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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 (ψ′ ∼ 0.18),
semi-crystalline (ψ′ ∼ 0.27), and crystalline (ψ′ ∼ 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, µ0 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].

a b c

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 ψ′; Morphologies showing regions of high connectivity for the (b) amorphous;
(c) semi-crystalline; and (d) crystalline systems.



Polymers 2018, 10, 1358 13 of 17

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 (cm2/Vs) (1.29± 0.02)× 10−1 (1.58± 0.04)× 10−1 (1.74± 0.04)× 10−1

Anisotropy (Arb. U.) 0.0040± 0.0005 0.016± 0.001 0.020± 0.004
Intra-molecular rate (s−1) (1.3413± 0.0003)× 1015 (1.4670± 0.0007)× 1015 (1.5137± 0.0002)× 1015

Inter-molecular rate (s−1) (0.700± 0.004)× 1013 (1.231± 0.0007)× 1013 (1.590± 0.007)× 1013

∆Eij 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 70± 6 60± 3
Largest cluster size (Arb. U.) 11,200 ± 260 13,200 ± 200 13,500 ± 100

The observation that ψ′ and µ0 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 ψ′. 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× 1013

for the amorphous, semi-crystalline, and crystalline structures respectively) and polydisperse systems
(Table 2: 0.700 → 1.231 → 1.590 × 1013). 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, ψ′ 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 P3HT 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/
s1: Section 1 comparing the differences in HOMO splitting between more expensive density functional theory
and ZINDO/S, Section 2 extending ψ′ 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
εs solvent quality
KMC Kinetic Monte Carlo
MD Molecular Dynamics
µ0 Zero-field Mobility
OPLS Optimized Performance for Liquid Simulations
OPV Organic Photovoltaic
P3HT Poly(3-hexylthiophene)
ψ order parameter
ψ′ modified order parameter
ρ density
σ standard deviation
T Temperature
VRH Variable Range Hopping
QCC Quantum Chemical Calculations

References

1. Shaheen, S.E.; Ginley, D.S.; Jabbour, G.E. Organic-Based Photovoltaics: Toward Low-Cost Power Generation.
MRS Bull. 2005, 30, 10–19. [CrossRef]

2. Coakley, K.M.; McGehee, M.D. Conjugated polymer photovoltaic cells. Chem. Mater. 2004, 16, 4533–4542.
[CrossRef]

3. Espinosa, N.; Hösel, M.; Angmo, D.; Krebs, F.C. Solar Cells with One-Day Energy Payback for the Factories
of the Future. Energy Environ. Sci. 2012, 5, 5117–5132. [CrossRef]

4. Meng, L.; Zhang, Y.; Wan, X.; Li, C.; Zhang, X.; Wang, Y.; Ke, X.; Xiao, Z.; Ding, L.; Xia, R.; et al. Organic
and solution-processed tandem solar cells with 17.3% efficiency. Science 2018, 361, 1094–1098. [CrossRef]
[PubMed]

http://www.mdpi.com/2073-4360/10/12/1358/s1
http://www.mdpi.com/2073-4360/10/12/1358/s1
http://dx.doi.org/10.1557/mrs2005.2
http://dx.doi.org/10.1021/cm049654n
http://dx.doi.org/10.1039/C1EE02728J
http://dx.doi.org/10.1126/science.aat2612
http://www.ncbi.nlm.nih.gov/pubmed/30093603


Polymers 2018, 10, 1358 15 of 17

5. Yang, X.; Loos, J. Toward high-performance polymer solar cells: The importance of morphology control.
Macromolecules 2007, 40, 1353–1362. [CrossRef]

6. Chen, W.; Nikiforov, M.P.; Darling, S.B. Morphology characterization in organic and hybrid solar cells.
Energy Environ. Sci. 2012, 5, 8045–8074. [CrossRef]

7. Dang, M.T.; Wantz, G.; Bejbouji, H.; Urien, M.; Dautel, O.J.; Vignau, L.; Hirsch, L. Polymeric Solar Cells Based
on P3HT:PCBM: Role of the Casting Solvent. Sol. Energy Mater. Sol. Cells 2011, 95, 3408–3418. [CrossRef]

8. Surin, M.; Leclère, P.; Lazzaroni, R.; Yuen, J.D.; Wang, G.; Moses, D.; Heeger, A.J.; Cho, S.; Lee, K. Relationship
between the microscopic morphology and the charge transport properties in poly(3-hexylthiophene)
field-effect transistors. J. Appl. Phys. 2006, 100, 033712. [CrossRef]

9. Verploegen, E.; Mondal, R.; Bettinger, C.J.; Sok, S.; Toney, M.F.; Bao, Z. Effects of Thermal Annealing Upon
the Morphology of Polymer-Fullerene Blends. Adv. Funct. Mater. 2010, 20, 3519–3529. [CrossRef]

10. Park, J.H.; Kim, J.S.; Lee, J.H.; Lee, W.H.; Cho, K. Effect of Annealing Solvent Solubility on the Performance
of Poly(3-hexylthiophene)/Methanofullerene Solar Cells. J. Phys. Chem. C 2009, 113, 17579–17584. [CrossRef]

11. Bertho, S.; Janssen, G.; Cleij, T.J.; Conings, B.; Moons, W.; Gadisa, A.; D’Haen, J.; Goovaerts, E.; Lutsen, L.;
Manca, J.; et al. Effect of temperature on the morphological and photovoltaic stability of bulk heterojunction
polymer:fullerene solar cells. Sol. Energy Mater. Sol. Cells 2008, 92, 753–760. [CrossRef]

12. Miller, E.; Jones, M.; Henry, M.; Chery, P.; Miller, K.; Jankowski, E. Optimization and Validation of Efficient
Models for Predicting Polythiophene Self-Assembly. Polymers 2018, 10, 1305. [CrossRef]

13. Weis, M.; Lin, J.; Taguchi, D.; Manaka, T.; Iwamoto, M. Analysis of transient currents in organic field effect
transistor: The time-of-flight method. J. Phys. Chem. C 2009, 113, 18459–18461. [CrossRef]

14. Mazzio, K.A.; Luscombe, C.K. The future of organic photovoltaics. Chem. Soc. Rev. 2015, 44, 78–90. [CrossRef]
[PubMed]

15. Dang, M.T.; Hirsch, L.; Wantz, G. P3HT:PCBM, best seller in polymer photovoltaic research. Adv. Mater.
2011, 23, 3597–3602. [CrossRef] [PubMed]

16. Sirringhaus, H.; Brown, P.J.; Friend, R.H.; Nielsen, M.M.; Bechgaard, K.; Langeveld-Voss, B.M.W.;
Spiering, A.J.H.; Janssen, R.A.J.; Meijer, E.W.; Herwig, P.; et al. Two-Dimensional Charge Transport in
Self-Organized, High-Mobility Conjugated Polymers. Nature 1999, 401, 685–688. [CrossRef]

17. Chang, J.F.; Sun, B.; Breiby, D.W.; Nielsen, M.M.; Sölling, T.I.; Giles, M.; McCulloch, I.; Sirringhaus, H.
Enhanced Mobility of poly(3-hexylthiophene) transistors by spin-coating from high-boiling-point solvents.
Chem. Mater. 2004, 16, 4772–4776. [CrossRef]

18. Pandey, S.S.; Takashima, W.; Nagamatsu, S.; Endo, T.; Rikukawa, M.; Kaneto, K. Regioregularity vs.
Regiorandomness: Effect on Photocarrier Transport in Poly(3-hexylthiophene). Jpn. J. Appl. Phys. 2000,
39, L94–L97. [CrossRef]

19. Kim, Y.; Cook, S.; Tuladhar, S.M.; Choulis, S.A.; Nelson, J.; Durrant, J.R.; Bradley, D.D.C.; Giles, M.;
McCulloch, I.; Ha, C.S.S.; et al. A Strong Regioregularity Effect in Self-Organizing Conjugated Polymer Films
and High-Efficiency Polythiophene:Fullerene Solar Cells. Nat. Mater. 2006, 5, 197–203. [CrossRef]

20. Ballantyne, A.M.; Chen, L.; Dane, J.; Hammant, T.; Braun, F.M.; Heeney, M.; Duffy, W.; McCulloch, I.; Bradley,
D.D.C.; Nelson, J. The Effect of Poly(3-hexylthiophene) Molecular Weight on Charge Transport and the
Performance of Polymer:Fullerene Solar Cells. Adv. Funct. Mater. 2008, 18, 2373–2380. [CrossRef]

21. Mauer, R.; Kastler, M.; Laquai, F. The Impact of Polymer Regioregularity on Charge Transport and Efficiency
of P3HT:PCBM Photovoltaic Devices. Adv. Funct. Mater. 2010, 20, 2085–2092. [CrossRef]

22. Barker, J.A.; Ramsdale, C.M.; Greenham, N.C. Modeling the Current-Voltage Characteristics of Bilayer
Polymer Photovoltaic Devices. Phys. Rev. B 2003, 67, 075205. [CrossRef]

23. Koster, L.J.A.; Smits, E.C.P.; Mihailetchi, V.D.; Blom, P.W.M. Device Model for the Operation of
Polymer/Fullerene Bulk Heterojunction Solar Cells. Phys. Rev. B 2005, 72, 085205. [CrossRef]

24. Einax, M.; Dierl, M.; Nitzan, A. Heterojunction Organic Photovoltaic Cells as Molecular Heat Engines:
A Simple Model for the Performance Analysis. J. Phys. Chem. C 2011, 115, 21396–21401. [CrossRef]

25. Rolland, N.; Franco-Gonzalez, J.F.; Volpi, R.; Linares, M.; Zozoulenko, I.V. Understanding Morphology-
Mobility Dependence in PEDOT:Tos. Phys. Rev. Mater. 2018, 2, 045605. [CrossRef]

26. Cheung, D.L.; McMahon, D.P.; Troisi, A. Computational Study of the Structure and Charge-Transfer
Parameters in Low-Molecular-Mass P3HT. J. Phys. Chem. B 2009, 113, 9393–9401. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/ma0618732
http://dx.doi.org/10.1039/c2ee22056c
http://dx.doi.org/10.1016/j.solmat.2011.07.039
http://dx.doi.org/10.1063/1.2222065
http://dx.doi.org/10.1002/adfm.201000975
http://dx.doi.org/10.1021/jp9029562
http://dx.doi.org/10.1016/j.solmat.2008.01.006
http://dx.doi.org/10.3390/polym10121305
http://dx.doi.org/10.1021/jp908381b
http://dx.doi.org/10.1039/C4CS00227J
http://www.ncbi.nlm.nih.gov/pubmed/25198769
http://dx.doi.org/10.1002/adma.201100792
http://www.ncbi.nlm.nih.gov/pubmed/21936074
http://dx.doi.org/10.1038/44359
http://dx.doi.org/10.1021/cm049617w
http://dx.doi.org/10.1143/JJAP.39.L94
http://dx.doi.org/10.1038/nmat1574
http://dx.doi.org/10.1002/adfm.200800145
http://dx.doi.org/10.1002/adfm.201000320
http://dx.doi.org/10.1103/PhysRevB.67.075205
http://dx.doi.org/10.1103/PhysRevB.72.085205
http://dx.doi.org/10.1021/jp205856x
http://dx.doi.org/10.1103/PhysRevMaterials.2.045605
http://dx.doi.org/10.1021/jp904057m
http://www.ncbi.nlm.nih.gov/pubmed/19537781


Polymers 2018, 10, 1358 16 of 17

27. Groves, C.; Kimber, R.G.E.; Walker, A.B. Simulation of Loss Mechanisms in Organic Solar Cells: A Description
of the Mesoscopic Monte Carlo Technique and an Evaluation of the First Reaction Method. J. Chem. Phys.
2010, 133, 144110. [CrossRef]

28. Jones, M.L.; Huang, D.M.; Chakrabarti, B.; Groves, C. Relating Molecular Morphology to Charge Mobility in
Semicrystalline Conjugated Polymers. J. Phys. Chem. C 2016, 120, 4240–4250. [CrossRef]

29. Jones, M.L.; Jankowski, E. Computationally connecting organic photovoltaic performance to atomistic
arrangements and bulk morphology. Mol. Simul. 2017, 43, 756–773. [CrossRef]

30. Jones, M.L.; Dyer, R.; Clarke, N.; Groves, C. Are Hot Charge Transfer States the Primary Cause of Efficient
Free-Charge Generation in Polymer:Fullerene Organic Photovoltaic Devices? A Kinetic Monte Carlo Study.
Phys. Chem. Chem. Phys. 2014, 16, 20310–20320. [CrossRef]

31. Van, E.; Jones, M.; Jankowski, E.; Wodo, O. Using graphs to quantify energetic and structural order in
semicrystalline oligothiophene thin films. Mol. Syst. Des. Eng. 2018, 1, 273–277. [CrossRef]

32. Wang, L.; Li, Q.; Shuai, Z.; Chen, L.; Shi, Q. Multiscale study of charge mobility of organic semiconductor
with dynamic disorders. Phys. Chem. Chem. Phys. 2010, 12, 3309–3314. [CrossRef] [PubMed]

33. Lan, Y.K.; Huang, C.I. A Theoretical Study of the Charge Transfer Behavior of the Highly Regioregular
Poly-3-hexylthiophene in the Ordered State. J. Phys. Chem. B 2008, 112, 14857–14862. [CrossRef] [PubMed]

34. Jones, M.L. matty-jones/MorphCT: MorphCT v3.0. Zenodo 2018. [CrossRef]
35. Huang, D.M.; Faller, R.; Do, K.; Moulé, A.J. Coarse-Grained Computer Simulations of Polymer/Fullerene

Bulk Heterojunctions for Organic Photovoltaic Applications. J. Chem. Theory Comput. 2010, 6, 526–537.
[CrossRef] [PubMed]

36. Bhatta, R.S.; Yimer, Y.Y.; Perry, D.S.; Tsige, M. Improved Force Field for Molecular Modeling of
Poly(3-hexylthiophene). J. Phys. Chem. B 2013, 117, 10035–10045. [CrossRef] [PubMed]

37. McMahon, D.P.; Cheung, D.L.; Goris, L.; Dacuña, J.; Salleo, A.; Troisi, A. Relation between Microstructure
and Charge Transport in Polymers of Different Regioregularity. J. Phys. Chem. C 2011, 115, 19386–19393.
[CrossRef]

38. Murthy, D.H.K.; Gao, M.; Vermeulen, M.J.W.; Siebbeles, L.D.A.; Savenije, T.J. Mechanism of Mobile Charge
Carrier Generation in Blends of Conjugated Polymers and Fullerenes: Significance of Charge Delocalization
and Excess Free Energy. J. Phys. Chem. C 2012, 116, 9214–9220. [CrossRef]

39. Deng, W.Q.; Goddard, W.A. Predictions of Hole Mobilities in Oligoacene Organic Semiconductors from
Quantum Mechanical Calculations. J. Phys. Chem. B 2004, 108, 8614–8621. [CrossRef]

40. Brédas, J.L.; Beljonne, D.; Coropceanu, V.; Cornil, J. Charge-Transfer and Energy-Transfer Processes in
π-Conjugated Oligomers and Polymers: A Molecular Picture. Chem. Rev. 2004, 104, 4971–5004. [CrossRef]

41. Marcus, R.A. Chemical and Electrochemical Electron-Transfer Theory. Annu. Rev. Phys. Chem. 1964,
15, 155–196. [CrossRef]

42. Mott, N. Conduction in glasses containing transition metal ions. J. Non-Cryst. Solids 1968, 1, 1–17. [CrossRef]
43. Tsigankov, D.N.; Efros, A.L. Variable Range Hopping in Two-Dimensional Systems of Interacting Electrons.

Phys. Rev. Lett. 2002, 88, 176602. [CrossRef] [PubMed]
44. Fornari, R.P.; Troisi, A. Theory of charge hopping along a disordered polymer chain. Phys. Chem. Chem. Phys.

2014, 16, 9997–10007. [CrossRef] [PubMed]
45. Johansson, E.; Larsson, S. Electronic Structure and Mechanism for Conductivity in Thiophene Oligomers

and Regioregular Polymer. Synth. Met. 2004, 144, 183–191. [CrossRef]
46. Coropceanu, V.; Cornil, J.; da Silva Filho, D.A.; Olivier, Y.; Silbey, R.; Brédas, J.L. Charge Transport in Organic

Semiconductors. Chem. Rev. 2007, 107, 926–952. [CrossRef]
47. Carbone, P.; Troisi, A. Charge Diffusion in Semiconducting Polymers: Analytical Relation between Polymer

Rigidity and Time Scales for Intrachain and Interchain Hopping. J. Phys. Chem. Lett. 2014, 5, 2637–2641.
[CrossRef]

48. Novikov, S.V. Diffusion of a Particle in the Gaussian Random-Energy Landscape: Einstein Relation and
Analytical Properties of Average Velocity and Diffusivity as Functions of Driving Force. Phys. Rev. E 2018,
98, 012128. [CrossRef]

49. Noriega, R.; Rivnay, J.; Vandewal, K.; Koch, F.P.V.; Stingelin, N.; Smith, P.; Toney, M.F.; Salleo, A. A general
relationship between disorder, aggregation and charge transport in conjugated polymers. Nat. Mater. 2013,
12, 1038–1044. [CrossRef]

http://dx.doi.org/10.1063/1.3483603
http://dx.doi.org/10.1021/acs.jpcc.5b11511
http://dx.doi.org/10.1080/08927022.2017.1296958
http://dx.doi.org/10.1039/C4CP01626B
http://dx.doi.org/10.1039/C8ME00028J
http://dx.doi.org/10.1039/b913183c
http://www.ncbi.nlm.nih.gov/pubmed/20237724
http://dx.doi.org/10.1021/jp806967x
http://www.ncbi.nlm.nih.gov/pubmed/18973359
http://dx.doi.org/10.5281/zenodo.1243843
http://dx.doi.org/10.1021/ct900496t
http://www.ncbi.nlm.nih.gov/pubmed/26617308
http://dx.doi.org/10.1021/jp404629a
http://www.ncbi.nlm.nih.gov/pubmed/23899343
http://dx.doi.org/10.1021/jp207026s
http://dx.doi.org/10.1021/jp3007014
http://dx.doi.org/10.1021/jp0495848
http://dx.doi.org/10.1021/cr040084k
http://dx.doi.org/10.1146/annurev.pc.15.100164.001103
http://dx.doi.org/10.1016/0022-3093(68)90002-1
http://dx.doi.org/10.1103/PhysRevLett.88.176602
http://www.ncbi.nlm.nih.gov/pubmed/12005771
http://dx.doi.org/10.1039/c3cp54661f
http://www.ncbi.nlm.nih.gov/pubmed/24481319
http://dx.doi.org/10.1016/j.synthmet.2004.03.005
http://dx.doi.org/10.1021/cr050140x
http://dx.doi.org/10.1021/jz501220g
http://dx.doi.org/10.1103/PhysRevE.98.012128
http://dx.doi.org/10.1038/nmat3722


Polymers 2018, 10, 1358 17 of 17

50. Franco-Gonzalez, J.F.; Rolland, N.; Zozoulenko, I.V. Substrate-Dependent Morphology and Its Effect on
Electrical Mobility of Doped Poly(3,4-ethylenedioxythiophene) (PEDOT) Thin Films. ACS Appl. Mater. Interfaces
2018, 10, 29115–29126. [CrossRef]

51. Brinkmann, M.; Wittmann, J.C. Orientation of regioregular poly(3-hexylthiophene) by directional
solidification: A simple method to reveal the semicrystalline structure of a conjugated polymer. Adv. Mater.
2006, 18, 860–863. [CrossRef]

52. Zhao, Y.; Zhao, X.; Roders, M.; Qu, G.; Diao, Y.; Ayzner, A.L.; Mei, J. Complementary Semiconducting Polymer
Blends for Efficient Charge Transport. Chem. Mater. 2015, 27, 7164–7170. [CrossRef]

53. Crossland, E.J.W.; Tremel, K.; Fischer, F.; Rahimi, K.; Reiter, G.; Steiner, U.; Ludwigs, S. Anisotropic Charge
Transport in Spherulitic Poly(3-hexylthiophene) Films. Adv. Mater. 2012, 24, 839–844. [CrossRef] [PubMed]

54. Towns, J.; Cockerill, T.; Dahan, M.; Foster, I.; Gaither, K.; Grimshaw, A.; Hazlewood, V.; Lathrop, S.; Lifka, D.;
Peterson, G.D.; et al. XSEDE: Accelerating Scientific Discovery. Comput. Sci. Eng. 2014, 16, 62–74. [CrossRef]

c© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acsami.8b08774
http://dx.doi.org/10.1002/adma.200501838
http://dx.doi.org/10.1021/acs.chemmater.5b03349
http://dx.doi.org/10.1002/adma.201104284
http://www.ncbi.nlm.nih.gov/pubmed/22213209
http://dx.doi.org/10.1109/MCSE.2014.80
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

