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ABSTRACT: Fluorescent low-molar-mass and polymeric materials capable of freezing nematic and chiral-
nematic liquid-crystalline mesomorphism in a vitreous state were synthesized for the investigation of
light absorption, steady-state fluorescence, and decay dynamics via single photon counting, all at room
temperature. Monomer (i.e., isolated chromophore) emission was established as the sole decay pathway
for singly dispersed chromophores in dilute solution. For chromophores constrained on a cyclohexane
ring or a polymethacrylate chain, monomer emission was identified as the predominant decay pathway
in dilute solutions. Furthermore, deviation from a single-exponential decay is accompanied by some loss
of quantum yield to intramolecular processes. Emission from vitrified films exhibited a red shift of no
more than 30 nm and a peak broadening by less than 10 nm compared to dilute solutions of the same
compounds. The limited extent of bathochromic shift was considered to have arisen from a microenvi-
ronmental effect. The decay dynamics was found to be similar to that in dilute solutions, with a greater
loss in quantum yield to both intra- and intermolecular processes existing in solid films. At modest values
of order parameter, 0.4—0.6, vitrified nematic and chiral-nematic films produced a fluorescence anisotropy
of 0.42 and a dissymmetry factor of 0.25, respectively. The observed degrees of polarization were found
to agree fairly well with the theories governing linearly and circularly polarized fluorescence from

uniaxially and helically arranged chromophores.

I. Introduction

Optical information processing and display can be
accomplished through the use of polarized light. In
principle, both passive and active devices can be used
to achieve polarization. Aligned materials, such as
stretched polymer films containing dichroic dyes, have
been successfully implemented as passive devices for
linear polarization. In this device concept, light that is
polarized along the direction of alignment is absorbed,
allowing the light perpendicular to this direction to pass
through the material. Circular polarization of light can
be achieved using chiral-nematic liquid-crystalline films
by taking advantage of the property of selective reflec-
tion. In awavelength region defined by the helical pitch
length and the index of refraction, circularly polarized
light of one handedness is reflected, allowing light of
the other handedness to be transmitted with little or
no attenuation. Because of the commercial availability
of linear polarizers, linearly polarized light has been
extensively investigated for display applications. Cir-
cularly polarized light is equally interesting, but it has
remained largely unexplored simply because of the lack
of readily available devices.

In principle, photonic or electric excitation of films
should result in light emission that is linearly and
circularly polarized from uniaxially and helically ar-
ranged chromophores, respectively. Good alignment of
the chromophore is critical to achieving a high degree
of polarization. Molecular alignment has been ac-
complished traditionally by film stretching.! In fact,
strong linear polarization of both photoluminescence
(PL) and electroluminescence (EL) has been reported
from films aligned by means of mechanical stretching,23
by vacuum deposition onto a rubbed surface,*® and by
way of liquid crystallinity.6=8 Liquid crystallinity is
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advantageous in terms of the relative ease with which
molecular alignment can be realized across a large area.
Both low molar mass nematic fluid and vitrified polymer
nematic films have been shown to be capable of polar-
ized PL and EL®%8 as measured by anisotropy, r, defined
as

=1
R T @)
in which I;and I are the emission intensities observed
parallel and perpendicular to the direction of unaxial
chromophoric alignment, respectively. In addition,
circularly polarized fluorescence (CPF) has been ex-
plored using chiral-nematic fluid films®~1* and polymers
with helically arranged pendant groups,>~17 producing
a dissymmetry factor, ge, as defined below, up to 0.3 and
0.005, respectively:

IL_ IR
9 =27, (2)

in which I_ and Ir are the intensities of the left- and
right-handed circularly polarized emission, respectively.
To provide the morphological stability crucial to practi-
cal application, we have pursued polarized fluorescence
using vitrifiable liquid crystals (VLCs) and polymer LCs
functionalized with fluorescent moieties. The source of
fluorescence emission will also be elucidated in view of
its implication on the extent to which polarization can
be achieved.

1. Experimental Section

Synthesis and Characterization of Liquid-Crystalline
Materials. The chemical structures and properties of the
material systems employed in this work are summarized in
Figure 1. Compound VII is shown as the precursor to
vitrifiable liquid crystal I. The fluorescent precursor for
vitrifiable LCs Il and 111 and polymeric LCs IV—VI is shown

© 1997 American Chemical Society
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Figure 1. Chemical structures and thermotropic properties of low molar mass and polymeric liquid crystals employed in the
present study. Symbols: K, crystalline; G, glassy; N, nematic; Ch, cholesteric; I, isotropic.

as VIII. The synthesis and characterization of these VLCs
and their precursors have been reported previously.’®1® In
what follows, synthetic procedures, using chemicals and
reagents all received from Aldrich Chemical Co., will be
described for material systems containing cyanoterphenyl as
the fluorescent chromophore.

4-Cyanobenzeneboronic Acid. The intermediate 4-cy-
anobenzeneboronic acid was synthesized according to the
procedures reported in the literature.?° Recrystallization from
water provided crystals in 63% yield. NMR (acetone-ds)
spectral data: 6 8.08 (d, aromatic, 2H), 7.80 (d, aromatic, 2H),
7.79 (s, B(OH)y).

4-Hydroxy-4"-cyanoterphenyl. Under a dry nitrogen
atmosphere a solution of 2.00 g of 4-cyanobenzeneboronic acid
(23.6 mmol) in 10 mL of ethanol was added to a solution of
2.75 g of 4-(4-bromophenyl)phenol (97%, 11.02 mmol) and 0.42
g of tetrakis(triphenylphosphine)palladium(0) (99%, 0.36 mmol)
in 20 mL of benzene and 20 mL of aqueous Na,COs (2 M).
The reaction was conducted under reflux until completion in
about 4.5 h. The reaction mixture was then shaken with ethyl
acetate and brine, and the insolubles were filtered off. The
organic layer was dried with anhydrous MgSO., and the
solvent was removed by evaporation in vacuo. The crude
product was recrystallized from ethanol to produce 1.93 g in
65% yield. NMR (acetone-ds) spectral data: 6 8.55 (br s,
ArOH), 7.95—7.75 (four d, aromatic, 8H), 7.60 (d, aromatic,
2H ortho to cyano), 6.95 (d, aromatic, 2H ortho to hydroxyl).

2-[4-[(4"-Cyanoterphenyl)yl]loxy]ethyl Methacrylate.
Under a dry nitrogen atmosphere, 2.07 g of triphenylphosphine
(99%; 7.89 mmol) and 2.03 g of 4-hydroxy-4"'-cyanoterphenyl
(7.49 mmol) were dissolved in 50 mL of anhydrous THF. The
solution was chilled in an ice water bath, to which 1.00 g of
2-hydroxyethyl methacrylate (97%; 7.7 mmol) in 20 mL

anhydrous THF was added. A solution of 1.38 g of diethyl
azodicarboxylate (97%; 7.9 mmol) in 20 mL of anhydrous THF
was then added dropwise. The reaction mixture was stirred
at room temperature for 24 h. Most THF was then removed
by evaporation in vacuo, and the residual was shaken with
40 mL of methylene chloride and 40 mL of water. The organic
layer was dried with anhydrous Na,SO, before evaporation
to dryness. The crude product was purified by flash liquid
chromatography using silica gel with methylene chloride as
the eluent to produce 1.97 g (69% yield). NMR (CDCls)
spectral data: 6 7.75 (s, aromatic, 4H), 7.70 (s, aromatic, 4H),
7.65 (d, aromatic, 2H ortho to cyano), 7.05 (d, aromatic, 2H
ortho to ether), 6.20 (s, alkene, 1H cis to ester), 5.65 (s, alkene,
1H trans to ester), 4.55 (t, COOCH,CHy), 4.30 (t, CH,CH,OAr),
2.00 (s, CH3). Elemental anal. Calcd for CsH21NOs: C, 78.31;
H, 5.52; N, 3.65. Found: C, 78.00; H, 5.43; N, 3.68.

2-Methyl-2-[(4"-cyanoterphenyl-4-yl)oxy]ethyl Meth-
acrylate. The monomer for the synthesis of a nematic
homopolymer, V, and a copolymer, VI, was prepared by the
same procedures as above but using a mixture of hydroxypro-
pyl methacrylate (97%) in place of 2-hydroxyethyl methacry-
late. Flash liquid chromatography using silica gel as the
eluent produced 2-methyl-2[(4"-cyanoterphenyl-4-yl)oxy]ethyl
methacrylate in 47% yield. NMR (CDCls) spectral data: 6 7.76
(s, aromatic, 4H), 7.68 (s, aromatic, 4H), 7.59 (d, aromatic, 2H
ortho to cyano) 7.06 (d, aromatic, 2H ortho to ether), 6.13 (s,
alkene, 1H cis to ester), 5.59 (s, alkene, 1H trans to ester),
4.75 (m, COOCHAHgCH(CH3)OAr), 4.40 (dd, COOCHAHgCH),
4.29 (dd, COOCHaHgCH), 1.96 (s, alkene, CH3), 1.44 (d, CH-
(CHjy)). Signals at 4.40 and 4.29 ppm are due to diastereotopic
protons that give an AB pattern with a coupling constant of
Jag = 21 Hz. Elem anal. Calcd for C,sH,1NO3: C, 78.57; H,
5.83; N, 3.52. found: C, 78.54; H, 5.79; N, 3.50.
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Poly{2(4"-cyanoterphenyl-4-)yl)oxylethyl methacry-
late} (1V). 2[(4"-Cyanoterphenyl-4-yl)oxy]ethyl methacrylate
(0.25 g) and 2,2'-azobis(isobutyronitrile) (AIBN) (1 mg) were
dissolved in 4 mL of anhydrous THF. Polymerization was
conducted at 60 °C under a dry nitrogen atmosphere for 69 h.
Presumably because of the limited solubility of the polymer
product, white precipitates began to form about 30 min into
the polymerization process. The crude product was purified
via several dissolution—precipitation cycles. Thermal analysis
was performed with differential scanning calorimetry, DSC
(Perkin-Elmer DSC-7), at a heating rate of 20 °C/min. The
second heating scan produced glass transition temperature,
Ty at 115 °C, beyond which the nematic mesophase was
identified with a polarizing optical microscope (Leitz-Ortho-
planpol) equipped with a hot stage (FP82, Mettler) and
temperature controller (FP80, Mettler). Nematic threaded
textures were found to persist up to a decomposition temper-
ature of 311 °C. Polymer molecular weight and its distribution
were determined by a GPC system composed of a Constametric
metering pump (Milton Roy), two PL gel columns (Hewlett
Packard) of 500 and 10 000 A pore size in series, and a UV—
vis differential absorbance detector (V4, ISCO). With respect
to polystyrene standards (Pressure Chemical Co.), it was found
that My, = 1900 and Mw/M,, = 1.9, where M,, and M./M, are
the weight-average molecular weight and polydispersity index,
respectively. Elem anal. Calcd for a repeat unit
CxsH21NOs: C, 78.31; H, 5.52; N, 3.65. Found: C, 77.45; H,
5.50; N, 3.66.

Poly{2-methyl-2-(4""-cyanoterphenyl-4-yl)ethyl meth-
acrylate} (V). 2-Methyl-2-[(4"-cyanoterphenyl-4-yl)oxy]ethyl
methacrylate (0.24 g) and AIBN (1 mg) were dissolved in 1
mL of anhydrous THF for polymerization at 60 °C under a
dry nitrogen atmosphere for 68 h. In sharp contrast to IV,
this polymer product remained soluble in THF throughout the
entire reaction period, presumably because of the branched
spacer inserted between the rigid cyanoterphenyl group and
the methacrylate polymer backbone. The product was purified
by several dissolution—precipitation cycles. GPC analysis
yielded M,, = 39 000 and M,,/M,, = 2.5, and DSC analysis gave
a Ty at 140 °C followed by a clearing temperature, T, at 256
°C where a nematic to isotropic transition occurred. Elem
anal. Calcd for a repeat unit C;sH23sNOs: C, 78.57; H, 5.83;
N, 3.52. Found: C, 78.08; H, 5.88; N, 3.57.

Chiral Nematic Copolymer, (VI1). 2-Methyl-2-(4"-cyan-
oterphenyl-4-yl)oxylethyl methacrylate (0.17 g), methacrylate-
based chiral monomer (0.022 g) containing (S)-(—)-1-phenyl-
ethylamine, as synthesized previously,?* and AIBN (1 mg) were
all dissolved in 5 mL of anhydrous THF. Copolymerization
was conducted at 60 °C under a nitrogen atmosphere for 67
h. The product was purified via dissolution—precipitation
cycles. The polymer structure was elucidated with proton-
NMR spectroscopy, and the chiral mole fraction was deter-
mined by integration of the appropriate NMR signals to be
5.1%. A cholesteric mesophase with selective reflection cen-
tered at 1065 nm was identified with hot-stage polarizing
optical microscopy between Ty =117 °C and T, = 201 °C, and
GPC analysis gave My, = 15 000 and M,/M,, = 3.4.

Film Preparation. Optical elements were fabricated by
sandwiching the material between two fused silica (Esco
Products, 1 in. diameter x 1/8 in. thickness, with n = 1.458)
or calcium fluoride (Optovac, 1 in. diameter x 0.039 in.
thickness, with n = 1.434) substrates; both were coated with
Nylon 66 as an alignment layer. The thickness of the cell was
controlled by glass fiber spacers. The devices were heated to
95% of the clearing temperature, sheared to induce alignment,
annealed for 3 h, and subsequently cooled at a rate of 30 °C/h
to room temperature. For polymer materials with a clearing
temperature above 225 °C, the devices were annealed at 220
°C to avoid thermal degradation. Thin films were spin coated
from 0.1 to 1 wt % solution in methylene chloride onto
substrates with alignment coating. UV—Vis—near-IR absorp-
tion and selective reflection measurements were made on a
Perkin-Elmer Lambda 9 spectrophotometer. The peaks of
interference fringes of the air gap sandwiched between the
substrates that were used to calculate the gap thickness were
also measured on this instrument. Thickness measurements
for single substrate films were accomplished on an interfer-
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ometer (Zygo New View 100). These measurements were
compared to estimations of film thickness from the absorption
extinction coefficient measured in dilute solution.

Order Parameter. For nematic liquid-crystalline materi-
als, the order parameter was determined from absorption
measurements. The dichroic ratio, R, can be measured with
various spectroscopic techniques:

:ﬁ: InT, 3)
A InTg,

where T, and T are the transmitted intensities of radiation
when the electrical field is parallel and perpendicular to the
director, respectively. In the present work a Nicolet 20 SXC
FTIR spectrometer equipped with a wire grid polarizer was
employed for measuring IR polarization of the peak at 2225
cm™ (i.e., stretching of C=N). The order parameter, S, is then
determined from R according to eq 4:

_R-1
S_R+2 @

The order parameter of the chiral-nematic devices was deter-
mined by fitting the experimental selective reflection curve to
Good and Karali’'s theory of light propagation in cholesteric
films.?? The average index of refraction, n, and the optical
birefringence, An, were treated as adjustable parameters, with
the fitted value of n verified against that estimated by a group
contribution method.?®> The cholesteric mesophase can be
viewed as a stack of nematic layers comprised of cyanoter-
phenyl groups twisted periodically into a helically arranged
supramolecular structure. Based on the optical birefringence
and dichroic ratio reported for cyanoterphenyl,?* the optical
birefringence at perfect alignment, Ano, was found to be 0.37.
The order parameter can be calculated using the relation

__ An

S_A_no

®)

Fluorescence and Excitation Spectra. Steady-state
fluorescence, quantum yield, and polarized fluorescence mea-
surements were made on a spectrofluorimeter (Perkin-Elmer
MPF-66). Since measurements of polarization are affected by
the angle of excitation or emission, the optical systems as
depicted in Figure 2 were implemented to permit straight-
through measurement of linearly and circularly polarized
fluorescence. The excitation beam is reflected off an aluminum
mirror to produce excitation normal to the sample. Back-
ground radiation from the excitation beam is filtered using a
UG-11 narrow band-pass filter. To minimize optical loss due
to reflection, an index matching fluid with n = 1.500 (Cargille
Laboratories Inc.) is placed between the sample device and
the band-pass filter. The excitation wavelengths are 350 nm
for polarization measurements and 313 nm for steady-state
measurements. Emission peaks were determined on the
spectrofluorimeter without polarizers, as the absorption of the
polarizers below 400 nm causes a slight shift in the peak. It
has been verified that the excitation wavelength has no effect
on the shape of the emission spectrum. Excitation spectra
were measured on a Spex Fluorolog 2 spectrofluorimeter.

Quantum Yield. Fluorescence quantum yield, n:, was
determined by comparing the integrated photoluminescence
with that of a reference with a known quantum yield. For
compounds in dilute solution, quinine sulfate (99%; Janssen
Chimica) was used as a reference. Quinine sulfate was
purified and dried according to Fletcher's procedure.?®> Solu-
tions were prepared in a glovebox under an inert atmosphere
to avoid oxygen quenching and were sealed prior to measure-
ment of absorption and fluorescence. The reported #: value
for quinine sulfate at 1072 M in 1.0 N sulfuric acid, 0.546, for
313 nm excitation was employed as the primary reference.?®
This method was validated by measurement of »: of anthracene
(99%; Aldrich Chemical Co.) in ethanol at 10-¢ M, which was
reported to yield 7 = 0.27.2” For quantum yield measurements
of films, diphenylanthracene (99%; Acros Organics) at 103 M
in PMMA with n; =0.83%" was employed as the primary
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Figure 2. Optical systems inserted in a Perkin-Elmer MPF-
66 spectrofluorimeter for the characterization of linearly and
circularly polarized fluorescence.

standard. All spectra were collected at room temperature. The
equation used in the quantum efficiency calculation is?”

ex) (N5 g @)

]

abs
i
Nts = Nsr (2bs
s

(/lex,s)

3l
N

r r

where the subscripts r and s denote the reference and sample,
respectively, n is the average refractive index of the sample
to the luminescence, B is the integrated area under the
corrected emission spectrum, and 12°5(1e) is the intensity of
absorption at the excitation wavelength, as prescribed by
Beer's law. The absorbance at the excitation wavelength was
held at a level of 0.1 to ensure experimental accuracy,?® and
the experimental uncertainty was found to be generally within
+5% of the mean of repeated measurements.

Decay Dynamics. Fluorescence decays were recorded via
time-correlated single photon counting.?® The pump laser was
a Quantronix 4000 series cw-mode locked Nd:YLF laser with
a wavelength of 1053 nm. The frequency-doubled beam was
then used to pump a Coherent Series 700 dye laser (Rhodamine
6G), cavity dumper assembly, producing a stream of ca. 6 ps
light pulses around the emission maximum of the dye, 570—
620 nm. The dye beam was then frequency doubled and
filtered to produce an excitation wavelength of 296 nm.
Fluorescence was detected at a right angle to the excitation
for solutions and a small angle for films by a Hamamatsu
R3809U-01 microchannel plate. A Spex 1681 monochromator
was used for wavelength selection. Outputs from the photo-
diode and, after amplification, the microchannel plate led to
a Tennelec TC454 constant fraction discriminator, which
provided logic start and stop pulses for an Ortec 457 TAC.
Output from the TAC led to a Viking Instruments Norland
5000 multichannel analyzer card inside the PC, where Edin-
burgh Instruments software was used for data acquisition and
analysis. The detection rate was ca. 1% of the pulse rate to
discriminate between two photon events. A minimum of
10 000 counts was collected in the peak channel.
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Figure 3. Room-temperature linearly polarized fluorescence

from a unaxially aligned solid film 5 um thick prepared with
vitrifiable nematic liquid crystal (1).

Table 1. Fluorescence Polarization and Order
Parameter for Vitrified Films Prepared with Compounds
(D, (), (1V), and (VI)

I (Aexcit. = 350 nm)2

film thickness

compound (um) |l excitation [ excitation Se Sem®
| 5 0.38 0.38 0.42 0.43
v 4 0.46 0.45 0.50 0.50
—0e (lexcit. =350 nm)b
film thickness RCP LCP
compound (um) excitation excitation = Sd Semf
1] 18 0.26 0.23 0.54 0.62
Vi 18 0.25 0.24 0.46 0.61

ar evaluated at Afmax Of 455 and 428 nm for | and 1V,
respectively.  g. evaluated at Amax of 427 and 428 nm for 11 and
VI, respectively. ¢ S evaluated with eq 4. 9 S evaluated with eq 5.
¢ Sem evaluated with eq 39 of ref 30 which relates LPF to order
parameter. f Sey, evaluated with the CPF theory reported in ref
30 via minimization of errors between experimentally observed
and theoretically predicted ge values.

I11. Results and Discussion

The linearly polarized fluorescence (LPF) spectrum
from nematic VLC | in the 5 um film with an S of 0.42
is shown in Figure 3. The values of r calculated using
eq 1 are as presented in Table 1. The fact that the
parallel emission intensities are higher than the per-
pendicular counterparts indicates that the fluorescent
chromophores are aligned parallel to the nematic direc-
tor, resulting in positive r values. Note that there is
practically no effect on the observed r value caused by
the polarization state of excitation. Similar behavior
was observed for nematic PLC 1V in the 4 um film with
an S of 0.50. The selective reflection spectrum of chiral-
nematic VLC Il in the 18 um film with an S of 0.54 is
shown in Figure 4a. The selective reflection wave-
length, Ag, was estimated at 1096 nm with an optical
density of 0.27, a value fairly close to 0.30 for perfect
alignment. The circularly polarized fluorescence spec-
trum is shown in Figure 4b, with which ge was calcu-
lated using eq 2. Chiral-nematic PLC VI was also
fabricated into an 18 um film with an S of 0.46, and its
Ar was found to be 1065 nm. As shown in Table 1, the
ge Values of these two chiral-nematic films are practi-
cally independent of the polarization state of excitation
as well. It should be noted that the absorbance in the
spectral region above 400 nm in all four films is
negligible. Moreover, in the two chiral-nematic films,
fluorescence emission occurs outside the selective reflec-
tion band. With (S)-(—)-1-phenylethylamine and (—)-
5-cholesten-34-ol as the chiral precursor, chiral-nematic
Il and VI possess a left-handed helical supramolecular
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Figure 4. Room-temperature circularly polarized fluorescence
from a helically aligned solid film 18 um thick prepared with
vitrifiable chiral-nematic liquid crystal (11).

arrangement. As a result, the RCP emission intensities
are higher than the LCP counterparts, giving rise to
negative ge values.

The resultant r and g values for solid films are quite
encouraging in light of the rather modest values of order
parameter presently achieved. A recently formulated
theory of circularly polarized fluorescence (CPF)3° is
instrumental to the quantification of the effect of helical
molecular alignment, as achieved in solid films via
chiral-nematic LC mesomorphism, on the degree of
polarization. Using Ang = 0.37 as determined above for
use in eq 5, the order parameter based on polarized
fluorescence emission, S¢m, was estimated at 0.62 and
0.61 for compounds Il and VI, respectively, via mini-
mization of variance between the experimental and
theoretical ge values. The discrepancy between the
fitted Sgm values and those determined via selective
wavelength reflection, i.e., eq 5, might have originated
in the assumption of vanishing optical birefringence
made in the CPF theory. In fact, the cyanoterphenyl
group is responsible for high optical birefringence value

Fluorescence Behavior of Liquid Crystals 4053

in liquid-crystalline materials.?* As part of the theoreti-
cal development, linearly polarized fluorescence (LPF)
was included as eq 39 in ref 30, which governs fluores-
cence from uniaxially aligned molecules, as realized in
solid films via nematic LC mesomorphism. Based on
the observed r values, S¢m was evaluated at 0.43 and
0.50 for compounds I and 1V, respectively. These values
are in excellent agreement with those determined via
linear dichroism, i.e., eq 4. Better ordered solid films
prepared with improved film processing techniques are
expected to produce a higher degree of polarization
while enjoying the advantages of long-term stability and
environmental durability.

To identify the source of emission from vitrified films,
the fluorescent behavior of selected VLCs, PLCs, and
their fluorescent nematic precursors in dilute solutions
was investigated with steady-state and time-resolved
spectroscopic techniques. All the fluorescence spectra
were single, broad, and structureless peaks with rel-
evant data as summarized in Table 2. In repeated
experimentation using I as an illustration, the short (r;)
and long (z2) time constants at a given emission wave-
length are reproducible to the second and first decimal
place, respectively. First, let us look into the nematic
groups as isolated molecules, i.e., compounds VII and
VIII1, in methylene chloride. Three main observations
are noted: (i) The fluorescence spectra of VIl and VIII
are independent of concentration from 107% to 1072 M.
(ii) The decay dynamics for both VII and VIII at a
concentration of 1075 M, as monitored by single photon
counting, SPC, follows a single-exponential function. (iii)
The time constant, T = 1.32 ns for VI, is independent
of the emission wavelength chosen for monitoring the
decay process (Asspc). The combination of these observa-
tions indicates monomer (i.e., isolated chromophore)
emission.

It was also found that the normalized fluorescence
spectra of VLC and PLC compounds, 1-VI, in dilute
solutions are identical to those of their respective
precursors, indicating the absence of excimer emission.
However, the SPC data of most VLC and PLC com-
pounds follow two-exponential decay functions at a
concentration of 107> M in fluorescent nematic groups,
suggesting interchromophoric interaction via an in-
tramolecular process as part of the decay dynamics. The
only exception is compound I11, which showed a single-
exponential decay with a time constant very close to that
of the precursor, VIII. As in the case of VII and VIII,
compound I11 in dilute solution emits light from isolated
chromophores. It is expected that the fitted 7; and 2
values reflect a composite of emissive, energy transfer,
and nonradiative processes constituting the overall
dynamics. To understand the roles played by these
processes, fluorescence quantum yield, #;, was deter-

Table 2. Fluorescence Behavior of VLCs, PLC, and Their Fluorescent Nematic Precursors in Methylene Chloride

fluorescence spectra?

single photon counting®d

compound Atmax (NM) concn. (M)° Atspc (NM) 7 (ns)/% Va
| 418 10771072 400 0.81/84; 8.50/16 1.07
420 0.81/77; 8.31/23 111
440 0.82/64; 9.31/36 1.10
11 406 10-6—-10-4 410
11 406 1076—-10-* 410 1.66/100 1.23
v 406 1076—-10-4 410 1.39/57; 3.53/43 1.22
Vv 406 10-6—-10* 410 1.35/57; 3.37/43 1.15
VI 408 10-6-10~4 410
Vil 416 1076-1072 400, 420, 440 1.32/100 1.52 +0.09
VI 408 10-6-102 410 1.34/100 1.03
a Unpolarized excitation at 313 nm. P Concentration expressed in molarity of fluorescent nematic groups, VII and VII1, in VLCs and

PLCs. ¢ Unpolarized excitation at 300 nm. 9 All at a sample concentration of 10~5> M in fluorescent nematic groups.
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Table 3. Fluorescence Behavior of Vitrified Films Prepared with Compounds I, Il, and IV-VI
single photon counting?®
compound film thickness (um) Atmax (NM) At.spc (NM) 7 (ns)/% a
| 5 448 430 2.57/57; 8.59/43 1.01
450 2.63/55; 8.58/45 1.04
470 2.62/54; 8.57/46 1.08
1 18 419 410 2.53/72; 7.29/28 1.12
430 2.49/72; 7.27/28 1.09
450 2.67/69; 7.74/31 1.03
v 4 426 410 2.25/74; 6.98/26 1.12
430 2.20/71; 6.76/29 1.01
450 2.54/75; 8.11/25 1.04
Vb 0.01 426 410 1.85/79; 6.43/21 1.01
430 1.89/78; 6.74/22 1.19
450 2.04/78; 7.46/22 1.19
VI 18 424 410 2.23/82; 7.57/18 1.07
430 2.24/80; 7.44/20 1.07
450 2.29/80; 8.06/20 1.09

a Unpolarized excitation at 300 nm.  Spin-coating, single substrate device.

mined at a concentration of 107° M. It was found that
compounds VIII, 111, and V have 7 values of 0.60, 0.56,
and 0.49, respectively. Within experimental uncer-
tainty, compound 111 has the same quantum vyield as
V111, both showing a single-exponential decay as well.
However, attaching chromophores onto a polymethacry-
late chain incurred some nonradiative loss due most
likely to intramolecular processes promoted by the coiled
conformation in solution. Therefore, the observed fluo-
rescence from dilute solutions of 1-VI seems to have
originated primarily in isolated chromophores because
of the absence of fluorescence spectral shift or peak
broadening relative to their fluorescent nematic precur-
sors at high dilution. On the other hand, deviation from
a single-exponential decay does contribute to some loss
of quantum yield.

Let us proceed to examine the fluorescent behavior
of ordered, solid films. With the exception of 111, which
was found to recrystallize readily from its vitrified film,
I1—V1 were all capable of vitrification, producing mor-
phologically stable, ordered films. Compiled in Table 3
are the experimental data collected from steady-state
fluorescence and single photon counting. Note that the
wavelength of maximum fluorescence intensity, At max,
with polarization control/analysis is red-shifted by 8—10
nm from that without, which can be attributed to light
absorption at wavelengths up to 400 nm by the analyz-
ing polarizer used for gathering LPF and CPF spectra.
The emission spectra of I, 11, and IV—VI in solid films
showed the same qualitative feature as in dilute solu-
tions, but a red shift in the range from 13 to 30 nm (i.e.,
<0.2 eV) with peak broadening by less than 10 nm
(measured as full-width at half-height) was clearly
identified, thus precluding excimer emission. However,
chromophoric aggregation in the ground state is ex-
pected as a result of liquid-crystal alignment and
packing at temperatures above T4 from which the
mesomorphic order was frozen in the glassy state via
slow cooling to room temperature. On the other hand,
spin-coated thin films of compounds | and V on single
substrates with a thickness on the order of 0.01 um gave
UV—vis absorption spectra with a red shift at the peak
apex of no more than 10 nm compared to dilute
solutions. Additionally, the observed value of At max Was
found to be independent of film thickness varied from
0.01 to 5 um, thus ruling out reabsorption of emission
as a reason for the red shift as well. In fact, the minor
red shift in 1tmax Mmay have arisen from the difference
in microenvironment, viz., the oft-quoted solvent ef-
fects.8! This is particularly true in view of the highly
polarizable groups present in compounds I-VI com-

------ absorption

excitation (emission at 420,
450, and 480 nm)

— — emission (excitation at 350 nm)

Intensity, a.u.

250 300 350 400 450 500 550 600
‘Wavelength, nm

Figure 5. Absorption, excitation, and fluorescence emission
spectra, all gathered at room temperature, of a unaxially
aligned solid film 0.01 um thick prepared with vitrifiable
nematic liquid crystal (I).

pared to methylene chloride or THF used for solution
characterization.

The SPC data for vitrified films were found to follow
two-exponential decay functions. The relevant data
presented in Table 3 indicate that the two time con-
stants and their respective contributions for a given
compound are roughly independent of A¢spc. TO assess
the extent of nonradiative loss for lack of clear evidence
supporting monomer emission, thin films of I and V on
the order of 0.01 um in thickness were prepared by spin
coating, and their s values were evaluated at 0.27 and
0.35, respectively. As a comparison, compounds | and
V yielded an #: value of 0.51 and 0.49, respectively, at
a concentration of 107> M. Thus, a greater loss in
guantum yield was encountered in solid films than in
dilute solutions, presumably due both to intra- and
intermolecular processes. These solid films were also
employed to gather excitation spectra for compounds |
and V, and the results for | are presented in Figure 5
as an illustration. It is evident that the excitation
spectrum is independent of emission wavelength across
the entire fluorescence peak. Furthermore, the excita-
tion spectrum closely follows the absorption spectrum.
These two observations, together with the evidence
against excimer emission from solid films, lead to the
conclusion that absorption and emission of vitrified
liquid-crystalline films and dilute solutions involve
similar processes. In particular, linearly and circularly
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polarized fluorescence, as presented in Figures 3 and
4, originate mainly in emission from isolated chro-
mophores with some nonradiative loss.

V. Summary

Low molar mass and polymeric systems capable of
nematic and chiral-nematic liquid-crystalline mesomor-
phism were synthesized and characterized for the
exploration of polarized fluorescence from ordered solid
films. The fluorescent behavior in dilute solution was
also examined to furnish new insight into decay path-
ways as affected by chemical structure and morphology.
The main observations emerging from this study are
recapitulated as follows:

(1) The characterization of fluorescence in dilute
solutions indicates that constraining chromophores on
a cyclohexane ring or a methacrylate polymer backbone
does not lead to wavelength shift or peak broadening of
emission relative to the singly dispersed chromophore.
Thus, monomer (i.e., isolated chromophore) is respon-
sible for emission. However, the SPC data for all
compounds follow two-exponential functions with the
exception of 111 which, along with nematic precursors,
follows a single exponential. The deviation from a
single-exponential function was found to contribute to
some loss in quantum yield via intramolecular pro-
cesses.

(2) In comparison to dilute solutions, solid films with
a frozen liquid-crystalline order gave fluorescence spec-
tra that are red-shifted by 30 nm (or 2 eV) at most with
peak broadening by less than 10 nm, suggesting mono-
mer emission. The limited extent of bathochromic shift
can be attributed to the microenvironmental effect. As
in dilute solutions, the SPC data follow two-exponential
functions but with a greater loss in quantum yield to
both inter- and intramolecular processes. The excitation
spectra of solid films are independent of emission
wavelength and closely follow the absorption spectra.
Thus, there exists a great deal of similarity in the decay
pathways between solid films and dilute solutions.

(3) Solid films comprising uniaxially and helically
arranged fluorescent chromophores were prepared with
vitrifiable nematic and chiral-nematic liquid crystals,
respectively. At modest values of order parameter, S
= 0.4-0.6, the linear and circular polarization factors,
r and ge, were evaluated at 0.42 and 0.25, respectively.
The observed degrees of polarization were also found
to be in good agreement with the theories governing
linearly and circularly polarized fluorescence with order
parameters that assume values consistent with those
determined independently by way of linear dichroism
and selective wavelength reflection. These are encour-
aging results and should be amenable to a significant
enhancement with an increased order that can be
achieved by improved film processing techniques.
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