,

509 (1956); also E. J.Lawton, J. S. Balwitand R. S. Powell, J. Polymer
Sci., 82, 257 (1958).
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Fig. 1.—Gel yield as a function of irradiation dose for

30,000 c.s. polydimethylsiloxane oil (Mw = 85,000). Ir-
radiated at 25° and an intensity of 13.8 Mr./min.

experimental measurements the kinetics and
mechanism of the radiolysis of polydimethylsilox-
ane are discussed in the third paper of the series.

Experimental

A standard dimethylsilicone fluid (Viscasil 30,000) ob-
tained from the G. E. Silicone Products Department was
used. This ruaterial is a highly viscous oil with a bulk vis-
cosity of 30,000 centistokes at 25°. The intrinsic viscosity
measured in toluene at 25° was 35.5 cc./g., giving M, =
76,000 on the basis of the relation [3] = 0.0136 Afo.70.8
Light-scattering measurements gave My = 85,000 (=
109%,). Irradiationswere done with 800 Kvp. electrons from
a G. E. resonant-transformer unit on 2 gram samples in
standard 2-inch aluminum dishes. The sample thickness
was never more than 1 mm., the range of essentially uniform
ionization for this type of radiation. Dosimetry was es-
tablished in roentgen units with an air-ionization chamber;
the calculation of radiation yields (G values) is based on au
energy absorption of 5.2 X 10¥e.v./g./r. Unless otherwise
specified, all irradiations were done at about 25° at a normal
dose rate of 13.8 Mr./minute (1 Mr. = 106r.) under a nitro-
gen atmosphere.

Following irradiation, the crosslinked gel was extracted
by two 100 ml. portions of benzene, each for 24 hr. at room
temperature. The extracted gel was dried to a constant
weight by vacuum-pumping for 24 hr. Tests by additional
extractions, which gave no further weight loss, showed that
the adopted procedures gave complete extraction of the gel.

Differential, infrared spectroscopy was used to estimate
certain specific groups formed by irradiation. In these
cases, lower molecular weight polydimethylsiloxanes were
used so that higher doses could be given before gelation.
The absorption bands and absorption coefficients were de-
termined by S. W. Kantor of this Laboratory from small
model compounds especially synthesized for this purpose.?
The values used were

Absorp. coeff.

Group Infrared peak, ¢ (cm.2/mole) X 108
=SiOH 2.72 1.1
=8iH 4.63 1.4
8.80 1.5
=8iCH,Si= 7.38 0.17

The differential spectra were measured in a high-resolution
Beckman Infrared-7 spectrometer using solutions in CS; or
CCly, balanced against solutions of unirradiated polymer at
the same concentration.

The > Si-Si< group, which has no detectable infrared
absorption, was measured by a bromination method also
developed by Kantor.” This is a titrimetric procedure in-

(6) F. P. Price, S. G, Martin and J. P. Bianchi, J. Polymer. Sci., 22,
49 (1956).

(7) S. W. Kantor, ptivate communication,
19, 297 (1956).

See A, M. Bueche, tbid.,
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volving the rapid, quantitative reaction of bromine in carbon
tetrachloride with the disilyl bond: Br, + >Si-Si€ —
2SiBr. Since the =S8iH bond also reacts rapidly, > SiH -+
Br, — > SiBr + HBr, the total bromine absorbed must be
corrected for the > SiH content, as measured by infrared
analysis. For this determination, 2-gram samples of a 100
c.s.~silicone fluid were irradiated at 50 Mr. and the products
swollen overnight in 50 ml. of CCL. Ten ml. of 0.1 N
Br,—CCl solution was added and the sample stored in the
dark for 15 and 30 minutes with frequent shaking. The un-
reacted Brp; was determined iodometrically by addition of
excess KI, following dilution with water, and titration with
0.1 N sodium thiosulfate. Blanks on 2-gram samples of
unirradiated oil showed no reaction of the bromine in the 15
and 30 minute periods.

Gas yields were measured in a steel cell equipped with a
mercury manometer and a thin (1 mil) stainless-steel window
which was sealed by a flange and a lead OQ-ring. The 2-gram
(1 mm. thick) sample of 30,000 c.s. silicone oil in the cell
was thoroughly outgassed up to 100° on a high-vacuum line.
Following irradiation, the cell was again heated to 100° to
expel dissolved gases from the sample. For a 2-gram sample
and a 10 Mr. dose, the typical pressures, measured at 25°,
were 40 to 50 mm. Gas samples were analyzed on an ana-
lytical mass-spectrometer for which sensitivity calibrations
for Hy, CH, and C;H; were made periodically with the pure
gases. The dosimetry was again determined by an ioniza-
tion chamber in a “‘mock up’’ of the irradiation cell. This
was confirmed by gel vields of the polymer samples following
the gas measurements.

Results

Gel Measurements and Crosslinking Yields.—
The gel yields for degassed samples of 30,000 c.s.
silicone oil as a function of irradiation dose are
shown in Fig. 1. Benzene solutions of the irra-
diated samples showed no gel at 2.0 and a trace of
gel at 2.5 Mr. and this was considered as the dose
required for incipient gelation. This was verified
by a log sol us. log dose plot which was linear and
which extrapolated to 2.5 Mr. at 1009 sol. In
another series of measurements on samples con-
taining dissolved air, a slight inhibition of gel
formation was observed only at the lowest dose.
Above 5 Mr. the gel yields were the same in the
presence or absence of dissolved air. A more sys-
tematic study of the effect of oxygen will be pre-
sented in the next paper, but for the present it may
be concluded that at doses of 5 Mr. and above the
dissolved atmospheric oxygen is quickly con-
sumed and there is no subsequent effect on the
crosslinking.

On the basis of the criterion that incipient gela-
tion occurs when there is one crosslink per two ini-
tial weight-average molecules® and the light-scatter-
ing measurement of My = 85,000 (=10%,), we ob-
tain G (crosslinks) = 2.7 = 0.3 at 25° and an in-
tensity of 13.8 Mr./min. Considering the 10%
possible error in the initial light-scattering molec-
ular weight determination and considering the gas
yield (see below), a preferred value of G (cl.) =
3.0 will be used.

The effect of irradiation temperature on the cross-
linking yield was examined. Samples irradiated at
temperatures up to 200° showed no significant
weight loss, but at 300° a 109 loss due to volatiliza-
tion occurred. The low temperature samples
(—180 and —80°), which were in a glass state dur-
ing irradiation, were restored to the fluid state at
room temperature before exposure to air following
irradiation. Gel yields were converted to “equiva-

(8) P. J. Flory, ‘‘Principles of Polymer Chemistry,”” Cornell Uni-
versity Press, Ithaca, N. Y., 1953, p. 359.
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lent doses” vig the standard ‘“calibration’ curve
(Fig. 1) and the relative crosslinking yield was
calculated as the ratio of this ‘“‘equivalent dose” to
the delivered dose. The G values in Table I are
the relative crosslinking yields normalized to a
value of G = 3 at 25°,

TABLE I
ErrecT OF TEMPERATURE ON THE CROSSLINKING YIELD

Temp., °C. G (crosslinks)

—180° 1.9
- 80° 2.2
25 3.0

100 4.2

150 4.2
200 4.0
300 3.2

& These were in the glass-state.

The crosslinking yield at 25° shows a small but
definite intensity effect. Duplicate samples irra-
diated at 5 Mr. and at a dose rate of only 0.138 Mr./
min. (a hundred-fold decrease from the normal
dose rate), gave gel yields of 579, corresponding
to an “equivalent dose”’ (Fig. 1) of 5.5 Mr., or a
109, increase in crosslinking yield. Further gel
measurements made in connection with the gas de-
terminations (see below) also showed this intensity
effect.

The yield of =SiH groups was measured for irra-
diations at —180 (glass), 25 and 150° by infrared
analysis. In these experiments, a lower molecular
weight (100 c.s.) dimethylsilicone oil was used so
that a sufficient dose could be given to produce a
measurable change before gelation. For this oil,
incipient gelation occurred at about 20 Mr., which
corresponds to Mw o= 10,000. Differential absorb-
ance measurements at 4.63 ¢ were made on this un-
diluted oil in 1 mm. cells.

The infrared measurements for > SiCH,Si<
and > SICH.CH,Si<€ were complicated by existing
strong absorption bands in the 7 and 8 n regions for
the silicone polymer. Consequently, high irradia-
tion doses on an even lower molecular weight sili-
cone oil were required. By proper choices of dilu-
tion in CS; and cell thickness, detectable differen-
tial absorbances for the > SiCH,Si € and > SiCHo,-
CH;Si € could be obtained. Although the trends
in these absorbances with irradiation temperature
are fairly reliable, it should be emphasized that
the absolute concentrations and, therefore, the ra-
diation yields may be subject to considerable error.
A 20 c.s. silicope oil with an incipient gel point at
about 100 Mr. (Mw =< 2000) was used here.

The data for the infrared measurements of
> SiH, > SiCH,Si<€, > SiCH,;CH, < and for > Si—
Si< bonds by the bromination method, are listed
in Tables II-1IV.

Table V summarizes the radiation yields for the
three types of crosslinks as a furiction of tempera-
ture. For the reasons given earlier, the data for
>SiCH,Si< and > SiCH,CH,Si <€ are reliable only
to the extent of establishing trends with tempera-
tures and not for absolute values of radiation
yields. The errors are apparent in the comparison
of the sum of the individual crosslinks, G, with the
total crosslink yields, as determined earlier from gel
data.
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TABLE II

DIFFERENTIAL INFRARED ABSORBANCES FOR
>SiH. Dose =10 Mr.; 1009 O1L 1N 1.0 MM. CELLS

Temp., °C. —180 +25 +150

AAg.e 0.044 0.052 0.086

(Mole > SiH/g.) X 108 3.1 3.7 6.1

G(> SiH) 0.35 0.42 0.69
TABLE III

DIFFERENTIAL INFRARED ABSORBANCES FOR > SiCH,Si<€
(7.38 u) anp > SiCH,CH,Si<€ (8.8 u) (Dosg = 60 Mr.)

Temp., °C. —180 +25 +150
AArwu 0.0075% 0.008% 0.009¢
(mole/g.) X 104 0.8 0.9 1.2
G(> SiCH:Si €) 1.5 1.8 2.3
Adsap 0.0038% 0.0020% L.
(mole/g.) X 10¢ 5.1 2.7
G(> SiCH:CH\Si €) 0.9 0.5

@ 10% solutions in CS;; 0.49 mm. cells. * 19, solutions
in CS;; 0.49 mm. cells. ¢ These measurements were not

made.
TABLE IV
ANALYSIS FOR > Si—Si <€ BY BROMINATION (Dosg = 50 Mr.)
Temp., °C. —180 +25 +150
Br; reacted (mole/g.) X 104 0.07 0.69 0.97
G(> Si-Si< + > SiH) 0.16 1.5 2.2
G(>Si-Si<€)? 0 1.1 1.5
e Using G(> SiH) from Table II.
TABLE V
SUMMARY OF CROSSLINK YIELDS
Temp., °C. —180 25 150
G(> SiCH,Si €) (1.5) (1.8) (2.3)
G(> SiCH,CH,Si €) 0.9) (0.5) R
G(>Si-8i<€) 0 1.1 1.5
G (2.4) (3.4)
G(crosslinks)?® 1.9 3.0 4.2

o From gel yields (Table I).

Gas Yields.—Hydrogen, methane and ethane
constitute the gases evolved in the irradiation of
polydimethylsiloxane. The yields of these gases
as functions of irradiation temperature and in-
tensity are shown in Table VI and the temperature
effect is illustrated in Fig. 2.

TaABLE VI

ErrECTS OF TEMPERATURE, RADIATION INTENSITY AND
PHaysICAL STATE ON GaAs YIELDS

Temp., °C.G(gas) G(Hs) G(CHy G(CiHy)

13.8 Mr./min. —18* 2.8 0.95 1.62 0.22
~ 40 2.7 1.19 0.71 .80

25 3.1 1.26 1.07 .76

100 3.9 137 1.96 .56

150 5.1 1.45 3.0 .60

200 6.0 1.24 4.17 .83

0.138 Mr./min. ~18* 2.9 0.95 1.85 .10
25 3.7 1.34 1.8 .54

a Glass state.

Further gel measurements were made in the poly-
mer irradiated in two of these gas determinations.
At —180° and a dose of 5 Mr. at 0.138 Mr./min.
the total gas yield was 2.9 while the crosslinking
yield was only 1.7. Also, at 200° and a dose of 5
Mr. at 13.8 Mr./min. the gas yield was 6.0 while
the crosslinking yield was only 4.2.
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Fig. 2.—Gas yields for liquid and solid polydimethylsiloxane.

Discussion

In the liquid state between —40 and 4 100° good
agreement between total gas yields and crosslinking
yields is observed (Fig. 3). Indeed, such an equiva-
lence is to be expected since the polydimethylsilox-
ane structure does not permit the formation of un-
saturation. (Intramolecular cyclization, which
could produce gas without intermolecular cross-
links, is assuined not to occur.) Above 100°, how-
ever, the two yields diverge markedly and a possible
explanation is that an increasing amount of main-
chain scission is occurring, causing a lower apparent
crosslinking yield as measured by gel formation. If
this were a simple free-radical cleavage, the equiva-
lence between gas and crosslinking yields should
still be maintained since the polymer fragments
(>Si0- + -Si<) could stabilize themselves only by
(1) combination with the small H- and CH;- radi-
cals and this would decrease the gas yield corre-
spondingly, or (2) hydrogen abstraction, which
would produce equivalent amounts of new poly-
mer radicals for crosslinking. Ordinary dispro-
portionation of the polymer fragments is precluded
in the siloxane structure. It is suggested that the
decrease in apparent crosslinking yield at elevated
temperatures is due to an ionic rearrangement of
the siloxane backbone, possibly catalyzed by traces
of ionic impurities® or by the radiation.

In the liguid state, at least up to 100°, both the
crosslinking and gas yields show a positive tempera-
ture coefficient and also a small but definite increase
with decreased radiation intensity. A reasonable
explanation for these effects is a competition be-
tween recombinations of H- and CHj radicals and
their hydrogen abstraction on polymer molecules to
produce additional polymer radicals, with the ab-
straction reactions being favored by increased tem-
peratures and/or decreased intensity.’® These
competing radical reactions also account for the ob-

(9) See C. W. Lewis, J. Polymer Sci., 87, 425 (1939).

(10) A. Charlesby, W. H. T, Davison and D. G. Lloyd, J. Phys.
Chem., 68, 970 (1959}, have reported a similar dependence of the cross-
inking yield on intensity over a much wider intensity range. However,

they attributed this to ‘‘track’’ and LET effects rather than competing
radical reactions.

TEMPERATURE, °C.

Fig. 3.—Comparison of gas yields (@) and crosslinking yields
(O) for polydimethylsiloxane.

served changes in CH, and C,He yields with tem-
perature and intensity. It should be noted that
the H, yield is considerably less sensitive to both
of these factors than is the CH, yield. It may be
significant that in the radiolysis of liquid neopen-
tane, C(CHas)s, where methyl groups are also in-
volved, it was observed that the CH, yield increased
with temperature while the H: yield remained es-
sentially constant.!! In the cited work, however,
the effect of radiation intensity was not examined,
nor was the yield of CoHg, if any, reported.

For the radiolysis at low temperature in the
rigid glass state the following interesting features
should be noted. Although considerable scission
of CHj; groups still occurs, as evidenced by the CH,
and C;H; yields, mutual recombination of the ex-
pected > Si- polymer radicals has been suppressed,
since > Si-Si< crosslinks are absent (Table IV).
Recombination of > Si- and H- is still important,
however, as shown by the >SiH vield. A surpris-
ing result is the large ncrease in CH, yield in the
transition from the liquid to the glass-state. It
seems unlikely that this change in CHy yield can
be attributed to an increased hydrogen abstraction
by thermal CH; radicals, occurring to a greater ex-
tent in the glass-state at —180° than in the fluid
state at higher temperatures. A further anomalous
effect in the glass-state is that the crosslinking
vields were always significantly lower than the gas
yields (Fig. 3). Although entrapment of the large
polymer radicals may prevent their immediate
crosslinking in the rigid glass matrix, these radicals
should still combine to form crosslinks, correspond-
ing to the gas evolved, when the sample is thawed
to the fluid state in the absence of oxygen following
irradiation.

A tentative explanation for these apparently
anomalous radiation effects in the transition from
the liquid to the glass-state is that one or more of the
primary radiation chemical processes are signifi-
cantly altered. Thus, to explain the difference be-

(11) M. Hamashima, R. P. Reddy and M. Burton, ibid., 62, 246
(1958),
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tween the total gas and crosslinking yields and also
the simultaneous increase in CH, yield in the glass-
state at —180°, it is suggested that here an appreci-
able fraction (G =~ 0.9) of the CHj is formed by a
“molecular”’ primary process which involves neither
CH;- radicals nor polymer radicals as intermediates.
Further discussion will be presented in a subsequent
paper of this series.

DIELECTRIC RELAXATION OF DIPHENYL ETHER
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Microwave Absorption and Molecular Structure in Liquids.

XXX. The Anomalous

Dielectric Relaxation of Diphenyl Ether and Some Similar Molecules®?

By D. M. Rosert1,? O. F. KaLman anp C. P. SmyTH
RECEIVED NOVEMBER 25, 1959

Dielectric relaxation times have been determined for diphenylmethane, benzyl ether, bibenzyl and dibenzyl ether, as pure

liquids, to be compared with previous values for diphenyl ether and benzophenone.
relaxation times comparable to that for diphenyl ether, very low in comparison to that for benzophenone.

All the measured compounds have
In addition, the

relaxation time of diphenyl ether measured in Nujol has been found to be relatively insensitive to viscosity and temperature.

The results indicate that some form of intramolecular motion is responsible for the small relaxation time.

ously proposed mechanisms are discussed.

The relaxation time of diphenyl ether in benzene
was found by Fischer? to be 0.28 X 10~ sec., a
value seemingly much too small when compared
with the value of 2.04 X 107! sec. for benzophe-
none, amolecule of approximately the same size and
shape. The anomalously low relaxation time of
diphenyl ether has interested a number of investi-
gators, and the findings of Fischer have been ap-
proximately confirmed by measurements using
other methods.%$6

The present research is an attempt to elucidate
the problem by measuring the relaxation times of
some molecules similar to diphenyl ether. In addi-
tion, measurements have been made on diphenyl
ether in dilute solutions in Nujol.

Purification of Materials.—Diphenyl ether, obtained from
Matheson, Coleman and Bell, Iuc., was dried with calcium
chloride and fractionally distilled under reduced pressure.
It was crystallized slowly at 25-27° and a small portion
poured off. The final product had a refractive index
n®.86p 1,57596. Dibenzyl ether, obtained from Brothers
Chemical Co. and distilled under reduced pressure, gave a
density 4% 1.0424 and #%p 1.56264. Benzyl phenyl
ether was synthesized according to the procedure of Pea-
cock,” dried over calcium, fractionally distilled under re-
duced pressure and recrystallized from heptane. The
final product had d% = 1.0518 and a melting point of 36°.
Diphenylmethane, from Matheson, Coleman and Bell,
Inc., was fractionally distilled twice under reduced pressure,
finally boiling at 114.5° at 6 mm. pressure, giving a d%

(1) This research was supported in part by the United States Air
Force through the Office of Scientific Research of the Air Research and
Development Command and in part by the Office of Ordnance Re-
search, U. S. Army. Reproduction, translation, publication, use or
disposal in whole or in part by or for the United States Government is
permitted.

(2) This paper represents a part of the work submitted by D. M.
Roberti to the Graduate School of Princeton University in partial ful-
fillment of the requirements for the degree of Doctor of Philosophy.
Portions of this paper were read before the American Chemical Society,
Division of Physical Chemistry, Atlantic City, N, J., Sept. 16, 1959,

(3) Gulf Oil Fellow in Chemistry, 1957-1958.

(4) E. Fischer, Z. Elekirochem., 83, 16 (1949).

(3) F. Dieringer, Z. Physik, 148, 184 (1956).

(8) J. H. Calderwood and C. P. Smyth, THIs JoUurNaL, T8, 1295
(1956).

(7) D. H. Peacock, Proc. Chem. Soc., 80, 247 (1914),

Several previ-

of 0.9971. Bibenzyl, obtained from Matheson, Coleman and
Bell, Inc., was fractionally distilled, boiling at 270-271°,
with a melting point of 51.2°.

Experimental Results

Dielectric constants, ¢, and losses, €'/, at wave
lengths of 1.25 and 3.22 cm. and the so-called
static dielectric constant; ¢, were measured over a
range of temperatures by methods described or re-
ferred to in earlier papers of this series.® In the case
of dibenzyl ether, measurements also were made at
10.0 cm. wave length. For some substances, meas-
urements could not be made at lower temperatures
because of high melting points. Densities were
determined with a graduated pycnometer and vis-
cosities with an Ostwald-Fenske viscometer. The
values obtained for the liquid measurements at
each temperature are given in Table I. For the
solution measurements, Table II gives values of
the slopes of the square of the refractive index, ap,
static dielectric constant, ao, dielectric constant, a’,
and loss, ¢/, against the weight fraction of solute
in solutions in Nujol made up from a specimen desig-
nated as Nujol (II).

From the dielectric constant data Cole-Cole arc
plots were drawn and used to determine the critical
wave lengths, Am, at which the loss is a maximum.
Table III contains the values of the optical dielec-
tric constants, €., the distribution parameters, «,
and the critical wave lengths obtained from the arc
plots. From the critical wave length, the macro-
scopic relaxation time, 7y, is calculated according
to the equation v = Am/2mc. To correct for the
effect of dipole-dipole interaction in the liquid
state, the Powles® internal field correction, found to
be the most nearly correct form in a recent evalua-
tion,1® gives a molecular relaxation time, 7,. Values
of 7, and of the dipole moments, u, calculated from
e and e. values by the Onsager equation are also

1t

(8) R. S. Holland and C. P. Smyth, J. Phys. Chem., B9, 1088
(19553).

(9) J. G. Powles, J. Chem. Phys., 21, 633 (1953).

(10) R. C. Miller and C. P. Smyth, TH1s JoURNAL, T9, 3310 (1957).



