This article was downloaded by: [University of California, San Diego]

On: 08 August 2012, At: 14:19

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Spontaneous Orientational
Ordering of Liquid Crystal
Layer During Evaporation onto
Silica

Dai Taguchi ® , Takashi Kawate ? , Ryo Miyazawa

& Martin Weis 2 , Takaaki Manaka # & Mitsumasa

lwamoto ?

# Department of Physical Electronics, Tokyo Institute
of Technology, O-okayama, Meguro-ku, Tokyo, Japan

Version of record first published: 05 Oct 2009

To cite this article: Dai Taguchi, Takashi Kawate, Ryo Miyazawa, Martin Weis, Takaaki
Manaka & Mitsumasa Iwamoto (2009): Spontaneous Orientational Ordering of Liquid
Crystal Layer During Evaporation onto Silica, Molecular Crystals and Liquid Crystals,
512:1, 100/[1946]-108/[1954]

To link to this article: http://dx.doi.org/10.1080/15421400903050608

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421400903050608
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of California, San Diego] at 14:19 08 August 2012

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of California, San Diego] at 14:19 08 August 2012

Taylor & Francis

Taylor & Francis Group

Mol. Cryst. Lig. Cryst., Vol. 512, pp. 100/[1946]-108/[1954], 2009
Copyright © Taylor & Francis Group, LLC e
ISSN: 1542-1406 print/1563-5287 online

DOI: 10.1080/15421400903050608

Spontaneous Orientational Ordering of Liquid
Crystal Layer During Evaporation onto Silica

Dai Taguchi, Takashi Kawate, Ryo Miyazawa,

Martin Weis, Takaaki Manaka, and

Mitsumasa Iwamoto

Department of Physical Electronics, Tokyo Institute of Technology,
0O-okayama, Meguro-ku, Tokyo, Japan

The ordering process of nematic liquid crystal (LC) during evaporation onto silica
substrate was investigated. The optical second-harmonic generation and polarized
absorption measurements were employed to determine the orientational order
parameters S; and Ss. A sudden increase of S; was observed during the first layer
deposition while Sy gradually increased. Interestingly, S; was nearly constant
after the completion of the first layer deposition, while S, was similar to that
in the first layer deposition. The results suggest that spontaneous orientational
ordering process is induced during the first monolayer formation.

Keywords: interface; liquid crystal; spontaneous ordering

1. INTRODUCTION

It is well-known that director distribution in a liquid crystal (LC) cell is
dependent on substrate surface treatment [1]. Up to now, a variety of
alignment methods have been proposed for the LC device fabrication.
Along these, many techniques have been developed to characterize
orientational orders of LCs at the interface [2]. Among them are opti-
cal absorption and second-harmonic generation (SHG) measurements
[3-5]. From theoretical side, orientational order parameters (OPs) [6]
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defined as S, =(P,(cos)) are used, where P, is the nth Legendre
polynomial, 6 is tilt angle of molecular long axis, and ( ) is the thermo-
dynamic average. Optical second harmonic generation (SHGQG),
Maxwell displacement current [7], surface potential measurements
[8], etc., are employed to determine S;. On the other hand, wall-
induced birefringence [9], polarized absorption (PA) [10,11], Brewster
angle reflectometry [12] measurements are used to determine Ss.

The liquid crystalline properties are specified using S, # 0.
Nevertheless, symmetry breaking at the interface induces polar
orientational ordering (S; # 0). Thus order parameter S; also gives
insightful information on LCs at the interface. Keeping these in mind,
we have been examining the ordering process of LCs at the interface
using both S; and Ss. Spontaneous ordering of LCs is induced during
the evaporation of LC molecules, due to the interaction between the
evaporated molecules. In the present study, we probe spontaneous
orientational ordering of LC layer during the evaporation of 5CBs by
means of SHG (S;) and absorption (Ss) measurements.

2. EXPERIMENT
2.1. Material and Evaporation Technique

4-pentyl-4’-cyanobiphenyl (5CB) was used in the experiment. The
molecular structure is depicted in Figure 1. 5CBs exhibit nematic
phase at a temperature between 24 and 35°C. The cyano-group has
a permanent dipole (5D) which can cause polar ordering at the inter-
face [13]. The transition dipole moment ascribed to the HOMO-LUMO
excitation is parallel to the molecular long axis, and gives a strong
absorption peak at a wavelength of A =280 nm.

Synthetic silica substrate was used here. The substrate was chemi-
cally treated as follows: washed with detergent; cleaned in an
ultrasonic-wave cleaning bath with distilled water, aceton, ethyl-
alcohol, distilled water; dried at 80°C for > 12h; cleaned in a
UV/ozone cleaning apparatus to remove organic residuals. After these
treatments, we started the experiment immediately.

The evaporation box illustrated in Figure 1 was used in the experi-
ment. 5CBs were evaporated at 85°C. A piece of a filter paper contain-
ing 5CBs was used as an evaporation source. The heater was set at a
distance of about 2 cm from the light spot for the optical measurement
(see top view in Fig. 1). A cylindrical plate was installed as a wind
breaker. Another heater was placed at a position of about 5cm above
the silica plate, for regulation of substrate temperature. The substrate
temperature was monitored using a thermocouple contacted with
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FIGURE 1 Evaporation box.

surface of silica placed inside the box. The surface temperature was
kept at 30°C during measurements. The room temperature was
204 2°C. The flow rate of nitrogen was 2 dm®min . It takes 120 sec
to heat 5CBs up to 85°C.

2.2. Optical Measurements of S; and S,

The SHG measurement was employed for determining S;. The optical
setup was illustrated in Figure 2(a). S; was determined as follows:
The SH light intensity generated from a polar ordered layer with
Coov-symmetry was described as [14],

1(20) o< nZ|A(8, 7)S1+ B(3, 7)Ss[I()* (1)

where n, is the molecular number per unit area, I(2w) and I(w) are the
light intensities of the SH and fundamental lights. A(J, 7) and B(9, y)
are the coefficients, and they are expressed using the Fresnel’s coeffi-
cients, incidence angle of the fundamental light, and the polarizing
angles of the fundamental (6) and the SH (y) lights. The p-polarized
fundamental light was irradiated onto the evaporated 5CB, and the
p-polarized SH light was detected (pp-condition). In our experimental
condition, Eq. (1) was rewritten as I(2w) x |6S; — S3|*I(w)®. Assuming
5CBs lie parallel to the substrate surface, S; is obtained from the
square root of the SH light intensity with (cos)>> (cos®0). Pulsed
laser light at the wavelength /=532nm from the second-harmonic
light of Nd:YAG laser was used as a fundamental light (repeating
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FIGURE 2 The optical setup for (a) second-harmonic generation measure-
ment, and (b) polarized absorption measurement.

pulse rate: 10 Hz). With irradiation of the laser light onto a polar
ordered 5CBs, strong SH light is generated due to the resonant-
enhanced mechanism in the SHG process because the wavelength of
SH light 532/2 =266 nm corresponds to the shoulder of the absorption
peak (1=280nm). The average power and the spot diameter of the
fundamental light were 2 mW and <1 mm, respectively.

The PA was measured for determining So. Figure 2(b) shows the
optical setup. Through an optical filter, ultraviolet light (1=280+
13nm) was irradiated onto the substrate. The spot diameter and the
power of the irradiated light were 3mm and 50 nW, respectively.
s-and p-polarized lights were separated using polarizing prism. The
light intensities were monitored, and the absorbance for the linearly
polarized lights was recorded. The OP S, is given as [11]

So = 2(A, —A,)/(2A, +A,) (@)
assuming C..,-symmetry. Here, A; and A, are the absorbance for

s- and p-polarized lights, respectively. The surface molecular density
ns was determined using A; and A, as

ne = 0 1Ay + 24,)/3 (3)
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where ¢ is the absorption cross section. Note that the molecular
density is determined using the Lambert-Beer’s law for optical absorp-
tion of isotropic material. Using Eq. (3), the molecular density for
evaporated 5CBs is calculated. As a reference, silica substrate coated
with 5CB LB monolayer was used. Here well-packed monolayer was
transferred on the silica plate at a surface pressure of 4 mN/m and
molecular area 35 A% The absorbance of the reference 5CB monolayer
was A;=0.012 and A,=0.007 (A, +24,=0.026), and ¢=0.91 A? was
estimated using Eq. (3).

3. RESULTS AND DISCUSSION

Figure 3 shows the results of the SHG and PA measurements. Regions
n (n=1,2,3, and 4) corresponds to nth 5CB monolayer depositing pro-
cess. Here n is determined by optical absorption n =(A,+24,)/0.026.
In the region 1, an arrow indicates that a sudden increase of the SH
intensity was observed during the first layer deposition. Accordingly,
the absorbance A; and A, increased with a change. These results
suggested that S; and Sy increased accompanying the abrupt orienta-
tional change. For the second layer deposition, the SH intensity was
saturated, while the absorbance changed in a manner as in the first
layer deposition. Sy started increasing in the region 2 at the deposition
time indicated by an arrow in Figure 3(e). For further deposition, the
SH intensity was saturated, and the absorbance change was similar as
in the first and second layer deposition. In the following, we confine
our discussion to regions 1 and 2. Firstly, the abrupt change observed
during the first layer deposition indicated that spontaneous ordering
was induced in the layer. Secondly, S, < 0 suggested that molecular
long axis aligned nearly parallel to the surface, i.e., 0.96 <0 <x/2
assuming that molecules point in the same direction. The orienta-
tional order before (region la) and after ordering (region 1b) is
illustrated in Figure 4 where 5CB is depicted as a rod with an arrow.
The arrow represents the permanent dipole of the cyano-group.

The vapor stream of 5CBs consists of the isotropic system of
molecules, i.e., S;=S5=0. However, in region la, at the beginning
of the deposition, S; # 0 and Sy = — 0.4. This result suggested that
the isotropic 5CB molecules were reoriented as soon as they touched
with the substrate. Then, in region 1b, orientational ordering resulted
in the increase of S; and Sy. This is reasonably explained by assuming
that intermolecular interaction between 5CBs dominates when 5CBs
are densely packed. The increase of S; and S, indicates the polar-head
of 5CB, i.e., cyano-group, pointing towards the surface, and molecular
long axis rotating towards normal to the surface. That is, spontaneous
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FIGURE 3 Orientational ordering process during evaporation of LC. 1, 2, 3, 4
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(c) absorbance for s- and p-polarized lights, (d) absorbance

A;+2A,, (e) So.
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FIGURE 4 Orientational ordering process suggested by the in-situ SHG and
PA measurements during evaporation.

polarization was induced in the first layer. The electrostatic energy
caused by spontaneous polarization prohibits 5CBs from standing up
(0=0) on the surface. The sudden change of S; suggests a very fast
reorientation of the polar-head, though the reorientation of molecular
long axis is slow. We explain these results in terms of relaxation
process as follows: firstly, the reordering of polar-group reflects the
orientational polarization, where relaxation time 7, is given by Debye
relaxation time of the LC director. For bulk 5CB, it was found relaxa-
tion time of 1, =24 ns [15]. In contrast, reorientation of molecular long
axis reflects the director reorientation. The relaxation time of director
rotation is 74 > 1 ms. In Figure 3, the change of S; happens during sev-
eral ten seconds, i.e., much slower than 1ms, but qualitatively
accounts for the slowly reordering process of S,. The response time
of S5 at the interface is ruled by the surface anchoring energy [16],
but this is out of scope in the present study. The slow S, relaxation
suggests that the first monolayer exhibits liquid crystalline nature,
i.e., slow orientational relaxation of the nematic director. This is con-
sistent with the immediately reorientation of 5CBs at the beginning of
deposition, where 5CBs are gaseous.

Further, in the following, we discuss the physical reasoning of the
increase of S;. The orientational polarization is expressed as [6,17],
P =NuS; = (2S5 + 1)/3 x Nu2E /kgT where S is the second OP along
the director, N is the molecular density, u is the permanent dipole, kg
is the Boltzmann constant, T is the absolute temperature, and E is
local electric field. Intermolecular interaction, e.g., image force, makes
a contribution to form a local field. Hence, the increase of S; is quali-
tatively explained by the increase of Ss. Based on the above discussion,
spontaneous ordering in the first layer deposition is described as
follows: spontaneous ordering of molecular long axis is induced when
LC-LC interaction becomes a main contributor. After that, S; changes
because the presence of the nematic order contributes to orientational
polarization. Finally, the director reorientates towards the equili-
brium orientation, i.e., So=—0.1 for 5CB first layer on silica. It is
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informative here to mention the SHG measurements for 8CB [3-5].
The SH intensity increased continuously during the first layer deposi-
tion, where 8CB shows a smectic property, and reordering of LCs is
not allowed.

For the second layer deposition, the SH intensity was saturated.
Similar behavior was observed for the 8CB deposition [4,5]. This result
implies that a layer-by-layer structure was formed at the interface.
Assuming that the second layer deposition gives no effect on the orien-
tation of the first layer, the S, in region 2 is explained as follows (see
Fig. 4): when 5CBs are delivered onto the first layer, 5CB lies paralelly
to the surface of substrate with decrease of S, (region 2a). On the other
hand, as evaporation proceeds, molecular density increases. The inter-
molecular interaction between 5CBs thus increases. This situation is
very similar to the case of the first layer deposition. S, increases as
5CBs reorientate their molecular long axis so as to align parallel to
each other (region 2b). For the second layer, S; =0 and it is reasonable
to consider that the molecular long axis points in the surface normal
direction. Nevertheless, actually S;<0 in our experiment. It is
expected that the director of the first layer coincides with the second
one, and the values of Sy, at the end of regions 1 and 2 will be identical.
The result shows that the maximum value of Sy in regions 1 and 2
is —0.1+0.1. Note that S; and S, in experimental result illustrates
average orientational order for the whole 5CB layer.

Here it is instructive to note that spontaneous ordering was not
observed when the evaporation rate is small. Figure 5 shows the
SHG experiment where the 5CB source was evaporated at 60°C. The
evaporation rate is about ten times slower than that in the experiment
of Figure 3, where there is no sudden increase of the SH light intensity.
Nevertheless the maximum intensity of the SH light is the same. Hence
the deposition rate does not give effect on S; when the first layer
deposition is completed whilst it gives effect on the ordering process.

o
»
—

o
N
T

SH Intensity [arb.unit]

o

i L i =

0 20 40 60 80 100
Deposition Time [min]

FIGURE 5 The SH light intensity during at 60°C.
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4. CONCLUSION

The orientational ordering process of 5CB was investigated using
SHG and PA measurements. The orientational order parameters S;
and S, were determined in-situ during evaporation onto silica sub-
strate. It was suggested that spontaneous orientational ordering
was induced during the first layer deposition. The ordering was
characterized by the increase of S; and Ss. In contrast, for the second
layer, S; =0 while Sy changes in the same manner as in the first layer
deposition.
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