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Abstract

High performing organic semiconducting polymers show great potentials for use in
electronic devices which is greatly dependent on the material crystallinity and packing.
A series of short oligomers of the diketopyrrolopyrrole (DPP)-based materials that have
shown to have high charge mobility are studied to understand the local structuring at
atomic level for these materials. The simulations show that the tendency for this
material class 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 the ability to form aggregates of larger size.

Introduction

The use of organic semiconducting polymers (SCP) in electronic devices has been a great
topic of interest in research and material development for many years due to their envi-
ronmental stability, easy solution processability, flexibility!? and most importantly, their

exhibited high charge carrier mobility. These materials have applications across fields such



as the active layer of field-effect transistors (FETSs),* organic photovoltaics (OPVs)>®¢ and

bioelectronics ¥ with reported mobilities as high as ~ 10 cm? V! g1 1011

Despite many years of investigation, the relation between polymer structure and charge
transport property remain unclear. Following the analogy with inorganic semiconductors in
which polycrystalline materials are more favoured to enhance charge transport, semicrys-
talline organic semiconductors such as P3HT (poly(3-hexylthiophene)) , PQT (poly(3,3-
dialkyl-quaterthiophene)) and PBBTTT were extensively studied for a long while.'? Do et
al.? calculated higher hole mobility in the polymer PBTTT than P3HT for TFTs due to a
higher order of planarity, closer and more parallel stacking of the chains that facilitate inter
and intra-molecular charge transport and theoretical works started focusing on the crystalline
phase. %1% Despite the high volume of research on the more crystalline SCPs such as P3ATs,
a study by Noriega et al. in 2012 changed the dynamic of the field by stating that long-range
ordering is not essential for high charge carrier mobility and only short-range stacking is ef-
ficient as long as there exist long chains connecting ordered domains. Experimental support
has also been provided for this statement by showing the existence of ordered domains for
a range of polymers varying from semicrystalline P3HT to intermediates such as PDPPBT
and amorphous such as Rr-P3HT and DPP-based polymers using grazing incidence x-ray
diffraction (GIXRD) experiments.'® However, the effect of other structural properties such
as aggregation, local ordered domains and segregation of different parts of the polymeric
chains on the performance of such materials have not been studied extensively!'!'® which is
greatly due to the complex nature of these materials. The numerous possible ways of making
a semiconducting polymer, from selection of the segment along the conjugated backbone,
different chain lengths, different alkyl side chain length or having a planar or branched side

chain results in many studies in the field, yet the lack of a generalised understanding of the

behaviour of these materials.



The backbone of a polymeric chain mainly consists of a selection of aromatic rings and
a choice of alkyl side chains to provide solubility in solutions and adjusting the aggrega-
tion.*1? The degree of crystallinity in this class of materials was shown to be influenced by
changing the ratio of branched additives and the side chains used.?® Some of these varieties

2122 whether a branched-chain enhances the device

are the size and length of the side chain,
performance compared to a planar chain, the length and planarity of the backbone, as well
as the type of conjugating aromatic rings. Interdigitation of side chains observed by XRD
for polythiophenes has been shown to be an important factor for the formation of crystallites
for PBTTT!7 which does not affect for the case of P3HT.?? Jackson et al.?* have computa-
tionally studied a group of polymers that all have high charge carrier mobilities, however,
found that they undergo a wide range of different conformational ordering as a result of the
change in their chemical structure. Tamaya et al.?> showed in their article that increasing
the number of thiophene rings in the backbone of a DPP polymer chain results in reducing
bandgap as well as a shift of the absorption to higher wavelengths. Yiu et al. investigates the
effect of changing thiophene rings in the backbone of a polymeric system with a furan ring
(PDPP2FT and PDPP3T) as well as the effects of having branched or planar alkyl chains.
Increasing the planarity of the chain by replacing thiophene rings by Furan?6?” has been
observed by GIXRD to result in better stacking and aggregation. Lee et al.?® investigated
the effect of having different conjugated segments in the backbone by changing between thio-
phene rings to the infused thienothiophenes as well as changing the length of the alkyl side
chain from 2-hexyldecyl (HD) or 2-octyldodecyl (OD). Based on experimental techniques
of synchrotron X-ray diffraction and atomic force microscopy (AFM), they showed that the
more planar backbones and longer side chains result in more crystalline structure. Changing
the length of the side chains in a polymeric system causes an asymmetry in the density of
the charge donating and accepting parts modulating the degree of crystallinity for those sys-
tems. Existence of more conjugated units along the backbone, on the other hand, remains a

larger space for the interdigitation of side chains, therefore, enabling the formation of larger



crystalline regions. The effect of the number of carbon atoms before the branching position
in a branched side chain has been shown to increase the interchain 7-7 stacking by Meager
et al.2? Ashraf et al.®® shows that using a bigger heteroatom in a polymeric system, such as
replacing sulphur with selenium, results in a stronger intermolecular interaction, therefore, a
higher degree of m-stacking. XRD showed peaks of up to fourth-order for PDPPTT-Se. Tang
et al.3! observe the appearance of different aggregate conformations (H and J-aggregates) in
the absorption spectra of thiazole containing DPP thin-film transistors with the change of
alkyl side chain length. Zhang et al.?? study the effect of the polymeric chain end groups by
choosing pyrene instead of conventional hydrogen atoms or thiophene rings as end groups.
They have shown that due to the effect of the pyrene-pyrene interactions and the imposed
self-assembly on the planarity of the chains, there is an enhancement in the ambipolar prop-
erties of the devices realised as well as the effect of the end groups with respect to the number

of DPP moiety in the backbone.

SCPs belonging to DPP-based family are promising materials for use in electronic de-

28,3335 They can be classified as a

vices due to their reported high charge carrier mobility.
paracrystalline material meaning they undergo short-range ordered domains while do not
form an overall crystalline structures.® The DPP units strong electron-withdrawing nature
when combined with appropriate electron donating moeities, make a good candidate for
an ambipolar device to be used in organic solar cells, FETs and OLEDs.3" %% TFT devices
realised using ambipolar DPP-based materials were one of the first devices to report NIR
light emission.!! Having different conjugation segments between the DPP units have a di-
rect effect on the planarity of the chains, therefore, enhancing the charge carrier mobility. 4!
Fused aromatic rings such as TT have a high tendency to form -7 stacking resulting in high
mobility.*?43 Remarkable aggregation properties are observed for this class of material us-
ing different experimental techniques such as grazing incidence X-Ray diffraction (GIXRD),

XRD, atomic force microscopy (AFM) and tunneling electron microscopy (TEM).25:30,33,44



Classical simulations have contributed to the understanding of semiconducting polymers

d 5,45-51 1 52

since the emergence of the fiel Mollinger et al.”* in their study propose a theoreti-
cal approach to understand the underlying physics of charge transport in a material with
ordered regions in an overall paracrystalline material. State of the art molecular dynamic
(MD) simulations can be used to further further investigate characteristics of polymer chains
at different length scales.*” Henry et al.? use MD and simulated GIXRD to predict the mor-
phological characteristics of benzodithiophene-thienopyrrolodione (BDT-TPD) and further
validate its accuracy by comparing with experimental results. However, one can also notice
that, due to the complications of performing MD simulations on SCPs such as optimisa-
tion of the force-field (FF), large system size and limitations of the time scales feasible for

a simulation, the theoretical aspect of this field of research is unable to keep up with the

evergrowing number of polymers experimentally realised.

In the following, we develop a relatively fast approach techniques enabling us to study
as many polymeric systems with different variations to better understand the underlying
reason for their special properties. Three different combinations of SCPs belonging to the
DPP-based family of polymers are chosen with reported high charge carrier mobilities.?4 %
Studying a family of related compounds may help discriminating between the general feature
of polymers containing the DPP fragment and aspect that are more sensitive to the overall
chemistry of the polymer. The alkyl side chains for all the systems are kept the same and
as a branched alkyl chain at position 2. Branched side chains in position 2 have been shown
to represent the best solubility in solutions. Different combinations of moieties are used in
the backbone ranging from 2 thienothiophenes (2TT) rings, 4 thiophene rings (4T) and 6
thiophene rings (6T) to study the effect of their difference and similarities in the overall

morphology of the polymeric systems. Molecular dynamics (MD)?® simulation techniques

are used to investigate the existence of local ordering in these three polymers to understand



the underlying reason for their reported high charge mobility.

CaHys

(d) Side chain

Figure 1: Chemical structure of the three systems used in this study.

Methods

Force-Field

The molecular model employed in the present work is based on an implementation of All-atom
Optimised Potentials for Liquid Simulations® (OPLS) force-field to describe the energetic
terms of bonded and non-bonded potentials. The force-filed employed in this work includes
four harmonically bonded terms (bond stretching, bond angle bending and torsional) and
two non-bonded terms (van der Waals (vdW) and Coulomb). The atomic point charges were
computed on a trimer of each of the systems optimised using DFT method at B3LYP/6-
311G** level via charges from electrostatic potentials using a grid-based method (CHelpG).%!
A chain of three repeating units was used for optimisation, however, the point charges on
the atoms of the backbone of the middle monomer were extracted and used for all the repeat
units. Point charges of the side chain atoms were taken directly from OPLS-AA force-field.
Charge-neutrality of the oligomer chain was obtained by distributing the remaining charges
evenly between the sulphur atoms of the system. To calculate the torsional potential in the

system, all the rings in the backbone were kept planar. All the parameters for the torsional



potential between alkyl side chain atoms were taken from OPLS-AA. The torsional potential
between the rings were calculated using an interpolation table of every 10 degrees dihedral

262,63

potential calculated using single point MP calculations. The full force field is available

within the supporting information.

Simulation Details

In this work, simulations are performed on systems consisting chains of three repeat units of
the systems mentioned previously. All the MD simulations are performed using Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS).5% Velocity verlet algorithm was
adopted and periodic boundary conditions were applied in all directions with a time step of
2 fs while rattle algorithm is used to constrain H-X bonds. Nése-Hoover isothermal barostat
and thermostat were used to control the ensemble properties. Particle-particle particle-mesh

electrostatic summation was used during production simulations with the cutoff 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 property of DPP polymers in equilibrated and highly reproducible phases
above the glass transition temperature (Tg). To establish the simulation temperature, sim-
ulated annealings are 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 a plausible rate. The three sets 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 slowing cooling to 100 K at the given rate. Annealing processes have been shown
to improve structural ordering in the films as evidenced by X-ray scattering and atomic force

23,65 Figure.2 represents the inverse density as a function of temperature for the

microscopy.
three systems during three sets of simulated annealings. The glass transition temperature

(T,) is found to be similar and around 520 K for the three systems with no significant differ-



ence between the three sets of simulations. The production runs were, therefore, performed

at a temperature above T,. 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 integration timestep of 2 fs.
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Figure 2: Graphs presenting the inverse of density as a function of the simulated annealing
temperature. The glass transition temperature is found by the intersection point between
the two linear fits of the graphs. It is shown that the three sets of simulated annealings
result in no significant difference in the curves. The glass transition temperature is around
the same point (520 K) for all three systems.



Results and Discussions

Production simulations are performed on systems of 64 chains of three repeat units for each
of the systems.
simulation box in the x-direction compared to the other two. Another set of simulation
was, therefore, performed on 2TT in which the simulation box in doubled in x-direction

resulting in having double the number of chains in this system called 2TTx2 here onwards.

Simulations specifications are provided in Table.1.

However, 2TT underwent a box elongation resulting in a much smaller

Table 1: Simulation specification for the production simulations.

Polymer | Atoms /trimer chain | Number of chains | Number of atoms/ simulation
2TT 458 64 29312

2TTx2 458 128 58624
4T 482 64 30848
6T 524 64 33536

Figure.3 represent a snapshot of the simulation boxes for the systems suggesting the
presence of local ordering in this class of materials. More analytical and further investigation

of topological characteristics such as differences in flexibility of chains as well as for different

parts of the chains and local orderings are performed below.




(a) 2TT
Figure 3: Presentation of simulation boxes of the three polymers. The backbones are shown

in red and the chain atoms in grey while hydrogen atoms are omitted for simplicity. 2TT
and 6T appear to show more rigid chains that result in more visible 7-stacking.

Radius of gyration (R,;) and End-to-End distance (D..)

A structural property to determine the flexibility of the polymeric chains and to study their

conformation is the radius of gyration (R,) defined as:

1 <, - =
Ry = MZ(Ri—Rcm)Q (1)
=1

where M is the total mass of a chain, R, is the centre of mass position and R; is the position
of each atom in the chain of n atoms. R, is computed for individual chains as well as an
ensemble average for the 64 chains. Another property of the polymeric chains calculated to
determine the rigidity of the chains is the end-to-end distance (D). End-to-end distances
are 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 at 0 K indicates

10




of how coiled the chains are. Table.2 shows comparative values of D, at 550 K and 0 K
and Ry, for the three systems. Comparative representation of the most coiled and the most
elongated chains are presented in Figure.4 for each system. The figures show that the three
polymers are exhibiting different ranges of flexibility. The largest standard deviation of R,
for 4T indicates that has more flexible individual chains followed by 2TT and the least coiled
of 6T. A large difference between the values of average D,.. and min D,, for 4T shows that
individual chains of 4T undergo a wider range of flexibility compared to the other two sys-

tems, however, still maintain the overall rigidity.

Table 2: Calculated ensemble average of radius of gyration and its standard deviation 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 | Standard Deviation /A | Minimum R, /A | R? /A
2TT 15.25 0.02 13.55 15.74
2TTx2 | 15.24 0.02 13.55 15.74
4T 16.38 0.13 10.41 15.91
6T 19.52 0.03 17.99 19.55

Table 3: Calculated ensemble 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 | D../A | Standard Deviation /A | Minimum D, /A | D2 /A
2TT 12.25 0.02 11.09 12.77
2TTx2 | 12.45 0.02 11.09 12.77
AT 12.20 0.40 0.74 12.86
6T 16.81 0.03 14.93 17.03

11
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(a) 2TT (b) AT (c) 6T

Figure 4: Most coiled (in the top panel) and most elongated (in the bottom panel) chains
are selected for the three systems showing the variation of flexibility. For the case of 2TT
and 67T, individual chains can bend slightly but do not fold, however, folding is visible for
the case of 4T.

Radial Distribution Function (RDF)

Radial distribution function (RDF) is calculated for different atom groups of the systems
and are compared within and across systems to understand similarities or differences in
the systems. Pair distribution function between different atom groups were also used to
investigate any preferred direction of chain stacking. Figure.5 shows the RDF's plotted for
different atom groups for each system in a separate panel accompanied with cartoons. The
strong peak for the DPP belt-belt RDF for the case of 2TT vs DPP belt-S for the case of
67T indicate that the m-stacking in the case of 2TT is formed in a way that the DPP units
are aligned whereas the DPP unit alignes with a thiophene unit in the case of 6T forming a
step-wise chain stacking. There is a less preferred ordering for the case of 4T as it exhibits

the most disordered structure between the three.
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Figure 5: RDFs plotted for the intra-chain atom groups belonging to the conjugated back-
bone of the systems to study any preferential direction in the chain stacking. Right panel
represents a selection of paired chains.

Figure.6 compares the RDFs plotted for the same atom group for different systems. The

higher peak for the system of 2TT in all cases indicates a higher number of stacked chains for
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this system. There is a lower amount of ordering evidenced in all panels for 4T in agreement
with previous analysis making this systems the least ordered. Studying the positioning of
the peaks for N-N and O-O shows that 6T has a higher peak position fir N-N at above 5
A and has a lower peak position for O-O at around 3 A compared to 2TT and 4T. This
is another indication of step-wise stacking in the 6T chains. The RDFs provide a quite
comprehensive view of the tendency of DPP polymer to aggregate. Considering the results
globally we should differentiate between different characteristics which would be misleading
to consider together. First, the tendency of form stable pi-staking interactions decreases in
the order 2TT > 6T > 4T. On the other hand, the tendency to form greater aggregates with
follow a different order 6T > 2TT > 4T.
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Figure 6: RDFs comparing different atom groups between the systems.

Root Mean Square Displacement

Root mean square displacement (RMSD) per atom type can be used as an indication of
which parts are moving more or faster and which atomic groups most influencing the overall

displacement of polymer chains. Fig.7 shows RMSD calculated for different atom groups as

14



well as all atoms. 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 group. For 2TT and
6T, however, it is shown that the higher RMSD for all atoms compared to the atom groups
belonging to the backbone is a consequence of a higher RMSD for carbon atoms in the alkyl
side chain. This is an indication of higher flexibility of side chains in these two systems.
This difference is of a higher order in 6T which is an indication of alkyl chains having more
space to move around due to the two extra thiophene rings in the backbone. In the case
of 2TT, which is more pronounced for the larger system of 2TTx2, the difference could be
a consequence of higher degree of backbone stacking and segregation of backbone and side

chains.
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Figure 7: MSD calculations on 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.

Conclusion

Atomic MD simulation techniques was employed to study the local structuring and morpho-
logical characteristics of three oligorms belonging to the same DPP-base family of SCPs with
substituting or adding segments along the backbone unit. All three polymers have reported
high charge carrier mobilities realised experimentally. However, it is only with the help
of the state of the art simulations that one can see the difference and similarities between
them at an atomic scale. Comparing the values calculate for structural properties of the
polymer chains such as the radius of gyration (R,) and end-to-end distances (D..) showed

that all three systems were overall rigid, however, not in the same way. 2TT is the most

16



homogeneously rigid system followed by 6T while 4T exhibits a wider range of flexibility
between individual chains with some almost folded. Strong aggregation at short distances
was observed for all three systems and was quantitatively analysed using RDF that showed
stacking of up to 6 chains for 2TT and was reduced for 6T and 4T. The existence of peaks in
the pair correlation of DPP unit and thiophene rings indicated a preferred step-wise stacking
for 6T. The flexibility of different part of a polymeric chains were investigated using the root
mean square displacement (RMSD) calculations. It was showed that the side chains are most
flexible and free to move around in the case of a more rigid backbone (2TT) proposing a
segregation of backbone and side chains, while their movement in 67T is as a result of a bigger
spacing in between them for having a longer backbone. In essence, the polymers containing
the DPP fragments have a tendency to form aggregates driven by the DPP-DPP interaction,
however, this tendency is highly modulated by the polymer composition, which is able to

influence the flexibility and the tendency to form stacked aggregates.
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