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ABSTRACT: We explore several potential dopant-free triphenylamine-based HTMs for perovskite solar cells by combining two design
strategies: (1) the incorporation of multi-arm for mobility enhancement and (2) including Lewis bases that assist in defect passivation. Through
multi-scale computations along with the analysis of electronic structure, molecular transport network and data clustering, we established the
relationship between hole mobility, transport parameters, intrinsic molecular properties and molecular packing. Our results showed that multi-
arm design can be an effective strategy for four-fold hole mobility enhancement (from 7x10° to 3x10° cm’V"'s") through reducing the
reorganization energy and energetic disorder. Furthermore, ionization potential (IP) optimization by changing substituents was performed
since the IP decreases with increasing number of arms. By adequate choice of substituents, the IP approaches the minus valence band maximum
of MAPbI; and the hole mobility is further increased by ~3 times. The simulated mobility is in fair agreement with the one obtained from field-
effect transistors, supporting our computational protocols.

1. Introduction molecular level are powerful tools in revealing this non-trivial
. . . . relationship, as demonstrated by Andrienko and Wetzelaer et.
Organic—inorganic hybrid perovskite solar cells (PSCs) are al. 28 who compared the hole transport parameters and mobility

considered as one of the most promising candidates to meet the . . .
. . . . . . of five common organic amorphous semiconductors with those
increasing energy demand. Since their emergence in 2009, their . .

obtained by experiments.

power conversion efficiency (PCE) has increased from 3.8% to

more than 22%.'2 To further improve PCE, it is essential to Because of the limited understanding of the structure-mobility
identify the ideal material for each device component. The most relationship, current searches for new HTMs tencl to rely on
important layer in the PSC device is the active perovskite, trial-and-error approaches. For example, Son e al.” and Dai et
which is responsible for absorbing sunlight and generating free al.*? cons%de'red the effect of the number of triphenylamine
charge carriers. In addition to the main active perovskite, the (TPA) moieties attached to the Cf_’l}tra! corc on PSC performance,
hole transport (selective) layers play a crucial role in reducing finding that the HTM hole mobility increases with the number
interfacial electron-hole recombination and serve as a of TPA arms. Another relevant example involved increasing the
protective coating that retards moisture.>® As a result, PCE by introducing more Lewis bases, from zero (TPACOM)
considerable effort has been directed toward discovering to three methoxy groups (TPAC3M) in order to reduce electron-
promising hole transport materials (HTMs), especially small hole recombination.”® Thus, a legitimate question is can these
organic molecule-based HTMs.” 3 two strategies be combined with one another? Assuming we

retain the ability of defect passivation by controlling the number
of -MeO, can hole mobility be enhanced by introducing
additional arms? How do these molecular modifications alter
the IP? Starting from TPAC3M (referred to as TPA1C3M later),

The desired HTMs properties in perovskite solar cell are well-
defined: (a) a suitable ionization potential (IP) and (b) a high
hole mobility (p). A suitable ionization potential (IP) facilitates
hole injection and maximizes the open circuit voltage (Voc),
while a high hole mobility (u) affords efficient hole transport
from the perovskite layer to the electrode, leading to a high fill

Rl HC.
factor (FF).!*'® In addition, HTMs with high p can serve as © © TPA1C3M:

dopant-free HTMs, avoiding introducing deliquescent salts R1=MeO, R2= MeO, R3=MPCB
such as Li-TFSI which is detrimftntal to long-term stability. N N E’i‘fn‘ég""kﬁ MPCB, R3=MPCB
Despite recent effort in the field,'” the current understanding /©/ \Q TPASCSM:

of the “chemical structure”-property (i.e., hole mobility) R3 R2 R R1=MPCB, R2= MPCB, R3=MPCB
relationship for amorphous HTMs is still murky. This lack of TPA core MPCB arm
knowledge hampers the discovery pace of promising HTMs and,
for this reason, systematic investigations of the influence of
molecular structure on the hole mobility are beneficial.!>?
Correspondingly, computer simulations undertaken at the

Figure 1. The molecular structure of the TPA core, the MPCB
arm, the MeO group, as well as the TPA1C3M, TPA2C3M
and TPA3C3M molecules.



which is already a promising dopant-free HTM leading to a PSC The reason for the significant decrease in A is extended

with ~16% PCE,” here, we consider derivatives with increasing conjugation, as visualized (Figure S1) by the HOMO becoming
numbers of 9-(4-methoxyphenyl)carbazole arms (MPCB arms, more spatially delocalized through the MPCB arms when
as shown in Figure 1), which are investigated through a multi- moving from TPAIC3M to TPA3C3M. Thus, it is not
scale computational protocol. The relationship between the surprising that the trend in reorganization energy has been noted
most critical charge transport parameters and the properties are for similar molecules such as oligoacene, thienoacenes and
investigated using electronic structure computations, molecular oligothiophenes.****

transport network and dimer-configuration clustering. Our .. . . .
results demonstrate that hole mobility increases with the The origin of the decreasing A can be further investigated by a

number of MPCB arms attached to the TPA core. However partitioning into each contributing vibrational mode using
introducing more arms leads to an unfavorable decrease in IP, normal model analysis (NM). The reorganization energy
which can be adjusted through careful chemical modification. determined through this method is 218 meV, 173 meV an.d 162
The simulations of two of the best performing HTMs are meV for TPA1C3M, TPA2C3M and TPA3C3M, respectively.
compared with field-effect transistor measurements, showing The good agreement between A obtained from NM and 4-point
good agreement between experimental and simulated hole method indicates the anharmonic effect is insignificant in our
mobilities. This finding highlights the relevance of our strategy case. Since the behavior and sums of the vibrational mode

that has the potential for applications stretching beyond the field contributions for all three molecules are similar for 4, and 4,
of perovskite solar cells. (see computational details, Figure 3 and Table S1), the

. . following discussion focuses only on A;. The key contributing
2. Results and discussion normal modes are nearly the same for each of the three

molecules (see arrows in Figure 3 and the corresponding
vibrational modes in Figure S3-S5). Interestingly, with the

ti f the first band, TPA1C3M is al haracterized
simulations, for which the input is the hole hopping rates preepron o° Te IRt ban (> A ways characerize

lculated 1 h molecul ir if (molecular dimer) usi by the largest contributions. Given that the relevant frequencies
calculated for each molecular pair i/ (molecular dimer) usin a
non-adiabatic semi-classical N[P;.l‘CuS] charge transfer theo 3% are the same for all molecules, the larger 4, contribution of
Each of the charge transport paramegters given in r}t/ile TPA1C3M arises from a larger displacement (AQ?, as shown in

. . .. Figure S3 to S5). Overall, introducing more arms does not alter
computational details (e.g., reorganization energy A, transfer £ )- Ov ueing

. ) dsi Jiff AE. in Eauation 4 the major vibrational modes that contribute to the local electron-
1gtegra s Ji; and site energy difference AE;; in Equation 4) are phonon coupling, but rather reduce the reorganization energy
discussed below.

by attenuating the geometrical response between the charged
The Reorganization energy, (computed with the 4-point method) and neutral state (i.e., AQ? of these modes).
decreases from 213 meV to 156 meV while increasing the
number of MPCB arms (Figure 2(a)). Since low reorganization
energies lead to high charge transfer rates, increasing the
number of MPCB arms attached to the TPA core is an effective
strategy that might underpin the outstanding performance of
existing multi-arm HTMs.?2%*2 At room temperature, the
charge transfer rate of TPA3C3M is two times that of
TPA1C3M, assuming a zero site-energy difference (AE;; = 0)
and the same transfer integrals (as shown in Equation 1). i o exp [—(CBo)?] (2)
where C is a coefficient that depends upon the model used and
DTPACIM / ArpAicsM oy, [— w} ~203 (1 B is the inverse of temperature (1/ksT). The exponential
Arpascam HesT dependence emphasizes the crucial role of o. The physical

Multi-arm effect on charge transport properties
Hole mobility is obtained from kinetic Monte Carlo (kMC)

Energetic disorder: In organic amorphous materials, the lack of
translational symmetry leads to a Gaussian or exponential
distribution of the site energies, where the molecules with a site
energy centered at the tail of the density of states serve as
potential charge traps that hamper charge transport.*> The
dependence of charge mobility on the energetic disorder is
described by a lattice model:*%*
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Figure 2. (a) Reorganization energy (A, computed using 4-point method at B3LYP/6-31G(d,p) level), energetic disorder
(electrostatic and polarization component, ,,) and intrinsic energetic disorder (g;), (b1) average molecular dipole moment d,,4 and

Aayg

lattice parameter a, (b2) a g,,~ — plot, (c) the overall transfer integral square distribution and (d) the histogram of number of edges
for each hopping site with a threshold of 10 eV? for TPA1C3M, TPA2C3M and TPA3C3M molecules.
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Figure 3. Frequency dependence reorganization energy
computed using NM method B3LYP/6-31G(d,p) level for (a)
neutral (1,) and (b) cationic (1,) geometry upon hole transfer
process for TPA1C3M, TPA2C3M and TPA3C3M. The black
arrows indicate the frequencies that make major contribution
to reorganization energy.

origin of the energetic disorder can be understood from the
partitioning:*®

oy = 05 + 0} G3)
WETE 0y, 15 the total energetic disorder, g, the electrostatic and
induction component and o; is the intrinsic component. o;
arises from the molecular conformational disorder present in
disordered organic materials, which leads to HOMO variation.
On the other hand, g, results from the electrostatic interactions
and the induction between a molecule (site) and its surrounding
environment.

As shown in Figure 2(a), g, decreases with an increase in the
number of MPCB arms, from 149 meV to 131 meV. This can
be explained by the correlated Gaussian disorder model
(CGDM), which describes the energetic disorder using a dipole
glass model (simple cubic lattice, for which the sites are
occupied by randomly oriented dipoles).>* The origin of ¢ in
this model is purely electrostatic, with ¢ being proportional to
the molecular dipole moment (d) and the inverse of the square

of the cubic lattice parameter (é). We compute the average

molecular dipole moment d,,,, and effective lattice parameter
a for each compound (see page 11 in the supporting
information). Although both dg,; and a increase by a similar
percentage (~20%) when going from 1 to 3 arms, the inverse

square dependence of ¢ on a leads to an overall decrease in
d . . d

% (Figure 2(b)). The good correlation between o, and %
indicates that the multi-arm design strategy can successfully
reduce g, if the increase in molecular dipole moment is not

significant compared to the increase in molecular size.

Similar to g,,, the intrinsic energetic disorder also decreases
from 146 meV to 129 meV when increasing the number of
MPCB arms from one to three. Previous work by Wenzel et al.
showed that o; correlates rather well with the variation in
HOMO energy with respect to the easily-rotatable dihedral
angles.*® Similar correlations are observed between the HOMO
of the molecule considered here and the dihedral angle between
the carbazole group in MPCB and the benzene in the TPA core
(Figure S7). The HOMO variation decreases with an increase
in the number of arms, akin to the g;. trend. Since both g, and
o; follow the same trend, the total energetic disorder follows the
order TPA1C3M > TPA2C3M > TPA3C3M.

Transfer integrals also exhibit a broad distribution in disordered
organic materials. As shown in Figure 2(c), the population in
the high transfer integral region [10*~102 eV?] follows the
trend TPA1C3M > TPA2C3M > TPA3C3M, suggesting that
there are more molecular dimers with high transfer integrals in
TPA1C3M than in its multi-armed counterpart. Apart from the
magnitude of the transfer integrals, the connectivity of the
molecular transport network is also crucial for rationalizing
charge mobility.*** We examined the transport network using
two measures: (1) the average number of edges per site (Eayg)
and (2) the Kirchoff transport index (K, see computational
details).*

For a threshold value of 10 eV?, the majority of the number of
edges per site is either 0 or 1 for all three molecules. Going from
TPAIC3M to TPA3C3M, the frequency of 1 and 2 edges
gradually decreases while that of 0 edges increases. Overall, the
average number of edges per hopping site decreases as the
number of MPCB arms increases, from 0.84 to 0.52. Similar
trends are observed for threshold values of 10~ and 10 eV?
(Figure S8 and Table S3). The Kirchoff transport index (Table
S3) correlates well with E.,e suggesting better transport
network properties for TPA1C3M.

In short, TPA1C3M outperforms its counterparts in terms of
both the overall distribution and the spatial connectivity of the
transfer integrals. Generally, two factors determine the
magnitude of the transfer integrals for hole transfer: (1) the

Bent-shape

Figure 4. The molecular shape of TPA1C3M, TPA2C3M and
TPA3C3M molecules.

Star-shape

intrinsic molecular property (HOMO) and (2) the molecular
packing (dimer geometry).>* Here,, the molecular shape varies
from linear (TPA1C3M), to bent (TPA2C3M) to star shape
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Figure 5. (a) Clustering of a 2D configurational space for TPA1C3M into 9 clusters (specified by color), each dot represents a
molecular dimer. The d[Ntpa-N1pa] stands for the distance between two nitrogen atoms on TPA cores of two molecules and the
d[Nes-Ncg] represents the distance between two nitrogen atoms on carbazole (CB) arms; the probability density of transfer integral
square for the corresponding cluster (with the same color) for (b) TPA1C3M, (c) TPA2C3M and (d) TPA3C3M; the prototypical
dimer configuration (centroid of each cluster) for () TPA1C3M, (f) TPA2C3M and (g) TPA3C3M. The arrow is a sketch for the
prototypical dimer configurations, pointing from nitrogen atom of TPA core (light blue) to that of MPCB arms (light orange).

(TPA3C3M), which naturally results in very different
molecular packing (dimer configurations) (Figure 4 and Figure
5). Insightful information can be extracted from the relationship
between the molecular packing and the transfer integrals for
each amorphous organic material even though the intrinsic
change in HOMO also comes into play. The relations are

analyzed via data clustering in an N-dimensional space where
N is the number of geometrical descriptors used to describe the
representative dimer configurations for each molecule (see
computational details and SI).

The TPA1C3M dimer configurations can be represented by
points with coordinates (d[Ntpa-Ntpa], d[Ncs-Ncg]) in a 2-
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Figure 6. lonization potential of TPA1C3M, TPA2C3M,
TPA3C3M and the derivatives of TPA3C3M in isolated gas
state (IP;g,, blue) and with solid-state correction (IPg,;;4, red).

dimensional (2D) configurational space, as shown in Figure
5(a). We plotted the probability density of the square of the
transfer integral for each cluster on the 2D configurational space
(Figure 5(b)). Clusters located at the bottom left of Figure 5(a),
represent  close-contact dimer configurations, possess
distributions with peaks positioned at higher J*region compared
to their top right counterparts. Among all the clusters, two (red
and orange) possess a J* distribution with a peak at 10 ~ 10
eV?, which make major contributions to the overall J?
distribution in the high transfer integral region (Figure 2(c)).
The prototypical dimer configurations of these two clusters,
which are characterized by “parallel” and “T-shape”
arrangements, are shown in Figure 5(e) (for other clusters, see
Figure S11 to S13). It is not surprising that these two types of
molecular packing lead to high transfer integrals. Furthermore,
the prototypical dimer configurations for the orange and yellow
clusters, which are roughly symmetric with respect to the
diagonal of 2D configurational space, are both “T-shaped” and
differ that the moieties involved at the branch point of “T” are
different (TPA group for orange cluster and MPCB group for
yellow cluster). This results in a difference in the degree of n-nt
overlap, where the former has two phenyl groups in close
contact with the other molecule at the branch point, while the
latter has only one, which leads to a left-shifted peak in J?
distribution for the yellow cluster.

Using the same treatment for TPA2C3M/TPA3C3M as for
TPA1C3M, the probability density of transfer integral square
for each cluster is shown in Figure 5(c) and (d). Unlike
TPA1C3M, only one cluster (red) possess a J* distribution with
a peak at 107 ~ 10 eV?, with the corresponding characteristic
dimer configurations being shown in Figure 4(f) and (g). In the
region of 10 ~ 10 eV2 TPA2C3M possesses two clusters
(orange and yellow) with peaks located in this range, while
TPA3C3M only has one cluster (orange) in the same region.
Since the number of dimer configurations for each cluster is
quite similar, the difference in J* probability distribution
explains the observed trend in the distribution in the high J?
region: TPA1C3M > TPA2C3M > TPA3C3M (Figure 2(c)).

Hole mobility: To sum up, the reorganization energy, total
energetic disorder and transfer integrals all decrease when the

number of MPCB arms is increased. Reducing the first two
parameters favors high hole mobility, while decreasing the last
has the opposite effect. Overall, the simulated hole mobility of
TPA1C3M, TPA2C3M and TPA3C3M are 7.34x10%, 1.49x10°
5> and 3.09x10° cm?V'!s!, respectively (Figure 8) indicating
that the gain from lowering the reorganization energy and
energetic disorder surpasses the loss from the lower transfer
integrals when more MPCB arms are introduced. This 4.2 fold
enhancement in hole mobility proves that the multi-arm design
strategy is effective for this molecule. Although the totality of
multi-arm design principles should be examined for other
molecules, the computational protocol and the analysis adopted
here is broadly applicable to future systematic investigations.

Optimization of the ionization potential

The computed ionization potentials of HTMs in isolated gas
phase (IP;sq) and with solid state correction (IPgq)i4) are shown
in Figure 6. Although the hole mobility is augmented by the
number of MPCB arms, the /P4 decreases from 5.10 eV to
4.96 ¢V, which is unfavorable to the V. Thus, it would be
beneficial to adjust the IP via chemical modification while
preserving (or even improving) the hole mobility. The strategy
is to alter the molecular structure of TPA3C3M minimally,
conserving the defect passivation ability (e.g., the number of
Lewis bases) by replacing the methoxyphenyl groups located
on the MPCB arms with stronger electron-withdrawing groups
or alternative substitution site. Since [P, and IPg,);q show
similar trends, we use the cost-effective /P, as a preliminary
screening criterion, followed by IPgy;q computations for the
potential HTMs.

Seok et al. showed that by displacing half of the methoxy
groups on Spiro-OMeTAD from the para (electron-donating) to
the meta ((electron-withdrawing) position increased the IP by
~0.1 eV.” In our case, this modification only raises the IP;g,
from 5.35 eV to 5.36 V. Further enhancement can be achieved
through heteroatom substitution and replacing m-MeO with m-
MesS groups,* leading to an IP of 5.40 eV. Given that these two
strategies are not sufficient, we introduced stronger electron-
withdrawing groups (eg, benzonitrile,
benzylidenemalononitrile and pyridine) that are traditionally
used for tuning the IP of HTMs (Figure 6).*** The IP,,
effectively increases from 5.35 eV (methoxyphenyl) to 5.79 eV
(benzonitrile; TPA3C3CN), 5.89 eV (benzylidenemalononitrile;
TPA3C6CN) and 5.69 eV (pyridine; TPA3C3PD). Further
examination shows that their IPgy;4, 5.29 eV, 5.48 eV and 5.30
eV, approach the value of the minus valance band maximum of
MAPbI; 16

Substituent effect on charge transport properties

Analogous to the previous sections, we now discuss substituent
effects from TPA3C3M to TPA3C3CN, TPA3C6CN and
TPA3C3PD, on each transport parameters: 4, ¢ and J;;.

Reorganization energy: The reorganization energy (using the 4-
point method, see Table S2 for the NM results) marginally
increases from 156 meV to 168 meV (TPA3C3CN), 181 meV
(TPA3C6CN) and 168 meV (TPA3C3CN) (Figure 7(a)) when
stronger electron-withdrawing substituents are introduced.
Overall, this effect is less significant than varying the number
of arms (25 meV vs 57 meV from TPA1C3M to TPA3C3M). A
crude estimation using Equation 1 suggests that the influence
of the reorganization energy change on charge transport by
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plot, (c) the overall transfer integral square distribution and (d) the histogram of number of edges

for each hopping site with a threshod of 10 eV? for TPA1C3M, TPA2C3M and TPA3C3M molecules.

introducing different substituents is minor, with a transfer rate

0.73/0.86 times that of TPA3C3M for TPA3C6CN/TPA3C3CN.

Energetic disorder: g, (Figure 7(a)) increases from 131 meV
to 146 meV (TPA3C3CN) and 179 meV (TPA3C6CN). Yet,
replacing the methoxyphenyl by pyridine groups strongly
reduces g, (by 51 meV). This contrast essentially originates
from the molecular dipole moment, as shown in Figure 7(b).
Introducing benzylidenemalononitrile groups raises the average
molecular dipole moment from 3.59 to 9.60 Debye. The
intrinsic energetic disorder follows a similar trend, with the
exception of the o; of TPA3C3PD, which is larger than that of
TPA3C3M. The total energetic disorder evolves as:
TPA3C6CN > TPA3C3CN > TPA3C3M > TPA3C3PD.

Transfer integrals: All systems exhibit a similar square of the
transfer integral distribution in the region where the transfer
integral is highest [10~10 eV?] (Figure 7(c)), indicating that
both the variations in the HOMO (Figure S2) and changes in
molecular packing are only slightly affected by the substituent.
This is confirmed from the average connectivity plot of the
three molecules examined in Figure 7(d) (very similar and
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Figure 8. The computed and experimentally measured hole
mobility (average result from four transistors) for all
molecules.

slightly better than that of TPA3C3M), the Kirchoff transport
index (Table S3) and the clustering analysis (Figure S14),
which each show that substituent modification leads to a similar
molecular packing and better molecular transport network.

Hole mobility: The hole mobility of TPA3C3CN, TPA3C6CN
and TPA3C3PD is predominantly determined by the
reorganization energy and the total energetic disorder (1.02x10"
5, 1.57x10° and 9.07x10”° cm?V'!s™!, respectively, Figure 8).
Modifying the substituents from TPA3C3M to TPA3C6CN
decreases hole mobility by more than an order of magnitude,
whereas TPA3CPD is increased by ~3 times. On the basis of the
previous evaluation of the reorganization energy contribution,
we can conclude that the energetic disorder, (especially g;,) is
the main source for the variation in hole mobility. This
highlights the crucial role of the molecular dipole moment as a
design principle. To verify our simulated results, we measured
the hole mobility of TPA3C3M and TPA3C3PD, showing
highest simulated hole mobility, using bottom contact bottom
gate field effect transistors (FETs) prepared by solution
processing (Figure 8). Our predictions are in fair agreement
with the experimental mobility of TPA3C3M. The larger
computed TPA3C3PD mobility may arise from the hole
concentration effect: the FET mobility is extracted at high
charge-carrier concentration, while the simulations are
performed with a single charge carrier. The trap filling effect at
high carrier concentration makes the hole mobility less sensitive
to the energetic disorder, which is the parameter most
responsible for the difference in the simulated hole mobility of
TPA3C3M and TPA3C3PD. For devices operating at lower
hole concentrations (e.g., perovskite solar cell), we expect
better charge transport for TPA3C3PD than for TPA3C3M.

3. Summary

In summary, we investigated multi-arm and substituent effects
in TPA-based HTMs using multi-scale simulations involving
density functional theory computations, classical forcefield
molecular dynamics, and kMC simulations. The effect of
molecular modifications on crucial transport parameters, the
reorganization energy, the energetic disorder and the transfer
integrals were evaluated through electronic structure analysis,



graph theory and data clustering. The reorganization energy, the
energetic disorder and the transfer integrals all decrease when
the number of MPCB arms is increased. Yet, the effect of
reorganization energy and energetic disorder dominate the
transfer integrals, which leads to an overall enhancement of the
hole mobility. Despite the effectiveness of the multi-arm design
strategy on hole transport, the IP decreases when the number of
arms is increased, which is unfavorable in terms of V.. Further
optimization of the IP was then undertaken in order to retain the
high mobility of TPA3C3M while maintaining the original
molecular structure as much as possible to minimize changes in
molecular packing. Specifically, modification of the
substituents attached to carbazole arms can be used to tune the
IP where values can approach the minus valance band
maximum of MAPbI;. However, it should be noted that this
design strategy may, at the same time, result in HTMs with large
molecular dipole moments (TPA3C3CN, TPA3C6CN), which
may lead to significant energetic disorder and lower hole
mobility. A clever choice of substituents that yields a reduced
molecular dipole moment and an enhancement of mobility is
TPA3C3PD. From a practical point of view, TPA3C3PD and
TPA3C3CN proposed in this work are better than our initial
prototypical molecule, TPA1C3M, in terms of both IP and hole
mobility. Our results show that promising HTMs can be
achieved by modifying each transport parameters through
multi-arm and substituent optimization, which can be adopted
for the future design of HTMs or amorphous organic
semiconductors. The simulated results show reasonable
agreement with the mobility measured using FET devices for
two HTMs with the highest hole mobility, which supports our
computational protocols.

From a general viewpoint, the multi-arm effect influences all
transport parameters at the same time, where the hole mobility
is a subtle interplay between these parameters. Hence, the
universality of this design strategy should be further examined.
However, the transfer integrals and effective lattice parameter,
the multi-molecule properties, can remain nearly unchanged
through minimally modifying the molecular structures.
Modifying substituents thus serves as an effective and efficient
strategy to further enhance the hole mobility via minimizing the
molecular dipole moment (a single-molecule property). We
believe that both our computational protocols and our analysis
highlighted here will be useful for future work aimed at
investigating the structure-mobility relationship of amorphous
organic semiconductors.

4. Methodology

4.1 Computational Details
Model for amorphous morphology

The amorphous morphology was generated starting from a unit
cell with 64 randomly-placed molecules using Packmol. The
system was minimized using the conjugate gradient algorithm
and then equilibrated in the NPT ensemble (700K, 1bar) by
performing classical molecular dynamics (MD) simulation. The
equilibrated system was then extended into a 2x2x2 supercell
with 512 molecules followed by equilibration (700K, 1bar) for
5 ns. Equilibration in the (300K, 1bar) NPT ensemble was then
performed until the density reached equilibrium (~50 ns). A
final 10-ns production run generated 1000 structures (snapshots)
used in the kinetic Monte Carlo simulations.

The MD simulations were performed under periodic boundary
condition with the Gromacs package****° and CGenFF*%"!
force field along with charge obtained by restrained
electrostatic potential (RESP)* procedure based on HF/6-
31G**. The temperature and pressure control were using
velocity rescaling with a stochastic term> (tr = 1.0 ps) and an
isotropic coupling for the pressure from a Berendsen barostat
(Po=1bar,y=4.5x 107 bar"!, 1p = 1.0 ps). The time step used
in all simulations was 1 fs and bonds involving H atoms were
constrained using the Linear Constraint Solver (LINCS)
algorithm. A cutoff of 12 A was applied to the van der Waals
interaction through force-switch mode. As for electrostatic
interactions, the particle mesh Ewald (PME) method was
employed with a 0.12 nm Fourier spacing.

Charge transport simulations

For amorphous organic materials, the charge transport is well
described by the hopping model, where a charge (electron/hole)
is assumed to be instantaneously localized on one molecule (or
a hopping site). The charge hopping rate between molecules can
be evaluated using non-adiabatic semi-classical Marcus charge
transfer theory:*°

2
w;; .l —_ex
Y h Al AkgT

where T is the temperature, J;; is the transfer integral
(sometimes referred to as electronic coupling) between the i
and j sites, AE;; is the site energy difference E; — Ej and A is
the reorganization energy. From the equation above, it is clear
that high transfer integral and low reorganization energy lead to
a high hopping rate between two sites, which, in turn, leads to
high charge mobility. In addition to J;; and 4, the spread of the
site energy in an amorphous material is crucial.
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The reorganization energy associated with the hole transfer
process is related to the local electron-phonon coupling, which
can be evaluated in two ways.**>> The first is the adiabatic
potential energy surface method (the 4-point method), where
reorganization energy is expressed as:

A=21+ 2, = (Enc — Enn) + (Ecn — Ecc) (%)
where E.n (Ecc) is the total energy of the neutral (cationic)
molecule in neutral (cationic) geometry and E.c (Ew) is the
energy of the neutral (cationic) molecule in cationic (neutral)
geometry. The second method is the normal-mode (NM)
analysis, which partitions the total reorganization energy into
contribution from each vibrational mode. As such, the
reorganization energy is expressed as:

A=+ 2y = Nk, + 2y, = Tis 0iAQ7 + 35 ;007 (6)
where 4,,/ /12]. is the contribution to reorganization energy from

the vibrational mode i/j of the neutral/cationic geometry, w;/w;
is the vibrational frequency of the mode i/j and AQ;/AQ;
represents the displacement along the i"/j" mode coordinate
between the equilibrium positions of neutral and cationic states.
We compute the reorganization energy using the two methods
at the B3LYP**%7/6-31G(d,p) level with D3BJ*® correction and
Gaussian16 software®. The NM analysis was performed using
DUSHIN and Gaussianl6 in tandem.

Site energies are computed using the Thole model, where the
correction terms resulting from the electrostatic and
polarization effects from the environment (surrounding
molecules and external electric field) are added to the HOMO
of an isolated gas molecule.®** The partial charges needed in



this model for the neutral and cationic states were generated via
CHelpG.%* We extract the energetic disorder present in HTMs
using the Gaussian disorder model, where the energetic disorder
(o) is obtained from fitting the histogram of energy difference
(AE;;) to the Gaussian distribution.*"**

In order to efficiently compute the transfer integral of every
molecular pair #j in the neighbor list, we adopted ZINDO-based
Molecular Orbital Overlapping (MOO) method.**¢” The results
obtained from this method have been shown to be in reasonable
agreement with those computed at the B3LYP/6-31G(d) level.%®
We only take HOMO into consideration when evaluating
transfer integral since the energy difference between HOMO
and HOMO-1 is large enough (0.6~0.8 eV) for the molecules
considered here. The neighbor list was established for every
molecular pair having a distance between their nearest
fragments within 7 A. After all parameters defined for each
hopping site and each molecular pair appear in Equation 1 were
computed, kinetic Monte Carlo (kMC) simulation was
performed with 10 ms simulation time and a 10° Vem™ electric
field. The hole mobility was determined from an average charge
velocity.®® For each molecule, 100 snapshots of an MD
trajectory were taken for kMC simulations to reach better
statistics. For a given MD snapshot, KMC simulations with
electric field of six different directions (x, y, z, -X, -y, and -z)
were conducted resulting in 600 kMC simulations for each
molecule.

Molecular transport network

The connectivity of the molecular transport network was
investigated based on a graph constructed for each molecule,
where the vertices are the molecular centers of mass and the
edges are the square of transfer integrals equal to or higher than
a certain threshold value (see SI).* The connectivity is
evaluated by examining the histogram of the number of edges
(connections) of each hopping site. The average number of
edges per hopping site serves as a quantitative descriptor for the
connectivity of the molecular network. The threshold values of
J? are from 10 to 10* eV2. For a threshold above 10 eV?,
almost all hopping sites possess 0 edge. Yet, J* values smaller
than 10 eV? have a negligible contribution to the effective hole
transport. The histograms for the different MD snapshots are
very similar and the results shown here are thus from one MD
snapshot and the total counts of a histogram sum to 512 (total
number of molecules in a simulation box). For more
information, please see the supporting information.

Clustering of dimer configurations

The dimer configurations of an HTM were clustered through
defining a cartesian coordinate system, where each dimer
configuration can be represented as a point with coordinates.
The k-means clustering algorithm, which is a reasonable choice
for our task,’® was used in junction with the elbow method to
find the optimal number of clusters (Figure S10). For more
information, please see the supporting information.

Ionization potential

The ionization potentials of the solid-state amorphous HTMs
were computed using a computational protocol proposed by
Andrienko et. al.,”® which has shown a good agreement between
computed and experimental IPs. Correction terms based on the
Thole model were added to the isolated gas phase IP to account
for the solid state effect (electrostatic and induction effect from
surrounding molecules). The isolated gas phase IP was

computed using the ASCF procedure in conjunction with
B3LYP functional and the 6-31G(d,p) basis set.

[Pgo1iq = IPiso + Ecorr — 20 (7
IPiSO = ASCF = ECN - El’lN (8)
where IPg)i4/1 Piso 1S the ionization potential of an HTM in solid
state/isolated gas phase, E., is the IP correction term from
electrostatic and induction effect, o is the standard deviation of

the site energy distribution, and E,n/E.y is the total energy of
the neutral/cationic molecule in a neutral geometry.

4.2 Experimental Details
Hole mobility measurement

The hole mobility of TPA3C3M and TPA3C3PD was measured
by field effect transistors with a bottom gate bottom contact
(BGBC) configuration. The BGBC transistor substrates are
purchased from Fraunhofer Institute for Photonic Microsystems.
N-doped silicon wafer and a SiO; layer (230 nm) are utilized as
bottom gate electrode and dielectric layer, respectively. A 30
nm Au is applied as source and drain electrodes, and a 10 nm
ITO layer is used to improve the adhesion of Au on SiO,. The
channel length (L) and width (W) of the BGBC transistor
substrate are 2.5 um and 10 mm, respectively. The substrate was
washed by water, acetone and isopropanol before use.
TPA3C3M and TPA3C3PD were dissolved in chloroform with
a concentration of 5 mg mL'. A 50 nm thin film of TPA3C3M
or TPA3C3PD was deposited on the transistor substrate by spin
coating the solution at 1000 rpm. After spin-coating, the
substrates were annealed at 100 °C. The current-voltage (I-V)
characteristics of the transistors were measured in nitrogen
glovebox using a custom-built probe station and a Keithley
2612A dual-channel source measure unit. The electron mobility
of the transistors was extracted from saturation regime
according to the equation:

_ 0\/Ip sat z L
n=2(52) 5g ©

where L and W are the channel length and width, respectively.
Ipsat is the current between source and drain electrode at
saturation, and Vgs is the gate-source voltage. C; (1.4x107* F
cm?) is the capacity of the dielectric layer.

Synthesis of HTMs

The general synthetic information of TPA3C3M and
TPA3C3PD molecules can be found in supporting information.
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