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polydisperse distribution of chain lengths allows us to introduce chains that may be long enough to
span several crystallites, while still maintaining appropriate length-scales to obtain good agreement
with experimental scattering patterns (also demonstrated in Supplementary Materials Section 5).

Polydisperse morphologies are generated using the same process as the monodisperse cases
as explained previously, and result in three similar degrees of ordering: amorphous (¢’ ~ 0.18),
semi-crystalline (' ~ 0.27), and crystalline (¢’ ~ 0.31). We calculate mobilities of these polydisperse
morphologies with KMC and present them in Figure 6a. By including a distribution of chain lengths,
the expected order-mobility trend has been reclaimed—mobility increases with additional order.
Generally, yg is slightly higher in the polydisperse systems than in the monodisperse 15mer systems,
as the increased average molecular weight (2.9 + 0.1 kDa for the polydisperse and 2.5 kDa for the
monodisperse systems) leads to a higher proportion of fast intra-chain hops. Figure 6b—d show that,
unlike the monodisperse systems in Figure 4f-h, all three of the systems are highly connected and
form a single, large cluster spanning the entire system (colored red). This higher connectivity is due
to the presence of more chains spanning between crystallites in the polydisperse case than the short
monodisperse case (Figure 5c). The improved connectivity is quantified in Table 2, where the number
of large clusters and the size of the largest cluster are both intermediate between the amorphous and
crystalline systems. Additionally, Table 2 shows a significantly lower carrier trajectory anisotropy in
the case of the semi-crystalline and crystalline polydisperse systems than in the monodisperse case
(Table 1). This suggests that charges are no longer restricted by grain boundaries and are able to change
direction more easily—a process that was prohibitively slow in the monodisperse case. These results
are in good agreement with previous investigations that show tie-chains are a dominating factor in
carrier transport through polymer devices [28,53].
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Figure 5. Long polymer chains are able to link clusters together to enhance charge transport between
them. The links can either consist of (a) multiple chains or (b) a single chain extending through the
surrounding amorphous matrix; (c) The semi-crystalline polydisperse systems, with chains up to
50 monomers and polydispersities of 1.8, have double the amount of tie-chains spanning two clusters
as the semi-crystalline monodisperse system consisting only 15mers. Additionally, some chains in the
polydisperse system span four or five clusters. The bars in the histogram overlap so that the frequency
of chains spanning multiple clusters is given by the top of the orange and blue bars for the mono- and
polydisperse systems respectively.
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Figure 6. (a) Zero-field mobilities for the polydisperse P3HT simulations based on the modified
order parameter i’; Morphologies showing regions of high connectivity for the (b) amorphous;
(c) semi-crystalline; and (d) crystalline systems.
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Table 2. Charge transport metrics calculated for three degrees of order in polydisperse P3HT systems.
Average values over 10 statistically independent samples are listed, along with the corresponding
standard error over the 10 measurements. Clusters are defined based on a hopping frequency cut-off as
described in the text.

Property Amorphous Semi-Crystalline Crystalline
Mobility (cm?/Vs) (1.29 £0.02) x 107! (1.58 £0.04) x 107! (1.74 £0.04) x 107!
Anisotropy (Arb. U.) 0.0040 + 0.0005 0.016 £ 0.001 0.020 =+ 0.004

Intra-molecular rate (s7')  (1.3413 £0.0003) x 10>  (1.4670 £ 0.0007) x 10%  (1.5137 £0.0002) x 101
Inter-molecular rate (s~ 1) (0.700 +0.004) x 1013 (1.231 4£0.0007) x 1013 (1.590 + 0.007) x 1013

AE;; std (eV) 0.0554 + 0.0002 0.0549 £+ 0.0001 0.0538 £+ 0.0001
Total clusters (Arb. U.) 400 +23 350 +17 380 + 21
Large (>6) clusters (Arb. U.) 130 £ 10 706 60+3
Largest cluster size (Arb. U.) 11,200 + 260 13,200 + 200 13,500 + 100

The observation that ¢’ and y are strongly correlated in large, polydisperse systems (Figure 6),
somewhat correlated in small, monodisperse systems (Figure 3), and poorly correlated in large,
monodisperse systems (Figure 4a), highlights a shortcoming in using purely structural metrics to
predict charge transport. In isolation, structure can provide some insight into the average rate at
which hops can occur in the morphology—of the hopping criteria studied in this investigation,
only the hopping rate is described by ¢’. This relationship is quantified by the increase of average
inter-molecular hopping rates for both the monodisperse (Table 1 shows 0.834 — 2.208 — 2.642 x 103
for the amorphous, semi-crystalline, and crystalline structures respectively) and polydisperse systems
(Table 2: 0.700 — 1.231 — 1.590 x 10'%). Graphically this is also demonstrated by the shift of
the inter-molecular hopping rate peak towards the intra-molecular peak in Figure 4c—e. However,
considering only the hopping rate distributions fails to take into account the local neighborhood of
hops available. Therefore, ¢’ is unable to distinguish between regions where charges may be trapped
within crystallites, or able to flow along a fast extended path. This is confirmed by our clustering
analysis in Supplementary Materials Section 2—no combination of purely structural cluster criteria
was able to produce the same cluster distributions observed in our simulations. We therefore conclude
that knowledge of the carrier hopping rates in the chromophore network is insufficient—one must
also know how these rates are distributed in order to identify regions of trapping that will reduce
carrier mobilities. This is a key advantage of computational methods such as KMC—even though
carriers have no knowledge of the surrounding hop neighborhood (all hops are performed on a
chromophore-by-chromophore basis to first order), the extensive statistical averaging of the method
allows us to probe the local hopping neighborhood and identify crystallites.

4. Conclusions

Using QCC to inform KMC simulations of charge transport in P3BHT morphologies currently
gives the best insight into how nanostructure influences charge mobility. These calculations confirm
that charges move most quickly along P3HT backbones and second-most quickly between aligned
backbones. However, because charges rarely hop between distinct crystallites, tie-chains connecting
ordered crystallites are essential to mitigating the trapping of charges that would otherwise
lower mobility. By combining the large volumes from optimized MD simulations of P3HT with
QCC-informed charge transport, this is the first work to definitively show the impact tie-chains have
on charge mobility. The computational techniques demonstrated in this manuscript are applicable to
other organic semiconducting materials (including non-polymeric small molecules) and we expect
to detect a similar relationship between charge transport and the presence of tie-chains for other
conjugated polymer systems.

Looking to the future, this work highlights two areas for improving mobility predictions. Firstly,
the present work shows that purely structural metrics miss important factors for charge transport,
but this does not preclude the existence of better metrics that are more predictive than those studied
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here. That is, discovery of structural metrics that are good enough to predict mobility without having to
perform KMC simulations would save a lot of time. Secondly, while the mobilities predicted with KMC
are the current state-of-the-art, they are systematically about two orders of magnitude higher than in
experiments. Whether this is due to inaccurate assumptions about what comprises a chromophore,
or whether improvements to calculating charge hopping rates are needed, or something else, it seems
like quantitative predictions of mobility are on the horizon. Exploring these improvements to the KMC
calculations presented here and investigating a broader range of chemistries to further validate these
techniques is the subject of future work.

Supplementary Materials: The following are available online http:/ /www.mdpi.com/2073-4360/10/12/1358/
sl: Section 1 comparing the differences in HOMO splitting between more expensive density functional theory
and ZINDO/S, Section 2 extending 9’ to explicitly consider transfer integrals, Section 3 explaining how systems
are clustered based on hops, Section 4 detailing intra-cluster trapping, and Section 5 discussing the generation of
polydisperse simulations.
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Abbreviations

15mer P3HT chain containing 15 monomers

50mer P3HT chain containing 50 monomers

€5 solvent quality

KMC  Kinetic Monte Carlo

MD Molecular Dynamics

Mo Zero-field Mobility

OPLS  Optimized Performance for Liquid Simulations
OPV  Organic Photovoltaic

P3HT  Poly(3-hexylthiophene)

P order parameter

Y’ modified order parameter
0 density

o standard deviation

T Temperature

\Y

RH Variable Range Hopping
QcCC Quantum Chemical Calculations
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