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ABSTRACT: This paper discusses the surface ordering and the adsorption phenomena of solutions of
rigid-rod-like molecules. Here we focus on the planar adsorption of the rigid-rod-like molecules. We
find that, for the attractive wall which preferentially adsorbs the rodlike molecules, the surface phase
has two phase transitions when the bulk concentration is increased: One transition occurs when the
adsorption amount jumps at a concentration ¢. where the surface phase changes from an isotropic to a
nematic state while the bulk is still in an isotropic state. The other occurs when the adsorption isotherms
have a kink at the bulk critical concentration ¢ where the bulk phase changes from an isotropic to a
nematic state. For the bulk concentration ¢. < ¢ < ¢, we find the wetting of an isotropic bulk phase
with a nematic surface phase. When ¢ < ¢, (¢ > ¢, both bulk and the surface phases are in isotropic
(nematic) states. For various values of the axial ratic of the rigid-rod-like molecules and adsorption
energy, we examine the adsorption isotherms, the surface tensions, and the surface phase transitions.
We also discuss the surface transitions on repulsive walls.

1. Introduction

Adsorption phenomena of polymer on a surface play
an important role for many practical important pro-
cesses such as colloidal particle stabilization, wetting,
and adhesion. For these reasons, polymer adsorption
on a surface has been of theoretical and experimental
interest. The main attention, however, has been paid
to the adsorption of flexible polymer chains. Here we
focus on the surface properties on the solutions of rigid-
rod-like molecules, including liquid crystals and liquid
crystalline polymers. Such properties are also impor-
tant to applications in displays.

It is well-known that a solution of rigid-rod-like
molecules shows a transition from an isotropic to a
nematic phase and the transition is of the first order.1”5
This behavior is induced by the excluded-volume inter-
action between the molecules, or the concentration.
When the rigid-rod-like molecules are adsorbed to the
surface from a bulk solution, the surface phase may also
take a ordered state depending on the adsorption
amounts, or surface concentration. The adsorption
energy considered here is the order of thermal energy,
so that the adsorbed molecules can change their own
orientation on the surface phase.® Then we can easily
expect the surface-nematic behavior when the adsorp-
tion amount is increased. Surface ordering behaviors
depending on the temperature have been studied for
thermotropic liquid crystals from both theoretical’~® and
experimentall® points of view.

In this paper we study the surface ordering behavior
on the solutions of rigid-rod-like molecules. Here we
focus on planar adsorption of the rigid-rod-like mol-
ecules. There are some types of configurations of
adsorbed molecules,!! such as homeotropic or planar,
depending on the interactions between the molecule and
the wall (surface).’? The orientation-dependent excluded-
volume interaction between the rigid-rod-like molecule
and the wall favors the planar alignment of the mol-
ecules,’® and so it is useful to first consider planer
adsorption on a surface. We here ignore the effects of
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the flexibility!* of the molecules. On the basis of the
Flory theory of the rigid-rod-like particles,? we examine
the molecular orientations in both bulk and the surface
phases and we calculate the adsorption amounts, the
surface tension, and the degree of surface ordering as a
function of the adsorption energy, the axial ratio of the
rigid-rod-like molecules, and the bulk concentration.

From the simple discussions, we see that the surface
of solutions of rigid-rod-like molecules has some phase
transitions. We here consider the attractive wall which
corresponds to preferential rodlike molecule adsorption.
In this case, the surface phase is more ordered than the
bulk phase because of the adsorption amounts ¢s is
larger than the bulk concentration ¢. At the extremely
dilute solutions, both the bulk and the surface phases
are in isotropic states. When the bulk concentration
increases, the surface changes from an isotropic to a
nematic state at a bulk concentration ¢.. With a further
increase of the concentration, the isotropic—nematic
transition (INT) in the bulk phase takes place at the
bulk concentration ¢n. For the concentration ¢, < ¢ <
¢, we can expect that the bulk is in an isotropic state
and the surface is in a nematic state. At ¢ > ¢, both
the surface and the bulk phases are in nematic states.
We then see that the nematic surface phase is formed
on the top of the isotropic bulk phase at ¢. < ¢ < ¢m.
For the repulsive wall which corresponds to preferential
solvent adsorption (¢ > ¢;), when the bulk concentration
¢ is increased, the bulk phase becomes a nematic state
at ¢rn. With further increasing ¢, the surface is ordered
at the bulk concentration ¢.. For the concentration ¢
< ¢ < ¢, the isotropic surface phase is formed on the
top of the nematic bulk phase.’? Thus we can expect
that the surface of the solutions of rigid-rod-like mol-
ecules has some phase regions.

To examine the above qualitative results, we intro-
duce our model at the following sections. We predict
the wetting of the isotropic bulk phase with a nematic
surface phase and the wetting of the nematic bulk phase
with more ordered nematic surface phase.

2. Lattice Model of Surface Thermodynamics

Consider a binary mixture of rigid-rod-like molecules
and solvent near a surface. The surface can be either
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an attractive or a repulsive wall. There are some types
of configurations of adsorbed molecules, such as homeo-
tropic or planar, depending on the interactions between
the molecule and the wall (surface). We here study the
planar adsorption of rigid-rod-like molecules to a sur-
face. We assume that the thickness of the surface
corresponds to one lattice site, and only the first layer
of the solution has a different composition from the bulk.
Hereafter we refer to the layer as the surface phase.
The adsorption energy considered here is on the order
of thermal energy, so that the molecules can change the
sites on the surface phase. The surface phase cor-
responds to a two-dimensional solution with all rodlike
molecules in contact with the surface. Then the surface
and the bulk phases can be described by the Flory lattice
theory of hard rods.® These assumptions have been
used in the surface thermodynamics of polymer solu-
tions.15:16

We first consider the free energy of a bulk phase. Let
Ny be the number of solvent molecules and N be the
number of rigid-rod-like molecules whose axial ratio is
x. The total lattice site of the bulk phase is given by N,
= Ny + 2N. The volume of the bulk phase is given by
V = a3N,, where a?® is the volume of a unit lattice.
According to Flory theory,® the free energy of mixing
for the bulk phase is given by

BAF,.> = Nt[(l -9 In(l-¢)+ % ln¢ —

[t =1 - Zo]m1 ~ (1 - Yo -
fun(xyz) —y+ U491 - 9)| @D

where 3 = 1/(kgT), kp is the Boltzmann constant and T
the absolute temperature, ¢ = xN/N; is the bulk volume
fraction of the rodlike molecules, and kT is the energy
change per segment on transferring a solute molecule
from the pure solute to the infinite solution. When a
rigid-rod-like molecule of axial ratio x orients at an angle
8 to the domain axis of the bulk phase, the disorder
parameter y is defined by ¥ = x sin 6.

Similarly, the free energy of mixing for the surface
phase is given by

BAF. = NtS[(l - ¢)In(1 - ¢) + %. In g, -

o2
%[ln(xysz) —y.t1l- azﬂy] (2.2)

where ¢; = xN®/N® is the surface volume fraction of the
rodlike molecules, y is the surface tension, and y, is the
disorder parameter of the surface. This assumes that
the rods of the bulk molecules do not penetrate to the
surface layer. At the thermal equilibrium, the values
of y and y, can be determined from the condition of
minimization of the free energy (2.1) and (2.2) with
respect to y and y,, respectively:

exp(—2/y) =1 — ¢(1 — y/x) (2.3)
exp(—2/y) = 1 — ¢ (1 — y /x) (2.4)

where y is the disorder parameter which characterizes
the average orientation of the rodlike molecules in the
bulk phase and y; that on the surface phase.
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Substituting ¥y = x into eq 2.1, we obtain the free
energy for the isotropic bulk phase:

BAF = N1 - 9)In1 - @)+ L1n g -
3[3 Inx ~x + 1] + yo(1 — ¢)| (2.5)

and substituting ys = x into eq 2.2, we obtain the free
energy for the isotropic surface phase:

BAF i = Ncs[(l - ¢y In(1 — ¢) + %ln & —
%[3 Inx —x + 1] ~ a?8y] (2.6)

From the definition, the chemical potentials of the
nematic bulk phase are given by AuoNn = (BAFmx®/aNo)rN
for the solvent (component 0) and by Au; N = (JAF p,™/
dN)1 N, for the solute (component 1). From eqs 2.1 and
2.3 we obtain

Bltox"= wox®) =In(1 = 9+ 24 2y~ 1449 @)

ﬂ(ﬂlsNb - ﬂl‘No) = 1n(¢/x) +2(1 —1In y) + ¢(y -1+
21— ¢)° (2.8)

where uoN°® (41x°) is the chemical potential of a pure

solvent (solute) in a nematic phase. Similarly from eq

2.5 the chemical potentials of the isotropic bulk phase
are given hy

Blitor? = o) =1n( — @) + (1 — 1)p + x¢*  (2.9)

Bluys® = uy ) = In(gfx) + ¢x — 1) — 2Inx +

xx(1 — ¢ (2.10)
where ug1° (u11°) is the chemical potential of a pure
solvent (solute) in an isotropic phase. From eq 2.6 with
eq 2.4 we further derive the chemical potentials of the

nematic surface phase and of the isotropic surface phase
as follows:

ﬂ/‘o,Ns = ﬁ,“o,No’s +In(1 - ¢,) + 2/y, +
oy, — Dix — fa’y (2.11)

Buix" = By n°® + Inlgyx) + 2(1 — Iny,) +
oy — 1) — xPa’y (2.12)

Buos” = Buo ;™ +In(1 = ¢,) + (1 — Lix)g, — pa’y
(2.13)

Bur i = Buy 1" + In(@yx) + ¢x — 1) —
21Inx — xBa’y (2.14)

When the bulk phase of a pure solvent is in an isotropic
state or the bulk phase of a pure solute is in a nematic
state, we can rewrite uon° and pu11° as uo1° and u1N°,
respectively. For the same reasons, the chemical po-
tentials uoN°® and u1:°° of pure components in the
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surface phase can also be rewritten as uo1°® and p; n°%,
respectively.

3. Adsorption Isotherm of Rodlike Molecular
Solutions

In the attractive wall corresponding to preferential
solute adsorption (¢s > ¢), we have three surface regions
depending on the bulk concentration. At extremely
dilute solutions, or where the adsorption amount ¢; is
very low, both the bulk and surface phases are in
isotropic states. As the bulk concentration ¢ is in-
creased, the adsorption amount ¢, increases and the
surface phase changes from an isotropic to a nematic
state at a bulk concentration ¢, while the bulk phase is
still in an isotropic state. The rigid-rod-like molecules
are oriented at an angle to the domain axis on the
surface phase. Further increasing bulk concentration
¢, the bulk phase changes from an isotropic to a nematic
state at the bulk critical concentration ¢iv. Then at ¢
> ¢, both the bulk and surface phases are in the
nematic state.

In thermal equilibrium, the chemical potentials in
bulk and the surface are equated. We then have the
thermal equilibrium condition

Uo1"(B) = o (9 (3.1)

ﬂ1,15(¢s) = P‘1,1b(¢) (3.2)

for dilute solution ¢ < ¢, (region (1,I)), where both bulk
and the surface are in isotropic states,

Hox (9g) = ﬂo,Ib(d’) (3.3)

uy N(B) = 1y () (3.4)

for intermediate concentration ¢, < ¢ < ¢ (region
(N,D)), where the surface is in a nematic state while bulk
is in an isotropic state, and

Uox"(8) = tox"(®) (3.5)

Hy N (@) = py () (3.6)

for ¢ > ¢v (region N,N)), where both bulk and the
surface are in nematic states.
Substituting egs 2.9, 2.10, 2.13, and 2.14 into eqs 3.1
and 3.2, the surface tension in region (I,I) is given by
1 —
aZﬂy = a2ﬂy0 +1In —1—_—%8 +
(1 = Vx)¢, — ¢) — x¢” (3.7)
a’By = a’By, + (Ux) In(p/p) +
(1~ 1/x)¢, — ¢) — x(1 — ¢)* (3.8)
where yo = (uo,1°® — uo1°)/a? is the surface tension of a
pure solvent and y;1 = (u1 N — #1,8°Va? is that of a pure

solute molecule. By subtraction, eqs 3.7 and 3.8 yield
the composition ¢, of the surface phase in region (I,I):

1- ¢s ¢s 1x 9
L (5) expla’B(y; — vo)] explx(26 — D] (3.9)

This equation is in the same form as the adsorption
isotherms for flexible chains.!6
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From eqs 3.3 and 3.4 we obtain the surface tension
in region (N,I) as follows:

1_
By = a%By, + In T‘Zj —(1- 109 +yg +

8

oy, — Dix — ¢ (3.10)

a’fy = a’By, + % 111%s -1 - 1x)¢p+ ¢ly, — Dix +

2 X\ 1 - b2
x(1 +1In ys) 71— ¢)? (3.11)
and the adsorption isotherm in region (N,I) is given by

1— x 2/x
e

expla®8(y, — vo)] exply(2¢ — 1)] (3.12)

where y; is given as a function of ¢ from eq 2.4.
From eqs 3.5 and 3.6 we obtain the surface tension
in region (N,N) as follows:

1-
a’By = a®By, +In l_q;:+2(:vl——§-)+

}C[%(ys =1 = ¢y — D] - x¢* (3.13)

25, — 2 1,9 2, % 1 T
aﬂy—aﬁ71+x1n¢ xlny+x[¢s@s D
oy — 11— x(1 — ¢)® (3.14)

and the adsorption isotherm for region (N,N) is given
by

S~ i3]

expla®8(y; — vo)l exply(2¢ — 1)] (3.15)

where ys and y are given by eqs 2.3 and 2.4, respectively.
In the appendix we give the results for the repulsive
wall.

These equations permit evaluations of surface com-
position and surface tension. In the next section we
present the numerical results.

4. Results and Discussion

In our numerical calculation, we have three param-
eters characterizing our system: x, the axial ratio of a
rigid-rod-like molecule; 6y = a?B(y1 — yo), the dimen-
sionless adsorption energy which is given by the differ-
ence between the surface tension v, for a pure solute
and the surface tension y; for a pure solvent; and y, the
solvent—solute interaction parameter. We have fixed
¥ = 0.1 and dy = —0.1 for a typical example.

Figure 1 shows the adsorption amount ¢, plotted
against the bulk volume fraction ¢ for x = 50. The
broken line shows the adsorption isotherm of a flexible
polymer chain with the same length.1®> The adsorption
amount of the flexible chains is continuously increased
with increasing the bulk concentration. The adsorption
isotherm of the rigid-rod-like molecules, however, has
two phase transitions at bulk concentrations ¢. and ¢m.
Point A corresponds to the bulk concentration ¢., where
the first-order phase transition from an isotropic to a
nematic state appears on the surface phase. The
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Figure 1. Adsorption isotherm of rigid-rod-like molecules for
the attractive wall with x = 50, y = 0.1, and éy = —0.1. The
broken line shows the adsorption isotherm of a flexible chain
with the same length. When the bulk concentration increases,
the adsorption amount jumps at A(¢.) where the surface phase
changes from an isotropic to a nematic state. Further increas-
ing ¢, the adsorption isotherm has a kink at B(¢n) where the
bulk phase changes from an isotropic to a nematic state.
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Figure 2. Disorder parameter y; in surface and y in bulk are
plotted as a function of log ¢.

adsorption amounts ¢s jump at the bulk volume fraction
¢.. Point B shows the bulk critical concentration ¢,
where the bulk phase changes from an isotropic to a
nematic state. The adsorption isotherm has a kink at
¢, and so the surface phase shows the second-order
phase transition at the bulk critical concentration ¢.
At ¢ > ¢1N, as shown in Figure 2, both the surface and
the bulk phases are in nematic states. Near ¢
desorption occurs in order to gain the bulk mixing
entropy which is reduced by ordering of the bulk phase.

In Figure 2, the disorder parameter y in bulk and y;
in surface are shown against the bulk volume fraction
¢. As the bulk concentration is increased, the disorder
parameter y; appears at ¢. where the isotropic—nematic
transition (INT) occurs in the surface phase. The
rodlike molecules on the surface are oriented at an angle
85 to the domain axis on the surface. The value of ys
decreases with increasing the bulk concentration ¢.
From the relation ys = x sin 6, the surface is gradually
ordered as the concentration is increased. Further
increasing the concentration, INT in the bulk phase
occurs at ¢y (point B), where the value of ys has a kink
as a function of the bulk volume fraction ¢. The
adsorption isotherm has a kink at ¢ as shown in
Figure 1. When ¢ < ¢., both the bulk and surface
phases are in isotropic states. When ¢. < ¢ < ¢, the
surface is in a nematic state while the bulk is in an
isotropic state. When ¢ > ¢, both the bulk and surface
phases are in nematic states and the surface is more
ordered than the bulk phase. In Figure 3 we show the
adsorption isotherms for various lengths x. As length
x is increased, the critical concentration is shifted to a
lower concentration. When x = 30, the adsorption
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Figure 3. Adsorption isotherms for rigid-rod-like molecules
of various lengths x.

3

log x

log ¢

Figure 4. Isotropic—nematic transition curve of the bulk
phase shown by the broken line, which is given by Flory.? The
solid line corresponds to that of the surface phase.
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Figure 5. Surface tension as a function of log ¢ with various
values of the axial ratio x.

isotherm has a sharp kink and a weak minimum near
¢in. On increasing x, the kink becomes weak.

Figure 4 shows the three phase regions on the plane
of the axial ratio x and the bulk volume fraction ¢. The
broken line shows the INT curve of the bulk phase,® and
the solid line corresponds to the INT of the surface
phase. The region (I,I) shows that both the surface and
bulk phases are in isotropic states; (N,I), a nematic
surface phase coexists with an isotropic bulk; (N,N),
both surface and bulk phases are in nematic states.

Figure 5 shows the surface tension plotted against the
bulk concentration ¢ for various values ofx. The surface
tension is decreased with increasing x. The closed
circles show the surface tension at ¢, in which the curves
bend. The corresponding adsorption isotherms are
shown in Figure 3. In the region (N,N), the surface
tension has a minimum and a maximum as a function
of ¢.

5. Conclusion

In this paper we have studied the adsorption of the
rigid-rod-like molecules from solution. In Figure 6 we
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Figure 6. (a) Adsorption isotherm of solutions of a rigid-rod-
like molecule for attractive walls. The isotropic—nematic
transition in bulk and in the surface occurs at the critical
concentration ¢. and ¢, respectively. The region (I,I) shows
that both the surface and the bulk phases are in isotropic
states, (N,I), that the surface is in a nematic state and the
bulk is in an isotropic state, and (N,N), that both the surface
and bulk phases are in nematic states. (b) Adsorption
isotherm of solutions of a rigid-rod-like molecule for repulsive
walls. The region (I,N) which shows the wetting of an nematic
bulk with an isotropic surface appears at ¢ix < ¢ < ¢..

summarize the qualitative results of the adsorption
isotherm of a rigid-rod-like molecule. Figure 6a shows
some phase regions on the adsorption isotherm for the
attractive wall (¢s > ¢). At extremely dilute solutions
(LD, both the surface and the bulk phases are in
isotropic states. As the bulk concentration is increased,
the surface concentration ¢; jumps at the bulk concen-
tration ¢. where INT occurs in the surface phase.
Further increasing the concentration, the adsorption
isotherm has a kink at ¢y where INT occurs in the bulk
phase. Thus we have three regions (I,I), (N,I), and (N,N)
as the bulk concentration is increased. The surface
transition from (I,I) to (N,I) is of first order, and that
from (N,I) to (N,N) is of second order. For the repulsive
wall which corresponds to preferential solvent adsorp-
tion (¢ > ¢5), we have the region (I,N) which shows the
wetting of an nematic bulk with an isotropic surface.
Figure 6b shows the adsorption isotherms at the repul-
sive wall. When the bulk concentration ¢ is increased,
the adsorption isotherm has a kink at ¢ where INT
occurs in the bulk phase. With further increasing ¢,
the value of ¢ jumps at ¢. where INT occurs in the
surface phase. For the bulk concentration ¢y < ¢ <
¢., the isotropic surface phase is formed on the top of
the nematic bulk phase. In conclusion, several types
of surface-phase transitions will be obtained for the
solutions of rigid-rod-like molecules with the first-order
bulk transition.

Appendix: The Case of the Repulsive Wall (¢; <
$)

We here consider the repulsive wall which cor-
responds to the preferential solvent adsorption (¢ > ¢s).
At extremely dilute solutions, both the bulk and surface
phases are in isotropic states. In thermal equilibrium,
the chemical potentials in bulk and the surface are
equated. Then the condition is given by eqs 3.1 and 3.2.
The surface tensions and the adsorption isotherms are
given by eqs 3.7 and 3.9, respectively. As the bulk
concentration is increased, the bulk phase changes from
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an isotropic to a nematic state at a bulk concentration
¢mv. Further increasing the concentration, the surface
phase changes from an isotropic to a nematic state at a
bulk concentration ¢.. When ¢in < ¢ < ¢, the bulk
phase is in a nematic state, while the surface is in an
isotropic state. The thermal equilibrium condition is
given by

/40,18(¢s) = ﬂo,Nb(¢) (A1)

1 () = 1y (@) (A.2)

Substituting eqs 2.7, 2.8, 2.13, and 2.14 into eqs A.1 and
A.2, we obtain the surface tension:

1 -4, 2
a®fy = a’By, + In T—¢ + (1 - 1/x)g, —; -
¢y — Dix — x¢° (A.3)

a’By = a®By, + }c In % +1 - 1x)¢ —

#y — Dix — J%(1 + 1n§) —y(1 - ¢? (Ad)

and the adsorption isotherm is given by subtraction of
eqs A.3 and A.4 as follows:

1- 1/ix 2/x
% = (ﬁ) (il—) expl2(1Yy — 1x)]

1-¢ ¢
expla®f(y, — y,)] explx(2¢ — 1)] (A.5)

For ¢ > ¢1n, both the bulk and surface phases are in
nematic states. The thermal equilibrium condition is
given by eqs 3.5 and 3.6. The surface tensions and the
adsorption isotherms are given by eqs 3.13 and 3.15,
respectively.
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