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Importance of rubbing-induced inclination of polyimide backbone structures for determination
of the pretilt angle of liquid crystals
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~Received 7 May 1998!

By using polarized infrared absorption spectroscopy, we have determined the average inclination angle of
the backbone structure of a series of polyimides with alkyl side chains induced by rubbing. We examined four
polyimides. They have an identical backbone structure, but the number~n! of carbon atoms in the alkyl side
chain is different:n51, 3, 6, and 11. The inclination angle of the polyimide backbone structure increases with
the number of carbon atoms in the alkyl side chain. To learn the behavior of the alkyl side chain under rubbing,
we have also measured the contact angle of water on the film surface. For the rubbed films of polyimide with
short alkyl side chains (n51, 3, and 6!, almost all the alkyl side chains at the film surface orient inward,
toward the bulk of the film. On the other hand, the alkyl side chains that orient outward exist at the rubbed film
surface for the polyimide with a long alkyl side chain (n511). The pretilt angle of liquid crystals~LC! is
proportional to the inclination angle of the polyimide backbone structure independent of the orientation of the
alkyl side chain. From these results we conclude that the rubbing-induced inclination of the polyimide back-
bone structure has the dominant effect in determining the pretilt angle of LC.@S1063-651X~98!04811-9#

PACS number~s!: 61.30.2v, 68.45.2v, 61.41.1e
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I. INTRODUCTION

The alignment mechanism of liquid crystal~LC! mol-
ecules in contact with a rubbed polyimide film is a subje
not only of scientific interest, but also of technological im
portance. Even though the LC alignment mechanism is
understood completely, rubbed polyimide films are wide
used as an alignment film in practical applications. Two p
sible mechanisms were proposed to explain the alignmen
LC molecules on rubbed polymer films. One is based on
elastic interaction between LC molecules and the mic
grooves at the polymer film surface created by rubbing@1#.
The other is based on an intermolecular interaction betw
LC molecules and polymer chains in the underlying film@2#.
As a result of previous studies@3,4#, now it is well recog-
nized that for rubbed polyimide films the intermolecular i
teraction plays a more important role in LC alignment th
the elastic interaction.

LC molecules in contact with a rubbed polyimide film ar
on average, oriented along the rubbing direction with a c
tain tilt angle. This tilt angle measured from the substr
surface is called the ‘‘pretilt angle.’’ The pretilt angle is
parameter that characterizes surface-induced alignmen
LC molecules and also an important variable in the fabri
tion of LC devices. Fukuro and Kobayashi@5# demonstrated
that the pretilt angle can be controlled in a range from a f
degrees up to 30° by using polyimides with alkyl si
chains. The pretilt angle of LC increases with the length
the alkyl side chains of polyimide. However, the effect of t
alkyl side chain on the pretilt angle is still not yet clear.

In our previous study on a polyimide without alkyl sid
chains, we found that in a rubbed film the backbone struc
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is oriented along the rubbing direction and inclined up fro
the film surface@6–8#. There is a positive correlation be
tween the inclination angle of the backbone structure and
pretilt angle of LC@8#. Thus, we suggested that the pret
angle is determined by the inclination of the polyimide bac
bone structure. For rubbed films of polyimides with alk
side chains, the inclination of the backbone structures is a
expected to play an important role in determining the pre
angle of LC. Thus, the aim of the present study is to exam
the role of alkyl side chains and polyimide backbone str
tures in determining the pretilt angle of LC. To avoid th
effect of the difference in the backbone structure of polyi
ide on its inclination angle and the pretilt angle of LC, w
used a series of polyimides with an identical backbone str
ture but with different lengths of alkyl side chains@9#. We
examined four polyimides with 1, 3, 6, and 11 carbon ato
in the alkyl side chain.

We have investigated the correlation between the incli
tion angle of the backbone structure of polyimide and
pretilt angle of LC. Many techniques have been used to m
sure the molecular orientation in rubbed polyimide film
@10–14#. We have chosen polarized infrared~IR! absorption
spectroscopy because we have established a method
quantitative determination of the molecular orientation in t
surface region (;125 Å) of a rubbed polyimide film@6–
9,15,16#. To learn the orientation of the alkyl side chains, w
have measured the contact angle of water on unrubbed
rubbed films of these polyimides. Since the contact angle
water is sensitive to the hydrophilicity of film surfaces, w
can obtain qualitative information on the orientation of alk
side chains by measuring whether the alkyl side chains or
inward ~toward the bulk of the film! or outward@17,18#. In
this paper we present the details of experimental results
discuss the role of alkyl side chains and the importance
5914 © 1998 The American Physical Society
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PRE 58 5915IMPORTANCE OF RUBBING-INDUCED INCLINATION . . .
the inclination of the polyimide backbone structure in det
mining the pretilt angle of LC.

II. THEORY

The orientational distribution of the polarization of an IR
active vibration can be determined by measuring the incid
angle dependence of the IR absorption and the IR dich
ratio at normal incidence. The details of the theory that
use to determine the orientational distribution were presen
elsewhere@7#. Thus, we will describe only the orientation
distribution function of the polarization of an IR-active v
bration that we assume in this study.

Before we present the orientational distribution functio
we define two frames of reference with respect to a rub
polyimide-coated substrate. One is the laboratory frame
beled byXYZ, where theZ axis is normal to the surface, an
the 1X direction is the rubbing direction. The other is th
coordinates defined by the dielectric principal axes (x, y,
and z) of the rubbed polyimide film. Since the molecul
orientational distribution of the rubbed polyimide film ha
C1v symmetry with theXZ plane as a mirror plane@7#, the
two dielectric axes~the x and z axes! lie in the XZ plane.
Thus, thexyzcoordinates are related to theXYZcoordinates
by a single angleu incl . This is the inclination angle of the
1x axis from the film surface~the XY plane!. A positive
value ofu incl represents a rotation of the1x axis toward the
1Z axis around theY (y) axis. We define the orientationa
distribution functiongn(u,f) of the polarization of thenth
IR-active vibration with respect to the dielectric princip
axes~the xyz coordinates! by

gn~u,f!5F expF 2

S u2
p

2 D 2

2s2
G ~11a2cos 2f!, ~1!

whereF is a normalization constant;u andf are the polar
and azimuthal angles that specify the polarization direct
with respect to the dielectric principal axes;s is the standard
deviation for variableu; a2 is the coefficient of the secon
order term of the Fourier cos series that expresses the
muthal distribution. Although the Fourier cos series conta
an infinite number of terms of cosnf, the term that can be
determined by IR absorption is only the cos 2f term. This is
the case where the polar angle (u) part of gn(u,f) is given
by a Gaussian distribution with the center atu5p/2. Thea2
coefficient describes the orientational anisotropy of the
larization between thex andy axes. The standard deviations
describes the sharpness of the polar angle distribution of
polarization with respect to thexy plane.

The parametersa2 ands describe the orientational distr
bution with respect to the dielectric principal axes. The
electric principal axes are related to the laboratory frame
the inclination angle of thex axis,u incl , as described above
Thus, the orientational distribution of the polarization, w
respect to the laboratory frame, is expressed by a param
seta2 , s, andu incl . When thea2 coefficient is positive and
s has a finite value, the average orientation direction is thx
axis. In this case the inclination angleu incl corresponds to
the average inclination angle of the polarization vector fr
the film surface.
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In this study we are interested in the orientational dis
bution of the backbone structure of polyimide. If we analy
an IR absorption band polarized along the backbone st
ture, we can determine the orientational distribution of t
backbone structure; to be exact, the orientational distribu
of the specific chemical bond whose vibrational polarizat
produces the relevant IR absorption band.

III. EXPERIMENT

Figure 1 shows the molecular structure of polyimides w
alkyl side chains used in this study. Since the polyimid
have alkyl side chains that containn carbon atoms, from now
on we denote the polyimide by ‘‘An-PI.’’ Four polyimides,
A1-PI, A3-PI, A6-PI, and A11-PI were examined in th
study. An-PI films were made by spin-coating a solution
the polyamic acid inN-methyl-2-pyrrolidone onto CaF2
plates ~5 mm thick! for IR absorption measurements o
quartz plates~1.1 mm thick! for water contact angle mea
surements. Baking the plates at 250 °C for an hour in a
trogen atmosphere formed the films.

Rubbing treatments were performed by a homemade
bing machine whose roller~with a diameter of 70 mm! is
covered with a rayon cloth~Yoshikawa Chemical Co., YA-
18-R!. The rubbing condition was as follows: the rotatio
speed of the roller was 400 rpm; the sample was passed
under the roller at a feeding speed of the sample stage o
mm/sec; and the bending depth of the cloth fibers due
contact pressure@19# was 0.1 mm.

The IR absorption spectra of the An-PI films were mea-
sured by using a Fourier-transform IR spectrometer~Mat-
toson Galaxy 3020! with a mercury cadmium telluride detec
tor. The spectral resolution was set at 4 cm21, and the
spectra were obtained by integrating the result over 4
scans.

Figure 2 shows the experimental geometry for measur
the incident angle dependence of IR absorption. The IR li
was incident from the An-PI film side and the absorption o
p-polarized light was measured. The angle dependent
sorption was measured by varying the angle of incidence

FIG. 1. Molecular structure of An-PI, wheren is the number of
carbon atoms in the alkyl side chain.

FIG. 2. Experimental geometry for the measurement of incid
angle dependence of IR absorption.u in is the angle of incidence o
IR light.
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the plane that contains the rubbing direction. At normal
cidence we measured the absorption spectra, for light po
ized both parallel and perpendicular to the rubbing directi
to obtain the IR dichroic ratio.

The contact angle of water on the An-PI film was mea-
sured by a face-contact angle meter~Kyowa Interface Sci-
ence Co. ltd. CA-A type!. Five water droplets were put o
each sample. We measured four contact angles per dro
both sides of the droplet along the rubbing direction and b
sides perpendicular to the rubbing direction. Twenty cont
angles were measured for each sample.

IV. RESULTS AND DISCUSSIONS

Figure 3 shows the IR-absorption spectra of unrubb
An-PI films on CaF2 plates at normal incidence. The vertic
axis is normalized by the film thickness. The main featu
of the spectra for all An-PI films are the same, except for th
absorption intensity. Three absorption bands polarized al
the polyimide backbone structure are observed at 1
cm21, 1377 cm21, and 1500 cm21. They are assigned to th
C-O-C asymmetric stretching vibration, the C-N stretchi
vibration of the (CO)2NC bond, and the phenyl C-C stretch
ing vibration, respectively@20#. Since the backbone structur
of An-PI is not straight, the polarization directions of th
three absorption bands are not parallel to each other. T
the orientational distributions of the polarizations of the th
absorption bands are different in general. However, the
ference between them is small, and the average inclina
angle of the polarization, which is the most important para
eter in this study, is the same for the three absorption ba
@16#. In this study we focus only on the strongest and n
rowest band at 1500 cm21, and determine the orientationa
distribution of its polarization. We refer to this orientation
distribution as that of the backbone structure of An-PI.

Figure 4 shows the incident angle dependence of IR
sorption for the rubbed An-PI films. The vertical axis of Fig.
4 is the IR absorbance normalized by the film thickne
Solid circles, triangles, squares, and diamonds are the
points for the rubbed A1-PI, A3-PI, A6-PI, and A11-PI film
respectively. The maximum absorption occurs on the p
tive side of the incident angle for all rubbed An-PI films. The
dichroic ratios (Ai /A') at normal incidence are 1.19, 1.1
1.12, and 1.12 for the rubbed A1-PI, A3-PI, A6-PI, a

FIG. 3. IR absorption spectra of the unrubbed A1-PI~a!, A3-PI
~b!, A6-PI ~c!, and A11-PI~d! films on the CaF2 substrate.
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A11-PI films, respectively, where Ai and A' are the IR ab-
sorbance for light polarized both parallel and perpendicu
to the rubbing direction. From this simple observation alo
one can deduce that the polyimide backbone structure is
ented, on average, along the rubbing direction and incli
up from the surface plane; i.e.,a2.0 andu incl.0°.

To determine the orientational distribution of the polyim
ide backbone structure (a2 , s, and u incl) by a fitting pro-
cess, it is necessary to know the depth of the region orien
by rubbing. The depth can be estimated by measuring the
dichroic difference Ai-A' as a function of the film thicknes
@7#. We performed the measurement, and the depth was
timated to be;125 Å for all An-PI films. The film thick-
ness of all samples used in this study was below 125
Thus, in determininga2 , s, andu incl , we can assume tha
the rubbed An-PI films have a uniform orientational distri
bution of the backbone structure across the entire film thi
ness@7#.

The solid curves in Fig. 4 are the results of best-fit calc
lations. The theoretical curves reproduce the experime
result extremely well. The parameters for the best-fit cal
lation are summarized in Table I. Thea2 coefficient is al-
most constant for all rubbed An-PI films. s and u incl in-
crease with the number of carbon atoms in the alkyl s
chain. Since the backbone structure of An-PI is identical,
from this result we can see that the alkyl side chains aff

FIG. 4. Incident angle dependence of IR absorption of
rubbed An-PI films. The IR absorbance of the 1500 cm21 band is
plotted. The vertical axis is normalized by the film thickness. T
solid circles, triangles, squares, and diamonds are the data poin
rubbed A1-PI, A3-PI, A6-PI, and A11-PI films, respectively. Th
solid curves are the best-fit calculated results.

TABLE I. Best-fit parameters obtained from fitting the data
Fig. 4.

A1-PI A3-PI A6-PI A11-PI

a2 0.2160.05 0.2060.02 0.2060.01 0.1860.05
s 56610° 6564° 11366° 136610°
u incl 19° 25° 32° 40°
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the polar angle distribution (s and u incl) of the polyimide
backbone structure in the rubbed films.

Figure 5 shows the relation between the inclination an
of the polyimide backbone structure (u incl) and the pretilt
angle of LC in contact with the rubbed film. The pretilt ang
of 4-n-pentyl-4’-cyanobiphenyl~5CB! was measured by a
improved crystal rotation method@21#. Figure 5 shows tha
the relation between the inclination angle of the backbo
structure and the pretilt angle of LC is linear. We also plot
the data for the rubbed PMDA-ODA films@8# in Fig. 5.
PMDA-ODA has a similar backbone structure but no alk
side chain~the molecular structure of PMDA-ODA was il
lustrated in Fig. 2 of Ref.@7#!. The linear relation holds for
the data for PMDA-ODA as well; e.g., the linear relatio
holds independent of the presence or absence, and the le
of the alkyl side chain. This linear relation strongly sugge
that the inclination angle of the polyimide backbone stru
ture determines the pretilt angle of LC, and also that
alkyl side chains do not directly affect the pretilt angle
LC.

Figure 6 shows the experimental results for the con

FIG. 5. Relation between the pretilt angle of LC and the inc
nation angle of the polyimide backbone structure. The symbols
the same as in Fig. 4. The experimental uncertainty in the pr
angle is smaller than the size of the plotted symbols. The cro
are the data for the rubbed PMDA-ODA films from our previo
work ~Ref. @8#!.

FIG. 6. The contact angle of water on the An-PI and the
PMDA-ODA films. The horizontal axis is the number~n! of carbon
atoms in the alkyl side chain. The data atn50 are for the PMDA-
ODA films. The solid circles and squares are the data points for
unrubbed and rubbed films, respectively.
e
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l
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e

ct

angle of water on An-PI and PMDA-ODA films on quartz
plates. The horizontal axis is the number~n! of carbon atoms
in alkyl side chains. Since PMDA-ODA has no alkyl sid
chain, the data for PMDA-ODA films are shown atn50.
The solid circles and squares are the contact angles of w
on the unrubbed and rubbed films, respectively. As descri
in the experimental section, we measured the contact an
along the four directions every 90° with respect to the ru
bing direction. Since the measured contact angle shows
directional dependence within our experimental uncertain
the average of the contact angles along the four direction
plotted in Fig. 6.

The water contact angles for the unrubbed An-PI films are
significantly larger than that for the rubbed PMDA-OD
films. Water contact angle depends on the hydrophilicity
the underlying film surface. A larger contact angle cor
sponds to a more hydrophobic surface. Since the alkyl s
chain is more hydrophobic than the polyimide backbo
@17#, this result for the rubbed films means that a rubbi
treatment reduces the number of alkyl side chains expo
on the film surface.

For PMDA-ODA films the contact angle does not chan
by a rubbing treatment. This means that the hydrophilicity
the PMDA-ODA film surfaces is not influenced by the or
entational change of the backbone structures induced by
bing. Since PMDA-ODA has no alkyl side chains, the h
drophilicity of the film surface is determined by that of th
backbone structure independent of the orientational distr
tion of the backbone structures. Thus, the contact an
should be equal for the unrubbed and rubbed PMDA-OD
films. The measured results in Fig. 6 show that this reason
is valid.

In contrast to the PMDA-ODA films, the water conta
angles for the A1-PI, A3-PI, and A6-PI films decreased s
nificantly after rubbing treatment. The contact angles
these rubbed films are equal to that for the PMDA-OD
films within experimental uncertainty. Since the polyimid
backbone structure of An-PIs is similar to that of PMDA-
ODA, the polarity of the An-PI backbone structure is ex
pected to be equal to that of the PMDA-ODA backbo
structure. These results indicate that for the rubbed A1
A3-PI, and A6-PI films, almost all of the alkyl side chains
the film surfaces orient inward and they are not exposed
the surface. Since the LC molecules interact with the po
imide molecules at the interface, the alkyl side chains t
orient inward should not contribute to the alignment of L
molecules. Thus, this result suggests that the alkyl s
chains of A1-PI, A3-PI, and A6-PI do not directly affect th
pretilt angle of LC.

For the A11-PI films the decrease of the contact angle
rubbing is only about 3°, while it is about 13° for the oth
An-PI films (n51, 3, and 6!. The contact angle for the
rubbed A11-PI films is significantly larger than that for th
PMDA-ODA films. These results indicate that the alkyl sid
chains that are exposed on the surface still exist at the rub
A11-PI film surfaces. Although we have no direct expe
mental evidence, we can imagine the orientational picture
the alkyl side chains at the surface as follows; the alkyl s
chain of A11-PI is so long that it cannot be buried by
rubbing treatment completely; the long alkyl side chain
probably bent halfway; the backbone side of the alkyl s
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chain orients inward, but the end of the alkyl side cha
orients outward~the reverse is also possible.!.

Here, we should note that the alkyl side chain that orie
outward at the film surface can interact with LC molecules
the interface. If the alkyl side chain has a significant effect
the determination of the LC pretilt angle, the linear relati
between the inclination angle of the polyimide backbo
structure and the pretilt angle of LC should not hold f
A11-PI. This is because almost all of the alkyl side chains
An-PI (n51, 3, and 6! orient inward at the rubbed film
surface as described above. However, the linear rela
holds for all An-PIs independent of the orientation of th
alkyl side chains at the rubbed film surface, inward or o
ward. Thus, the results of the contact angle measuremen
the An-PI films support the suggestion derived from the l
ear relation between the inclination angle of the polyim
backbone structure and the pretilt angle of LC; i.e., the al
side chains do not directly affect the pretilt angle of L
independent of the length (n<11) of the alkyl side chain.

V. CONCLUSION

We have measured the average inclination angle of p
imide backbone structure in rubbed An-PI films. The average
l, J
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inclination angle of the polyimide backbone structure
creases monotonically with the length of the alkyl side cha
We have also measured the contact angle of water on
unrubbed and rubbed An-PI films. We found that almost al
of the alkyl side chains of A1, A3, and A6-PI orient inwar
at the rubbed film surfaces, while at the rubbed A11-PI fi
surface the alkyl side chains that orient outward exist. T
pretilt angle of LC in contact with the rubbed An-PI films is
proportional to the inclination angle of polyimide backbo
structure, independent of the orientation of alkyl side cha
at the rubbed film surface. From these results we concl
that the rubbing-induced inclination of the polyimide bac
bone structure has the dominant effect on the pretilt angl
LC. The alkyl side chain affects the inclination angle of t
backbone structures induced by rubbing, but they do not
rectly determine the pretilt angle of LC. The effect, due
the alkyl side chain, is only indirect.
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