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Dielectric Constant of Hydrogen-Bonded Liquids 
Floyd Buckley 

A simple exten ion is presen ted of Onsager ' elecLrostatie theory of dielectric 1 olarization 
to take account of t he "excess" polarization due to hyd rogen bOlldi ng. Dielectric data for 
a number of liquid mixtures arc analyzed and the deviat ions from ideal behavior ex pressed 
in terms of an excess polarization. A method is developed for calcula ting t he excess polariza
tion and certain rela ted molecular para meters. Tentative value of these parameters have 
been determined for some particula rly simple st ructures. 

1. Introduction 

The influence of molecular shape on the dielectric 
constant of polar liquids has been considered in an 
earlier paper [1).1 The phenomenological theory of 
Onsager was shown to give a generally satisfactory 
descrip tion of th e dielectric constant (1) of pme 
liquids as a fun ction of the temperatUTe, and (2) of a 
large class of binary mixtures as a fun ction of the 
composition. :For thc restricted class of compounds 
studied it was found unnecessary to assume specific 
in teractions beLween nearest neighbors. 

The purpo e of the present paper is to de cribe a 
simple extension of the electrostatic theory to the 
class of polar liquids that can be considered to possess 
a pseudo-lattice structUTe. The order shown by this 
class is assumed to reflect the existence of strong, 
specific interactions between neighboring systems. 
The res ults of the calculations for a series of related 
mL'Ctures suggest that the incorporation of these ele
ments of order and interaction into the phenomeno
logical representation of Onsager suffices to give a 
reasonable agreement with experimental data. A 
more rigorous analysis along the lines suggested could 
lead to useful informaLion on the energies of molecular 
in teraction in liquids . 

2 . Pure Liquids 

The class of liquids consisting of \V-ater and the 
lower members of the series of normal aliphatic alco
hols is considered first to determine the order of 
magnitude of the polarizability of the hydrogen bonds 
characteristic of these substances. 

2 .1. Model 

Th e Onsager model of a polar liquid represents a 
molecule by a cavity with a polarizable point-dipole 
placed at the center. Tbe volume, shape, polariza
bility, and intrinsic moment of the cavity are assumed 
to be the same as those of the molecule. The calcu-
1ation of the dielectric polarization neglects shor t
range forces of interaction between neighbors, and 
asswnes that the influence of long-range forces i 
fully accounted for by the r eaction field produced by 
the polarization of the continuous dielectric medillm 
smrounding the cavity. 

1 Figures ill brackets ind icate the lit,'rature references at the end of this paper. 
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In the equivalent representation of a polar liquid 
which exhibits structme, the molecular cavity of t he 
preceding model is replaced by a representatIve dus
ter of molecules that defines a " cell" or "cage" with 
properties determined, in part, by the local structure. 
Whereas the intrinsic moment of a cell is taken as 
characteri stic of the molecule within the cell, t he 
"effective" volume, shape, and polarizability of the 
cell are assumed to depend on the number and polariz
ability of the bonds (contacts) with n eare t neigh
bors. Each bond is characterized by an interaction 
energy (strength) and a polarizability that i shared 
by the cells in contact. In the following discussion 
it is a sumed that the strength of t he bonds are suffi 
ciently weak to permit the dipole to orient freelv 
within its cell . All cooperative effects arising from 
dipolar interactions are therefore neglected . Actu
ally, it is nece sary to assume only that the lifetime 
of a given molecular cluster is short in compal'i on 
with its characteri tic relaxation time. 

This approach to the problem of the static dielec
tric constant of hydrogen-bondeclliquids is in marked 
contrast to that of the Kirkwood theory. In the lat
ter, primary attention is focused on the determina
tion of correlation factors and equilibrium constants 
that characterize the interaction of neighbo['ing d i
poles. In the present treatment, attention is centered 
on the calculation of the polarization of a represent
ative cell (cluster, cavity, molecule) as a function of 
cell shape, bond polarizabilities, and bond-interaction 
energies. In view of the quite different information 
that results from the electrostatic treatment, it was 
thought worthwhile to investigate this approach as 
a useful alternative to that of Kirkwood . 

2 .2 . Polarization 

The calculation of the dielectric polarization fol
lows the procedure of Onsager. The selection of the 
parameters characteristic of a cell is not unique and 
at present can be defended only on the grounds of 
reasonableness. In the present calculations, the in
trin,~ic moment and shape of a cavity are assumed to 
be equal" to those of the free molecule, and the 
remaining parameters, volume and polarizability, are 
fixed by the conditions: 

(a) lim &=&e(electronic+ atomic + bonding) 
x~o 

(b) lim &=&.+&o(orientation). 
X~'" 



The molar dielectric polarization , .q}J, is given by 

in which V clNis the volume of a cell, g, kR' and ke are 
the reaction field and cavity parameters [1), Re is the 
effective molar refraction, and all other symbols have 
their usual significance. 

The only parameter which is assumed to depend 
on the temperature is the effective refraction , Re. 
This means that if the average contribution of each 
bond (contact) to the polarizability of the cell is in
dependent of the temperature, then R e- (R D+ P A ) = 
Re-A is proportional to the average number of 
bonds or " degree of association" of a cell as a func
tion of the t emperature. From another point of view 
the variation in R e- A is a measure of the fluctuatiOl{ 
in the density of polarizability at the boundary of 
the cell. 

The volume of the characteristic cell of a pure 
liquid should be calculable from a general theory of 
the liquid state. Although it is not possible at pres
ent to do this , any reasonable choice of volume will 
suffice, because in the simple electrostatic theory the 
variation of Re with the temperature is probably 
more signific'lnt than the absolute values of R e. The 
principal condition on V eiN is that it must be large 
enough to enclose the polarizability of the bonds to 
nearest n eighbors. 

2.3. Representation of Experimental Data 

Characteristic cell data are given in table 1 and 
auxiliary data in table 2. In table 1, Ve is the molar 
cavity volume and, except for water, is taken as the 
molal' volume at the melting point. The quantity 
re is the radius of a spherical cavity corresponding 
to VeiN; f.l , and e are, respectively, the values of 
the dipole moment and eccentricity assigned to the 
cavity; and rW' is the contribution to the polarizability 
of a cell of each bond between neighboring cells. In 
table 2, RD is the molar refraction for the Na- D line; 
PA is the contribution of atomic polarization to the 
total distortion polarization A; R''''.v is the value of 
the effective distortion polarization Re at the melting 
point; and EA=O (diel) and Eho (disp) are, respectively, 
the high frequency dielectric constants determined 
by the conditions given above and from dielectric 
dispersion data. 

The procedure adopted in selecting the values of 
the cell parameters was the following: It was first 
assumed that maximum coordination existed at the 
m elting point. The coordination numbers for 
H- O . .. H bonds were then taken as 4 for water 
and 3 for eacb of the alcohols. It was further assumed 
that the polarizabilities of all H - O ... H bonds 
were the same with a value chosen to match the 
theory to the data for water. The values of dipole 
moment and eccentricity given in table 1 for water 
were assigned to the Onsager cavity and the cavity 

T ABLE L Characteristic cell data 

SuiJstance jJ.D eoblate 

---------1-----------------

em3 A 
HOIL ........•.... . 40.3 2.52 1.85 0.80 
CH 30H .••••..••.... 34.2 2.39 1. 70 .60 
C ,ll, OH ..•.•. •..•.. 51.0 2.72 l. 70 .70 
n · C3l I ,OIL . .....•.. 68.0 3.00 1. 70 .80 
n · C'JlgOFL ••......• 85. 0 3.23 '(1. 67) .85 

i·C3II, OII .......... . 68.0 3.00 1. 70 .80 
t·C,HgOH .•......... 95.0 3.35 1. 70 .50 

a Quantities in parentheses are estimated. 

T ABLE 2. Auxiliary data 

cm3 bond - 1 
mole -J 

2.3 
2.3 
2.3 
2.3 
2.3 

2.3 
2.3 

Substance mp R D R elnIJ II.A= R D E 2(10 (die! ) E 200 (di sp) 
+PA '-0 '-0 

°C crn3 em3 cm3 

nOH ....••... 0 3.67 13.1 4. 0 5.3, 5.2 
CH 30TL •.... -97.8 8.2 15.5 8. 7 3.13 5.9 
C,II, OII ...•• - 117.3 12.8 22.5 15.6 2.93 3.8 
n,C3 1cI,OH •.• - 127. 17.7 27.1 20.2 2. 7, 2.7 
n·C,H,OH ..• - 89.8 22. 1 32.1 25.2 2.63 3. 2 

i,C3H ,OH .•.. -89. 5 17.5 27. 1 20.2 2.61 b(3.2) 
t·C.HgOH ••.• 25.5 b(22.1) 34.5 b(27.6) 2.61 250 b(2.8)25O 

a Estimates from dielectric data on gases. 
b Quan tities in parentheses a re estimated. 

volume and effective distortion polarization were 
determined to fit the dielectric data at the melting 
point. These data were EA=oo= 88.0 and EA~ 0= 5.5. 
The cell parameters a,re sensitive to the choice of 
values for EA=oo and fA=O, but any reasonable selection 
neal' the values adopted will suffice for an exploratory 
study. 

1)'01' the alcohols, the molal' cavity volume V e was 
estnn~ted as the mola~' volume at the melting point, 
the dlpole moments gIven in table 1 were assigned, 
the values of R'~P=A+3 X 2.23 2 were calculated 
and tbe eccentricities were then determined to fit 
the dielectric data. This choice of cavity volume 
~vas made because of the relatively large uncertainty 
m the values of EA~ O . There is the additional restric
tion that this volume must be at least equal to the 
molal' volume. 

2.4. Water 

The available data for liquid water ex tend from the 
freezing temperature to the critical temperature and 
cover a range in density of approximately 1 to 0.5 
g/cm3 [2 ,3]. Recent data on superheated steam at 
temperatures slightly above the critical temperature 
extend over a range in density of 0.50 to 0.10 g/cm3 

[4]. 
The variation of the dielectric polarization with 

temperature (or density) is completely accounted for 
by the variation in the effective molar refraction of a 
representative cell shown in figures 1 and 2. This 
dependence of R e on the temperature (01' density) 
can also be translated into a dependence of the 
"degree of association" on the t emperature if the 

'Values nsed in the computations deviated slightly from the rounded nnmber 
2.3. 
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fraction associated is defined by: 

Re-A 
f R",:-A' 

The dependence of f on the temperature is graphica lly 
represented in figure 4. An alternative view is that 
the average coordina tion number r emains constant 
and the change in Re reflects a corresponding change 
in the interaction energies and bond polarizabilities 
between neares t n eigb bors. This view is adop ted in 
the treatment of mL"Xtures. 

14 

Wal e r 

12 

10 

8 

6 
0 100 200 300 400 

TEMPERATURE,oC 

FIG UR E 1. T1 ariation of the e.fJective molm' refmction of water 
from the melting point to the critical temperatw·e. 
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FIGURE 2. Dependence of the effective molar refraction of water 
on density. 

2.5. Alcohols 

D ata over a wide tempm·fl.ture range arc available 
for only a few of the simpler alipha tic alcohol . Cell 
characteristics and associated data are given in 
tables 1 and 2, and t he polarizabilit ies adjusted to 
fit the polariza tion data arc represented in figure 3. 
The fraction associated as fl. Iunction of the tempera
ture is shown in figure 4 . 

The strong similarity in dielectric behavior witbin 
~his class .of compounds (including water ) is striking, 
If not entIrely unexpect ed. The anomalous b ehavior 
of t-butylalcohol , if real, is noteworthy. 
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FIGURE 3. Dependence of the eff ective molar refmction on 
tem perature. 
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FIGURE 4. Dependence of the degree of association on the 
temperature interval above the melting point . 
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3. Mixtures 

3 .1. Preliminary Remarks 

The objective is to express the dielectric polariza
tion of an On sager spheroidal cavity containing a 
polarizable point-dipole in terms of an associated 
orientational partition function. 

According to electrostatic theory, the field acting 
on the dipole is 

--) 

where E c IS the field produced within the cavity 
--) 

by external sources, and ER is the reaction field 
arising from the polarization of the medium outside 
the cavity. The total moment of the cavity is 

--) 

lvE and g is a factor that depends on the shape and 
volume of the cavity, and on the dielectric constant 
of the surrounding medium. 

--) 

The total moment .LVI can b e written 
--) --) --) --) --) --) --) --) 

M = ,u+ aEcll + agIIM II+ aEc.l + ag.lM .l=M II+M .l, 
--) 

in which a is the isotropic polarizability, ,u is the 
dipole moment, and the subscripts II! and .1 dcsig

--) 

nate components parallel and perpendicular to fJ-. 
It follows that 

and 
--) 

--) aEc.l 
M .l=---· 

1- ag.l 

The total energy of the cavity is 

where 
--) --) --) --) 

E = E c+ gIlM II + g.ll\1l.l' 
Hence 

--) --) --) --) --) --) 

,u-E= wEc+ gllWMIl 

= ,uEtfZ'cos () + ,u2g 11 

1- agll l - agll 
and 

--) --) a a 
MI'=o·Ee= -l -- (Et2!cos ())2+ -1-- (E1j/sin 0)2, 

-agll - ag.l 

where the components of the field inside the cavity, 
parrallel andlperpendicular to the axis of the cavity, 
are 

and 
E ell = Et2!cos (), 

E c.l = Et--'l sin (), 
--) 

and the external field El makes an angle () with the 
axis of the spheroid containing the dipole. The 
depolarization factors 2! and JIt are known. 

The self-energy of the cavity is 

so that the total energy of the cavity produced by 
the external field is 

, - fJ-Et 1 a 
6';:=G"-<ffs=-1--2 cos()--2 -1--

- agll - agll 

(E1 !Fcos ())2--21-1 a (E1j/sin ())2. 
- ag.l 

The component of the moment of the cayity along 
--) 

E, is 

NIE ,=.LVIII cos () +l\1.l sin () 

= fJ- cos () + aEl2!cOS2() + aEtJltsin2(), 

1-agll 1- agll l - ag.l 

and can b e written 

MEl=-(OE~!f' +oE~j/ )rtc. 
Hence the average component is 

ME = ( "1. M E e-&lkT sin ()cl() /" 1. e- rffs lkT sin ()cl() 
1 Jo 2 1 0 2 

= kT( o~2!+ o;tj{ )ZnQe' 

where 

IS the orientational partition function of the cavity 
--) 

associated with the external field E 1• 

The partition function Qc can be written to a 
sufficient apprm . ."imation as 

! a{ CEI2!cos 0)2 + CEI Jisin 0)2}ave'/kT 
Qc ~e 2 I - agll l-ag.l 

f J.LEI 2!COS O/ kT 
~e l - agll sin ()dB, 

and if the usual approximations are made 

1 fJ-2 (El2!)2 1 

Hence 
6 (l -agIl F (kT)2' 

MEl=[a(1.~+~ JIt +1 fJ-22! ] EJ' 
3 1-agll 31-ag.l 3 kT(l - agll )2 

which is in agreement with former resul ts [1 ]. 
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The dielectric constant is relatcd to AiEl by the 
fundamental relation 

so that the molar polarization becomcs [1] 

&=(e-1)V 47fN{(! 0I.2! +~ 01../11)+ 
31-agll 31-ag.L 

The relation of the polarization of an Onsager cell to 
the orientational partition function Qc is utilized in 
the following section. 

3.2. Binary Mixtures 

The polarization of an ideal mixture is 

&12=&lXI +&2X2, 

and for a real mixture 

&12=&lXI +92X 2 + A &m 

47 151-58-- 7 

a 

0 peKp 

280 X pideal 

P" 
34 n-CJH,OH + HOH . 30' C 

C 

320 

XJL~x X x x x 

30 

280 

260 
0 02 0.4 0 .6 08 

x, (ALCOHOL) 

FIGU RE 5. Dielectric polarization (re
duced by a factor 114·4) for alcohol
water mixtul·es. 

(a) T. T. Jones and R. M. Davies, Phil . Mag. 28, 
307 (1030); (b ) O. Akerlof, J. Am. Chern. Soc. 54, 
4125 (1032); (e) O . Akerlof, J. Am. Chern. Soc. 54, 
4125 (1032); (d) O. Akcrlof, J. Am. Chern. Soc. 54, 
4125 (1932). 
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in which & 1 and &2 for the pure component take 
accoun t of the long-range forces of interactioJ) 
(Onsagcr) and the polarization of mixing A&m 
allows for the specific interactions of nearest neigh
bors. An approximate calculation of A& m can be 
made in the following way. 

Let 
Zl =Z2=z= average number of nearest neighbors to 

cells (or clusters) of species 1 and 2, 
respectively, 

" ' 11 = l1umber of cells of species 1 having 
only symmetrical 1-1 bonds, 

"'22 = number of cells of species 2 baving 
only symmetrical 2-2 bonds, 

nlj= number of cells of species 1 having j 
unsymmetrical bonds of type 1-2, 

n'2j=number of cells of species 2 having j 
unsymmetrical bonds of type 2-1. 

Cells of species 1 have a molecule of type 1 at the 
center of the cell, and those of species 2 have a mole
cule of type 2 at the center of the cell . Let w ll , 

<"22, ""11> and "'2j denote the energies of the respec
tive types of cells. Then the total configmational 
energy of J f/I cells of type 1 and JV; cells of type 2 
can, to a first approximation, be taken as thc sum of 
an energy of "chemical" binding 
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FIGURE 6. Excess polarization oj 
mixing.f or alcohol-water mixtures. 

and an energy of polarization 

The N's mustIsatisfy the relations 

and 

These relations can be used to eliminate n ll and " 22 

from the expression for r! p to give 

ff _ ~I! w ( P )+ ~I! ",(P)+ " 'n ( fO(P)-",(P) o P -o/ ' 1 11 0/ , 2 ' 22 ~ Ij lj 11 

+ " . (P) (P l ) _ £" 0 + A f!' L //l,2j t o 2i -w 22 - U P Ll(f) p. 

The partition function for the system can be 
written 

in which Ql and Q2 are the partition functions for the 
species 1 and 2, respectively, and contain factors 
which include all contributions to the energy other 
that t,r!p. The configurational factor g denotes the 
number of equivalent configurations for fixed 
.A{, Jf{, nf2 = ~nlh and nrl= ~"2j. The partition 
function t,Qm associated with the polarization of 

-10 

0 
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- 10 ~ 

is 
- 2.0 
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f- C4 H9.oH+ HOH 
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o 
X 

0 .8 

b 

d 

1.0 

mixing is therefore 

t,Qm= ~g(Jf(, Jf{, nI2' n~I)·e-tl6;, lk1', 

and to the zeroth approximation can be replaced by 

t,Qii! ) = g(A(, Jf{, n:I2, n:rl)e- tlr!J;,lkT, 

in which all variables in t, (,im have been replaced by 
average or equilibrium values (denoted by a bar). 

The energies of polarization of the Onsager cells 
appearing in d @"p have the same functional form as 
that evaluated for the Onsager cavity in the case of 
the pure liquid. H ence the average values wif) and 
wg) appearing in 

can be calculated by the method described under 
section 3.1, "Preliminary Remarks". The "excess 
polarization" associated with the mixing process IS 

therefore 

in which [!112 and ~l' depend on the composition not 
only through the reaction field, but also through the 
"effective polarizability" contributed to a cell by 
the bonds to its nearest neighbors . 
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Es timate of n:t2 and n~l can be l,llad,¢: 'Jvy using the 
method introduced by Bethe. The general model 
of the mixture is that consisting of A{ and JI( mole
cules of specie 1 and 2, respectively, distribu ted over 
a lattice of JV= Ai +JI( si tes , in such a way that each 
site has Z= Zl = Z2 neares t neighbors. This shell of 
nearest neighbors abou t a cen tral molecule defin es 
the general boundary of an Onsager cell . Its 
volume, shape, p olarizability, and momen t need no t 
be specified. The method adopted for determining 
nt2 and n~l is taken from the work of Rushbrooke [5]. 

The sta tistical weigh t of all configurations with a 
molecule of species 1 at the cen ter of the complex is 

Ql = AIVI { XllAlVl + exI2A2v2}z=AIV1 [Qtlz, 

in which Al is the absolute activity, VI the local par ti
t ion function , and the Xl} are bond-interaction factors 
of the form e-2W~i/ZkT . The quantity e is an "occu
pational factor" which allows for the in terac tion of a 
peripheral molecule of a cell wi th the surrounding 
environmen t . A similar expression is assigned to 
molecules of species 2 : 

0.80r-----,---- - ,-----,------, 

0 .75 

0 .70 

4 

F IGURE 7. Dependence of the shape of cells of 
types n!2 and 'n2! on the mean number of un
symmetrical bonds to a cell. 

The equilibrium numbers of molec ules of the two 
species are 

and 

and the numbers of unsymmetrical bonds z!J:' asso
ciated wi th either of the two types of cells are 

--;: 1,/1/ 0 !1 =-- ,xI2 - lnQ 
2 Z OXI 2 

1 J V 0 
=-- ·X21- ln Q. 

2 Z QX2 1 

The condi tion tha t a central and peripheral site are 
equivalen t can be expressed by the r elation 

02=A2v2 { e x21Alvl+X22~2V2}z=A2V2 [Q2]"' which leads to 

The statistical weigh t of tho en tire assembly I S 

Q= QI+ Q2' 
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FIGURE 9. A family of curves representing the dependence 
of the mean number of unsymmetrical bonds on the mean 
composition of the mixture and the cell interaction parameter p. 
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FIGURE 8. Dependence of cell shape on 
the mean composition of the mixture. 
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FIGURE 10. A family of curves repl·esenting the dependence 
of the fraction of unsymtnetrical cells of species 1 on the mean 
composition of the mixture and the cell interaction para
meter p. 
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FIG URE 11. A family of curves representing the dependence of 
the fraction of all cells of species 1 that have unsymmeb'ical 
bonds on the mean composition of the mixttlre and the inteT
action parameter p. 

With the aid of this r elation it follows that 

and 
.AI{=JV. QJ Q 

.A;;= .A/. Q2/Q, 

and ~r satisfies the equation of a quasi-chemical 
equilibrium : 

(.A{ - 9v ") (J f.{ -.?2. ") = ::1 '2 Xll~22, 
Xl2 

where X1Z= X21' The solution of this equation is 

and 
2 X lI X Z2 

P =--.-, 
Xt2 

in which Xl and X2 are the mole fractions of the two 
species in the assembly. 

The statistical weight of all cells of species 1 which 
have only symmetrical 1-1 bonds is AIVI (XIIAIVI )Z and 
the corresponding weight of all cells of species 1 wi th 
unsymmetrical 1-2 bonds is QI - AIVI (XII AIVY . Hence 
the numbers of t he two classes of cells satisfy the 
relations 

1 

and 

from which it follows that 

In a similar way th e number of cell , inW, of 
species 1 which have j un symmetrical 1-2 bond 
satisfy the equations 

and 

- (iI 
n l Z _ / (j) -=-- . 1 
~Z.1l 

so that 
/

(j) 

_ (j) '. 1 .- * 
"'12 = 1;/ ({) "'12 ' 

The/(i) are the terms of degreej in the polynomial that 
expresses the ratio of the statistical weight of all 
cells of species 1 to the weigh t of all cells of type 
~t!l . This polynomial is: 

The fraction of cells of species 1 for the conftguration 
with j unsymmetrical bonds is 

F (j) 
1 • 

Similar expressions hold for cells of species 2. 
Thus: 

and 

F(j) 
2 • 

The required expression for the excess polarization 
now becomes 

'11.,* _ _ '11. * _ qJJ 
=~ '" F (J) (m>(j)_ OiJ ) +~ '" F<J) (op (j)_ OiJ JV L..J l ;:;r 12 ;:;rl JV L..J 2 ;:;r 21 ;;/-2, 

in which the f!jJW and f!jJ<.j{ are the polarizations of 
the Onsager cells corresponding to the j -configma
tions for cells of species 1 and 2 , respectively. In 
the subsequent analysis of experimental data, the 
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FIGURE 12. A family of curves representing the dependence on composition and interaction parameter p oj the fmctions of cells of 
. species 1 that have 1, 2, 3, 4- unsymmetrical bonds. 

quantities l:F<{' 9)ii and l:F<4' 9W are replaced by to any cell into classes a, (3, ..• with approximately 
fJJ)ii and 9W, which are the polarizations of the equal interaction factors xW =x~a{; xW = xW, ... 
corresponding Onsager cells with average configura- compensates for the added complexity. The simpler 
tions:z1z= l:j.F<i) and zZ1 = l:j.F(4) . picture is retained in the subsequent discussion of 

special cases. 
The analysis of experimental data is reduced to a 

4 . Representation of Experimental Data calculation of the excess polarization of mixing, 
,6.9 m • In the absence of knowledge of the specific 

In the preceding discussion it has been assumed properties of the clusters occurring in a given mixture, 
that all unsymmetrical bonds binding a cell of either such as volume, shape, bond energies, and bond 
species to its environment are equivalent. This polarizabilities, the calculation becomes one of ad
means that X12= X~1' This assumption obviously justing the values of selected parameters . This 
expresses only a very crude approximation of the adjustment can be done in a number of ways, but 
interactions in a cluster. Nevertheless, it is doubt- the general procedure adopted was first to choose 
ful that the obvious refinement of dividing the bonds characteristic bond polarizabili ties r </~ =rW and aver-
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age bond interac tion factors x\{>= xW and then, if an 
addi tional adjustment was necessary, to allow the 
shapes of the cells t o vary with the composition of 
the boundary of t he cell . 

For the simplest case all unsymmeLrical bonds arc 
equivalent and the eccentricities of cells of types 
Ji l l and ::;;2J are those of the pure species. The 
determina tion of T12 is most easily made from the 
deviations observed at great dilution . At one end 
of the concentration scale zi2= l and Z21=Z; at the 
other end Z I2=Z and ~2i= 1. At ei ther end the value 
of ~ g;m is very insensitive to the values of the 
interaction factors Xu, X22, and X12 , and these factors 
can be eliminated by setting them equal to uni ty 
(equivalen t to setting the bond-in teraction energies 
equal to zero). Moreover, the contribution to ~ g;m 
from cells of the componen t pres en t in small amount 

becomes negligible at high dilution . H ell ce, in 
principle, one calculation suffices to determine T12' 

The value of the interaction fun ction p 2 = XIlX22/Xl~ 
is now fixed b y the value of ~ f!/Jm at any arbi trary 
concentration, though preferably a t the concentra
tion for which ~ g;m is near a maximum. 

In more complex cases, the eccen trici ties of the 
cells in the mL'Xtm'es ar e functions of composition . 
Although in these cases the direct calculation of the 
eccen triciLie of the various kinds of cells, and of 
the characteris tic mean interaction parameter is, in 
principle, possible, it is doubtful if the data warrant 
such a detailed calculation . The values given for 
these characteristics for any mixture were determined 
by Lrial. The method of adjusting these values was 
as follows: EsLimaLcs of the mean eccentricity of cells 
of type nlJ (or n Zj ) 'were made on th e assumption 
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that the eccentricity of any species of cell varied in 
approximately a linear manner with the number of 
unsymmetrical bonds. Values were then calculated 
for a composition near that corresponding to a maxi
mum t::,. P}Jm, and the value of p was adjusted to give 
the observed value of t::,. P}Jm ' The m ean eccentrici
ties for o ther concentrations were determined by 
trial. 

In the more general case there are several classes 
of bonds, each class distinguished by an interaction 
factor such as xW . This distinction of classes is 
neglected in the calculation of (1 ) the average num
ber of cells of a given kind, and (2) the average num
ber of unsymmetrical bonds to that cell; but some 
distinction of classes is recognized in the calculation 
of th e polarizability characteristic of a given cell. 
In fact each class of bonds is assigned (a) a character
istic bond polarizability, and (b) a position on a 
scale of relative bond-strengths. The latter permits 
the determination of the structure of the periphery 

of a cell for a given 212 (or Z21), and in conjunction 
with the former , allows the calculation of the effective 
polarizability of the cell. 

4.1 . Mixtures of Water and Alcohols 

The calculations of mean eccentricities for cells of 
type n l j and n 2j were made under the followin g 
simplifying assumptions ; (a) z=4 (one C- H ... 0 
and three O- H .. . 0 bonds), (b) X12= X21J and 
(c) p2< <1 (except for t-Bu OH). The choice of z=4 
for the alcohols differs from the value, Z= 3, chosen 
for the pure liquids and implies that for the purpose 
of calculating the relative numbers of cells of various 
types, the interaction parameters for all bonds to 
the alcohol cells are equal, that is XO - H • .• 0 = 

XC- H . • . o. This assumption cannot be true, but 
in view of the crudeness of the model and the gain 
in simplicity of treatment for the symmetrical case , 
its adoption is jus tified for the calculation of effective 
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mean shapes. Assump tion (c) implies th a t 

- Nwcc lI = N ( - 2WI2+ WI1 + ( 22) > > 2RT. 

• 1.0 

The calculated eccen tricities are relatively insensitive 
to values of p for which p2< <1 so that for these cases 
- Nlfficell> SRT(4 . K cal at 25° 0 ) . 

In the calculation of the "effective polarizability" 
of the average ccll of either species, two additional 
assump tions are made: (d) bonds of type O- H . .. 0 
do no t contribute to the polarizability, and (e) the 
interaction parameters XO- H . . . O and X C- H . .. O are 
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"sufficien tly" different so that O- H . . . 0 bonds 
are sa turated before O- H ... 0 bonds are formed . 
Assumptions (b) and (e) are actually con tradictory, 
bu t in view of the simplifica tion effec ted they can 
be taken as compatible for the t wo types of calcula
tion . Under these r estrictions the polarizability of 
a water cell (species 1) is 

R~ell=R<J> + {ZI2rI2+ (z- z12h } 

=mll - z12(r1- r12) 

= R~l) - Z12.or121 
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in which rl and r12 are the bond polarizabilities of the 
symmetrical 1-1 and unsymmetrical 1-2 bonds , 
respectively, and Z12, the mean number of unsym
metrical bonds to a cell, can take the values 1 to 4. 
A similar expression holds for the alcohol cells 
(species 2) with the difference that z is effectively 3 
and Z21 can take the values 1 to 3. The polarizabil
ities of symmetrical bonds at any temperature were 
determined from the values of R~ given in figure 3. 

Characteristic parameters are given in tables 2 
and 3. The general results of the calculations are 
summarized in figures 5 and 6. All molar polariza
tions have been reduced by an arbitrary factor of 
1/4.4 . In these figures go~~e.l is the polarization calcu
lated on the assumption that the shape and polar
izability of each cell is that of the pure component, 
go~~P is the experimental value of the polarization, 
and llgom=go~~p-9"~~e.l. The dependence of cell 
eccentricity on composition is represented in figures 
7 and 8. 

Curves representing the dependence of Z12, :V' ~ 
and F ill on X2 and p are given in figures 9 to 12 . 
The corresponding curves for component 2 can be 
obtained by reflect ing these curves in the plane 
x2 = O.5 . 

T ABLE 3. Calculated Parameters 

Substance ~r12 r l' p'-1 lVWcell 
----

em3bond- Imole-1 cm3bond- Imole-1 keal /mole MeOH ____ ___ (0) (0.24) (0) (0) H ,O _________ (0) (2.24) (0) (0) 

EtOH _______ - 0. 21 1. 62 - 1 < -4.8 H,O _______ __ - 0.62 ------- --- ----

PrOH _______ - 0.28 1. 48 - 1 <-4.8 H,O _________ - 0.75 --------------
t-BuOIL ___ - 1.05 1. 23 - 0. 7 - 1.44 ll,O ___ ______ - 1.00 --------------

4.2. Binary Mixtures of Chloroform With Ether and 
Chloroform With Acetone 

On general physical grounds, both mixtures are 
expected to show evidence of hydrogen bonding. 
The data are graphically represented in figure 13 
and the agreement between llgo mObs and Ago m ca l c is 
shown in figure 14. Because of the dissimilarity in 
molecular constitution and structure, the shape of 
any cell should depend on the composition of its 
periphery. The variations of the eccentricities with 
the average number of unsymmetrical bonds and 
with the composition of the mixture are shown in 
figures 15 and 16. Selected parameters are given in 
table 4. 
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The behavior of the sys tems bromoform-ether and 
bromoform-isopropyl ether parallels that of the 
chloroform-ether system. 

TABLE 4. Calculated parameters 

Substance orl2 TI2 p'- ! NWce ll 

cm 3bond- 1mole-1 cm3bond- 1mole- 1 kcal/mole 
Chloroforill __ 4 4 -0.90 -2.8 Ethc"-- ______ 4 -------- ------

Chloroform _. - 0. 90 -2.8 
Acctonc ______ ---._---------

4.3. Binary Mixtures of Alcohol With Ether and 
Alcohol With Acetone 

For the e r elated mL"Xtures Lhe signs of the polari
zation of mL"Xing are opposite. The data are graph-

F IGUHE 21. Dielectric polarizations of 
alcohol-carbon tetrachloride mixtures. 

(a), (b), and (c), R . . Mecke a nd A. Reut er, Z. 
Naturforsch. [A] 4, 368 (1949). 

ically represented in figure 17 and the agreem en t 
between D. f!Jm ObS and D.f!Jmca1c is shown in figure 18. 
The parameters selected to reproduce this behavior 
are given in table 5. In comparison with t able 4 
these values appear quite r easonable and illustrate 
the flexibility inheren t in the simple electrostatic 
picture. Variations in the shape of the character
istic cells are shown in figures 19 and 20. 

TABLE 5. Calwlated parameters 

Substance ~TI2 TU p"-l NWcell 
----

cm3bond- 1mole- 1 cm3bond- 1mole- 1 kcaltmole 
EtO U _______ 3.00 4.80 -0.90 -2.8 
EtheI'-_______ 4.80 ---- - ---------

EtOlL ______ - 0.7 1.10 -0.50 -0.84 
Acetonc ___ ___ 1.1 --------------
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4.4. Mixtures of Carbon Tetrachloride and the 
Simple Alcohols 

The behavior of these systems is shown in figures 
21 and 22 . The system n-C,H 90H-CC4 is the only 
one treated in detail. Parameters and their dep end
ence on composit ion are given in figure 23 . The 
general similarity of the remaining systems suggests 
that the other mixtures are amenable to the same 
type of tr eatment. 

4.5. Mixture of Water With Dioxane 

This system could be expected to have a behavior 
somewhat between the water-alcohol systems and 
the alcohol-ether system . Its behavior is repre
sented in figure 24. 

0.0 0.2 0.4 0.6 0.8 1.0 

X2 (ALCOHOL) 

FIGURE 22. Excess polarizations of mixing 
for alcohol-carbon tetrachloride mixtures. 

5 . Discussion 

Th e principal defect in the theory outlined in the 
preceding sections lies in the lack of uniqueness of 
the parameters characterizing a cell . The uncer
tainty is particularly evident with regard to the pa
rameters of shape and bond polarizability. It appears, 
however, that the selections made are not unreason
able, and if they are accepted with this reservation , 
the agreement between theory and experimen t 
can be considered quite satisfactory . In the case of 
certain mixtures the r ather irregular behavior of the 
eccentricity of the average cell as a function of the 
composition of the solution is, in part, due to the 
fact that all calculations were made on the original 
data. The use of data smoo thed to eliminate 
spurious deviations would undoubtedly improve the 
regularity in the behavior of this characteristic. 

The general utility of the method of analysis 
described lies in the fact that it offers an independen t 
method for obtaining importan t information on 
molecular interactions within liquids. A careful 
study of a selected series of related mixtures should 
provide relative values of bond str engths and stabili
ties of molecular clusters. These quantities may be 
useful in correlating related macroscopic and molecu
lar properties, such as relative acidity and basicity 
of groups, mutual solubilities, vapor pressures, and 
viscostities. Such investigations in which adequate 
attention has been given to purity of materials and 
accuracy of meaSUTement are very few. 

The bond polarizabilities 1'12, interaction parame
ters P, and the predominant features of the curve 
representing the polarization as a function of the 
composition are summarized in table 6. The re
sul ts are tentative, and since values and trends may 
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TABLE 6. Summary of cell characteristics 

'l'ype oC bond Mjxture Polarization cbaracteristic r 12 

cm3bond -I 
mole -I Dioxane-water _______________________________ • Minimum ______________ 00 ____ 00'00 ___ _ 2. 23 Methyl alcohol-water _ _ _ ______________________ Maximum ___________________________ _ 2. 24 Ethyl alcohol·water _____ .__ _ __ _ ___ ___ ___ ______ Minimum .. __________________________ _ 1. 62 O- H ..• 0 __ ___________ ___________________ n-Propyl alcohol-water ________________________ Minimum .... ________________________ _ 1.48 I-Butyl alcohol-water __ __ ___ _____ __ _ _____ _____ _ Minimum ____________________________ _ 

Ether-ethyl alcohoL _ _ _ _______________________ Maxlmum ___________________________ _ 1.23 
4. 80 Acetone-ethyl alcohoL _ _ ______ ____ ______ __ _ _ __ Minimum ____________________________ _ 1.10 

O- H . .. CL _____ ______ ___________________ t-Butyl alcohol-carbon tetrachloride _ _ _ _ _ ____ Maximum and minimum ____________ _ 1.7 
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be significantly altered by the choice of different 
models, speculations based on the results obtained 
for this limited number and variety of systems are 
probably premature. 

It is noticed that the contribution of the CH . .. 0 
bond to the polarizability is considerably larger in 
the mixtures of ether and chloroform than in those 
of acetone and chloroform. This large difference in
dicates ei ther a failure of the rather crude model that 
has been used in the analysis, or that additional r e
finements in the treatment must be introduced in 
order to take adequate account of the specific nature 
of bond interactions. 

Clues to the existence and character of the com
plexes in r,mixtures may be found in the excess 
(static) dielectric polarization, but conclusive evi
dence should be provided by their dielectric absorp
tion spectra. These data should yield important 
information on the number, type, and lifetimes of 
the various complexes which are often assumed to 
playa significant role in chemical reactions. Data 
of this kind are not available. 
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