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Orientations of side chains and adsorbed liquid crystal molecules on a rubbed polyimide surface
studied by optical second harmonic generation
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Surface second harmonic generation was used to obtain approximate orientational distributions of the side
chains and the adsorbed liquid crystaC) molecules on a rubbed side-chain polyimide surface. Both the side
chains and the LC molecules appear to be well aligned in the rubbing direction but tilted away from the surface
in the antirubbing direction. The latter yields a negative pretilt angle in a homogeneously aligned LC film
sandwiched between two such surfaces. The side chains and the LC molecules, however, have antiparallel
orientations at the surface.
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I. INTRODUCTION In this paper, we report our more detailed SHG measure-
ments and analysis of the results from a rubbed 6FDA-6CBO
Understanding liquid crystdLC) alignment on mechani- surface and an LC monolayer (h-pentyl-4 cyanobiphenyl,
cally rubbed surfaces is of great practical importance for th&CB) adsorbed on it. SHG is a highly surface-specific tech-
design of LC display$LCD). The problem has been studied nique[11]. With results from different input/output polariza-
extensively in the pasfl-8]. It is believed that rubbing tion combinations, it provides information on the surface
aligns the surface polymer chains, which in turn align the LCmolecular orientation. We have found that together with the
layer adsorbed on the surfaf®]. Recently, x-ray spectros- main chains, the side chains are also aligned more or less
copy was used to measure quantitatively the alignment ofilong the rubbing direction but they are bent with the free
surface polymer chaing]. With sum-frequency vibrational terminals pointing towards the surface. The 5CB molecules
spectroscopy and optical second harmonic generation, Weidsorbed on the surface appear to align antiparallel to the
et al. were able to obtain the orientational distributions of theside chains and therefore are oriented with a backward tilt
surface polymer chains and the adsorbed LC monolayer angith the CN terminal pointing out. This backward tilt of the
show that the two are well correlatg8]. However, details of surface LC molecular layer is responsible for the negative
LC alignment on different types of rubbed polymers are stillpretilt observed in the LC film sandwiched between sub-
not well understood. strates with a rubbed 6FDA-6CBO surface.
One of the important design parameters for LCD is the
pretilt angle of LC alignment in a film. To achieve a reason-

able gray scale for LCD, a sufficiently large pretilt angle is Il. THEORETICAL BACKGROUND
needed. For example, for LCD in the supertwist-nematic op-
eration mode, a pretilt as large asl5° is desired9]. How The theory for surface SHG studies of LC has been de-

to make an LC cell with a large pretilt has been a subject ofcribed in detail elsewheif@]. Here, for the convenience of
immense interest to many researchers. Polymers with appréater discussion, we present the essential parts. Surface SHG
priate side chains appear to be a viable solution. While rubis generated in reflection from a surface nonlinear polariza-
bing aligns the LC homogeneously, the side chains may helfion P(®)(2w) induced at an interface by the input field
induce allarge LC tll|t angle. C_)ne such polymer is 6FDA—|§(w), and the output intensity is given by

6CBO [this polymer is synthesized by a one-step polymer-

ization method from 2,2bis(3,4-dicarboxyphenyhexa- (2 & L 1-P@D(26)12

fluoropropane dianhydridé6FDA) and 2,2 -bis(4’-cyano- (20)[[€20° Lau] (20)]
biphenyl-4-oxyhexyloxy-4,4’ -diaminobiphenyl (6CBO)] U T 4

[10]. Using optical second harmonic generati8HG) and #|[e20 Lao ] X[ Ly €, ][Ly €, ] 1% E(w)]
surface-enhanced Raman scatteri8ERS, we found that =[x (®)|?E(w)[* (1)
rubbing indeed aligns the main chains along the rubbing di- = [ Xeff '

rection, but it also causes the side chains to tilt away from -~ . ) o -
the surfacd 10]. whereeg, is the unit polarization vector at frequengy, L

is the Fresnel factor, ardt defines the azimuthal orientation

of the sample in the laboratory coordinatgs? is the sur-

*Present address: Department of Physics, Stanford Universitf@c€ nonlinear SUSC?pt'b'“ty tensor, apf , as defined, de-
Stanford, CA 94305-4060. pends ond througheq with respect to the sample orienta-
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(@ wherez is along the surface normal andandy are in the
N-c surface plane withx along the rubbing direction. Knowing
— the values of thesg'?) and assuming
¢ 2
(® (60— 6p)
CEN f(6,6)=Aex - (1+d; cos¢p+d,cos 20
O
+d;cos 3p), ©)
e we can deduce from Eq&) and(3) the five parameterg,,
NEC""‘ (0)-0 o, d;, d,, andds. This then provides an approximate orien-
D tational distribution for the side chains.
§ For a 5CB monolayer on rubbed 6FDA-6CBO, SHG mea-

FIG. 1. Chemical structures @& 5CB and(b) 6FDA-6CBO. surements yield the effective nonlinear susceptibility

tion. SHG measuremt(ezr;ts with different sample orientations Xt @)= | xEo, e P)+ XSp, e D)

allow us to determing ¢ (®) for four different polarization TN 2 i

combinations $,,S,.:, eSmPout, PinSout» @and Pi,Pou). The =lIxceo, e @)l +[xsca, ed D)€ (4)

relation betweery%(®) and x®, which is given explicitly _ 2

in Eq. (7) of Ref[2], then permits the deduction of all the KNowing [xcso e(P)| from the measurement of the bare

nonvanishingxi(jzk) elements. 6FDA-6CBO szurface and measuring the relative phasee
As shown in Fig. 1, the side chains of 6FDA-6CBO are ¢an deducéx{Zs o(P)| from Eq. (4). As discussed earlier,

cyanobipheny! moleculé§OCB), each of which connects to We can then find x{2p)ij . from which, knowing that 5CB

the main chain6FDA) through an oxygerfO) atom. Like is also a rodlike molecule, we can use E@.and(3) to find

nCB, they have a strong nonlinearity and dominate the suran approximate orientational distribution function for the

face SHG from 6FDA-6CB(10]. As rodlike molecules, SCB monolayer.

their nonlinear polarizability tensor has a single dominant

element @{3o) ¢ with ¢ denoting a direction along the long

molecular axis. For a surface of 6FDA-6CBO willy side 1. EXPERIMENT

chains per unit area oriented with an orientational distribu-

tion f(6,¢), the surface nonlinear susceptibility can be ex-

pressed as

The samples of 6FDA-6CBO polymer films on fused
quartz substrates were prepared by spin-coating. The poly-
mer was first dissolved in cyclopentanofed wt. % and
filtered with a Teflon filter(0.45 wm). It was then spin-
2y _ (2) Y. coated (2000 rpm, 30 secon the quartz plates, baked at
(Xcsoliik NS(aCBO)&%f (-90-8)(k-£(8.4)d0, 120°C for 20 h, and rubbed once with a velvet cloth. The
2 rubbing conditions were as follows: the rotational speed of a
rubbing roller is 340 rpm, the translational speed of a sub-
where the angleg and ¢ used to specify the orientation éf strate stage 1.7 mm/sec, and the pile impression 1 mm. Fur-
are defined in the inset of Fig. 2. For a rubbed surface wittiher rubbing decreased SHG from the sample. There was no
C,, Symmetry, there are six independent nonvanisfj}ﬁg further treatment of the samples after rubbing. The film

elements, thickness was about 640 nm. Its refractive indices measured
by a commercial Sopra ellipsometer are 1.67 at 532 nm and
(2) (2) _ (2) _(2) 2)_ @2_ 2 1.85+0.32 at 266 nm. The optical densitpD) of the film

Xoooe Xxyy™ Xyxy™ Xyyxo - Xuaz™ Xaoxa™ Xzzxo at 266 nm was 4.2. With our input laser beam at 532 nm

@ @) ) @) (2 D) 2 from the air S|d_e, this make_s .SHG in reflection from the
Xzxx— Xxzx= Xxxz»  Xzyy~ Xyzy~ Xyyz:Xzzz polymer-quartz interface negligible.

FIG. 2. Schematics showing the experimental
arrangements fofa) 5CB deposition on a sub-
strate andb) SHG phase measurement. Funda-
mental and second harmonic beams are depicted
by solid and dashed lines, respectively. Inset: Co-
ordinate systems defining the orientation of a rod-
like molecule.
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The SHG experimental arrangement has been describebe phase ofy'?) of the sample with respect to that of the
elsewherg2,4]. The sample was mounted on a 360° rota-quartz reference@2) can be deduced.
tional stage and the dependence of SHG on the azimuthal
angle® was measured for every 10° from 0° to 350°. The
resultant| y(%(®)| then allowed us to deducg?) accu- IV. RESULTS AND ANALYSIS

rately. As the surface structure of 6FDA-6CBO could change ghown in Fig. 3 are the results of SHG measurements for

with time after rubbing, we generally would wait for6 h  the four polarization combinations on rubbed 6FDA-6CBO:

before we started the SHG measurements. We also chqsqﬂ:zgo’ eﬁ(q))|2 versus®. As discussed in Sec. II, fitting the

input/output polarization combinationsS,Syut;  SinPouts
PinSout: and PinPout-

To study a 5CB monolayer on rubbed 6FDA-6CBO, the XX, XLy X 22 X2,
sample was prepared by thermal evaporation using an oven
temperature of 60 °GFig. 2a)]. In situ SHG was used to =1:0.23:0.036+-0.076:-0.020:- 0.020
monitor the deposition of 5CB on the substrate. Formation of
a monolayer is indicated by the leveling of the SHG signalyith errors of +5%, +20%, +10%, +25%, and=+25%
[Fig. 7(b)], because beyond the monolayer, SCB moleculegor the five ratios, respectively. As we mentioned earlier,
on the surface form quadrupolar pairs and contribute Iltftle to(X(CzB)O)ijk originates mainly from the 6CBO side chains.
SHG [12]. The sample was then mounted on a rOtat'OnalHowever, it was found in a similar polyimid6FDA-PFMB,

stage, and SHG versu was measured. which has the same backbone but no side chgif$ that
For SHG phase measurement, we introduced a fuse

quartz plate ofg-in. thickness as a phase modulator and ane field dISCOI’ltInu(Ig/ at the_sur_fac{a_long ?) contributes a

thin (50-um) z-cut crystalline quartz platef1) as a refer- value of 0.012 toy;3;. This (IZS) significant compared to the

ence SH generator in the reflected beam path, as shown fP0Ve value of~0.020 for (x¢go)z.,and must be subtracted

Fig. 2(b). A similar scheme was used previougli3]. The from the latter if we are only interested in the contribution of
Jtion . i the side chains tox(%),, for the deduction of the distri-

rotation of the fused quartz plate changes the optical patH'® g cB0Jzzz 10T 1 : the

length and modulates the relative phase between the fundgution functionf(6,¢) for the side chazuns. Contributions of

mental field and the reflected second harmonic field from théhe field discontinuity to the otheryZo)i;c elements are

sample. The phase modulation causes the interference of SAUCh weaker and can be neglected. We can then use the

fields from the sample and the reference quartz cryQal)(  values of (xgg)o)ijk to determinef (6, ¢) following Egs.(2)

to vary and produces an interference pattern. By comparingnd (3). The deduced parameters fo¢6,¢) are listed in

the interference pattern with the one obtained by replacingable I. It is interesting to note that the paramedgr is

the sample with another crystalline quartz referen@2),  negative. This implies that the 6CBO side chains are aligned
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TABLE I. Parameters in orientational distribution function ©)] ©) (d)
f(6,¢) for 6FDA-6CBO and 5CB monolayer. ) (o) e 150,
6EDA-GCBO wob X of rubbed 6FDA-6CBO
6FDA-6CBO 5CB »;é, . =-0.12 rad.
6o 86.5+1.0 81.4-1 S
- 9.5+1.0 10.5:0.5 b”' £
d, —1.4+0.4 -0.81+0.1 (b) I
d, 1.2+0.2 0.79:0.05 GFDAGCBO 7]
dj —0.38+0.15 —0.20+0.05 B T S ¥ R S T R
phase modulation (arb. unit)

we can obtain the azimuthal distribution of the side chains, ¢=3.28 rad.
as depicted in Fig. 4. °
The SHG intensity measurements cannot distinguish be
tween the two possible molecular orientations of the side
chains in Figs. &) and 8b). To resolve the ambiguity, we
need a phase measurement. We consider here the phase >
(2) The side chains with opposite orientations illustrated in %6 o4 02 00

Xxxx : .
Figs. 5a) and §b) should have a 180° phase difference in phase modulation (arb. unio

x'2 [as can be seen explicitly in E(R) with ¢ replaced by FIG. 5. Schematics describing the two possible orientations of

_g]_ We can compare the measured phase(fét for the the 6CBO side chains ia) and (b) and the orientation of 5CB
6CBO side chains with that for a 5CB monolayer adsorbed"°!ecules adsorbed on a polyimides) surface in(c). The experi-
L . . . . mental data and the line fits ifd) and (e) describe the results of
on a polyimide without side chains6) [3,.4]. The latter is SHG phase measurements &d()?@o) ( )and 0@y respec-
known to have 5CB molecules oriented with the CN terminal; CBOIxxx T A SCB/XXx:
. . . tively. The arrow denotes the rubbing direction.
facing the surfac¢Fig. 5(c)]. As is seen from the measured
interference patterns for the two cases in Figd) and Fe), _ @ _ _
the phase of2), of 5CB onP6 is opposite to that of 6CBO. to(zt)jetermme Xscs, e P), we used Eq.(4), in which
The correct orientation of the 6CBO side chains therefordXcio, el ®)| Was already obtained and measured with
must be the one shown in Fig(éh. We also found that the SHG phase measurement is (283 rad. Within the error
phases of'%, for the 6CBO side chains and the 5CB mono- of our measurement; was found to be indepedent of input/
|ayer are the same, consistent with the pictures in F|@ 5 Output pOlal’Izatlon combinations or Sample 0r|entat|0n5, as
and §c). As we shall see later, this orientation of the 6CBO&xpected from the rodlike molecules. Thus, fitting of the
side chains is responsible for the observed negative pretilt gneasured xlq(®)[? with (x{Za) i« as adjustable param-
the LC bulk alignment. eters allows us to determine the six nonvanishig@@@ijk.
The results of x{(®)|? versus® from SHG measure- After normalization againsty(Zo)xx. they are

ments on a 5CB monolayer on rubbed 6FDA-6CBO with

g8

115
opposite to the rubbing direction. Froifif(6,¢) sindde, (c) b %@ of 5CB on rubbed P6
K
P6

g

o
9

I
S

SHG (arb. unit)
®

%

four polarization combinations are given in Fig. 6. In order (2) . ,(2) . (2). (2).,(2) . (2)
XXXX' Xyy- XZZ'XZXX' Zyy*Azzz
90 =-0.81:-0.191:-0.028:0.23:0.101:0.041

5.0

with errors of 4%, +10%, =20%, =5%, =10%, and
+12%, respectively. From these values gtg);j , we can
again use Eqg2) and(3) to find f( 9, ¢) for the 5CB mono-
layer. The deduced parameters fq®, $) of 5CB are also
listed in Table I. We note thatZy) yxx and (x{2)o) xxx have
opposite signs, indicating that the 5CB molecules and the
CBO side chains have antiparallel orientations along the rub-
bing direction[Fig. 7(a)]. This is well confirmed by thén
25+ situ SHG measurement monitoring the 5CB deposition on
6FDA-6CBO described in Fig. (B). The decay of
|(xP s 2 With 5CB deposition is a clear indication that
5.0 the adsorbed 5CB molecules and the 6CBO side chains have
270 opposite  orientations. As shown in Fig. 4,
FIG. 4. Azimuthal orientational distributions of side chaitiin ~ the azimuthal distribution of the 5CB monolayer obtained
line) and 5CB molecules in an adsorbed monolayeick line) on a from [f(6,¢)sinfd 6 is well correlated with that of the side
rubbed 6FDA-6CBO surface. chains.

2.5

0.0 180 0
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-__(a) S, S, -__(b)S.P

in out

o[ /o FIG. 6. Polar plots of

|xP(P)|? (arbitrary unit$ ver-

sus® for (&) SnSout, (B) SiPout

270 (©) PinSout» and(d) PPy, polar-

e (d) P Pout ization combinations. Circles are
experimental data and lines are
fits.

A 5CB LC film sandwiched between two substratessuming boundary surfaces fully covered with 5CB molecules
coated with rubbed 6FDA-6CBQFig. 8 appeared to be with the orientational distribution specified in Table I, we
well aligned homogeneously along the rubbing direction.can use the Landau—de Gennes theory to calculate the pretilt
From an ellipsometry measureme(Ref. [14]), the bulk  angle[4]. We founda,= —4.4°. The discrepancy between
pretilt angle was found to bey,=—8.7°. This negative theory and experiment is presumably because, in reality, the
pretilt angle is induced through LC molecular correlation byboundary surfaces are composed of a mixture of oriented
the orientation of molecules in the surface LC monolayers5CB molecules and 6CBO side chains.
which is antiparallel to the rubbing directidifrig. 8). As-

V. DISCUSSION

(a) SHG is highly surface-specific and sensitive, but is not
NEAB) 6 6 necessarily helpful in the determination of surface molecular

~ 9 p ~ NN orientation unless the molecule is highly symmefé¢ For-
Ll tunately, this is the case for both 6CBO side chains and 5CB

molecules. The second-order nonlinear polarizabilities for
both 6CBO and 5CB are dominated by the cyanobiphenyl
chromophores, which appear to have no strongly preferred
b orientation about their long molecular axes. Thus they can be
(b) | | |
treated as rodlike molecules and, as shown in the preceding
section, SHG can be used to determine approximate orienta-
o ] tional distributions of the chromophores.
st - It is known that rubbing can align the main chains of a
polymer at the surfack6,8,15,16. This has been found to be

v

@2

. | (arb. unit)
°

/

L . \\ \ LC bulk
0 10 20 30 40 ‘
deposition time (min) \§ \ 3 Pretilt

/

=

FIG. 7. () Schematic showing the orientations of adsorbed 5CB N
molecules and 6CBO side chains on a rubbed 6FDA-6CBO surface.
The arrow denotes the rubbing directiofin) |()((T21)eﬁ)xxx|2 as a FIG. 8. Schematic describing the negative pretilt angle of a 5CB
function of 5CB evaporation time obtained by situ SHG moni-  film sandwiched between two rubbed 6FDA-6CBO surfaces. The
toring of 5CB deposition on 6FDA-6CBO. arrows denote the rubbing directions on the two substrates.
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true for a number of polyimides including 6FDA-6CBO. molecules sufficiently strongly so that they can effectively
What we have observed here in addition is that the sidalign the latter. We can image, for example, a modification
chains are also aligned by rubbing, which is not always thef 6FDA-6CBO. Instead of attaching 6CBO directly to the
casd17]. The reason is that the polar 6CBO side chains heré FDA main chain, let it be attached through a stiff molecular
are connected to the main chains through a {fgtsection  stem projecting vertically out from the main chain and from
that can be bent by creation tfins-cisdefects. The chro- the surface. This way, 6CBO side chains retain all their char-
mophores are expected to orient along the rubbing directioracteristic features for LC alignment, but the additional spac-
Since the terminal CN of 6CBO has an attractive interactioring between 6CBO and the main chain, effected by the mo-
with the polyimide main chain, the chromophores wouldlecular stem, would allow 6CBO to have a larger tilt at the
have a polar orientation with a tilt in the direction antiparal- surface. Varying the length of the stem could change the tilt

lel to rubbing[Fig. 5@)], as we have observed. angle of 6CBO and hence the pretilt of the LC film.
On polyimides without side chains, 5CB molecules are
known to adsorb with the CN terminal anchored on the main VI. CONCLUSION

chain. With the 6CBO side chains, however, this is no longer

the case. We now have the polar orientation of adsorbed 5CB 'Surfa}ce SH.G glloyved the determlnatlon .Of approximate
molecules inverted., i. orientational distributions of 6CBO side chains on a rubbed

e., the CN terminal is pointing away i
from the surface. Apparently, the interaction between SCB6FDA 6CBO surface and 5CB molecules adsorbed on the

and 6CBO chromophores must have dominated and favore%Jrface' There is a strong correlation between the two. Both
the antiparallel pair interaction geometry normally observe re hlghly anlsot;‘opm, ?ref?ren.tllally ahgnfed alok?g thef rub-
in an LC bulk. Rubbing aligns the 6CBO side chains, which N9 dlrectlon.. The mo ecutar u ts. away rom the surtace,
in turn aligns the adsorbed 5CB molecules. The aéimutharﬂoweyer’ are in the antlrubblng direction. This leads t(_) the
orientational distributions of 6CBO and 5CB c:hromophoresneg""tlve pretilt we observed in the homogeneously aligned
are therefore correlatefFig. 4). . .. _B6FDA-6CBO. The orientations of 6CBO and 5CB at the sur-
The pretilt angle of a homogeneously aligned LC film is X
face were found to be antiparallel, as one would expect from

determined by the molecular orientations in the boundan{he pair interaction geometry of such molecules. Our results

layers. In our case, the observed negative pretilt is obviousl , . 7 ; o
induced by the orientations of 6CBO and 5CB at the surface¥'ere provide us with some insight on possible exploitation of

which are opposite to the rubbing direction. As to a quanti_zlgel-ghaclgnpolymers to control the pretilt angle of an LC

tative estimate of the pretilt, unfortunately we do not yet ISplay '

know how to describe properly the orientational boundary

condition for LC presented by a mixed monolayer of 6CBO

and 5CB. We would like to acknowledge useful discussions with
The goal of many workers on LCD is to have a large,Xing Wei for the SHG phase measurement. This work was

controllable pretilt angle. Our work here indicates that thissupported by the National Science Foundation through Grant

may be possible with side-chain polyimides if the side chaindNo. DMR-9704384 and the Technology Center of Advanced

have an appropriate structure. For a large pretilt, we neetliquid Crystalline Optical Materials(ALCOM, DMR-

side chains that can be aligned by rubbing and have a larg@57738. M.O. gratefully acknowledges Hitachi, Ltd. for

tilt away from the surface. They must also interact with LC financial support.
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