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Local structuring of diketopyrrolopyrrole
(DPP)-based oligomers from molecular dynamics
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The microscopic structure of high mobility semiconducting polymers is known to be essential for their

performance but it cannot be easily deduced from the available experimental data. A series of short

oligomers of diketopyrrolopyrrole (DPP)-based materials that display high charge mobility are studied by
molecular dynamics simulations to understand their local structuring at an atomic level. Different
analyses are proposed to compare the ability of different oligomers to form large aggregates and their
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driving force. The simulations show that the tendency for this class of materials to form aggregates is
driven by the interaction between DPP fragments, but this is modulated by the other conjugated
fragments of the materials which affect the rigidity of the polymer and, ultimately, the size of the

aggregates that are formed. The main structural features and the electronic structure of the oligomers

rsc.li/pccp

Introduction

The use of organic semiconducting polymers (SCPs) in electronic
devices is a topic of great interest due to this class of materials
displaying properties such as environmental stability, easy
solution processability and flexibility" while exhibiting charge
carrier mobilities gradually approaching those of their inorganic
counterparts. These materials have applications across fields
such as the active layer of field-effect transistors (FETs),>"
organic photovoltaics (OPVs)>® and bioelectronics”® with
reported mobilities as high as ~10 cm*> v~ ' s '.'%"

Following the analogy with inorganic semiconductors in
which crystalline phases have the highest charge mobility,
thiophene-based semicrystalline organic semiconductors such
as P3HT (poly(3-hexylthiophene)), PQT (poly(3,3’-dialkyl-
quaterthiophene)) and PBTTT with a choice of alkyl side chains
for solution processability were extensively studied for a long
while.'® The experimentally reported higher charge mobility for
PBTTT compared to P3HT in thin-film transistors (TFT)
resulted in theoretical and computational studies focusing on
the morphology of these materials.">'* A review of many
different techniques to analyse the structure of these materials
was provided by Do et al.*® The larger free volume between alkyl
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are fairly similar above the glass transition temperature and at room temperature.

side chains of PBTTT was shown to facilitate a higher degree of
crystallinity by the formation of a lamellar structure of inter-
digitated side chains as well as the higher degree of planarity
of the backbones. Interdigitation of side chains was also
experimentally observed using X-ray diffraction (XRD).'*'”
Even though a high volume of research was initially carried
out for more crystalline SCPs, it became increasingly apparent
by collating the experimental evidence'® that long-range
ordering was not essential for a high charge carrier mobility.
The existence of short-range stacked domains was shown to be
sufficient enough as long as there existed long chains connecting
ordered domains. Experimental techniques such as grazing
incidence X-ray diffraction (GIXRD)" have provided evidence
for the existence of ordered domains in a wide range of different
classes of materials from semicrystalline P3HT and regioregular
P3HT (Rr-P3HT) to amorphous materials. In understating these
materials theoretical approaches have been used as a stand-
alone method or in conjunction with experimental data’®* to
investigate the structural properties such as aggregation, the
existence of local ordered domains and segregation of different
parts of the polymeric chains. The chemical structure of these
materials and the endless list of possible combinations of
aromatic rings in the backbone and alkyl side chains make it
nearly impossible to study all the variations and their effects on
morphological properties and, consequently, the device
performance.>! Some of these variations are changing the size
of the side chains, using branched or linear side chains, the
length and planarity of the backbone, and the type of
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conjugating aromatic rings.***>* Despite many years of investi-
gation, the relationship between the polymer structure and
charge transport properties remains unclear.

In the following, the family of DPP-base semiconducting
polymers is selected to be investigated for their morphological
and structural properties. The rationale behind choosing this
family has been the figure of merit, their reported high charge
carrier mobility without having an overall -crystalline
structure.'®*>"*” These materials’ paracrystalline properties,
meaning they can form short-range ordered domains without
having an overall crystalline structure,”® and the strong
electron-withdrawing nature of the DPP units make them good
candidates for use in ambipolar devices such as organic solar
cells, OFETs and OLEDs,**7? one of the first organic devices to
report near-infrared (NIR) light emission."’ Despite many
reports of high mobility when these materials are used in an
OFET device it is not yet determined how the varying factors
contribute to such performance.>® Some of these factors are
changing the composition of the conjugated backbone,
changing the side chain length and whether a linear or
branched side chain is used. Huang et al®® investigated the
effect of changes in the length of conjugated backbones by
studying the morphology and structural ordering of DPP-4T
and DPP-6T. Using UV-vis measurements, they showed that
both oligomers, DPP-4T and DPP-6T, exhibit a red-shifted
spectra in solution compared to the solid state due to the
higher level of aggregation and decreased intermolecular
distances in the solid state.*® Grazing incidence wide-angle
X-ray scattering (GIWAXS) and electron diffraction methods
were used to study the morphology of crystalline portions of
these systems. The n-stacking distance calculated from lattice
modelling was reported to be ~3.2 A and ~3.8 A for DPP-4T
and DPP-6T, respectively. It was concluded that the higher level
of conformational degrees of freedom for the longer conjugated
backbone of DPP-6T can result in the introduction of defects in
the crystalline portion and therefore shorten the charge-
transporting channel and lower charge mobility. Magic-angle
spinning NMR, which is suitable to investigate the local
structure in the absence of long range ordering, was used to
study bulk and thin film DPP-DTT.*® These measurements in
combination with computational quantum and molecular
dynamics modelling showed a high level of backbone planarity
for DPP-DTT with a donor-on-acceptor stacking arrangement.
The preferred conformational stacking was rationalised by the
existence of weak hydrogen bonding®’ between the thiophene
rings and DPP, with a measured n-stacking of 3.67 A.
The aggregation of the same polymer was also verified in
solution using small angle neutron scattering (SANS) and light
scattering.’®

The effect of the chemistry of the backbone was investigated
by replacing the T rings with fused aromatic segments such as
thienothiophene (TT)*>*° or furan rings,**™*® with both
changes reported to increase the planarity and therefore
improve the chain stacking and aggregation. The effect of using
phenyl rings instead of thiophene was also investigated for
single molecules by studying their solid-state features.** In this
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case where stronger hydrogen bonds are present and the phenyl
is twisted outside the conjugation plane, a face-to-edge packing
was observed hindering the n-stacking and lower charge
mobility. Zhang et al.*® reported that increasing the number of
thiophene and bithiophene rings between DPP units increases the
glass transition temperature but does not change appreciably
the mechanical properties. Replacing the sulphur atoms of the
thiophene rings with larger heteroatoms such as selenium was
reported to result in a higher degree of n-stacking caused by the
stronger intermolecular interactions between Se atoms, compared
to those of S atoms.*® The solid state aggregation properties and
chain stacking is reported to improve by random terpolymerisa-
tion of DPP-4T with a low amount of isoindigo® resulting in
higher charge mobility due to the enhancements in amorphous
features. Wang et al.***® measured the changes in the mobility of
the DPP-selenephene system where one branched side chain is
replaced by a linear side chain.

Different aspects of alkyl side chains can also be studied*®
such as the existence of an extra carbon atom before the
branching position in a branched side chain which is reported
to increase the m-m stacking.’® UV-vis obtained for DPP-4T
showed that changing the side chains from linear to branched
had subtle effects on the spectra in solution, while in thin films
the linear side chains showed stronger intermolecular
interactions.”® The effects of different end groups were
investigated for different end groups such as hydrogen atoms,
thiophene rings or pyrene segments.”*~>* Finally, optical spectra
have shown evidence of H- and J-aggregates® in polymers of the
DPP family.

The combination of these studies point to a coherent
qualitative picture: DPP polymers form short range aggregates
with the size of the aggregate being modulated by changes in
the polymer backbone and side chain.’*” The conjugated
portions in the more ordered phases are co-planar with a
measurable n-stacking distance but there is no other information
available on the local structure and therefore on the driving force
for aggregation and the microscopic effect of chemical changes.

Classical molecular dynamics (MD) simulations have helped
to establish a link between experimental observations and
microscopic structures since the beginning of organic electronics.
A substantial number of studies have focused on P3HT and
PBTTT for many years due to the earlier assumption of these
materials being best for exhibiting crystalline nature.”®*" More
reports on the simulation of polymer melts have appeared for
oligomers such as poly(phenylenevinylene) (PPV),*” Didodecylqua-
terthiophenes (DDQT),*®> and poly(2-vinyl pyridine) (P2PV)**
including recent attempts to collectively compare the performance
of different materials for different applications.®> ®® A particularly
challenging aspect is the generation of equilibrated structures for
the melt phase, which requires large computational resources.
To overcome this obstacle, different approaches have been
followed, such as simulated annealing,”® coarse-grained
models’® or implicit solvent models.”" Where possible, the
simulation data are checked against the experimental data.”>”
Recent molecular dynamics studies at an atomic level of DPP
systems employed single long chains in explicit solvents to
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understand the conformational and morphological properties”
and small copolymers to investigate the effect of the position
of side chain linkers on electronic and optical properties.”®
Simulations are used in conjunction with the experimental
techniques to compare, validate or isolate the effect of a single
change in the chemistry of a material on other properties. The
effect of weak hydrogen bonds of DPP polymers on the n-stacking
chain conformations showed good agreement between values
obtained from NMR spectroscopy and computational simulations
(DFT and MD).*® The comparison between experimental data
and computational calculations was also reported using coarse-
grained methods® for chain alignments. The effect of changing a
bulky branched side chain with a linear chain was studied using
MD simulations*® in agreement with experimental data to show
that linear side chains result in higher planarity.

In this work, we present MD simulation analyses of three
systems belonging to the DPP family with different backbone
segments. All three systems were chosen based on their
reported high charge carrier mobilities.”>””*® Studying the
family of related compounds helps in discriminating between
the general feature of polymers containing the DPP fragment
and aspects that are more sensitive to the overall chemistry of
the polymer. The alkyl side chains are the same for all the
systems, a branched alkyl chain at position 2, which are
reported to possess the best solubility.®" Different backbone
combinations ranging from 2 thienothiophene (2TT) rings, 4
thiophene rings (4T) and 6 thiophene rings (6T) were studied to
analyse the backbone’s contribution to the overall morphology
of the polymeric systems (see Fig. 1).

Methods
Force-field

The molecular model employed in the present work was based
on an implementation of All-atom Optimised Potentials for
Liquid Simulations®® (OPLS) force-field. While the OPLS
mathematical form has been used in this document, the key
parameters were derived from density functional theory (DFT)
calculations. All the equilibrium bond distances and angles of
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Fig. 1 Chemical structure of the three systems used in this study.
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the conjugated part were taken from the optimisation of
trimer chains where values of the middle monomer were
used to account for intermonomer connections at the B3LYP/
6-311G** level of theory, the atomic point charges were
calculated via CHelpG (charges from electrostatic potentials
using a grid-based method)®* and the torsional potentials
between the conjugated fragments were recomputed through
scanning the dihedral potential at the MP2/6-311G** level.**
The equilibrium geometry and intermolecular interaction
parameters are very similar to those computed by Jiang et al.®®
with a force matching procedure and validated through
simulations of small molecular crystals. OPLS-AA parameters
were used for the alkyl side chains. Non-bonded van der Waals
(vdW) parameters based on the 6-12 Lennard-Jones (L]) potential
were taken directly from OPLS-AA for all atom types using
the geometric mixing rule as well as long range Coulomb
interactions between point charges, as a common practice for
the simulation of polymeric semiconductors.®®

Simulation details

Attempts have been made to develop a specialised force-field
(FF)®® for this class of materials; however, due to the
complexity of the systems, some parametrisation is needed
for each new polymer. In this work, simulations were
performed on oligomers of three repeat units of each of the
monomers. The choice of the length of oligomers was made
having in mind the computational resources and the need for
studying long enough chains to account for interactions of several
monomers. While the slow-down in simulation production is
obvious for longer chains, the choice was made based on
our objective of having equilibrated and highly-reproducible
simulations to use as a reference for these systems. All the
MD simulations were performed using large-scale atomic/
molecular massively parallel simulator (LAMMPS).*® The Velocity
Verlet algorithm was adopted and periodic boundary conditions
(PBCs) were applied in all directions with a time step of 2 fs while
using the rattle algorithm to constrain H-X bonds. The Nosé-
Hoover isothermal-isobaric barostat and a thermostat were
used to control the ensemble properties. The particle-particle

/,;/ \ c IOHZ|
A \\ N Rs=
s” »
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particle-mesh (PPPM) summation algorithm was used during
production simulations to compute the electrostatic forces with
a cut-off of 12 A.

The oligomers studied here form glassy phases at room
temperature that are difficult to equilibrate (and to verify they
are equilibrated). The primary focus of this paper is to study the
aggregation of DPP polymers in equilibrated and highly repro-
ducible phases above the glass transition temperature (Tj).
To establish the simulation temperature, simulated annealings
were performed on all three systems from 1000 K to 100 K at a
rate of 0.02 K ps™". This process was repeated three times to
make sure that annealings were performed for long enough and
at a plausible rate. The three simulations were all performed at
the same rate where the last point of one run is taken to start
the next run by instantly heating it up to 1000 K and slowly
cooling it down to 100 K at the given rate. Annealing processes
have been shown to improve the structural ordering in the
films as evidenced by X-ray scattering and atomic force
microscopy.'”?® Fig. 2 represents the inverse density as a
function of temperature for the three sets of simulated anneal-
ing for each system where each set is presented with a different
colour. The average gradient of the three sets is plotted for both
the lower range (0 to 300 K) and the higher range (600 to 1000 K)
of temperatures in the dashed black line. The intersection of the
two lines is considered as T,. The exact values of T, are reported
in red for each system. The production runs were performed at a
temperature above the T, of all three systems (550 K). Production
simulations were performed from the last point of the second set
of simulated annealings for the three systems in an NPT
ensemble at 550 K for 400 ns with an integration time step of
2 fs. In agreement with ref. 45 the T, increases with an increase
in the number of thiophene rings, although a direct comparison
is not possible as our molecular weight is much smaller than the
one considered experimentally.

Results and discussion

Production simulations were performed on systems of 64 chains
of three repeat units for each of the systems, except 2TT, which
after equilibration adopted an excessively elongated shape, pro-
voking some undesired interactions between atoms and their PBC
images. To avoid this finite size effect, 128 chains were used
instead for this particular polymer. The results of the double-sized
simulation of 2TT are presented in the following unless otherwise
specified. System specifications are provided in Table 1.

The snapshots of the three simulated systems shown in
Fig. 3 already indicate the presence of local ordering in this
kind of material. 2TT and 6T appear to show more rigid chains
that result in more visible n-stacking. The remainder of the
manuscript focuses on the quantitative description of the
oligomers’ flexibility and the aggregation properties.

Radius of gyration (R,) and end-to-end distance (D)

A structural property to determine the flexibility of the poly-
meric chains and to study their conformation is the radius of
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Fig. 2 Graphs presenting the specific volume as a function of tempera-
ture for three sets of simulated annealing in different colours for each
system. The glass transition temperature is found by the intersection point
between the two linear gradient fits of lower and higher range of tem-
peratures. Dashed lines and the value of T, in red are the average of the
three sets.

Table 1 Simulation specification for the production runs

Atoms/trimer Number of Number of Density
Polymer chain chains atoms/simulation (g cm ™)
2TT 458 128 58624 0.889
4T 482 64 30848 0.882
6T 524 64 33536 1.013

gyration (R,). Ry for a group of n atoms is defined as:*

1 < S o
Ry = [ my(Fi = Fem)’ 1)
Mi:l

where M is the total mass of the group, 7., is the centre of mass
position, 7; is the position of each atom in the group and m; is
the mass of each atom. R, was computed for individual chains
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Fig. 3 Presentation of simulation boxes of the three polymers. The backbones are shown in red and the chain atoms are shown in grey while hydrogen
atoms are omitted for simplicity. Snapshots were produced using the visual molecular dynamics (VMD)®? software. Simulation boxes are not shown in the

same scale.

as well as an ensemble average for each of the oligomers.
Another property of the polymeric chains calculated to
determine the rigidity of the chains is the end-to-end distance
(Dee)- End-to-end distances were computed as the distance
between the two closing hydrogen atoms at either end of a
chain. Comparing this value to that of an isolated fully
elongated chain is an indication of how coiled the chains are.
Tables 2 and 3 respectively show comparative values of R, and
De. both at 550 K and 0 K for the three systems. Comparative
representation of the most coiled and the most elongated

Table 2 Calculated average of radius of gyration and its standard devia-
tion during 400 ns production run at 550 K. Rg for a single chain at 0 K is
used as an indication of how coiled the chains are

System Ry/A 0 Ry/A Min Ry/A Max R/A  Rg/A

2TT 15.24 0.02 13.55 16.60 15.74
4T 16.38 1.067 10.41 19.20 17.58
6T 19.52 0.29 17.99 20.70 19.55

Table 3 Calculated average of end-to-end distance and its standard
deviation during 400 ns production run at 550 K. D, for a single chain

at 0 K is used as an indication of how coiled the chains are

System Deo/A 6 Deo/A Min De./A Max Deo/A D2JA
2TT 49.90 0.26 44.37 51.52 51.07
4T 48.82 3.52 2.94 62.28 59.16
6T 67.24 0.46 59.73 70.12 68.12

This journal is © the Owner Societies 2021

chains is presented in Fig. 4 for each system, to exemplify the
different conformational behaviour of the different systems.
Considering the two systems of 2TT and 4T where both have the
same number of conjugated moieties along the backbone, the
existence of the extra torsional angles between individual
thiophene rings provides additional degrees of freedom
contributing to the flexibility of the chains and, therefore, a
greater standard deviation for both R, and D... When considering
the fraction of molecular volume taken up by the free chains, the
free volume between the adjacent side chains increases in the
order of 2TT, 4T and 6T. The extra free volume for 6T, compared
to 2TT, in addition to the rotational degrees of freedom enhances
the chance of 6T displaying more flexible and coiled
conformations.

Radial distribution function (RDF)

The radial distribution function (RDF) g,, between atoms of
class a and b was computed as:**%*

1 Na Np

W20 =) @

=1 j=

gab(r) =

where N, and N, are number of atoms in each of the classes, r;
and r; are the coordinates of atoms belonging to each of the
classes and r is the defined radius of a shell for which RDF is
defined. Different atom classes were defined to best monitor
the variation in structural properties. The DPP group was
identified with its two carbon atoms closest to the DPP centre.
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Fig. 4 Comparison between the most elongated (on the left) and the most

The S group consists of all the sulphur atoms in the thiophene
or thienothiophene units, and the O and N groups contain the
oxygen and nitrogen atoms of the DPP, respectively. Interchain
pair distribution functions (i.e. excluding atom pairs with both
atoms belonging to the same chain) between different atom
groups were used to investigate any preferred direction of chain
stacking.

It is evident from Fig. 5 that the dominant interactions for
the aggregation are different between oligomers where the
DPP-DPP interaction is more likely, for 2TT and 4T, while it
is the interaction between DPP and S that seems to dominate
the aggregations in 6T, making the DPP unit stacking with the
thiophene units result in a shifted chain stacking. Interestingly,
despite 4T and 6T oligomers being chemically similar, RDFs
show that DPP-S aggregation is mostly non-existent in 4T while it
is the main aggregation event in 6T, showing that a small change
in the number of backbone repeat units can completely
condition the structural properties of the material. The geometry
of selected paired chains is depicted as insets of Fig. 5 to
illustrate the preferential direction of chain stacking. These
insets show that the DPP units are aligned in 2TT while for 6T
the alignment of DPP units and thiophenes is preferred resulting
in a stepwise stacking. The RDFs provide quite a comprehensive
view of the tendency of DPP polymers to aggregate. As one can
see from the plots, the height of the RDFs, i.e. the tendency to
form stable m-staking interactions, decreases in the order of
2TT > 6T > 4T. On the other hand, the existence of
more pronounced second peaks in the order of 6T > 2TT >
4T indicates a different trend in the tendency of these materials
to form longer range aggregates. Studying the position of RDFs

19698 | Phys. Chem. Chem. Phys., 2021, 23,19693-19707
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coiled (on the right) chains for the three systems.

for the strongest interacting atom group pair indicated that
the observed n-stacking for these systems is consistent
with the structural information deriving from the study by
Huang et al.** where DPP-4T has a shorter n-stacking distance.

Root mean square displacement

Root mean square displacement (RMSD) per atom type allows
the determination of the dynamics of the polymer chains,
both as a whole and by looking at each component separately.
At short times, different atoms can exhibit a considerable gap
in their RMSD, meaning that some parts can be more dynamic
with respect to the centre of mass of the molecule than others.
In a melt at long enough times, the gap between RMSDs of
different atoms should become irrelevant as compared to the
dynamics of the molecule as a whole. By contrast, in a solid
(or a melt at short times), the molecule might be unable to diffuse
but still have moieties with faster dynamics (or more freedom to
move) than others. Fig. 6 shows the RMSD calculated for different
atom groups as well as all atoms using the equation:*

RMSD(7) = ®3)

As shown in Fig. 6 middle panel, in the case of 4T, which was
previously discussed to be the most disordered and flexible
system, all-atom groups seem to be following the same trend
with little to no difference between the overall RMSD and the
RMSD of different atom groups, indicating that the chain moving
as a whole dominates the dynamics in this time range. For 2TT
and 6T, as shown in Fig. 6 top and bottom panels, the backbone
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Fig. 5 Inter-chain RDFs plotted for the atom groups belonging to the
conjugated backbone of the systems with an inset of a selection of paired
chains.

dynamics is much slower than that of the alkyl-chains, which
indicates that the dynamics is dominated by the latter, with the
backbone dynamics hampered by the structural micro-domains
formed by these molecules. In particular, the faster alkyl chain
dynamics observed for 6T is due to the larger free volume in
between monomer units caused by the two extra thiophene rings
in the backbone. The slow side chain dynamics in 2TT could be
a consequence of a higher degree of backbone stacking and
segregation of backbone and side chains. It is also worth
mentioning that 2TT is the only one exhibiting an increasing
backbone RMSD, which indicates that 4T and 6T, regardless
of the side chain dynamics, do not behave as a melt in the
time-range studied here.

Nematic order parameter

To be able to compute the liquid crystalline ordering across
the three systems studied, the nematic liquid crystal order
parameter was determined.’® The calculations were carried
out by identifying each monomer with a vector connecting

This journal is © the Owner Societies 2021
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Fig. 6 RMSD calculations for the three systems showing that there is a
greater range of movement associated with the atoms in the side chain for
the case of 6T followed by 2TT and 4T.

the first and last carbon atom of a monomer unit depicted in
Fig. 1. A snapshot of these sections (in red) imposed over the
atomistic view of each system is depicted in Fig. 7. A unit vector
is then assumed at the mid-point of each section to be used in
calculations.

The order parameters were calculated for each of the
systems using the following equation which constructs the
Q. tensor made up of all the unit vectors #; with N,, being
the number of vectors.®”%®

ISV
Q=7 <§uiaui/3 - §5aﬁ>, %p=xyz (4)

N i=1

The order parameter P, is equal to the largest eigenvalue of
the Q,; matrix, taking values between 0 and 1, where 0 indicates
a completely isotropic system and 1 a completely aligned
system.

An average order parameter for the three polymers during
400 ns of production simulation at 550 K in an NPT ensemble
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2TT

4T 6T

Fig. 7 Graphical representation of the vectors assigned for each monomer for a snapshot of the simulation for the three systems (side chains are

omitted).

was calculated and represented in Fig. 8. The average value and
their standard deviation are represented in Table 4 to compare
the local structure ordering within the three systems.’”%°
The larger value of P, for 2TT followed by 6T and 4T
indicates a good agreement of the liquid crystallinity with
the conformation analyses. Longer chains of 6T are more

susceptible to form longer-range ordered regions while it is
the fused rings in the case of 2TT resulting in a high P,
compared to 4T. On comparing between 2TT and 6T, while
the value of P, is similar, there is no indication of different
aggregation properties evident from the RDF. We have,
therefore, considered an alternative measure of aggregation.

Aggregation properties

To define a cluster of aggregates, a set of criteria were defined
based on the same representation of trimers as three vectors
explained in the previous section. Any two vectors from different
oligomers are assumed to belong to the same cluster if they are
closer than 10 A to each other and make an angle smaller than
30°. Distances larger than ~12 A resulted in the erroneous
selection of chains not in the van der Waals contact while

Table 4 Average values calculated for the order parameter of each of the
systems throughout 400 ns of simulations

0.354
0.30
0.254 -
o 0.20 =l
== 6T
0.15
0.10
0.05
1 | 1 1 1
0 100 200 300 400

Time /ns

Fig. 8 Order parameter calculated for the three systems during 400 ns of
production simulation.

19700 | Phys. Chem. Chem. Phys., 2021, 23, 19693-19707

System Order parameter Standard deviation
2TT 0.342 0.018
4T 0.107 0.033
6T 0.321 0.007
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distances shorter ~8 A resulted in not including all the good
n-stackings. A reasonable angle must be smaller than 45° since
angles larger than 45° would include chains in closer-to-
perpendicular alignment and we have seen that angles smaller
than 20° showed to be too restrictive and excluding well stacked
oligomers. The two parameters were chosen as representative of
this range, within which the conclusion of analysis remains
unchanged. Fig. 9 shows the snapshot of the systems where all
monomers belonging to the same cluster are presented in the
same colour.

Fig. 10a represents the number of monomer units in the
largest aggregate at different snapshots over 400 ns production
simulation at 550 K. In this part of the analysis simulations of
the same number of oligomer chains were used for all systems
for direct comparison. Consistent with previous analysis of the
chain flexibility, RDFs and P,, calculations of aggregate clusters
demonstrate the existence of larger aggregates resulting in a
higher level of ordering for 2TT and 6T compared to 4T. Unlike
Py, which is calculated for the overall simulation box, the
calculations of local clusters reveal more dynamical properties
of the aggregates. The largest aggregate in 2TT can have a
varying number of monomers from 28 to 6, from 49 to 9 for 6T
and from 20 to 5 monomer units for 4T. When considered with
the P, order parameter, the time evolution does not suggest an
evolution toward a more ordered phase in time, which implies
good equilibration and is consistent with the temperature
being above the T,. The greater fluctuation in the size of the
largest aggregate for 6T is considered to be caused by the
movement of monomers of this naturally longer chain between

View Article Online

Paper

aggregate clusters. Fig. 10b shows a distribution plot where the
y-axis presents the number of times a specifically-sized cluster
is formed during the 400 ns of production simulation and the
x-axis presents the size of the clusters. It is shown that, for the
least ordered system of 4T, the size of the aggregates does not
exceed 20 monomers whereas it is increased to 28 for 2TT and
49 for 6T. The cluster size distribution is consistent with the
observation made in the previous analyses and considered
the most effective measure to differentiate the aggregation
properties between oligomers.

Extension to 300 K

In this work we have focused on the structural characterisation
of semiconducting polymers at a temperature above T,, where
equilibration is easier to achieve and the results are highly
reproducible. It is nevertheless instructive to compare the main
RDFs with a simulation at 300 K to establish the changes
that could be expected. This method of comparison allows
determining if the observations made prior can be transferred
to lower temperatures. To achieve simulations at 300 K, starting
from the last snapshot of the equilibrated simulation at 550 K,
a simulated annealing to 300 K was performed for each of the
systems using the same cooling rate as the initial annealing
(0.02 K ps™1). A further 50 ns equilibration simulation was then
performed on each of the simulations at 300 K. Fig. 11 shows a
comparison plot of RDFs between the simulations at 550 K
(solid) and 300 K (dashed lines). Comparing the RDFs between
the two temperatures, there are minimal differences in the
intensity and the position of peaks for all important

“

2TT

4T

6T

Fig. 9 Graphical representation of clusters of aggregates. All units belonging to the same aggregate are coloured the same. Units in grey do not belong

to any cluster and side chains are omitted for clarity.
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Fig. 10 Plots showing (a) the size of the largest aggregate cluster for
snapshots at 4 ns interval during 400 ns of production simulation at 550 K
(b) the count of different sized aggregate clusters for each of the systems.

interactions. The increased noise in the RDFs for 300 K is likely
caused by a poorer configuration sampling below the T, in what
is, effectively, a quenched phase. The RDFs of all systems have a
better overlap at shorter ranges with the biggest difference
between 300 and 550 K at longer ranges for 4T (middle panel
in Fig. 11), the least ordered of the three systems.

Electronic structure of the ensemble of oligomers

The electronic structure of semiconducting polymers is often
described in terms of the density of states (DOS) of the valence
band, which provides an indication of the energetic position and
disorder of the states occupied by the positive charge
carriers.'®”'®! Energetically narrower bands are associated with
better transport properties and are thought to originate from more
ordered conjugated backbones.'®* The interaction between chains
was shown to influence the conformation and, therefore, the DOS
but the electronic structure of the bulk polymer is to a great extent
dictated by the electronic structure of individual chains.®*

In this section we compute the DOS for individual chains
extracted from 4 snapshots of the MD simulations separated by
15 ns at 300 and 550 K. A total of 64 chains for each of the 6

19702 | Phys. Chem. Chem. Phys., 2021, 23,19693-19707

View Article Online
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a(r)

r/A

Fig. 11 Comparison between RDFs of different atom groups between an
equilibrated simulation at 550 K in solid lines and 300 K in dashed lines. The
definition of atom groups is the same as mentioned in the previous
sections.

systems have been used. The electronic structure calculation
was performed at the B3LYP/3-21G* level, suitable for this
kind of large scale electronic structure calculation and well
correlated with calculation with higher basis sets.> The DOS,
was obtained from broadening the orbital energies with a
normalised Gaussian function of standard deviation 0.03 eV
and the results are collected in Fig. 12 which focuses on the
region immediately below the band gap. The choice of
the Gaussian broadening parameter is not very critical for the
discussion in this section as the features reported in Fig. 12 are
much wider than this broadening (> 0.1 eV), i.e. are due to the
distribution of the energy levels rather than the broadening
parameter. The DOS is approximately constant for broadening
in the range 0.01-0.04 eV and would become too noisy if the
broadening parameter is set to a value much smaller than the
energy difference between orbital energies, e.g. <0.005 eV for
the sample size considered here. The electronic structure
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Fig. 12 Density of States (DOS) calculated for the three systems at 300
and 550 K.
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calculations have been performed for the model system where
the side chains have been shortened to —CH3.

The first interesting observation is that there is no
substantial change in the DOS shape in going from 550 to
300 K except for the (expected) slightly larger broadening of the
peaks seen at 550 K where a greater range of inter-monomer
dihedral angles is explored. This is useful in practice
because simulations at higher temperatures are more easily
equilibrated and it is possible to use them as a guide if the
electronic structure of many polymers is to be considered.
The most relevant feature of the DOS is the peak at higher
energy. This is dominated by the DPP units which has the
largest HOMO energy among the fragments with the position of
the peak modulated by the remaining constituents of the
chains. The polymer with the greatest order (6T) displays the
narrower 300 K peak, which is a combined result of the greater
structural order discussed in the previous sections and the
greater distance between DPP units which tends to narrow
down the highest energy band (i.e. to decrease the interaction
between units).'®® As shown in a recent work, changing the
composition of the backbone leads to the effect of changing
both the conformational flexibility and the sensitivity of the
electronic structure to the conformational flexibility.'**

Conclusion

Atomic MD simulations were employed to study the local
structuring and morphological characteristics of three oligomers
belonging to the same family of SCPs based on the DPP

This journal is © the Owner Societies 2021
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monomer and different conjugated units constituting the
backbone unit. The corresponding polymers of the systems
studied here have displayed high charge carrier mobility, which
is generally attributed to the ability of these materials to form
partially ordered aggregates. An important difference among the
polymers studied is their rigidity which depends on the chem-
istry of the constituents and also the ratio between the volume of
the side chain and that of the conjugated part. The polymer
containing 6 thiophene rings between the DPP units is more
rigid than the one containing 4 thiophene units suggesting a role
on the side chain in disrupting the ordering. Strong aggregation
at short distances was observed for all three systems and was
quantitatively analysed using RDFs that showed a higher degree
of short-range stacking for 2TT followed by 6T and 4T. A stronger
interaction between the DPP units and sulphur atoms for 6T
compared to DPP units for 2TT points to the different reasons
for the chain stacking across the oligomers. The dynamics of the
side chains, identical for the three systems studied, is seen to be
affected by the nature of the conjugated portion, with greater
flexibility observed for 6T (where there is more space between
side chains) and 2TT (the most rigid oligomer). The existence
and the size of aggregate clusters were studied using the nematic
liquid crystalline order parameter and the distribution of cluster
sizes. The main structural features and the electronic structure
of the oligomers are fairly similar above the glass transition
temperature and at room temperature. In essence, polymers
containing DPP fragments tend to form aggregates driven by
the n-stacking of the conjugated units, however, this tendency
is highly modulated by the polymer composition, which can
influence the flexibility and the tendency to form extended
stacks.
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