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ABSTRACT: We report on a series of experiments on hydrogels formed by supramolecular hairy-rod
conjugated polymers and their lyotropic liquid crystalline behavior. The system is an ionic complex between
negatively charged poly[2-(3-thienyl)ethyloxy-4-butylsulfonate)] backbones and cationic cetrimonium side
chains. These hairy-rod supramolecules form stable isotropic solutions under dilute conditions with en-
hanced photoluminescence relative to the neat polymer itself. The system displays an isotropic-liquid cry-
stalline transition on increasing concentration, resulting in the formation of a hexagonally ordered lyotropic
mesophase in which the polymer chains are packed into hexagonally ordered rod-like assemblies. The meso-
phase is thermosensitive and can be isotropized by moderate heating. Although theoretically predicted, the
observation of such lyotropic mesophases in conjugated polymers has not been reported to date. The results
here are rationalized in terms of the uncharacteristically long side chains and inherent polydispersity of the
system which appear necessary for stabilization of this mesophase. These results may provide new routes for
the fabrication of well ordered conjugated polymer films from such solution ordered precursors for high

performance electro-optic devices.

Introduction

Conjugated organic polymers are promising candidates for
flexible opto -electronic devices such as hght-emitting diodes
(LEDS) % thin film transistors (TFTs),”~” and photovoltaics
(PVs),* 1 because of their unique combination of polymer flexi-
bility and semiconducting electrical properties. One major attrac-
tion of conjugated polymers is their industrially viable solution-
based printing and coating. However, this class of polymers is in
general infusible and insoluble in common organic solvents due
to their rigid backbone. Most common methods for improving
their processability are based on chemical modifications by cova-
lent linkage of flexible side chains to the polymer backbone."' ™"
The resultant hairy-rod polymers are then fusible and soluble in
the common solvents. An alternative to this approach is to use
physical matching interactions such as 10nlc or hydrogen bonding
to fabricate hairy-rod supramolecules ' One distinct advant-
age of this supramolecular route is that the surfactant or small side-
chain can be removed after processing, thus producing pristine
materials.

In the melt state, hairy-rod conjugated polymers can form
thermotropic liquid crystalline (LC) phases due to microphase
separation between the hair-like side chains and the rod-like back-
bone. Theoretical calculations'”'® and experimental studies'®™>!
have shown a rich liquid crystalline phase behavior with the display
of nematic, lamellar and hexagonal phases. Phase stability is a
function not just of temperature, but also of the volume fraction of
the side chains as well as interactions between the side chains and the
polymer backbone. Thermotropic liquid crystallinity of hairy-rod
conjugated polymers is of value in device engmeen ing as it provides
not only anisotropic opto-electronic progemes but also en-
hancement of efficient charge transport.

In solution, hairy-rod conjugated polymers behave like rodlike
particles.”® In general, conjugated polymers tend to aggregate
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into large micrometer-scale clusters in solution due to 7—x
stacking interactions.”” Aggregates grow continually until satura-
tion of the 77—z stacking interaction. Percolation of these sticky
aggregates leads to the formation of a viscoelastic gel. Several
investigations have also been reported in which the gelation pro-
cess of hairy-rod conjugated polymers was closely associated with
changes in the polymer conformation.”® > In this framework,
interactions between the solvent and polymer play a cru01al role
in triggering gelation. While theoretical calculations®' ™ have
shown that similarly rich liquid crystalline behavior is possible in
solution as in the melt, only low ordered nematic phases have
been observed experimentally in solutions of semiflexible conjug-
ated polymers. To date, the lyotropic nematic phase has been
reported in several hairy-rod conjugated polymers, including
polyfluorenes gPFs) * poly(p-phen ;/lene) (PPP),*® phenyleneviny-
lenes (PPVs),? 8poly(dlacetylenes) and poly(phenylene ethyny-
lenes) (PPEs).* Using external forces such as shear flow and
electric fields, dllgned thm films could be obtained from the lyo-
tropic nematic phdse In general, lyotropic liquid crystallinity
provides a promising route for fabrlcatmg oriented thin films
during solution-based processing.**** Such oriented semicon-
ducting polymer films possess many attractive properties such as
polarlzed electro-luminscence*!*? dnd enhanced charge mobility
in polymer field-effect transistors.*> The use of higher ordered
mesophases can be expected to yield improved order in the thin
solid films formed from solution processing. However, to the best
of our knowledge, there are no reports of highly ordered lyotropic
columnar phases of conjugated polymers to date.

Here, we report on the novel display of a highly ordered
lyotropic columnar phase of hairy-rod supramolecules of poly-
(alkyl thiophenes) in water. The hairy-rod complex is formed via
ionic bond attachment of a cationic surfactant, cetrimonium bro-
mide (CTAB) to the poly(alkylthiophene), poly[2-(3-thienyl)-
ethyloxy-4-butylsulfonate)] (PTEBS) (Scheme 1). PTEBS is a
recently developed water-soluble variant of the semiconducting
polymer poly(alkyl thiophene), with interesting potential for
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Scheme 1. (a) Model of Hairy-Rod Supramolecules of the Conjugated
Polymer, (b) Chemical Structures of the Conjugated Polymer
and Surfactant, and (c) Hexagonal Columnar Packing in the

Lyotropic Phase”
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“A simplified two-dimensional cartoon shows two possible config-
urations in the hexagonal phase in which the polymer backbone is
normal to the drawing plane.

clean or green processing in the manufacture of various devices.**
The steric interactions of densely attached side chains in the
complex result in a stretched backbone conformation. The supra-
molecule overall approaches a cylindrical form, yielding a liquid
crystalline phase as is typical for such polymers in concentrated
solution. Surprisingly, however, the phase displays hexagonal
packing of the polymer backbones. The stabilization of the hexa-
gonal or columnar phase may be due to the long side chains
employed, and the polydispersity intrinsic to the system as these
factors similarly drive the emergence of hexagonal order in melt
systems.'* We demonstrate that mechanical shearing in the liquid
crystalline phase produces aligned thin films of the conjugated
polymer.

Experimental Section

Sodium poéy[2-(3—thienyl)ethyloxy-4-butylsulfonate)] (PTEBS)
with M, ~ 10° (American Dye Source) and cetrimonium bromide
(CTAB, Aldrich) were used as received. Stock solutions (2.5 x
1072 M) of the polymer (molar concentration is with respect to
the sulfonated thiophene repeat unit) and surfactant were pre-
pared in ultrapure water (Milli-Q, 18 MQ). Samples of lower con-
centrations were obtained by dilution of the stock solutions. The
complexes were prepared by dropwise addition of the surfactant
solution into the polymer aqueous solution under stirring. The
resultant complexes were separated by centrifugation at a
speed of 14 500 rpm (14 000 g) for 30 min (Eppendorf MiniSpin
Microcentrifuge).

FTIR vibration spectra were recorded on a Bruker Tensor 27
spectrometer equipped with a temperature-controlled Pike Si-
crystal ATR cell. Samples were prepared by temperature con-
trolled solvent evaporation directly on the cell to ensure good
conformal contact of the polymer film with the Si-crystal. UV—
vis absorption spectra were taken on Cary-100 spectrophoto-
meter at 25 °C. The fluorescence spectra were recorded on an
SLM spectrofluorometer using 400 nm excitation. Thermal
properties were characterized by differential scanning calorim-
etry (DSC Q-200, TA Instruments) under a nitrogen flow.
Optical textures were studied under cross-polarizers on a Zeiss
Axiovert 200 M optical microscope equipped with a hot-stage
with temperature control of £0.5 °C (Linkam, TMS 94). Small
and wide-angle X-ray scattering (SAXS, WAXS) experiments
were performed on a pinhole collimated Rigaku instrument
(SMAX3000) using 1.5405 A Cu Ka radiation produced by a
microfocus source. Scattering was recorded using a gas-wire
electronic area (2D) detector. The scattering vector ¢ is defined
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Figure 1. Photos of the gels of the PTEBS-CTAB complex: (a) three
layers after centrifuge; (b) the middle layer gel.

as ¢ = (4m/0) sinf, where 26 is the scattering angle. The
sample—detector distance was ca. 83 cm permitting access to a
range of scattering vectors from 0.016 to 0.3 A™". Calibration
was performed using silver behenate with a d-spacing of 58.38 A.
Temperature dependent measurements were performed using
the same hot stage utilized for polarized optical microscopy
(POM). Samples were subjected to a heating/cooling rate of 5 °C/
min held at the acquisition temperatures for 10 min prior to data
collection.

Results and Discussion

Both the charged conjugated polymer PTEBS and the cationic
surfactant CTAB are water-soluble species. Drop-wise addition
of the CTAB solution into the PTEBS solution under stirring
resulted in a turbid mixture. Centrifugation of the suspension
produced three distinct layers as shown in Figure la. The top
layer is a light yellow fluid, the middle layer is an orange jelly like
solution, and the bottom layer is a deep red color with a mud-like
consistency. This phase separation upon centrifuging is attribu-
ted to the broad polydispersity of the commercially sourced
material used in this work whereby high molecular weight
fractions drop out of solution before lower molecular weight
ones. Such macroscopic phase separations have been well recog:
nized in the solutions of rigid-rod liquid crystalline polymers**
and also recently discovered in the solutions of carbon
nanotubes.*’~* In this work, we focus on structures and phase
transitions of the middle gel-like layer (Figure 1b).

Figure 2 shows the UV—vis absorption spectra of the PTEBS
aqueous solution (I x 107* M) in the presence of various
amounts of the CTAB. The pure PTEBS in water exhibited a
broad absorption at 460 nm. Addition of CTAB resulted in a shift
of the absorption maximum toward lower wavelengths, indica-
tive of the formation of the PTEBS-CTAB ionic complex.*® This
effect saturates for CTAB concentrations greater than about 8%
(molar ratio), although the CTAB continues to form complexes
with the polymer and indeed does not show any macrophase
separation from the polymer over all compositions studied.
Evidently, there is a decoupling of the electro-optical properties
from the composition of the complex beyond a critical stoichi-
ometry. The formation of the complex is also attended by a
significant decrease in the absorption intensity. The blue shift in
the absorption spectra is attributed to the inhibition of polymer
chain aggregation due to the incorporation of the alkyl side
chains. Support along this line is also provided by the photo-
luminescence (PL) spectra of the complex (Figure 2b). The
addition of 1 mol % CTAB to the PTEBS solution results in
enhancement of the PL emission, or a suppression of photo-
quenching. This is again indicative of a dissolution of aggregates
or inhibition of aggregation due to the incorporation of the side
chains.®" Similar observations have been reported for golythio-
phene/polyfluorene based polymers and copolymers.>>>>
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Figure 2. (a) Absorption spectra of PTEBS in the aqueous solutlon (1 x 107* M) by adding amounts (mol %) of CTAB aqueous solution.

(b) Fluorescence spectra of PTEBS in the aqueous solution (1 x
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Figure 3. Room temperature SAXS profiles of the PTEBS aqueous
solution (~4.5 wt %) and as-prepared PTEBS-CTAB gels with different
CTAB:PTEBS molar ratios.

The ionic bonding of PTEBS-CTAB complexes was further
confirmed by FTIR data (Supporting Information Figure 1). Sig-
nificant changes of vibration bands in the ranges of 1000—1300
cm™ ! (sulfonate groups) and of 2800—3000 cm ' (methylene
groups) were observed. In addition, the vibration peaks of met-
hylene groups in the complex are much narrower compared to
those in the PTEBS. This is attributed to the ordered methylene
structures in the complex.>*

The “as-prepared” hydrogel has a concentration of ~4.5 wt %
and is optically isotropic with a viscous jellylike consistency. The
characterization of the frequency dependent shear modulus is
available in the Supporting Information (Supporting Figure 2).
The structure in solution is deduced from SAXS data, as shown in
Figure 3. A typical scenario for conjugated polymers in solutlon
involves a display of sheet-like scattering with I(g) ~ ¢ 2 at low
¢ (long length scales), and rod-like scattering with 1(q) ~ ¢~ ' at
high ¢ (shorter length scales). The scattering at low ¢ is due to
side—side association of the polymer backbones into lamellar
sheet, whereas at high ¢ the rod-like nature of the polymer chain is
evident.?”**% The neat PTEBS as well as all complexes studied
reflect this generic scenario, with a gradual rather than sharp
transition between —2 and —1 scaling. While it appears that the
crossover for the complexes occurs at smaller ¢, suggestive of
increased chain extension in the complexes, the strong distinction
between the complexes and the neat PTEBS is found at higher ¢.

x 107* M) excited at 400 nm by adding 1 mol % CTAB.

Figure 4. Optical micrograph of the lyotropic gel of the PTEBS-CTAB
complex under cross polars.

In the high-q region of ¢ > 0.1 Ao the complex exhibits a wide
Bragg reflection peak at ¢ ~ 0.2 A~! corresponding to d ~ 30 A.
The peak strength and position are weakly dependent on the
CTAB:PTEBS molar ratio. This feature is due to weak positional
correlations between polymer backbones spaced by the alkyl side
chains. The length scale is consistent with a bilayer constructed
from disordered chains of the bound CTAB and existing butyl
sulfonate groups, as opposed to fully extended or crystallized
chains. Similar Bragg scattering has also been observed in other
systems, for example recently in a poly(ﬂuoreneg conjugated
electrolyte complexed with zwitterionic surfactant.
Concentration of the gel by slow evaporation of water pro-
duces strongly birefringent samples as shown in Figure 4, indi-
cative of the formation of a lyotropic liquid crystalline phase. By
contrast, neat PTEBS does not display any birefringence at these
concentrations. The critical concentration for the isotropic-LC
transition is ¢* ~ 35 wt %. Figure 5 shows SAXS data from
70 wt % gels of different CTAB:PTEBS molar ratios, m. The gels
all displayed two scattering peaks. For example the primary and
higher order peaks at ¢ ~ 0.137 and 0.237 A , respectively, are
obvious in the gel with m = 0.8. Although there are small scale
changes in the position and intensity of the peaks, in all three
cases, the peaks occur at a ratio of g-vectors of 1:4/3, which is
characteristic for hexagonally packed structures. Recently, we
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Figure 5. Room temperature SAXS patterns of the lyotropic gels of the
PTEBS-CTAB complexes with different CTAB:PTEBS molar ratios.
The concentration of the gels is ~70 wt %. Angular position of the
higher ordered peak with respect to the first-order maximum is labeled.

have performed scattering experiments using a different configur-
ation (extended sample holder) to allow access to higher ¢g-space.
The new scattering data is again consistent with hexagonal
ordering, with two additional higher order peaks clearly shown
(Supporting Information Figure 3). The primary Bragg reflection
occurred at a d-spacing of dy = 27/q,,,. = 46 A and is due to re-
gular positional correlations among individual polymer back-
bones or small bundles thereof, analogous to structures typically
observed in thermotropic systems. The interpolymer distance is
given by dy(4/3)"/* = 53 A which suggests that the alkyl chains of
the CTAB are well extended, relative to their conformation in the
dilute regime. To the best of our knowledge, this represents the
first observation of the hexagonal or columnar phase in the hairy-
rod conjugated polymer solutions.

In general, nematic and lamellar phases are predominant in
conjugated polymers with shorter side chains whereas the hexa-
gonal columnar phase is predicted to develop stability with re-
spect to the nematic and lamellar phases for polymers with longer
side chains. The critical side chain length for phase transitions is
dependent on the side chain-backbone interactions as well as their
interactions with the solvent. In addition, the lyotropic columnar
phase is stabilized by geometrical frustrations such as helical
twists, polydispersity and rod flexibility.>' ~* The observation of
the lyotropic hexagonal columnar phase in this work is attributed
to the presence of the long CTAB side chains as well as the mole-
cular weight polydispersity of the PTEBS backbone. By compar-
ison, complexes prepared at the same equimolar stoichiometry
but using shorter Cg side chains of hexyltrimethylammonium
bromide (HTAB) showed only nematic ordering in the concen-
trated regime above 60 wt %.

Self-assembly in oppositely charged polymer surfactant sys-
tems has been well studied both in dilute and concentrated solu-
tions. Prior work has documented for example the lowering of
surfactant critical micelle concentration (CMC) and the forma-
tion of pearl necklace structures in dilute solutions as well revie-
wed.*’ "> More complex phase behavior is found in concentrated
solutions where biphasic regimes are encountered along with a
display of concentratlon dependent cubic, hexagonal and lamel-
lar phases.®™®! In the present work, the CTAB content at the
critical concentration (¢* ~ 35 wt %) of the 1:1 PTEBS-CTAB
complex for the hexagonal phase is ~18 wt %, which is lower
than that (~25 wt %) of pure CTAB in water for formmg a
hexagonal columnar phase.®” Moreover, the d-spacing of the
hexagonal columnar phase in the binary CTAB/water system at
this concentration is ~63 A.°> Increasing concentration of the
binary CTAB/water system up to 75 wt % makes the d-spacing
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Figure 6. In situ SAXS profiles of the lyotropic gel of the PTEBS-
CTAB complex during Ist cooling and 2nd heating cycles. The con-
centration of the gel is ~90 wt %.

decrease down to ~50 A. This demonstrates that the hexagonal
phase observed in the PTEBS-CTAB gel is not due to an
independent self-assembly of uncomplexed CTAB in worm-like
micelles. We interpret our results as due to lyotropic self-assembly
of a hairy-rod species formed by the complexation of CTAB
chains with the polymer backbone, rather than the decoration of
CTAB worm-like micelles by the oppositely charged polymer
chain.

Temperature dependent SAXS was performed to determine
the order—disorder transition for the gels. Figure 6 shows SAXS
data from a 90 wt % lyotropic solution of the stoichiometric
complex at different temperatures obtained during cooling and
subsequent heating, after an initial heating ramp. The cooling and
heating data show good consistency demonstrating that the
transition is fully reversible. On the basis of the room-tempera-
ture structural analysis, hexagonal columnar packing of the
lyotropic phase is identified. During heating, the scattering peak
positions of the first and second order maxima shift slightly
toward higher ¢ values, indicating the d-spacing of the cylindrical
domains reduces, consistent with the gradual homogenization of
the system and thermal mitigation of the interaction potential.
The order—disorder transition occurs between 80 and 100 °C and
is marked by the disappearance of the second order Bragg peak
and the reduction of the prlmary reflection to a broad correlation
halo around ¢ ~ 0.155 A™". This phenomenon represents the
characteristic transition of the ordered liquid crystalline phase to
a disordered isotropic liquid state with weak nearest neighbor
correlations.®?

Liquid crystalline materials are in general strongly susceptible
to external fields such as shear flow. Oriented films of the
lyotropic gels were obtained by simple manual shearing of the
samples between glass slides. Figure 7a shows a typical 2-D SAXS
pattern of an oriented gel film composed of the 70 wt %
stoichiometric complex, with the X-ray beam incident perpendi-
cular to the direction of the previously imposed shear. A pair of
strong scattering arcs are present on the equatorial line (with
respect to the shear direction) with the second order reflection for
the hexagonal structure visible at higher ¢. From the orthogonal
relationship of the scattering vector to the shear, we can infer that
the polymer chains are aligned along the shear direction. The
alignment of the lyotropic phase is also supported by optical
micrographs taken under crossed polarizers. As shown in Figure 7b,
a banded texture after mechanical shearing is observed. The
polymer backbone is perpendicular to the bands.

Complete removal of water results in the formation of a
crystalline material, as evidenced by strong Bragg reflections in
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Figure 7. (a) 2D-SAXS fiber pattern and (b) optical micrograph with cross-polars of the lyotropic gel of the PTEBS-CTAB complex after mechanical

shearing. Arrows show the shearing direction.
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Figure 8. DSC heating and cooling curves at different scanning rates for the dried gel of the PTEBS-CTAB complex

the wide-angle regime (Supporting Information Figure 4). Heat-
ing the dried gel leads to a series of phase transitions through
crystalline and ordered liquid crystalline phases. Figure 8 shows a
series of DSC heating and cooling curves obtained at different
scanning rates for the dried stoichiometric gels. For all the
scanning rates, two phase transitions are observed at 7 ~ 100
°Cand T, ~ 150 °C, respectively. They correspond to crystal-to-
crystal transition and crystal-to- liquid crystal transition, which is
further supported by optical textures and SAXS data. The dried
gel is a weakly birefringent viscous fluid when heated to 180 °C
under crossed-polarizers in the optical microscope (Supporting
Information Figure 5a). Full clearing to the isotropic phase
occurred at temperatures in excess of 250 °C. Observations in
this regime were limited in order to avoid any thermal degrada-
tion of the polymer. The optical texture at 180 °C shows a typical
batonnets-like structure (Supporting Information Figure 5a),
which is characteristic of ordered liquid crystalline phase. Spher-
ulites develop on cooling to 100 °C as the system crystallizes
(Supporting Information Figure 5b). Further cooling resulted in
little change of the optical texture.

Figure 9 shows the SAXS patterns of the dried gel of the
stoichiometric complex at different temperatures obtained during
cooling and subsequent heating, after an initial heating ramp. The
heating and cooling data show good rever31b111ty At room
temperature, reflections are present at g ~ 0.23 A" and q~

027 A~ On heating, the first significant change occurs near
90 °C where a new reflection emerges at ¢ ~ 0.18 A~ The
intensity of this peak increases slightly and the position shlfts
toward lower ¢ with further heating, consistent with simple
thermal expansion of the sample. At 150 °C, the intensity of this
peak i increases markedly, accompanied by a recedmg of the peak
at0.23 A~!. The primary reflection at 0.18 A~ continues to shift
to slightly lower ¢ values on heating to 170 °C, again consist-
ent with thermal expansion, but the changes to the scattering
are minimal and no further phase transitions are discernible. At
hlgh temperature there appears to be a very weak peak at g ~0.13
A" The orlgm of this faint signal is currently unknown. One
pos51b111ty is that it occurs due to thermally driven periodic
undulations of the lamellar surface, as observed in prlor studies
of polyelectrolyte—surfactant complexes.** While it is not possi-
ble to unambiguously index the crystalline structure of the
complex on the basis of these scattering data alone, they do point
to a well-defined and reversible phase behavior in which the
system transitions between various crystalline and liquid crystal-
line structures. The scattering data are in good agreement with
observations from DSC and POM, and support a crystal—crystal
transition near 100 °C and a crystal—liquid crystal transition near
150 °C.

On the basis of POM, SAXS, and DSC, an experimentally
determined phase diagram of the PTEBS-CTAB stoichiometric
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Figure 9. In situ SAXS profiles of the dried gel of the PTEBS-CTAB complex during 1st cooling and 2nd heating cycles.
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Figure 10. Phase diagram of the gel of the PTEBS-CTAB complex as
functions of concentration and temperature.

complex as functions of solution concentration and tempera-
ture is constructed as shown in Figure 10. This phase diagram
clearly illustrates that hexagonal columnar phases occur and
are stable in the concentrated solutions. The critical concen-
tration at room temperature for forming the hexagonal colum-
nar phase is ¢* ~ 35 wt %. In the lyotropic liquid crystalline
phase, the ODT temperature increases with increasing the
solution concentration. No lyotropic nematic phase develops
in the system. The hexagonal columnar phase exists at room
temperature with concentration ¢ > 35 wt % until the gel is
dried completely. The dried gel shows two different crystalline
phases and an ordered liquid crystalline phase as a function of
increasing temperature.

Conclusions

We have studied the phase behavior of solutions and ordered
gels formed by hairy-rod supramolecules of conjugated polymers,
PTEBS-CTAB, in water. Removal of water causes dilute opti-
cally isotropic solutions to transition to liquid crystalline bire-
fringent phases at room temperature. We have shown via SAXS
that the liquid crystalline phase possesses hexagonal symmetry
for the three different molar ratios of complexes studied. Under
mechanical shearing in the lyotropic phase, the gel can be pro-
cessed into thin films with polymer chains aligned along the
shearing direction. Increasing temperature results in a hexagonal-
to-isotropic, order—disorder transition. Upon drying, crystalline
phases develop. A full experimental phase diagram as functions
of concentration and temperature has been built up.

The potential role of conjugated polymers in energy-related
applications means that there requires emergent processing
technologies in the cause of high energy conversion efficiency.
The use of oriented conjugated polymers in electro-optic devices
can enhance device performance, for example through more ef-
ficient charge transport or decreased quenching of optical emis-
sions. Lyotropic columnar phases represent a promising starting
point for the production of highly aligned thin films by solution-
based processing. Our results appear to be the first realization of
hexagonal columnar self-assembly in lyotropic mesophases of
conjugated polymers and may open up new avenues for proces-
sing high performance conjugated polymers.
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