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Surface optical second-harmonic generation measurements were used to determine the change in the surface
density and the surface orientational order parameter of the trans-cinnamoy! side groups of unidirectionally
photopolymerized polyinyl cinnamate (PVCN) films. The observed surface features were compared to the
bulk properties of the films, which were probed by their UV absorption spectra and birefringence measure-
ments. We found that the surface and the bulk photoreaction kinetics of the trans cinnamoyl side groups of the
PVCN are very similar. The two photoreaction procesgesns-cis photoisomerization and photo-induced
cross linking appear to affect the linear and nonlinear optical properties of the polymer differently. This may
explain the discrepancy between the birefringence and the azimuthal anchoring force of the unidirectionally
photopolymerized PVCN.S1063-651X%99)06909-3

PACS numbgs): 42.70.Gi, 42.70.Jk, 42.65.Ky, 42.25.Lc

[. INTRODUCTION hence, it was suggested that the kinetics and the axial selec-
ivity of the photoreaction processes on the surface of the

- . L M
Photopolymers that have been unidirectionally modified VCN film might be very different from those in the bulk

by exposure to linearly polarized light have recently attracte

much attention due to their ability to induce alignment of = “11,4 alignment of liquid crystals in contact with the LPP
liquid crystals[1-5]. Photopolymerization could have very pycN is assumed to be mainly related to the orientational
interesting applications to LCD technology, since it providesgpisotropy of the trans-cinnamoy! side groups and the cross-
a noncontact alternative to the conventional rubbing-induce@inked chains. These were proposed to cooperatively exert a
alignment technique. It also offeres the possibility of align-unjaxial dispersive force on the liquid-crystalline molecules
ing liquid crystals in various nonplanar configurations, such2 14,19. The trans-cis photoisomerization was usually ne-
as cylindrical fibers or polymer-dispersed liquid-crystallineglected in the theoretical description of the photoalignment.
droplets, where rubbing cannot be performed. Exposure of @his is in strong contrast to recent work of Ichimura and
photopolymer to polarized light is assumed to selectivelyco-workers, who investigated a series of PVCN-related ma-
modify certain chemical groups of the polymer, thus creatingerials: They concluded that isomerization plays a leading
a unidirectional substrate, which causes an azimuthally arrole in the photoalignment mechanism, while the cross link-
isotropic surface anchoring of the adjacent liquid-crystallineing is only important for its stabilizatiof6,17. It is hence
molecules. not yet clear which photochemical process is primarily re-
One of the best known photopolymers for the alignmentsponsible for the liquid-crystal alignment on the PVCN sub-
of liquid crystals is polyvinyl cinnamate (PVCN), which  strates.
primarily belongs to the class of photocrosslinkable poly- In order to resolve some of the apparent contradictions
mers, though in addition photoisomerization also takes placgnentioned above, we performed a surface second-harmonic
[2,3,6. The effect of linearly polarized UV light on the generatioSSHG and birefringence study of the linear pho-
PVCN films has been extensively studied by measurementgpolimerization of PVCN. Due to its inherent surface sensi-
of the bulk-induced birefringence and linear dichroiyv— tivity, the SSHG reveals predominantly the photochemical
9]. Their aligning action on liquid crystals has been characchanges in the PVCN surface layer. Furthermore, the nonlin-
terized by measurements of the azimuthal anchoring energyar optical response is expected to be also more selective
coefficientw,, for a nematic liquid-crystal phase in contact between the photoisomerization and the photo-cross-linking
with the films[7,8,10,11. The observed maximal value of reactions than the linear birefringence and dichroism re-
W,~10 °Jm ? was about two orders of magnitude lower sponse. We measured the SSHG from PVCN films, which
than the value ofW,~10*Jm 2 known for standard were exposed to either unpolarized or to linearly polarized
rubbed polyimide surfacdgd2]. This difference is surprising, UV light for various illumination times. From our measure-
because the birefringence of the linearly photopolymerizednents we deduced the kinetics of the surface density and the
(LPP) PVCN films,An~0.02, is only slightly lower than the surface orientational order parameter of trens-cinnamoyl!
birefringence of the rubbed polyimide filnjd3]. Another  side groups during the UV illumination. The features ob-
unusual feature of the LPP PVCN is also that in relation toserved in the SSHG response have been related to the
the UV irradiation the dependence bf, on the UV expo- changes detected in the UV absorption spectrum and the in-
sure time is about ten times slower than that of the birefrinduced bulk birefringence. Comparing the bulk and the sur-
genceAn [7,8]. Such an uncorrelated behavior ¥f, and  face data we concluded that the surface photochemistry does
An strongly conflicts with theoretical predictiorid4,15: not significantly differ from that in the bulk. On the other
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+$H-CHz+n «CH=CH,3, wherek denotes the transition .n.”noment of the photpsensitive
o 0 cl) o bond, and the boundary conditiof( ¢, t=0)=N,f, is de-
heid ~c? termined by the initial azimuthally isotropic distribution.
/(';H @ éH o Equation(2) does not distinguish between isomerization and
uc*® ) —> @—cﬁ ﬁc—c" dimerization(cross linking. It also neglects possible steric
uc® Neofy \o restrictions of the polymer network on the specific photore-
1 I action. These restrictions might be quite important especially
0?0 @ *CH=CH,%, in cross linking, which is only possible if the distance be-
+(':H_CH_> tween the reactive groups is below some limiting vdli@).
o The evolution of the anisotropic angular distribution func-
(a) tion f(¢,t)=N(¢,t)/N(t) on the basis of Eq(2) and the
-(-?H—CHz'*n «CH=CH, %, related induced birefringencn(t) were recently theoreti-
o_ 0 LA cally analyzed by Galabova, Allender, and CHé#d], with
? ~c? some additions by lonescet al. [15]. A very good agree-
LH —> /éH ment with the experimentally observed dependencir(t)
HC O_cﬁ was found. Assuming a finite anchoring strength of the
@ (b) liquid-crystalline molecules on top of the polymeric sub-

strate, the time dependenciesWf,(t) and the surface-order
parameter of the liquid cryst&(t) were calculated from Eq.
(2) as well. The calculation produced a strong correlation
betweenW,(t) [or S(t)] andAn(t). This result is in contra-
. diction with several experiments, which have shown that
hand we found that the presence of two different photoreac- ; ; .
tion processes is probably crucial to explaining the differ‘:‘W‘P(t) and_An(t) be_ha"? very dlffere_ntly._ During th_e lin-
ence in the kinetics of the birefringence of the LPP PVCNearI.y p_olarlzed uv |Ilum|nat|orAn rapidly INCreases in the
beginning before reaching a plateau. After this it slowly de-

films and their aligning action on liquid crystals. The differ- . .
ence in the magnitude oV, with respect to the rubbed creases by prolonged equsd@&a?—q W, increases with
¢ increasing UV exposure time much more slowly than

polymeric films that exhibit a similakn can be explained by [7.8.10,11. A saturation ofW, usualy appears on a time
1 L 1 . (P

he r ion of th nsity of the aligning units for th >0 ;
the edpcto of the density of the aligning units for t escale which is at least one order of magnitude longer than the
photoaligned case. S . .
characteristic time necessary to induce the plateainn
The disagreements between experiments and theory suggest
Il. LINEAR PHOTOPOLYMERIZATION that the above given relatiof?) is perhaps not valid on a
The LPP process is related to directionally selective pho_surface, or that the transition .”.‘0’“6"‘“5. d!ffgrent at the_
tochemical changes in the PVCN film. The chemical S,[ruc_surfac:e than in the bulk. In addition to this, it is also possible
ture of PVCN and the corresponding photochemical reaCJEhat t“.e mterlactl?n petweehn the PVC'\: anﬁ the Iqu|d;j
tions[(2+2) cycloaddition andrans-cisisomerization are crystalline molecules is much more complex than proposed.
schematically depicted in Fig. [B]. The probability that a
cinnamoyl side group is photoreacted by the normal incident . EXPERIMENT
linearly polarized UV radiation depends on the angle be- )
tween the UV polarization direction and the orientation of The PVCN photopolymer was purchased from Aldrich
the group. If the UV light polarization is along ti& axis in Chemical Company, Inc. and used without any further puri-
the film plane and thé, axis denotes the surface normal, the fication. The material was dissolved in chloroform in various
corresponding probability functioR( 8, ¢) for photoreaction ~ concentrations ranging from 0.035 wt% up to 2 wt%. The

FIG. 1. Photochemical reactions in PVCN: «2) cycloaddi-
tion (a) andtrans-cisisomerization(b) [6].

can be written a§18] films were deposited from solutions onto glass or fused silica
substrates by dip coating, after which they were baked in air
P(6,¢)(8,-85)2=sir? gsir? ¢ 1) at 95°C for 60 minutes. For the larger concentrations spin

1 y )

coating(2000 rmp/30 swas also used. The film thicknesses
ranged from 20 nm up to 500 nm and were determined from
their UV absorbance at 275 nm on the basis of the known
absorption coefficient=13.9 (um) ! [7]. Photopolymer-
ization was activated by illuminating the films with the ra-

where 6 and ¢ denote the relative orientation of the molecu-
lar absorption axisS; with respect to€, and €,. Due to
relation (1) the depletion of the cinnamoyl groups is aniso-

tropic and the surface symmetry is reduced fra@uy, to diation from a 150-W Xe-arc lamp located at a distance of 30

Cay. cm away from the sample. The intensity of the incident light

The rate of the photo_reaction process was reported to b\‘I?Iithin the absorption interval from 250 ritA<<350 nm was
proportional to thg dens'ty OT the reactive cinnamoyl 9roUPSH 3 mwient at the sample position. The exposure energy
N and to the UV light intensitytyy [7]. In accordance with was varied by varying the time of the illumination. In the

this observation and by assuming that the tilt anief the LPP experiments, a UV polarizer was mounted additionally
groups is 90°, the variation di(t) can be described 4] i front of the lamp. The transmittance of the polarizer for
the excitation UV light (250 nraA<350 nm) was 30%.
dN(e,t) — KN(o.DI i 2 For the SSHG measurements we used a Ti:sapphire laser
dt (¢.Dluysim ¢, @ (76 MHz, 100-fs pulsasat the fundamental wavelength of
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800 nm focused onto the sample to a spot size of about 100
pm. The average incident powéP,) of the fundamental 124
beam was 500 mW, and its incident angle with respect to the
sample was 45°. After proper filtering the outcoming specu-
larly reflected SSHG light was detected by a photomultiplier
in connection with a photon counter. The sample was

sz (rel. units)

T 5 10 15 20

(rel. units)

mounted on a rotation stage in air. It was illuminated with 0.6 Unp. UV exposure time (min)
the Xe lamp for selected time intervals, after which the 2 04

SSHG was measured. A dirdotsitu SSHG detection during &

the UV exposure was not possible because the background 0.2

light from the Xe lamp was too intense. The polarization ?---- e DR

direction of the UV light in the LPP experiments was set 00— 3’0405‘0

perpendicularly to the reflection plane of the laser beam.
The second-harmonic generati¢8HG) power P, de-
tected from glass substrates covered with the PVCN was g 2. Output powei,,, of the p-polarized second-harmonic
about 20 times larger than ttg,, observed from clean glass ragiation as a function of the polarization direction of the funda-
plates. The SHG was specular and showed reasonable staliifental beam: before UV irradiatiofopen diamonds after two
ity in prolonged laser exposur@ecrease less than 10% per minutes of unpolarized UV irradiatiofcrossed diamongsand af-
hour). The variations of the SHG signal measured in differ-ter five minutes of unpolarized UV irradiatidsolid diamond
ent sample regions were within 20%. The magnitude of thex=0° corresponds ts input polarization. The solid line is a fit to
P,, did not show any significant dependence on the sampl&q. (4). The dashed lines are guides to the eye. Inset: relative
thickness. Also the kinetics of the observed changes inducedkcrease of the second-harmonic powerstqr («=0°) (triangles
by the UV irradiation was very similar for various sample andp-p (a=90°) (circles polarization combinations as a function
thicknesses, although their transmittivity for the 275-nm ex-of the unpolarized UV irradiation time. The dashed lines are guides
citation light (absorption peakvaried fromT=0.2% up to  to the eye.
T=76%. From these observations we concluded that the
main contribution to the net SHG signal originated from thesecond-harmonic beams, respectively, ammdp directions
front air-PVCN interface. In addition to this, as described in perpendicu|ar and para||e| to the reflection p|ane of the laser
Sec. IV, a small constant contribution to the SHG was reteam, respective)y[21]. Figure 2 shows the dependence of
lated to the PVCN-glass interface. Furthermore, a very smalp,, for the p-polarized SHG as a function of the angteof
incoherent part of the signal possibly originated from thethe incident linear polarization. The upper curve corresponds
bulk luminescence. to the measurement before the UV irradiation and the lower
After exposure of the samples to the UV light we detectedwo to measurements after 2 min and after 5 min of UV
the appearance of a strong two-photon-induced luminesexposure. After 2 min of UV exposure the magnitudePgf,
cence, which exhibited a relatively broad peak that was spectecreases, while its angular dependence remains almost the
trally redshifted for about 100 nm away from the peak. In  same. After 5 min of exposure the angular behavior also
the case Of the |ineal’|y p0|al’ized uv i”umination the f|u0- ChangeS, SO that, for examp|e, the VaIUeFQL(a’: 0°) iS
rescence exhibited a significant azimuthal anisotropy. Thejecreased about twice as muchRas,(a=90°). This effect
results of the experimental investigation concerning this lutan be more clearly noticed in the inset of Fig. 2, which
minescence and its relation to the photochemical processepows a relative decrease Bf,,(e=0°) (s-p signa) and
of the PVCN will be reported in a separate paper. P,,(a=90°) (p-p signa) as a function of the UV exposure
The birefringence of the films was measured at the wavegime, For prolonged exposure times thep signal almost
length of 632.8 nm, using a He-Ne laser beam and a photq;apishes, while the-p signal approaches a constant value
elastic modulator as a\/4 retarder[20]. The absorption o around 30% of its initial magnitude. The value of this
spectra in the interval from 190—1000 nm were recorded ORemainingP,,.,(t— ) signal was very different from sample
a commercial charge-coupled-device spectrophotonteter . sample, &th was always beldwof the P, (t=0). On the
8453. The birefringence and absorption measurements werginer hand, this signal showed no systeprrpl)atic dependence on

o (deg)

performedin situ during the UV exposure. sample thickness and, therefore, we relate it to the SHG con-
tribution from the PVCN-glass interface.
IV. RESULTS To elucidate the photochemical origin of the observed

features ofP,,(t) we analyzed the related photoinduced
changes in the UV absorption spectrum. The spectra were
Photopolymerization with unpolarized UV light was in- recorded at selected time intervals during the 45 min of UV
vestigated to characterize the general effects of the photaHumination. The corresponding values of the absorbance at
chemical reactions on the SSHG signal. This information250 nm and at 275 nm were used to calculate the relative
served as a base for the evaluation of the features specific tmncentration of therans-cinnamoyl groups and their pho-
the case of linearly polarized UV light. In accordance withtoproducts in accordance with the procedure given by Eger-
the C.,, surface symmetry of the samples, the output secondion, Pitts, and Reisdi6]. Figure 3 shows the resulting de-
harmonic poweiP,,, for the s-s and p-s polarization com-  pendence of the relative concentrations of titees, cis and
binations was very low compared to teep andp-p case dimerized(cross-linkedl cynnamoyl groups on the UV expo-
(herem-n indicate the polarizations of the fundamental andsure time. In the initial stage of the UV illumination

A. Photopolymerization with unpolarized UV light
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FIG. 4. Relative decrease &%, for the s-p polarization com-
bination during exposure to linearly polarized UV light. The inset

00 g "5 10 15 20 25 30 35 40 T5 shows the orientation of various coordinate axes of the sample:

absorption axi€;, surface normag,, photopolymerization axis,

(which is parallel to the direction of the UV polarizati@h,,), and
FIG. 3. Relative concentrations of various forms of the cin-the direction of thes-polarized optical fielcE. The measurement

namoy! side groups as a function of exposure time to unpolarizegyas performed aE(E,y , i.e., atd=0°.

UV light: transisomer(squarey cisisomer(circles, and dimerized

groups(diamonds. The thick solid line is fit to a two exponential Which was confirmed also by theoretical calculatiqsse

decay function. The thin solid line is fit to the dependengé) Sec. V.

=a+b[1—exp(-t/r)] by using the fixed value of,=15 min. In- o o ] ]

set: Relative decrease of the effective nonlinear susceptibilities cor- B- Photopolymerization with linearly polarized UV light

responding to the-p (triangles and thep-p (circles SSHG signal, Due to the absence of any remaining background SHG

and relative concentration of theans-cinnamoyl groupgsquarep signal for thes-p polarization combination, the analysis of

during unpolarized UV irradiation. The dashed line is for guidance.the LPP films was performed mostly in this geometry. Figure

4 shows the relative decrease f., as a function of the

the trans-cisisomerization is the leading photoprocess. Thelinéarly polarized(LP) UV exposure time. The decrease oc-

. , : rs quite rapidly during the first five minutes, while after
corresponding dependence of the relative concentration qcﬁjis aqmuch sFI)ow)ér decagy takes place. Taking into account a

the c_:is-conformersp&t_) exhibits a n(_early sat_uration—lik_e be- 30% transmittance loss due to the UV polarizer and the se-
havior. Thec, rapidly increases during the first two minutes |gctive absorption effecisee Egs(1) and (2)], the initial

of the exposure. After this, a second, very moderate, increasfecrease of th®, , in Fig. 4 can be fairly well correlated
toward c,=0.5 takes place. The dimerization, on the con-with the initial decrease of thBg_, in the inset of Fig. 2. In
trary, shows a smoother kinetics and proceeds on a slowdroth cases it can be associated with the initial depletion of
time scale. The final concentration of the dimerized speciethe trans-cinnamoyl groups due to thians-cisisomeriza-
also converges toward the value @f=0.5. After about 45 tion, while the succeeding slower decrease can be mainly
min unpolarized UV irradiation, practically all the initial related to the cross linking.

trans-cinnamoy! groups are phototransformed. The observed '€ anisotropy of the LPP process was probed by mea-
50% dimerization of the side chains is in agreement with th l;r%T/ents of the.a2|mu'£hal de5peﬂdencePg() fofr \éanot;Js. q
data reported in the literature, while the 50% isomerization i:sr exposure times. Figure 5 shows some of the obtaine

. ) esults. The angleb=0° corresponds to the situation in
larger than usually reporteld,16,17. We believe that this which the symmgetry-breaking ax% of the sample, defined

difference originates from the differences in the spectral,y the direction of the UV light polarization during the UV
properties of the excitation UV light sources used in variousjjymination, was parallel to the polarization(see inset of
experiments. Fig. 4). Small variations of thés ,(P) observed before the
To make a more direct comparison between the SHG datdV exposure probably originated from inhomogeneities of
presented in Fig. 2 and the photoproduct analysis given ithe sample. This intrinsic inhomogeneity was eliminated
Fig. 3, we calculated the time dependencies of the effectivom theP ;(t>0,®) graphs by always plotting the relative
second-order nonlinear optical susceptibilitigg s ,(t) — decreas®s.q(t,®)/Ps,(t=0,P) corresponding to the spe-
“(Ps.p(t)/Ps.p(t=0))1/2 and  Xefp-p(t) [ (Pp_p(t)/Ppp(t cific az_lmu.thal angled. In accordance with the behaylor
N ) ) shown in Fig. 4, the average val(B ,(P)) decreases with
=0))"*= xo] corresponding to the-p andp-p SSHG sig-  increasing LP UV exposure time, while its angular anisot-
nal. The constant valug, was attributed to the PVCN-glass ropy increases. The, ,(®) exhibits maxima a =90° and
interface. The resulting plots fofe s p(t) andxer,p-p(t) are  d=270°, that is, when the sample was rotated orthogonal to
shown in the inset of Fig. 3, which in addition gives also theits position during the UV irradiation.
time dependence of the relative density of thans To further support the presum&, surface symmetry of
cinnamoyl groupsc(t). The apparent similarity of the the LPP process, Fig. 6 shows the azimuthal dependencies of
graphs fory.¢(t) andc;(t) suggests that the SSHG in the the p-p and p-s SHG signals corresponding to 40 min LP
PVCN is strongly related to théranscinnamoyl groups, UV exposure. TheP_,(®) exhibits a cleaC,, symmetry,
with the maxima shifted 90° with respect to tiig_,(P)

Unp. UV exposure time (min)
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P, (rel. units)
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0.5- . . .
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data. The data for the,,.(®) are a bit more scattered due to recently been reported also for PV(GR2]. To characterize
the low magnitude of the signal, but the presence of foutthe related properties of our PVCN substrates, we probed the
nearly equivalent maxima in this case is evident. effect of two subsequent photopolimerizations on the azi-
One of the interesting features of an optically inducedmuthal anisotropy of thes-p SSHG signal. At first the
alignment is the possibility of a subsequent realignment oPg ,(P) was measured after 40 min of the LP UV exposure
the liquid-crystal orientation direction. These effects havewith the UV polarization parallel to thedirection. Then the
UV polarization direction was set parallel to the
p-polarization plane and the sample was further exposed for

Py (rel. units) 90 minutes. After this th@, ,(P) was measured again. The

031 results are shown in Fig. 7. The average vdlBg ,(P)) as
02 usual decreases with the additional UV exposure, while the
“ typical unidirectional azimuthal dependence of the,(P)
0.1
0.0 .
o] P, (¢/min) %

1600 60
02+ ]
03 1200~

goo- 1Y

4001 . P

04180 Ea%% 0
] "(Q&cs‘z

400 3 “ ‘

1200

1600

270

FIG. 7. Dependencies of treep second-harmonic power on the
FIG. 6. Dependencies of the-p and p-s second-harmonic §amplg rotation. anglé for two subsequ.entllinearly po!arized QV
power on the sample rotation angle measured after 40 min of irradiations  with orthogonal polarization directions: first
exposure to linearly polarized UV light. The values are given rela-rradiation—40 min with Ey, parallel to s polarization (solid
tively with respect to theP.,(P) before the UV exposure. Solid circles, second irradiation—90 min witrEUV parallel to the
lines are fits to Eq(7). p-polarization plan€open circlegs Solid line is fit to Eq.(7).
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is strongly perturbed. A modification of the direction of the exposed films and films exposed to unpolarized UV light
photoalignment axis, is, therefore, feasible but in every stepields[25,2¢

the concentration of thdrans-cinnamoyl side groups is

strongly reduced. If theérans groups are important for the Xz22= Ns(1)(COS’ 6) B33,

liquid-crystal alignment, this means that the anchoring N .

strength of the substrate would reduce after every realign-  Xzx™ Xzyy™ Xxzx™ Xyzy= sNs(t)(sin’ 6 c0s6) B3z, (3)

ment. . .
ent whereNg denotes the surface density of tinens-cinnamoyl

groups and/) means averaging over their angular distribu-
V. DATA ANALYSIS tion, which is supposed to be isotropic with respect to the
A. Photopolymerization with unpolarized UV light azimuthal anglep. The p-polarized second harmonic field

The strong correlation between the time dependencies d':r(z"’)i*P in reflection direction is then given 481]

xef(t) andc,(t) as shown in the inset of Fig. 3 suggests that _AR2 . 2
the nonlinear optical response of PVCN originates predomilz(zw)s'p AFS(©)Fp(20)2(20) Xz Xer s pE @),
nantly from thetrans-cinnamoyl side groups. The SSHG is,

_ 2 2
therefore, sensitive only for the initial photoactive state of E(20)p.p= AFp(0)Fp(20){e%(@)e(20) X2z,

the side chains, but insensitive for the photoreaction prod- X sit Q+[&(20)q3(w)

ucts. To understand this we performed quantum-chemical _
calculations of the second-order molecular hyperpolarizabil- —2e(0)0z()q(20) [xzxxSINQ}

ity B of the cynnamoyl group akt =800 nm by using the Ochf,p—pEz(w)u (4)

MOPAC93 program[23]. Isopropil-cinnamate was used as a

modeling substance. The output data were calibrated “S"WhereA=4qrisz(w)secQ/c, E(w) is the incoming funda-
the calculation for para-nitroaniline compared with its ex-antal field,()=45° is the incident angles is the optical
perimentally knowng value [24]. For thetrans isopropil- giglectric constant, ané and g, denote the corresponding
cinnamate the calculation gave the average susceptibilitgyesnel factors and transversal wave vectors, respectively.
(By=280x10"*°m*V~1, which is predominantly deter- The multiple reflections of the optical beams from the inter-
mined by the single compone;,, corresponding to the faces have been neglected in the data analysis, as we did not
induced polarization along the axis of the conjugated chaimbserve any significant interference effects as a function of
(€2). In cis isopropil-cinnamate(3;) is reduced to 110 the sample thickness.
X 10~ *°m*V 1, in accordance with the reduced planarity of  From the above-given relations and the experimental data
the structure. In addition, the contributions from the “trans-shown in Fig. 2 we calculated the average tilt angle of the
versal” componentsBz;; (i,j=X,Y) became more impor- cinnamoyl groups on the surface of the unexposed PVCN
tant. In the head-to-head dimer the value(gf;) decreases film. The values fore(w) ande(2w) have been extrapolated
to about 10 10 “°m*V % Such a low value is the result of from the data given in literatur27]. The fitting curve is
the transformation of the carbon-carbon double bonds intghown as a solid line in Fig. 2. Assuming a delta-function
the carbon-carbon single bonds, which strongly reduces theistribution of the molecular tilt angle& (6, ¢)= 5(6— 6;)
conjugation of the molecule. The SHG from the dimers is the fit corresponds to the valulg=78°. As theP,_, contri-
therefore, negligible compared to the contribution from thebution from the glass-PVCN interface was neglected in the
trans and cis conformers. Thecis conformers on the other fitting procedure, the accuracy of tiéig value is about-10°.
hand might be partially competitive with theans conform-  The experimentally obtained almost horizontal orientation of
ers in contributing to the net SHG, but the magnitude of thisthe cinnamoy! side groups is in agreement with the general
contribution depends also on their relative orientation withtheoretical models describing photopolymerization of the
respect to the surface. If this orientation were the same as f@®VCN [Eq. (2)] [14,15.
the trans conformers, then for prolonged UV exposures the  Experimentally, we found that the ratisf s.p/ Xef,p-p IS
Xet Should decrease to abojut.(t—)(B.)/(B;)]~0.2 of  almost constant during the UV exposure. This suggests that
its value before the UV exposure. In our measurements Wehe f(6,¢) and the corresponding valug,~78° are not
detected an even larger decrease ofjbe(see inset of Fig.  significantly modified by the photoreactions. Therefore, the
3). This suggests that theis conformers are oriented with observed decrease gf; during UV irradiation is predomi-
respect to the surface at different tilt angles thanttd@s  nantly due to a decrease of the surface deniit) of the
conformers, so that consequently their contribution to the nefrans-cinnamoyl groups. Such a conclusion is in agreement
SSHG signal is unimportant. with the observed strong correlation betwegp(t) and

In further analysis we therefore consider solely the SHG ¢ (t). In addition, this correlation also suggests that the
from thetrans-cinnamoy! groups. We assume that the axis ofdepletion oftrans-cinnamoyl groups on the surface of the
their largest molecular hyperpolarizabili€ coincides with  PVCN occurs in a very similar manner to that in the bulk.
the molecular absorption axés and we take solely the com- The observed dependence of thét), as shown in Fig. 3,
ponent B;3; into account. This approximation provides suggests that the photoisomerization and the photodimeriza-
simple relations between the macroscopic second-order nofion reactions are uncoupled in such a way that tfiaes
linear susceptibilities(i(jzk) and the surface angular distribu- cinnamoyl groups, which can get isomerized, are very un-
tion function f¢(6,¢) of the transcinnamoyl side chains likely to get dimerized, and vice versa. Such a behavior can
[25]. For theC,,, surface symmetry associated with the un-be related to steric restrictions in the polymer network. Steric



3126 OLENIK, KIM, RASTEGAR, AND RASING PRE 60

restrictions are very probably also the reason for a hindrance

. . : . . . .04 =40.12
of the backcis-transisomerization, which was practically 0 9_1
not detected. Assuming completely uncoupled photoreaction 0'8_ ) Moo
processes, the photodepletion of thens-cinnamoyl groups 0'7_ 0 E__.
N(t) can be described by 3 o °°s i 1008
=W -_ O ‘;::/,'
dN;i(t) dNgy(t) = 057 % 1006
—dlt :_kiNi(t)IUVi —dt :_ded(t)IUVY é-,,OA_- /', NMO;*"‘*» .0 :
z" 03] 7004
N(t)=Ng(t)+N;(t), (5) 027 E {002
0.1+ .,
where indices andd denote isomerizable and dimerizable 00— . . T . . .  0.00
0 10 20 30 40 50 60 70 80

sites, respectively, ank; and k; are the related transition
moments. According to Ed5) the experimentally obtained
dependence ot (t)=N(t)/N(t=0) was fitted to a two-

e?(ponent decay function. The fit is shqwn as a S‘?"d line "Mional order parametdsquaresof the trans-cinnamoyl side groups
Fig. 3 an.d corre;po.nds to the. d,ecay timgs- 9'8 min and_ as functions of the linearly polarized UV exposure time. The dashed
7,=15min, confirming our original suggestion of the in- |ihes are guides to the eye.

volvement of two independent photoreaction processes in the
SSHG response of the PVC28|.

To test the reasonableness of the approximation of tW@yhered is the rotation angle of the sample around the nor-
independent photoreaction processes we fitted the expefina| to the surface an@=0° corresponds to the sam
mentaly observed dependencecg(t) to the relationcy(t)  axis oriented parallel to the polarization(inset of Fig. 4.
=a+b[1—exp(-t/m)] as follows from Eq(5) by using the  The induced birefringence of the films is neglected in Eq.
corresponding fixed value e, =15 min. The fitis shown as (7).

a thin solid line in Flg 3. A small nonzero value of the The fits of the experimenta| data to Hq) are presented
parameten (the fit resulted ira/b=0.16 suggests the pres- as solid lines in Figs. 5-7. By assuming independent polar
ence of some minor degree of mixing between the two phoand azimuthal changes of the angular distribution function

toreactions in the very initial stage of the UV exposure. Oth-f (g, ¢.t)=f,(6)g(e,t), the surface orientational order pa-
erwise the agreement between the data and the theory is vef¥meter of therans-cynnamoy! group$26]

satisfactory.

LP UV exposure time (min)

FIG. 8. Relative surface densitygircles and surface orienta-

Xzxx— Xzyy
XzxxT Xzyy

B. Photopolymerization with linearly polarized UV light Qs=(cos 2p)= ()

The linearly polarized UV irradiation induces an aniso-
tropic decrease of th&l(t), which leads to an azimuthal Wwas evaluated from the fitting procedure. The obtained posi-
anisotropy of the angular distribution functidg(6, ¢,t) of tive values of th&) are in agreement with the idea that there
the side chains. Some of the moments related to this anisof'®¢ more SHG activérans-cinnamoy! side groups oriented
ropy can be determined from the azimuthal dependencies & the direction perpendicular to the UV light polarization
the SSHG signal as shown in Figs. 5-7. In accordance witkhan parallel to it(i.e., xzx,> Xzyy)- Figure 8 shows thaQs
the C,, surface symmetry of the LPP films the nonlinear monotonically increases with increasing exposure time. The

susceptibility components are described[Bg,26] maximum detected value @ in our experiments was about
0.12. This value is considerably lower than that of the bulk
X227~ Ng(t)(coS 6)Ba33, orientational order parameter for LPP PVCN, which was cal-
culated from birefringence measuremefits On the other
Xzx= Xxax=Ns()(SIF 0 c0s6 coS’ ¢) B3z, hand, our result is very similar to the value®f, which has
] ] been recently observed by SSHG measurements on a photoi-
Xzyy=Xyzy=Ns(1)(Sir? 6 cOS SirF @) B33, (6)  somerizable azo-side-chain polymeric fi[80].

Figure 8 shows also the time dependence of the relative

and the second-harmonic field is given [21,26,23 surface densityNg(t) of the transcynnamoyl groups. For

E(Zw)s_pzAFg(w)Fp(Zw)s(Zw) exposure times where a full azimuthal dependegg(P,t)
was measured, it was calculated asNg(t)
X SINQ (X 2xxSIMF P + x4y,C0S D), =([Psp(®,1)/Ps ,(P,t=0)]"3, where() means averag-
ing with respect to the azimuthal angle For some addi-
E(2w)p_p=AFﬁ(w)Fp(2w){sz(w)e(2w)xzzzsin3Q tional exposure times<20 min the approximate values cal-
5 culated from the data given in Fig. 4 a&(t)~[Ps (P
+[e(20)q3(0w) —2e(w)q,(w)q,(20)] =0,t)/Ps ,(®=0,t=0)]"2 were added. These approximate
X SINQ (Y5 COL (I)+Xzyy5in2 D)}, values are reasonable because the anisotropy d?{heé®d)
is quite low fort<20 min (Q;<0.05). The dependence of
E(Zw)p_s=AF,23(w)FS(Zw)s(w)qz(w)qZ(Zw)SinQ Ng(t) reveals the presence of two separated photodepletion

processes in agreement with the experimental observations
X COSOQ (X 2xx— Xzyy) SIN 20D, (7)  using unpolarized UV light.
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0,012 0.08 VI. CONCLUSIONS
| &0 O 40.07 In addition to its intrinsic surface sensitivity, the tech-
0.010+ < © . . . .
| s -1 006 nique of SSHG also provides a chemically selective probe of
o . . . . .
00054 ¢ R e B> the photochemical processes in PVCN, as it probes predomi-
- ; - | =] . -
¢ e 0.05 = nantly thetrans form of the cinnamoyl side groups. From
= 0.006 ¢ ad Joos & SSHG, it is possible to separately obtain data on the surface
4 . 4 1 £ density and the surface orientational order parameter of the
o.oo4-<; 100 z trans-cinnamoyl groups during the linear photopolymeriza-
17 H0.02 tion. This information is complementary to what is usually
0002 ¢ Joor obtained from measurements of bulk-induced birefringence
i or linear dichroism. Our results demonstrate that the ob-
0.000 . T 1 0.00 served anisotropy of the LPP PVCN film also depends on the

0 10 20 30 40 50 60 70 80

LP UV exposure time (min) experimentally used technique. We showed that this is due to

the presence of two different photoreaction procedsass-
FIG. 9. Measured net birefringence of the samf@pen dia- cisisomerization and cross linking, which differently affect a

mondsg and calculated surface birefringence of thens-cinnamoyl specific property of the films.

groups accordingly to the SSHG ddtmlid diamondsas functions From our measurements it follpws that the su_rface and the
of the linearly polarized UV exposure time. The dashed lines ar(p_u”( kinetics of t_he photodepletion of trteanscmna_mpyl
quides to the eye. side groups during the UV exposure are very similar. It

seems that there are no surface-related special photochemical
changes that could affect the liquid-crystal alignment. This

From the data shown in Fig. 8 we calculated the depensuggests that the presence of two photoreaction processes is
dence of the surface birefringenden,xQ(Ny)*? of the  also predominantly responsible for the difference in the be-
trans-cinnamoy! groups on the LP UV exposure tif&d]. havior of the induced birefringence and the azimuthal an-
This is that part of the net surface birefringence that is exchoring strength of the LPP PVCN, hence, this has to be
clusively related to the azimuthal anisotrofy 8, ¢,t) of the taken into account when constructing a more accurate model
trans-cinnamoyl groups. The dependenteg(t) is shown in ~ for the photoalignment mechanism. o
Fig. 9. For comparison also the result of the measurement of OUr results suggest that the anchoring of liquid crystals on
the bulk net-induced birefringenagn(t) is given. During thel LPP.PVCN surfaqe is malnly determined by their inter-
the initial stage of the LPP process, which is associated witRction with thetrans-cinnamoyl side groups. Because these
the trans-cisisomerization, the\n(t) and Ang(t) exhibit a  9roups are d_epopulat_ed during the photoreaction, the associ-
similar behavior. After this, during the cross linking, a pro- ated mt_eractlon force is weak. More proper su_bstrates _for the
found difference can be seen. Tha(t) exhibits a plateau Photoalignment are, therefore, photopolymeric materials in
and later on a slow decrease—a dependence that is usuaffich the surface adhesion of the liquid-crystalline mol-
reported in the literatur§2,7—9. The Ang(t), on the con- ecu[gs is less modified py the photo.reactlon. In PV_CN, in
trary, also continues to increase during the cross linking2ddition to the low density of the active groups, their rela-
This result suggests that the dimers, which are formed by thvely low azimuthal orientational ordéa maximal detected
cross linking, very probably reduce the total net birefrinceValué of the surface orientational order paramé@grwas
An(t). A possible explanation for this effect is that the abou"c O_.lqurther reduces the azimuthal anchoring strength
dimers are actually oriented along the UV polarization direcfor liquid-crystalline molecules. The observed values of
tion and not perpendicularly to it, as is generally assumed iff2s(t) are actually much lower than would be expected from
the literature. the corresponding values ®4(t) for a case of selective

The observed difference in the dependencies of th&@Psorption in accordance with E@) [7]. This suggests that
Ang(t) andAn(t) can provide an explanation for the differ- some addltlo_nal effec_ts, fo_r exam_ple,. an optlcall_y asys';ed,
ence in behavior of the surface-anchoring energy coefficierif’€rmally activated orientational diffusion of the side chains
W,(t) andAn(t). If one assumes that the anchoring of the[32]3 might be an intrinsic .I|m|t|ng factor for. the .maX|m§1I
liquid-crystalline molecules on the PVCN surface is pre_attalnable LPP-induced anisotropy. From this point of view
dominantly determined by their interaction with thans f[he use of the photo-cross-linkable polym_ers with less flex-
cinnamoy! groups, thew,(t) should follow the dependence |b!e side groups should be more appropriate for the photo-
of Ang(t), and not that ofAn(t). ThenW,(t) can continue alignment.
to increase also after the net birefringeroe(t) of the film
has already reached its maximum. The plateauMp(t)
should appear at a later time corresponding to the maximum
of Ang(t). From Fig. 9 it follows that in our experiments  We gratefully acknowledge the help of W. Sprenger in the
during 80 min of the LP UV exposure this second characterUV absorption measurements. Part of this work was sup-
istic time has not been reached yet, in agreement with othgyorted by the European Network No. ERB FMRXCT
observation$7,8]. 980209(SILC).
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