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ABSTRACT: The photoalignment of a nematic fluid, E-7, and a glassy-nematic oligofluoFénE3)5, was
investigated on films ofPolymers 1 and 2 in the parallel regime. Polarized absorption spectroscopy and
computational chemistry were employed to characterize coumarin monomer’s and dimer’s molar extinction
coefficients and to locate absorption dipoles as parallel to their long molecular axes. Moreover, their orientational
order parametersy, and S, were experimentally determined as functions of the extent of dimerization. Higher
S and Yy, coumarin dimer’'s mole fraction, were achieved in filmsRaflymer 1 than inPolymer 2 because of

the greater coumarin mobility of the former. The ability of a coumarin-containing photoalignment film to orient
a spin-cast(MB)5 film was found to improve with increasing;S; to an extent comparable to that of a rubbed
polyimide film. Because of the relatively short lengths of its constituent molecules, E-7 was oriented equally
well on both polymer films regardless of thgS; values.

Introduction abundance and orientation order of coumarin dimers and

Traditionally mechanical rubbing has been widely practiced MONOmers in addition to the energetics of their interactions with
for the preparation of electrooptic devices consisting of liquid liquid crystalline molecules. On the basis of this kinetic model,

crystals. As a noncontact alternative to rubbing, photoalignment W& have also demonstrated that it s the interplay between these

has been actively pursukith recent years to avoid the problems three parameters, as op.pos.ed. to photodggradaten, that is
arising from rubbing, such as dust, electrostatic charges, and"€SPonsible for crossover in liquid crystal orientatif? The
damage to alignment coatings. In addition, photoalignment is present stu_dy aims to de_vlse_ a methodology for the e?(penr_nental
instrumental to the realization of wide viewing angles in liquid determination of coumarin dimers’ and monomers’ orientational

crystal displayd® and modulation of diffraction gratings® order parameters at the early stage of polarized UV-irradiation,

There are three distinct approaches to photoalignment inducedvhere dimers are responsible for aligning liquid crystals. The

by polarized irradiation: photodegradation of polyimide¥ product Of_ dimers’ concentration and orientational order pa-
cis—trans isomerization of azobenzen&s® and (2 + 2) rgm,eter .\l\.ll|| serve to quaptltatlvely assess the photoalignment
cycloaddition of cinnamates or coumarfs®® It has been  [Im's ability to orient liquid crystals.

demonstrat_ed that p_oumarins are advan'_[ageous _in ther_mal_ an%xperimental Section

photochemical stability, absence of photoinduced isomerization,
and accessibility to a wide range of pretilt angle. In principle,
photoahgnment is_accomplished on a coumarm-gontamlng in the Supporting Information. The analytical altiNMR spectral
_polyr_ne_r fllrr_l that has been treated Wlth I|nearl_y polarized _UV- data are presented in what follows.

irradiation (i.e., 308-350 nm) to define an axis along which Poly[7-[[4-[[[3-(methacryloyl)oxy]propylJoxy]benzoyl]oxy]-
monomers are preferentially dimerized. As dimerization pro- coumarin], Polymer 2. Anal. Calcd: C, 67.64; H, 4.94. Found:
ceeds, the increasingly populated dimers become less ordered, 67.31; H, 4.841H NMR spectral data (400 MHz, CD@I ¢
along the polarization axis, while the diminishing monomers (ppm) 0.85-1.82 (5H, polymer main chain), 2.09 (2HCH,CH,-
become better oriented in the perpendicular direction. In this CHx—) 4.05 (4H,—COOUH,—, —CH0Ar—), 6.30 (1H,—HC=
process, coumarin dimers and monomers compete for liquid CHCO—, coumarin), 6.93 (2H, aromatics), 7.09 (2H, coumarin),
crystal orientation, resulting in crossover from a parallel to a /-45 (1H, coumarin), 7.63 (1HyHC=CHCO-, coumarin), 8.05

erpendicular alignment at an intermediate extent of dimeriza- (M aromatics).
Eonpg}mzys&sg g Phase Transition Temperatures and Polymer Molecular

. . . . L . Weights. Thermal transition temperatures Bblymers 1 and 2
With the assumption of no orientational relaxation involving 44 Copolymer were determined by differential scanning calo-
coumarin dimers or monomers, we have constructed a kinetic imetry, DSC (Perkin-Elmer DSC-7), with a continuous plrge
model for the prediction of the orientational order parameters at 20 mL/min. Samples were preheated up to 20dollowed by
governing coumarin dimers and monomers as functions of the cooling to—30 °C before taking the reported heating and cooling
extent of dimerizatiori® Three parameters are relevant to liquid scans at 20C/min. The nature of phase transitions was character-

crystal orientation including the crossover behavior: relative ized with a polarizing optical microscope (DMLM, Leica, FP90
central processor) coupled with a hot stage (FP82, Mettler Toledo).

Polymer molecular weights were characterized\iimethylpyr-

Materials Synthesis. The reaction schemes as well as the
synthesis and purification procedures Rolymer 2 are included
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Chart 1. Polymers 1 and 2, Copolymer, and F(MB)5 Used under Present Investigation
CH; CH3

T fonty
COO(CH2)3O—©— co A

Polymer 2: Tg =102 °C

COO(CHZ)GO—O—CO \

Polymer 1: Tg= 68 °C

o] o]
M,, = 76,300 g/mole; M, /M, = 3.3 M, = 58,000 g/mole; M,,/M,=3.4
i i
-eCHrIC#CHZ—f -
COOCH; COO(CHQ)GO—O—CO \
Copolymer: Tg =88 °C o)
M, = 48,700 g/mole; M, /M, =2.1 F(MB)S: T, =89 °C, T, = 167 °C
Determination of Monomer’s and syn-hhDimer’s Absorption ability of Polymers 1 and 2 films to orient glassy-nematic

Dipoles.To locate the absorption dipoles Bfonomer at 264 and F(MB)5 was also appraised. Approximately 50-nm-thick films were
310 nm and oByn-hhDimer at 264 nm, 1Q:m-thick sandwiched spin-cast from 0.5 wt % chloroform solutions on fused silica
cells were prepared with the fused silica substrates coated with substrates coated with photoalignment films. After vacuum-drying
uniaxially rubbed Nylon-66. A UV-transparent nematic liquid overnight,F(MB)5 films were annealed above their glass transition
crystal, ZLI-2359 (Merck), containinlylonomer at 3.0 wt % and temperature under argon for 0.5 h. Polarized-tINs absorption
syn-hh Dimer at 0.25 wt % was injected into the cell gap in the spectroscopy was employed to determine the orientational order
isotropic state (at 80C) to avoid flow-induced alignment. After  parameter.

annealing at 60C for 0.5 h, the cells were cooled at 2CG/h to

room temperature. Absorption dichroism was measured with & UV~ Results and Discussion

vis-NIR spectrophotometer (Lambda-900, Perkin-Elmer) equipped 1,0 coumarin-containing polymers were used in this study

with a Glar?—Thompson polar.lzer- (Newport). _ _ to evaluate their ability to orient a commercially available
Preparation and Characterization of Photoalignment Films. nematic liquid crystal, E-7, and a glassy-nematic pentafluorene,

For the alignment of the nematic liquid crystal and the monodisperse F(MB)5.40 The molar extinction coefficients of the coumarin

glassy-nematic oligofluorene, films d?olymers 1 and 2 were monomer were characterized using binary mixture€apoly-

prepared by spin-casting at 4000 rpm from 0.1 wt % chloroform .
solutions on optically flat fused silica substrates transparent to 200 mer with Polymer 1 and poly(methyimethacrylate), PMMA,

nm (Esco Products). Polymer films were spin-cast at 5000 rpm from {0 ensure miscibility. The structures &folymers 1and 2,

1.0 wt % chloroform solutions on the same fused silica substrates Copolymer, andF(MB)5 are depicted in Chart 1 together with
for characterizations with variable angle spectroscopic ellipsometry their glass transition temperatureiy) clearing temperatures
(V-VASE, J. A. Woollam Corporation) and UWis—NIR absorp- (Te), weight-average molecular weightd(), and polydispersity
tion spectrophotometry. Irradiation of films &olymers 1and2 factors Mw/M;) with M, representing the number-average
was performed at 120 and 18Q, respectively, under argon with  molecular weight.

a 500 W Hg-Xe lamp (model 66142, Oriel) equipped with afilter — pyseq silica substrates coated with polarized UV-irradiated,
(nzjqdel 87031, Oriel) that cuts off wavelengths below 300 nm and 1 oy thick Polymers 1 and 2 films were used to prepare

a dichroic mirror that reflects light between 260 and 320 nm (model sandwiched cells containing E-7 lightly doped with a dichroic

66217, Oriel). Linearly polarized irradiation was achieved using a . . o
polarizing beam splitter (HPB-308 nm, Lambda Research Optics, 9Y&: M-137, and spin-caB(MB)5 films for the characterization

Inc). The irradiation intensity was monitored by a UVX digital Of respective orientational order paramete, and Sor.
radiometer coupled with a UVX-31 sensor (UVP, Inc.). The extent Presented in Table 1 are the obsenf&dand Sor values as

of dimerization was characterized by monitoring the s functions ofX, the extent of coumarin dimerization characterized
absorbance of coumarin monomers at 310 nm where dimers areby a previously reported procedi@® It is evident that a
transparent. The polarized UWis absorption was measured using consistently higherX was achieved withPolymer 1 than

a spectrophotometer equipped with a Gidinompson polarizer  polymer 2 at the same fluence level. Apparently, at the same
to determine the orientational order parameter of the monomers

and dimers in the irradiated films. Insolubility of irradiated films 14116 1 Extent of Dimerization. X. Orientational Order Parameter
was determined by U¥vis absorption spectroscopy after rinsing  of -7 Doped with M-137, S¢, That of F(MB)5, Sor, and the Product

with chloroform. of Coumarin Dimers’ Mole Fraction and Orientation Order
Photoalignment of a Nematic Liquid Crystal and Glassy- Parameter, Y¢Sy, as Functions of Fluence
Nematic Oligofluorene. For the characterization of their ability Polymer 12 Polymer 2
to orient a nematic liquid crystal, irradiated films Bblymers 1 f
.- . uence,
and2 on fused silica substrates were used to preparer@hick Jemt X S° S 100V,8¢ X S¢S 100Y.Se

sandwiched cells. A commercially available nematic liquid crystal,

E-7 (Merck), containing a dichroic dye, M-137 (Mitsui Toatsu DYeS, oo o4 llows 1oss  ou1  oariliore 1910 oO5s
Ltd.), at 0.3 wt % was injected into the cell gap in the iSOtI’OpiC 1.0 0.44 110.71 110.68 0.40 0.37 110.75 110.08 0.26
state (at 65C) to avoid flow-induced alignment. After annealing 20 055 110.75 110.36 0.34 0.4910.76 110.03 0.21

at 50 °C for 0.5 h, the cells were cooled at PC/h to room a . L . L
femperature. A Spectiophotometer equipped witha Inear polarizer LAY S Lenric i achieyed o 0.2 it an raciaton,
(HNP'B, Polaroid) was used to measure the orientational order jcn? at an irradiation temperature of 16@. ¢ 10um-thick nematic cells
parameter. Fresnel reflections from the-ajtass interfaces were  of E-7 doped with M-137¢ 50-nm-thick spin-cast(MB)5 films annealed
accounted for using a reference cell Comprising an index-matching at 130°C under argon for 30 mirf. Yq = X/2. Sc and Sor accompanied by
fluid sandwiched between two alignment-treated substrates. Thean uncertainty 0f-0.02 and 0.03, respectively.
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Chart 2. Molecular Structures of Monomer and syn-hh Dimer and Their Energy-Minimized Geometries with Absorption Dipoles
Identified as Double Arrows by Computational Chemistry Using Gaussian 03 Software Package

CH3(CH2)6O—©— COO_Q;\?
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CH3(CH2)60—©—c

syn-hh Dimer

reduced irradiation temperatur®,/Tg = 1.15, the longer spacer
in Polymer 1than inPolymer 2 facilitated rotational diffusion

of pendant coumarin monomers into the polarization axis for
photodimerization. It is encouraging that &} and someSor
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To validate the absorption dipoles prescribed by computa-
tional chemistry,Monomer and syn-hh Dimer were lightly
doped in a UV-transparent nematic liquid crystal, ZLI-2359,
for the preparation of 1@m-thick cells using fused silica

values are comparable to those achieved on conventional rubbedubstrates coated with uniaxially rubbed Nylon-66 films. Nylon-

polyimide films38-40 The Sor values onPolymer 2, however,
were barely observable, which will be further investigated in
what follows.

In a recent papet we have constructed a framework for
describing photoalignment of liquid crystals in terms of the
relative abundance of coumarin monomers and dimers, their
respective orientational order, and the energetics of their
interaction with overlying liquid crystals. As shown in Table
1, a parallel orientation of both E-7 af{MB)5 persisted up
to a fluence of 2.0 J/ctnwhere coumarin dimers are responsible
for photoalignment. In this regime, the photoalignment behavior
is dictated by the coumarin dimers’ concentration and orienta-
tional order parameter. The coumarin dimers’ concentration in
a UV-irradiated polymer film is directly proportional ¥%. For
the characterization of the dimers’ orientational order parameter,
Sy, previously reportetlonomer andsyn-hhDimer3° depicted
in Chart 2 were used to determine feasible absorption spectral
ranges and to locate UWis absorption dipoles. Also included
in Chart 2 areMonomer’s and syn-hh Dimer’s energy-
minimized geometries, with methoxy instead of heptyloxy tails
to facilitate computation, using B3LYP functionals with the

66 was used in place of polyimide to ensure transparency to
the Monomer’s absorption range. The polarized absorbance
profiles shown in Figure 2 reveal thitonomer’s absorption
dipoles at 264 and 310 nm and thatsyh-hh Dimer’s at 264

nm are all aligned with the rubbing direction that defines both
the host and guest molecules’ long molecular axes. These
experimental observations support the computational results
displayed in Chart 2, thereby inspiring confidence in compu-

Y, =0.050 in PMMA
100-nm-thick films

—
(=3

~——Monomer
=~ Dimer, syn-hh

Absorbance, Normalized
I
W

5
o

300
Wavelength, nm

350 400

Figure 1. Normalized UV~vis absorption spectra of approximately

6-31G(d) basis set as part of the Gaussian 03 software packagel00-nm-thick films ofMonomer andsyn-hhDimer doped in PMMA

The simplified structures are not expected to alter the computed
geometries or absorption dipoles of 7-(benzoyloxy)coumarin
before and after dimerization.

The normalized absorption spectraMdnomer andsyn-hh
Dimer doped in PMMA at a mole fractiolf = 0.050, on the
basis of methacrylate monomer, are shown in Figure 1. The
absorption maximum at 310 nm is attributableMonomer’s
7-coumarin moiety, while that at 277 nm is contributed to mostly
by the 4-heptyloxy benzoate moiety as Figure 1 here is
compared to Figure 1a in ref 38. Upon dimerization, these two
moieties insyn-hh Dimer have largely overlapping absorption
maxima, resulting in a single peak at 264 nm. Computational
chemistry also yieldedMonomer’'s and syn-hh Dimer’s
absorption dipoles parallel to their long molecular axes, indicated
as double arrows in Chart 2, for the absorption peaks shown in
Figure 1.

films at Y,, = 0.050.

Absorbance, norm.
oo Do -
L= & I - - L]
Absorbance, norm.
cocoo o=
[T S5 I SN - - =]

( a ) Monomer at 264 nm (M )
and at 310 nm (@ )

( b ) syn-hlr Dimer at 264 nm

Figure 2. Polarized absorption profiles of 10m-thick cells comprising
(@) Monomer at 3.0 wt % and (byyn-hhDimer at 0.25 wt % in ZLI-
2359 between Nylon-66 films rubbed along double arrows.
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Chart 3. Molecular Structures of anti-hh, syn-ht anti-hh Dimers and Their Energy-Minimized Geometries with Absorption Dipoles
Identified as Double Arrows by Computational Chemistry Using Gaussian 03 Software Package

CHy(CHy)0—_)—C00Q J?_‘ ,I;i }.‘w !‘;;\f : . "E
<>

anti-hh

CH3(CH2)60—©— coo
CH3(CH2]60—©— Co0

anti-ht

tational chemistry for representing molecular geometries and illustrated in Figure 4a foPolymer 1 by the presence of an
absorption dipoles. isobestic point at 267 nm throughout the UV-irradiation process.
Computations were further performed for experimentally Both coumarin monomers and dimers absorb light at 264 nm,
inaccessiblanti-hh, syn-ht andanti-ht isomers in preparation ~ Whereeq can be evaluated with the assumption that absorbances
for a subsequent interpretation of polarized absorption spectraby the two moieties are additive. Thus, pendant monomers’
of UV-irradiated films ofPolymer 1, for which the regioisom- contribution,enYml, was subtracted from the total absorbance
erism of the emerging coumarin dimers could not be experi- at 264 nm to arrive aty for the calculation ofeq from the
mentally characterized upon isolation or in situ. In all four slope of the linear plot shown in Figure 4b.
regioisomers, the dimerized 7-(benzoyloxy)coumarin moieties L&t us proceed to experimentally locate the coumarin dimer’s
are responsible for the UWis absorption above 250 nm. absorption dipole at 264 nm relative to its long molecular axis
Moreover, the absorption spectra of 6-methyl coumarin dimers using polarized absorption spectroscopy. A 78-nm-thick film
were shown to be unaffected by regioisomeriamtj-hh versus of Polymer 1 was irradiated with polarized UV to a fluence
syn-hh*! Therefore, it is reasonable to expect that the absorption level of 0.2 J/cri at 120°C. Photodimerization ifPolymers 1
spectrum obyn-hhDimer reproduced in Figure 1 is applicable and2 films may result in any or all of four possible regioiso-
to the other three isomers. The computational results presentedMers, but emerging dimers’ absorption spectra above 250 nm
in Charts 2 and 3 indicate that transition dipoles at the absorption are unaffected by regioisomerism, as noted above in relation to
maxima in the neighborhood of 265 nm follow the apparent Dimer. Moreover, the transition dipoles associated with the
long molecular axes for all four regiosiomers. absorption peaks around 265 nm are all parallel to the long
In addition toMonomer’s and syn-hh Dimer’s absorption molegular axes of. the four regioisomers (see Charts 2 .and 3).
dipoles, their molar extinction coefficients,{ and eq) are Polarized absorption spectra were collected Aband A™ in

required for the calculation ofS. Phase separation was
encountered in an attempt to dopnomer in PMMA to a L5 - Em "
relatively high level as needed. To circumvent this problem, :ggg:m:lgg’ggggﬁj
Copolymer shown in Chart 1 was used for the preparation of TE '
a series of binary mixtures witRolymer 1 and PMMA to cover 1o
the full range ofYy, from 0.00 to 0.50. The absorption spectra ]
compiled in Figure 4 of ref 39 were employed to calculate %05
at 264 and 310 nm using the relationskip = 2.303mYn as S
established in Figure 3.
PristinePolymers 1and2 films are represented by an initial 0.0
concentrationYme = /2. At any stage of photodimerization, 0 01 02 03 04 05
Y,,= (1 — X)/2 andYq = X/2. Figure 4a presents the evolution Y

of absorption spectra at an increasing fluence level. No Figure 3. Direct proportionality ofon to Y for the determination of
photodegradation was encountered wiblymer 1 or 2, as €em at 264 and 310 nm.
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0.60 (a) Polymer 1 at 120 C —p0 Jemt (b) £, = 170,000 em!
—0.1 - at 264 nm
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Figure 4. (a) UV—vis absorption spectra of 10-nm-thi€lolymer 1 films exposed to linearly polarized UV-irradiation at 120 to an increasing
fluence as indicated by the arrow and (b) direct proportionality betwegeand Yy for the determination oy at 264 nm.
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(b) 260-285nm
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Figure 5. Polarized absorption spectra for (a) 36825 nm and (b) 2606285 nm ranges of a 78-nm-thi¢kolymer 1 film irradiated to a fluence
level of 0.2 J/cri at 120°C; directions indicated by the superscripts on absorb@gtieand [, refer to the polarization axis of UV-irradiation.

Figure 5, in which superscriptsand represent the directions 0.05

parallel and perpendicular to the polarization axis of UV- 0.04 Polvmer | % ”:—”
irradiation, respectively. As revealed in Figure 2a, coumarin ' ° Polymer2 A A
monomer’s absorption dipole at 310 nm lies along its long L003

molecular axis. Under polarized irradiation across-3820 nm, E A Y

coumarin monomers with their absorption dipoles largely s 002 A °
parallel to the polarization axis are preferentially consumed. “ o1k A N °
Since coumarin dimers are transparent across-320 nm, one

would expectAl < A5, which is observed in Figure 5a. The 0.00 [—-~--- A—Q-A——Qﬁ-p—'—ﬁ——q—
coumarin monomer’s absorption dipole at 264 nm also lies o001 | | | | |
parallel to its long molecular axis according to Figure 2a. T00 01 02 03 04 05 06
Therefore, the preferential depletion of coumarin monomers x

R . 0
along the_p0|anzat'o_n a)_('s WOUld_ have: resul_tedﬁi'n< A”at Figure 6. Experimentally characterized orientational order parameters
264 nm W|th0ut ConSIderIng the d|mers Contrlbutlon to abSOFp- for pendant coumarin monomers and d|m8$andsj, in P0|ymers

tion dichroism of the irradiated film. The fact that > A" at 1 and2 as functions of the extent of dimerizatiof,effected by linearly

264 nm, as shown in Figure 5b, leads one to conclude that polarized UV-irradiation at 120 and 16, respectively.

despite the unknown regioisomerism in the UV-irradiated sybscripts d and t denote dimers’ contribution and total
Polymer 1film, the coumqrin dimers’ absorption dipo_les must  apsorbance, respectively, and 264 and 310 specify the wave-
be largely parallel to their long molecular axes. This experi- |engths to which the absorbance and molar extinction coefficient
mental observation validates the absorption dipoles predicted 5re referred.

by computational chemistry for the four regioisomer®aher The results are presented in Figure 6 @ and & as

as shown in Charts 2 and 3. functions ofX with an objective of explaining whiolymer 1

While Polymer 1 served to characterize molar extinction s superior toPolymer 2 in the ability to orientF(MB)5. At
coefficients and absorption dipoles for coumarin monomers and the same reduced irradiation temperatuig/Ty = 1.15, the

dimers, the results are applicableRolymer 2 as well. With pendant coumarin monomers Rolymer 1 are more mobile
the coumarin monomer’s and dimer’s absorption dipoles lying than those ifPolymer 2 because of the longer flexible spacer.
parallel to their long molecular axes, both and & can be  pendant mobility of coumarin monomers is conducive to
calculated according t& = (R — 1)/(R + 2), in which the  photodimerization as a result of rotational diffusion on the part
absorption dichroic rati® = A/A". For the calculation o&n, of coumarin monomers into the polarization axis of UV-

the polarized absorption spectra, such as Figure 5a, were usegradiation. Indeed, a higher extent of dimerization was achieved
to determineA,, and A, for coumarin monomers at 310 nm.  in Polymer 1 than 2 at the same fluence (see Table 1). In
For the determination d& at 264 nm, monomers’ contributions  addition, note the highe®; values observed fdPolymer 1than
were subtracted from the total polarized absorbances to arrivefor Polymer 2as shown in Figure 6. It appears that once formed
at dimers’ contributions as followsAy ,54 = Alz64 — (€m 264 preferentially along the polarization axis, coumarin dimers are
emyglaAﬂnBlOandAEm: A(D,264 — (em,26d€m 310An 310 IN Which not as susceptible to thermal relaxation due in part to the dimers’
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