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Surface-specific sum-frequency vibrational spectroscopy and second-harmonic generation were used to
study the structures of polyimid®l) surfaces for homeotropic liquid cryst@lC) alignment and the molecular
orientation of LC adsobates on these surfaces. The imide ring was perpendicular to the surface with one of CO
bonds protruding out of the surface and the other pointing into the bulk rather than flat on the surface. The ester
CO bond in the side chain was sticking out of the surface with a tilt angle of about 45° —55° from the surface
normal, indicating that the rigid side chain core was, more or less, along the surface normal. The part of alkyl
chain on the top of the side chain followed the orientation of the side chain core and protruded out of the
surface with some gauche defects. The cyano biphenyl LC molecules were adsorbed on the Pl preferentially
with the terminal cyano group facing the PI surface.
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I. INTRODUCTION Infrared-visible sum-frequencySH generation vibra-
. . L tional spectroscopySFVS and second-harmonic generation
Molecular alignment is of great practical importance for(SHG) were used in our study since the techniques have been
liquid crystaI(LQ) devices. Presen.tly, LC ali'gnment is most proven to be powerful surface analytical proj28—25. Be-
commonly achieved by mechanical rubbing of polymer-j,, g rface specific, they allow quantitative determination of
coated substrated,2]. The rubbed polyimidgPl) surface  \qacular orientation and alignment at a polymer surface.
aligns an LC monolayer adsorbed on it via short-range interyyq g rface specificity arises because under the electric-
action, which in turn aligns an LC bulk via LC molecular g6 annroximation, sum-frequency generation is forbid-
correlatlo_n[3—9]. This scheme however has some unwante en in media with inversion symmetry, but allowed at a sur-
features in the ma_nuf_acturlng process and alte_rnatlv_e mMeths e or interface where such symmetry is brok2. If the
ods capable of aligning LC films have been investigated;y o e input beam frequency is scanned over interfacial vi-
Among th(_am, the nonrubbed technique W't.h a spemally debrational resonances, the sum-frequency signal from the in-
signed PI. IS k_nown to produce a hom(_aotrop]c LC bulk aI'gn'terface is resonantly enhanced. This then yields a vibrational
ment. Th's a".gnmem is used for vertical alignment or mu"spectrum for the interface. The surface vibrational spectra
tldquln yertlcal allgnmgnt LC moded.0] developed for with different input/output polarizations allow the determina-
wide viewing-angle LC displays. These LC modes have posjon of the orientation of selected atomic groups at the sur-
tential to compete with the other wide viewing-angle tech-t.o Thys they provide information about surface structure
nique of thg in-plane sw!tchmg mod&1], in which a rubbeq and composition of a polymer. Applications of the techniques
Pl surface is used. to yield a homogeneous LC bulk a.hgn—tO rubbed surfaces of polyvinyl alcoh@?VA) [18] and some
ment. The conventlpnal rubbed PI surfaces have been INVe$s 5 27-29 have shown that the surface polymer chains are
tigated by many different methods.2-18, but the non- e gjigned along the rubbing directiqd2—17, and so are
rubbed surfaces for homeotropic alignment have not bee e LC molecules adsorbed on th@8+9,30,31.
studied carefully although the devices using homeotropic | "yiq paper we report the results 01’; ou’r SEVS and SHG
alignment IS becoming more popular. Itis well known that_ 8studies on the surfaces of Pl known to yield homeotropic LC
hydrophobic surface Of. densely packed long alkyl Chalns‘adignment, and the adsorbed LC monolayer. Our purpose is
generates a homeotropic LC alignmé@f19-21, however, . %nq oyt how each molecular functional group of Pl is
the surface of PI commonly used nowadays for hOmeotropigyjenieq at the surface and how LC molecules sit on such a
alignment IS not particularly hydr.ophobic, and detailed struc+, 1 pheq P surface. The PI studied here has a side chain
tural information Of. the surface is needed to understand th‘ca:onsisting of a rigid phenylbicyclohexane core connected to
alignment mechanism. the main chain with an ester linkage and the topmost alkyl
chain on the other side. For determination of molecular
structure at the surface by SFVS, we focused on the imide
* Author to whom correspondence should be addressed. ElectronicO, the ester CO that determines the rigid part of the side
mail: oh-e@nanolc.jst.go.jp chain, and the alkyl chain at the end of the side chain. Then
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R ~ - ~ -
X5t = [8(wsp) - L(wsp ] - ¥2:[&wyig) - L(wys)]
X[&(wy) - L(wy)], (2
symbol
R: CH, . PI-C1 o ) ] o -
(CH,),CH,: PI-C3 with &) being the unit polarization vector and w) the
(CH,)sCH,: PI-C7 tensorial Fresnel factor at frequeney The nonlinear sus-
ceptibility ¥ is related to the molecular polarizability by
7
3 9 I° X? = Xk + N f a@(Q)f(Q)dQ, (3)
C C
N >N©L
/F C\\ whereN; is the surface density of an atomic group &(Q)
0 0 n is an orientational distribution function. The resonant mo-

lecular hyperpolarizabilityx'® can be written as
FIG. 1. Chemical structures of polyimides symbolized by
PI-C1, PI-C3, and PI-C7, respectively. 5
@ wy, V) =2 ———— 4)
we investigated the alignment of LC monolayer adsorbed on q (0= ) +il
the above PI surface. SHG with different beam polarizations
as well as SHG phase measurement was used to determifegch that

the polar orientation of LC molecules on the surface. Our

results provided quantitative information on how the Pl main N
chain and the side chain appear on a nonrubbed surface, and () = X2+ >, 4Aq— : (5)
how the LC molecules sit on it. g (0~ wg) +ily

Il. THEORETICAL BACKGROUND with

The detailed theory of SFVS could be found elsewhere
[22—-25,32. Here, for the convenience of later discussion, Kq:N fﬁ(ﬂ)f(ﬂ)dﬂ-
we give essential parts. SFVS from a medium is generated U
in reflection by the second-order nonlinear polarization
P@(wse=wyis+ w;;) induced by the incoming fieldE;(wy;s)
and E,(w;,). We assume here that the bulk contribution to
SFVS is negligible, and the output intensity is given by

Here Xﬁ; denotes the nonresonant contributi@g, o,
and I'y are the strength, resonant frequency, and damping
constant of thegth resonant mode, respectively, afidrep-
resents a set of orientational ang(@s¢, ). Scanning ofw;,
8m3wl.sed over resonances yields a SFVS spectrum. NoteAhand
SF BSF|X§2|2|El(wvis)Ez(wir)F, (1) are related by the same relation @& and a®. Aer";‘glysisagf
SFVS with different polarization combinations using E8)
where B¢ is the angle of the sum-frequency output with allows us to deduce the quantitative information about the
respect to the surface normal. The effective nonline@\@/ orientational distribution of atomic groups associated with

I(wSF) = C3

takes the form of vibrational modes on resonance.
20
A=532nm o4
frequency-doubled B §/
YAG laser X \y } analyzer
ot w [y 8 filter
paldizer 2 4‘sttalline quartz
I z Z A
Sampie V fused quartz FIG. 2. (Color onling Sche-
matic describing the experimental
arrangement for SHG phase
measurement.
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FIG. 3. SFVS spectra in the range of CO stretch wiBp ppp and sps polarization combinations for(a) PI-C1,
(b) PI-C3, and(3) PI-C7. The spectra are normalized by the SF signal framcat quartz.

The SFVS can be considered as a combined process¥ a monolayer is indicated by the leveling of the SHG
of a resonant infrared excitation followed by an anti Stokessignal, because overlayer 5CB molecules on the surface
Raman process. The quantiy in Eq. (4) can be written in ~ are known to form quadrupolar pairs and contribute little to
terms of the product of the infrared dipole derivative and theSHG.

Raman polarizability tensor of thgth vibrational mode, For SFVS experiment, the main laser source was an
aul Qg and da' M/ 4Qq, respectively, EKSPLA Nd:YAG (YAG, yttrium aluminum garngtlaser
(1.06um, 30mJ pulse energy, 25ps pulse width, repetition
rate 20Hz. The tunable infrared beam was made with a
1 &afr%)&,u,n AgGa$ crystal by difference frequency generatidbFG)
(@g)imn =~ Eﬁﬁ' (6) using part of a 1.0am laser beam and tunable near-IR ra-
47T diation from an optical parametric generator as inputs. This
DFG stage generated tuable IR output-e6 cni! band-
where Q, denotes the normal mode coordinates, andwidth in the 3.3-3.6um range with~200uJ pulse energy
the subindicedl,m,n) refer to the molecular coordinates and in the 5.4—6.m range with~50uJ pulse energy. The
(&,71,0). tunable IR beam was overlapped with a second-harmonic
beam from the las€l532nm) at the sample surface spatially
and temporally with incidence angles of 57° and 45°, respec-

. EXPERIMENT tively. SF signal was recorded by averaging 200 shots per
point at
The chemical structure of the Pl samples studied arevery 2.5cmt.
shown in Fig. 1. The film with a layer thickness 620 nm The experimental arrangement for SHG phase measure-

was prepared by spin coating. To obtain uniform layers, thenent is shown in Fig. 2. We used a fused quarts of 1/8-in.
polyamic acid solution was filtered with a membrane filter. Itthickness as a phase modulator and a thout crystalline

was then dropped on a substrate to be spin-coated gjuartz plate as reference SH generator in the reflected beam
3000 rpm for 60 s. The samples were first prebaked at 80 ° @ath[31,33. The rotation of the fused quartz plate changed
for 5 min for the evaporation of solvent and were thenthe relative phase between the fundamental field and the re-
baked at 250 °C for 20 min for imidization reaction. The LC flected SHG field from the sample, producing the interfer-
(4'-n-pentyl-4-cyang-biphenyl, 5CB monolayer on Pl ence fringe made from SH fields from the sample and the
was prepared by thermal evaporation at 60 °C, and SHG wagference quartz crystal. By comparing the phase of the in-
measuredn situ to monitor the deposition of LC. Formation terference pattern from the sample with that from the other

TABLE |. Fitting parameterd\;, wg, andT’, of SFVS for the PI-C1 in the CO stretch region.

Mode wlcm?t T'/emt Aqssp Aq.ppp Aqsps
Ester C=0O(ester,CO) 1732 13 1.51+0.03 0.01+£0.01 0.28+0.02
Imide C=0 (a-imide, CO) 1745 14 0.34+0.04 0.69+0.02 0.01+£0.04
Imide C=0(s-imide, CO) 1780 15 0.23+0.04 0.45+0.04 0.01+0.03
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LC layer of known polar orientation, the absolute orientation A, (SPS = Lyy(wSF)Lzz(wvis)Lyy(wir)SinBvis(Aq)yzya
of the LC molecule could be deduced. '

Aqer(PPP)
IV. RESULTS & ANALYSIS = = Ly @wsp) Ly yis) L ;A @;;) COS BspCOS Buis
A. Imide CO XN Bir(Ag)xxi L @sp) LA @yis) Lyl i) COS Bsg
Shown in Fig. 3 are the representative spectra of the PI's XSiN B,isC0S Bir(Ag)xaxt LzA wsp) Lyl vis) Ly @ir)

in the CO stretch vibrational region with three input/output : . .

polarization combinationssp(denotings-polarized SF out- XSiN BseC0S ByisCOS i Ag)2xx

put, s-polarized visible input, ang-polarized infrared input, + L {ospL{wvig) LA ;)

respectively, sps and ppp All the spectra can be fitted by : : Cain 2

Eq. (5) with three resonant modes at 1732 ¢ 745 cm?, XSin B Sin B Sin Biy(Ag)zzz ®

and 1780 crit. They can be assigned, respectively, to theNext we need to describ@y)j in terms of molecular po-

ester CO[g=ester,CO] stretch of the side chain, the anti- |arizability &,. For this purpose, the first step is to find the

symmetric (g=a-imide,CO) and symmetric (q=s  nonvanishing elements af, in the molecular coordinates.

-imide, CO) stretch vibrational modes for two coupled CO As for the PI surface of previous study, the imide rings are

associated with each imide ring of the main chgBf]. The  expected to lie along the surface and only the CO bonds

fitting results of the PI-C1 are in Table I. About the surfaceprotruding out of the surface, namely, the upward pointing

specificity of our measurement, the CO bonds not exposed tonds contribute significantly to SFVS. Symmetry consider-

air are expected to form quadrupole pairs with CO bonds oftion then requires that the dominating elementsxpfare

neighboring molecular units, and would contribute Very(ag); ¢, and (ag),,, for q=s-imide,CO and a

weakly to sum-frequency signgd5]. -imide, CO. If we assume the main chains of our Pl sample
For the imide CO stretch, as seen in Figaythese sur-  also run nearly parallel to the substrate, we have the follow-

face CO bonds lie in the imide core platg-7,) and tilted  ing relations between tensorial elementsigfin the lab co-

by ~18° from #,. Their stretch vibrations are more strongly ordinates and in the molecular coordinates for a PI molecular

excited by IR field alongy, than§;, and by symmetric Ra-  unit with orientation specified bQ2=(6,, ¢, ).

man excitation in th&;- 7, plane. As for the ester CO stretch

of the side chain, it is excited more easily by IR field along (Aq)x= (Aq)yyz= 2(aq) 5. ., (- ) (1 - ) (31 - 2))

& direction as in Fig. é). Inspection of the spectra in Fig. 3

already gives us qualitative information different from the Pl + 2(aq)§1§17,1<(A§1 §)(E -9 (- 2)

that homogeneously aligns LCs in R¢R9]. First, thessp _ 2 ir?

spectra of the imide ring are weaker than {hep spectra, =2(8g) , 7,7, (COS P1)(SIMf1COS Y1)

indicating that the inclination of the imide ring plane would +2 sirté.)cos

be close to perpendicular to the surface rather than flat on the (aq)"Clgl”l( du(cosyy)

surface as was found for the PI for homogeneous LC align- =(8g) 5, pyn1(COS ¢y = oS 1) + ' eqimige(COS Y1)},

ment[27]. Second, the peak intensity of the ester CO stretch

is very strong insspthan the much smaller bump in tisps _ _ :

spectra, while the corresponding peak is hardly discernible in (Aghax™ (Ag)yzy= 2(aq) ,,l,,l,,l<co§¢1)(sm2¢1cos Y

the ppp spectra. This suggests that a certain tilt angle of the =(ag) (cosy, — cosyy),

ester CO bond from the surface normal would make the i

terms contributing toppp signal to cancel each other and N

yield a negligibly small signal. (Ag)zzz= 2(ag) 7/1771771<C0§‘/’1>’ 9
In the more quantitative analysis, we deduce the theoret-

ical relationship between the tilt angle of CO bonds from theWhere Featimide = (3)¢,¢, 7,/ (Bg) 9,5y, @A we  assumedd

surface normal and the signal strength $sp sps andppp =90°. Fr?n;] Eas(®) angl(g), we cla?n calcnﬁatelthg th.eoreticalljl
spectra. For an isotropic surface, the symmetry allows CuUrves of the expectable signal for each polarization combi-

three independent nonvanishing elementsAgf;, for non- nation. _The_ parameters ar_1d Fresnel factors needed _for the
resonant sum-frequency generation They[&é calculation is summarized in Table Il. It should be reminded

that the calculation would depend on the values of the inter-

(Ag)xxz= (Ag)yyz facial refractive indexnf ;. and reyimige- 10 Satisfy

A el (PPP) > Ageri(SSP andAg e(sp9 =0, ¢ should be close

(Axax= (Ag)yzy= (A 1xx= (Ag)zyy  (Ag)zzz (7)  to zero, indicating that the imide ring is oriented nearly per-
pendicular to the surface. So assuming-fnction distribu-
tion for ¢, we calculated the values 8§, o(PPP)/Ager(SSP
as functions ofy ;4 andrcqimige- Figure %a) shows contour
plots for the calculated .«(pPpP)/Aqeri(SSP as functions of
Nimige @Nd T'eqimige- There is ambiguity of the relationship

A ei(sSP = Ly(wsplyy( @i LA wir)Sin Bir(Ag)yyz between n/ ;e and reyimige €ven though the value of

We can obtain the values of the nonvanishiAg); from the
experimentally determined values 6§, .«(P) for different
input/output polarization combinatior8 using Eq.(2) as
follows.
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FIG. 4. (Color onling Coordinate systems defining the orienta- Of Nf4e @Nd rcgimige With @ & function. (b) Relationship of the
tions of (a) an imide CO andb) an ester CO. values ofrcqimige t0 the orientational distributioir for the con-
stant value oﬂf)ﬁ(ppp)/Af;ﬁ(ssp.

,€
Aqe(PPP)/ Ager(SSP is determined. However, if; ;4. is de-
termined with a simple estimate of the local-field correctionsiderations allows us to have a picture that the imide ring is
at the interface using the modified Lorentz mo@&$], we  close to be perpendicular to the surface rather than flat on it.

can then deduce the value ofyimige With the value of

Aq,eﬁ(ppp)_/Aq,eﬁ(ssp. Here we can assumémde_z 1.2 with B. Ester CO

the modified Lorentz model. From the experimentally ob- ) o ]
tained valuesAq o(PPP)/ Aqei(SSP = 2.0 for PI-C1, 1.5 for For the ester CO stretch that is cylindrically symmetric
PI-C3, and 1.6 for PI-C7, by taking an average we deducedith the infrared transition moment along the symmetry axis
feaimide = 0.47 from Fig. %a). If the orientational distribu- ?3 there are only two nonvanishing independent elements in
tion o is assumed with a Gaussian form, the valuegfnigy @ (Besterco) ry 7yt~ (Bestercol 11,6, AN (Bestercol gyt ThE
becomes small accoringly as increases so as to keep nonlinear susceptibilitiegA,);;, for an isotropic surface can

Aqeil(PPP/Ager(ssSP as indicated in Fig. ®). These con- then be described as

(Aestercoxxz™ (Aestercolyyz™ 3 @e,e,6[(COS 0)(1 + I gesiey)
TABLE Il. Parameters and Fresnel factors used for the calcu- stereoboe stereolyyz™ 2565656 2 colestey

lation of the CO stretch regiom’ (Nyge OF Nestep IS the air/Pl = (CoSON(L =T coiester)]

interfacial refractive index for the imide or ester CO.

(Aeste:co) XZX: (Aeste:co) yzy: (AESIEECO)ZXX: (Aeste:co) zyy

Wsk Wyis WIR 1

Wavelengthi / um 0.487 0.532 5.73 = 2%yl (C02) = (COSOIN(L ~Tegester
Refractive indexn 1.463 1.461 1.291
Beam angle;B/deg 46.2 45.3 57.0 (Aeste;co)zzz: a§2§2§2[rco(este|)<c'0592> + <C0§92>(1 - rco(esteh)],

(10)
Fresnel factot,, 0.924 0.919 1.039 )
Fresnel factol,, 0.705 0.711 0.714  Wherereyestey=(Besterco) 7,4,/ (Bestercd ez,¢,, TE important
Fresnel factol,, 107602  1.081h'2  0.961h'2 feature that attention should be paid is that there appears

almost no signal of the ester CO in tipgp spectra. From
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stretch at the tilt anglé, whereA "~ «(ppp)

andrcoestey With a 6 function.

«ssp for the ester CO

~ 1 4
~0 as functions oh g,

Egs. (8) and (10), we can examine how the tilt angl® of
the ester CO satisfies bo#ygierco e PPP) =0 and the ex-
perimentally — obtained  values  0Of Aggierco ef(SPS/
Agstercoef(SSP at the same time. Again the exact values of
Meoestey @Nd Ngie, CANNOL be determined from our measure-
ments, and we cannot have a unique valu@.,0fThe analy-
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-C3, and 0.22 for PI-C7, we can then deduce from Fig. 6,
Feoestey = 0-44, 6,~=40° for n ., =1.2, andr yegey=~0.54,
6,~55° for n 4~=1.1. Unfortunately the ambiguity of .,
prevents us from deducing the exact valuefpbf the ester
CO, however, the results do indicate that for all Pls the ester
CO bonds are pointing outward from the surface. If the ester
CO points inward, it would be berried into the bulk and form
quadrupole pairs with other ester CO bonds of neighboring
molecular units, resulting in the negligibly small signal. This
is contradicting to our obtained spectra. Thus the ester CO is
protruding out of the surface by the tilt angle
~40°-55° from the surface normal with the assumption of
~1.1-1.2.

!
neste

C. Alkyl chain

To see the orientation of the alkyl chain on the top of the
side chain core, we now present in Fig. 7 the SFVS spectra
in the C-H stretch region of the Pls with three input/output
polarization combinations. The spectra include six C-H vi-
brational stretches associated with the alkyl chains. The vi-
brational modes at approximately 2870, 2965, and 2953cm
can be assigned, respectively, to the symmétriz and an-
tisymmetric(r™) stretches of the terminal GHyroup of the
alkyl chain and the Fermi resonan@gg) between the sym-
metric CH; stretch and its bending mode. The modes at 2843
and 2925cit can be assigned to the symmet(dt') and

sis, however, allows us to have a picture of the m0|eCU|aEmtisymmetric stretches of the Glgroups on the chain, re-

unit conformation and orientation for the ester CO. Figure
shows the relationship Ofcgierco,ef(SP/ Aesterco e SSP tO
Feoestey @S @ function of nig., Here, Aggierco e(SPS/
Agsterco.ef(SSP is the value at the tilt angl@, that satisfies
Acsterco. e PPP) = 0. For the analysis of the imide C@},qe
was estimated to be 1.2, bof,, can be less than 1.2 be-

6

spectively. The peak at 2905cHcan be assigned to the C
-H stretch of cyclohexane ring. The spectra for Pls with short
and long chain lengths are different, mainly due to changes
in chain conformation. All spectra can be fitted by the ex-
pressionin Eq(5) as described by the solid lines in Fig. 7. As

a representative, the fitting parameters of the PI-C1 are sum-

cause the ester CO is closer to air than the imide CO. So wmarized in Table Ill. The PI-C1 and PI-C3 have relatively

! —_

put the two cases ofi,,~1.2 and 1.1 in Fig. 6 assuming
they are upper and lower bounds for the ragl,, for the
ester CO. From the experimentally obtained values
Acsterco, el SP9/ Acsterco e SSP = 0.19 for PI-C1, 0.22 for PI

shorter alkyl chains and thesspspectra are dominated by

the three peaks associated with £lut two CH modes

also show up. The latter must come from the Qffoups on

the cyclohexane link since their spectra are more or less
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FIG. 7. SFVS spectra in the range of CH stretch wissp ppp, and sps polarization combinations for(a) PI-C1,
(b) PI-C3, and(3) PI-C7. The spectra are normalized by the SF signal framcat quartz.
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similar to each other. The GHnodes are prominent in the be deduced from Eqg11l) and (12), and the ratio of the
sspspectra but not discernible isps indicating that CH  effective (A,,) between thesspandpppis given by

would be oriented with its average along the surface normal. )

Compared to these spectra of PI-C1 and PI-C3, the spectra %+ e(PPP)

PI-C7 exhibit some changes. THé mode for CH becomes A@ (ssp

more pronounced in thesp spectrum while the™ mode reff

appears weaker than tbé mode. These can be understood if ({(cos 63) — (coS’ 63))(L —rcn.)

we assume that the bicyclohexane rings of PI-C1, PI-C3, and =0.0223 3 2
PI-C7 are similarly oriented at the surfaces. The alkyl chain (C0os 63)(1 +Tcny) = (cOS B5)(1 —rewy)

of PI-C3 forms all-trans and are oriented more or less along <1 205) 2([r cp(COS ) +(COS B2)(1 )]
: 3 3

the surface normal, while a few gauche defects must set in
for PI-C7 with the longer chain length to enhance tie (cos 3)(1 +rcp) — (oSG (1 ~rcp)
mode in thesspspectra. _

The orientation of the terminal Gfgroup can be deter- 0.825, (13
mined by analyzing the" and/orr™ modes with the coordi- where we used the theoretical valuergf,, =2.2[37,38, and
nates shown in Fig.[86]. For the CH group with a G, parameters and the Fresnel factors needed for the calculation
symmetry we can have the nonvanishing eleméAs);,  are listed in Table IV. Figure (@) plots the relationship of
described by the molecular polarizabilities. There are only(A._),,./ (A.,)yy,to the possible polar tilt anglé; of the CH;
two nonvanishing independent elements in the molecular pagroup using as function and a Gaussian function with the
larizability tensor,&’q, (a,J,)@gSg3 and (ar+)§3§3{3:(ar+),73,,3£3 distribution o. From the experimentally obtained values,
:rCHa(a”)éséaés' Here we take the symmetry axis &sfor the  (A_)yyJ/ (Ar1)yy,~0.009 for PI-C1, 0.06 for PI-C3, and 0.10
r* mode, and ¢y, is the depolarization ratio. The four inde- for PI-C7, we can then deduce from Figag) 6;~8° with a
pendent nonvanishing elements of the third-rank temgpr & function for PI-C1, 6;~18° with a 6 function and 6;
can be determined, together with the other parameters frorft 6° With o=10° for PI-C3, andj;3~ 22° with a § function,
fitting of the SFVS spectra obtained with different input/ 63~ 16° with o=10° for PI-C7, respectively. The GHjroup
output polarization combinations. Since ed#y);; element IS certainly pointing upwz(azr)d from thg) surface. Figure)9
is related to the molecular hyperpolarizabiliy, we can find ~ shows the relationship &% (ppp)/A’ (ssp to the pos-
for an azimuthally isotropic surface the ratio of the effectivesible polar tilt angled; of the CH; group as a function of
(Ay) values for different polarization combinations. For the n’CH3 assuming a function. From the experimentally deter-

nl4

r* mode, the nonvanishing elemerits); is given by mined values,
B _1 (Ar2)(ppp/(Ar4)(ssp =0.23 for PI-C1, 0.22 for PI-C3, and
(Aredo™ (Brlyya™ 5(8r) 1 [ (COS Bo) (1 +Tcny) 0.17 for PI-C7 ¢y, must most likely be close to 1.0 to have
- (cos6,)(1 ~ren)l, the similar values of@; obtained from the analysis of

(ArD)yy (Ars)yy» This is consistent with the fact that the ¢H
group on the top of the side chain is the closest part to air. In

A =(A =(A =(A =1 cos @
Ardax= Arlyay= (Ars)oo Arzyy= 38 gz € ¥ Fig. 9c), we demonstrates the relationship

r+,eff
—(cos0)](1 - reny), x(ppp)/Ag)eﬁ(ssp to the possible polar tilt anglé; of the
CHjz group using a5 function and a Gaussian function with
(Ar)zz2= (8r+) 1, [ Ton,(COS ) +(COS6) (1 ~ Ty . the distributions with the value ofng,, =1.0.
3
(13)

D. LC orientation on Pl surface
For ther™ mode, we can deduce ] ) . .
Since the PlIs studied here is used for homeotropic LC

(A,_)XXZ:(Ar_)yyZ:—(ar_)gsésgs«cos 63) — (coS 65)), alignment, we are interested in knowing how an LC mol-
ecule is oriented on those Pls and whether the LC molecule
(Arxax= A yzy= A pix= (Ar) 2y = () . 6.(COS B3 sits with the CN terminal facing the surface. We then studied
=/Xzx r-Jyzy =) ZXx r—/)zyy 1=/ {3é363 ’

the orientation of 5CB adsorbed on PI using SHG. The LC

molecules were deposited on Pl by thermal evaporation.
(Ar)z2= 2(8:-) e,((COS 63) = (OS' 63)).  (12)  During the evaporation, thie situ measurement showed that
SHG increased monotonously and then leveled 88i. The
saturated signal from the 5CB layer was almost the same as
- . in the case of other PIs for homogeneous LC alignment. This
however, we first analyze Fhe ratio betvyeeh_)yyz and indicates that polar adsorbtion of 5CB on the PI surface for
(Ar+)yy» @nd then use the ratio of the effectii&.,) between  homeotropic LC alignment is probably achieved, leading to a
the sspand ppp. The latter is affected by the value of,,,  coverage of the surface by polar-oriented 5CB molecules.
while the former is not. So we can discuss and estimate thEigure 1@a)-10c) shows the SHG interference patterns
value of ney, for the CHy group by making the two ways from a 5CB monolayer on a fused quartz plate, a PI-C1
consistent. The ratio betwe¢A,_),,,and(A,,),,,can simply  surface without and with a 5CB monolayer, respectively.

We can then deduce the orientational distribution of theg CH
group using the same analysis described in [R&8]. Here,
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TABLE lII. Fitting parametersA, wq, andIl’y of SFVS for the PI-C1 in the C-H stretch region.

Mode wlcm™t I'/em? Aqssp Aq.ppp Aqsps
CH,-s(d*) 2843 13 0.74+0.02 -0.13+£0.04 0.02+0.02
CHg-s(r*) 2870 13 0.95+£0.02 -0.19+0.04 0.03£0.03
CH(m") 2905 11 1.08+0.01 0.05+0.04 -0.11+0.04
CHy-a(d") 2925 11 0.63£0.02 -0.27+0.03 0.08+£0.04
CH3-Fermi(r;R) 2954 12 0.30£0.03 -0.29+0.04 -0.17+0.03
CHs-as(r7) 2966 7 -0.01+0.03 0.67+£0.01 -0.07x£0.03

5CB on quartz is known to lie with the CN terminal facing angle is6;~60°—70°. It is interesting to note that the 5CB

the surfacg12,4Q. The vector diagram of'? in Fig. 1Qd)

molecule in the first monolayer on the PI-C3 is not com-

shows that the polar-oriented 5CB molecules on PI-C1 mugpletely oriented homeotropically and tilted to some extent
also have their CN terminals facing PI-C1; an opposite orifrom the surface normal although the angle is smaller than

entation of 5CB would change the sign ;pfc)B and would

that on the PI for homogeneous alignment. The LC cell with

lead to an SHG signal from 5CB/PI that decreases with ina 5CB sandwiched by the PI-C3, however, did show the

crease of 5CB coverage, contrary to the observation.

2 2), 2 .
H(Z)For 5CB on PI-C1, we havﬁ(SC)B/Plz;{Pl)-'_)?(SéB' 'I;o find
X for the 5CB monolayer, we need to subtr from

Xecgpr Figure 1Qd) shows a phaf(%shift of 57° fof2le

relative to ?é), and accordingly,x=g leads ?Fﬁ) by 75°.
Knowing the phase difference betweglfg, and X2, we
can find from

(2) | =

Ixsedl = - |)(f:2,)|2$in275°,

(14)

° i
— |x&lcos 75° +[xZg.pl?

On the unrubbed PI-C3 surface, we have, for an

isotropic azimuthal distribution, Xg,)/ ng

=(Sir? 63 cos #5)/2(cos 65). [12] If we assume & function
for the LC molecular distribution i, from x?2\/x\2,
=0.30, we then find that the 5CB molecule is tiltéd 8y

~38° from the surface normal. For the 5CB on quartz, th

tilt angle deduced in the same way Wiitf)/ x\2=0.44 is

homeotropic LC bulk alignment. These results suggest that
the homeotropic alignment with the Pls studied here is not
determined by the orientation of the first LC monolayer.

V. DISCUSSION

One of the interesting results is that the imide ring is
almost perpendicular to the surface with one of the imide
COs protruding out of the surface and the other pointing into
the bulk. In the PI that homogeneously aligns LCs, the imide
ring is, more orless, flat on the surface with a broad distri-
bution, which is the case we studied bef§2&]. The orien-
tation of the imide ring perpendicular to the surface would
contribute to more dense packing of the molecular units than
that flat on the surface. As a result, the side chain would pack
densely at the surface as well and the distance to nearby side
chains would become closer as the imide ring is perpendicu-

Qar to the surface. The dense packing of the side chain due to

the orientation of the imide ring perpendicular to the surface

0;~43°. For the 5CB on the PI for homogeneous alignmentoyid be favorable condition for the dense packing of the

such as polyr-hexyl-pyromellitic imide (P6) or poly-
oxydiphenylene-pyromellitic imidgPMDA-ODA), the tilt

§3-C3 plane

¢

FIG. 8. (Color onling Coordinate systems defining the orienta-
tion of a CH; group.

side chain, hence the homeotropic LC alignment, in addition
to a short molecular unit of the main chain per a side chain
from the viewpoint of the chemical structure. Once the ori-
entation of the ester CO is determined, the orientation of the
rigid part of the phenylbicyclohexyl core in the side chain
can be estimated. This is because the direction of the rigid

TABLE IV. Parameters and Fresnel factors used for the calcu-
lation of the CH stretch.néH3 is the air/PI interfacial refractive
index for the CH stretch.

WsF Wyis WIR
Wavelength\ / um 0.461 0.532 3.48
Refractive index n 1.465 1.461 1.410
Beam angleB/deg 46.7 45.3 57.0
Fresnel factolL,, 0.927 0.919 1.023
Fresnel factol, 0.701 0.711 0.749
Fresnel factoL,, ~ 1.073hg, ~ 1.08Lh¢,  0.977hg,
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part of the side chain that connected to the oxygen atom ahe chain-chain interactiof2,19-21. On such a surface, the
the ester group is determined by the orientation of the estdirst monolayer determines the homeotropic bulk alignment.
C=0 bond and the corresponding molecular conformationalnterestingly, this is not the case for the Pls for the homeo-
considerations as shown in Fig. 11. If the ester CO is oritropic LC alignment studied here since an LC molecule sits
ented by 40°-55° from the surface normal, the phenyl toon the PI with the CN terminal facing the surface, indicating
oxygen bond of the rigid part is more or less along the surthat the surface is not so hydrophobic. Furthermore, the LC
face normal by within about 10° assuming that the plane omolecules in the first monolayer on the Pl surface are not
the phenylene ring in the side chain is the same as that of theompletely along the surface normal but tilted by about 38°,
ester group to form ar electron conjugated system among although the angle is smaller than that obtained on the PI for
the phenylene ring, the ester C=0 bond and the lone pair diomogeneous LC alignment. The tilt angle of the LC mono-
the oxygen atom. The two cyclohexane rings are chairfayer may be induced by the rigid part of the side chain. The
shaped conformation and connected to each other by trarfiact that the LC monolayer is tilted from the surface normal
configuration since the material was synthesized in such with the CN facing the surface is not the case for the con-
way. It is well known that the long alkyl chains densely ventional hydrophobic homeotropic alignment. As long as
formed at the surface such as octadecyltrichlorosil@ES)  the first LC monolayer at the air/Pl interface is concerned,
and n-dimethyln-octadecyl-3-aminopropyl-trimethoxysily we have found that there seems no big difference between
chloride (DMOAP) surfactant monolayers give a hydropho- the Pls for homogenous and homeotropic LC alignments. An
bic surface and a homeotropic LC alignment with the alkylLC film sandwiched by the PI, however, does give a homeo-
chain facing the surface due to the low surface energy anttopic LC bulk alignment, suggesting that the mechanism of
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300

I 1 i 1 N 1 N
[ (a) o, X, Of SCB on quartz

200 -

T T T T T
160 [ () @ %y, ©f 5CB on PI-C1 ]

SHG intensity (arb.units)
3
T

0 50 100 150 200 250

Phase modulation (arb.units) FIG. 11. Schematic describing the molecular conformation of
the ester CO group in the side chain.

(d)

tion and conformation of selective functional groups and
segments of surface structures. As a demonstrating system,
the PlIs for homeotropic LC alignment has been studied to
understand the molecular conformation and orientation at the
surface and the interaction of the LC molecules on it. The
orientation of the imide CO located in the main chain, the
ester CO in the side chain, and the alkyl chain on the top of
the side chain can be determined if the appropriate refractive
indices for the interface are fixed. The LC molecule sit on the
X PI1 surface with the terminal CN facing the surface, which is
PI . . )
not the case for the conventional hydrophobic homeotropic
FIG. 10. Experimental data and line fits for SHG phase meaalignment.
surements ofa) a 5CB monolayer on quartz, and the PI-03
without and(c) with a 5CB monolayer(d) Schematic phase rela-
tionship ofx? for a 5CB monolayer on a Pl surfaggs), X(SzéB, and
X(szc)B/m are the susceptibilities of the PI surface, the 5CB monolayer,
and the 5CB monolayer on the PI, respectively.
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