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Microwave Absorption and Molecular Structure in Liquids. XXIII. The Dielectric
Relaxation Times and Dipole Moments of Several Aryl Isocyanates and Related
Compounds?

By Br1aN R. JOLLIFFE AND CHARLES P. SmMyTn
RECEIVED SEPTEMBER 16, 1957

Dielectric coustant and loss measurements at wave lengths of 577 m. and 10.0, 3.22 and 1.25 cm. liave beeu carried out at
20, 40 and 60° upon dilute benzene solutions of phenyl isocyanate, phenyl isothiocyanate, p-tolyl isocyanate, tolylene-2,4-
diisocyanate, 1-naphtliyl isocyanate and 2-biplienylene isocyanate. Tlie densities, viscosities and refractive indices of the
solutions have also been measured. The molecular dipole inonients calculated from tliese data indicate that tlie direction
of the bond from the ring to the linear isocyanate group is close to, if not coincident witly, that of the axis of the group. Tlie
dielectric data have been used to construct arc plots, from which thie dielectric relaxation times and their almost negligibly
small distribution parameters have been calculated. The ratlier large moleculur relaxation times resulting from the con-
siderable protrusion of the polar group from the riug are found to vary in the expected mauner with the direetion of the

molecular dipole relative to the miolecular axes.

In previous papers of this series relaxation times
of polar molecules have been measured both in the
pure liquid and in solution in non-polar solvents,
and the results discussed in terms of the viscosities
of the liquids and the geometry of the molecules.
In the present work, the influence of molecular
shape on relaxation time has been investigated
further in benzene solutions of phenyl isocyanate,
p-tolyl 1isocyanate, tolylene-24-diisocyanate, 1-
naphthyl isocyanate, 2-biphenylyl isocyanate and
phenyl isothiocyanate.

Materials and Experimental Methods

Tle solutes were obtained from Brothers Chemical Coin-
pany and Eastinan Kodak Company. Preliminary meas-
urements were made usiug the substauces without purifica-
tion, and filual deterininations were made with samples
which liad been distilled under reduced pressure. ‘‘C.p.”’
grade benzene was used throughout the work without any
furtlier treatment after measurements of thie static dielec-
tric constant aud loss in tlie microwave region had shiown
that, for use in tliese solutions, it was indistinguishable from
benzene wliich hiad been distilled after drying with sodium
liydride.

Tlhe tecliniques used for measuring €', thie dielectric con-
staut, and €'/, tlie loss, at wave lengths of 1.24 and 3.22 cu1.
lhiave been described in earlier papers,? as lias tlie method
by whicli ¢, the “‘static’’ dielectric constant is measured at
a wave length of 577 meters. The readings at 10.0 cu.
were made witll a resonant cavity apparatus constructed
by Mr. D. A. Pitt.3 At least three solutions of cacli sub-
stalice were measured at cach frequency at teinperatures of
20, 40 and 60° in tlie concentration range 0.005 to 0.04 mole
fraction. Tlhe slope a of tlie linear plot of ¢ or ¢’ against
tlie weight fraction was used as iu previous work? to cou-
pute thie position of points on Cole-Cole arc plots,® from
whicli the critical wave length and relaxation tiine for encli
compound were obtained.

Table I shows tlie results obtained at the wave length
o at which the measurement was carried out. The value
at 577 m. wave length is tlic slope of tlie so-called static di-
electric constant and the value at 5.89 X 107% cn1. is the
slope of tlie square of tlie refractive index for the sodium-p
line. These data, togetlier witll tlie measured specific
volumes of tlie solutions, have beeu used to calculate the
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niolecular dipole 1monients by means of tlie equation of
Halverstadt and Kumler.® Tlie moment values tlius ob-
tained are given in Table III, where, in the cases of the tliree
substalces previously measured, they are seen to agree with
the literature values within the probable error of the latter.
Table II gives thie calculated critical wave lengths and the
corresponding relaxation times and, iu addition, the slopes
of the straight lines obtained by plotting the measured
viscosities of the solutions in centipoises against the mole
fractions of tlie polar solutes, Table IT also gives the heats
of activation for dipole relaxation calculated from the slopes
of the plots of the logarithim of the critical wave length
against the reciprocal of the absolute temnperature.

Discussion of Dipole Moments

Although the determination of the dipole nio-
ments of these compounds was incidental to the in-
vestigation of the molecular relaxation times, the
moment values in Table III have some interest as
evidence of structure and thus some significance in
the interpretation of the values of the relaxation
times. Electron diffraction? and microwave and
infrared spectra®? have shown the isocyanate and
isothiocyanate groups to be linear with an angle
125° to 132° between the group axis and the R-N
bond in CH;NCO, HNCO, HNCS and DNCS.
Earlier dipole mioment measurements on p-substi-
tuted phenyl isothiocyanates!® showed the angle to
be hardly distinguishable from 130° in these aro-
matic compounds, and the moment calculated for
p-chlorophenyl isocyanate!! on the assumption of
complete linearity, that is, an angle of 180°, dif-
fered from the observed wvalue by no more than the
possible experimental error. The moment value
2.68 of p-tolyl isocyanate in Table III is indistin-
guishable from the sum of the phenyl isocyanate
moment 2.29 in Table III and the toluetue nioment
0.37 in the vapor state and 0.4 in solution,'? indi-
cating an angle of 180°. Calculation of the mo-
ment of tolylene-2,4-diisocyanate as the vector sumn
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TaBLE I

SLOPES FOR IDEPENDENCE OF DIELECTRIC CONSTANT AND
I.oss uroN CONCENTRATION

!

¢, °C. Aa (ci1n.) a a” a’ a”
Plienyl Tolyleue-2,4-
isocyanate diisocyanate

20 577 m1, 7.66 9.33 ..

10.0 6.48 2,54 7.33 3.32
3.22 3.46 3.16 3.44 3.66
1.25 1.59 1.94 1,82 2.22
5.89 X 10— 0.005 0.23
40 577 m. 6.98 .. 8.33 ..
10.0 6.27 1.92 7.43 2.56
3.22 4.02 2.94 4,36 3.56
1.25 2.26 2.39 2.03 2.38
5.80 X 105 0.12 0.27
60 577 m. 6.39 .. 7.83 ..
10.0 5.95 1.28 7.07 2.08
3.22 4.11 2.76 4.70 3.32
1.25 2.66 2.50 2,03 2.54
5.80 X 1075 0.15 0.31 ..
Pheny! 1-Naphthyl
isothiocyanate isocyanate
20 577 m. 12.60 .. 8.31 ..
10.0 9.52 5.20 6.55 3.22
3.22 3.79 4.11 2.90 2.90
1.25 2.16 2.14 1.70 1.84
5.80 X 108 0.60 0.64
40 577 m. 11.27 .. 7.62 ..
10.0 8.94 3.92 6.42 2.76
3.22 4.43 4.15 3.40 2.85
1.25 2.35 2.49 1.93 2.08
5.80 X 1075 0.61 0.79
60 577 m. 10.14 .. 7.03 .
10.0 8.55 3.07 6.15 2.01
3.22 5.30 4.01 3.70 2.74
1.25 2.75 2.68 2.00 2.20
5.8 X 1075 0.64 0.96
2-Bi-
p-Tolyl phenylene
isocyanate isocyanate
20 577 m. 10.44 .. 7.45 .
10.0 7.83 4.45 4.90 3.30
3.22 2.76 3.69 2.18 2.28
1.25 1.41 1.93 1.46 1.29
5.80 X 10% 0.10 0.58

40 577 m. 9.52 .. 6.80 .
10.0 7.80 3.62 4.83 2.96
3.22 3.23 3.68 2.69 2.51
1.25 1.66 2.19 1.86 1.46
5.89 X 1075 0.15 0.63

60 577 m. 8.69 .. 6.25 ..
10.0 7.24 2.64 4.68 2.26
3.22 3.76 3.68 3.16 2.50
1.25 1.82 2.43 1.95 1.60
5.890 X 10—¢ 0.19 0.69

of the moments of phenyl isocyanate, 2.29, and p-
tolylisocyanate 2.68, with an angle of 120° between
them resulting from the assumed linearity of the
groups and bonds in the 2- and 4-positions gives a
value of 2.62, but slightly larger than the ob-
served 2.52. It has been suggested!® that shift of

(13) C. P. Smyth, ref. 12, p. 318.
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TaBrLE IT
SLOPES OF DEPENDENCE OF VISCOSITY ON CONCENTRATION
oF So1.UTE, CRITICAL WAVE LENGTHS AND RELAXATION

TIMES
AH
t, °C. An/c. Am (cm.) 7{10 12 sec.) (kcal./mole)
Plienyl isocyanate

20 0.66 4,34 23.1 2.3
40 .58 3.45 18.4
60 .48 2.69 14.3

Phenyl isothiocyanate

20 1.34 6.48 34.5 2.3
40 1.10 5.17 27.5
60 0.88 4.02 21.4

#$-Tolyl isocyanate

20 0.28 6.29 33.5 1.7
40 .26 5.34 28.4
60 .22 4.41 23.5
Tolylene-2,4-diisocyanate

20 0.98 5.32 28.3 2.4
40 .76 4,21 22.4
€0 .63 3.23 17.2

1-Naphthyl isocyanate

! 1.84 5.92 31.5 1.8
40 1.41 4.92 26.2
60 1.09 4.04 21.5
2-Biphenyly! isocyanate
20 2.73 7.85 41.8
40 2.02 6.49 34.5
60 1.51 5.50 29.3

TasLE III

PorarIzaTions aNp DipoLE MOMENTS IN BENZENE SoLu-
TION AT 20°

#(X 1018)
Polarization (ce.) Present
Compound Pw Pg work Lit.
Phenyl isocyanate 156.0 46.9 2.29 2,28
Phenyl isothiocyanate  230.7 61.7 2.8 2.9
p-Tolyl isocyanate 200.6 51.1 2,68
Tolylene-2,4-diiso-
cyanate 204.9 72.9 2.52 ..
1-Naphthyl isocyanate 187.5 76.2 2,32 2.30°
2-Biphenylyl isocyanate 184.9 85,1 2,19

s L. C. Cowley and J. R. Partington, J. Chem. Soc., 45
(1936). ?C. P. Smyth, ‘‘Dielectric Belavior and Strue-
ture,”” McGraw-Hill Book Co., New York, N. Y., 1955, p.
314.

electronic charge from the nitrogen toward the ring
could account for the observed decrease of moment
from alkyl to aryl isocyanate and isothiocyanate.
Such a shift of charge would give double-bond char-
acter to the bond between the group and the ring
and widen the bond angle, though not necessarily to
180°. From these considerations of dipole mo-
ment, it appears a justifiable, though, perhaps,
slightly approximate, assumption to treat the iso-
cyanate and isothiocyanate moments as acting in
the direction of the group’s bond to the ring.

As in the cases of other 2-substituted biphenyls,
the moment of 2-biphenylyl isocyanate is slightly
lower than that of the phenyl compound, presum-
ably because the small moment induced in the sec-
ond ring oppose: the isocyanate group moment.!

(14) G. C. Hampson and A, Weissberger, THIS JOURNAL, §8, 2111
(1936).
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Discussion of Relaxation Times

None of the compounds showed any considerable
distribution of relaxation times, the values of «,
the distribution parameter, never exceeding 0.05.
The much larger relaxation time of phenvl isocya-
nate as compared to those of chlorobenzene, bromo-
benzene and the more polar nitrobenzenel!® gives
evidence of the greater protrusion of the linear
NCO group from the ring in a direction close to that
of the bond from the ring to the group, as indicated
by the previously discussed dipole moment values.
The large increase in relaxation time from the iso-
cvanate to the isothiocyanate (Table II) presum-
ably results from the greater length of the protrud-
ing group and from the stronger intermolecular
forces arising from the great polarizability of the
sulfur atom and, to some extent, from the larger
molecular dipole moment. The greater resistance
to molecular motion is shown by the much higher
values of Aq/c. The surprisingly large decrease in
the values of An/c for p-tolyl isocyanate as comi-
pared to phenyl isocyanate is qualitatively analo-
gous to the decrease in viscosity from benzene to
toluene,® but much greater than would be antici-
pated. Its explanation must await further meas-
urements of this character. The considerable in-
crease in the relaxation time of p-tolyl isocvanate
over that of the phenyl compound parallels those
observed for the corresponding chloro and nitro
compounds, 19.5 for p-chlorotoluene!® and 19 for
p-nitrotoluene,” and results from a similar length-

(158) C. P. Smyth, Proc. Nat. Acad. Sci., 42, 234 (1930).

(16) A. J. Petro and C. P, Smyth, Tr1s JourNaL, 79, 6142 (1057).

(17) R. J. W, LeFévre and E. P. A. Sullivan, J. Chem. Soc., 3287
'1954).
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ening of the molecular axis in which the dipole lies,
The small decrease in relaxation time resulting
from the attachment of a second isocyanate to the
ring, in spite of an increase in molecular volume, di-
pole moment and Ag/¢, may result from the fact
that the molecular dipole is now at a considerable
angle to the longest axis of the molecule, instead of
being in it or nearly in it.

Although 1-naphthyl isocyanate has a larger
molecular volume and much larger values of An/c
than p-tolyl isocyanate, its relaxation tinle is
slightly shorter, as are those of 1-chloro- and 1-ni-
tronaphthalene as compared to the corresponding
toluenes. In all three cases, this presumably arises
from the fact that the molecular axis in which the
dipole lies is considerably longer in the substituted
toluenes than in the 1-substituted naphthalenes.
The longest relaxation times and the largest values
of An/c in Table II are found for the long molecule
of 2-biphenylyl isocyanate, which has a moment
component in the long axis of the molecule as well
as perpendicular to it. The large value is consist-
ent with the large size of the molecule and is slightly
smaller than the value 42.5 X 10~!? reported®® for
2-biphenylyl chloride at 23°, which it should exceed
slightly because of the larger size of the isocvanate
group. Since, however, the value for 2-biphenylyl
chloride is obtained from a single measurement at
a wave length far removed from the region of maxi-
mun absorption, one should merely expect it to be
of the same order of magnitude as that of 2-bi-
phenvlyl isocyanate, as observed.

(18) E. Fischer, Physik. Z., 40, 643 (1939).
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Reactions of Methylene. 2.

Ketene and Carbon Dioxide
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Flash irradiation of twin reaction vessels, one of whicli was filled with mixtures of ketene and ethylene and the other with
mixtures of ketene and xenon or carbon dioxide or sulfur hexafluoride, showed only minor changes in the ratio of carbon

monoxide vields from the two cells with flash intensity.

No effect of radiation frequency on the relative yields was observed.

It is concluded that the association reaction of methylene is unimpnrtant, even under conditions of high radiation intensity

and that the reaction of methvlene with ketene is very fast.

as with ketene, giving carbon monoxide and probably formaldleh_vde‘ L
A large number of by-products of ketene decomnposition have been identified.
presence of CO. is strongly enhanced by increasing radiation intensity; that of CH,, C:Hs and C3Hs is not.

fluoride.

Methiylene reacts with carbon dioxide about 2 X 1072 as fast

1t reacts to a slight extent also with sulfur hexa-
Formation of H,; and C,H, in the
Formation of

H, and C;H; (and especially of H, in the preseuce of CoH,) is increased by radiation below 2300 A., while that of the other

by-products is not.
are eliminated by the addition of oxygen.

The results of the first study?! of the flash photo-
chemical decomposition of ketene were inter-
preted as evidence for the occurrence of the as-
sociation reaction of methylene. The original ob-
jective of the present experiments was a deter-
mination of the rate of this reaction by an adapta-
tion of the rotating sector method? to the technique

{1) K, Knox, R. G. W. Norrish and (.. Porter, J. Chewn. Soc., 1177
(1952).

(2) T Briers, D, I Chapman and ¥ Wolters phed 2y [V

Under steady irradiation the vields of by-products increase with decreasing pressure of ketene but
The significance of these findings is discussed.

of flash photolysis.® While the work was in progress,
evidence was accumulating for an extremely fast
reaction of methylene with ketene,*~% implying the
virtual absence of the association reaction. The
present experiments support this conclusion and re-

(3) (3. Porter, Proz. Roy. Soc. ! Lundon), A200, 284 (1950).

(41 i B. Kisliakowsky and K. Sauer, Tms Jorrsarn, 78, 3694
(1056,

5 (v B, Kistiakowsky and P. Kydd, ébid.. 79, 4825 (1937)
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