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The purpose of this paper is to examine a simple polar-polarizable model for liquid ammonia. Theoretical values of the
mean molecular dipole moment and the static dielectric constant are reported for temperatures ranging from —70°C to
35°C. The theoretical results are obtained by solving the self-consistent mean field (SCMF) equations within the reference
hypernetted-chain (RHNC) approximation. It is shown that molecular polarizability has a large influence upon the prop-
erties of this system. The theoretical dielectric constants are in fair agreement with experiment over the temperature range

considered.

1. Introduction

In several recent articles [1—3] it has been shown
that theoretical estimates for the dielectric constant,
€, of dense multipolar polarizable fluids can be obtained
using a self-consistent mean field (SCMF) approxima-
tion coupled with integral equation techniques. Other
physically interesting quantities such as the mean mo-
lecular dipole moment in the liquid state are also given
by this theoretical approach. Essentially, the SCMF
approximation reduces the many-body energy of the
polarizable system to a sum over an effective pairwise
additive potential. The integral equation methods are
used to calculate the properties of the fluid character-
ized by this effective pair interaction. For polarizable
dipolar—quadrupolar fluids, it has been found [2] that
the dielectric constants given by this approach are in
good agreement with “exact™ computer simulation
results, provided that the integral equation theory
employed gives an accurate description of the effective
system. In fact, it has been demonstrated [3] that the
inaccuracies in this method arise almost totally from
the integral equation approximations and not from
the SCMF reduction of the many-body potential.

It has also been found that a polarizable dipolar—
quadrupolar hard-sphere model gives dielectric con-
stants in surprisingly good agreement with experiment-
al results for liquid water over a wide range of tem-
perature and density [1,4]. Furthermore, it is clear
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that molecular polarizability makes an important con-
tribution to the static dielectric constant. The average
dipole moment in the liquid state is considerably larger
than the gas-phase value [1], and both approximate
theories [1,4] and computer simulations [5] have
shown that models for water which ignore polariza-
bility seriously underestimate the dielectric constant.
In view of the importance of these observations in
the dielectric theory of liquid water, it is of interest
to see if similar effects are found for other substances.
Therefore, the purpose of this paper is to examine the
properties of a similar polarizable dipolar—quadrupolar
hard-sphere model for liquid ammonia, and to compare
with experimental results over a significant tempera-
ture rarige. The mean dipole moments and dielectric
constants for this model are obtained using SCMF
theory together with the reference hypernetted-chain
(RHNC) approximation. The RHNC approximation
has recently been solved for non-polarizable dipolar
[6] and dipolar—quadrupolar [7] fluids and the di-
electric constants obtained are generally in good agree-
ment with computer simulation results. We note that
for systems characterized by large dipole but relatively
small quadrupole moments the full RHNC approxima-
tion greatly improves upon the linearized and quadra-
tic versions of the theory (i.e. RLHNC and RQHNC,
respectively) [8] used in earlier work [1—3]. Thus we
would expect the SCMF/RHNC calcualtions to give
accurate resolutions for the present model.
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2. The model and theory

We consider an ammonia molecule to be a hard
sphere of diameter d, with a permanent dipole mo-
ment, p, a quadrupole moment, Q, and a point polar-
izability, e, embedded at the center. Ammonia has Csy
symmetry and this allows the quadrupolar interactions
to be expressed in terms of a single scalar, Q [9]. The
polarizability tensor ais completely specified by «;
and «; which are, respectively, the components paral-
lel and perpendicular to the symmetry axis. The values
of the parameters used in the present calculations are
summarized in table 1. The hard-sphere diameter is
somewhat arbitrary, but the value 3.2 A is a reason-
able estimate based upon the radial distribution func-
tion for liquid ammonia as determined by neutron
scattering experiments [10]. For all other parameters
the experimental gas-phase values were used. It should
be noted that the quadrupole moment for ammonia,
as originally reported [15] (ie. Q = —2.32 B),is in
error and that the correct value (i.e. Q = —3.3 B) is
given in ref. [12]. We emphasize this point because
the erroneous value has been repeated in literature
tabulations [16] and has been used in previous work
[17—-19] on liquid ammonia.

As mentioned above, the exact instantaneous con-
figurational energy for fluids consisting of polarizable
molecules depends upon many-body interactions [1—
3,20]. SCMF theory reduces this problem by relating
the properties of the polarizable fluid to those of an
effective system. For the present model, this effective
system is characterized by the pair potential

Table 1

Molecular parameters for ammonia. The values given for u,
0, o and o) are experimental gas-phase results. The hard-
sphere diameter, d, was estimated from neutron scattering
data [10]

Parameter Value

d 32A

m 147D [11]
0 —~3.3B4)

) 2.412 A3 [14]
Q) 2.124 A3 [14]
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4) Experimental values of —3.3 + 0.4 B [12] and —3.25 *
0.05 [13] have been reported in the literature.
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Ue(12) = upg(r) — (m2/r3) d112(12)
+(mQ/2r%) [®123(12) — d213(12))]
+(Q%/4r%) 224(12), 6]

where uyq(r) is the usual hard-sphere interaction and
the angle-dependent functions, ®"(12), are as de-
fined in ref. [7]. The effective dipole moment, m,, is
defined [1] such that mg = (m2) where m is the total
(i.e. permanent plus induced) dipole moment of a
single particle. The value of m, consistent with a given
polarizability, e, is determined by the exact relation-

ships [1]

m'=p+C(m)p-a’, (2a)
a=a+Cm)a-a’, (2b)
m2=(m')? +3akT, (2¢)

where m' = (m) is the average molecular dipolé mo-
ment, &' is a renormalized polarizability, @' =3 Tra’,
and C(m'") is a scalar related to the average dipolar
and quadrupolar fields experienced by a molecule. In
the SCMF approximation C(m") is given by [1]

C(n')= =2(Upp) o/mEN — WUpgle/Nmem',  (3)

where NV is the number of particles and (Upyy), and
(Upq?e are the average dipole—dipole and dipole—
quadrupole energies of the effective system.

In the present calculations, (Upp), and (UDQ)e as
well as other properties of the effective system are ob-
tained by solving the RHNC approximation for the
pair potential defined by eq. (1). Hence, the SCMF/
RHNC solution for the polarizable fluid has been found
when egs. (1), (2) and (3) together with the equations
comprising the RHNC theory [7] are satisfied simul-
taneously. In practice this is carried out numerically
using the procedures described in previous papers
[1,6,7].

It has recently been shown [3] that within the
SCMF approximation the dielectric constant of the
effective system can be identified as that of the polar-
izable fluid of interest. This result is independent of
the theory used to obtain the properties of the effec-
tive system. Hence, in the present SCMF/RHNC cal-
culations € is given by the formula [8]

(e—1)(2e+1)9e=y,.g., 4)
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where y, = 41rpm§/9kT, p is the number density, and
the Kirkwood g-factor for the effective system, g, , is
obtained from the RHNC approximation [7].

3. Results and discussion

Calculations have been carried out at four points
lying on the equilibrium vapour pressure curve for
ammonia. The temperatures considered are —70, —35,
5, and 35°C, for which the corresponding liquid densi-
ties are [21] 0.7250, 0.6840, 0.6315, and 0.5875 g
em—3, respectively.

The dielectric constants for the present model given
by the SCMF/RHNC theory are compared with ex-
perimental values [22,23] in fig. 1. Theoretical results
for the non-polarizable case (i.e., @ = 0) are also in-
cluded in fig. 1. It is apparent that when polarizability
is ignored the theoretical dielectric constants are much
smaller than the experimental values. This is consistent
with earlier observations for water [1]. The dielectric
constants obtained when polarizability is included in

T T T T T T I I I T T T I

-80 -60 40 -20 O 20 4
T(°C)

Fig. 1. The dielectric constant as a function of temperature.
The open circles are SCMF/RHNC results for the non-polar-
izable (i.e., & = 0) case. The triangles are the SCMF/RHNC
results for the polarizable model. The solid dots are experi-
mental values from the literature: points below 0°C are from
ref. [22], points above 0°C from ref. [23].
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the model are in much better agreement with the ex.
perimental results, but still lie under the experimenta]
curve for all temperatures considered. The reason for
this discrepancy is not clear, but it should be borne
in mind that for the present model the theoretical val.
ues for € are rather sensitive to the quadrupole moment
rapidly increasing as Q is decreased [19]. Therefore,
it is possible that uncertainties in the experimental val.
ue of Q canaccount for much of the difference between
the theoretical and experimental results. The experi-
mental error bars reported in ref. [12] (see table 1)
are certainly large enough for this to be true. The error
bars quoted in ref. [13] are much smaller but, as
pointed out by previous authors [24], these error bars
seem rather small compared with the inaccuracy in
quadrupole measurements for other molecules (cf.
refs. [16,25]). Also, we note that the most recent
quantum calculations [24] give Q = —3.08 B which !
is somewhat smaller than the value used in the pres-
ent calculations. Finally, it is worth remarking that
in all likelihood the discrepancy does not arise from
the RHNC approximation, since if anything this ap-
proximation tends to overestimate the dielectric
constant [6,7].

Several additional calculations were carried out
using the erroneous value Q = —2.32 B mentioned
above. With this smaller quadrupole moment € in-
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Fig. 2. The temperature dependence of the mean molecular

dipole moment m'. The solid dots are SCMF/RHNC results

for the polarizable ammonia model. The horizontal line
indicates the gas-phase value, u =1.47 D.
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creases much more rapidly with decreasing tempera-
ture and is roughly twice the experimental value at
_70°C. This demonstrates the sensitivity of € to Q and
serves to emphasize the importance of including the
correct quadrupole moment in molecular models for
ammonia..We also note that the full RHNC approxi-
mation is necessary in the present calculations. The
RLHNC approximation is not sufficiently accurate

for ammonia-like parameters and seriously overesti-
mates the dielectric constant at lower temperatures.

The mean dipole moment 7' is plotted as a func-
tion of temperature in fig. 2. It can be seen that m'
is considerably larger than the gas-phase value (i.e.
1.47 D) but does not show a strong temperature de-
pendence, varying only from 1.83 to 1.95 D as the
temperature drops from 35°C to —70°C. This s roughly
similar to the variation observed [1] for liquid water
over the 20°C to 125°C temperature range.

In summary, the present calculations have shown
that in liquid ammonia, as in liquid water, molecular
polarizability makes an important contribution to
the static dielectric constant. Furthermore, consider-
ing that no freely adjustable parameters are included,
the present model and theory gives a reasonably accu-
rate account of the temperature dependence of €.
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