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Calculation of Molecular Orientational Order and Maxwell Displacement Current

of Biaxial Molecules at the Air-liquid Interface

Chen-Xu Wu and Mitsumasa IwAMOTO

Department of Physical Electronics, Tokyo Institute of Technology, 2-12-1 O-okayama, Meguro-ku, Tokyo 152, Japan

(Received October 4, 1996; accepted for publication November 27, 1996)

On the basis of the electrodynamic interaction of biaxial molecules (with their larger permanent dipoles per-
pendicular to the molecular axes) with a liquid surface, we calculate the molecular orientational order and the
Maxwell displacement current (MDC) of biaxial molecules with a thermostatistical approach in the range of
molecular area of immeasurably low surface pressure. It is shown that MDC generated by orientational change of
the permanent dipoles along long molecular axes dominates the compression process shortly after the onset of the
transition at Ao from the planar surface alignment phase to the polar one, despite their smaller dipole moments
than those perpendicular to the long molecular axes. This agrees with the fact that the MDC should change
with the dipole moment along the long molecular axis. The results also reveal the thermodynamic motions of the
dipoles parallel and perpendicular to the long molecular axis during the compression process.
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1. Introduction

The study of the electric properties of the monolayer
at the air-liquid interface is a fascinating research topic
because of its great potential applications.” In the past
few decades, it has undergone dramatic developments
through experiments, and some theoretical methods in
recent years have promoted a more profound understand-
ing of various kinds of monolayers at the air-liquid in-
terface. Among them, the thermostatistical approach
has been widely accepted as a useful method of probing
molecular problems. The nematic order parameter which
is represented as an average of the second Legendre poly-
nomial has been developed for quite a few years, however
it is not suitable for representing the polar orientational
order of monolayers on a water surface.?) In 1994, Sugi-
mura et al. considered the amphiphile monolayer as half
a membrane and thermostatistically studied the orien-
tational order of monopolar-molecule monolayers at the
air-liquid interface without delving into the chemical de-
tails of the constituent molecules, using the order param-
eter represented by an average of first-order Legendre
polynomials. They then discussed the phase transition
of 4-cyano-4’-5-alkyl-biphenyl (5CB) molecules from the
planar surface alignment phase to the polar one in the
range of low surface pressure during monolayer compres-
sion. Here the constituent polar molecules of monolay-
ers were assumed to be rodlike and they had perma-
nent dipoles in the direction parallel to the long molec-
ular axis. As described in some electrodynamics text-
books,** the generation of interaction energy W (6) act-
ing between polar molecules and the water surface, which
is the first step in statistical calculation, can be simpli-
fied by assuming an image dipole {(e,, — 1)/(€, + 1)} P
at a symmetric position against the water surface. Here
€, is the relative dielectric constant of water and P is

the dipole moment of molecules. For half a membrane,
W (8) is calculated as®

P2 €w—1

- 3 ) (1)
16megl3 cosf e, + 1

where [ is the length of the molecule along its axis, 6 is

W(0) =

824

the tilt angle of hydrocarbon chains away from the nor-
mal direction of the monolayer, and ¢, is the permittivity
of a vacuum. Despite the divergence of Maxwell displace-
ment current (MDC) at the molecular area A = A, by
monolayer compression, which is mainly caused by the
take-off of very small molecules lying on the water sur-
face, the model of half a membrane can reveal common
features quite well for monopolar-molecule monolayer
such as 5CB, with a permanent dipole along the long
axis of rod molecule.® In this model, molecules are as-
sumed to be rodlike with a length of [ and A, is assumed
to be 7l2. However, the model of half a membrane cannot
explain the present experimental results of MDC across
monolayers consisting of biaxial molecules with a per-
manent dipole moment not parallel to the long molecu-
lar axis. For monolayers of cyclohexanecarboxylate-type
liquid crystal (DON), with its larger permanent dipole
perpendicular to the long molecular axis, the MDC gen-
erated by monolayer compression is rather small, around
10fA (see Fig. 4(b)) after the phase transition from the
planar surface alignment phase to the polar one, in com-
parison with 100 fA for 5CB, which was reported in our

_previous paper.®) The polar orientational order S is a

very important parameter in the investigation of any
monolayer and it is the main contributor to MDC. S
is defined as®> "

S = (Pyi(cos 8)) = (cosb). 2)

0 is the tilt angle of the long molecular axis away from
the normal direction of the monolayer surface and P, is
the first Legendre polynomial. S is proportional to the

* statistical mean dipole moment P, in the direction nor-

mal to the monolayer surface. For monopolar molecules
with a permanent dipole parallel to the long molecular
axis, we may adopt either the Legendre polynomial def-
inition or the physical definition given by eq. (2), in the
same manner as discussed in our previous paper.>) How-
ever for biaxial molecules, with a permanent dipole not
parallel to the long molecular axis, we must adopt the
following definition,

5 = (Py{cos b)) + Py(cosb.))/P
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= (PySy + P.S1)/P, (3)

where Pj and P, are the permanent dipoles along the
long molecular axis and perpendicular to the molecu-
lar axis, respectively, ) and 6, are their corresponding
tilt angles away from the normal direction of the mono-
layer (see Fig. 1), () denotes a thermodynamic average,
and P is the total dipole momentum of the molecule,

which is expressed as 1/ P> + P, %. From the expression
above, it is obvious that .S is the degree of contribution by
molecule dipoles to the normal direction with respect to
the water surface on the basis of the statistical average.
In this paper, we use this definition with a membrane
model to discuss the contribution of polarization to the
MDC of biaxial molecules such as DON on a water sur-
face in the range of low surface pressure after the phase
transition from the planar surface alignment phase to the
polar one. We then use this model to explain the exper-
imental results for DON103, which differ from those for
5CB in the magnitude of the generation of MDC.

2. Calculation

As a model, we consider a biaxial monolayer film with
a permanent dipole not parallel to the molecular axis
(e.g- DON) on an air-water surface, as shown in the in-
set of Fig. 1, which illustrates the interaction of biaxial
molecules with the water surface. R and R’ are carbon
chains and DON103 is a mixed molecule of three types
of DON with R/R’ of C3/C, (23%), C,/Cs (38%) and
Cs/Cy (39%). Although the direction of the C=0 cova-

. (a)
0
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Fig. 1. (a) Molecular structure of DON and (b) sketch of the
model for the biaxial-molecule monolayer at an air-liquid inter-
face.
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lent bond is not perpendicular to the long molecular axis
in the actual DON molecule, we assume, in the present
analysis, that the biaxial molecule is simplified to a rod-
like axis with a length [, with the smaller point dipole P,
along the long molecular axis at the midpoint, and the
larger dipole P, at a distance l, perpendicular to the
long molecular axis because of the C=0 covalent bond
direction. This model is different from the conventional
treatment which was discussed by Sugimura et al.,> be-
cause it has a dipole moment P, perpendicular to the
long molecular axis. The system experiences a three-
degree-of-freedom thermodynamic motion, i.e., the mo-
tion of the rodlike long axis in the azimuthal plane, and
the revolution and rotation of the long molecular axis
shortly after the onset of the transition at the molecule
area A/A, = 1 by monolayer compression. The revo-
lution gives no thermostatistical contribution to MDC
because the orientational order parameter S defined as
eq. (3) may not change, i.e., the vertical component of
the dipole moment of molecules does not change. In con-
trast, the change in the distance of P, from the liquid
surface while rotating, should lead to MDC generation.
The rotation angular displacement ¢ and tilt angle 6,
6, at an arbitrary position, as shown in Fig. 1(b), satisfy

cosf, = cospsinf (4)
and
by =9. Q)

The critical molecular area A, is again estimated to
be wl?. The molecules are assumed to lie on the wa-
ter surface at A > Ay and align in the range of 0 <
6 < 6,4 due to the effect of hard core intermolecular
forces in the range of molecular area A < Ay, where
04 = arcsin(y/A/Ap). Therefore, in the range A > A,,
the order parameter S defined by eq. (3) is zero (see
Fig. 1) and MDC I is not generated by monolayer com-
pression, as expected from eq. (23). In the following,
we confine our discussion to monolayers in the range
A < A,. At first, we neglect the interaction between
P, and P; because of its independence in a molecule.
Furthermore, the interaction among molecules can be ne-
glected in the region 0.6 < A/A4, < 1, because the inter-
action energy among molecules W, = 11.0342P? /47reya®
(P the permanent dipole moment, a the distance be-
tween the most neighboring two molecules)® is smaller
than the interaction energy between water and molecule
W, given by eq. (6) in this range, under the assumption
that a = 40lsinf, (0 < 0 < 1). Here ol is the distance
from the water surface. In the following, for simplicity,
we discuss the generation of MDC considering only the
interaction between molecules and the water surface, be-
cause the main interaction in our work is the generation
of MDC shortly after the onset of transition at the molec-
ular area A/4, = 1. By introducing an image dipole
{(€w — 1)/(€w + 1)} P at a mirror position with respect
to the water surface (see Fig. 1), the effect of interface
interaction working between a dipole with a permanent
dipole moment P and the water surface is obtained as

P?*(cos?0+1)e, — 1 (6)
64me,d® €w + 1

W) =
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Here d is the distance between the dipole and the water
surface. For P, , d satisfies

d=oclcosf —l,cospsind, (7)

where ol is the distance between the point dipole P and
the water surface along the long molecular axis. Under
the approximation of

d™® ~ (clcos§)™ (1 + 3-l—(ll tan @ cos <p) (8)
o

and using egs. (4) and (6), the interaction energy W (6, )
of P, can be written as

- 2 2 1
W, (6) = ——xJ_k:Tsm 6 cos? p +

cos3 6
X [1+3—tanfcosy (9)
ol
with
PJ_Q €y — 1

R 10
X e Bk e, + 1 (10)

We must estimate the limit of the approximation eq. (8),
because Iy tan6/(ol) = oo in the case of § = 7/2. Taking
DON as a typical example, we substitute P, = 2.5D,
ol =1.0nm,” and [, = P, /(2e) = 0.025nm, and obtain
XL = 9.2x107% and 6 < 76° if lytan®/(cl) < 0.1.
That is, the calculation based on eq. (8) is reasonable
within the region [0°,76°] with a deviation under 10%.
On the other hand, to obtain the interaction energy of
Py, substitute

and eq. (5) into eq. (6) such that W () becomes
cos?6+1
Wy (0) = —x kT ——— 12
1(0) = —xykT——=7— (12)
where:
P e

=1 . 13
X 8meglBkT €, + 1 (13)

For DON, a typical value of P = 0.8D leads to X =
1.0 x 1073. The monolayer is treated as a boson system

which satisfies the Boltzmann distribution
e—W/kT

f(@,QD) = 7 (14)

where W = W, + W). As in the region [0°,76°],
W, /kT < 1 and W /kT < 1, the single-particle par-
tition is '

)N 27
Z = / / e~ WLtWiIN/*T dissin 6 d
1] 0]

=27[(1 —cosbs) + Z + Z], (15)

where
Oa W
7, = L) sin
n /0 ( oT ) sin. 6 d6
Incos@, 3cos?, —1
- ( 2 4 cos?0, Xt (16)
and

A [ W
VA :i/ <——l)smﬂd9
=/ T
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1—cos?8,
— (, Incos(64) + "2cos20,

) xi- o (17)
Z, and Z are the rectifications to the free space, which
is expressed by 27(1 — cos 0, ). With the Boltzmann dis-
tribution defined as eq. (14), the orientational order of

P, is given by

0s p2m e~ (WL+W))/kT
S, = / / sin # cos p———————— dp sin d4.
0 4]

Z
(18)
A simple calculation of eq. (18) under the approximation
e” Wt WL/ET 1 — (W) + W) /kT leads to

13nx.l (32 7
S1(04)=—= -t —
1(04) Z 4 (3 + 3cos® by
10
C = —3cosly, | .
P cos A) (19)

Z is also a function of 6, expressed by eq. (15). As
we can see from eq. (19), the order parameter of P, is
small because of a small x,. The numerical S, — A/A4,
relation of DON is preseiited in Fig. 2(a). It should be
noted here that S, is plotted as the solid line in the range
A/A, < 0.94147 because of the calculation limitation of
0° < 8o < 76°. The orientational order of the dipole P,
perpendicular to the long molecular axis is very small,
around a scale of 0.01, and quickly reduces to zero shortly
after the onset of the transition. It is obvious that when
AJ/A;, — 0, ie., 8 — 0, S, — 0, which corresponds to
the state that P, is parallel to the water surface. This
result can also be easily obtained from eq. (19). On the
other hand, in the case of P}, the order parameter S|
should be

_ f:A foh e~ WIFWL/RT ¢os 9 sin Ody dO
= Z‘ )

S) (20)

. A similar calculation of eq. (20) yields

(1 —cos?6,) + (cos 0n — cos 0A) (2xy +x1)

2[(1 —cosba) + Z, + Z)] ’

(21)
which is also depicted in Fig. 2(b). The orientational
order of the dipole P} along the molecular axis presents
a similar shape as obtained by Sugimura et al. with the
half-membrane treatment.® The total orientational or-
der S defined by eq. (3) is presented in Fig. 2(c). The
total MDC I generated by monolayer compression with
the constant speed v = —dA/dt is given by

Sy =

I=1,+1,
_ By (P.S.+ PS5 dPLSL+DPS5) (22)
I Az AdA :

Here B is the working area of the electrode, and L is
the distance between the water surface and the electrode
suspended in air above the water surface in the measure-
ment of MDC (electrode 1 in Fig. 4(a)). In the derivation
of eq. (22), we assumed that the effect of the surface po-
tential change of water is negligible, because the change
is gentle in comparison with the effect of the change in
the order parameter S by monolayer compression, as de-
scribed in our previous report.”) With the S definition
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Fig. 2. (a) Order parameter S; undergoes a sharp decrease to

zero as the monolayer is compressed, which reveals that S is the
main contributor to MDC shortly after the onset of transition.
(b) Relative area dependence of order parameter 5. (c) Total
parameter S exhibits the same shape as 5.
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Fig. 3. The theoretical total MDC I.

for biaxial molecules of eq. (3), eq. (22) can be rewritten
in the standard form
BPy (S ds
=—|—=———]. 23
I= L <A2 AdA) (23)
Due to the extremely complicated expression for I, we do
not give its explicit form but show only a graph (Fig. 3).
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Fig. 4. (a) Schematic diagram of the experimental setup used for

the study of DON103 and (b) displacement current of DON103
monolayer with a constant compression speed v of 40 mm/min.

3. Experiment

Figure 4(a) demonstrates the experimental setup in
the study of DON103, which was the same as that used
in our previous study.” Briefly, the trough has a rectan-
gular shape with an area of 1,050 cm®. At the center of
the trough, electrode 1 with a working area of 44.2 cm?
is placed parallel to and at a distance of 1.0 £ 0.05 mm
above the water surface. The two electrodes are short-
circuited with a picoampere electrometer measuring the
MDC generated as the monolayer is compressed or ex-
panded. Monolayers of DON103 are spread from a chlo-
roform solution onto the water surface using a microsy-
ringe. The monolayers on the water surface are com-
pressed from both sides of the trough with the aid of two
barriers moving simultaneously in opposite directions at
room temperature. As shown in Fig. 4(b), in the region
A/Ap > 1, before the onset of the transition at the molec-
ular area A/A, = 1, MDC I is zero. In contrast, after
the onset of the transition, MDC I is about several fA in
the range 0.5 < A/A; < 1.0. The data obtained by MDC
measurement was reproducible within the constraint of
our experiment.'®)

4. Discussion and Conclusion

We have calculated the orientational order of the
molecules with a permanent dipole moment not paral-
lel to the long molecular axis and MDC in the region
[0°,76°], i.e., in the region 0 < A/A, < 0.94147, and
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ag shows that the effect of P, is negligible shortly after the
onset of the transition. (b) Ratio ay shows the opposite MDC
direction and a great discrepancy between the contributions of
P, and Pj.

several graphs and experimental MDC are shown. For
better comparison between P, and Py in the contribu-
tion of MDC, we designate two ratios:

_ PS5y

PySy
and
I
oy = 5, (25)
I

which are shown in Fig. 5. Figure 5(b) also reveals that -

the direction of MDC created by P, is different from that
by Py, and that the total orientational order S and MDC
of biaxial molecules are mainly created due to the dipole
moment P} parallel to the long molecular axis despite
its much smaller dipole moment in comparison with the
dipole moment P, perpendicular to the long molecular
axis, as the monolayer is compressed. This conclusion is
also supported by the finding that the total orientational
order S (Fig. 2(c)) defined by eq. (3) has the same ap-
pearance as S| (Fig. 2(b)). These results coincide with
the fact that molecules with different main chain lengths
should exhibit the onset of the MDC generation at the
molecular area A, = 7l?, in a manner similar to the gen-
eration of nCBs.® Obviously, liquid crystal monolayers
on a water surface exhibit various phases during mono-
layer compression, and the interaction among molecules
becomes increasingly important as monolayers are fur-
ther compressed.®) However, in our present model, we
only take into account the electrostatic interaction be-
tween molecules and the water surface. Thus it should
be noted here that the present model is useful only in the
range of low surface pressure, just after the phase tran-
“sition at the molecular area A, from the planar align-
ment phase to the polar one, because the dipole moment
parallel to the long molecular axis is the dominant con-

C.-X. Wu and M. IwaMOTO

tributor to displacement current. It is also obvious that
the MDC of 5CB generated due to a much larger per-
manent dipole along the long molecular axis should be
much larger than that of DON. The MDC generation of
DON103 shown in Fig. 4(b) is very small and it flows in
the positive direction. The shape of the MDC is similar
to that shown in Fig. 3 obtained by calculation. Taking
DON103 as an example, the magnitude of MDC in the
range of 0.5 < A/A, < 0.94147 is several fA by simple

_calculation, which is within the same scale as the exper-

imental results (Fig. 4). Here it should be noted that
the calculation above is restricted to within [0°,76°]. At
the beginning of the standing-up of DON103 molecules,
i.e., in the region 0.94147 < A/A, < 1, the deviation
of calculated values obtained in this work becomes big-
ger. On the other hand, as A/A, — 1, the O atom
in the C=0 bond still rests on the monolayer because
the C=0 bond is more hydrophilic than the C-C bond.
Thus at this stage the monolayer is half a membrane and
MDC is mainly created by P, in a manner similar to that
described by Sugimura et al.’s calculation.® The reason
why there was not such a large peak at the onset of tran-
sition as that predicted by the half-membrane model is
that at 8 = /2, the size of the molecule should be con-
sidered and the interaction energy (eq. (1)) should be
rectified into some other form in which the convergence
at A/A, is avoided. As we discussed in the present pa-
per, molecules are assumed to lie and stand up on a
water surface and not to be pulled into the water. For
further detailed discussion, we must take this effect into
consideration. However this is a future task.

It is now possible to explain the compression pro-
cess. Immediately after the onset of the transition at the
molecular area A/A, = 1, P, is the main contributor
to MDC, but its contribution decreases exponentially as
the molecule area is further compressed. In a very short
time, P} replaces P, and dominates the contribution to
MDC in the compression process thereafter.
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