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1. INTRODUCTION

Poly(thiophene)s have been intensely studied for a number of years because they have interesting
optical and electronic properties.(1) Doped poly(thiophene)s have good electronic conductivity
because of the delocalized © system along the polymer backbone and have been one of the
prototype conducting polymer systems.(2) In the reduced state, the poly(thiophene)s possess
intense electronic absorptions in the visible region attributed to n-7* bandgap transitions and in
many cases the excited states emit visible light. This combination of properties has led to the use
of poly(thiophene)s as organic light emitting diodes.(3-8) The synthetic chemistry to modify the
poly(thiophene)s at the 3-position of the thiophene ring is well developed so modulation of the
polymer properties can readily be done to increase our understanding of this material.(9-16)
Poly(3-alkylthiophene)s (PATs) are thermochromic and solvatochromic.(17) Both of these
properties have been extensively studied to develop a more complete picture of the electronic
states of this class of materials.(18-34) In particular, the thermochromism of PATs has led to
some puzzling observations. Some derivatives show relatively sharp changes with temperature
while others are quite broad. Some PATSs are reported to exhibit isosbestic points in the
temperature dependent optical spectra and some do not. There is common agreement that the
dramatic chromic change is based on a twisting of the poly(thiophene) backbone. At low
temperature the thiophene rings along a single polymer chain are all relatively more coplanar,
which gives a long delocalization length and low energy electronic transition. At high
temperature, the intrachain thiophene rings twist away from the near coplanarity, which reduces
the conjugation length, thereby increasing the energy of the electronic transition leading to the
observed thermochromism. The role of the alkyl side groups is less well understood. As the
temperature is raised, the ordered alkyl side chains melt but without an apparent chromic change.
This is observed as a low temperature peak in the DSC thermograms. Further, the twisting
between the thiophene monomer units is driven by a steric interaction between the methylene
group at the 3-position of the thiophene ring and the adjacent sulfur atom.(17-27) However, the
role of the disordered side chains on the main chain twisting has been debated. In particular, the
long range interaction of the side chains may have some influence on the thermochromic response
in these materials.

Leclerc and coworkers (18-25) have investigated a wide number of poly(thiophene) derivatives
and concluded that the thermochromic response is primarily a single chain event and that the
substitution pattern on the poly(thiophene) is what drives the thermochromic phase change. In this

interpretation crystallization or aggregation effects are less important. Those materials that have



isosbestic points are those that have sufficient local steric interactions to drive a cooperative phase
transition. When the local steric interactions are reduced by alternating repeat unit of high and low
steric repulsion, the phase transition loses cooperativity and the thermochromic response is gradual
as a function of temperature and no isosbestic point is seen.

In contrast, Holdcroft, et al, (26,27) proposed that the crystallinity (i.e., long range order) was the
key feature to understanding the thermochromism in poly(3-alkylthiophene)s. When the polymer
has a short alkyl substituent (less than ten carbons), then there is no side chain order (evidenced by
no low temperature peak in the DSC thermograms) so that as the polymer is heated the polymer
lattice gradually expands and the thiophene rings progressively twist, leading to a color change but
no isosbestic point. For poly(3-alkylthiophene)s with longer chain substituent groups the side
chains order into crystallites at low temperature. When the side chains melt, a quasi-ordered phase
is formed that melts into a fully disordered phase at the thermochromic transition temperature. If
the side chain melting temperature is close enough to the main chain melting, then all three phases
can be in equilibrium and no isosbestic point is observed. If the side chain melting occurs at
sufficiently low temperature, then the three-phase equilibrium is not observed and an isosbestic
point is found. The sharpness of the thermochromic transition for some derivatives was attributed
to a cooperative “zipper” effect associated with the alkyl side groups. This work also pointed out
that the regioregularity of the polymer has an important influence on the thermochromic
properties.

The significance of the crystallinity and long range order was supported by studies reported by
Levon and coworkers (28,29) for poly(3-dodecylthiophene). These researchers determined the
effect of annealing temperature and time on the growth of the crystalline phases and showed that
there are multiple phases that can undergo thermochromism. The predominate red, crystalline
phase was formed in a fast kinetic process but a yellow-brown, less-ordered phase could also be
trapped when the polymer viscosity was low enough. Each of these phases gave a different
melting peak in the DSC thermogram upon transition to the high temperature phase.

Further complicating matters, Winokur and coworkers (30) found that two different low
temperature structures could be obtained for poly(3-dodecylthiophene), depending upon the
precipitation temperature used to deposit the polymer from solution. The two structures differ by
the relative orientation of the alkyl substituent to the thiophene rings. Both structures have the
alkyl groups ordered, but in one case the alkyl groups are interdigitated and in the other case they

are noninterdigitated.



Finally, theoretical calculations using an atomistic simulation and molecular dynamics by Morton-
Blake, et al, (31-33) have suggested that the thermochromism is associated with sliding of the
thiophene chain along the polymer axis. In this idea, the nearest neighbor thiophene units of
adjacent chains (along the b axis) are in a staggered conformation at low temperature. After the
side chains melt, sufficient mobility is imparted so that neighboring chains can slide relative to
each other leading to an eclipsed conformation. In the eclipsed conformation, there are steric
interactions between the alkyl side chains and the neighboring thiophene rings, which then drives
the chain twisting associated with the color change. No experimental results have been reported to
support this mechanism.

In this paper, we report the observation that poly(3-docosylthiophene) has a two-step
thermochromic response for both regioregular and regioirregular materials. Pristine samples
prepared at room temperature are a purple color. Upon slow heating regioirregular samples turn a
darker burgundy color followed by the final change to the yellow high temperature color. Under
similar slow heating conditions regioregular samples change directly to the high temperature
yellow color. When either polymer is cooled slowly to ambient the original purple color is
reestablished. However, when either of the polymers is cooled rapidly, the final color is red-
orange, distinctly different from the pristine color. The original purple color can be reestablished
by heating the red-orange sample to yellow and then slowly cooling. This process can be repeated
for tens to hundreds of cycles. A well defined endotherm in the DSC thermogram is found for each
process. The red-orange phase is stable at room temperature for long times — we have samples that
have retained this phase for more than a year. The existence of a mesophase that can be trapped
by liquid nitrogen quenching was previously reported by Bolgnesi, et al. (34) These workers
reported that poly(3-decylthiophene) had two stable low temperature phases and a metastable
(lifetime less than 1 day) mesophase. The colors of the various phases and thermochromic
transitions were not reported. The thermochromism in poly(3-docosylthiophene) is similar to that
reported for a urethane substituted poly(thiophene) where a high temperature mesophase could be
stabilized by rapid quenching of the high temperature state.(35) The presence of an isolatable
mesophase by rapid quenching with new thermochromic properties strongly argues that interchain
phenomena (aggregation and crystallization) are critical components in understanding the

mechanism of thermochromism in poly(3-alkylthiophene)s.



2. EXPERIMENTAL

2.1. Synthesis

Regioregular poly(3-docosylthiophene): 3-docosylthiophene (19.3 g, 49.2 mmol) was dissolved in
100 mL of CHCIl3. Bromine (15.8 g, 98.4 mmol) was added to the solution over a period of 10 min.
The solution was stirred at room temperature for 2 h followed by washing with 5% NaOH solution
and water. MgSO, was used to dry the solution followed by removal of solvent by evacuation to
afford 2,5-dibromo-3-docosylthiophene. The product was used directly for the polymerization
without further purification. Under a positive atmosphere of nitrogen, 2,5-dibromo-3-
docosylthiophene was dissolved in 250 mL of THF. Methylmagnesium bromide (35 mL, 1.4 M
solution in toluene/tetrahydrofuran 75/25) was added and the solution was stirred at reflux for 1 h.
Ni(dppp)Cl, (200 mg) was added and the solution was stirred at reflux overnight. After addition of
5 mL of methanol, the solution was concentrated to 100 mL. The polymer was then precipitated by
350 mL methanol and washed with 300 mL warm acetone to afford the title polymer (5.0 g, 26%
yield from 3-docosylthiophene).

Regioirregular poly(3-docosylthiophene): Under a positive atmosphere of nitrogen, 3-
docosylthiophene (50.0 g, 128 mmol) was dissolved in 400 mL of CH,CI,. The solution was added
to FeCls (46.0 g, 283 mmol) in 500 mL of CH,Cl, at room temperature. The mixture was allowed
to stir overnight. The polymer was precipitated in 2000 mL methanol and washed with warm
methanol (3 x 500 mL) to afford the title polymer (42.2 g, 85%).

Bulk samples of rapidly cooled material were prepared by first making a thick film (100 — 500 um)
of the polymer by drip coating a THF solution onto an aluminum foil substrate. The thick film was
then heated above the thermochromic transition and rapidly cooled by pouring liquid nitrogen on

the aluminum foil. The red-orange sample was then removed from the substrate.

2.2. Measurements
Differential scanning calorimetry (DSC) thermograms were measured on a TA Instruments Q100
instrument in aluminum pans at 10 °C/min under a flowing nitrogen atmosphere (50 mL/min). The
instrument was calibrated with indium. Reflection spectra were measured with an Ocean Optics
S2000 instrument using a cylindrical fiber optic reflection probe containing one source fiber and
seven collection fibers. The spectra were referenced against a white standard between 450 and
800 nm and a tungsten-halogen lamp. Variable temperature spectra were measured by drip coating

the polymer (saturated in THF) onto a piece of paper and then evaporating the solvent off with a



heat gun. The samples were placed on an aluminum block containing a thermometer and placed
on a hot plate, which was used to heat the sample at about 2 °C/min. Removal of the heat source
gave a similar cooling rate. The surface temperature at the sample site was calibrated by using the
reflection change associated with the melting of biphenyl (69 °C) and naphthalene (80 °C). NMR
spectra were measured on a JEOL Eclipse 400 spectrometer at 400 MHz using CDCl; as a solvent.
Polymer molecular weights were estimated by size exclusion chromatography (Agilent
Technology series 1100 HPLC; Detector: Differential Refractometer G1362A; Pump: Isocratic
1310A; Software: Chemstation; Column: Plgel 10®° A using THF as solvent and polystyrene
standards).



3. RESULTS YR 2001

Regioregular poly(3-docosylthiophene) (RR) was synthesized using McCullough’s method (13)
and regioirregular  poly(3-docosylthiophene) (RIR) was synthesized using oxidative
polymerization of the monomer with anhydrous FeCls.(12) Molecular weights, as estimated by
GPC, and head-to-tail (HT) content, as estimated by ‘*H NMR, are given in Table 1.

FIGURE 1. A thin film of RR rapidly cooled with a room temperature metal template

When preparing thin film samples for spectroscopic analysis a THF solution of the material was
dropped onto a substrate and heated to drive off the solvent. We observed that the cooling rate had
a significant affect on the nature of the final thin film. Slowly cooled samples (one to tens of
degrees per minute) gave thin films that were purple in color. In contrast, rapidly cooled samples
(tens to hundreds degrees per second) gave much lighter, red-orange colored films, as
demonstrated by the photograph in Figure 1. Both RR and RIR samples exhibited this behavior.
The trapped mesophase appears to be indefinitely stable: films stored at room temperature retain
the red-orange color for more than one year. This set of unusual properties prompted us to

investigate the thermal behavior of poly(3-docosylthiophene) using DSC and visible reflection

spectroscopy.
regioirregular regioregular
Property no with no with
mesophase mesophase mesophase mesophase
M, (GPC) 3.5 x 10* - 7.9 x 10° -
M,, (GPC) 6.5 x 10* - 2.5 x 10* -
% HT content (NMR) 80 % - > 95 % —
DSC Peak 1 heating (°C) 57.3 57.4 53.1 53.3
DSC Peak 2 heating (°C) 76 (sh) 70 (sh) - 70.6
DSC Peak 3 heating (°C) 96.1 95.2 103.2 103.8
DSC Peak 1 cooling (°C) 50.7 49.7 45.7 45.0
DSC Peak 2 cooling (°C) -~ 67 (sh) 53.9 53.9
DSC Peak 3 cooling (°C) 85.6 84.4 73.1 73.1




Reflection Transition 1 64.3 62.0 - 60.8
heating (°C)

Reflection Transition 2 95.9 96.0 115.8 114.6
heating (°C)

Reflection Transition 1 66.5 61.3 89.8 87.3
cooling (°C)

TABLE 1. Summary of measured properties

The DSC traces of RR samples are shown in Figure 2. In slowly cooled samples containing no
mesophase (upper thermogram, Figure 2) two endotherms are observed upon heating, typical of
poly(3-alkylthiophene)s. The lower temperature endotherm at about 53 °C is assigned to melting
of the alkyl side chains and the higher temperature endotherm at about 103 °C is assigned to
melting of the poly(thiophene) backbone. The higher temperature transition is associated with the
thermochromic color change. Upon cooling, three exotherms are observed at 46, 54, and 73 °C.
This result demonstrates the existence of a monotropic mesophase for this polymer. A second
heating cycle of the slowly cooled sample is identical to the first cycle. The thermograms of the
rapidly cooled sample are shown in the lower graph in Figure 2. The initial heating scan shows
three endotherms at 53, 71, and 104 °C. The feature at 71 °C is unique to the rapidly cooled
sample. The cooling scan is identical to that of the slowly cooled sample. Upon reheating, the
thermogram reverts to that of a slowly cooled sample, with loss of the endotherm at 71 °C. Thus,
it appears that rapidly cooled samples freeze out a new monotropic mesophase, which has not been

previously observed.
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FIGURE 2. DSC thermograms of regioregular poly(3-docosyl-thiophene). Top: slowly
cooled sample containing no mesophase. Bottom: rapidly cooled sample containing the
trapped mesophase. Endotherms are down and all data were collected at 10 °C/min.

Similar results are found for RIR, as shown in Figure 3. For slowly cooled samples in the heating
cycle prominent endotherms are observed at 57 and 96 °C and a small endothermic shoulder is
found at 76 °C. Upon cooling, a sharp exotherm at 86 °C and broad exotherm centered at 51 °C
are found. For rapidly cooled samples, during the first heating cycle the shoulder at 70 °C is
noticeably larger, but still not well defined, and this shoulder disappears during the second heating
cycle. The cooling cycle is nearly identical to that of the rapidly cooled sample except that the
broad exotherm has a slightly observable shoulder at about 67 °C. For RIR, a small amount of the

mesophase is trapped even at slow cooling rates but obtaining large amounts of the mesophase is



more difficult than for RR. All of the peak temperatures for both RR and RIR are listed in Table
1.
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FIGURE 3. DSC thermograms of regioirregular poly(3-docosyl-thiophene). Top: slowly

cooled sample containing no mesophase. Bottom: rapidly cooled sample containing the
trapped mesophase. Endotherms are down and all data were collected at 10 °C/min.



4. RESULTS YR 2002

The reflection spectra were measured on thin films (on a paper substrate) from room temperature
to above the thermochromic transition. The reflection data was transformed using the Kubelka-
Munck protocol to give spectra plotted as k/s vs. wavelength. The Kubelka-Munck transform
gives a unitless ratio of k/s, where k is the absorption coefficient, and s is the scattering coefficient.
The k/s ratio is typically compared to absorption spectra under the assumption of constant
scattering but for the samples under discussion here that is not a good assumption. Kubelka-
Munck spectra for each of the three phases for both RR and RIR are shown in Figure 4. The
change in the baseline (700 -800 nm) where little absorption occurs indicates that the scattering
factor is changing with temperature. Visually, this is apparent as a noticeable transparency change
between low and high temperatures. The low temperature spectrum is typical for a regioregular
poly(3-alkylthiophene) and has a band edge (found by a linear extrapolation of the spectrum to k/s
= 0) of about 700 nm (1.77 eV). The resulting high temperature spectrum has a band edge of about
600 nm (2.07 eV). For RIR, the room temperature spectrum has a band edge at about 660 nm
(1.88 eV), slightly blue-shifted from the RR analogue. The high temperature form of RIR has a
band edge of about 600 nm (2.07 eV), similar to RR. The mesophases for both RR and RIR have
band edges between the low and high temperature forms.

Spectra for RR at 10 °C intervals are shown at the top of Figure 5. For samples with no mesophase,
as the temperature is raised the spectra change little until about 90 °C and then there is a dramatic
blue-shift. The thermochromic transition is complete at about 120 °C. There may be an isosbestic
point in these spectra at about 500 nm. The lower portion of Figure 5 shows the spectra for RIR at
10 °C intervals. As the temperature is raised the spectra initially red shift upon heating beginning
at about 50 °C and ending at 75 °C (band edge at 670 nm, 1.85 eV) and then dramatically blue shift
at about 90 °C and there is no isosbestic point. For rapidly cooled samples, both RR and RIR, the
spectra red shift from 50 °C to about 75 °C and then blue shift until the high temperature form is
attained.

10
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FIGURE 4. Kubelka-Munck transformed reflection spectra of RR (top) and RIR (bottom)
samples. The purple lines are for the low temperature phase, the red-orange lines are for the

trapped mesophase, and the yellow lines are for the high temperature phase, corresponding
to the visual appearance.
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FIGURE 5. Kubelka-Munck transformed reflection spectra of RR (top) and RIR (bottom)
samples. Spectra in black are the initial and final spectra collected for each sample. Spectra
in red, dashed lines, are from room temperature to the temperature indicated by the
increasing arrow, and spectra in green, dash-dotted lines, are from that temperature to the
maximum temperature. Spectra on the left are samples that were slowly cooled and spectra
on the right are samples that were rapidly cooled.

To assess the temperatures of the chromic changes the k/s values at 600 nm were monitored. This
wavelength was selected because it showed the largest changes between high and low
temperatures. Plots of the k/s values at 600 nm as a function of temperature are shown in Figure 6.
For RR that is slowly cooled, therefore containing no mesophase, the data are fairly constant from
room temperature to about 105 °C, a sharp drop occurs over about 15 °C, and then the data levels
out again. Upon cooling, k/s returns to near the original room temperature value but there is a
marked hysteresis in the temperature of the thermochromic transition. For rapidly cooled RR
samples, the k/s values rise between 50 °C and 75 °C, maximize, and then sharply drop around 110

°C. Upon cooling, there is a single rise back to the maximum k/s value.
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RIR shows similar behavior with one exception: there is a slight rise between 50 and 70 °C in the
slowly cooled sample, indicative of the presence of the mesophase. This is consistent with the
DSC results where there is evidence of the mesophase in all samples.

To quantitatively determine the thermochromic transition temperatures from the spectral data an

arbitrary sigmoidal function was used, as shown below:

(K/s) =y, + al[1+exp((T-To)/A7)]

where the center of the thermochromic transition is denoted by T,, the width of the transition is
denoted by Ar, and y, and a are arbitrary parameters. We do not ascribe any particular physical

interpretation of the functional form chosen; it merely represents a quantitative and reproducible
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method for determining the thermochromic transition temperatures. All the data fit the functional
form well with correlation coefficients r*> > 0.981. The transition temperatures found using this

technique are given in Table 1.

5. DISCUSSION

The reflection spectra of the different samples in the different phases are consistent with most
previous reports.(17,18,26) At room temperature, in the slowly cooled samples, the regioregular
form has a slightly smaller band gap (~1.8 eV) than the regioirregular form (~1.9 eV), indicating
either a longer conjugation length or better three-dimensional dispersion. The high temperature
forms have the same band gap for both RR and RIR, about 2.1 eV. For rapidly cooled samples, the
room temperature band edges are about 0.1 eV higher in energy than the corresponding slowly
cooled samples. The initial thermochromic change in rapidly cooled samples is a red shift giving
spectra similar to the room temperature, slowly cooled samples. Thus, the spectroscopy indicates
that the red-orange form created by rapid cooling initially changes back to the purple form upon
heating, which then transforms to the yellow form at higher temperatures. The origins of the
reflection spectra associated with the mesophases are ambiguous. The red-orange mesophase could
be a mixture of the low temperature and high temperature forms or the spectrum could arise from
an independent phase.

The assignment of the highest temperature endotherm in the DSC thermograms to the
thermochromic transition is well supported by the correlation to the changes observed in the
reflection spectra. For the regioirregular samples the correlation between the spectroscopically
measured transition and the DSC peak is excellent while there is about a 10 °C difference in the
regioregular samples. The differences between the two measuring methods can be attributed, at
least in part, to the different heating rates (10 °C/min for DSC and 2 °C/min for spectroscopy).
This is likely due to the difference in the kinetics of the transitions between and samples with
different HT contents. The lowest temperature endotherm is assigned to the side chain melting.
Upon cooling, the highest and lowest exotherms correspond to the freezing of the main chain and
side chains, respectively. The only unidentified feature is the central exotherm in the cooling
cycle. This may be the B-phase identified by Bolognesi, et al,(34) or phase Il assigned by Prosa, et
al.(30) The phase behavior for sample with no trapped mesophase is summarized in the top
portion of Scheme 1.

For samples containing the trapped mesophase, the lower temperature chromic transition found in

the heating cycle correlates reasonably well with the central DSC transition found in the initial
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heating cycle. Since the mesophase is always found to some extent in the RIR samples, we
postulate that the phase is associated with defect sites along the thiophene backbone. Defect sites
are inherent for regio-irregular samples at either head-to-head or tail-to-tail linkages. Head-to-
head sites will give substantial twisting between adjacent thiophene units because of steric
repulsion. This type of geometry reduces the conjugation length and increases the band gap
energy, as measured, and would be observed as a lighter color to the eye. Defect sites also could
be formed during rapid cooling: at high temperatures the thiophene chain is completely disordered
and the delocalization length is low, indicating twisting between thiophene rings at a high
percentage of repeat units. During cooling, the rings replanarize but if the cooling is fast enough
the polymer will increase viscosity to an extent that the geometric reorganization becomes too
slow to occur. Under these conditions some of the twisted ring sites will remain, leading to a blue
shift of the band edge. This hypothesis would also be consistent with a lower melting point for the
trapped mesophase, which is observed. Thus, we assign the trapped mesophase to a structure that
has the alkyl side chains immobile and ordered while the thiophene backbone contains a fair
number of twist defects. With this assignment, interpretation of the DSC thermogram is as follows.
The lowest temperature phase transition is still a side chain melt; the transition temperature for
side chain melting should be largely independent of the thiophene chain structure for these long
alkyl groups. Then, the increased mobility associated with the mobile side chains allows
crystallites associated with twisted main chains to melt. This, in turn, allows the thiophene chain to
replanarize at the lower temperature thermochromic transition, consistent with the red-shift found
in the spectroscopic data. At this temperature all of the mesophase is gone so the sample then
undergoes the normal thermochromic transition at the highest temperature. These conclusions are

summarized in the lower half of Scheme 1.
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6. CONCLUSION

This study has identified an unusual phase behavior in poly(3-docosylthiophene). For samples that
are slowly cooled from the melt, the phase behavior is typical of poly(alkylthiophene)s: there is a
low temperature endotherm associated with side chain melting and a high temperature endotherm
assigned to main chain melting. A distinct thermochromic transition is observed at the higher
temperature. In contrast, samples that have been rapidly cooled trap a mesophase that has three
endothermic transitions and two thermochromic transitions upon heating. The new endotherm and
the new thermochromic transition correlate and are assigned to a mesophase that consists of
polymer chains that contain defect sites along the thiophene backbone. This conclusion is
supported by the observation that regio-irregular polymers always contain a small amount of the
mesophase while regioregular polymers can trap the mesophase only by rapid cooling. Future
work to test this hypothesis will include temperature dependent x-ray diffraction, which will
provide more structural details.

Understanding the phase behavior in polythiophenes is important because different processing
conditions are used for different applications. While the trapping of the mesophase is obvious to
the eye in poly(3-docosylthiophene), it is likely that similar behavior occurs in other poly(3-
alkylthiophene)s, as well, albeit to a lesser extent. If trapping of defect-containing mesophases is
universal to poly(3-alkylthiophene)s, this could have important consequences for materials

properties, especially in optical applications such as light emitting diodes.
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