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In electronic devices, performance is strongly associated with
polymer morphology. Cyclic topology induces striking changes
in P3HT polymer conformation and chain packing due to the
lack of chain ends. These infinite m-conjugated macrocycles
promote the formation of a liquid crystalline nematic phase

by the enhanced ring rigidity and a new crystal phase at lower
temperatures.
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We have studied how cyclic topology affects the crystallization and morphology of n-conjugated poly-
(3-hexylthiophene) (P3HT) molecules by comparing linear and cyclic analogues for the first time, with
three different chain lengths. We employ a range of experimental techniques including wide-angle X-ray
scattering (WAXS), polarized light optical microscopy (PLOM), differential scanning calorimetry (DSC) and
a combination of polarized light optical microscopy (PLOM) and spectroscopy (S). The crystallization and
melting points, melting/crystallization enthalpies, and overall crystallization kinetics of cyclic P3HTs are
found to be substantially lower than their linear counterparts. The results are explained by the higher
rigidity of cyclic molecules, as predicted by density functional theory (DFT) calculations, in the low
molecular weight range explored here, in comparison with linear P3HT chains. Additionally, we have
found that cyclic P3HT can form liquid crystalline phases above their crystalline melting points and a

Received 25th March 2019, new crystal form at lower temperatures. PLOM, WAXS, DSC and PLOM-S results indicate that cyclic

Accepted 20th April 2019 P3HTs display bipolar and concentric nematic textures that disappear at a well-defined nematic-
isotropic transition temperature. Such liquid crystalline textures are completely absent in the linear P3HT

analogues studied here. We conclude that the cyclic topology induces the formation of liquid crystalline
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Introduction

Cyclic polymers show exceptional properties due to the non-
existence of chain ends and compact coil conformations, in
comparison with linear polymers. Different physical properties
such as crystallinity, mechanical strength, and conductivity, are
affected by chain topology. The influence of the cyclic chain
topology on polymer crystallization has been recently reviewed.?
A number of crystallization studies of linear and cyclic polymers
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phases as the rigid P3HT oligomers can self-assemble above their crystalline melting temperatures.

have been performed and different results have been obtained in
the literature. For that reason, a universal explanation for their
properties is not always possible and it seems that the type of
material under study plays a large role on the crystallization
of cyclic chains, apart from other factors such as different levels
of purity.

In the reported literature different trends can be found:

(1) Cyclic polymer exhibit larger crystallization (7.) and
melting temperatures (Ty,), faster spherulitic growth rates (G)
and/or overall crystallization rates (1/t509,) in comparison with
linear polymers. Such trends have been observed for poly-
(e-caprolactone) (PCL)* and poly(lactide) (PLA),>” which are
some of the most studied cyclic polymers. The results have
been explained by thermodynamic and kinetic arguments.
Equilibrium melting points (7%) of the cyclic polymers have
been found to be higher than those of linear polymer analo-
gues, for entropic reasons. The kinetic reasons for faster
crystallization in cyclic polymers are the higher diffusion rates
of cyclic chains due to their more compact coil conformations
and lower entanglement densities. These tendencies can be
affected by the purity of the samples, since it has been shown
that impurities of linear chains cause threading effects

This journal is © The Royal Society of Chemistry 2019
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(i.e., linear molecules connect cyclic chains by threading
through them creating long-lived entanglements) leading to
lower diffusion rates and in consequence lower crystallization
rates.

(2) Other types of polymers have been reported to behave
differently. These other cyclic polymers have higher nucleation
density, lower 7%, and lower G than linear analogues of similar
molecular weights. This group include poly(tetrahydrofurans)
(PTHFs)®® Until now the reasons for the different behaviors are
unknown and it is considered that each polymer must be
studied separately in order to determine the type of behavior
that it presents. In all previous works, the study of chain
topology on crystallization has been carried out in flexible
polymers with simple unsubstituted linear repeating units
(i.e., PCL, PLA, PE, PEO, PTHF).

Fully conjugated macrocycles can be considered infinite
n-conjugated systems (with altered electronic properties) lead-
ing to different final properties as compared to their linear
analogues.'®'! These polymers should have several applica-
tions: in OPVs, OFETs, and OLEDs'"'?* because of: (i) their
twisted or bent structure should help intermolecular contacts
and charge transport; (ii) they lack end groups (that create
defects in linear polymers), so they do not act as trap-sites for
charges; (iii) they frequently have an altered electronic struc-
ture; and (iv) they have a defined cavity that can be a host for
electronically useful guest molecules.'* In each device, perfor-
mance is strongly associated with polymer morphology and the
applications are also linked with the formation of stable and
soft liquid crystalline materials.

Liquid crystalline (LC) mesophases of semiconducting poly-
mers are examples of thermodynamically stable liquid states
with higher degree of molecular order.'*'*

In this article, we have found that cyclic P3HT can form a
nematic phase, as we will demonstrate below. Nematic LCs are
characterized by their director field, n*, which can be visualized
by using polarized light optical microscopy (PLOM). When the
system is confined, usually to a spherical shell, n* is essentially
broken by the presence of topological defects. These particular
systems are called polymer dispersed liquid crystals (PDLCs).
In general, PDLCs are micrometer-sized birefringent liquid
crystalline droplets, usually dispersed in an optically trans-
parent and uniform polymer matrix and have spatially varying
refractive index and efficient light-scattering properties. In this
kind of systems, the confinement effect dominates over the
bulk properties of liquid crystals."®

One of the most studied conjugated polymers is poly-
(3-hexylthiophene) (P3HT).'® Hence, it is an ideal polymer to
study the influence of chain topology, when the material is
synthesized in a cyclic chain topology. In this work, the thermal
and structural properties of cyclic and linear P3HT were inves-
tigated as a function of chain length. Remarkable changes in
behavior are triggered by the lack of chain ends and we report
for the first time the formation of a LC nematic phase in cyclic
P3HT promoted by the enhanced ring rigidity as compared to
its linear analogue, as well as a new crystal phase at lower
temperatures.

This journal is © The Royal Society of Chemistry 2019
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Experimental section
Materials and methods

Experiments were performed on linear and cyclic poly(3-hexyl-
thiophene) (P3HT) polymers of different chain lengths. Cyclic
P3HT have been prepared by intramolecular McMurry coupling
reaction, as previously published by some of us."”

In the present work, 3 linear-P3HT (I-P3HT) samples and 3
cyclic-P3HT (c-P3HT) samples were studied with average DP
values of 18, 25 and 42. These values correspond to molar
masses values (M,,) of 3.8, 5.1 and 11.8 kDa, respectively. The
samples are named 118, 125 and 142 for linear samples; and ¢18,
c25 and c42 for cyclic ones.

As explained above, the crystallization of cyclic chains
depends on the polymer nature, and on the level of purity,
among other factors. To date, except in very peculiar conditions,
the preparation of pure macrocycles is always accompanied by the
presence of a few poisoning impurities, such as linear chains or
longer cycles, as was observed recently in PLLA and PCL cyclic
samples in the literature estimating a level of impurity close to
15 mol% depending on the molecular weight.> In this work, size
exclusion chromatography (SEC) analysis and MALDI-ToF analysis
are performed and the results are shown in the ESIf (Fig. S1
and S2). The linear contamination of our samples is around
5, 10 and 16% for c18, c25 and c42 samples, respectively.

Characterization
Differential scanning calorimetry (DSC)

A PerkinElmer 8000 DSC equipped with an Intracooler II was
employed. All the experiments were performed under ultrapure
nitrogen flow, and the instrument was calibrated with indium
and tin standards. Samples of 5 mg were used. First, non-
isothermal scans were performed, where the samples were
melted for 3 min at temperatures high enough to erase any
previous thermal history. Then a cooling scan at 20 °C min ™"
was recorded, followed by a subsequent heating scan, also at
20 °C min~ ", from room temperature (RT) to the final tempera-
tures given by the melting temperatures for each sample.
Isothermal crystallization experiments were performed by
the procedure recommended by Lorenzo et al,' in order to
determine the overall crystallization rate of the samples (i.e.,
including both nucleation and growth) by DSC. Samples were
heated to 30 °C above their corresponding peak melting tem-
peratures and kept at that temperature for 3 min to erase
previous thermal history. Then the samples were rapidly cooled
at 60 °C min~ ' to the chosen isothermal crystallization tem-
perature (T.). The T. range employed for each sample was
previously determined by preliminary tests to ensure that no
crystallization occurred during the cooling step.®

Wide angle X-ray scattering (WAXS)

WAXS measurements were carried out on a Xeuss 2.0 SAXS/
WAXS system (Xenocs SA, France). A Cu Ko X-ray source
(GenixX3D Cu ULD), generated at 50 kV and 0.6 mA, was utilized
to produce X-ray radiation with a wavelength of 1.5418 A.

J. Mater. Chem. C, 2019, 7, 6548-6558 | 6549
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A semiconductor detector (Pilatus 300K, DECTRIS, Swiss) with
a resolution of 487 x 619 pixels (pixel size = 172 x 172 pm®) was
used to collect the scattering signals. The one-dimensional
intensity profiles were integrated from background corrected
2D WAXS patterns. The temperature of the samples was
controlled by a Linkam THMS600 hot-stage.

Polarized light optical microscopy (PLOM)

The superstructural semi-crystalline morphology of polythio-
phene samples was examined with an OLYMPUS BX51 polar-
ized light microscope connected to an OLYMPUS SC50 camera
and a Mettler FP82HT hot-stage provided with a liquid nitrogen
flow. Samples were placed between glass covers and heated
30 °C above their melting temperature (T,,) (given by the
melting peak observed by DSC), and kept at this temperature
for 5 min in order to erase their thermal history. Samples were
then cooled at 5 °C min™' to a temperature at which P3HT
crystals started to appear. In c-P3HT samples, we found that
different morphologies appeared at temperatures higher than
the crystalline melting temperature. The appearance of these
different morphologies, phases and transitions will be explained
in the Results and discussion section.

The observed new transitions were studied by a combination
of Polarized Light Optical Microscopy and Spectroscopy tech-
niques. Recently, Martin et al.'® experimentally determined the
isotropic-nematic (IN) transition, Ty, of PFO samples and
P3EHT-181 using a method based on polarized light optical
microscopy and spectroscopy (PLOM-S). All the experimental
procedure and the samples preparation are well-explained in
ref. 18. An Olimpus BX51 microscope and Ocean Optics USB2000+
spectrometer are used to conduct these experiments.

The samples used in these experiments were the same ones
used before in the morphological studies by PLOM technique
and in order to determine the mesophase transitions the
samples were cooled as we have explained in the PLOM
experimental section. A cooling rate of 1 °C min " was applied
in this case and the experiments were programmed to acquire a
spectrum every 0.5 °C. The transmitted intensity at each
temperature was then integrated between the suitable wave-
length range (580 to 700 nm) to obtain the value of the total
intensity transmitted through the materials.

Quantum chemical calculations

Density functional theory (DFT) calculations have been per-
formed with the Gaussian 16 suite of programs.'® Structure
optimization was carried out in gas phase using the B3LYP
functional®>*" and the 6-31+G(d) basis set.>>

Results and discussion

Fig. 1 shows standard crystallization and melting behavior of
linear and cyclic P3HT with average DP values of 18, 25 and 42.
Fig. 1a shows that in all cases cyclic samples have lower
crystallization temperatures (7.) and melting temperatures
(Tm) than their linear analogues. Moreover, cyclic polymers
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Fig. 1 (a) Cooling DSC scans from the melt and (b) subsequent heating
scans for the linear (1) and cyclic (c) samples with DP of 18, 25 and 42.
Scanning rate: 20 °C min™%.

present a different behavior in comparison to the linear analo-
gues, since they exhibit two exotherms and endotherms in the
temperature range between 100 and 200 °C that are difficult to
observe because of their low enthalpy values. With the aim to
check and study the origin of these peaks, P3HT samples were
examined by means of PLOM-S and X-ray diffraction.

The relevant parameters obtained from the DSC results
(Fig. 1) are presented in Fig. 2.

The increase in P3HT molecular weight induces an increase
in both T, and crystallization enthalpy (AH,). The values of T,
and Ty, for the cyclic polymers are lower as compared to those
of the corresponding linear samples (as DP decreases, the
difference between linear and cyclic samples increases). More-
over, the enthalpy values of the cyclic polymers are much lower
than their linear homologues, indicating a decrease in crystal-
linity degree when the chains have a ring topology.

In the particular case of crystallization, the literature reports
several trends and a general interpretation for all cyclic polymers
is not possible. The reported trends in the literature depend on
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Fig. 2 (a) Experimental melting temperatures (circles) and crystallization
temperatures (triangles) for [-P3HT (grey symbols) and for c-P3HT (red
symbols) as a function of molar mass and (b) experimental melting
enthalpy (circles) and crystallization enthalpy (triangles) for I-P3HT (grey
symbols) and for c-P3HT (red symbols) as a function of molar mass.
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Fig. 3 (a) Inverse of half crystallization times as a function of T. and (b)
enthalpy values during isothermal crystallization process as a function of T..

the type of material used and recently, different theoretical and
experimental works have been published.>*?*7¢

In our case, as P3HT is a rigid polymer, oligomeric cycles
probably have a more rigid chain conformation (as confirmed
by simulations presented below) as compared to linear analo-
gues, thereby making more difficult the crystallization process,
leading to lower crystallization and melting temperatures and
lower crystallinity degrees. It is also important to mention that
the cyclic P3HT samples employed here are not pure and
contain different amounts of linear chains and larger P3HT
cycles (see ESIL Fig. S1 and S2). However, as P3HT molecules
are bulky and rigid, we speculate that it is unlikely that a
threading effect similar to that found in mixtures of flexible
linear and cyclic polymeric molecules™” is present here.

We have performed isothermal crystallization experiments
in the DSC to further compare the crystallization rates of linear
and cyclic P3HT. Fig. 3 shows the representation of several
kinetic parameters of crystallization as a function of the crystal-
lization temperature. The inverse of the half-crystallization
time, determined by means of DSC isothermal crystallization
experiments, is an experimental measure of the overall crystal-
lization rate that includes both nucleation and growth contri-
butions. In Fig. 3a, the inverse of the half crystallization
experimental data is plotted with fitting to the Lauritzen and
Hoffman theory. In Fig. 3b the final value of the isothermal
crystallization enthalpy (after the crystallization has saturated)
is plotted as a function of crystallization temperature.

The results presented in Fig. 3 are fully consistent with the
non-isothermal DSC measurements shown in Fig. 1 and 2. As
1/7509, versus T, curves shift to lower temperatures, this implies
that the sample needs a larger supercooling for crystallization,
and if the curves are extrapolated in a wide T, range, the results
also imply a crystallization rate reduction. As the crystallization
rate reduces, the degree of crystallinity achieved is also seen to
reduce.

The data in Fig. 3 indicates that cyclic chains crystallize
slower than linear chains, however the difference in crystal-
lization rate between cyclic and linear chains reduces as the DP

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry C

Heat Flow Fit
a) : . : : :
P | ) - NS
T
=) Fit
£ : Exp
2 i
=
=} H
=] i
£ |
SRR E
é :
s — T500 Theo = 0-335 min
é — Tso% pxp — 0-346 min
0.0 0.5 1.0 1.5 2.0 2.5
Time (min)
b) Relative Amorphous Fraction
1.0
0.8
(1-Vo),
S ® (1-Vo)g
% 0.6
>
1 04
—
~
0.2
0.0 [ oveorrrers e
-2 0
c Log(t-t)
Avrami - Fitted Range
-0.6 Polymer: P3HT T
pc=1 glee; pp=1 g/ec
| t=0212min i
—~ -0.8 Ve Range=3 - 20 %
<
%
= -1.0 | 1
5
\55 -12r Avrami Index (n) = 2.7
3 K constant = 1.32E+01 min™
1.4} R? = 0.9999 i
Ts0% Theo = 0-335 min
-1.6 | Tsov Exp = 0-346 min 4
-1.0 -0.9 -0.8 -0.7 -0.6
Log(t-t,)

Fig. 4 (a—c) The fit to the Avrami equation using the origin plug-in
developed by Lorenzo et al.* as compared to the DSC experimental data
obtained for the 142-P3HT sample.

or molecular weight increases. Increasing the size of cyclic
P3HT probably releases conformational strain and the mole-
cule resembles more its linear analogue.

In the narrow and low molecular weight range explored
here, linear and cyclic P3HT molecules increase their crystal-
lization rate as the DP value increases. In the oligomeric
regime, the nucleation probability usually increases with chain
length, as very small chains have difficulty in forming stable
nuclei.”

The large reduction in crystallization enthalpy under iso-
thermal conditions is remarkable, and it also demonstrates the

J. Mater. Chem. C, 2019, 7, 6548-6558 | 6551
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topological constraints faced by the more rigid cyclic molecules
to pack into crystals. The maximum crystallization enthalpy
achieved reduces as DP decreases in cyclic P3HT by a factor of
14 when comparing cyclic samples with the maximum and the
minimum DP values. In the case of their linear analogues, the
reduction in the maximum crystallization enthalpy achieved is
only a factor of 4. Therefore, even though the DP values have an
important effect on the crystallization rate of linear P3HT,
chain topology has an even larger effect in the molecular weight
range explored here.

The isothermal experimental data obtained from the DSC
measurements were fitted to the Avrami equation following the
procedure proposed by Lorenzo et al." The Avrami equation can
describe the primary crystallization process in polymers.*®?°
The equation can be written in the following form,"

1 — Vet — to) = exp(—k(t — to)") (1)

This particular arrangement of the equation takes into
account the role of the induction time, t,, in the fitting.
The other parameters are the relative volumetric transformed
fraction V., the overall crystallization rate constant, k (that
includes both contributions of the crystallization process:
nucleation and growth), and the Avrami index, n, which is
related to the time dependence of the nucleation and the crystal
growth geometry. In order to calculate these parameters,
isothermal crystallization experiments are performed (ESL*
Fig. S3 and S4).

Fig. 4 shows one example of the good agreement between
the Avrami model and the experimental data in the primary
crystallization regime (up to about 50% conversion or the
peak value of the crystallization exotherm). The Avrami index
obtained for the 142-P3HT sample was 2.7, which can be
approximated to 3. This indicates that the material is crystal-
lizing in instantaneously nucleated spherulites.

Fig. 4a shows a comparison between the experimental and
the predicted DSC isothermal scans. Fig. 4c shows that the
Avrami equation can perfectly describe the overall crystal-
lization kinetics of P3HT in the primary crystallization range
(with a correlation coefficient of 0.9999), before the spherulites
impinge on one another (i.e., free growth regime), in a conver-
sion range up to 25%. The fit is also quite good for the
particular case of P3HT up to much higher conversion (at least
up to 50% as judged by the agreement between the predicted
and the experimental half-crystallization times, also shown in
the captions within the figure), as shown in Fig. 4a and b.

The isothermal rate constant k has units that depend on n
(i.e., min™"), and since n values are not constant, a direct
comparison cannot be made. One way to overcome this diffi-
culty is to elevate k to 1/n, so that all values of k are expressed
in reciprocal time units (in this case min~"). Fig. 5a shows
how the k" values change with T.. Moreover, the Avrami
index values, obtained from fitting P3HT isothermal crystal-
lization data, are plotted in Fig. 5b against the crystallization
temperature.

The values observed for k" are proportional to the overall
crystallization rate. This is an excellent way to compare
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model as a function of T. and (b) Avrami index as a function of T for linear
and cyclic P3HT.

experimental data points (experimental values of 1/t50, in
Fig. 3a) with the Avrami theory parameters (calculated k'
values, plotted as data points in Fig. 5a). The remarkable
qualitative similarity between Fig. 3a and 5a is a consequence
of the excellent fit of the Avrami equation to the overall
crystallization rate data.

The values of the Avrami index fluctuate between 1.25 and 3,
depending on the sample, but almost all of them are around 2.
In polymers, the possible dimensions of the growing crystals
are 2 or 3, corresponding to axialites (two dimensional lamellar
aggregates) and spherulites (superstructural three dimensional
aggregates) nucleated instantaneously, respectively. It seems
that the cyclic samples have lower Avrami indexes as compared
to their linear counterparts. As will be demonstrated below,
the results are reasonable on the basis of the observed super-
structural morphologies.

Texture and morphological experimental observations were
performed by polarized light optical microscopy (PLOM). The
superstructural morphology at the microscopic scale of both
linear and cyclic P3HT polymers was observed by PLOM.

In the case of linear P3HT samples, the observed super-
structural morphology was very small, as the nucleation density
that developed upon cooling was extremely high. When the

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 PLOM micrographs revealing the optical properties of both (a)
125-P3HT and (b) c25-P3HT samples crystallized isothermally at 170 °C
and at 110 °C, respectively.

nucleation density is high, a microspherulitic or micro-axialitic
morphology is usually developed, as superstructures can
impinged on one another even before a three dimensional
structure can be formed. These observations for linear P3HT are
consistent with the results obtained by crystallization kinetics,
where the Avrami index for linear P3HT varied between 2 and 3.

In Fig. 6, 125 and c25 samples are compared and the
different morphologies observed after an isothermal crystal-
lization process. Both samples were crystallized isothermally
at temperatures close (above) to each crystallization peaks
(observed by DSC before). The samples observed in Fig. 6a
and b were isothermally crystallized at 170 °C and 110 °C
during 30 min, respectively.

For the linear sample, it is possible to see a homogeneous
texture over the whole surface where P3HT superstructural
aggregates are observed, just as described above. The optical
properties observed for the cyclic P3HT samples are very
different as compared with their linear analogues.

For the cyclic sample, Fig. 6 shows two well defined crystal-
line textures. First, some large distorted rose-like objects, some

c18P3HT 190°C

10 min

20 min

concentric nematic

c¢25P3HT 175°C

View Article Online
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of which display Maltese crosses and surrounding these
textures, there is a background with very small birefringent
points that resembled the microscopic superstructural crystal-
line texture observed for the linear P3HT crystals sample.

The topology effect induces remarkable changes in the
crystalline texture of the sample. Due to these notable changes,
isothermal crystallization experiments at different tempera-
tures were performed in order to corroborate these large
changes in the morphology. For cyclic samples, experiments
at high temperatures were done and different textures were
observed even well above their calorimetric melting points.
Isothermal crystallization experiments were done for 18, 25
and 42 cyclic P3HT samples at 190, 175 and 200 °C during
10 and 20 min, respectively. Fig. 7 shows the morphologies
observed for c18, c25 and c42 P3HT samples.

These images reveal significant changes in the phase beha-
vior of cyclic P3HT samples as compared to their linear
analogues. The observed textures correspond to bipolar and
concentric nematic droplets as Fernandez-Nieves et al. demon-
strated in their articles.>**' They studied some nematic liquid
crystals in confinement state and when they started cooling the
samples from the isotropic state, the samples started forming
concentric nematic droplets and after some time, they changed
to bipolar droplets. The interpretation of the authors implies
that the droplets changes periodically between concentric and
bipolar configurations.

In our case, after the cooling process, the observed droplets
initially form an escaped concentric nematic texture (Fig. 7b)
and then undergo a transient regime, in which defects are
created and finally they revert to the lowest energy nematic
bipolar structure (Fig. 7e). Coulembier et al. demonstrated in
this type of macrocyclic P3HT samples forms a tubular assembly,
with an estimated diameter of 6 + 3 nm.?*” These confined rodlike

c42 P3HT 200°C

bipolar nematic

Fig. 7 PLOM micrographs of isothermally crystallized cyclic P3HT samples of (a) c18 sample crystallized at 190 °C during 10 min, (b) c25 sample
crystallized at 175 °C during 10 min, (c) c42 sample crystallized at 200 °C during 10 min, and (d—f) same samples crystallized at the indicated temperatures

during 20 min.

This journal is © The Royal Society of Chemistry 2019
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molecules display orientational order along an average direction
and are typically formed by nematic liquid crystals.

The optical properties of liquid crystal phases often directly
reflect the symmetry of their structures. The birefringence, or
anisotropy of the refractive index along two directions, is one of
characteristic physical properties of liquid crystals, and it
allows the visualization of the macroscopic molecular orienta-
tion. In thin liquid crystal samples placed between two crossed
polarizers under an optical microscope, various textures and
birefringence colors will be observed, as are shown in Fig. 7.
These textures and colors not only look beautiful but also
contain information about the macroscopic structure of the
LC phases. Change in the droplet morphologies due to the
change in the polymer molar masses values and rate of cooling
from an isotropic state have also been reported in different
polymer dispersed liquid crystals.>*?* In the case of the
c18-P3HT sample, it is possible to observe that when the
cooling conditions changes (high cooling rate) for example,
the droplets morphology also changes, going from almost
concentric nematic droplets (Fig. 7a and b) to all bipolar
nematic droplets, as observed in Fig. 8b.

The different PLOM images correspond to different tem-
peratures chosen during the cooling scan performed in the
microscope. First, the sample was heated until 250 °C, where
the samples reached the isotropic state as we have observed
before by DSC experiments, and then the sample was cooled
down at a high cooling rate (i.e., 50 °C min~"). In Fig. 8a and b,
bipolar nematic droplets are observed at temperatures higher
than the crystallization exotherm observed in the DSC for c18
P3HT. Upon further cooling, in Fig. 8c and d, at temperatures
lower than the T, observed by DSC, the images show a solidi-
fication of the droplets formed. Due to the high cooling rate
and the low crystallinity of this sample, the P3HT is not able
to crystallize in the background surrounding the nematic
droplets, as it happened in Fig. 6b for example.

In order to confirm that the observed bipolar droplets
texture represents a nematic liquid crystalline (LC) phase,

Fig. 8 PLOM micrographs of non-isothermally crystallized c18 P3HT
samples. Images are taken at different temperatures during cooling at a
rate of 50 °C min~2. (a) 175 °C, (b) 125 °C, (c) 100 °C and (d) 50 °C.
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Fig. 9 WAXS diffractograms for the indicated linear and cyclic P3HT
samples at RT. P3HT diffraction peaks are labelled according to ref. 16.

WAXS experiments were performed, attempting to detect
a nematic-periodicity peak. Nematic liquid crystalline
phases have long range orientational order but no posi-
tional order. Fig. 9 shows WAXS scattering profiles of the
studied linear and cyclic P3HT samples measured at room
temperature.

The first three peaks (1-3) shown in the WAXS profile for 118
and 125 can be identified as series of (100) reflections. Peak 4 is
a superposition of the (020) and a weak (002) reflection. The last
two reflections can be attributed to the plane indices (120) and
(220)."° For 142, the peaks 4, 5, and 6 are less well resolved.
As for the cyclic P3HT, great differences are observed for c18.
Two peaks exist at a similar g value for the (100) peak of 118.
Several new peaks are found. The diffraction features of c25
and c42 look similar to that of 142.

Fig. 10 shows a detailed analysis of ¢18. Those peaks labelled
with Arabic numbers represent a similar structure as the 118
shown in Fig. 9. Those peaks correspond to an orthorhombic
unit cell structure with the following cell parameters: a =
1.55 nm, b = 0.76 nm, ¢ = 0.76 nm, « = =y = 90° (form 1),
which agrees with the normal linear P3HT (ref. 16). New peaks
are labelled as Roman numbers. Those new sharp peaks
apparently do not agree with the feature of a nematic phase
but probably indicate a new crystal form. Peak I with a
remarkable lattice spacing of 4.39 nm, roughly agrees with
the diameter of the ring. There is no other possible character-
istic structure in the system that exhibits such a large length.
Peak II has a lattice spacing of 1.75 nm, larger than normal d;
of linear P3HT (1.57 nm ref. 16, and 1.56 nm in 118) which
should correspond to a different packing also along the alkyl
chain direction. Two additional peaks in between peak 1 (100)

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 WAXS diffractograms of c18 with all the peaks labelled.

and peak 2 (200) appear in c18. Interestingly, a relationship
among the peaks II, III, and IV is found:

dip x din

Vdu? + di?

dy =

This relationship indicates a possible assignment of peaks
11, I11, and IV as the 100, 010, and 110, respectively, with a-axis
orthogonal with the b-axis. Peak V with a lattice spacing of
0.39 nm is better assigned to the (002) reflection. A possible
unit cell dimension for this new orthorhombic crystal structure
thus can be deduced as: @ = 1.75 nm, » = 1.10 nm, ¢ = 0.78 nm,
o =f =1y =90° (new form). We have to note that the peak
assignment is not rigorous because of the limited number of
reflections available. All the above mentioned reflections are
summarized in Table 1.

Variable temperature WAXS was carried out on c25 to
observe the signature of nematic phase at elevated tempera-
tures as shown in Fig. 11. It is interesting to see new peaks
appear when the temperature increases to 100 °C. The positions
of the peaks are similar to those of c18. The only exception is
that peak I at the lowest g is missing, which can be explained by
the fact that the diameter of the ring of c25 exceeds the limit of
detection. The new peaks vanish, together with the peaks

Table 1 Diffraction peaks, lattice spacings and indexing of the WAXS
of c18

g (nm™* d (nm) Form I (hkl) New form (hkl)
I 1.465 4.29 Diameter of the ring
I 3.582 1.75 100
1 4.052 1.55 100
111 5.706 1.10 010
v 6.724 0.93 110
2 8.071 0.79 200
3 12.08 0.52 300
v 15.92 0.39 002
4 16.52 0.38 020/002
5 17.33 0.36 120
6 18.96 0.33 220

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 WAXS diffractograms of c25 at different temperatures. Arrows
show the new peaks that appear when the sample is heated to 100 °C.

at ~16 nm™ ', at 155 °C. It seems that only the order along

side chain packing remains at this temperature. This feature
looks very similar to a nematic phase of a liquid crystal. The
sample becomes amorphous at 170 °C. The new diffraction
peaks are not observed in c42. It is anticipated that larger rings
behave closer to its linear analogs. Another possible reason is
that c42 contains a larger fraction of linear impurities.

We are interested in how the two crystal forms correlate with
cyclic topology. If we imagine the interchain packing of a cyclic
P3HT, two possibilities may exist. The first case is that the
cyclic molecule plane is perpendicular to the thiophene ring
plane, as illustrated in Fig. 12. Intra-ring n-n packing and inter-
ring n-n packing organized alternatively. This crystal structure
is basically the same as in the linear P3HT, which is called form
I in this work. Intuitively, this type of packing will become
difficult and unstable for small rings because of the free energy
penalty raised by the folding. In fact, a “planar conformation”
of the thiophene ring would be favored (as will be shown by the
DFT calculation in the following section). In this case, all the
side chains have to be pointing “outwards” to avoid crowding.
This will naturally result in a large degree of torsion, which
renders perfect planar packing of main chain thiophenes. As
shown in Fig. 12, under this circumstance, the g-axis would be
longer because it must include an additional thiophene unit,
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Fig. 12 Schematic of the two possible packing of cyclic P3HT, which
results in two different crystal forms.

and the b-axis would be longer because of the torsion of
thiophene units. However, the c-axis should be similar to that
of form I.

Ding et al.”>” observed in poly(butylene naphthalate) samples
similar reflections at low g-range that they attributed to

l.35

the existence of a smectic liquid-crystalline glass at room
temperature, possessing a characteristic Schlieren texture when
observed by PLOM experiments.

In order to confirm that an isotropic-nematic (IN) transition
was indeed observed by PLOM and WAXS experiments, the
PLOM-S technique was employed and compared with DSC
results, as some small peaks were observed at high tempera-
tures in the cyclic samples by DSC.

As an example, the results collected for 125 and c25 P3HT
samples are shown in Fig. 13. The procedure used was the same
for all samples and the rest of the results are shown in the ESIt
(Fig. S5). Moreover, the relative transmittance spectra (relative
transmission vs. wavelength, A) recorded at different tempera-
tures during the phase transitions for all the P3HT samples are
also shown in the ESIt of this manuscript (Fig. S6).

The relative transmission spectra (Fig. S6, ESIT) were then
integrated between 580 and 700 nm and the resulting value
normalized between 1 and 0 to obtain the conversion index,
C.I, of the phase transformation. The IN transition when
plotted against temperature (d(C.I.)/dT), exhibit a maximum
at the temperature at which the phase transformation occurs
more rapidly. In order to analyze and demonstrate the different
transitions observed during the cooling scans, this method is
compared with DSC results.

As can be seen in Fig. 13, for the linear 125 P3HT sample,
only one main and sharp peak is observed in the d(C.L.)/dT plot,
that corresponds to the crystallization exotherm or peak at
155 °C, observed during the DSC cooling run. On the other
hand, for cyclic ¢25 P3HT sample, two main peaks are observed
in the d(C.L.)/dT plot, where the second peak at lower tempera-
tures corresponds with the T, value at 105 °C observed during
the DSC cooling run. The first peak at 140 °C that can be
observed during the PLOM-S experiment, corresponds to the IN
transition, where the bipolar concentric nematic droplets are
formed as confirmed by means of the PLOM micrographs, DSC
scans and WAXS diffractograms shown here. To further
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Fig. 13 PLOM-S measurements of the isotropic—nematic (IN) transition
for (a) 25 P3HT sample and (b) c25 P3HT sample. In the top part of each
figure, PLOM images are shown upon cooling from the isotropic state to
room temperature at 5 °C min~*. The temperatures at which the images
were acquired are indicated above the micrographs. In the second part of
the figures (just below the PLOM micrographs), the evolution of the
conversion index (C.l, defined as the normalized integral value of the
transmitted light between 580 and 700 nm) is plotted versus temperature.
Third, d(C.1.)/dT from which the Ty are determined as the peak tempera-
tures. Finally, in the bottom part of the figures, the DSC cooling scans
obtained are plotted, in order to compare the transitions observed by the
two different techniques.

compare our experimental studies with theoretical works, we
have obtained the IN transition temperatures for cyclic P3HT
samples at the same range that Zhang et al®® predicted
combining self-consistent field theory (SCFT) with atomistic
simulations of semiflexible chains under tension, to estimate
the nematic coupling constant o for semiflexible polymers.
They directly estimate Tty for P3HT with various chain lengths
S, given by Ty (S) = 535 K (1 — 1.64/S). Using the estimated Ty,
they predict that P3HT is nematic above the reported crystal
melting temperatures as we demonstrate experimentally by
cyclic P3HT samples of different chain lengths.

Finally, we have performed density functional theory (DFT)
calculations in cyclic and linear P3HT structures including 9
hexyl-substituted thiophene rings. The optimized structures are
collected in Fig. 14.

After cyclization, the strain induced by forcing these mole-
cules to adopt a cyclic conformation leads to more rigid cyclic

This journal is © The Royal Society of Chemistry 2019
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Fig. 14 Molecular structures for the linear (a and b) and cyclic (c and d)
P3HT structures, observed from the top (a and c) or from the side (b and d)
view.

chains as compared to linear P3HT, especially at low molecular
weights. Inspecting the molecular structures, the interaction
among cyclic structures is expected to be less effective than in
the linear ones due to the sterical hindrance exerted by the
hexyl groups, pending from both sides of the “planar’ ring
(see Fig. 14, panel d), while in the linear structure, they remain
in the same side (see Fig. 14, panel b), allowing the thiophene
rings to interact with other chains. The ring conformation
in Fig. 14d agrees well with the unit cell packing we proposed
in Fig. 12.

Conclusions

Our study was motivated by the different behaviors observed in
the literature when chain topology is changed from linear to
cyclic. Different trends have been reported for different poly-
meric chains, but so far no study has focused on P3HT chains.
Cyclic topology induces dramatic changes in P3HT polymer
conformation and chain packing. The macrocycles are more
restricted in the crystalline P3HT phase and T, T, and AH
decreased in comparison to those measured in linear analo-
gues. PLOM experiments revealed the formation of liquid
crystalline bipolar and concentric droplets at temperatures
before crystal formation for cyclic P3HT only. Detailed WAXS
analysis showed that two crystalline structures were formed for
c18 and c25, corresponding to two possible conformations
of the polymer caused by the cyclic topology. A nematic-
periodicity was observed at elevated temperatures in the
P3HT cyclic samples due to the long-range orientational order
of the molecular axes and PLOM-spectroscopy results demon-
strated that the nematic droplets are formed when the samples
are cooled down from an isotropic state to the crystalline state.
These isotropic-nematic IN transition temperatures are above the
crystal melting temperatures as are confirmed by results obtained
by correlating PLOM, Spectroscopy and DSC techniques.

The changes induced in P3HT by cyclic topologies in low
molecular weight chains, such as those employed in this work,
can be attributed to the more rigid character of cyclic chains as
compared to linear ones, as ascertained by density functional

This journal is © The Royal Society of Chemistry 2019
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theory (DFT) calculations. DFT results also confirm the unique
planar conformation of cyclic P3HT, which agrees with the
WAXS results. Such increased rigidity is responsible for the
difficulties experienced by cyclic P3HT in crystallizing from
the melt and for the development of liquid crystalline phases
prior to crystallization.
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