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Abstract

The dielectric constant of a monolayer with dielectric anisotropy on a material surface is calculated, assuming that a two-dimensional
array is formed and the orientational distribution of rod-like molecules is ruled by Boltzmann statistics. The theoretical local electric field
acting on dipoles is taken into consideration in this calculation. It is found that at the molecule density where the maximum tilt angle is
vA = vk =

���
3

p
−1)/2, i.e.A/A0 =

���
3

p
=2 (A0 = pl2, l is the length of the long axis of rod-like molecule), the dielectric anisotropic monolayer

films degenerate to dielectric-isotropic films with an apparent electronic polarizabilityā = (all + a')/2, regardless of molecular config-
uration. Under the mean-field approximation the biaxial molecules degenerate to uniaxial ones with an apparent dipole momentm cosvD and
the dependence of dielectric constant ong (see Eq. (9)) is found to be linear. 1998 Elsevier Science S.A. All rights reserved
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1. Introduction

The dielectric constant of insoluble monolayers has been
analyzed for several decades. One of the most important
results was the calculation of the local electric field of a
hexagonal closed-packing uniaxial dipole array on a water
surface reported by Topping [1]. The calculation of dielec-
tric constant of monolayers is often carried out using mean-
field theory, in which dipole–dipole interaction should be
considered. The calculation of the dipole–dipole interaction
can be simplified by introducing a parameter, like the inter-
action constantg reflecting the in-plane molecular config-
uration as reported in Refs. [2,3]. This study was carried out
assuming a priori that a two-dimensional dipole array is
formed on a material surface. For some artificial two-dimen-
sional alignments of dipoles,g has been calculated [4]. The
dielectric constant of the monolayer depends on the align-
ment of the array and orientation of the constituent dipoles
in the monolayers as well as the density of the dipoles [5,6].
In the present study, taking into account the dielectric ani-
sotropy due to the biaxiality of molecules in organic mono-
layers, we extend our previous calculation of the dielectric

constant of dielectric isotropic monolayers on a material
surface [5] to the case of the dielectric constant of mono-
layers with dielectric anisotropy. The dependence of dielec-
tric constant on molecular configuration is also discussed.

2. Analysis

The monolayer model used in the present study is illu-
strated in Fig. 1, which is similar to that used in our previous
studies [5,7]. A plane infinite array of identical point dipoles
is located on a material surface with a relative dielectric
constantem, where each molecule occupies a mean molecu-
lar areaA on the surface. The molecular dipole with a
momentm is assumed in the long molecular axis at the
distancejl with 0 , j , 1 from the terminal point at the
material surface. The effect of biaxiality [8] is taken into
consideration by introducing an anglevD of the dipole from
the long molecular axis. The distribution of the tilted angle
v, the angle between the molecular long axis and the normal
direction to the material surface, i.e. thez direction of the
laboratory frame, is governed by the intermolecular inter-
action and the interaction of the dipole with the substrate.
The dipoles are assumed to be restricted within the angular
range (v,vA), with vA =

�����������
A=A0

p
. In order to examine the

effect of biaxiality, we consider a frame fixed in a molecule
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with Euler angles (J,v,g) defined as the convention in Ref.
[9]. In the molecular frame, thezdirection is expressed asz/
z = (sinvsing, −sinvcosg, cosv). Let the Euler angle of
dipole moment bem/m = (sinvD,0,cosvD) in the molecular
frame, we then have the relation:

cosvL = (z=z) ⋅ (m=m) =sinvsingsinvD +cosvcosvD (1)

Because of the cyclic symmetry of the dipole array, the
orientational distribution obeys Boltzmann statistics. In a
manner similar to that described in our previous paper [10],
here we introduce the orientational order parameter which
is defined as:

S=
�2p

0
dg

�vA

0
cosvL

exp −W v, vL� �=kT� �
Z

sinvdv (2)

wherek is the Boltzmann constant,T is the temperature,
and W(v,vL) is the interaction energy.Z is the single-parti-
cle partition function written as:

Z =
�2p

0
dg

�vA

0
exp

−W v, vL� �
kT

� �
sinvdv (3)

A special case when the interaction energy W(v,vL) = 0,
leads to:

S=S0 =
cosvD 1+cosvA� �

2
(4)

The addition of cosvD to the definition ofS0 in Ref. [7] is
due to the orientational deviation of the dipole momentm

from the long molecular axis. In other words, the deviation
creates an apparent dipole momentm cosvD along the long
molecular axis [10].

The relative dielectric constante of monolayers repre-
sents the degree of depolarization. As the depolarization
of monolayer is, in fact, reflected by the average dipole
momentmz of the depolarized momentm, it can be defined
as [5]:

e =
mz0

mz
=

mS0

mz
(5)

wheremz0 and mz are the average dipole moments of the
monolayer before and after depolarization. It is very impor-
tant to calculate the average dipole momentmz of the
monolayer before and after depolarization. The state of
the monolayer before depolarization corresponds to the
situation when no interaction is working among the consti-
tuent rod-like dipoles.

As has been pointed out by many investigators [2,3], the
constituent dipoles depolarize from a dipole momentm for a
single isolated dipole to a valuem due to the electric fieldE0

produced by the infinite dipole array on a material surface.
The average dipole momentmz of a depolarized dipolem is
given by:

mz =mS+4pe0E0〈↔
a ⋅ n ⋅ n〉 (6)

whereS is the orientational order parameter in the case of
W(v,vL) Þ 0, n is the normal direction of the material sur-

face expressed as (0,cosv, sinv), E0 is the local field pro-
duced by neighboring dipoles, and↔a is the electronic
polarizability tensor for the single dipole, which is a rota-
tional ellipsoid in the Cartesian coordinate fixed in the
concerned molecule, with thez′-axis along the long mole-
cular axis (see Fig. 1).↔a is written as (Eq. (7)):

↔
a =

a' 0 0

0 a' 0

0 0 ak

0
BB@

1
CCA (7)

Hereall anda' are the electronic polarizabilities along and
perpendicular to the long molecular axis of a single mole-
cule, respectively.

Substituting the matrix of↔a above and the vector of
normal directionn into Eq. (6), we obtain:

mz =m〈cosvL 〉 + 4pe0āE0 1+
Da

2ā
〈cos2v〉

� �
(8)

where↔
a = (all + a')/2 andDa = all − a'. Eq. (8) has an

additional average dipole moment induced by the effect of
dielectric anisotropyDa. The biaxiality of molecules is
also taken into consideration in,cosvL . in Eq. (8).
For Da = 0 and vD = 0, i.e. all = a' and vD = 0, Eq. (8)
returns to the case of isotropy, as discussed in our previous
paper [5].

The depolarization fieldE0 at the origin in Eq. (8) is
produced by the origin-excluded infinite array of dipoles.

Fig. 1. (a) Model of an infinite array of dipoles on a material surface and
the image dipoles for the calculation of the molecule-surface interaction.
Rod-like molecules are orientationally distributed, and the dipoles tilt with
an anglevD from the molecular long axis. (b) The top-view of the infinite
array of dipoles in the cases of hexagonal packing and square packing. (c)
Image dipoles for the calculation of the local fieldE0 at the origin.
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The electric field created by a single-point dipole, with a
momentm along thez-direction in the planez = 0, is given
by [11]:

E0 = −
mz

4pe0
⋅

2em

em +1
⋅ ∑

dipoles
r −3
i ≡ −

gmzA
−3=2

2pe0
(9)

wherer i is the in-plane distance of the molecules from the
origin, em is the relative dielectric constant of the material
surface, for example, the water surfaceem = 80, andg is a
parameter reflecting the molecular configuration of mono-
layers given by:

g � A3=2 ∑
dipoles

r −3
i (10)

As em is usually much greater than 1, we let 2em/
(em + 1) ≈ 2. With Eq. (5), Eq. (8) and Eq. (9), we obtain:

e =
S0

S
1+2gāA−3=2 +gA−3=2Da〈cos2v〉
h i

(11)

Eq. (11) gives the generalized relative dielectric constante

of monolayers with consideration of the orientational dis-
tribution of dipoles, the effect of the interaction of the
substrates, and the dielectric anisotropy of molecules. The
biaxiality of molecules is also considered in the definition
of orientational order parameter (S = 〈cosvL〉). The depolar-
ization effect is included in the orientational order para-
meter S and the second term, whereas the dielectric
anisotropy of molecules is included in the third term in
Eq. (11).

3. Discussion

With Eq. (1), (2), (3) and (4), the thermal average〈cos
2v〉 can be calculated as:

〈cos2v〉 ≈
1
3
(2cos2vA +2cosvA −1) (12)

It is interesting to find from Eq. (11) and Eq. (12) that in the
case of 2cos2vA + 2cosvA − 1 = 0, i.e. (Eq. (13))

cosvA ≡ cosvk =
���
3

p
−1

2
(13)

the effect of the dielectric anisotropy due to the geometrical
average vanish, under the assumption that second-order
coupling between the orientational distribution of mole-
cules and the dielectric anisotropy is negligibly small.
This case corresponds toA/A0 = sin2vA =

���
3

p
=2. The di-

electric anisotropic monolayer degenerates to a dielectric
isotropic one with an apparent electronic polarizability
ā = (all + a')/2.

Under the mean-field theory, it is possible to express
imtermolecular interaction as:

W(v, vL) = −mE0cosvL (14)

With Eqs. (1), (2) and (3), we get the approximate orienta-
tional order parameterS:

S=S0 +
(1−cosvA)2cos2vD

12
mE0

kT
(15)

With Eqs. (8), (9), (11), (14) and (15), we obtain the rela-
tive dielectric constant for monolayers with dielectric ani-
sotropy:

e =1+2gaA−3=2 +
m2cos2vD(1−cosvA)2

24pe0kT
gA−3=2 +

gA−3=2Da〈cos2v〉 (16)

Eq. (16) gives the relative dielectric constant under the
mean-field approximation. The first two terms are the
results obtained by Macdonald and Barlow [2], and the
third term corresponds to the orientational effect of con-
stituent molecules, which is given in our previous paper [5].
It is found from Eq. (16) that the biaxial molecules degen-
erate to uniaxial ones with an apparent dipole moment
mcosvD, under the mean-field approximation. Fig. 2a
shows the simulation result in the case of hexagonal pack-
ing, which is the configuration of maximum nearest-neigh-
bor separation distance and hence of minimum electrostatic
interaction energy for any given packing. Monolayers with
dielectric anisotropy degenerate to dielectric isotropic ones
at the molecular areaA =

���
3

p
A0/2. We choose two artificial

packings, the square packing and the hexagonal packing as
examples in Fig. 2b, to show the linear relation between

Fig. 2. (a) Simulation result of the relative dielectric constant of a mono-
layer film on a material surface under the mean-field approximation.
Dashed lines (Da = 0.2Å3) and broken lines(Da = 0.4 Å3) correspond to
the results of the present calculation, with a consideration of the dielectric
anisotropy. Dotted lines (Da = 0) are based on the dielectric isotropic
approximation. (b) The dependence of relative dielectric constant on the
g parameter reflecting the molecular configuration at the molecular areaA/
A0 = 0.05 withDa = 0.4 Å3. We choose two artificial packings, hexagonal
packing (g = 42.77) and square packing (g = 34.99), as examples.
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dielectric constant and theg parameter reflecting the
molecular configuration. Fig. 2b reveals that the closest-
packing hexagonal molecular configuration has the largest
dielectric constant compared with other molecular config-
urations.

4. Conclusion

The dielectric constant of dielectric anisotropic mono-
layer films is calculated. It is found that when the maximum
tilt anglevA = vk = (

���
3

p
−1)/2, i.e.A/A0 =

���
3

p
=2, the dielec-

tric anisotropic monolayer films degenerates to dielectric
isotropic ones, regardless of molecular configuration.
Under the mean-field approximation the biaxial molecules
degenerate to uniaxial ones with an apparent dipole moment
mcosvD and the dependence of relative dielectric constant on
g is found to be linear.
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