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Microdomain Characterization of Styrene-Imidazole Copolymers
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ABSTRACT: The microstructures of several copolymers of styrene and N-vinylimidazole in dilute solutions
and cast films were investigated by fluorescence, 1°C NMR, light scattering, viscosity, and electron microscopy.
Random sequence distribution of the copolymers was characterized by *C NMR. Despite such random
distribution of the styrene and imidazole groups along the chain, phase separation of the hydrophobic styrene
and the hydrophilic imidazole domains is suggested by several experimental findings. Smaller hydrodynamic
volumes of such styrene—imidazole copolymers in polar solvents were measured compared to those for the
homopolymer, poly(N-vinylimidazole), at comparable molecular weights. This is attributed to the aggregation
of styrene residues in the polar environment. A sharp conformational change of these copolymers in aqueous
media from a supercoiled dispersion to a water-soluble extended coil can be induced by protonation of the
imidazole moiety. Local aggregation of the styrene groups and electrostatic repulsion of the protonated
imidazolium groups are the causes for such a transition. The styrene aggregation was further characterized
by the styrene emission spectra of the copolymers. The excimer-to-monomer peak ratio of the intrinsic styrene
chromophore varies with copolymer composition, solvent, and pH, suggesting the effect of long-range interaction
on styrene excimer formation. Separation between the styrene and imidazole domains was further verified
by the absence of energy transfer from the styrene chromophore as the donor to an acceptor probe, 1-py-
renesulfonic acid, complexed at the imidazole site. Such phase separation is manifested in films cast on water
from organic solutions of the copolymers. These results suggest that the hydrophobic/hydrophilic random
copolymers behave as polymeric surfactants characterized by a micellelike structure in an aqueous environment.

Introduction

For various applications of polymers, copolymers are
frequently employed to achieve optimal functionalities of
the component comonomers. Random copolymers of
styrene and N-vinylimidazole as shown by the following
formula are such examples.

—fcH— CHHCHQ—?H—)L—
N
&

The hydrophilic imidazole moiety is used to provide the
reactive sites for metal ion complexation, dye binding, or
oxygen quenching; the hydrophobic styrene moiety is used
to enhance the binding strength of dye molecules and other
desired physical properties in the film. These properties
are greatly affected by the microstructures of the co-
polymers in solutions and solid states. The objective of
the present work is to characterize the microstructures of
such systems by using various microscopic and macroscopic
techniques. Correlation between polymer structures and
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interactions with dye molecules will be reported in a sep-
arate paper.!

While phase separation is a common phenomenon in
block and graft copolymers, less is known about random
copolymers. Because of the diametric solubility behavior
of the component styrene and imidazole moieties, polymer
conformation and the morphology of cast film can be
manipulated by the nature of the solvent. In the present
study, several experimental facts are provided to support
the existence of styrene-phase formation.

In an aqueous medium, formation of a micellelike dis-
persion is expected, consisting of the water-insoluble sty-
rene core and the water-soluble imidazole groups distrib-
uted on the surface of the dispersion. Such a process is
driven by an entropic gain associated with the migration
of the hydrophobic styrene groups from an aqueous en-
vironment to the interior of the polymer dispersion. The
flexibility of the backbone chain is required for this seg-
mental reorientation. Such micellelike structures can be
altered by solvent or pH changes as depicted in Figure 1.
In an acidic medium, the polymer coil is extended and
soluble in water (structure a), resulting from protonation
of the imidazole groups. An increase in pH above 4.0

© 1988 American Chemical Society
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Table I
Characterization Data for StIm Copolymers

3C NMR rel int of components
of StIm imidazole CH peak

{n]
(MeOH,/TBA-Br),

St-Im-St® Im-Im-St + St-Im-Im Im-Im-Im
polym [St]/{Im] 107M,, dL/g (54.9 ppm) (53.9 ppm) (52.4 ppm) Ty? °C
StIm-30 30/70 7.7 1.0 (1.0) 5.2 (4.8) 6.4 (5.7) 147 (144)¢
StIm-47 47/53 8.3 1.0 (1.0) 2.8 (2.2) 2.3 (1.3) 145
Stim-56 56/44 6.7 0.198 (slightly 1.0 (1.0) 2.05 (1.6) 1.15 (0.6) 138
hazy)

StIm-50 50/50 7.7 0.38

5.2 0.26

49 0.22

The imidazole CH peak intensity at St-Im-St was taken as unity. ®The T, data were measured by A. Marshall of these Laboratories.
The T, for PVI is 182 °C and for polystyrene is 100 °C. °This T, was for the film sample cast on water.

(a) (b)

Figure 1. Conformational change of StIm copolymers in aqueous
solution. (@ represents styrene and O or ® represent imidazole
and imidazolium groups, respectively.)

facilitates the micelle formation as shown by structure b.
Further increase in pH above 7.0 causes complete depro-
tonation of the imidazole group and the consequent pre-
cipitation of the polymer.

Several fluorescence probes are known to have high
quantum yield in nonpolar media and to have their
emission quenched in aqueous media. Such molecules have
been used to probe conformational changes in proteins?
and synthetic polyelectrolytes.®® In this study, we have
chosen pyrene and N-phenyl-1-naphthylamine as the
probes. Conformational changes of the copolymers in-
duced by pH as described in Figure 1 were monitored by
changes in fluorescence intensities. An alternative method,
the steady-state fluorescence polarization, also provides
a sensitive tool to probe rotational mobility of the molecule.
We have used 1-pyrenesulfonic acid to complex the co-
polymers at the imidazole site. Conformational changes
induced by pH were followed by measuring the polariza-
tion of the probe. The conformational transition region
observed by the above static and dynamic structural
characterization of fluorescence will be compared.

The styrene-phase formation in the copolymers was
examined by the emission spectra of the intrinsic styrene
chromophore. The excimer-to-monomer peak ratio of the
copolymer solution and film samples, as a function of co-
polymer composition, solvent, and pH, was used as a
measure of the extent of styrene aggregation. Phase sep-
aration of the styrene and imidazole microdomains in
aqueous solutions was further investigated by energy
transfer. In this measurement, the intrinsic styrene
chromophore was used as the donor and the extrinsic
probe, 1-pyrenesulfonate complexed at the imidazole site,
was used as the acceptor.

Phase separation in the aqueous dispersion observed by
the above fluorescence techniques was compared to that
of films cast on water from a 2-methoxyethanol solution
of the copolymers and measured by transmission electron
microscopy.

Experimental Section

Materials. The homopolymer, poly(N-vinylimidazole) (PVI),
used in this study, was a fraction with a weight-average molecular
weight of 150000 prepared for a previous work.® The homo-

polymer, poly(styrene), was a sample with a molecular weight of
110000 from Pressure Chemical Co.

The copolymers of styrene (St) and N-vinylimidazole (Im) were
synthesized by a continuous, free-radical-initiated polymerization
process as previously described.” The monomers, styrene (Dow
Chemicals) and N-vinylimidazole (BASF Chemicals), were freshly
distilled before polymerization. The initiator, azobis(isobutyro-
nitrile) (AIBN, Kodal Laboratory Chemicals), was used without
further purification.

The polymerization was conducted at 120 °C in two 2-L glass
reactors connected in series and filled with the solvent N,N-di-
methylformamide (DMF). A stream of 0.4 mL/min of a mixture
of St and Im monomers at a given molar ratio and a stream of
0.4 mL/min of the AIBN (1% based on the weight of the mo-
nomers) dissolved in DMF were introduced simultaneously to the
first reactor, all solutions being previously purged with N,. A
second stream of 0.2 mL/min of the AIBN in DMF (0.5% based
on the weight of the monomers) was separately introduced to the
second reactor to complete the reaction of the unreacted mono-
mers from the first reactor. The overflow from the second reactor
was discarded until a steady state was attained. The residence
time of the mixture, as determined by the volume of reactor/total
flow rate, was typically 5 h. The collected polymer solution was
diluted with DMF and precipitated in the stirred distilled water.
The solids were washed several times with water and dried in
vacuo at 60 °C for 4 days. The compositions of the copolymers
were analyzed by elemental analysis, GC, and potentiometric
titration. The molar ratio of the feed monomers and the final
copolymer were in good agreement. The compositions of several
of the copolymers and their corresponding weight-average mo-
lecular weights are listed in Table L.

The reactivity ratios for the monomers, r; (styrene) and ry
(imidazole), were calculated from the average composition of a
series of copolymerizations by using the following equation

[St](ry[St] + [Im])
(Im](rg[Im] + [St])

d[St]/d[Im] =

where [St] and [Im] are the concentrations of the monomers and
d[St] and d{Im] are the corresponding rates of concentration
change. The concentrations were determined by GC, elemental
analysis, and potentiometric titration of the imidazole group. The
reactivity ratios thus obtained are r; = 8.1 and r, = 0.13, com-
parable to those reported by Petrak® for the same copolymers but
made by bulk polymerization.

The fluorescent dyes, pyrene (Py, Aldrich), N-phenyl-1-
naphthylamine (NPN, Kodak Research Chemicals), and 1-py-
renesulfonic acid (Py-SO3H, Molecular Probes), were used without
further purification.

Methods. Light Scattering and Intrinsic Viscosity. The
weight-average molecular weights M, of the StIm copolymers were
measured at 25 °C in MeOH/0.001 M tetrabutylammonium
bromide (TBA-Br) with a C. N. Wood photometer equipped with
unpolarized light at 436 nm. The intrinsic viscosity [5] data at
25 °C were obtained in an Ubbeléhde microviscometer. Details
of such measurements are similar to those described elsewhere.5*®

Potentiometric Titration. The determination of the imid-
azole contents of the StIm copolymers was carried out in aceto-
nitrile/MeOH (1/1, v/v) containing 1 M TBA-Br, similar to those
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Figure 2. 3C NMR spectra of StIm-47 in DMF-d,. The peak
assignments are made according to the spectra of the homo-
polymers, PVI and polystyrene, and are shown in the figure.

reported for the PVI homopolymer.!° Sharp and single titration
end points were obtained for all copolymers studied. The absence
of two distinct inflections, a typical behavior for the PVI hom-
opolymer resulting from nearest-neighbor H-bonding between the
protonated and unprotonated imidazole groups,'? suggests that
there is no measurable amount of the PVI homopolymer in the
final copolymer products after washing and precipitation from
water. The absence of two inflections also yields some information
about the monomer sequence in the copolymers. The titration
curve for the partially quaternized PVI showed that 3—4 imidazole
units are the minimum block length needed to observe two dis-
tinctive inflections. Such random sequencing of imidazole groups
in the present copolymers is consistent with the T, data and the
13C NMR results discussed below.

13C NMR Spectroscopy. *C NMR spectra were used to
analyze the monomer distribution of the StIm copolymers. The
spectra of the polymer solutions in DMF-d, were acquired at 75.4
MHz, using a Varian XL300A spectrometer at room temperature
with 40000 scans for each sample. A 1.5-s delay was used between
45 pulses. Precautions were taken in accumulating the spectra
to ensure that saturation and NOE had small effects on the
intensities of the CH backbone resonances. The peak assignments
as shown in Figure 2 were made by comparing those of the
homopolymers, poly(styrene) and PVI.

Sequence information for any polymer from *C data can be
obtained from resonances whose chemical shifts are sensitive to
changes in the environment resulting from sequence differences.
The CH carbon resonance of imidazole is the only resonance from
the copolymer which displays the sensitivity for such analysis.
The backbone CH carbon resonance of the imidazole in the StIm
copolymers consists of three components corresponding to the
three nearest-neighbor monomer sequence environments, i.e.,
St-Im-St, Im-Im-St, and Im-Im-Im. Previous studies have
shown that the CH resonance of the PVI homopolymer is only
slightly affected by tacticity,'? and hence we infer that the three
resonances we observed here are caused by sequencing effect only.
The relative intensities of these peaks were used to calculate the
sequence distribution of the monomer units. The results for the
three measured imidazole CH peak intensities are shown in Table
I. Also listed in the parentheses are the corresponding calculated
intensities according to Bernoulian random statistics!® based on
the fact that the product of the reactivity ratios of the two mo-
nomers is approximately unity, i.e., r;ry = 1.05, as described earlier
in the synthesis. The approximate agreement of the measured
and calculated values indicates that these copolymers appear to
be much closer to having a random sequence distribution rather
than being blocked.

The single T, values for these materials, also listed in Table
I, support this conclusion. The T, values for the copolymers are
approximately equal to those estimated from the mole-fraction-
weighted averages from the corresponding values for the homo-
polymers, poly(styrene) and PVI.

Fluorescence Spectroscopy. The emission spectra were
recorded at room temperature on the SLM-4800 spectrofluo-
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rometer. All spectra were corrected with a glycerol solution of
Rhodamine B as the reference quantum counter. The styrene
emission spectra of the copolymer solutions excited at 260 nm
were collected in a 3 mm X 3 mm quartz cell to avoid inner cell
quenching. For the film samples, the front-surface illumination
using a 253.3-nm filter for the excitation source was applied to
avoid scattering and light leaks from the monochromator. Each
styrene spectrum was acquired with 10 multiple scans. Care was
taken to avoid any significant solvent emission, and subtraction
of the solvent spectra was applied to all styrene emission data.

The emission spectra of the pyrene and N-phenyl-1-
naphthylamine (NPN) in the aqueous dispersion of the StIm
copolymers were obtained by exciting at 340 nm. The peak
intensities at 374 nm for pyrene and 420 nm for NPN were used
to monitor conformational change as a function of pH. Since the
transition region was found to be independent of the presence
of dissolved oxygen in the solution, all solutions were not purged
with N, before measurements.

Steady-state fluorescence polarization was also measured on
the SLM-4800 instrument equipped with two polarizers at the
excitation and emission slits. The polarization was calculated
according to p = (R - 1)/(R + 1) where

R = (Uy/Iop) /Upy/ Tn)

The subscripts for the intensities I’s in the above equation refer
to the vertically (v) and horizontally (h) polarized light. The first
subscript is for the excitation and the second is for the emission.
The denominator in the expression for R is the grating correction
factor.

The solutions of the copolymers complexed with the dye, 1-
pyrenesulfonic acid (Py-SO;H), were excited at 350 nm and the
data for P were collected at 385 nm.

Turbidimetric Titration. The turbidity of the aqueous co-
polymer solution as a function of pH at 25 °C was measured by
the optical density at 450 nm by using a Varian Superscan-3
spectrophotometer.

Transmission Electron Microscopy. The thin films were
prepared by casting from solution. A few drops of the StIm-30
stock solution in 2-methoxyethanol (2.74%) were placed on
distilled water. The thin films (0.1 um) were picked off the surface
of the water directly onto a 200-mesh copper grid. The samples
were air dried and then examined by transmission electron mi-
croscopy (TEM). Electron micrographs were obtained with a
JEOL 1008 electron microscope operated at 80 kV.

The transmission electron micrographs were also obtained for
the aqueous dispersion of the copolymers. A few microliters of
the above StIm-30 stock solution were dispersed into 3 mL of
vigorously stirred distilled water. Formvar and carbon-coated
copper grids were treated with the above dispersion. After 30
s, excess liquid was wicked away with the edge of a filter paper
and the grid allowed to air dry before taking the TEM.

Results and Discussion

Hydrodynamic Volume in MeOH/0.001 M TBA-Br.
The intrinsic viscosity data for the three molecular weight
samples of StIm-50, as listed in Table I, were measured
by G. Russell, formerly of these Laboratories. They are
plotted against M, in Figure 3. Also included for com-
parison are the data for poly(N-vinylimidazole) reported
previously.® The Mark-Houwink exponent for PVI was
0.67, indicating that MeOH is a reasonably good solvent
for the homopolymer. This is attributed to the hydrogen
bonding between the solvent OH group and the lone-paired
electrons at the aromatic nitrogen site of the polymer.

The smaller values of [5] for the present copolymers
compared to that of PVI at a given M,, as shown in Figure
3, suggest that the hydrodynamic volume is reduced by
incorporating the styrene comonomer. Aggregation of the
styrene residue in MeOH, which is a nonsolvent for
polystyrene, is clearly an explanation for this chain con-
traction. Such behavior becomes more pronounced when
the styrene content increases. This is demonstrated by
the lower value for StIm-56 as shown in Table I and Figure
3.
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Figure 3. Mark-Houwink plot, [] versus M,, for PVI, StIm-50,
and StIm-56 in MeOH/0.001 N TBA-Br.
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Figure 4. Relative fluorescence intensity I, for NPN (2 X 1078
M) in StIm-30 aqueous dispersion ([Im] = 2 X 10™* M; [St] = 8.4
X 10 M) versus pH (a); optical density of StIm-30 aqueous
dispersion versus pH (b).

Conformational Change in Aqueous Media. The
aqueous dispersion of the copolymer was prepared by
dispersing 3 uL of a 2-methoxyethanol stock solution of
the copolymer into a 1 cm X 1 cm cuvette containing 3 mL
of well-stirred deionized water. The dispersion ([Im] =
2 X 10 M; [St] = 8.4 X 1075 M) consists of small inter-
molecular aggregates ranging from 1 to 0.1 um as observed
by TEM.

The fluorescence titration curve of such aqueous dis-
persion containing 2 X 107 M of the NPN dye is shown
as curve a in Figure 4. In this experiment, microliter
increments of 0.1 M HCl were added to 3-mL copolymer
dispersions, and the peak intensities at 420 nm were re-
corded as a function of pH measured simultaneously with
a pH microelectrode immersed in the cuvette. A sharp
transition region at pH 4 is shown for StIm-30. This
transition region also coincides with that observed by the
turbidimetric titration shown as curve b in Figure 4. This
transition is a result of conformational change of the co-
polymer from a supercoiled compact dispersion to a
water-soluble extended coil upon protonation of the im-
idazole groups.

The above finding was also confirmed by a separate
titration run using pyrene (2 X 10® M) as the probe. An
identical sharp transition at pH 4 is also shown by curve
a in Figure 5, where the relative fluorescence intensity of
pyrene at 374 nm is plotted against pH for the same
polymer dispersion. Also plotted in the same figure as
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Figure 5. Relative fluorescence intensity I3;, for pyrene in
StIm-30 aqueous dispersion ([Im] = 2 X 10~ M; [St] = 8.4 x 107®
M) versus pH, from basic to acidic (a) and from acidic to basic

(b).
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Figure 6. Steady-state fluorescence polarization P versus pH
for Py-SO;™ complexed with StIm-30 ([Im] = 2 X 10™ M; [St] =
8.4 X 1075 M).

curve b are the intensity data when an acidic solution of
the polymer was titrated with 0.1 M NaOH. It is to be
noted that a broader transition with the midpoint shifted
to pH 5 was obtained when the titration was carried out
from acidic to basic media. Such “hysteresis” effect is a
useful phenomenon to be exploited for blending such co-
polymers with other water-soluble polymers in aqueous
media.

A similar titration behavior of StIm-30 from acidic to
basic media was observed through the steady-state
fluorescence polarization data, as shown in Figure 6. In
this experiment, an anionic probe, Py-SO;H (5 X 107 M),
was complexed at the imidazole site of the copolymer ({Im]
=2 X 10 M; [St] = 8.4 X 10°® M). The polymer has
undergone a conformational change from a flexible freely
rotating chain at low pH, as reflected by the low polari-
zation of 0.05, to a rigid compact coil at high pH with the
polarization increased to 0.35 before precipitation.

Styrene Emission Spectra. There have been many
studies on the styrene fluorescence behavior of neutral
poly(styrene)'¢'® and some block!® or random?%2! sty-
rene-containing copolymers in organic solvents. However,
little has been explored using the styrene comonomer as
an intrinsic probe for structural characterization in
aqueous media. Several reports were recently published
on sodium poly(styrenesulfonate) (NaPSS) in aqueous salt
solutions. It is generally believed that excimer formation
in such homopolymers is dominated by nearest-neighbor
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Figure 7. Emission spectra for StIm-30, -47, and -56 ([St} = 0.005
M) and ethyl benzene in MeOEt.
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Figure 8. Emission spectra for StIm-56 ([St] = 0.0066 M) in
MeOEt, MeOH, and aqueous acetic acid solutions.

interaction between pairs of fully eclipsed, sandwiched
phenyl rings and largely by those located at the meso diads
in the trans-trans conformation.?> Long-range interactions
caused by the effects of good solvents or counterions for
polyelectrolytes play an insignificant role in determining
such local behavior. While some evidence was reported
that the excimer to monomer peak ratio, I/l increases
with ionic strength (>0.1 M) for NaPSS* and KPSS,
CaPSS, SrPSS, and LaPSS,? long-range chain contraction
has not been accounted for in such findings. Furthermore,
long-range end-to-end chain cyclization between two
pyrene end groups in poly{oxyethylene), where excimer
formation is dependent on solvent, has been ruled out for
the styrene chromophore because of its short lifetime. Our
data presented below for the random styrene-containing
copolymers provide some insight to the effect of long-range
forces on local excimer formation.

Figure 7 shows the emission spectra of the three StIm
copolymers at a comparable M, (see Table I) in a good
organic solvent, 2-methoxyethanol (MeOEt). Also shown
for comparison is the spectrum for ethylbenzene. The
peaks at 280, 285, and 293 nm are clearly attributed to the
monomer peaks, and 330 nm is the excimer peak. The
more obvious excimer shoulder for the StIm-56 compared
with those for StIm-47 and -30 is a result of the higher
content of styrene nearest-neighbor pairs in the former.
Interchain styrene excimer formation is unlikely to occur
in such low polymer concentration dilute solutions (ap-
proximately 0.1% of copolymers corresponding to [styrene]
= 0.005 M in a good organic solvent).

Macromolecules, Vol. 21, No. 8, 1988
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Figure 9. Ip/Iy (I330/1585) versus [n] for StIm-56 in MeOEt,
MeOH, and aqueous acetic acid solutions (pH 3.0).
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Figure 10. Emission spectra for StIm-30 ([St] = 0.005 M) in
aqueous acetic solutions pH 3.0, 8.7, and 5.4.

The effect of solvent on the styrene emission of StIm-56
is shown in Figure 8. To avoid the possible effect of
oxygen quenching on excimer formation, all samples were
purged with N, before measurement. The shapes of the
spectra remained unchanged. The extent of excimer for-
mation as indicated by the Iy/Iy values in the three sol-
vents (ie., Ig/Iy = 0.64, 0.92, and 2.12 in MeOEt, MeOH,
and aqueous HAc, respectively) is most pronounced in
aqueous acetic acid solution and decreases in the good
solvent MeOEt.

In order to examine the effect of long-range forces re-
sulting from polymer segment—solvent interaction, the
intrinsic viscosity measurements were made for the same
StIm-56 copolymer in the three solvents shown in Figure
8. The relation between Ig/ly and [5] is presented in
Figure 9 The linear increase of the excimer formation with
decreasing [n] clearly gives evidence for the effects of
long-range forces or chain expansion on styrene-ring in-
teraction. Similar arguments were also given by Frank et
al.?¢ for pyrene-labeled poly(ethylene glycol) based on
solvent viscosity. The possibility for interchain aggregation
in the aqueous acetic acid medium (pH 3.0) was ruled out
because of low polymer concentration and also the co-
polymer was completely soluble when it was fully pro-
tonated.

The excimer formation resulting from intermolecular
aggregation in aqueous dispersion is observable, however,
if the pH is raised above the transition region (pH 5) as
displayed in Figures 5 and 6. The emission spectra for
StIm-30 in aqueous solutions as a function of pH are shown
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Figure 11. (a) Emission spectra of StIm-56 in films and in
MeOEt. (b) Emission spectra of StIm-47 in films and in MeOEt.
(c) Emission spectra of StIm-30 in films and in MeOEt.

in Figure 10. The increasing shoulder at the 330-nm
excimer peak for the pH 5.4 sample demonstrates the
effect of chain coiling by deprotonation, as well as some
interchain aggregation, on excimer formation. Similar
behavior was also reported by Webber et al.?’ for a random
copolymer of 2-vinylnaphthalene and maleic acid in
aqueous media.

Comparison of the emission spectra for the solution and
film samples of the three copolymers are shown in Figure
11. The excimer peak, which is predominant in the films,
was shifted to 310 nm. Isolation of the monomer and
excimer peaks by a curve-resolving technique was not
attempted because of the broad nature and peak shifting
of the emission.

The above findings suggest that excimer formation in
random copolymers is a result of styrene aggregation.

Styrene-Imidazole Copolymers 2437
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Figure 12. Emission spectra of StIm-56 ([St] = 0.005 M) in
aqueous acetic acid (pH 3.1) in the absence and presence of the
acceptor Py-SO; (4 X 1077 M).

While nearest-neighbor pairing of the phenyl groups is a
prerequisite for such excimer formation, it is enhanced by
the long-range intrachain and interchain interactions in
solutions.

Phase Separation between Styrene and Imidazole
Domains. Energy-transfer experiments were carried out
to examine phase separation between the hydrophobic
styrene domain in the core and the hydrophilic imidazole
domain on the outer layer of the copolymer aqueous dis-
persion. The intrinsic styrene chromophore was used as
the donor, which was excited at 260 nm and emitted as an
excimer in the range from 300 to 350 nm. An extrinsic
probe, 1-pyrenesulfonic acid (Py-SOj") complexed at the
imidazole site, was used as the acceptor. This probe was
excited in the range of the styrene excimer emission and
emitted at 375-420 nm. The concentration of the styrene
in the copolymer solution was kept at 0.005 M and that
of the PySO,™ probe was kept at 4 X 1077 M. Complete
binding of the probe was checked by spectrophotometric
titrations to be discussed in a later paper.!

The emission spectra of styrene in the presence and
absence of the acceptor are shown in Figure 12 for StIm-56
in an aqueous acetic acid medium at pH 3.1. Energy
transfer is indicated by the decrease of the styrene emission
in the presence of the acceptor. The energy transfer ef-
ficiency, E = 13%, was estimated by the intensities at 315
nm and the following relation:

1-E=] (polymer)/ I (polymer+Py-S037)

The Forster distance for the polystyrene—pyrene pair,
corresponding to E = 50%, is 19.4 A as given by Berlman.?
A similar procedure was also used to calculate E (=9%)
according to the changes of the pyrene emission in the
presence and absence of the copolymer. The accuracy of
the latter procedure was not as good because of the slight
scattering of the polymer solution. ‘

When the pH of the solution was raised to 3.5, energy
transfer between the styrene and Py-SO;~ chromophores
was absent as indicated by the unchanged styrene emission
shown in Figure 13. This is clearly attributed to phase
separation between the aggregated styrene domain and the
imidazole domain. To further confirm such styrene ag-
gregation, a pure pyrene at a concentration of 4 X 1077 M
in place of the Py-SO4 probe was introduced to the co-
polymer aqueous dispersion. Because of its preferential
partitioning in the hydrophobic domain, energy transfer
between pyrene and styrene was observed. The transfer
efficiency of the latter pair of E = 12.7% was estimated
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Figure 13. Emission spectra of StIm-56 ([St] = 0.005 M) in
aqueous acetic acid (pH 3.5) in the absence and presence of the
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Figure 14, Emission spectra of StIm-56 ([St] = 0.005 M) in
aqueous acetic acid (pH 3.5) in the absence and presence of the
acceptor pyrene.

from the styrene emission spectra as shown in Figure 14
for StIm-56 in pH 3.5 acetic solution.

Phase separation of these random copolymers in aqueous
dispersion, by fluorescence intensity measurements as a
function of pH as discussed in a previous section, is thus
further confirmed by energy-transfer studies. Manifes-
tation of such phase separation can be achieved on solid
film samples cast on water from a good organic solvent.
The TEM of a film sample of StIm-30 is shown in Figure
15. The phase structure with domain size around
500-1000 A is attributed to the reorientation of the hy-
drophobic styrene and the hydrophilic imidazole groups
upon contact with the water surface. The domain sepa-
ration in the film sample is more pronounced than that
in the aqueous dispersion. Thermal measurements of the
phase-separated film sample failed to yield two separate
glass transitions, however, because of the annealing process
taking place during the thermal measurement.

Conclusion

Phase separation of random copolymers of styrene and
vinylimidazole can be observed by a variety of microscopic
and macroscopic techniques. The smaller hydrodynamic
volumes of the copolymers compared with those of the PVI
homopolymer in polar media are a result of styrene ag-
gregation. A conformational change of these copolymers
from an acid-soluble extended coil to an intramolecular
compact coil or intermolecular aggregate can be induced
by pH increase. The styrene excimer formation in these
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Figure 15. TEM of StIm-30 film cast on water from a MeOEt
solution,

random copolymers is affected by the copolymer compo-
sition as well as long-range forces. While nearest-neighbor
pairing of the phenyl rings is a prerequisite for excimer
formation, it is enhanced by the long-range intrachain and
interchain interactions. Phase separation between the
styrene and the imidazole domains in aqueous dispersion
was confirmed by energy transfer. Such domain separation
is manifested in films cast on water, resulting from re-
orientation of the styrene and imidazole segments.
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Formation of a High Melting Crystal in a Thermotropic Aromatic
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ABSTRACT: The formation of a high melting crystal during melt annealing is observed for a thermotropic
liquid crystalline polymer (LCP), VECTRA A900 of Celanese Corp. When the polymer is heated to 290 °C,
i.e. just above its nominal DSC melting temperature of about 280 °C, it melts rapidly, displaying a low complex
modulus of about 10® Pa. However, during annealing at this same temperature, the nematic melt slowly
crystallizes and undergoes a liquid/solid transition, as shown by a gradual increase in the complex modulus
by 3 orders of magnitude in 200 min. For DSC and X-ray studies, a discrete set of samples were prepared
with increasing time of annealing at 290 °C and subsequent cooling to room temperature. Wide-angle X-ray
scattering patterns of these samples shows an additional reflection ring with d = 3.8 A. In the DSC first heating
scan, the annealed samples display two separated endothermic peaks. The first peak is about 280 °C; the
second peak is 20-30 K above the annealing temperature. The unannealed samples have only the first peak.
As the annealing time increases, the first peak decays and the second peak grows and moves from 305 to 315
°C. The growth of the complex modulus is found to be proportional to the area under the second endothermic
peak. All these observations indicate a gradual formation of a high melting crystal with a higher degree of
order. The formation of the high melting crystal is thermoreversible. After being heated to a temperature
above the DSC second endothermic peak, the annealed samples return to their initial state before annealing,
displaying once again low complex modulus and a single endothermic peak. The rate of the crystallization
depends on annealing temperature and on mechanical and thermal histories of the samples. Higher annealing
temperature leads to slower crystallization. At 290 °C, stretched samples exhibit accelerated crystallization.
It is interesting to note that samples which have been subjected to a prior heating to 320 °C do not show
significant crystallization at 290 °C. This indicates that the crystallization is a nucleation and growth process
and that the nuclei melt during the preheating to 320 °C.

Introduction

The crystallization behavior of liquid crystalline poly-
mers (LCPs) has been the subject of several recent pub-
lications.'® It is well-known that for flexible polymers the
crystallization process can be quite rapid™® because the
flexible molecular chains can readily adjust their sequences
into a growing crystalline structure. However, it is much
more difficult for the rigid molecular chains of LCPs to
diffuse appropriate sequences into a crystal growing lo-
cation.! In the nematic melt state, rigid molecular chains
arrange into a polydomain texture with high local order
and long-range random orientation.>** The local order
determines the crystallization process. The crystals have
little long-range order.! A matter worthy of note is that
thermal and mechanical treatments can alter the local
order®612-15 and hence can change the ability of crystal-
lization of LCPs. These characteristics of LCPs complicate
the phase behavior and the rheology in a wide temperature
range.

Severe time dependence of rheological properties in the
nematic melt state has been recently reported for co-
polymers of 73 mol % 4-hydroxybenzoic acid and 27 mol
% 6-hydroxy-2-naphthoic acid in capillary flow® and for
a quaterpolymer of chalorhydroquinone, 4,4’-dihydroxy-
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diphenyl, terephthalic acid, and resorcinol in a mole ratio
of 40/10/35/15 in dynamic mechanical measurements.? In
both cases, DSC curves of the annealed samples showed
a second endothermic peak at a temperature above the
annealing temperatures. It is expected that these changes
of rheology resulted from formation of some high melting
crystalline structure.

Recently, a commercial liquid crystalline aromatic po-
lyester (VECTRA A900, Celanese Corp.) has been exten-
sively studied in our laboratory.%® When this polymer is
kept under isothermal conditions slightly above the
melting temperature, its rheological stability depends
strongly on prior thermal treatment. After preheating to
320 °C, the polymer melt shows relatively stable rheological
properties throughout several hours.®! However, if the
sample is just melted and kept at 290 °C, without prior
heating to an elevated temperature, the polymer melt
displays a severe increase in the complex modulus. In the
present work, these experimental observations are related
to a gradual formation of a high melting crystal.

Experimental Section

The liquid crystalline polymer studied, VECTRA A900 (Ce-
lanese Corp.), is a random copolymer containing 73 mol % 4-
hydroxybenzoic acid (HBA) and 27 mol % 6-hydroxy-2-naphthoic
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