
Predictive model of charge mobilities in

organic semiconductor small molecules with

force–matched potentials

Varuni Dantanarayana,†,‡ Tahereh Nematiaram,¶ Daniel Vong,§ John E.

Anthony,‖ Alessandro Troisi,¶ Kien Nguyen Cong,⊥ Nir Goldman,#,‡ Roland

Faller,# and Adam J. Moulé∗,#

†Department of Chemistry, University of California - Davis, CA, U.S.A.

‡Lawrence Livermore National Laboratory, Livermore, CA, U.S.A.

¶Department of Chemistry and Materials Innovation Factory, University of Liverpool,

Liverpool, U.K.

§Department of Materials Science and Engineering, University of California - Davis, CA,

U.S.A.

‖Department of Chemistry, University of Kentucky, Lexington, KY, U.S.A.

⊥Department of Physics, University of South Florida, Miami, FL, CA, U.S.A.

#Department of Chemical Engineering, University of California - Davis, CA, U.S.A.

E-mail: amoule@ucddavis.edu

1

This is a peer-reviewed, accepted author manuscript of the following article: Dantanarayana, V., Nematiaram, T., Vong, D., Anthony, J. E., Troisi, A., 
Nguyen Cong, K., Goldman, N., & Faller, R. (2020). Predictive model of charge mobilities in organic semiconductor small molecules with force-matched 
potentials. Journal of Chemical Theory and Computation , 16(6), 3494–3503. https://doi.org/10.1021/acs.jctc.0c00211



Abstract

Charge mobility of crystalline organic semiconductors (OSC) is limited by local

dynamic disorder. Recently, the charge mobility for several high mobility organic semi-

conductors, including TIPS-Pentacene, were accurately predicted from a density func-

tional theory (DFT) simulation constrained by the crystal structure and the inelastic

neutron scattering spectrum, which provide direct measures of the structure and the

dynamic disorder in the length scale and energy range of interest. However, the com-

putational expense required for calculating all of the atomic and molecular forces is

prohibitive. Here we demonstrate the use of density functional tight binding (DFTB),

a semi-empirical quantum mechanical method that is two to three orders of magnitude

more efficient than DFT. We show that force matching a many-body interaction poten-

tial to DFT derived forces yields highly accurate DFTB models capable of reproducing

the low-frequency intricacies of experimental INS spectra and accurately predicting

charge mobility. We subsequently predicted charge mobilities from our DFTB model of

a number of previously unstudied structural analogs to TIPS-pentacene using dynamic

disorder from DFTB and transient localization theory. The approach we establish here

could provide a truely rapid simulation pathway for accurate materials properties pre-

diction, in our vision applied to new OSCs with tailored properties.
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Introduction

Organic semiconductors (OSCs) are a class of materials that have been at the fore-

front of new optoelectronic devices, including organic photovoltaic cells (OPV), organic

field-effect transistors (OFET), organic light-emitting diodes (OLEDs), biosensors, and

nanoscale molecular electronics.1–6 OSCs are advantageous because they are light-

weight, biodegradable and strong but flexible (wearable) with mechanical properties

similar to plastics. Furthermore, devices can be fabricated easily and at low–cost over

large areas via high–throughput solution deposition techniques such as inkjet printing

and roll–to–roll printing,7 which are more ecologically friendly and more economical

than typical inorganic semiconductor fabrication methods.8–10 Charge mobility (µ) is

one of the most important performance metrics used to assess OSCs. Rubrene, the

highest mobility OSC to date, has a hole mobility (µh) of ∼ 20-25 cm2V−1s−1 ,11,12

which exceeds the performance of amorphous silicon ∼ 10 cm2V−1s−1. However, com-

mercialization of OSCs are limited to particular applications because polycrystalline

silicon still has a much higher µh of ∼ 400 cm2V−1s−1.1,13,14

Novel OSC materials with higher µ are in great demand. For OSC materials dis-

covery and optimization, it is imperative to have a thorough understanding of the

factors that affect µ, where molecular packing, domain size, and film morphology have

been the main targets so far.15,16 OSCs generally have large molecular masses and are

held together by weak van der Waals forces, which means that thermally activated

molecular motions can be significant, even under ambient conditions in crystals. In

particular, low–frequency and long–time scale phonons that represent large collective

inter–molecular motions with vibrational periods of picoseconds to nanoseconds. They

change on a time scale similar to the charge hopping rate in OSCs. Their effect is

to continuously change the instantaneous ground state potential energy surface. Such

instantaneous distortions of the equilibrium geometry impact local and non–local elec-

tronic couplings which in turn affect µ.17 The collective effect that phonon motions have

on the variation of the ground state potential energy surface is known as ‘dynamic disor-
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der’. There is a growing body of evidence that high values of dynamic disorder reduces

µ and thereby the performance of OSC materials used in potential applications.18,19

Improved synthesis and crystallization techniques have yielded huge advances in

OSC materials and performance. The combined knowledge of many experiments leads

to the development of empirical design rules that give synthetic chemists new tar-

get molecule ideas, but too often the empirical design rule is inaccurate. Recently,

it was proposed that the dynamic disorder limits µh in OSCs and that µh could be

predicted with full knowledge of the dynamics.20,21 Computer simulations can, in prin-

ciple, provide a much cheaper and faster method to elucidate and visualize molecular

level phenomena, material structure/property relationships, and can significantly re-

duce the number of costly trial–and–error experiments. Recently, we have used Density

Functional Theory (DFT) calculations with a hybrid exchange-correlation functional

to accurately predict the inelastic neutron scattering (INS) phonon measurements for a

model OSC system,22 which in turn yielded an accurate prediction of µh. Although this

effort helps establish the accuracy of hybrid functional DFT for OSCs, these calcula-

tions are extremely computationally expensive (discussed below), thus limiting system

sizes to several hundred atoms for a single perfect crystalline system, only. This pre-

cludes adequate testing for system size effects, let alone the study of defect systems

and new candidate OSC materials. As a result, an efficient and accurate theoretical

model that is capable of optimizing current device design parameters while retaining

the accuracy of higher-level quantum theories is still lacking.

Consequently, the goal of our current effort is to develop an efficient simulation

methodology capable of accurately decoding, reproducing and assigning the INS ex-

perimental data using only the crystal structure as an input. Purely empirical clas-

sical molecular dynamics (MD) force fields, where atomic forces are computed by

parametrized potential energy surfaces, are usually highly computationally efficient

but tend to yield poor results outside of their fitting regime23 and do not allow for the

simultaneous determination of electronic properties. In a recent study, we showed that

MD can be used to simulate the INS spectrum of amorphous samples with some accu-
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racy, but the large deviation of many vibrational modes from the measured spectrum

makes MD insufficiently accurate to be used to simulate µ for a crystalline sample.24

One method that circumvents these issues is to utilize a semi–empirical (SE) quantum

method. SE methods are based on first–principle quantum–mechanics (QM) but with

additional integral approximations and empirical functions based on already calculated

QM results or experimental data. These modifications make SE techniques significantly

more computationally efficient than standard Kohn-Sham DFT and thus can be applied

to much larger system sizes and for the screening of previously unstudied OSCs. The

density functional tight–binding (DFTB)25,26 method is one such SE technique with

successful applications for a number of carbon-containing materials,27–33 including OSC

molecules,34 over a broad-range of thermodynamic conditions. DFTB uses a minimal

local basis set to represent the single-electron Kohn-Sham-like eigenstates and computes

the electronic states from a two–center Hamiltonian, derived directly from expansion

of the Kohn-Sham Hamiltonian. DFTB is thus capable of several orders of magnitude

increase in computational efficiency compared to DFT while potentially retaining much

of its accuracy.35

One promising option for creating transferable SE models is to include additional

refinements to a standard DFTB parameterization by tuning the many-body force-field

known as the Chebyshev Interaction Model for Efficient Simulations (ChIMES) 36,37 to

high-level DFT data. ChIMES force fields have previously been created for a number

of systems, including ambient and high pressure water,36,38 molten carbon,37,39 and

liquid carbon-monoxide.40 Recently, matching to forces41 from DFT calculations has

been shown as an efficient method for refining DFTB models,31 including the creation

of a ChIMES/DFTB model for hydrogen chemistry on δ-Pu surfaces.42 However, these

approaches have yet to be applied to systems such as OSCs, where a high degree of

accuracy is needed to determine interaction energies over a wide range of energy scales

(e.g., meV intermolecular interactions vs. tenths of eV for intramolecular vibrations).

Our aim is thus to establish a methodology for the creation of highly accurate DFTB

models for OSC materials that can provide an independent route to their vibrational
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spectra while preserving the accuracy of higher order QM methods. In this work, we

have demonstrated the use of a ChIMES/DFTB model that can accurately compute

the phonon spectrum of a model OSC system (TIPS-pentacene or TIPS-PN, discussed

below) over the entire range of energy scales pertinent to these materials and validated

by comparison to a measured INS spectrum. We then show that the lower compu-

tational expense of ChIMES/DFTB enables simulation of larger supercells for better

energetic convergence than the limited size scaling of DFT allows. Finally, we explore

the transferability of our ChIMES/DFTB model by computing the structure and vibra-

tional spectra of four other substituted acenes (i.e., polycyclic aromatic hydrocarbons

containing a rectilinear arrangement of fused benzene rings) and predict their µh’s. We

discuss the potential pathways for materials structure and property prediction that are

computationally efficient and could guide synthetic experiments.

Method and Computational Details

ChIMES correction to DFTB forces

The details of the ChIMES interaction model have been discussed elsewhere (e.g.,

Refs.37,42), we briefly summarize them here. The three-body version of ChIMES is for-

mulated by projecting the many–body interactions onto linear combinations of Cheby-

shev polynomials, as follows:

EChIMES =
N∑
i

N∑
j>i

Eij +

N∑
i

N∑
j>i

N∑
k>j

Eijk (1)

Here, Eij and Eijk represent the 2–body and 3–body interaction energy, respectively,

and N is the total number of atoms in the system. Specifically, they are expressed as

below:

Eij = f ijP (rij) + f ijC (rij)

Θ2∑
n=1

c
eiej
n Tn(s

eiej
ij ) (2)

In this case, Tn(sij) is a Chebyshev polynomial of nth order, ei and ej are the element
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types of atoms i and j, and sij is a transformation of the interatomic distance rij over

the Chebyshev interval of [-1,1] (see SI for further details). In addition, Θ2 corresponds

to the two-body polynomial order, f ijC (rij) is the cut-off function that forces the po-

tential and its derivative to zero beyond a specified distance, and f ijP (rij) is a penalty

function36,42 that helps prevent sampling of interatomic distance below those seen in

the training set. The c
eiej
n are the set of n linear polynomial coefficients for a given

atom pair-type (e.g., ei = C, ej = Si) that are determined via a linear least-squares

method from the force matching process described below. We enforce permutational

invariance of the coefficients for all interactions for all six possible atom pair types in

our system, e.g., cSiCn = c
CSi
n .

Similarly, the 3–body interaction energy function (Eq. 3) is expressed as a product

of Chebyshev polynomials for the constituent atom pairs of a given triplet, yielding

three pairs, i.e.,
(

3
2

)
, of interactions:

Eijk = f ijC (rij)f
ij
C (rik)f

ij
C (rjk)

Θ3∑
m=0

Θ3∑
p=0

Θ3∑
q=0

′
c
eiejek
mpq Tm(s

eiej
ij )Tp(s

eiek
ik )T

ejek
q (s

ejek
jk ). (3)

The single sum in the 2-body energy function is now a triple sum over each atom

pair type, with Θ3 used to label the three-body polynomial order and with a single

permutationally invariant coefficient, ceiejekmpq for each 3–atom interaction for each set

of triplet atom types. To guarantee that only 3-body interactions between i, j, k are

counted towards the sum, only terms for which at least two of the three m, p, q indices

are greater than zero are included in the 3–body energy calculation. This is denoted

by the prime notation in Eq. 3.

The energy expression for DFTB for this work can be written as follows:

EDFTB = EBS + ECoul + ERep + EDisp (4)

where EBS is the band structure energy (computed via summation over occupied elec-

tronic states from the DFTB Hamiltonian), ECoul is the coulombic energy due to charge

7

Predictive model of charge mobilities in organic semiconductor small molecules with force-matched potentials



transfer (solved for self-consistently), and ERep corresponds to ionâĂŞion repulsions, as

well as Hartree and exchange-correlation double counting terms. The additional EDisp

term corresponds to the long-range van der Waals or dispersion energy, computed from

universal force field (UFF) parameters.43 The UFF approach has been shown to yield

accurate dispersion interactions for DFTB a number of organic systems32,33 For this

work, we begin with the DFTB Slater-Koster parameterization known as PBC , which

is typically used for solids and organic molecules containing Si.44

The training set to determine ERep and its forces was computed by subtracting

the contributions from the band structure, coulombic, and disperion energies from our

DFT reference forces, i.e., ~FTRAIN = ~FDFT − ~FBS − ~FCoul − ~FDisp. The Chebyshev

polynomial coefficients for both two and three-body terms could then be solved for by

minimizing the root mean square error (RMSE) function below:

RMSE =

√√√√ 1

3MN

M∑
m=1

N∑
i=1

3∑
α=1

[Fimα ,ChIMES − Fimα ,TRAIN]2 (5)

In this case, we sum over the αth Cartesian component acting on atom i (N total atoms)

in configuration m (M total configurations). We solve for the optimal coefficients

directly, using singular value decomposition (SVD) 45 and thus bypass potentially costly

non-linear least squares approaches.

The DFT forces for the training set trajectory were obtained from Born–Oppenheimer

DFT–MD simulations using the Vienna Ab initio Software Package (VASP)46,47 with

projector augmented-wave pseudo–potentials.48 All calculations were performed with a

planewave cutoff of 800 eV, and the Perdew-Burke-Ernerhof (PBE) exchange-correlation

functional.49 PBE has been shown to be less accurate than hybrid functionals for INS

spectra for some OSC systems.22 Regardless, we have chosen to use PBE for our train-

ing set due to its relative computational efficiency (i.e., ease of generating training

data) and in order to directly probe the accuracy of the UFF dispersion for these sys-

tems. Canonical ensemble (NVT) MD trajectories were computed at 350K with an

SCF convergence of 10−6, a time step of 0.20 fs, and the Nosé–Hoover thermostat
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(Nose-frequency = 0.79×1015 period in steps = 40.01 mass = 0.214×10−29 a.u.)50 We

performed our MD simulations with a TIPS-PN unit cell (100 atoms in a triclinic cell)

at three different densities, 0.95 g/mL, 1.0 g/mL, and 1.05 g/mL by uniformly scal-

ing the cell paramters, for a duration of 5 ps each in order to effectively sample the

potential energies needed for our study. Uniformly spaced frames every 100 fs were

then extracted from each MD simulation, producing a total of 150 configurations in the

training set.

Transient Localization Theory

Charge mobility can be accurately computed through transient localization theory

(TLT), which has proven to be reliable in predicting the charge carrier mobility of high

performance molecular semiconductors,51–54 given fully converged vibrational calcula-

tions. TLT is a powerful electronic framework which considers the impact of dynamic

disorder (γ) and rationalizes the charge transport in high-mobility OSCs. Neither band

theory or site hopping models produce accurate predictions of charge mobility or even

the temperature dependence of charge mobility.51 TLT assumes that the charge carrier

diffusion is intensely restricted by coupling to thermal molecular motions (phonons).

To evaluate the effect of the phonons on mobility from TLT, we compute the nonlocal

electron–phonon coupling gIij , which is an indication of how the transfer integral Jij

between molecules i and j is modulated by a displacement QI along phonon mode I.

Considering a linear coupling, the non-local electron-phonon coupling parameters can

be evaluated as numerical differentiation of the transfer integral,

gIij =
∂Jij({QI})

∂QI

∣∣∣
{QI=0}

, (6)

such that Jij({QI = 0}) = Jij represents the electronic coupling in the equilibrium ge-

ometry. Calculations of the transfer integrals are carried out based on ab–initio methods

as represented in Ref.55 at the B3LYP/3-21g* level of the theory as implemented in

Gaussian16.56
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To quantify the impact of the phonons on the charge mobility at a given temperature,

one can use the variance of the transfer integrals (the dynamic disorder γ2
ij,T ) which

can be defined as following,

γ2
ij,T =

1

Nk

∑
I

|gIij |2

2
coth

( ~ωI
2kBT

)
, (7)

where kBT indicates the thermal energy, ~ is the reduced Planck constant, ωI denotes

the phonon frequency of mode I and Nq is the number of k-points sampled in the

Brillouin zone. TLT has proven to be suitable for OSC materials and bypasses the

reliance on challenging time-dependent quantum simulations.57 The effect of dynamic

disorder can then be determined by a transient localization over a length L within a

fluctuation time scale adjusted by the inverse of the typical intermolecular oscillation

frequency (τ = ~/ω0; further details in the SI). Consequently, charge mobility can be

determined from the following analytical formula:

µ =
e

kBT

L2

2τ
. (8)
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Figure 1: Flow chart of the procedure followed to compute the simulated INS spectra.
The vertical flow of black boxes denotes the steps followed to calculate the simulated
phonon spectrum with DFT and the horizontal loop of red boxes denotes the additional
steps needed to run ChIMES/DFTB. The ChIMES/DFTB achieves computational ef-
ficiency because the single point energy calculations, which are the vast majority of
the computational expense, can be performed using ChIMES/DFTB. After the phonon
spectrum is simulated, TLT is used to predict the µh.

The flow chart in Figure 1 summarizes the procedure followed to obtain the simu-

lated INS spectra using our previously developed DFT approach (black boxes in Fig. 1)

and with DFTB–ChIMES (including the right loop in red boxes in Fig. 1). At first

glance it may appear as if ChIMES/DFTB involves more steps and has the potential

to be time consuming. However, once the training set is computed, optimal ChIMES

model parameters were solved for serially within ∼5-10 minutes. In addition, the subse-

quent DFT–MD training trajectories for TIPS-PN unit cell required only ∼ 7 wall-clock

hours due to the small system size and use of PBE, which was equivalent to the amount

of computational time required to optimize the experimental TIPS-PN unit cell crys-

tal structure with a hybrid functional. In our previous DFT INS calculations, 22 the

rate determining step was the single point energy and force (SPE) calculations for all

the displacements to determine the vibrational density of states, which occurs after
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geometry optimization. To elaborate, calculation of the vibrational density of states

from the TIPS-PN 2×2×1 supercell (400 atoms) required 300 symmetry-determined

displacements and each displacement utilized approximately ∼990 CPU seconds with

the DFT optPBE functional, whereas ChIMES/DFTB only required ∼7 CPU seconds

for the same calculation. Taken as a whole, the time amounted to carrying out the

“extra steps" (red boxes in Flow chart 1) solving for the ChIMES parameters is negli-

gible while the amount of computational resources saved in the SPE calculation step is

substantial. As a result, performing ChIMES/DFTB in place of pure DFT for all those

displacements yielded a gain in computational efficiency of approximately three orders

of magnitude (1000×).

Results and Discussion

In order to determine optimal ChIMES ERep parameters, we created multiple ChIMES/

DFTB models (discussed in detail in SI Section ??) with our training set fixed by apply-

ing different orders of the Chebyshev polynomials, starting with only 2–body interaction

potentials (2B). We determined that a 2B order of 16 yielded the highest degree of accu-

racy with an RMSE error in the atomic forces of 5.02 kcal/mol.Å. However, this 2B-only

model yielded inaccurate peak positions and intensities in particular at frequencies of

500 cm−1 and below. In contrast, we found that inclusion of three-body (3B) ChIMES

interactions substantially reduced the errors, with a 2B order of 16 and 3B order of 8

yielding overall RMS errors on the atomic forces of 1.46 kcal/mol(Å). This is reflected

in the correlation of the ChIMES/DFTB and DFT training forces, illustrated in Fig. 2.

We speculate that inclusion of 3B ERep interactions allows for improved description of

rotational and bending motions of the molecular species, which in turn leads to greater

improvement when compared to DFT generated spectra.
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Figure 2: Correlation of the fitted forces for TIPS-PN including ChIMES 2–body only
interaction potentials (in blue) and 2– and 3–body interaction potentials (in red). The
dashed black line (y=x) is a guide to the eye, along which the data points should ideally
lie.

Figure 3 shows an INS spectrum of TIPS-PN measured at the VISION spectrometer

at Oak Ridge National Lab.58,59 On the same axis we also show results from our pre-

viously published DFT/optPBE functional calculations,22 the pbc-0-3 DFTB parame-

terization before tuning with ChIMES, and our optimised ChIMES/DFTB model. The

computed spectra are broadened to the instrument resolution function, which masks

many overlapping modes. All computed spectra have a lower baseline than the ex-

perimental INS spectrum (Fig. 3) due to the presence of structural defects and finite

domain sizes in the samples. In addition, the simulated peaks are slightly narrower

due to an underestimation of phonon dispersion effects. To enable direct comparison

to DFT, the DFTB phonon calculations were carried out using the same conditions

(supercell size, cut off energy, k-point sampling mesh density, smearing width, energy

convergence criteria) used in our DFT calculations.22
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Figure 3: Experimental INS spectrum (dashed black curve), and spectra simulated
with DFT (black curve), DFTB (blue curve) and ChIMES/DFTB 16/8 model (red
curve) in the energy range (a) 10-3500 cm−1, (b) 150-225 cm−1, (c) 800-1000 cm−1 and
(d) 2800-3200 cm−1 for TIPS-PN

The optimized ChIMES/DFTB model (labeled 16/8) reproduced the DFT/optPBE

peaks exceptionally well across the entire energy range spanning three orders of mag-

nitude Fig.3. We highlight the accuracy of our model in three separate energy ranges,

including intermolecular phonons ( ∼150-225 cm−1), C—H wags (∼ 800-1000 cm−1)

and C—H stretches (∼2800-3000 cm−1) (Fig. 3 (b),(c) and (d), respectively). Further-

more, the aromatic C—C—C angles undergo a bending motion around 180 cm−1 and

stretching motion of the C C bond leads to vibrational modes around 2300 cm−1.

The ChIMES/DFTB 16/8 model has accurately predicted some peaks that are com-

pletely missed by standard DFTB, for instance at ∼190 cm−1 (Fig. 3 (b)) and 900-1000

cm−1 (Fig. 3 (c)). Additionally, we observe the improvement of the ChIMES/DFTB

fit to DFT in Fig. 3 (d) nearly exact prediction of the three stretch mode frequencies

and intensities near 3000 cm−1 . Overall, we find that our ChIMES/DFTB model with
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UFF dispersion is able to reproduce the DFT/optPBE phonon spectrum across the full

Brillouin zone using a small fraction of the computational effort.

This gain in computational efficiency allows for a system size study with our ChIMES/

DFTB model that we could not perform using DFT because of computational expense.

We note that ∼600 displacements were created for each TIPS-PN molecule and DFT

required ∼400,000 CPU hours of simulation time for a supercell of 2×2×1. A su-

percell of 2×2×2 would require ∼8× longer because DFT scales with ∼(# atoms)3.

Thus it was not possible until using DFTB to perform a system size study. The

phonon density of states (PDOS) for different supercell sizes up to 4×4×2 for TIPS-

PN with ChIMES/DFTB is illustrated in Fig 4. In particular, the 1×1×1 and 2×2×1

system sizes show somewhat poor convergence, especially for peaks below 400 cm−1.

The charge mobility parameter µh is extremely sensitive to these low-lying vibrational

modes.51,60,61 Our results indicate that reasonable system-size convergence is achieved

with the 2×2×2 supercell, so all further simulations were performed using a 2×2×2

supercell.

Figure 4: Normalized phonon density of states for TIPS-PN for a 1×1×1 (green curve),
2×2×1 (black curve) and 2×2×1 (red curve) and 4×4×2 supercell (dashed blue curve),
with a smearing width of σ=0.5

We now evaluate the transferability of our model, where we have applied our
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ChIMES/DFTB 16/8 model to four previously unstudied substituted acenes. TIPS-PN

(Fig. 5 (a)) has a conjugated core with symmetric solubilizing side groups. We choose to

model a set of four additional substituted pentacene compounds with 6,13-silylethynyl

substitution, but with different symetric solublizing functional groups. Fig. 5 shows the

full set of molecules in this study, which are 6,13-bis (tert-ButyldiMethylSilylethynyl)

pentacene (TBDMS-PN), 6,13-bis (TriMethyl Silyl ethynyl) pentacene (TMS-PN), 6,13-

bis (Butyl diIsoPropyl Silyl ethynyl) pentacene (BDIPS-PN) and 6,13-bis (Ethyl di-

IsoPropyl Silyl ethynyl) pentacene (EDIPS-PN). All of these molecules have a 1–D

slipped stack crystal structure. The experimental crystallographic structures for these

molecules were obtained from the OCELOT (Organic Crystals in Electronic and Light-

Oriented Technologies) database.62 Structural minimization and SPE calculations for

all the displacements created by Phonopy63 were performed with ChIMES/DFTB on a

2×2×2 supercell with a Monkhorst–Pack sampling grid k-point mesh of 4×4×4. The

eigenvalues and eigenvectors were then used to compute the non–local electron-phonon

coupling parameters and µh for each material.

The dynamic disorder was calculated using phonons obtained from ChIMES/DFTB

and TLT, as described in the methods section, was used to predict µh for each material.

Figure 6 depicts images of each material, as well as geometry allows. The vectors

labeled A, B, and C depict the three possible symmetry allowed charge transfers from

one molecule to its nearest neighbor in the high mobility plane of the crystal. TIPS-

PN, TMS-PN, and TBDMS-PN only have A and B vectors marked because of negligible

coupling in the C direction. The inputs for the TLT model are the transfer integrals

(Jij) and their standard deviation (γij) with a single characteristic fluctuation time τ

(~/τ is set to 5 meV which is a typical value for molecular semiconductors as discussed

in Ref.22,57).

Computed transfer integrals, fluctuations, and hole mobilities for all the materials

are reported in Table 1. Similar to other OSCs, these structures possess a high-mobility

plane such that the transfer integrals between molecules out of the plane are one to

two orders of magnitude smaller and therefore neglected. These results need to be
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Figure 5: Chemical Structures of (a) TIPS-PN (b) TBDMS-PN (c) TMS-PN (d)
BDIPS-PN (e) EDIPS-PN

approached with a careful analysis because no one feature is directly correlated with

increased µh. In general, the hole mobility is increased by (1) minimizing the ratio

of γi/Ji for each molecular direction (2) increasing the total transfer integral between

molecules (J ∼ J2
a + J2

b + J2
c ), and (3) by achieving a balance between charge transfer

directions. The highest predicted µh in this series, EDIPS-PN, was most effected by the

relatively large value of Jb, the fact that there is some coupling in the C direction, and

because γi < Ji for all three directions. BDIPS-PN has lower total dynamic disorder

and similar coupling, but because Ja and Jc are negative, the total mobility is lower.

TIPS-PN has the lowest predicted mobility of this series because of low J and high γ

in the B direction.

We now estimate the effect of system size on the expected value for µh for TIPS-PN.

We want to determine whether and how the choice of system size affects the simulated

µh. Figure 7 depicts measured and simulated µh for all simulated molecules. For TIPS-
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Table 1: List of materials; transfer integral (J) between pairs in the high-mobility plane as shown
in Fig. 6; fluctuation of the transfer integral (γ) at 300 K; and hole mobility (µh) computed in the
transient localization framework. Asterisk denotes the 2× 2× 1 supercell, whereas all others are of
2× 2× 2 system size. All energies were computed with ChIMES/DFTB.

Material JA JB JC γA γB γC µh
(cm−1) (cm−1) (cm2V−1s−1)

TIPS-PNDFT 587 19.1 - 311 124 - 1.34
TIPS-PN* 587 19.1 - 381 131 - 1.15

TIPS-PN 587 19.1 - 498 143 - 0.87
TBDMS-PN 315 -19.5 - 527 12.09 - 0.97

TMS-PN 675 42.12 - 513 13.1 - 1.06
BDIPS-PN -510 62.98 -1.5 341 18.3 0.68 1.33
EDIPS-PN 728 76 48 412 39.5 30.1 2.05

Figure 6: Graphical representation of the interacting pairs denoted as A, B and C for
which the transfer integrals and dynamic disorders are reported in Table 1. (a)TIPS-PN
(b)TBDMS-PN (c)TMS-PN (d)BDIPS-PN and (e)EDIPS-PN.

.

PN, the measured µh is 0.65 ± 0.35 cm2V−1s−1 and is marked by a black dot with

errorbars.64,65 Our previous DFT/optPBE simulation for the 2 × 2 × 1 molecular su-

percell size yielded a µh value of 1.34 cm2V−1s−1, which is larger than the measured

values captured by the errorbars. We recognize that experimentally, smaller domain

sizes and thus more grain boundaries will lower the experimental µ compared to com-

puted µ based on a single crystal structure, so we considered 1.34 cm2V−1s−1 to be a

very good simulated estimate. In this work we developed the ChIMES/DFTB model

to simulate the phonon modes. Simulation of µh using ChIMES/DFTB phonons yields

1.15 cm2V−1s−1 for the 2 × 2 × 1 supercell and 0.87 cm2V−1s−1 for the 2 × 2 × 2

supercell. Directly comparing the simulations of 2 × 2 × 1 supercells enables a direct
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comnparison between the Js and γs simulated from DFT vs. DFTB. The Jis, transfer

integrals, are identical between the three simulations because J is calculated from the

minimized structure and both DFT and DFTB simulations used the same geometry.

The γis, fluxuation of the transfer integral, are calculated from the simulated phonon

spectrum. Comparing DFT and ChIMES/DFTB in a 2 × 2 × 1 supercell shows that

the γis are smaller when simulated by DFT phonons.

Comparing the two ChIMES/DFTB simulations, the µh for the 2× 2× 2 supercell

is lower than for the 2× 2× 1 supercell. This system size dependent result shows that

some low energy phonon modes are under represented in the 2× 2× 1 super cell. The

system size dependence would exist using DFT simulations as well. We are confident

from the scaling to a 4×4×2 supercell that a 2×2×2 supercell is sufficient to simulate

the full phonon range measured using INS at VISION. Nevertheless this system size

result demonstrates that a electronic simulation method with better size scaling than

DFT must be used. We estimate that simulation of the phonon modes for a 2× 2× 2

supercell using DFT would require ∼3.2 million CPU hours, approximately our group’s

total annual simulation allotment at NERSC. Using ChiMES/DFTB, we performed a

2 × 2 × 2 supercell simulation that yielded almost identical phonons and predicted µh

with several thousand CPU hours, a simulation we can perform on an in lab cluster of

128 cores in ∼1 day.

A further surprise is the ability to transfer the ChIMES/DFTB model to similar

molecular structures. We only attempted to simulate substituted acenes and varied

the side chain size. For all simulated acenes with side chains with < 4 carbons, the

ChIMES/DFTB model, optimized to TIPS-PN, nevertheless yielded a minimized struc-

ture that was identical to within error to the measured crystal structure. We deemed

this a sufficient proof that the ChIMES/DFTB model would also predict the dynamics

correctly. However when the # of carbons became four or greater on the side chains,

the ChIMES/DFTB did not simulate the crystal structure identically to measured,

with increasingly large deviations with longer side chains. We can conclude that the

ChIMES/DFTB optimization to a single molecular structure can be transferred to sim-
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ilar structures with a similar ratio of SP2 to SP3 bonded carbons. Once we determined

that the simulated minimized structures were sufficiently similar to the measured crys-

tal structure, we could also predict µhs for four additional molecular species and we

could use the data to learn why one structure will yield a higher single crystal mobility

than another. While this series of simulations and µh predictions does not enable us

to predict the properties of any arbitrary new structure, it does enable us to predict

a series of similar structures that were not previously synthesized and to predict both

the crystal structures and µhs with high accuracy. Most importantly, the simulation

time and effort is lower than the synthetic time and effort, an important benchmark in

materials property simulations.

Figure 7: Illustration of the simulated hole mobilities (red dots) for all the molecules,
along with TIPS-PN mobilities for experimental (black dot), DFT (blue dot) and 2x2x1
supercell (red star).*

Conclusions

Recent experimental and simulation results have demonstrated that charge mobility

in organic semiconductors can be accurately predicted from a complete knowledge of

the structure, phonon spectrum, and using transient localization theory. Our group
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also showed that inelastic neutron scattering data can be used to validate the phonon

spectrum, but the computational cost was prohibitive. Here we demonstrate the use

of DFTB force matched using a ChIMES force field to simulate the phonon spectrum

with similar accuracy but ∼1000× less computational cost. The method provides an

independent route to the phonon spectra of organic semiconductors and ultimately

their charge mobility, while preserving the accuracy of higher order quantum methods.

The fact that we have leveraged relatively efficient DFT/PBE calculations to create

a DFTB model with similar accuracy to a DFT hybrid functional result indicates the

simplicity and some of the advantages of our approach. electron-phonon coupling pa-

rameters computed based on the ChIMES/DFTB simulated phonon modes resulted

in hole mobilities that are in quantitative agreement with available experimental data.

The increased computational efficiency of ChIMES/DFTB allowed us to perform a com-

parison of the phonon spectra and mobility as a function of system size. We found that

the phonon spectra converged for 2× 2× 2 supercell, which is too large to practically

simulate with DFT. Thus the increased computational efficiency of ChIMES/DFTB

enables simulations of sufficient system size. In addition we simulated a number of

different substituted acenes and demonstrated that the ChIMES/DFTB optimization

to TIPS-PN is transferrable to other substituted acenes with a similar ratio of SP3 to

SP2 carbons. The computational efficiency and accuracy of ChIMES/DFTB allows for

a more thorough exploration of the chemical design space of OSCs and more accurate

comparison with experimental efforts. Future ChIMES/DFTB modeling efforts have

enormous potential as a predictive tool to help reduce costly and time consuming trial

and error experimentation to create next generation OSC materials.
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