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Abstract

The design of polymer-based organic semiconductors that offer mechanical deformability while
maintaining efficient semiconducting characteristics remains a significant challenge. Recent
synthetic efforts have incorporated small alkyl segments directly into otherwise m-conjugated
polymer backbones to enhance processability, mechanical deformability, and other properties. The
resulting polymers can be used as stand-alone materials or as matrix polymers in complementary
semiconducting polymer blends offering reasonable charge-carrier transport properties, thermal
healing, and deformability. Here, a family of diketopyrrolopyrrole-tetrathiophene (DPP-4T)
variants is explored via large-scale atomistic molecular dynamics simulations to examine the effect
of alkyl segments incorporated into the polymer backbone on the polymer structure, dynamics,
and thermal properties. Longer alkyl segments lead to polymer chains that are more flexible,

compact, and mobile, with lower glass transition temperatures for the condensed phase.



Introduction

Organic semiconductors (OSC) derived from m-conjugated polymers have attracted considerable
interest for their combination of excellent optoelectronic properties with the inherent mechanical
properties of plastics."> Polymers for OSC generally feature a rigid m-conjugated backbone,
responsible for the electronic character of the chains with nonconjugated (often alkyl) side chains,
added to enhance solubility. Chemical tuning of the backbone has historically been the primary
means of controlling the electronic, redox, and optical properties of n-conjugated polymers and
polymer-based semiconductors.®!® Within the last two decades, there has been active emphasis on
using the (generally electronically insulating) side groups to regulate the solid-state polymer
packing and modify the charge-carrier transport behavior.'!"!3 Ultimately, however, the rational
design of polymer-based OSC with pre-defined optoelectronic and mechanical properties requires
refining our understanding of the relationship between the backbone and side chain chemistries of
n-conjugated polymers, the intra- and inter-chain interactions of the polymers in the condensed

phase, and the subsequent charge-carrier transport mechanisms. '3

Efficient charge-carrier transport in polymer-based OSC is typically associated with rigid,
torsionally robust m-conjugated backbones.!®*-*¢ Modifications to the polymer composition
conventionally avoid disrupting the m-conjugated backbone; most efforts aimed at improving
solution processability and mechanical properties have instead focused on altering the composition
and structure of the side chains or blending the n-conjugated polymers with other more flexible
polymers.!> However, studies of diblock and triblock copolymers composed of both
semiconducting and electrically insulating species suggest that the purposeful disruption of the n-
conjugated pathway with nonconjugated moieties can lead to polymer-based OSC that retain

effective charge-carrier mobilities while being more flexible and solution processable.?”?



For instance, early efforts to design and characterize semiconducting diblock copolymers
comprised of polyethylene and regioregular poly(3-hexylthiophene) (P3HT) led to materials with
robust mechanical properties and reasonable charge carrier mobilities (on the order of
102 ¢cm?V-!s!), even with high polyethylene loadings.**** Similarly, recent polymer designs
incorporate small nonconjugated alkyl segments (conjugation breaks) directly into the repeat unit
of the otherwise m-conjugated polymer, which then demonstrate ready solution or melt
processability and mechanical properties desirable for deformable, polymer-based OSC.
Semiconducting polymer thin films composed of n-conjugated polymers with conjugation break
spacers (CBS), sometimes blended with a small amount of fully n-conjugated polymer have also
shown increased solubility, improved melt processability, charge-carrier mobilities on the order of
1 em?*V-!s! and thermal healing of defects.***® The inclusion of CBS units has also been shown
to improve a wide range of mechanical properties without significantly compromising the
optoelectronic characteristics, including increasing ductility and decreasing elastic modulus,
increasing toughness and fracture strain, and reducing the glass transition temperature of the

polymer OSC.00-62.67.68

In this work, we seek to clarify the effect of alkyl-based CBS segments on polymer structure,
dynamics, and thermal properties in the solid state. We perform atomistic molecular dynamics
(MD) simulations to examine a family of polymers based on diketopyrrolopyrrole-tetrathiophene
(DPP-4T) previously synthesized by Mei et al.*’*%0 While some atomistic and coarse-grained
MD techniques have previously been used to study dynamics of conjugated polymer systems at
various scales,%”73 here we demonstrate atomistic MD simulations of polymer melts comprised of
hundreds of polymer chains, with experimentally relevant individual chain molecular weights

(>700,000 atoms per system), for dozens of nanoseconds. As shown in Figure 1, we consider DPP-



4T and ten variations here labeled DPP-CBS-m, where m represents the number of methylene units
in the CBS segment. Using these eleven polymers, we examine the effect of m on: (i) vacuum-
phase dynamics; (ii) chain structures, diffusivity, and glass transition of single-component polymer
glasses and melts; and (ii1) chain structures and diffusivity of fully conjugated DPP-4T polymers

blended into DPP-CBS-m.

DPP-4T

DPP-m

Figure 1. Chemical structures of DPP-4T and the DPP-CBS-m polymers examined in this study.

Computational Methods

Atomistic molecular dynamics (MD) simulations were performed with the GROMACS 2020
software suite.”**? Bond stretch and angle bend potential parameters were adapted from either the
OPLS-AA parameter set®*3* or adapted from the polythiophene parameterization of Huang et al.*®
Atomic charges and dihedral angle torsion potentials were parameterized via density functional
theory (DFT) calculations. Parameter files containing the bonded interactions and molecular
topology of single DPP-4T and DPP-CBS-m chains are available in the Supporting Information

(SI), along with more details of the DPP dihedral angle parameterization.



DFT calculations were performed using the Gaussian 16 Rev. A.03 software suite.*® DPP-4T and
DPP-CBS-m trimers were optimized at the OT-0wB97X-D/6-31G(d) level of theory. Tuned ®
values are available in Table S1 in the SI. Empirical gap tuning was performed for each trimer
following the methodology of Sun et al.” Atomic charges were calculated at the same level of

theory using the Charge Model 5 (CM5) framework 3%

The DPP-4T chains each consisted of 20 monomers, while the DPP-CBS-m chains each consisted
of 10 monomers. Details of these species, such as the molecular weights and radii of gyration in
the extended conformations, are available in Table S2. A short-range cutoff of 1.4 nm was used
for all MD simulations, with long-range interactions calculated via particle mesh Ewald

summation. Hydrogen bonds were constrained via LINCS to their equilibrium values.

To examine the isolated-chain dynamics, an extended chain conformation was inserted at the
center of an empty cubic simulation box with the side lengths equal to the end-to-end chain length
plus 4 nm. Following an initial energy minimization, each system was allowed to evolve for 2 ns
of NVT dynamics at 300 K. Energy minimization was performed using the conjugate-gradient
method with a convergence threshold of 1000 kJ/mol/nm total force. MD were performed using a
leapfrog integrator with time step 1 fs and a velocity-rescaling thermostat with coupling constant

0.1 ps.

To prepare each condensed-phase system, a chain was inserted at the center of an empty cubic
simulation box with the side lengths equal to the end-to-end length of the fully extended chain
conformation plus 10 nm. Next, a predetermined number of chains were inserted into the cell at
random positions and orientations while ensuring no polymer overlap. The number of chains to be

inserted was dependent on the molecular weight of the chains themselves. Multi-component



systems were prepared with a composition of 95% DPP-CBS-m and 5% DPP-4T by weight. In
both single- and multi-component systems, all input structures of a given species were identical.
The total molecular weight of the simulation cell was kept approximately constant, corresponding
to 200 chains of molecular weight 22.7 kDa for single-component DPP-4T and a range of
approximately 400-360 chains of molecular weights 11.5-12.8 kDa for single-component DPP-
CBS-1 through DPP-CBS-10, respectively. Complete details of the single- and multi-component
systems are given in Tables S3 and S4, but we note that the polymer chain masses are consistent

with those synthesized in experiment.*

To prepare polymer glasses or melts with densities and structures representative of experiment, we
adapted the procedure developed by Larsen et al.,° itself a refinement of similar techniques
published earlier by Hofmann et al. and by Karayiannis et al.”"*> After polymer chain insertion,
the single- and multi-component glasses were taken through a 19-step process during which the
system is repeatedly heated and cooled as the system is rapidly compressed to a maximum pressure
of 50 kbar before returning to 1 bar. The process consists of a series of thermal cycles, each
containing one low-temperature NPT compression step followed by two NVT steps at 1 bar, first
at high temperature and then at low temperature. Specific details of each step are given in Table
S5. This process of thermal and pressure shocks both mitigates the impact of initial conformational
bias and provides thermal energy to escape kinetic traps which can otherwise prevent
conformations from evolving over time. All steps used a leapfrog integrator with time step 2 fs
and a velocity-rescaling thermostat with coupling constant 0.1 ps. NPT steps used a Berendsen
barostat with isotropic pressure coupling and coupling constant 2.0 ps. After the 19-step procedure,
each simulation box represents an amorphous condensed-phase system at 300 K and 1 bar with

realistic density and polymer structures.



Next, each condensed-phase system was heated to 600 K over 2 ns, then held at 600 K and 1 bar
for 8 ns for equilibration. Each of these steps was performed using a velocity-rescaling thermostat
with coupling constant 0.1 ps and a Berendsen barostat with coupling constant 1 ps. After
equilibration, the system was held at 600 K and 1 bar for 10 ns of production MD using a Nosé-
Hoover thermostat with coupling constant 0.1 and a Parrinello-Rahman barostat with isotropic
pressure coupling and coupling constant 1.0 ps. The system was then cooled to 300 K at a rate of
50 K/ns using the same Nosé-Hoover thermostat and Parrinello-Rahman barostat used for the
previous step. Finally, the system was held at 300 K and 1 bar for 8 ns of equilibration using a
velocity-rescaling thermostat and a Berendsen barostat, followed by 10 ns of production MD using

a Nosé-Hoover thermostat and a Parrinello-Rahman barostat as before.

To estimate the glass transitions of the single-component systems, a snapshot of each system was
taken following the 10 ns MD production at 600 K. This system was cooled to 50 K at a rate of 15
K/ns using a Nosé-Hoover thermostat and a Parrinello-Rahman barostat with the same properties
as those discussed above. The system pressure was held at 1 bar throughout the cooling step. Due
to the time required for this cooling procedure, this step was performed only on the single-

component systems.

Results and Discussion

Isolated Chain Dynamics

We begin by analyzing of the structure and dynamics of isolated polymer chains in vacuum.
Polymer chains in vacuum may be regarded as being surrounded by a very poor solvent; thus, we

expect extended chains to collapse and self-solvate in order to maximize intra-molecular



interactions. Simulations of this process help to clarify the effects of the CBS segment length, m,
on the chain dynamics. As a note on clarity, to distinguish the DPP-CBS-m species more easily

from DPP-4T, we will refer to them in brief as CBS-m.

Figure 2 shows the radii of gyration (Rg) of the polymer chains in vacuum as a function of time,
as well as a series of representative chain conformations. Each line represents the average of three
independent vacuum simulations beginning from extended conformations. The CBS-m systems
collapse more quickly than the DPP-4T system (as indicated by the slope of the steady-state
collapse region of each line). Similarly, the chains with smaller m generally collapse more quickly
than those with larger m. Close inspection of Figure 2 also suggests an alternation in the CBS-m
collapse rates based on the parity of m. Both the CBS-2 and the CBS-3 systems begin from similar
Rg, yet CBS-2 collapses more slowly than CBS-3. Likewise, CBS-4 and CBS-5 begin from similar
Rg, but CBS-4 collapses far more slowly than CBS-5, as well as the even longer CBS-7 and CBS-

9.

Notably, similar odd/even alternation of properties in OSC has previously been reported in
literature. Mei and co-workers* observed that semicrystalline films made of DPP-CBS polymers
with odd numbered CBS exhibit lower melting transitions, smaller n-n stacking distances, two-
dimensional lamellar-like morphologies, and higher degrees of crystallinity. These variations were
attributed to the odd/even alternation by differences in the packing of the aromatic blocks in the
crystalline regions, resulting from the relative orientation of the blocks imposed by the CBS
segment, as was also observed for dimers of conjugated moieties connected by an alkyl spacer.”
However, this explanation does not apply to isolated polymer chains, which do not exhibit any
crystalline aggregates. An alternative mechanism, which has been demonstrated for alkyl chains

94,95 ;

in solution, links the odd/effect to alkyl chain conformations and their population,” > in alignment



with our observations that isolated odd and even CBS-m polymer chains have different sizes of

the conformational space they can populate.
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Figure 2. Radii of gyration during the first 300 ps of vacuum dynamics for the DPP-4T and DPP-
CBS-m species.

To illustrate the effect of m more clearly on the chain collapse rates, we first determine the rate of
chain collapse by extracting the slopes from least-squares linear regression models applied to the
(approximately) steady-state regime. Because the initial Rg values of the CBS-m chains vary with
m, we then normalize the collapse rates by the radii of gyration of the chains in the maximally
extended state, R;". The Rg" values and images of these conformations are available in Table S2
and Figure S4, respectively. (The R," values differ slightly from the radii of gyration at time ¢ = 0
ps in Figure 2, as the lines in Figure 2 represent the three-simulation average with three slightly

different extended conformations.)

The normalized average collapse rates are displayed in Figure 3 with errors corresponding to the
three-simulation standard deviations. Linear fits applied separately to the odd and even CBS-m

families reveal that a CBS-m chain with a given odd m generally collapses more quickly than the

10



“adjacent” chains with even (m — 1) or (m + 1). It is also evident that the collapse rate decreases
with increasing m. This can be rationalized by recognizing that chains with larger m are more
flexible, as experimentally confirmed by Galuska et al.,°® and have a larger conformational space

to explore.
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Figure 3. Normalized collapse rates of the DPP-4T and DPP-CBS-m species.

Single-Component Systems

With the insights gained from the isolated polymer chains in vacuum simulations, we now turn to
single-component glass (SCG) and multi-component glass (MCG) systems. For convenience, we
will use the nomenclature “SCG-m” to refer to the SCG system composed entirely of CBS-m (with
m = 0 corresponding to the fully conjugated DPP-4T system). Likewise, the nomenclature “MCG-
m” refers to the multi-component glass composed of 95% DPP-CBS-m and 5% DPP-4T.

Additional discussion of this nomenclature is provided in the SI. The densities of these systems

11



decrease with m, as shown in Tables S3 and S4, from 1.075 g/cm® at 300 K for SCG-0 to 1.057
g/em® for SCG-10. As is expected from the backbone chemistry, these densities fall between
reported densities for m-conjugated polymers such as P3HT or PTB7 and those measured for

amorphous polyethylene.”*"’

To examine how the CBS segment length m affects the condensed-phase polymer chain structure
and dynamics, we compute the average radius of gyration of each species. We focus on Rg values
of the SCG systems calculated following production MD at device-relevant temperature of 300 K;
the Rg values calculated from the production MD step at 600 K were higher than the corresponding
values at 300 K by an average of approximately 3%. More compact chains in amorphous phases
are associated with more flexible backbones, a potentially desirable scenario for intrinsically
flexible and stretchable polymer materials. Figure 4a suggests that Rg increases with m for SCG-1
through SCG-10, with DPP-4T being larger due to the longer DPP-4T chains. As the CBS-m chains
have different fully extended lengths (R "), however, we normalize the computed R, values by Rg".
Figure 4b shows that the polymer chains in each system are more flexible (and thus collapse to a
smaller fraction of their extended state) with increasing alkyl segment length, as intuition would
suggest. The DPP-4T chains display surprising flexibility, although direct comparison with the
CBS-m species is difficult as the DPP-4T chains were nearly twice as long as some of the CBS-m
chains in the outstretched conformation. We also note that the normalized radii of gyration
alternate depending on whether m is even or odd, similar to the collapse rates of the isolated chains

in vacuum (see above).
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Figure 4. (Top) Radii of gyration (Rg) vs. number of methylene units () in m-conjugation break
spacers (CBS) for the DPP-4T (marked with x) and DPP-CBS-m single-component systems.
(Bottom) Normalized radii of gyration (Rg/R,") vs. m for the same species.

Mean squared displacement data for chains in the SCG systems during production MD were
extracted to compare the self-diffusion coefficient of each species and study the impact of m on
chain dynamics. MSD data were plotted as a function of time and a linear fit was applied to each

system from ¢ = 2 ns to 8 ns; the slopes of these models were used to determine the diffusivity.
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Figure 5 shows the SCG diffusivities in the glass (300 K) and melt (600 K) states; exact values
and a discussion of the error associated with these values are presented in Table S8. Average chain
diffusivities are nearly two orders of magnitude higher in the melt, with chain diffusion
significantly reduced in the glass. At 300 K, it is difficult to deconvolute the observed variability
from thermal fluctuations and uncertainty in determining the diffusivity. At 600 K, however,
diffusion proceeds much more rapidly, and the diffusivity increases with m; the stiffer and larger
fully conjugated DPP-4T chains display a lower melt diffusivity than the CBS-m chains. (A more
detailed plot showing only the diffusivities at 600 K of both the SCG and MCG systems is shown

in Figure 8.)
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Figure S. Diffusivity vs. number of methylene units (m) in n-conjugation break spacers (CBS) for

the DPP-4T (marked with x) and DPP-CBS-m single-component systems.

To probe the glass transition temperatures (7g) of the SCG systems, the temperature and density
of each system were measured throughout the cooling step from 600 K to 50 K. Linear fits were

applied to the data to determine 7, as the temperature at which the thermal expansion coefficient
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changes. An illustration of the method of determining 7, and a discussion of the related error are
available in Figure S5. The cooling during this step was performed at a rate of 15 K/ns. The T
values extracted from these simulations are shown in Figure 6, with exact 7 values and errors
shown in Figure S5. The 7 data further illustrate the effect of m on the flexibility and on the
thermomechanical properties of the SCG-m: The glass transitions are observed to shift toward
lower temperatures as the length of the conjugation break increases (i.e., as the chain stiffness
decreases), consistent with recent experiments.®*’® We note that suppressed 7 with longer alkyl
chains is also observed for chains appended to the periphery of polymer backbones, and is due to
the internal plasticization of the backbone by these side chains.”” Typically, two T are observed
in m-conjugated polymers, with the side chain 7g being much lower than the backbone 7. While
the backbone 7, decreases with increasing alkyl chain length, the opposite is observed for the side
chain 7,.”® Such a scenario limits the control over the backbone T that can be achieved with side
chain engineering alone. Moreover, the length of the side chains is limited by the need to avoid
their crystallization. CBS provide an additional and more direct control over the backbone 7. It is
currently not clear, however, if the CBS segments will lead to a separate glass transition since they

are directly part of the backbone.
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Figure 6. Glass transition temperature (7¢) vs. number of methylene units (m) in m-conjugation
break spacers (CBS) for the DPP-4T (marked with x) and DPP-CBS-m single-component systems.

The glass transition of DPP-4T has been found to occur near or slightly below room temperature, '
with a T, value of 6.8 °C measured through dynamic mechanical analysis.!’! In addition,
differential scanning calorimetry and rheological experiments performed by Xie et al. on a wide
range of conjugated polymers have revealed that 7 decreases with increasing side chain weight
ratio, with different trends for thiophene-rich and phenyl-rich polymers.”® Based on the study by
Xie et al., a side chain weight ratio of approximately 58% is predicted to result in a 7¢ value near
0 °C.”® Here, the fully n-conjugated, thiophene-rich DPP-4T polymer has a side-chain ratio of
approximately 60% by mass and a T value of just under 0 °C, with T, decreasing as the CBS
length is increased (contributing to increasing aliphatic character), in excellent agreement with

experimental 7 values.

Multi-Component Systems
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Fully n-conjugated DPP-4T chains have been blended in small amounts with CBS-m chains for
improved charge-carrier transport properties.'®> Here we analyze the structure and dynamics of
DPP-4T chains in this blend environment, and how these might be affected by the CBS segment
length of surrounding chains. Although DPP-4T comprises only 5% of each multi-component
system by weight, including this relatively small amount of fully m-conjugated species has a
noticeable impact on chain flexibility in the bulk phase. The normalized radii of gyration (R¢/Rs")
of the MCG systems in Figure 7 demonstrate that the DPP-4T chains in each system behave more
similarly to their CBS-m counterparts in the MCG systems than in the SCG systems. The non-
normalized Rg values are shown in Figure S6. The large difference between CBS-1 and DPP-4T
observed in the SCG is significantly reduced in the MCG. Indeed, the DPP-4T chains remain more
extended and collapse less in each MCG than in the pure DPP-4T SCG. The CBS-m chains,
meanwhile, are largely similar to their corresponding SCG; this is perhaps unsurprising, given

many CBS-m chains still experience an environment similar to the pure SCG phase.
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Figure 7. Normalized radii of gyration (R¢/R¢") vs. number of methylene units (7) in T-conjugation
break spacers (CBS) for the multi-component systems. Single-component systems shown for
reference (DPP-4T marked with x).
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The impact of the surrounding environment on the dynamics of the DPP-4T chains is illustrated
further in Figure 8, which shows the diffusivities of the MCG at 600 K; the SCG are shown with
dashed lines for reference. The diffusivities of the DPP-4T chains in the MCG are all elevated
compared to those in the pure DPP-4T SCG. The CBS-m chain dynamics in the MCG are largely
similar to those in the corresponding SCG, although chains with small m appear to be slightly more
mobile in the MCG, with an overall upward trend in diffusivity as a function of m. Diffusion at
300 K is again highly reduced, with no prevailing trends in diffusivity as a function of m, as shown

in Figure S7.
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Figure 8. Diffusivity vs. number of methylene units (m) in n-conjugation break spacers (CBS) for
the multi-component systems at elevated temperature (600 K). Single-component systems shown
for reference (DPP-4T marked with X).

As an alternative view of the data shown above, Figure 9 shows the diffusivity of the SCG and
MCG plotted against Ro/R,". The DPP-4T SCG is marked with a black cross; for the other species,
the value of m is represented by the marker color, with saturation decreasing with increasing m. A

plot of diffusivity against the unnormalized R values is shown in Figure S8. While the DPP-CBS-
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m chains behave similarly in the SCG and MCG, the DPP-4T chains display considerably

improved diffusion when blended with the DPP-CBS-m species.
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Figure 9. Diffusivity vs. normalized radius of gyration (Rg/Rg ) for the single- and multi-
component systems. The effect of chain environment on the mechanical properties of the chain is
illustrated well by the difference between the single-component DPP-4T system (marked with x)
and the DPP-4T chains in the multi-component systems (marked with A).

Conclusion

MD simulations were used to analyze the effect of purposeful disruption of the m-conjugation
pathway in the donor-acceptor semiconducting polymer DPP-4T. We examined the effect of
introducing conjugation break spacers (CBS) between DPP-4T monomers on the polymer
structure, dynamics, and thermal properties. Notably, our simulations of DPP-4T-based polymer
glasses and melts make use of chain molecular weights relevant to and consistent with

experiments.

We observe that incorporating CBS segments consisting of a linear series of m methylene units

along the polymer backbone between m-conjugated monomers promotes flexibility, as intuition
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suggests. In bulk simulations of polymer glasses and melts, DPP-CBS-m chains with larger m
collapse to a smaller fraction of their extended length, with larger m also contributing to higher
diffusivity and lower glass transition temperature. Moreover, when fully conjugated DPP-4T
chains are blended in small proportion with DPP-CBS-m chains, we observe improved flexibility
and elevated diffusion of the relatively stiff DPP-4T chains, with negligible impact on the DPP-

CBS-m chains.

Our large-scale MD simulations provide a method to connect the atomistic-scale monomer
chemistry of polymer chains with experimentally relevant molecular weights to some of the
thermomechanical properties of the bulk-phase material. Models that connect charge-carrier
transport to these large-scale atomistic simulations are the subject of ongoing work, while future
efforts will expand the studied thermomechanical properties of this protocol to include stress—
strain relationships. Nonetheless, the effects of breaking the backbone n-conjugation pathway on
bulk-phase material characteristics suggest an avenue for developing polymer-based
semiconductors with both desirable semiconductor characteristics and enhanced processability and

deformability.

Supporting Information

Supporting Information is available from the Wiley Online Library.
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