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Optical Properties of a Liquid-Crystalline Random Copolyester
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We have investigated the optical properties of Vectra A910, a commercially produced liquid-crystalline
copolyester consisting of 4-hydroxybenzoic acid and 6-hydroxy-2-naphthoic acid subunits. The polymer is
highly fluorescent in the near UV with an emission maximum at 428 nm (2.90 eV) and an excitation maximum
at 376 nm (2.66 eV). The time-resolved fluorescent decays at room temperature were found to fit stretched
exponential decays. Furthermore, the fluorescence kinetics were found to be highly dependent upon the emission
wavelength. These results are consistent with the disorder from the random nature of the copolymer.

Introduction

Polymers have long been recognized as having great potential
as photonic materials. The development of polymer light-
emitting diodes (LEDs) has stimulated a great deal of activity
in the area of luminescent polymers.1 Polymers have also been
experimentally and theoretically studied for use as both second-
and third-order nonlinear optical materials.2-5 To produce the
anisotropy required for second-order nonlinear applications,
polymers are often poled, i.e., oriented with electric fields at
temperatures higher than their glass transition temperature.3

However, poled polymers do not always have a high degree of
orientation. Furthermore, poled polymers are often not stable
at high temperature, or even gradually decay at room temper-
ature. Because of their excellent temperature stability and high
degree of orientation, liquid-crystalline polymers (LCPs) are
intriguing candidates for photonic applications.

The goal of this paper is to present studies of the photo-
physical properties of Vectra A910. We have found that Vectra
A910 has a strong fluorescence in the near UV. The time-
resolved photoluminescence kinetics are well described by
stretched exponential decays, indicating significant disorder in
the material. Although Vectra A910 is a random copolyester, it
does not have a center of symmetry and exhibits a very strong
second-order nonlinear optical response. To the best of our
knowledge, these are the first fluorescence measurements of a
main-chain random copolyester.

Background

Vectra is a liquid-crystal polymer (LCP) developed and
commercially produced by Hoechst-Celanese, Summit, NJ
(Hoechst-Celanese Corporation, Robert L. Mitchell Technical
Center, Summit, NJ 07901). Vectra A is a member of a class
of random copolyester LCPs composed solely of 4-hydroxy-
benzoic acid (HBA) and 6-hydroxy-2-naphthoic acid (HNA).

Unlike other LCPs investigated for optical applications, Vectra
does not possess additional substituent or side groups. Vectra
is also a thermotropic LCP, which possesses an inherent
mesophase without the use of solvents.

This paper specifically focuses on the optical properties with
a monomeric composition ratio of 73/27 HBA/HNA, as shown
in Scheme 1. All further references to this compound will be
referred to as copoly(HBA/HNA).

Traditionally, 2,6-disubstituted naphthalene groups are in-
corporated into main-chain polymers to introduce a transverse
offset directly into the polymer backbone, which creates an
additional crankshaft motion. Specifically, this has the effect
of reducing the linearity and persistence length6 of the HBA
homopolymer, therefore creating the mesophase. Therefore,
monomeric ratios can be varied to synthesize a copolymer with
different solid crystal and isotropic liquid melting points, which
will define the temperature range of the mesophase or liquid
crystal state. Commercially, an optimum LCP has a low and
broad temperature range for the liquid crystal phase to increase
the ease and flexibility of melt material processing.7

X-ray crystallographic studies8,9 reveal that aperiodic dif-
fraction lines along the extended copolymer chain correspond
to a completely random monomeric sequence. However, even
with the existence of a random sequence, longitudinal registra-
tion does occur between molecules.10 This registration leads
directly to highly ordered domains, as compared to completely
disordered and amorphous regions, within the LCP film. These
domains, which are randomly distributed throughout the polymer
film, were observed via X-ray,11 dark-field transverse electron
microscopy,12 and polarized FTIR.13 In extruded samples, these
domains are roughly 40-90 nm long by 15-20 nm wide in
the direction of extrusion.12

An important aspect of copoly(HBA/HNA) is the three
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torsional bond angles within the ester linkage, Scheme 2. The
torsional angles determine the degree of conjugation between
adjacent aromatic, benzyl or naphthyl, rings. Hofmann et al.10

employed molecular modeling to confirm the X-ray data. They
found that in the extended chain (τ2 ) (180°) adjacent aromatic
planes will possess an angular displacement of(60° in the solid
or crystalline state. This is primarily due to the steric stress
between the carbonyl oxygen and the aromatic hydrogen placed
on torsionτ3. This torsion has the net effect of creating a helix
through the length of the extended molecule. Gas-phase ab
initio14 calculations indicate that the energy maximum for this
nonplanar torsion is on the order of 2 kcal/mol.

Another general aspect of copoly(HBA/HNA) is the presence
of an oriented unidirectional permanent polarization or electric
dipole moment within a single molecule. The ester oxygen acts
as a donor of charge into its neighboring aromaticπ-orbitals.
The carbonyl oxygen will then accept this charge, as shown in
Scheme 3. This donor-acceptor pair creates a strong permanent
electric dipole with an approximate net direction along the
nematic director. As opposed to related LCPs, such as poly-
(ethyleneterephthalate) (PET) or the polymer comprised of 50%
HNA, 25% terephthalate, and 25%p-aminophenol (Vectra B),
the unique tandem polymerization of the copoly(HBA/HNA)
orients the polymer, producing a large dipole moment. The
noncentrosymmetric character of the polymer chain was dem-
onstrated by the observation of bulk second harmonic generation
by Wanatabe et al.5 The other LCPs mentioned above do not
have a significant second-order nonlinear optical response.

Experimental Section

The extruded polymer films of copoly(HBA/HNA) with a
molar composition of 73/27 were supplied by the Hoechst-
Celanese Corporation. The extruded samples of 10, 20, 50, and
75 µm thickness used in these experiments are the Hoechst-
Celanese standard commercial-grade Vectra A910.15 X-ray and
mechanical measurements of this material have been previously
reported in the literature.13,16-22 The steady-state photolumi-
nescence measurements were done using a Spex FluoroMax
Spectrofluorometer. The FT-IR measurements were done using
a Matheson FT-IR Model RS-2. The FT-Raman measurements
were done using a Nicolet Magna 760 with a FT-Raman module.

The time-resolved fluorescence measurements were done
using a Hamamatsu Streak Camera Model C5680. Spectra were
obtained from 420 nm (2.95 eV) to approximately 700 nm (1.77
eV). A 420 nm (2.95 eV) a long wavelength pass filter was
used to filter the laser light. The experimental time resolution
was about 80 ps, limited by jitter in the triggering electronics.
This time resolution is sufficient to precisely measure the

kinetics of the copoly(HBA/HNA) fluorescence reported in this
paper. Typically less than 1 mW of 400 nm (3.10 eV) light
was used to excite the sample.

The nonlinear optical experiments were performed with a
femtosecond Ti:sapphire laser operating at 800 nm (1.55 eV).
The incident laser light was reflected at a 45° angle from the
polymer surface. The polymer was rotated with respect to the
polarization of incident fundamental light by a rotary stage. The
reflected second harmonic light was detected through a mono-
chromator and single-photon-counting electronics. Quartz and
â-barium borate (BBO) crystals were used as reference materi-
als.

Results and Discussion

Steady-State Spectroscopy.The steady-state fluorescence
excitation and emission spectra taken at room temperature are
shown in Figure 1. The fluorescence spectrum exhibits a
maximum at 428 nm (2.90 eV) with a long tail into the visible.
The absorption maxima of the HBA and HNA monomers are
256 (4.84 eV) and 315 nm (3.94 eV), respectively, as shown in
Figure 2. The fluorescence maximum of the polymer is
considerably red shifted from the known results for both
monomers of HBA and HNA. This red shifting of the polymer
fluorescence is consistent with some degree of conjugation along
the polymer chain. The weak conjugation of the polymer also
leads to a strong absorption edge in the polymer around 375-
400 nm. This is also demonstrated in the photoluminescence
excitation spectra, Figure 1. Further evidence for some degree

SCHEME 2

SCHEME 3

Figure 1. Fluorescence excitation (A) and emission (B) spectra for a
20 µm copoly(HBA/HNA) film at ambient conditions. Excitation was
monitored at 420 nm (2.95 eV), and emission was excited at 380 nm
(3.26 eV).

Figure 2. Absorption spectra of HBA in 1 mM ethanol (A), HNA in
1 mM ethanol (B), and 10µm copoly(HBA/HNA) film (C) at ambient
conditions.
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of conjugation in the polymer is the absorption tail that extends
into the visible region, Figure 2.

We have used FT-IR and FT-Raman spectroscopies to
characterize the vibrational spectra of copoly(HBA/HNA),
Figure 3. FT-Raman was necessary because residual fluores-
cence made it impossible to obtain Raman spectra of copoly-
(HBA/HNA) using visible light. Careful inspection of the FT-
Raman data shows that a shoulder is present in the data to
approximately 1000 cm-1. We attribute this feature to residual
fluorescence of copoly(HBA/HNA). The peaks are tabulated
and identified in Table 1. The peak assignments were done by
analogy to other polymeric compounds.23

Upon irradiation with 800 nm (1.55 eV) light from a
femtosecond laser, a blue spot is visible on the polymer surface.
Spectral resolution of this light with a monochromator reveals
that it is second harmonic light (400 nm, 3.10 eV), with no
light detected at frequencies away from the bandwidth of the
laser. The blue emission occurs at twice the laser frequency as
the laser wavelength is scanned from 820 to 780 nm. For the
above reasons, we discount the possibility that the light is due
to fluorescence from excited states produced by multiphoton
excitation.

A plot of the second-harmonic response versus rotational
angle of a 50µm thick copoly(HBA/HNA) sample is shown in
Figure 4, along with a fit to a sin2 θ curve. The variation of the
second-harmonic generation (SHG) as the copoly(HBA/HNA)
is rotated demonstrates the anisotropic nature of the nonlinear
optical response. The intensity of the frequency-doubled light
reaches a maximum when the film’s polymer chains are oriented
along the polarization direction of the incoming light, and a
minimum when the chains are perpendicular to the incoming
polarization. Similar results for the SHG anisotropy were
obtained by Watanabe and collaborators.5

To further quantify the second-harmonic response of copoly-
(HBA/HNA), we have compared our second-harmonic signals
to a quartz standard. We estimate that theøzzz

(2), wherez is along
the direction of the polymer chain, is 1.3× 10-10 m/V. Asada
et al.24,25and Wanatabe et al.5 report a value of 5× 10-12 m/V,
with the incident wavelength at 1064 nm. This difference is
attributed to the two-photon resonance of the polymer at 400
nm (3.10 eV).

The second-harmonic response of copoly(HBA/HNA) will
depend in part on the second-harmonic response of its mono-
meric subunits, HBA and HNA. Das and co-workers26 have
measured the molecular hyperpolarizability of HBA and related
molecules using hyper-Rayleigh scattering. They found that the
acidic form of HBA has aâ of 30.3× 1030 esu in water. The
molecular hyperpolarizability of HBA could not be previously
measured, because the weak acid will partially dissociate in
solution. They confirmed the moderateâ for HBA with quantum
chemical calculations. Previous27 studies of donor/acceptor
groups of aromatic rings have clearly demonstrated that increas-
ing the donor/acceptor strength of the molecule significantly
increases the molecular hyperpolarizability. The previously
stated work of Asada24,25and Wanatabe5 confirm the existence
of dipolar interactions on the monomeric scale to support
polymeric second-harmonic responses. Although measurements
are not available, similar arguments should apply to the HNA
monomer.

Time-Resolved Fluorescence.We have examined the time
dependence of the copoly(HBA/HNA) fluorescence at room
temperature. Typical results are displayed in Figure 5. The
decays are clearly not single exponential; however, the time-
resolved fluorescence can be described well by a single stretched
exponential, whereR is the stretching coefficient andτ is the
lifetime.

The time-resolved fluorescence data was fit to eq 1 by plotting
ln(ln(I(0)/I(t))) versus ln(t). The slope of this line isR and the
y-intercept is-R ln(τ). This analysis allows us to uniquely
determine bothR andτ. The quality of the fits was excellent as
shown in Figure 6. The small deviation at short times is
attributable to the undefined slope of eq 1 att ) 0. R andτ as
a function of emission wavelength are plotted in Figure 7. We
found thatR was approximately independent of emission energy.
The average value ofR was 0.78( 0.02. In contrast,τ was
found to increase with increasing emission wavelength. In

Figure 3. FT-IR and FT-Raman spectra for copoly(HBA/HNA) at
ambient conditions.

TABLE 1: FT-IR/Raman Energy Assignments for Vectra
A910

mode
maximum/

center range type

ring-hydrogen bend 885.2 max 854.3-946.9 doublet
C-O-C stretch 1074.2 max 1027.9-1097.3 singlet
OdC-O-C stretch 1230.4 center 1137.8-1322.9 broadened
ring breathing 1560.2 center 1454.1-1666.2 two mirrored

doublets
CdO stretch 1727.9 max 1666.2-1816.6 singlet
ring-hydrogen stretch 3081.7 max 2970.0-3189.7 singlet
overtone 3455.8 max 3371.0-3533.0 singlet

Figure 4. Linearly polarized second-harmonic response versus chain
orientation for 50µm copoly(HBA/HNA) film at ambient conditions.

I(t) ) I(0) exp(-(t/τ)R) (1)
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contrast to the SHG measurements, the fluorescence kinetics
were not dependent upon chain orientation.

Stretched exponential behaviors were first used by Kohl-
rausch28 to describe mechanical relaxation data in 1863. In recent
years, stretched exponential decays have been observed in a
great many physical,29-31 chemical,32-34 and specifically
polymeric35-38 systems. This extensive work, in a wide variety
of systems, has demonstrated that stretched exponential kinetics

are associated with disorder. The disorder is either energetic,
i.e., a distribution in barrier heights, or topological, i.e., structural
disorder. Stretched exponential dynamics indicate that the first
moment of the distribution of lifetimes is infinite. Physically
this means that there is small, but sufficient probability of the
lifetime to be much longer than the experiment, so that the
average is not well-defined. Because of the common occurrence
of disorder on multiple time scales, stretched exponential decays
are often observed in polymeric systems.

Time-resolved photoluminescent measurements of poly-
(phenylenevinylene) (PPV),38,39 and related luminescent poly-
mers, have shown similar stretched exponential behavior.
Physically, the stretched exponential is due to a distribution of
decay rates. This distribution of decay rates in the polymer chain
is usually associated with a distribution in chain or conjugation
lengths.40,41 In the case of copoly(HBA/HNA), there is also a
distribution of random monomers which make up the polymer.
We hypothesize that the random nature of the copolyester units
is the origin of the disorder that causes the stretched exponential
decay.

We have also measured the time-resolved fluorescence of
copoly(HBA/HNA) as a function of temperature. The decays
maintain their stretched exponential character over the temper-
ature range studied, 300-500 K. We plot bothR andτ versus
temperature for the 450 nm emission as shown in Figure 8. The
stretching coefficientR is observed to decrease linearly with
increasing temperature. This trend is opposite to what is
commonly observed in disordered systems. The decreasingR
is qualitatively consistent with increasing disorder and a broad
distribution of lifetimes. We hypothesize that the decrease inR
is due to torsional motion, which is thermally activated at
temperatures above the polymer’s glass transition. Torsional
motion along the polymer chain is an example of dynamic
disorder, and has been investigated in several test systems.42 A
more extensive study of the temperature dependence of the
Vectra A910 fluorescence will be the subject of future paper.

Summary

We have investigated the photophysical properties of a
thermotropic liquid-crystalline random copolyester, copoly-
(HBA/HNA). To the best of our knowledge, these are the first
fluorescence measurements of a random main-chain copolyester.
The copoly(HBA/HNA) was found to have a strong fluorescence
in the UV, with a peak at 428 nm (2.90 eV). The room-
temperature fluorescence lifetimes were found to be in the
nanosecond regime, with decay kinetics being well described
by a stretched exponential function. The stretching coefficient,

Figure 5. Time-dependent fluorescence response for a 75µm copoly-
(HBA/HNA) film at ambient conditions. The excitation wavelength
was 400 nm (3.10 eV), and the emission was monitored at a wavelength
of 462 nm (2.68 eV). The incident polarization is parallel to the chain
orientation.

Figure 6. Time-dependent fluorescence emission from Figure 5 on a
ln-ln versus ln scale. From the linear fitR ) 0.78( 0.002 andτ )
2.57 ( 0.02 ns with an overall correlation coefficient of 0.9979.

Figure 7. Wavelength dependence ofR and τ for a 75 µm copoly-
(HBA/HNA) film at ambient conditions.

Figure 8. Temperature dependence ofR andτ for a 75µm copoly-
(HBA/HNA) film.
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R, was found to be 0.78( 0.02 at room temperature.
Furthermore, the fluorescence kinetics were found to be highly
dependent upon the emission wavelength, increasing with
decreasing emission energy. The stretched exponential decays
are consistent with the disorder from the random nature of the
copolymer. Although copoly(HBA/HNA) is a random copoly-
mer, due to the orientation of the monomers it is noncentrosym-
metric along the chain axis. The noncentrosymmetric nature of
copoly(HBA/HNA) is experimentally demonstrated by the
observation of a strong second-order nonlinear response from
the polymer.
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