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Dipole Moments in Solution

The solvent effect observed in the measurement of dipole moments in dilute solution may be ascribed to three factors:
(1) incorrect assumptions inherent in the conventional methods of treatment, (2) anisotropy of the dipole molecule, and (3)
A treatment using an electrostatic model which corrects for the first
two factors is presented. The dipole molecule is regarded as an ellipsoid of uniform polarizability immersed in a medium

specific solute—solvent or solute-solute interactions.
of uniform dielectric constant.

with vapor state moments are made and discussed.

Recent studies of electron distribution and dipole
moments for nonvolatile compounds of boron have
directed our attention to old problems associated with
measurement of dipole moments in solution.

Many methods have been proposed for obtaining
dipole moments from dielectric constant measurements
in the liquid state.l=® These can be divided into three
categories: (1) methods based on the conventional
Clausius—Mosotti-Debye equation, which assume addi-
tivity of the component molar polarizations and which
differ from each other primarily in the procedure used to
extrapolate the data to infinite dilution, (2) methods
based on the Onsager approach, and (3) methods based
on the Kirkwood approach. The deviation of solution
moments, as calculated by the conventional equation,
from moments obtained from measurements in the
vapor state has been termed the “‘solvent effect.”

It was first pointed out by Onsager? that the conven-
tional equation is theoretically unsound in that it in-
volves two incorrect assumptions; (1) that the reac-
tion field is in the direction of the applied field rather
than in the direction of the dipole and (2) that the effec-
tive dielectric constant inside the cavity occupied by the
molecule is the same as that in the bulk of the solution.
The superiority of the Onsager treatment was best
demonstrated by application to pure polar liquids for
which the conventional equation fails completely. For
dilute solutions, however, the Onsager approach did not
appear to offer significant improvement, and, in fact,

(1) R. H. Cole, Ann, Rev. Phys, Chem., 11, 140 (1960).

(2) C. P. Smyth, ‘‘Dielectric Behavior and Structure,”” McGraw-Hill
Book Co., Inc., New York, N. VY., 1955.

(3) C. J.F. Béttcher, “Theory of Electric Polarization,’”’ Elsevier Publish-
ing Co., Amsterdam, 1952,

(4) L, Onsager, J. Am. Chem. Soc., B8, 1486 (1936).
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Equations applicable to solutions in both polar and nonpolar salvents are derived and
used to recalculate moments for several representative polar molecules.

Comparisons with other methads of calculation and

in some cases gave corrections which were in the
opposite direction from the ‘‘true’” vapor state mo-
ments.”

Higasi® showed a relation between the solvent effect
and the shape of the solute molecule. An ellipsoidal
molecule with the dipole in the elongated direction ap-
pears to have a smaller moment in solution than in the
vapor state, while a molecule such as CHCI; in which
the dipole direction is shortened shows the opposite
effect. Modifications of the Onsager approach which
take into consideration the geometrical and/or optical
anisotropy of the polar molecule have been derived and
tested by Scholte,” by Abbot and Bolton,® and by Buck-
ley and Maryott.? These methods of treatment will be
considered in more detail below.

The most striking improvement in relating dielectric
constants and dipole moments has been achieved when
the environment of the polar molecule is no longer
regarded as a continuous medium of uniform dielec-
tric constant, but specific interaction energies with
neighboring molecules are introduced, as in the method
of Kirkwood.®® However, the detailed information
required for this method of calculation limits its appli-
cation to the simplest and best understood molecules.

It appears that the worker who wishes to use dipole
moment measurements as a routine chemical tool faces
the dilemma of choosing between a method that is
theoretically unsound or one in which the calculation

(5) J. W. Smith and L. B. Witten, Trans. Faradey Soc., 47, 1304 (1951).

(6) K. Higasi, Sci. Papers Inst, Phys, Chem. Res. (Tokyo), 28, 284 (1936).

(7) (a) Th. G. Scholte, Physica, 18, 437 (1946); (b) 18, 450 (1849); (c)
Rec. Trav. Chim., 70, 50 (1951).

(8) J. A. Abbot and H. C, Bolton, Trens. Faraday Soc., 48, 422 (1952).

(9) F. Buckley and A. A. Maryott, J. Res. Natl. Bur. Std., 68, 229 (1954).

(10) J. G. Kirkwood, J. Chem, Phys., T, 911 (1939),
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is prohibitively complex. It is the purpose of this
paper to present (hopefully) a treatment that is rigor-
ously derived from a well-defined model, but with a
calculation procedure that is sufficiently direct for
routine use. It is recognized that no general method
of calculation will eliminate completely the solvent
correction since the forces involved are frequently
specific. It should be advantageous, however, to sort
out the solvent effect into its three component parts:
(1) the effect of the erroneous assumptions of the con-
ventional equation, (2) the effect of the shape of the
solute molecule, and (3) effects due to deviations from
the model such as irregularities in shape, localized di-
poles, hydrogen bonding, etc. The model to be used
in the presentation is a modified Onsager model in
which the polar molecule is regarded as occupying an
ellipsoidal cavity in a uniform medium whose dielectric
constant is the macroscopic dielectric constant of the
solution,

Derivations of equations for an ellipsoidal model have
been given by Scholte,” Abbot and Bolton,® Buckley
and Maryott,® and LeFevre and Rao.!! Comparison
of their conclusions shows them to be similar except for
differences arising from the method of choosing: (1)
the volume of the cavity and (2) the anisotropy of the
polarizability of the molecule. Both of these effects
are of great importance in determining the amount of
interaction between the molecule and its environment
and, hence, the solvent effect. The interaction in-
creases with decreasing cavity size and with increasing
eccentricity of the cavity. Since the detailed effects
of nearest neighbors are regarded as “‘smeared out” to
give a continuous medium, it would appear that a
realistic choice for the boundary of the medium which
would give an interaction approximately equivalent
to that of the actual neighboring molecules would be
obtained by taking the volume of the cavity as equal
to the volume per molecule of the liquid, as was done
by Onsager. Abbot and Bolton have used this pro-
cedure, but Scholte used a much smaller volume ob-
tained from the variation of refractive index with tem-
perature, compensating for this in the final result by
using a correspondingly smaller value for the molecular
polarizability obtained from the same plot. Buckley
and Maryott used the variation of dielectric constant
with temperature to show that more consistent results
are obtained using a constant cavity volume rather
than the apparent volume per molecule which varies
with temperature, but their choice of the constant
volume was arbitrary. LeFevre and Rao used the
volume of the liquid at the melting point and obtained
rather consistent results. Abbot and Bolton and
Buckley and Maryott in their final results made no
correction for the anisotropy of polarization, while
Scholte and LeFevre and Rao obtained a greater
polarizability in the direction of the major axis of the
ellipsoid by considering the polarizability as uniformly
distributed throughout the cavity.

(11) R.J. W. LeFevre and D, A, A. S. N, Rao, Australian J. Chem., 8, 329
(1955).
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In the present treatment, the cavity volume has been
taken as the apparent molecular volume of the liquid,
following Omnsager, and the model of Scholte has been
used for obtaining the anisotropy of polarization. The
simplification of the calculation resulting from the
above volume assumption permits application not only
to pure polar liquid and dilute solution in nonpolar
solvents, but also, without unreasonable complexity,
to solutions in polar solvents. Further, the only data
needed are commonly available in dipole measurements.

Pure Polar Liquid

For a pure liquid, the ellipsoidal model leads to an
equation which may conveniently be written in the
form?!?

(e — 1)(2e + 1) _ N[
127e

e .
1 — 2FB

1 — FC p
(1 — FD)23TT] ™

where e is the macroscopic dielectric constant of the
liquid, &V is the number of molecules per unit volume,
o is the polarizability of the molecule averaged over all
molecular orientations, p is the permanent dipole
moment of the molecule, F is a function of the dielec-
tric constant defined by

_e—1

T 92¢+ 1

©)

and B, C, and D are molecular parameters defined,
along with the additional parameter, 4, by the rela-
tions

A= ‘@fm & (3
"2 Gr et @

o e — 1
B—(Ezei—f—Q/ (4)
C=34 —1 (5)
D=01+0C-024+(¢C=
abe
26 — 1) + C2e + 1) _ 2B+ C+ BC ©)
(¢ +2)+ Cle — 1) 14+ BC

which a is the semiaxis in the dipole direction and b and
¢ are semiaxes perpendicular to @, s is a variable of
integration, a, is the polarizability of the molecule in
the direction of the dipole axis, and ; is the “internal
dielectric constant,’”’ that is, the dielectric constant
of an equivalent ellipsoid having the same size, shape,
and polarizability as the molecule, but with uniform
polarizability throughout the ellipsoid. Imposing the
condition that the volume of the cavity be equal to the
volume per molecule of the liquid gives
4 1 Moy

é’ﬂ'dbc = ﬁ = E (7)

(12) Cf.ref 7 and 8 and also ref 3, pp 72 and 319-321. Qur eq 1is equiva-
lent to eq 9.54 or ref 3 applied to a pure polar liquid. The second equality
of our eq 6 follows from eq 14 of ref 7a,
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where M is the molecular weight, v the specific volume,
and N, is Avogadro’s number. Equation 1 may then
be written as

47TNO 9
orT " T

(1 — FD)2(2 4+ 1)%(e — &)
(1 — FC)9¢(2¢ + €)

(8)

If the cavity is spherical, C vanishes, and Onsager’s
equation results

47TNO % _

.<2E + e)(e — &)
orT

elei + 2)2

The conditions for eq 8 may be recapitulated as fol-
lows: (1) the molecule is considered as an ellipsoid
immersed in a uniform medium of dielectric constant e;
(2) the ellipsoid itself has a uniform dielectric constant
e; (3) the volume of the ellipsoid is the volume per
molecule of the pure liquid; and (4) there is a fixed
point dipole of moment, u, located near the center of the
ellipsoid!® and oriented in the direction of one of the
axes. It may be noted that with the adoption of
condition 3, the quantity e becomes that part of the
macroscopic dielectric constant due to distortion polari-
zation. The right-hand member of eq 8 may be termed
the “corrected orientation polarization’’ of the sub-
stance.

9)

Dilute Solutions in Nonpolar Solvents
For a dilute solution of a polar solute in a nonpolar
solvent, the dielectric constant is given by an equa-
tion analogous to eq 1

(e—=1DCe+1) N n
127e T 1 —2FB;
(22} ]. - FCZ /.LZ } '
L1
NZL — 9FB, + (1 — FDy)? 3kT (10)

where the subscripts 1 and 2 refer to solvent and solute,
respectively. Np and NV, are the number of molecules
of each component contained in unit volume of the
solution and may be expressed in terms of w,, the weight
fraction of solute
N 0 N 0
= _ZWI'ZJ Nz = J\sz (11)
A differential form of eq 10 applicable at infinite
dilution may be obtained by substituting for N; and
N; from (11), differentiating with respect to w,, and then
taking the limit as w; approaches zero. Indicating by
primes the limiting value of the derivatives with re-
spect to w., the result is

1 [252+1v,+(e— 1)(2¢ + 1) ,] ~
127N, r c vl

€ €

(2B:i(F + F)) — 1]+

251
M,(1 — 2FB,)?

1— FC2 /.Lz }
(1 — FD,)? 3kT (12)

1 Qg
le:]. — 2FB, *

(13) See ref 8 for restrictive conditions on the location of the point dipole
in the model.
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where ¢, v, and F are now simply the values of these
quantities for the pure solvent. From the definition
of Fineq 2

’
, 3e

T (2 + 1) (13)

As before considerable simplification is achieved by
assigning the volume of the cavity for each molecule
equal to the apparent molecular volume for that com-
ponent. For the solute the volume occupied will be
considered to be the limiting value of the partial molal
volume. Then
Mw 4 M + v")

éﬂ'a1b161 = i and §71'(1sz62 = N

(14)

Furthermore, under this condition, the value of ¢; for
the solvent becomes simply ¢, and with the introduction
of eq 13 and 14 and the definitions in eq 2 and 4, eq 12
becomes

@[(25 + 1)26, n 253+ 1<e _ (v —: v’)} _
€

3 3e

B, 1 — FG
4
Mz(v‘f‘v)l -—2FBZ+

47TN(]
(1 — FDy)? 9rT*

? (15)

Since the volume of the cavity for the solute is ob-
tained from the limiting value of the partial molal
volume, it will probably be most consistent to obtain
B,, the polarization of the solute, from ¢’, the limiting
value that ¢’ would have if the solute molecule had no
permanent dipole moment. Experimentally, ¢’ can
be obtained from refractive index measurements on the
solution, with a correction for atomic polarization.
The relation of B, and e’ may be obtained by setting
p = 01in eq 15, substituting &’ for ¢’, and solving for B,

_ 3w+ vNele — 1) + v(2¢ + D¢’
3@ + v)ele + 2) + 2v(e — V)¢’

B, (16)

or
, v+ 9 Byle +2)— (e—1)
€ = €
v (2e + 1) — 2By(e — 1)
The interrelation of volume and polatization is demon-

strated by showing the relation of B, to the distortion
component of the molar polarization of the solute

Pria = MaBo(v + v') (7)
Combining eq 15 and 16 yields as the final equation for

the case of a solute in a nonpolar solvent

4o, (1 — FD2)2@<2e 4+ 1))2( o
orT* 1— FC, 3 3e ¢ —«)

(16a)

(18)

If the solute molecule is spherical, C; vanishes, D, be-
comes 2B, and thus

47TNO 9 _

3sz(e’ - ei’)
kT ¥

20(e — l)ei':r
I:e T2+ 3(v + v')e

(19)
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This differs from a differential form of the conventional
equation only by the last term in the bracket.'* It is
precisely the ¢ 4+ 2 in the denominator of the conven-
tional equation which arises as a result of the incorrect
assumption previously mentioned.

Designating the moment calculated by eq 18 as w1, by
eq 19 as pepn, and by the conventional procedure as
Meonv, the relations among the three, for this case of
solution in a nonpolar solvent, are found to be

”Conv
sph = 20
Mspl |:1 N 27)(6 _ l)ei' j| ( a)
3 + vNele + 2)
1 — 2FB,
= T . Mconv 20b
1 — 27B," (205)
1 — FD, (21a)
ell = 3 a
FUT 0= 2BV — FG
1 — FD
: peonv  (21D)

T (I — 2FB)V1 — FC,

Dilute Solution in a Polar Solvent

Just as the conventional equation fails completely
for pure polar liquids, it also gives highly erroneous
results for solutions in polar solvents. A generalized
form of eq 10 applicable to a solution of several com-
ponents, all of which may be polar, may be written in
terms of the polarizability «;, the permanent dipole
moment y;, and the molecular parameters B;, Cj, and
Dj for each molecular species as

(e — 1)(2e + 1) [ o 1 — FC;  p?
= ZN; £

127 i L1 — 2FB; + (1— FD))?3kT

(22)

For a two-component system, a differential form of eq
22, applicable as component 2 becomes infinitely dilute,
may be obtained by a process similar to that in the
preceding section. The following differences will
occur. Since the solvent is polar, e no longer becomes
equal to e at infinite dilution, so that in substituting for
B, the subscript i must be retained. Similarly, the
expression for B, in eq 16 becomes

3w+ vele + 1) + v2g + De’
3w+ v)eles + 2) + 2v(es — De’

w1, the permanent moment of the solvent, may be
eliminated by the use of eq 8 Thus, writing eq 22
for two components, substituting the expressions in
(11) for Ny and NV,, differentiating with respect to ws,
taking the limit as w, approaches zero, and simplifying
by the use of eq 4, 8, 14, 13, and 2 in the solvent terms
and of eq 23, 14, and 2 in the polarizability term for the
solute vyields an expression which may be put in the
form

B2=

(23)

47I'No

(1 bt FDz)ziMQU
orT

1—-FC 3

2 =

[Glé, + ng] (24)

(14) J. W. Smith, Trans. Faraday Soc., 46, 394 (1950).
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where (1 is a function of solvent characteristics alone
and is given by

2€? 1
G =211

——
3e?

€ — € [ 2D, B Ci j| B 2(eg — 1)2 (25)
e2e + ¢)L1 — FD, 1 — FC (2e + €;)?
and Hy; contains the v/ and ¢’ terms and is given by
= 3@ + vNele — €) — v(e + 2e) e
3v 4+ v)ei(2e — €) — 20(e — €)e’
(2¢ + 1)29 —}—1’

26
3e v 26)
If the solvent molecule is spherical, G; reduces to
2 1 2 2 2 i2
G1=(6+)(e+e) 1)

3e2(2¢ + )2

If the solvent is nonpolar, eq 24 reduces to eq 18.
If ¢/, &', and v’ are zero, it becomes identical with (8),
the equation for a pure polar liquid section.

Experimental Verification

The application of the model to experimental data
requires two additional considerations: (1) the methods
of obtaining the shape of the molecular cavity and (2)
the assignment of a value for the atomic polarization.
Since thermal motion causes the cavity to be consider-
ably larger than the molecule, it is probable that it also
causes it to be more nearly spherical. However, to
avoid any arbitrary assumption on this rather critical
point, in the present calculations the cavity shape was
taken as geometrically similar to that of the molecule
as calculated from internuclear distances and angles and
van der Waals” radii. When the ratio of axes of the
ellipsoid has been determined, it is necessary to ob-
tain the value of the integral in eq 3. If the ellipsoid
is a spheroid, that is, if ¢ = c or b = ¢, the integral can
be obtained in a closed form.” A tabulation of the
resulting function in terms of the ratio /¢ is shown in
Table I. In most of the equations given above, the
eccentricity enters through the parameter C, which, it
may be observed from the table, is negative when the
dipole is in the direction of a major axis and positive
when it is in the direction of a minor axis.

The molecular parameter B is related to the dis-
tortion polarization and requires an assumption as to
the atomic polarization. For comparison with other
methods of calculation where the atomic polarization
has been taken as a certain fraction of the electronic
polarization, it is convenient to have an expression
relating this fraction, which will be designated AB/B,
to the difference between ¢ and n? (either #.2% or #p?,
whichever was used in the original calculation). AB is
obtained as the change in eq 4 when »? is substituted for
€. To a first approximation

(= 1)(n* + 2) AB
3 B

In a similar fashion, the difference between ¢’ and #n?’
may be written in terms of the assumed fraction of

61—n2=

+ ... (28)
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TasLE 1

THE ECCENTRICITY PARAMETERS 4 AND C (EQ 3 AND 5) As
FUNCTIONS OF THE RATIO BETWEEN AXES OF THE SPHEROIDAL
CAVITY IN THE DIELECTRIC

= ) =
¢ = b = a

b/a A C A C
0.100 0.0203 —0.9391 0.0696 —0.7912
0.200 0.0558 —0.8326 0.1248 —0.6256
0.300 0.0954 —0.7138 0.1693 —0.4921
0.400 0.1352 —0.5944 0.2059 —0.3823
0.500 0.1738 —0.4792 0.2364 —0.2908
0.600 0.2100 —0.3700 0.2621 —0.2137
0.700 0.2441 —0.2677 0.2839 ~-0.1483
0.800 0.2760 —0.1720 0.3027 -0.0919
0.900 0.3048 —0.0856 0.3190 —0.0430
1.000 0.3333 0.0000 0.3333 0.0000
1.111 0.3617 0.0851 0.3475 0.0425
1.250 0.3944 0.1832 0.3620 0.0860
1.429 0.4322 0.2966 0.3779 0.1337
1.667 0.4758 0.4274 0.3950 0.1850
2.000 0.5272 0.5816 0.4132 0.2396
2.500 0.5882 0.7646 0.4324 0.2972
3.337 0.6613 0.9839 0.4523 0.3569
5.000 0.7505 1.2515 0.4721 0.4163

10.000 0.8608 1.5824 0.4898 0.4685

atomic polarization for the solvent AB;/B; and for the
solute ABQ/_BZ

o 2 M[ABZ . ABl:I
€] n L2 v Bz Bl +
AB, ABl}
2/ R e 2
n [ngz -i-ng1 (29)
where
(=1 mE+2)
g2 = 3
dnt 4+ n? 4+ 4
£ = In?
2(n? — 1)(n? 2
= ( )(n? + 2) (30)
On?

Since 72’ is usually small, the last term in (29) is often
negligible. If, furthermore, the same fraction of
atomic polarization is assumed for solvent and solute,
the first term is zero, and ¢’ = #?’. A tabulation of
values for giy, g5, and g; for several values of #? is given
in Table II.

TaBLE 11

VALUES OF COMPUTATIONAL PARAMETERS (EQ 29) FOR
DISTORTION POLARIZATION

n g1z &2 48
1.8 1.02 1.16 0.38
1.9 1.17 1.19 0.41
2.0 1.33 1.22 0.44
2.1 1.50 1.26 0.48
2.2 1.68 1.29 0.51
2.3 1.86 1.33 0.54
2.4 2.05 1.36 0.57
2.5 2.25 1.40 0.60

The procedure for application of the method may be
summarized as follows. (1) The shape of the molecu-
lar cavity is estimated, and the shape parameter C is
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obtained from Table I or from eq 3 and 5. (2)
A value is assigned for the atomic polarization, and e;,
¢;’, and the polarization parameters B and D are ob-
tained from the appropriate equations. (3) The
moment u is calculated using (8), (18), or (24), which-
ever is applicable. In step 2, the equation used will
depend oun the data available; e.g., if Pg.a can be
estimated, eq 17, 16a, and 6 could be used for the
dilute solution case; if, on the other hand, the distor-
tion polarization of the solute is to be obtained from »?’
and an estimate of the fraction of atomic polarization,
eq 29 and Table IT give ¢ and (16) and (6) give B and
D.

For recalculation of dilute solution moments from
results previously obtained by the conventional pro-
cedure, eq 21b is useful; (% is obtained as in step 1
above, D, from (17) and (6), F from (2), and B; from
4).

Tables III-V show results obtained by recalculation
of literature data for several polar liquids whose shapes
can be approximated as ellipsoids of revolution or
whose shape parameters can be calculated, for three
solutes, {-butyl chloride, acetonitrile, and nitrobenzene,
in a number of nonpolar solvents, and for two solutes,
benzonitrile and nitrobenzene, in a few polar solvents.
The last three columns of Table III show a compari-
son of uepn (the Onsager model), pen1 (the present model),
and ugs for a variety of pure polar liquids. Dielectric
constants were obtained from the compilation of
Maryott and Smith.’® ¢ values were calculated in
most cases from the intercept of the vapor phase polari-
zations.'® Where these did not appear cousistent,
atomic polarizations were estimated using principles
outlined by Smyth.? All molecular cavities were re-
garded as either prolate or oblate spheroids, except
chlorobenzene, nitrobenzene, and benzonitrile, for which
the value (4 = 0.178) calculated by Scholte’ was
used.

The results for pure polar liquids indicate that, for a
number of substances, the anisotropic correction is of
the right order of magnitude and that the assumed
model is adequate for interpreting the dielectric be-
havior of these liquids. Striking exceptions are hydro-
gen cyanide and the three oxygen-containing mole-
cules, nitrobenzene, acetone, and ethyl ether, all of
which give pon1 values that are much too high, indicat-
ing a degree of parallel orientation in excess of that
due to dipole~dipole interaction as predicted from the
model. Smaller relative deviations are shown by -
butyl chloride, for which ue is high, while methyl
iodide, methyl bromide, and phosphorus trichloride
have penn less than pg., indicating either a smaller
amount of interaction than predicted or specific inter-
molecular forces tending to orient neighboring mole-
cules in directions other than parallel with respect to

(15) A. A, Maryott and E, R, Smith “Table of Dielectric Constants of
Pure Liquids,” National Bureau of Standards Circular 514, U, 8. Govern-
ment Printing Office, Washington, D. C., 1951,

(16) A. A. Maryott and F. Buckley, ‘““Table of Dielectric Constants and
Electric Dipole Moments of Substances in the Gaseous State,”” National
Bureau of Standards Circular 537, U. 8. Government Printing Office, Wash-
ington, D. C., 1953.
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TasLE III
DrpoLE MoOMENTS FOR PURE PoLaR LIQUIDS

T, °K € 7D v € b/a A B* ce D2 psph pell Kaus
CH;Cl 253 12.6 1.004 2.12 0.76 0.263 0.272 —0.210 0.203 1.68 1.84 1.87

223 14,88 0.950 2,42 0.76 0.263 0.322 —0.210 0.393 1,64 1.82 1.87
CHCl; 203 4.806 1.445 0.670 2.39 1.34 0.413 0.316 0.240 0.882 1.10 1.02 1.0138
(CH;)sCCl 293 9.85 1.386  1.188 1.99 1.13 0.367 0.249 0.100 0.608 2.40 230 2.13
CeH;Cl1 293 5.708 1.525 0.904 2.51 b 0.178 0.335 —0.466 0.057 1.37 1.66 1.70
CH;Br 223 12.63 0.539 2.42 0.74 0.258 0.324 —0.230 0.347 1.46 1.656 1.78

273 9.83 0.578 2.30 0.74 0.238 0.302 —0.230 0.327 1.50 1.66 1.78
CH,I 293 7.00 1.529 0.438 2.43 0.76 0.263 0.323 —-0.210 0.395 1.28 1.40 1.65
CH;CN 283 37 1.346 1.278 1.8 0.57 0.199 0.223 —0.400 —0.047 3.43 4.02 3.94
CeH;CN 298 25.5 0.994 2.54 b 0.178 0.339 —0.466 0.052 3.43 4.45 4.42
CeH:NO, 298 36.0 0.831 2.63 b 0.178 0.352 —0.466 0.088 4.00 5.26 4.27
(CH;)CO 298 20.7 1.272  2.01 0.8 0.276 0.252 —0.172 0.303 2.98 3.21 2.88
(CyH;):0 298 4.21 1.350 1.3%0 1.95 2.0° 0.413 0.241 0.240 0.737 1.35 1.26 1.15
PCl, 293 3.47 1.518 0.636 2.76 1.37 0.420 0.369 0.260 1.068 0.61 0.55 0.78
N(CHs)s 298 2.44 1.597 1.82 1.8 0.496 0.214 0.489 0.925 0.73 0.67 0.65
HBr 206 6.22 0.361 2.36 0.8 0.290 0.311 —0.129 0.447 0.69 0.74 0.80
HCN 293 114.9 1.264 1.455 1.57 0.61 0.213 0.160 —0.360 —0.106 5.87 6.77 2.95

o A, B, C,and D are molecular parameters used in calculating w11 as defined in eq 3-6.

the most extended position of the ethyl groups.

bb/a = 0.80; ¢/o = 0.39. ¢ Calculated for

TaABLE IV
DipoLE MOMENTS MEASURED IN DILUTE SOLUTIONS OF NONPOLAR SOLVENTS
Solut
————-~{-Butyl chlorid Acetonitrile Nitrobenzene-—-——
sell ———pe 1~ —pig [l
———pgag = 213 D—— b/a = ———pggs = 3.94 D.~—— b/a = b/a = pms= 427D. b/a = 0.80
Solvent € B Heonv fsph 1.12 B Heonv Msph 0.57 0.50 Heony #sph ¢/a = 0,39
n-Hexane 1.883 0.236 2.17 2,16 2.12 0.210 3.3¢4 3.35 3.534 3.62 4.04 3.83 4.16
n-Heptane 1.910 0.241 2.16 2.16 2.13 4,06 3.84 4.18
Diisoamyldecane 1.976 3.98 3.80 4.15
Cyclohexane 2.016 3.97 3.79 4.15
Decalin 2.162 3.92 3.78 4.17
Dioxane 2.206 0.250 2.2 2,24 2.20 0,225 3.55 3.67 3.90 4.00 3.91 3.78 4.18
Carbon tetrachloride 2.226 0.247 2.17 2,12 2.18 0.226 3.43 3.55 3.78 3.87 3.93 3.80 4.21
p-Xylene 2.260 3.92 3.80 4.22
Carbon tetrachloride +
p-dichlorobenzene 2.266 0,248 2,17 2,22 2,18 0.222 3.42 3.56 3.80 3.90
Dioxane + p-dichloro-
benzene 2.270 0.248 2,16 2,22 2.18 0.221 3.51 3.65 3.8 4.00
Benzene 2.273 0.249 2.13 2,18 2.14 0.221 3.49 3.61 3.85 3.96 3.97 3.8 4.28
Toluene 2.380 3.80 3.72 4.16
Carbon disulfide 2.634 2.01 2.14 2.10 3.21 3.48 3.75 3.86 3.66 3.66 4.13
Tetralin 2,752 0.253 1,95 2.10 2.06 0.223 3.08 3.38 3.64 3.76
TABLE V
DrpoLE MOMENTS MEASURED IN DILUTE SOLUTIONS IN POLAR SOLVENTS
Benzonitril Nitrobenzene———————
ug = 4.35 ug = 4.27
Solvent or solute e Gy Hi & Hsph Holl Hi ' Hsph Hell
Ether 4.25 0.580 0.733 15.12 3.94 4.72
Chloroform 4.724 0.555 1.59 .5 3.77 4.53
Chlorobenzene 5.612 0.632 2.26 20.9 3.58 4.35 1.72 17.10 3.30 4.26
Benzonitrile 25.50 0.658 15.20 0 3.43 4.45 12.59 . 3.77 4,88
Nitrobenzene 35.95 0.659 26.35 —21.2 2.78 3.64 22.05 0 4.00 5.26
each other. Some speculation on this effect will be calculated with results as shown. For nitrobenzene,

given after consideration of the dilute solution results.
In Table IV, the moments for {-butyl chloride and
acetonitrile are calculated from the data of Smith and
Witten,® and for nitrobenzene, from the ¢ and 2’
(their o and @) values of Smith and Cleverdon! re-
calculated by them from the data of several workers.
The peonv values are their moments. uspn and wen were
calculated using eq 20b and 21b and checked by eq 18.
For t-butyl chloride and acetonitrile, values of B, were
(17) J. W, Smith and D. Cleverdon, Irans. Faraday Soc., 46, 109 (1949).

B, was taken as 0.352 (Table III). Two b/a values
were tried for acetonitrile because of the uncertainty
in the best equivalent ellipsoidal cavity for this pear-
shaped molecule.

An examination of the p columns in Table IV
shows that for these three very different solutes, the
elliptical model gives solution moments which are,
for the most part, within 0.1 D. of the vapor phase
values. Neither the Onsager correction alone nor
the anisotropy correction alone would have givenmarked
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improvement on the ueony values. The systematic
decrease of the solution moment with increasing di-
electric constant of the solvent, noted by many au-
thors,? is quite adequately accounted for, the greater
part of the variation being due to the Onsager correc-
tion (e.g., for nitrobenzene in n-hexane and carbon di-
sulfide the difference in ueonv 18 0.38, in pepn 0.17, and in
Hell 003)

A more detailed analysis of the we1 values reveals
two interesting observations: (a) For all three of the
solutes, the moments in dioxane, carbon tetrachloride,
and benzene are higher than the moments in carbon
disulfide, the aliphatic hydrocarbons, and most of the
branched aromatic hydrocarbons. (2) For the five
solvents that are common to all three solutes, the
average deviation of pe from ug. is 40.02 for f-butyl
chloride, —0.18 (b/a = 0.57) and —0.08 (b/a = 0.50)
for acetonitrile, and —0.08 for nitrobenzene. This
second observation may indicate that the anisotropy
correction is about 20-309, too small. Since it is not
reasonable to assume a greater cavity eccentricity, this
greater interaction would appear to require a smaller
cavity volume, as assummned by Scholte.

An alternative hypothesis, however, appears very
attractive because it explains (qualitatively) both of
these observations as well as some of the observed
deviations for pure liquids. As noted in the intro-
duction of this paper, the most significant improve-
ment in interpretation of experimental results has been
achieved by taking into account in detail the inter-
actions between solvent and solute molecules and be-
tween one solvent molecule and another. In the
present theory this interaction is ‘“‘smeared out” to
give a continuous medium of uniform dielectric con-
stant. Dioxane with highly polar oxygens near the
surface of the molecule is assigned the same interac-
tion as a molecule of equal dielectric constant in which
the polarizable groups lie in the interior of the mole-
cule well protected by other atoms. At first thought it
might seem that the aliphatic hydrocarbons would con-
form most closely to the model, but when one notes
that the model requires that the macroscopic dielec-
tric constant must extend up to the surface of the
cavity, it appears that a solvent molecule which can,
at least in some of its orientations, present its more
polarizable regions to the solute molecule will more
nearly satisfy this requirement. Benzene should be
stich a molecule, and it may not be a coincidence that
for all three solutes, the .1 values in benzene are al-
most identical with the vapor phase moments. For
molecules in which the polarizable portions are shielded,
a quantitative treatment might be attempted in which
three dielectric constants are defined: ¢, the macro-
scopic dielectric constant; e;, the effective internal di-
electric constant; and e, the effective external dielec-
tric constant. It can be anticipated, however, that a
correct derivation would lead to the following conclu-
sions: (1) the calculated moment would become
greater for a shielded molecule since a smaller amount
of the total polarization would be assigned to the in-
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duced moment;*® (2) for different solutes, the correc-
tion should be greatest when the solute molecule is
small and has a large permanent moment. Applied
to the data of Table IV, this hypothesis would explain
not only the low values for the n-hexane solution but
also the order of their deviations (acetonitrile > nitro-
benzene > #-butyl chloride). The low values for
carbon disulfide are explained by partial shielding of
the highly polarizable carbon-suliur bond by the
rather large groups, yielding effective dielectric con-
stants that are lower than the macroscopic value but
probably still much higher than the constant for ben-
zene. For dioxane and carbon tetrachloride, the order
of wen values is different for the three solutes, but one
might predict that dioxane should have an effective
constant somewhat larger than its macroscopic value,
while carbon tetrachloride should be somewhat lower.
This order is observed for acetonitrile. The value for
dioxane with nitrobenzene is anomalously low.

In Table III the deviations noted for the methyl
halides which become increasingly negative from the
chloride to the iodide are consistent with the screening
explanation. Conversely, nitrobenzene, acetone, and
ether might be regarded as demonstrating constants
larger than the macroscopic value although it is prob-
ably more realistic to ascribe the deviations of these
substances, as well as those of HCN and PC], to forces
of association other than dipole interaction. The
high value for ¢-butyl chloride in the pure liquid remains
unexplained.

To illustrate the calculation for dilute solution in
polar solvents, two solutes were selected: benzonitrile,
which is “well-behaved” both in the pure liquid and in
nonpolar solvents (uen = 4.32 in benzene and 4.31 in
carbon tetrachloride; pugs = 4.35), and nitrobenzene,
which gave good values in nonpolar solvents, but not
in the pure liquid. For each of the solvents, the coef-
ficient G; was calculated using the data in Table III.
Values of ¢ and the data for H;, were obtained for
nitrobenzene in ether from Higasi, ! for nitrobenzene in
chloroform and chlorobenzene from LeFevre and Rus-
sell,? and for the remaining solute-solvent combina-
tions from Pilpel.?!

Both solutes in chlorobenzene give wen values in
agreement with vapor state values. All other values
for nitrobenzene showed large positive deviations while
benzonitrile in nitrobenzene showed a large negative
deviation. Specific interaction of nitrobenzene with
itself and with other molecules appears to be indicated.
It is reasonable to suppose that a similar association of
nitrobenzene with solvent molecules takes place in
nonpolar solvents also, but in that case it has only a
slight effect on the observed moment.

(18) It might appear that a smaller interaction would lead to a smaller
correction from the conventional moment. This is not the case since the
conventional calculation assumes a value e for both the internal and the ex-
ternal dielectric constants. The Onsager correction is positive if ¢; < ¢ be-
cause the induced moment must be less than assumed in the conventional
calculation. For egx < ¢ the correction would be more positive.

(19) K. Higasi, Sci. Papers Inst. Phys. Chem. Res. (Tokyo), 24, 63 (1934).

(20) R.J. W. LeFevreand P, Russell, J. Chem. Soc., 491 (1936).

(21) N. Pilpel, J. Am. Chem. Soc., 77, 2949 (1955).
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TaABLE VI
A COMPARISON OF DIFFERENT METHODS FOR CALCULATING DIPOLE MOMENTS IN SOLUTION UsING NONSPHERICAL CAVITIES

—Data®
Density,

Compd T, °K e g/ce Py, a
CHCl; 393 4.813 1.489 24.8
CsH;Cl 302.2 5.475 1.096 31.5
CeH;NO, 298 34.89 1.199 37.2

¢ From ref 11.

Comparison with Other Methods

In order to observe the effect of varying the assump-
tions as to the nature of the cavity and the anisotropy
correction, it is of interest to compare our results with
those of previous workers, all of whom used somewhat
different procedures. However, this presents some
difficulty since the published results are not strictly
comparable because of variations in the original data.
Some of the methods used data not ordinarily obtained
as part of a normal dipole measurement. Some are
applied to pure liquids only, and others to dilute solu-
tions.

LeFevre and Rao!! compared their results for three
compounds—chloroform, chlorobenzene, and nitroben-
zene—with Scholte’s” results. Since these compounds
represent nearly the extremes in eccentricity, a con-
siderable range in polarity, and include one which
shows large deviations from all of the equations, they
appear to be a good selection for comparison on a
limited basis. Table VI shows these values of Scholte
and Le Fevre and Rao, along with values calculated
from these same basic data and using the same shape

——————— Calculated dipole moments by method of————e—

Scholte? LeFevyrell Abhot8 Buckley?  This work? Gas
1.08 0.99 0.92 0.92 1.00 1.01
1.63 1.67 1.80 1.82 1.71 1.70
5.04 4.93 5.44 5.45 5.15 4.27

b Values differ slightly from those in Table III because of use of different experimental data.

parameter by the methods of Abbot and Bolton,?
Buckley and Maryott,® and by the present method.

The important conclusions to be drawn would appear
to be: (1) If the correction is made for cavity shape
alone without including the anisotropy in polarizahility,
the result will be over-corrected as in the work of Abbot
and Bolton and Buckley and Maryott. (2) The use
of a cavity size much smaller than the apparent molecu-
lar volume, as in the work of Scholte, does not lead to
any improvement in agreement with gas values. From
a theoretical point of view, the results of LeFevre and
Rao should be superior to the others since values for
the individual polarizabilities along the minor axes were
introduced, but the difference from this work where
these effects are averaged is not great.

The best results for nonassociated liquids are ob-
tained by using for cavity volumes the average molecu-
lar volume and by including anisotropy of polarization
along the dipole axis.

Acknowledgment.—This work was supported by
the National Science Foundation under Grant NSF-G
21408. The authors appreciate such support greatly.

Dipole Moment Studies. II.

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,
THE UNIvERSITY OF MICHIGAN, ANN ARBOR, MICHIGAN

The Dipole Moments of the Ethylphosphines

By G. KODAMA, J. R. WEAVER, J. LAROCHELLE, aNnp R. W. PARRY

Received September 10, 1965

The dipole moment of monoethylphosphine, as measured in the gas phase with a high-precision heterodyne beat apparatus, is
1.17 = 0.02 D. The moments of monoethyl-, diethyl-, and triethylphosphine, measured in benzene solution and corrected for
solvent effect, are 1.15 £ 0.05, 1.36 & 0.06, and 1.35 &= 0.05 D., respectively. These data plus microwave values for CHa:-

PH; and (CH; )P lead to a value of 1.22 &= 0.05 D. for the dipole moment of dimethylphosphine.

This compares favorably

with a recently reported experimental value of 1.23 D. The moment of the ethyl-phosphorus bond is about 0.11 D. larger

than that of the corresponding methyl-phosphorus bond.

It is assumed that the size of the carbon-phosphorus moment in-

creases as one goes from trialkylphosphine to monoalkylphosphine while the size of the phosphorus-hydrogen moment remains

constant in the series.

At the time that this study was initiated, the litera-
ture contained no reliable dipole moment data for the
alkylphosphines. On the other hand, a study of the
Stark effect in the microwave region of phosphine, PHj,
had permitted Sirvetz and Weston! to obtain a dipole
moment value of 0.579 = 0.012 D. for PH;. More re-
cently, using microwave techniques, Kojima, Breig,

(1) M. H. Sirvetz and R. BE. Weston, J. Chem. Phys., 21, 898 (1953).

and Lin? obtained a value of 1.100 £ 0.010 for CH;PH.,,
while Lide and Mann,? also using microwave methods,
obtained a value of 1.192 = 0,005 for (CH;);P. In
cases where microwave methods are applicable, a large
amount of detailed data of high precision is obtained.

(2) T.XKojima, E, Breig, and C. C. Lin, 7bid,, 85, 2139 (1961).
(3) D.R. Lide and D. E, Mann, ¢bid., 29, 914 (1858).





