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Coumarin-Containing Polymer Films

Chunki Kim, T8 Anita Trajkovska, -8 Jason U. Wallace!-¢ and Shaw H. Chen*"*

Department of Chemical Engineering and Laboratory for Laser Energeticyydusity of Rochester,
240 East Rier Road, Rochester, New York 14623-1212

Receied February 3, 2006; Résed Manuscript Recegéd March 23, 2006

ABSTRACT: Polymers containing 6- and 7-substituted coumarin moieties were prepared as photoalignment films
through linearly polarized UV irradiation to a varying fluence for an investigation of liquid crystal orientation.
Model coumarin monomers and dimers were also synthesized and characterized as part of a novel approach to
the interpretation of liquid crystal orientation in terms of monomer conversion. The experimental results for
monomer conversion as a function of fluence were used to validate the first-order kinetics with an exponentially
decaying rate constant as the reaction proceeds. A kinetic model was constructed to describe the evolutions of
the orientational order on the parts of the reacted and the unreacted coumarin moieties. The model was instrumental
to the visualization of liquid crystal orientation on photoalignment films at the early and the late stages of
dimerization. Furthermore, the observed crossover in liquid crystal orientation on the polymer film comprising
7-substituted coumarin moieties was successfully interpreted by considering three factors: the relative abundance
of the reacted and the unreacted coumarin moieties, the degrees of their orientational order predicted by the
kinetic model, and the energetics of molecular interaction.

Introduction in liquid crystal orientation has been extensively reported in

A uniaxial orientation of liquid crystals is the foundation of the past»3®3> without identifying critical parameters for a
a wide variety of electrooptic devices. Mechanical rubbing of duantitative analysis.
a polyimide film has been widely practiced for its simplicity, =~ The present study was motivated by the extent of photo-
but the dust, electrostatic charges, and mechanical damagdlimerization as a new perspective on liquid crystal orientation
resulting from rubbing have adverse effects on device perfor- as illustrated by polymers containing 6- and 7-substituted
mance and lifetimé-3 Photoalignment is a noncontact method coumarin pendants. Specific aims include (1) to characterize
intended to avoid the problems confronting rubbing. Photo- the extent of dimerization in a photoalignment film by BV
alignment also lends itself to patterning, which is instrumental Vis absorption spectroscopy, (2) to calculate the orientational
to accomplishing wide viewing angles in liquid crystal dispfays ~order parameters for both the unreacted and reacted coumarin
and tunability in electrooptic devicés? Three distinct ap- ~ Moieties through kinetic modeling of dimerization in a photo-
proaches to photoalignment have been explored in recentalignment film, (3) to characterize liquid crystal orientation on
years: anisotropic degradation of polyimide? cis—trans the photoalignment film as a function of the extent of dimer-
isomerization of azobenzen&s1® and anisotropic (2+ 2) ization, and (4) to interpret the crossover behavior in terms of
cycloaddition of cinnamaté& 28 or coumaring:28-36 Coumarin- the relative abundance and the orientational order of reacted
containing polymers are advantageous in terms of thermal andand unreacted coumarin moieties in addition to the energetics
photochemical stability without complication from isomerization Of molecular interaction. To accomplish these objectives, poly-
in addition to offering a wide range of pretilt andid=or the mers, monomers, and dimersand Il as depicted in Chart 1
preparation of a photoalignment layer, a coumarin-containing Were synthesized and characterized.
polymer is normally spin-cast into a thin film in which coumarin - gxperimental Section

moieties are randomly oriented. Irrad|at|on.W|th U\,/ light at Material Synthesis. The synthesis schemes and purification
wavelengths longer than 300 nm causes dimerization of COU- procedures for polymers, monomers, and dimerand Il are

marin monomers. At a low irradiation energy (or fluence) of described in the Supporting Information. The analytical &Hd
linearly polarized irradiation, dimerization is limited to coumarin  NMR spectral data are presented in what follows.

moieties whose absorption dipoles fall along the polarization  Poly[6-[[[6-(methacryloyl)oxy]hexyl]oxy]coumarin], Polymer

axis. These preferentially placed coumarin dimers serve to orientl. Anal. Calcd: C, 69.07; H, 6.71. Found: C, 68.89; H, 6.38.
an overlying nematic liquid crystal along the polarization axis NMR spectral data (400 MHz, CD¢} 6 0.90-1.80 (13H, polymer
of UV irradiation. At a high fluence, unreacted coumarin Main chain and spacer linkage), 3.79 (4HCOOCH,—, —CHyx-

moieties have their absorption dipoles lie largely perpendicular ©A—): 6.35 (1H, ~HC=CHCO—, coumarin), 6.96.7.17 (3H,

o . . L aromatics), 7.78 (1H;-HC=CHCO—, coumarin).
to the polarization axis, while coumarin dimers are nearly Poly[7-[[[6-(methacryloyl)oxy]hexylloxylcoumarin], Polymer

randomly placed. As a result, the overlying nematic liquid crystal |, “anal. Calcd: C. 69.07° H. 6.71. Found: C. 68.70: H. 6.54
is oriented perpendicular to the polarization axis. This Crossover yyR spectral data (400 MHz, CDgl & (ppm) 0.96-1.80 (13H,

polymer main chain and spacer linkage), 3.96 (4d{OOCH,—,

Ifgggrg?gfgtfgrf E;SZTiEﬁLrEggiigseering- —CH,0Ar-), 6.19 (1H,—HC=CHCO—, coumarin), 6.696.79

§ Three coauthors in alphabeticall order for equal contributions to this (2H, arqmatlcs), 7.32 (1H, aromatics), 7.61 (HHC=CHCO-,
work. coumarin). _

*To whom correspondence should be addressed: e-mail shch@ 6-(Heptyloxy)coumarin, Monomer I. Anal. Caled: C, 73.82;
lle.rochester.edu. H, 7.74. Found: C, 73.70; H, 7.86H NMR spectral data (400
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Chart 1. Polymers, Monomers, and Dimers | and Il Synthesized
under Present Investigation
Cl;

-@CHT%:%-"

c00(c112)50—C>0'—‘\2
0

Polymer IT G 43°C/

iR
-@cnz_lc_)-’1
c00(c112)5o—Q-:(}=0
PolymerI G41°C1I

M,, =158,000; M,, /M, =17 M,,=132,500; M,, /M, =3.9

CH3(CHa)e (0]
=0 CH3CHy)0

Monomer I rig
e H
o)
CH3(CH2)60 2 CH3(CHp)6O
CHj3(CHp)6O
Monomer II Dimer I, anti-hh Dimer I1, syn-ht

_ SymbolsG for glass transition, andl for isotropic fluid; M,, and
M,, weight- and number-average molecular weights, respectively.
Regioisomerism identified aanti-hh and syn-htfollowing Ref. 37.

MHz, CDCk): ¢ (ppm) 0.88 (t, 3H,CH;CH,—), 1.25-1.39 (m,
6H, CHgCHzCHchchZ_), 1.46 (q, 2H, CHchZCHzoAr_),
1.79 (g, 2H,—CH,CH,0Ar—), 3.96 (t, 2H,—CH,OAr—), 6.41 (d,
1H, —HC=CHCO—, coumarin), 6.89 (d, 1H, aromatics), 7.10 (d,
1H, aromatics), 7.25 (d, 1H, aromatics), 7.63 (d, HHC=
CHCO—, coumarin).

7-(Heptyloxy)coumarin, Monomer Il. Anal. Calcd: C, 73.82;

H, 7.74. Found: C, 73.86; H, 7.93H NMR spectral data (400
MHz, CDCk): ¢ (ppm) 0.89 (t, 3H,CHsCH,—), 1.25-1.39 (m,
6H, CH,CH,CH,CH,CH,—), 1.46 (q, 2H, €H,CH,CH,OAr—),
1.80 (g, 2H,—CH,CH,0Ar—), 3.98 (t, 2H,—CH,OAr-), 6.23 (d,
1H, —HC=CHCO—, coumarin), 6.79-6.83 (m, 2H, aromatics),
7.34 (d, 1H, aromatics), 7.61 (d, 1HHC=CHCO-, coumarin).

(6a0.,603,121P,12ax)-6a,6b,12b,12c-Tetrahydro-2,11-dihepty-
loxycyclobuta[1,2¢:4,3-c'Jdicoumarin, Dimer |. Anal. Calcd: C,
73.82; H, 7.74. Found: C, 73.61; H, 7.761 NMR spectral data
(400 MHz, CDC}): 6 (ppm) 0.89 (t, 6HCH;CH,—), 1.30-1.38
(m, 12H, CHCH,CH,CH, CHZ_), 1.45 (q, 4H,—CH,CH,CH,-
OAr-), 1.76 (q, 4H, —CH,CH,O Ar—), 3.78-3.96 (m, 8H,
cyclobutane~CH,0Ar-), 6.62 (d, 2H, aromatics), 6.85 (d, 2H,
aromatics), 7.03 (d, 2H, aromatics).

(6a0,6ba,12a0,12ba)-6a,6b,12a,12b-Tetrahydro-3,9-dihepty-
loxycyclobuta[1,2¢:3,4-c'dicoumarin, Dimer Il. Anal. Calcd: C,
73.82; H, 7.74. Found: C, 73.89; H, 7.641 NMR spectral data
(400 MHz, CDC¥): 6 (ppm) 0.89 (t, 6HCH3;CH,—), 1.24-1.41
(m, 16H, CHCH,CH,CH,CH,CH,0Ar—), 1.70 (q, 4H,~CH.CH,-
OAr—), 3.80 (m, 4H,—CH,OAr—), 4.12 (m, 2H, cyclobutane),
4.24 (m, 2H, cyclobutane), 6.17 (d, 2H, aromatics), 6.64 (d, 2H,
aromatics), 6.99 (d, 2H, aromatics).

Transition Temperatures and Polymer Molecular Weights.
Thermal transition temperatures of polymersand Il were
determined by differential scanning calorimetry, DSC (Perkin-Elmer
DSC-7), with a continuous Npurge at 20 mL/min. Samples were
preheated to 20€C followed by cooling to—30 °C before taking
the reported heating and cooling scans at@0nin. The nature of
phase transitions was characterized with a polarizing optical
microscope (DMLM, Leica, FP90 central processor) coupled with
a hot stage (FP82, Mettler Toledo). Molecular weights of polymers
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approximately 10 and 25 nm thick films were spin-cast at 4000
rpm from 0.1 and 0.3 wt % chloroform solutions, respectively, on
calcium fluoride substrates (Rubicon Technology, Inc.). Modeled
as isotropic media, the spin-cast films were characterized with
variable angle spectroscopic ellipsometry (V-VASE, J.A. Woollam
Corp.) in terms of refractive index and thickness. The photostability
of irradiated films was also investigated with FTIR spectroscopy
(Bruker IFS/66 spectrometer).

Photodimerization of Polymer Films. Irradiation of polymers
I andll films was performed at 99C under argon with a 500 W
Hg—Xe lamp equipped with a filter (Oriel) that cuts wavelengths
below 300 nm. Linear polarization was accomplished by a
polarizing beam splitter (HPB-308 nm, Lambda Research Optics,
Inc.). The irradiation intensity was monitored by a UVX digital
radiometer coupled with a UVX-31 sensor (UVP, Inc.). The extent
of dimerization was characterized by monitoring the -tXs
absorbance (Hewlett-Packard 8453E) of coumarin monomers in the
spectral region where dimers are transparent. The direct propor-
tionality between UV-vis absorbance and the coumarin content
was established using mixtures of polymérandll with poly-
(methyl methacrylate), PMMA (Polysciences, Inkl, = 75 000
g/mol). Insolubility of irradiated films was determined by BV
vis absorption spectroscopy after soaking in chloroform for 2 min.
Irradiation at room temperature would have required a much higher
fluence level to reach film insolubility.

Photoalignment of Liquid Crystal. For the characterization of
their ability to orient a nematic liquid crystal, irradiated films of
polymersl andll on fused silica substrates were used to prepare
10 um thick sandwiched cells. Commercially available nematic
liquid crystal, E7 (Merck) containing 0.3 wt % probing dye, M-137
(Mitsui Toatsu Dyes, Ltd.), was injected into the cell gap in the
isotropic state (at 68C) to avoid flow-induced alignment. After
thermal annealing at 55C for %, h, the cells were cooled at 10
°C/h to room temperature. For a comparative studyuOthick
liquid crystals were also prepared on rubbed polyimide alignment
films. A UV —vis—NIR spectrophotometer (Lambda-900, Perkin-
Elmer) equipped with a linear polarizer (HNP’B, Polaroid) was
used to measure the orientational order parameter. Fresnel reflec-
tions from the air-glass interfaces were accounted for using a
reference cell comprising an index-matching fluid sandwiched
between two alignment-treated substrates.

Results and Discussion

To illustrate the crossover behavior in liquid crystal orienta-
tion, coumarin-containing polymetsandll depicted in Chart
1 were synthesized and characterized. The accompanying glass
transition temperatures and molecular weights were determined
by differential scanning calorimetry and size exclusion chro-
matography, respectively. Monomers and dimérand Il ,
included in Chart 1, were also synthesized and characterized to
permit the extent of dimerization in photoirradiated polymer
films to be monitored by UV-vis absorption spectroscopy. The
regioisomerism of the resultant photodimers was positively
identified on the basis of proton-NMR signals associated with
the cyclobutane ring’ The UV—vis absorption spectra 6100
nm thick PMMA films containing monomek, monomerll ,
and dimerd andll at mole fractions of 0.10, 0.20, and 0.33,

were de_termined by a size-exclusion chromatpgraph (model 2695respectively, without encountering phase separation detected as
separations module, a 2487 spectrophotometric detector, and a 41@rystalline domains of the dopants, are shown in Figure 1 in

differential refractive index detector, all from Waters Corp., Milford,
MA, and a model 110 differential viscometry detector, Viscotek,
Porter, TX) inN,N-dimethylformamide containing 0.01 M lithium
nitrate at 35°C based on a universal calibration curve established
with poly(methyl methacrylate) standards (Polymer Laboratories,
Church Stretton, UK).

Film Preparation and Characterization. Polymersl andll as
photoalignment films were spin-cast at 4000 rpm from 0.1 wt %
chloroform solutions on optically flat fused silica substrates
transparent to 200 nm (Escoproducts). For-tiés measurements,

terms of the extinction coefficient,= A/IC, whereA, |, andC

are absorbance, film thickness, and the chromophore concentra-
tion in mole fraction, respectively. The mole fraction was
calculated on the basis of the unreacted or reacted coumarin
moieties and the methacrylate repeat units. The high doping
levels were beneficial to an accurate measurement of
relatively thin films while ensuring a close simulation of the
molecular environment in nominally concentrated films of
polymers| and Il. A comparison of part a with part b OCt,DV
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Figure 1. Extinction coefficients measured for 100 nm thick PMMA e \ —2.0
films doped with monomelr, monomeill , and dimerg andll at mole 3 h 10
fractions of 0.10, 0.20, and 0.33, respectively. ﬁ 0.08 -=20
Figure 1 reveals that the extent of monomer conversion can be 0.04
determined by monitoring monomer’'s absorbance beyond
dimer’s absorption cutoff. For each type of coumarin monomer -
in polymersl andll , four possible regioisomers may result from 0.00

photodimerization, but their absorption spectra are not expected 250 300 350 400 450
to undergo an appreciable shift from each other, as evidenced Wavelength, nm

by 6-methylcoumariri’ Figure 2. UV—vis absorption spectra as functions of fluence for (a)

f,unCtions of fluence for approximately 25 nm thick spin-cast Table 1. Mole Fraction of Coumarin Moieties That Have Dimerized,
films of polymersl andll on calcium fluoride substrates. The

pristine films of polymerd andll yielded absorption spectra
with abou a 5 nmred-shift from those of monometsandll

X, and Liquid Crystal Orientational Order Parameter, S, as
Functions of Fluencé

! ! - O polymer|® polymerll ¢
doped in _PMI\_/IA films, as the spectra in F!gure 2 are co_mpargd film thickness 24 Pr— 10nm
to those in Figure la. The presence of isosbestic points with
irradiation up to 20 J/chis an indication of stability against fluence, J/crh X Se X X *
photodegradation, which is further substantiated by FTIR g-% 8%? “ 8-;3 832 8% 110.71
spectroscopy in the Supporting Inf.ormatlon. . 05 040 11073 052 049  110.70
The extent of monomer conversioR, was calculated using 1.0 0.47  110.72 0.60 0.60 110.72
the UV—vis absorbances at peak maxima in the neighborhoods 2.0 0.67 067 0072
of 350 and 325 nm for polymedsand|Il, respectively. With 12'8 g'gg ”8;2 8;2 g;g 0o.75
an extinction coefficient of monomérat 350 nm less than one- 20.0 057 11078 0.76 075 0074

third that of monomell at 325 nm, thicker films of polymer
than polymerl were used to ensure accuracy of Xealues
calculated with absorbances. Table 1 includes the calcukated
values for a 24 nm thick film of polymerand 10 and 27 nm
thick films of polymerll . Film thickness, however, was found
to have an insignificant effect oK for the same fluence, as
demonstrated in Table 1 with a 27 nm thick film of polymer ~ The UV—vis absorption dichroism at 643 nm served to
Il . A dichroic dye, M-137, was employed to track the nematic determine the liquid crystal’s orientational order parameder,
director of a commercially available liquid crystal fluid, E-7, = (R— 1)/(R+ 2), in which the dichroic rati& represents the

on the basis that the dye molecule’s transition dipole is parallel absorbance parallel divided by that perpendicular to the dye
to the liquid crystal’s long molecular axis as demonstrated by molecule’s absorption dipole. The calculatéd values are
liquid crystal orientation on uniaxially rubbed polyimide films.  prefixed byll andC for a parallel and a perpendicular orientation,
With 0.3 wt % of M-137 in E-7, 1Qum thick liquid crystal respectively, of the nematic director to the polarization axis of
cells were prepared between fused silica substrates, both coatedfradiation. For both polymersandll , the photoalignment film
with photoalignment films that had been irradiated to a varying thickness had no effect on the observ&d values. It is

fluence. encouraging to note that ti& values presented in Table 1 ?fbv

aPolarized irradiation with 4.8 mW/chat 90°C; presented values for
X andS¢ both accompanied by an uncertainty).02; symboldl and [ in
front of S¢ represent a nematic director parallel and perpendicular to the
polarization axis of UV irradiation, respectivel/Film insolubility achieved
at 0.5 J/crd. ¢ Film insolubility achieved at 0.05 J/én
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(a) Irradiation with 0.1 J/cm? at 90 °C
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Figure 3. Polarized absorbance (at 643 nm) profiles for M-137 on 10
nm thick polymerll films irradiated at 90°C with (a) 0.1 and (b) 2.0
Jlcn? to illustrate crossover.
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Figure 4. Isotropic refractive indicesx = ny, = n, characterized by
ellipsometry for 25 nm thick films of polymersandll .

their molecular axes, which is supported by the measureet UV
vis absorption dichroism of irradiated films. In essence, the
polarization axis of irradiation plays the same role as the
direction of rubbing a polyimide film in the way of defining
liquid crystal orientation.

The intensity of UV irradiation absorbed by coumarin
monomers is proportional to cd¥), where 0 is the angle
between a coumarin monomer’s absorption dipole and the
polarization axis of irradiation. As a result, the dipole moments
as well as the molecular axes of both the depleting monomers
and the emerging dimers are axisymmetrically distributed around
the polarization axis at any tinte> 0. The photodimerization
rate of coumarin can be described by eq 1:

photoaligment films are as good as those on conventional rubbed

polyimide films within an experimental error a£0.02. The
fluence levels required to achieve film insolubility in chloroform
were determined to be 0.5 and 0.05 Hdor polymer filmsl
andll, respectively. There are two reasons for polyrieto
demand a lower fluence to reach film insolubility than polymer
I. The 7-substituted coumarin monomer has a higher extinction
coefficient for the UV irradiation than the 6-substituted coumarin
monomer. In addition, the 7-substituted coumarin dimer is
transparent to the irradiation, which is not the case for the
6-substituted coumarin dimer. Of particular interest is the
difference in the crossover behavior between polynieasd

II. With respect to the polarization axis identified by an arrow
in Figure 3, a parallel and a perpendicular orientation of liquid
crystal were observed on polymgrfilms at a fluence of 0.1
and 2.0 J/cr respectively.

In contrast, the parallel orientation on polymiepersisted
up to a fluence of 20 J/ctnlt is apparent that fluence has no
direct bearing on the crossover behavior. Insteédeems to
be the key parameter controlling liquid crystal orientation. A
kinetic model is constructed in what follows to describe the
evolutions of the mole fractions of unreactég,, and reacted,
Xg, cOoumarin moieties and their orientational order parameters,
Snand S

Initially, monomeric coumarin pendants to a polymethacrylate
backbone are randomly oriented in the film, as evidenced by
the ellipsometric characterization of pristine films in terms of
isotropic refractive indices), displayed in Figure 4. The random

dXy

Do _ t ¢
E = - T = exp(— T)Xm cos 6 (1)

in which k includes the UV light intensity absorbed and the
guantum yield of dimerization. This equation is intended for
the surface region, where the irradiation intensity remains
essentially constant and the coumarin moieties are randomly
distributed to begin with. The rate of dimerization is determined
by the first-order photoexcitati8hof coumarin, and the factor
exp(—t/7) is included to account for an exponentially decaying
reaction rate with a time constantbecause of the increasing
barrier to dimerization as the reaction proce#d¥evertheless,
the dynamics of rotational relaxation involving coumarin
monomers and dimers is not explicitly accounted for in this
study.

With the initial conditionX,, = 1, X, and X4 are expressed
as eq 2:

1 — X(0,8) = X(6.,t) = exp[~A(t) cog 6] 2)

in which A(t) = ke[l — exp(-t/7)]. FurthermoreX(t) can be

evaluated as follows:
/ 7
1- K(t) erf[VA(®)] (3)

~ JaX(6.1) sin6 do ~
Jisino do

X(®)

distribution of coumarin monomers can be represented as a solid

sphere with a uniform density. The polarization axis of UV

The monomer conversion data presented in Table 1 were fitted

irradiation serves as the common reference for the treatment ofto eq 3 to arrive ak = 0.0352 s* andz = 110 s for the 24 nm

photodimerization kinetics, the calculation of the order param-

thick polymerl film andk = 0.0538 st andr = 182 s for the

eters pertaining to unreacted and reacted coumarin moieties, 10 nm thick polymerl film. The quality of curve fitting is

and for the characterization of liquid crystal orientation on
photoirradiated films. This is equivalent to assuming that
coumarin moieties’ absorption dipoles are largely parallel to

conveyed in Figure 5, which also reveals the failure of simple
first- and second-order reactions without exfif)*°41to capture
the asymptotic behavior iX. CDV
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ing respectively the best fit to eq 3, first-order reactid(t) = 1 —
~ tldkt erf(x/ft) with k = 0.0108 and 0.03127% for polymersl and

I, and second-order reactioX(t) = 1 — tam 1(\/Et)/\/ﬁ with k =
0.0160 and 0.053275 for polymersl andll .

With the established rate expression for photodimerization,
let us proceed to evaluate the ensemble average dbaasing
eq 4:

J5(0.1) cos 0sin6 do

o< 6(t) =
[ (0.0) sino do

(4)

in which the orientational distribution functidr(0,t) = X (6,t)
or Xq4(0,1). The resultanfd¢os 604, andlcos O[J are subsequently

film: (a) coumarin dimers at the early stage of dimerization; (b)

coumarin monomers at the late stage of dimerization, Eitrepre-
senting the electric field of polarized irradiation.

open circles denote discontinuity as dimers do not exiXt=at
0 and neither do monomers ¥t= 1.
SinceS, andS; are expressed in egs 5 and 6 as functions of
A, which is related toX via eq 3, the profiles shown in Figure
6 are applicable to any combinationlofindz that contributes
to X. The filled circles identify where dimerization endgf—)
= 0.55 and 0.72 for polymeidsandll , respectively, with finite
7 values. The good agreement between the calculated terminal
monomer conversions and the observed asympxotialues is
another evidence for the excellent quality of curve fitting.
According to eqs 5 and & — 0 andS;,, — —0.5 in the

entered into the general expression of the orientational orderlimit of X — 1, namely, bothkr andt — . Note that the

parameterS = (3[¢os O— 1)/2, to arrive aSy(t) andy(t) as
follows:

3 1 3 exp[—A(t)]
V=20 2~ 5
YOTRO 2 pmpetvan
Sj(t) — [3— ZA(t)]\/J_T erf[M] — BYA(t) exp[-A(t)] (6)

4R V7 erflyAD)] — 2/AM}

Finally, Sy andS; can be established as functionsXothrough
the relationship betweeX andA in eq 3. For bothS,(X) and
Si(X), the polarization axis of irradiation serves as the optic
axis, viz. the direction in which light propagates without

algebraic signs ofy; and S, indicate that the reacted and
unreacted coumarin moieties are oriented parallel and perpen-
dicular to the polarization axis, respectively. The modeling
results enable the visualization of coumarin dimers and mono-
mers that are responsible for orientating liquid crystals. At the
early stage of dimerization, the reacted coumarin moieties’
absorption dipoles are distributed around the polarization (or
z-) axis because of the proportionality to é@sof dimerization
rate; asX — 0, & — 0.4 rather than 1. Figure 7a depicts the
reacted coumarin moieties on tkg-plane parallel to the film
surface, on which liquid crystal molecules organize themselves
along thez-axis.

At the late stage of dimerization, the unreacted coumarin
moieties approach a random orientation on theplane. On

experiencing optical birefringence, because of the axisymmetric thex z-plane, however, a fraction of unreacted coumarin moieties

dimerization process.

Equation 4 together with the general expressiors gfelds
two limiting cases:S,, — 0 andS; — 0.4 asX — 0. Furthermore,
it is noted that as— oo, A(t) — kr and henceX — 1 — v/ s/dke
erf(\/E), suggesting a monotonic increase ¥ with an
increasingkr. The complete solutions f&, andS; as functions
of X are plotted in Figure 6 for the caseof> o, in which the

are oriented along the-axis, as depicted in Figure 7b, which

is characterized byS;| close to its limiting value of 0.5. The
orientational order parameter would be unity if all the unreacted
coumarin moieties were oriented parallel to thaxis. Appar-
ently, a limited extent of orientation on the part of the unreacted
coumarin moieties with their axes parallel to tRkeaxis is
sufficient to cause crossover if dimerization is aIIowedCtBV
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proceed to an advanced stage. Both the relative abundance o€rystals from the standpoint of monomer conversi®n,To
the two coumarin moieties and the degrees of their respectiveidentify the factors responsible for the crossover in liquid crystal
orientation will serve as a foundation for the discussion of orientation on photoalignment films, a kinetic model was

crossover in liquid crystal orientation in what follows. constructed to describe the unreacted and reacted coumarin
The results presented in Table 1 indicate that liquid crystal moieties’ orientational order paramete®s,andSy, as functions

orientation on polymetl undergoes a crossover ¥t= 0.67 of X. Key findings are recapitulated as follows:

but not on polymet up toX = 0.57. The orientation of a liquid (1) Liquid crystal orientation on the polyméfilm remained

crystal with reacted vs unreacted coumarin moieties had beenparallel to the polarization axis up to a fluence of 20 Jcm
investigated in terms of molecular interaction of dispersive and primarily because ofX limited to 0.57 by a relatively low
steric origins. The main conclusion was that the unreacted absorbance of UV irradiation on the part of monorhewith
coumarin moieties are more planar with more extendedn- which dimerl competes for irradiation energy.

jugation, thus interacting more strongly with an overlying liquid  (2) In contrast, a transition from a parallel to a perpendicular
crystal than the reacted moiet®®In addition to the energetics  orientation was observed on the polyniefilm at a fluence of
of molecular interaction, both the relative abundance and the 2.0 J/cnd corresponding tX = 0.67. Because of a relatively

degree of orientational order are quantified for explaining high absorbance of UV irradiation on the part of monorter
crossover. The reacted and unreacted coumarin moieties domiwjith which dimerll does not compete for irradiation energy,

nate liquid crystal orientation at a low and high conversion, the polymerll film proceeded to a higher asymptoticvalue
respectively. This general observation suggests that the relativelythan the polymet film, 0.75 vs 0.57.
high orientational order parameters of the two motivating

species; — 0.4 and|Sy| — 0.5, play predominant roles. At g cted on the basis of first-order kinetics involving an

the intermediate stage where crossover is likely to happen, theg, oy ensially decaying rate constant to account for an increasing

EI? lative ab.llJ)Tdance of.the two See”?j to ge ?hcompetln% f(";‘Ctorégarrier as the reaction proceeds. Successfully validated with the
WO possible scenarios are considered. € unreacted an xperimental data foK as a function of irradiation time, the

reacted coumarin moieties competing for liquid crystal orienta- kinetic model is instrumental to delineating how coumarin

tion on a 1-to-1 and 1-t0-2 basis. ~ dimers and monomers orient liquid crystals at the early and the
In the 1-to-1 scenario for polymér the reacted coumarin  |ate stages of photodimerization, respectively.

moieties dominate liquid crystal orientation up Xo= 0.57 (4) The kinetic model was used to predigt and & as
presumagly because of the higher abugdan_ce ?]f reacted trl‘larfunctions ofX for an interpretation of crossover in liquid crystal
pr;re_acte g coumfr|n2?0|et|es_(57.43) e;plte the m"’g?'na Y orientation based on the relative abundance and the degree of
inferior order,Sy = 0.24 vs|Sy| = 0.33 (see Figure 6), and less e ntational order governing the two motivating species,

favorablde e;'(ergegcé In the case ﬁf polymier c(rjossover . unreacted and reacted coumarin moieties existing in monomer
occurred atX = 0.67, suggesting that unreacted coumarin onq gimer ||, in addition to the energetics of molecular

moieties take over from reacted moieties because of the better: . ; : :
; ; . interaction. Of the two scenarios under consideration, the one
orientational order|S;,| = 0.40 vs& = 0.19 (see Figure 6),

. . 9= = in which unreacted and reacted coumarin moieties compete for
and more favorable energetics despite the numerical inferiority, liquid crystal orientation on a 1-to-1 basis appears to delineate
33:67. The 1-to-2 scenario is equivalent to a coumarin dimer

. . . - =" a more convincing physical picture than 1-to-2.
competing with an unreacted coumarin monomer for liquid
crystal orientation. AKX = 0.57 in polymeil, unreacted moieties Acknowledgment. The authors thank Dr. Thomas H.
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moieties, respectively, were spin-cast into thin films for a
systematic investigation of liquid crystal orientation. The initially ~ Supporting Information Available: Synthesis and purification
isotropic films were irradiated with linearly polarized UV light  of monomers, dimers, and polymdrand |l , regioisomerism of
to a varying fluence, resulting in photoalignment films whose dimers | and Il by!H NMR spectra, and FTIR spectra of the spin-
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terms of the orientation order paramet&g, of a dichroic dye, monomers and dimensandll . This material is available free of
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films of polymersl andll are comparable to that on uniaxially
rubbed polyimide films. Monomers and dimdrand|Il were
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