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Polymorphism and related solid-state phase transitions affect the
structure and morphology and hence the properties of materials,
but they are not-so-well understood. Atomistic computational
methods can provide molecular-level insights, but they have rarely
proven successful for transitions between polymorphic forms of
crystalline polymers. In this work, we report atomistic molecular
dynamics (MD) simulations of poly(3-alkylthiophenes) (P3ATs),
widely used organic semiconductors to explore the experimentally
observed, entropy-driven transition from form Il to more common
form | type polymorphs, or, more precisely, to form | mesophases.
The transition is followed continuously, also considering X-ray
(P3HT) and
poly(3-butylthiophene) (P3BT), evidencing three main steps: (i) loss

diffraction evidence, for poly(3-hexylthiophene)
of side chain interdigitation, (ii) partial disruption of the original
stacking order and (iii) reorganization of polymer chains into new,
tighter, main-chain stacks and new layers with characteristic form |
periodicities, substantially larger than those in the original form II.
The described approach, likely applicable to other important
transitions in polymers, provides previously inaccessible insight into
the structural organization and disorder features of form | struc-
tures of P3ATs, not only in their development from form Il struc-
tures but also from melts or solutions.

Understanding and controlling the structural organization of
molecular and polymeric solids represent key steps toward
their successful exploitation. The crystalline modifications that
a given compound may develop often exhibit significantly
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different physical, chemical, and mechanical properties. These
may be desirable or not, depending on the target application.
Polymorph control is hence often crucial in fields ranging from
pharmaceutics to materials science.'®

Polymorph interconversion may represent a viable approach
to structural control, but it is often poorly understood because
the mechanisms through which such transformations occur are
difficult to pinpoint. X-ray diffraction and other experimental
techniques allow characterizing the initial and final structures,
but they are normally unable to capture the stages of transitions
at the molecular level. Conversely, computational methods can
be effective in this respect, despite the introduction of some
necessary approximations. Molecular Dynamics (MD) has often
been adopted in modeling studies, due to its ability to account
for both the enthalpic and entropic contributions to the stability
of crystal forms. Accelerated MD schemes like metadynamics
and steered MD have been applied to explore polymorphism in
both inorganic and organic systems, such as silica,” benzene,®
urea,’ 5-fluorouracil®® and DL-norleucine,’* while unbiased
MD simulations have been performed to model temperature-
mediated polymorphic transitions in ternaphthalene'” and other
bulk crystals."?

MD simulations of polymers are nowadays ubiquitous and
investigations on conformational and packing disorder within
crystal structures,””'° on transitions in amorphous polymers,*®
on polyethylene and polypropylene crystallization,”>* etc. were
reported by different groups. However, we are not aware of any
clearly stated, successful attempt to model transitions between
crystal phases in polymers by atomistic MD. This is due to (i) the
presumably exceedingly long simulation times, especially in
view of the low probability that a nucleation event may occur to
kick-start a transition; (ii) the difficulty in identifying appro-
priate values of simulation parameters, such as temperature,
pressure, etc., triggering the process; and (iii) the not always
clear connection between what occurs in silico and in vitro, due to
the uncertainties and approximations introduced when setting up
the models. These limitations imply that not all phase transitions
can be accessible to MD studies. Nevertheless, we report here a
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successful study demonstrating the rewards and the difficulties
of MD approaches to solid-state phase transitions in polymers.
The case study we consider is the form II — form I phase
transition observed in poly(3-alkylthiophenes) (P3ATs). Our
choice of P3ATs is motivated by the importance of these
polymers as p-type, hole-transporting organic semiconductors,” >
with applications to organic solar cells (OSCs),?® perovskite-polymer
hybrid solar cells,>*"° thin film transistors (OFETs),*" etc.. Over
the years they have also been a central subject of our research
activity.>*® The motion of charge carriers in these systems,
both along and between different chains, is highly sensitive to
molecular packing and local ordering.?>*~** In fact it is generally
assumed that crystalline domains, with a favourable main chain
orientation and stacking, maximizing n-n overlap between adja-
cent chains, more effectively contribute to charge transport than
disordered, amorphous regions. Form II, in the case of P3ATs,
has been proposed to crystallize in thin films with chains
perpendicular to the substrate,® whereas form I crystallizes with
an edge on or a flat on chain orientation,>*** implying clearly
different charge transport properties in the two polymorphs.***®
Other morphological features*®** also differ significantly
and this could similarly influence the light-harvesting®® and
mechanical properties®” of the two P3AT polymorphs. Indeed
features neglected in the present study, like molecular weight, its
dispersity, the distribution of chain ends, of tie chains and folds,
of crystallite sizes and orientations, may influence the phase
transition and the properties of the two phases.

The essential features of the P3AT form I and form II poly-
morph families are shown in Fig. 1.">"® Recent evidence indicates
that they should be applicable also to polyselenophenes.”” Both
polymorphs are characterized by a so-called lamellar structure, in
which stacks of parallel polymer main chains alternate with
regions in which alkyl side chains segregate, with “lamellar”
periodicities often assumed to coincide with the respective d;q
periodicities of the two polymorphs. In devices and under normal
processing conditions, P3ATs typically adopt form I type layered
structures with non-interdigitated side chains. There is broad
agreement in the literature***®***° on additional basic features
of form I family structures, namely tight main-chain stacking
with a ca. 3.8 A interchain distance, and a prevailing trans
main chain conformation with a 7.8 A translational periodicity.

Form | Form Il

=

d1og

Fig. 1 Sketches of the form | and form Il structural families of P3ATs. The
“lamellar” interlayer spacing is indicated as d;oo for the form | polymorph,
characterized by non-interdigitated side chains: for a given P3AT (e.g.
P3HT) the lamellar spacing of form Il is about 20% smaller than that of
form I.
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Atomistically resolved, limit ordered, structural models have
been proposed®**°~! (by some authors identified as form I') for
selected P3HT and P3BT samples crystallized under specific
conditions. However, form I structures for a given P3AT,
e.g. P3HT, may display widely different features** depending
on regioregularity, molecular mass, thermal treatments, and
temperature, with substantial but variable degrees of disorder
that, especially at temperatures above 400 K, imply that some
form I structures are in essence conformationally disordered
mesophases with 2D long range order.>***>” For these reasons,
we prefer to consider form I as a family of structures rather
than a single polymorph.

Form II polymorphs, characterized by ordered and inter-
digitated side chains, are only obtained under special condi-
tions, or with relatively low molar mass samples. Surprisingly,
a number of different studies indicate that, for various P3ATs,
form II is the thermodynamically stable polymorph at room
temperature.*>*34%°%53 I the case of P3BT>> the form II crystal
structure has been determined by us, while a closely related
model was found to apply to P3HT.>* Form Il samples of P3ATs
melt***>%3% at temperatures substantially below those of
form I Above certain degrees of polymerization,>® form II
rapidly reorganizes upon melting into form I structures, meta-
stable down to room temperature. The details of the transition
are difficult to establish experimentally, although an interesting
mechanism has been proposed for P3BT.>

The unit cells of both P3BT and P3HT form II are shown
in Fig. 2. The P3BT form II structure is characterized by a P2,/c
monoclinic space group with lattice parameters a = 10.76 A,
b =777 A, c =9.44 A, and p = 64.66°.>> A similar unit cell
was adapted from ref. 54 for P3HT. The lattice parameters
were optimized using the Tinker program,’® minimizing the
potential energy associated with the force-field developed
by our group.>®*® The final cell parameters for P3HT were
a=1294A,b=7.804,c=9.44 A, and f = 68.40°.

For each polymer, a supercell was constructed, consisting of
5 x 5 x 5 unit cells along the a, b, and ¢ axes. Periodic boundary
conditions were applied along all directions to simulate an
infinite periodic crystal. Along the b axis, the polymer chains
(fifty overall) consisting of 10 monomers each were linked to
their periodic images across the simulation box. Hence polymer
molecular weight is assumed essentially infinite, neglecting the

P3BT Form I

P3HT Form Il

Fig. 2 Views of the crystal structures of P3BT and P3HT form Il used in
this work. Hydrogen atoms are omitted for clarity.
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effects of molecular weight, its dispersity, and finite crystallite
size. Full atomistic simulations based on our force-field**>>®
were performed with the package GROMACS 5.0.4.>” The super-
cells were initially equilibrated for 20 ns at constant temperature
(300 K) and pressure (1 bar), thus within the NPT ensemble. The
comparison of the calculated lattice parameters with the experi-
mental data*****° further confirmed the force-field reliability
(see the ESIt for details).

Starting from the equilibrated room-temperature form II
structures, NPT simulations were then performed at higher
temperatures in order to explore the possibility of phase
transitions. Taking into account that the available experimental
data are related to small crystals,**°*°*%5% while the simula-
tion setup involves infinite crystals and the preservation of
chain alignment, the initial temperature for both systems was
set at 500 K - about 100 K higher than the experimental form II
melting (see the ESIt). Independent 20 ns runs were then
performed at increasing temperature, in 10 K steps. The phase
transitions were observed starting at 560 K for P3BT and at
530 K for P3HT. Essentially the same phase transitions also
occurred above these temperatures, up to about 600 K.

Fig. 3 illustrates selected snapshots of P3HT. A movie showing
the full process is available in the ESLt Starting from the original
form II structure (frame A), side chain interdigitation is gradually
lost due to sidechain disordering and lattice expansion along the
“lamellar” a axis, leading to a fully non-interdigitated structure
(frame B) in which stacks are largely preserved. After about 13 ns,
this structure evolves into a metastable, disordered arrangement,
through a process characterized by molecular reorientation
and displacement, both along the b-axis and in the a—c plane
(frame C), with the disruption of the original stacking order.
Reorganization of the polymer chains produces tighter new
stacks, which hardly appear to evolve further after 40 ns (frame D).

A similar “card shuffling” mechanism was observed for
P3BT, as evidenced in Fig. 4. Also in this case, the transition

Fig. 3 Snapshots viewed along the main-chain axis illustrating the P3HT
form lI-form | phase transition at 530 K. Frames were taken at O (A), 15 (B),
16 (C), and 40 ns (D). All the chains in a specific stack in the original
structure share the same color.
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Fig. 4 Snapshots viewed along the main-chain axis illustrating the P3BT
form ll-form | phase transition at 560 K. Frames were taken at O (A), 10 (B),
13 (C), and 40 ns (D). All the chains in a specific stack in the original
structure share the same color.

involves the disruption of the original highly ordered structure,
followed by the formation of new stacks of non-interdigitated,
reoriented, disordered polymer chains.

For both P3BT and P3HT, the simulations render visually
apparent that the transition is promoted by the entropy
increase on going from form II to form I. At the transition
temperature, the latter is a conformationally disordered meso-
phase in which local order is largely lost and only some degree
of long-range order is preserved. During the simulations, the
main chain displacements occur simultaneously, suggesting a
cooperative mechanism. Under the simulated conditions, even
if, at variance with what occurs in real samples, no form I
domains or any heterogeneous, nucleation centres are present
in the starting systems, the recrystallization process is very
rapid and takes only a few nanoseconds.

We already remarked that the integrity of the original stacks
is largely preserved up to snapshot C for both P3HT and P3BT
in Fig. 3 and 4, respectively, but in the new, layered structures
shown in D, the original stacks are fragmented into blocks of a
few chains. These blocks assemble into relatively ordered,
tighter stacks with a form I type lamellar periodicity. However,
a non-negligible percentage (about 10%) of the chains are
unable to organize appropriately, at least within the explored
simulation set-up and times, and substantially defective
domains result. While it is not obvious to identify a 2-chain
(or even a 4-chain) unit cell, the orientation of layers and stacks
differs from the one in the original form II, whereas the
preservation of the main-chain orientation is inherent in
the model.

The final structures show typical features of mesophases
with some two-dimensional (2D) long-range order, but are
locally highly disordered. They are characterized by extensive
side-chain and main-chain conformational disorder with a
distribution of important deviations of the S-C-C-S dihedral
angles from the ¢rans-planar conformation (see Fig. 5).

This journal is © the Owner Societies 2018
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Fig.5 The S-C-C-S dihedral angle (left panel, 6 = 0° for the trans
conformation) in P3HT. The central panel shows that the distribution is
monomodal (mode at 0 = 0°) in form Il at 300 K, but becomes bimodal
(modes at + 40°) after the phase transition at 530 K (right panel).

Fig. 6 highlights the change in the calculated powder
diffraction patterns during the phase transition. The change
in the diffraction patterns initially involves the loss of the
spectral features at higher angles (20 > 12°), while the position
of the most intense reflection associated with the layer periodi-
city remains substantially unaltered at the early stages of the
transition, suddenly shifting to lower angles as the new stacks
develop. The change occurs more gradually for P3BT than for
P3HT. As the form I type mesophases ripen over time, diffrac-
tion patterns remain poorly resolved, consistently with locally
disordered structures and with experimental form I diffraction
patterns, where usually the peak associated with the (100)
reflection is dominant. The position of this diffraction maximum
in the final calculated diffraction patterns corresponds to a
d-spacing of about 13.2 A for P3BT and 16.8 A for P3HT,
involving a ca. 20% increase with respect to the initial form II
lamellar spacings. This agrees with the expected values for a
form I family structure at the transition temperature.

In order to further evaluate the correspondence between
form I models obtained by simulation starting from form II and
experimental form I structures, we also compared their diffrac-
tion patterns. To this end, the simulated form I structures were
cooled to the temperature at which the experimental patterns

JL___,\%D
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[ S e
- N w » w o

-
5]

0 0 A
2 5 10 15 20 25 3 2 5 10 15 20 25 30

26 26
Fig. 6 X-ray powder diffraction spectra (A = 1.5418 A) for P3BT (left) and
P3HT (right), calculated from the MD trajectories during the phase transi-
tions at 560 and 530 K, respectively. Capital letters refer to the snapshots in
Fig. 3 (P3HT) and 4 (P3BT) from which patterns were calculated.
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Fig. 7 Comparison between calculated (Sim. IlI/I*, bottom) and experi-
mental (Exp., top) X-ray powder diffraction spectra (A = 1.5418 A) at 450 K
for P3BT (left) and 300 K for P3HT (right). (*) Simulated form | structures
cooled to 450 K (P3BT) and 300 K (P3HT), and equilibrated for 20 ns.

were recorded, and equilibrated for 20 ns. Fig. 7 compares
calculated (Sim. II/T) with experimental (Exp.) profiles, averaged
in order to remove preferred orientation effects (see the ESIt
for details). The P3BT spectra are shown at 450 K, where only
the more disordered form I is expected to be stable,>* while
those for P3HT are at ambient temperature (300 K), where both
disordered and more ordered form I family structures may
coexist. The most intense diffraction maxima corresponding to
the form I layer “periodicity” (along with its successive orders)
and the overall appearance of the patterns are in good agree-
ment, but some differences are noticeable at higher angles.
These may result because the experimental patterns were not
obtained from samples originally crystallized in form II, or
because in the simulation the crystallization time was not long
enough, or due to hardly avoidable force-field imperfections,
or to a combination of effects. Such questions, along with a
comparison of the form I type structures developing from form
II with available models of P3HT form I*® and P3BT form I',>®
will be extensively discussed in future works.

Conclusions

Our simulations provide important new insight into the struc-
tural organization of the ubiquitous form I of P3ATs, as it
develops during crystallization from form II. It is apparent that
once ‘“packing disorder islands” arise (see the bottom right
corner of Fig. 3 frame D for P3HT, or various peripheral areas of
Fig. 4 frame D for P3BT), it is surprisingly hard to anneal them
out or to recrystallize them. Thus, although a majority of chains
rapidly organizes into stacks and layers with characteristic
form I periodicities, groups of chains (ca. 10%) can remain as
“oriented amorphous” islands irrespective of how they initially
developed, limiting de facto the crystallinity of form I from
within, both along the stacking and along the layer directions.

Phys. Chem. Chem. Phys., 2018, 20, 28984-28989 | 28987


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8cp05820b

Open Access Article. Published on 20 November 2018. Downloaded on 12/5/2025 7:07:53 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

Something similar might occur at the interphase with amor-
phous domains, and the simulations suggest what such inter-
faces may look like. The simulated behaviour appears to be
consistent with widely reported experimental results,**® indi-
cating that neither the crystallinity nor the size of P3AT form I
domains grows quite as much as would be expected in the
annealing processes, but they are limited by local disorder.

To our knowledge, this is the first time that an inter-
polymorph transition has been detailed at an atomistic level
in polymers. Summarizing key features that made this feasible
by standard MD simulations, without resorting to biased
approaches such as metadynamics we note that the two poly-
morphs share similar lamellar structures and chain periodicity.
Hence only a moderate structural rearrangement is required by
the recrystallization process. However, even in our relatively
constrained model of infinitely periodic chains, the new form I
stacks assemble from blocks of chains originating not from a
single stack but from different form II stacks. The main driving
force for the transition is the increase in entropy on going from
form II to form I (see the ESIt), which is at the transition
temperature a 2D mesophase. The cooperative nature of the
process suggests that it may occur also in the absence of a
nucleation centre, allowing us to detect the transition even in
using moderately small simulation supercells, with a size
comparable to that of the crystalline domains in real samples.

It is likely that approaches similar to the one described here
could be applicable to a variety of polymers, characterized by
entropy driven solid-solid phase transitions. Various candi-
dates can be found in the expanding family of polymers
with alkyl side chains and conjugated main-chains, used for
optoelectronic applications.>**® Other possibilities involve, as
already attempted,'” polymers displaying both ordered crystalline
phases and premelting transitions, or else ordered crystalline
phases and thermotropic mesophases.®’®* Likely but rarely met
requirements for the success of such investigations are reliable
crystallographic models of the ordered crystalline phase and
effectively validated force-fields for the polymers.
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