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Statistical Analysis of Interatomic Transfer Integrals for Exploring

High-Mobility Organic Semiconductors

Charge transport in organic semiconductors occurs via overlapping molecular
orbitals quantified by transfer integrals. However, no statistical study of transfer
integrals for a wide variety of molecules has been reported. Here we present a
statistical analysis of transfer integrals for more than 27,000 organic compounds in
the Cambridge Structural Database. Interatomic transfer integrals were used to
identify substructures with high transfer integrals. As a result, thione and amine
groups as in thiourea were found to exhibit high transfer integrals. Such compounds

are considered as potential non-aromatic, water soluble organic semiconductors.

Keywords: organic semiconductors, transfer integrals, density functional theory,

materials informatics, organic transistors

Subject classification codes: 201, 602, 60

Introduction

Organic semiconductors (OSCs) are suitable to large-area, flexible, and low-cost devices
such as organic field-effect transistors (OFETs) [1,2]. Charge carrier mobility is the most
important performance parameter of OSCs for OFETs because its value limits the range of
applications [3-5]. Several OSCs have been reported to exhibit charge carrier mobilities >
10 cm® V7' s7' [6-10]. Transfer integrals (TIs), a parameter associated with charge carrier
mobility, indicate the magnitude of electronic interaction between the orbitals of adjacent
molecules and is roughly proportional to the overlap of orbitals [11]. Mobility (¢) is
proportional to the square of the TI (£), u « t2, based on the Einstein relation and
semiclassical Marcus theory [12]. Therefore, increasing the TI value is a straightforward
strategy for developing OSCs with high charge carrier mobility. However, the calculation
of the TI value has been limited. Although the TIs of common OSCs such as pentacene and
[1]benzothieno[3,2-b][ 1 ]benzothiophene (BTBT) have been reported [7,9,10,13-16], no
statistical analysis of TIs for a large number of compounds is available for three reasons:

(1) the calculation of TIs requires crystal structures, (ii) the computational cost is higher for



dimers than those for monomers, (iii) methods to correlate between TIs and molecular
structures are unknown. Recently, the growth of crystal structure databases and increasing
computer performance have made exhaustive calculations possible [15,17-21].

Here we show the statistical analysis of TIs for 27,718 small molecules. The
compounds were selected from the Cambridge Structural Database (CSD) [22] via
prescreening adapted for p-type OSCs. Interatomic TIs were introduced to analyze the
contribution of each atom to the intermolecular TI. The histograms of the interatomic TIs
for the combinations of atomic elements show that sulfur—sulfur and sulfur-nitrogen pairs
tend to have high TIs. Thione (S=R) and amine (NR3) structures were suitable for

increasing TIs. Thiourea, for instance, has charge mobility of 0.2 cm® V™' s™' [23,24].

Methods

The CSD comprising X-ray and neutron diffraction analyses of >1.2 million crystal
structures of organic compounds was used as a data source [22]. The primary screening
was performed using ConQuest [25] and CSD Python API[22] to reduce the total
calculation time following the mentioned conditions: (i) R factor < 10%, (ii) single
component, (iii) not polymers, (iv) possess 3D coordinates, (v) not disordered, (vi) not
ionic, (vii) not powder structure, (viii) one or more bonds apart from a single bond, (ix)
one or more rings, and (x) no heavy metal. Thus, ~220,000 molecules were extracted from
CSD.

Secondary screening was performed based on the highest occupied molecular
orbital (HOMO) energy levels because p-type OSCs require suitable HOMO levels.
Considering the carrier injection at electrodes and the stability in air, the molecules having
HOMO levels between —5.4 and —5.0 eV were selected [26]. The HOMO levels of the
extracted 220,000 molecules were calculated via the density functional theory (DFT) at the
B3LYP/6-31G(d) level using Gaussian16 [27]. Experimental geometries were used without

structural optimization while considering the structures in solids and reducing the



calculation time. We used a supercomputer system ITO at Kyushu University (dual central
processing units (CPUs) of Intel Xeon Gold 6154 (Skylake-SP) with 192 GB memory per
node). The secondary screening (Figure 1) indicated 28,681 compounds to fit within the
range of the HOMO level.

TIs were calculated using the same supercomputer system, Gaussian 16, and a
custom Python code fcal [28]. The TI between molecules A and B was calculated via DFT
at the B3LYP/6-31G(d, p) level for monomers A, and B, and the dimer AB. The monomer
molecular orbitals |A) and |B) of the monomers were calculated. The Fock matrix F
and overlap matrix S were calculated for the dimer system. Finally, the TT (t) was

calculated using Equation 1 [11].

_ (AIFIB) 3 (e + enXAISIB)
L 1= (AlS|B)? #(

where €5, = (A|F|A) and eg = (B|F|B). The molecular geometries were prepared as
follows. The first molecule of each crystal structure data was selected as a central
molecule. All pairs of the central and neighboring molecules were used for the calculation
of TIs. The central molecule and each of neighboring molecules are assumed being paired
if the shortest distance between atoms separately belonging to them is less than the sum of
van der Waals radii and 0.4 A. This process was applied to 28,681 compounds selected
after secondary screening. Each Gaussian job used a maximum of 32 jobs with 9 CPU

cores, and the total CPU time was approximately two months.

Apart from the intermolecular TI for general use, we developed an interatomic TI

for further analysis [16]. The basis functions |i) and |j) of each atom were grouped, and
the molecular orbitals were expressed as |4) = Y4 ¥ % q;|i) and |B) = Zg Zf b;lj),

where a and [ are the indices of atoms, i and j are the indices of basis functions, and a;



and b; are the coefficients of basis functions. Substituting this formula into the numerator

of Equation (1) gives Equation (2).

A B a B A | el A B
t = Zzﬁ:zzafl)j il 12_((?|;|_B§123)(L|S|]) = Za:zﬁ:uaﬁ.#(Z)
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Here, we define the interatomic TI u, g as expressed in Equation (3).

a B ; ] 1 ) ,

(i|F|j) — 5 (ea + €p)(ilS]j)
Yap = ZZ aib; 1 - (AISIB)? 3
i J

We used the denominator of Equation (1) as is without substitution for obtaining the
practical definition of u,z because (A[S |B)? ‘is-usually small with respect to 1. The sum
of interatomic TIs is equal to the intermolecular T1. An example of the calculated
interatomic TIs is shown in Figure S2. The interatomic TIs enable the analysis at the

substructure level, which is common among various compounds.

Results and discussion

The interatomic TIs of 27,718 compounds were calculated by excluding radicals and errors
such as no convergence. Figure 2 shows the histograms of interatomic TIs for respective
element pairs. The bottom axes of all histograms represent the absolute values of the
interatomic TIs in the same range of 0—400 meV. The left axes of all histograms are the
normalized probability in the same range; the integral of the histogram is always unity. The
results indicate that interatomic TIs of nitrogen—sulfur and sulfur—sulfur pairs are high.
Nitrogen—selenium and selenium—selenium pairs also show high interatomic TIs, while
such data were fewer than those of nitrogen—sulfur and sulfur—sulfur pairs.

Nitrogen and sulfur atoms were categorized into several atom types considering the

number of bonds for more detailed analysis, as shown in Figure 3a. The histograms



indicate that interatomic TIs are high between (i) amine (NR3) and thione (S=R) and (ii)
thione and thione. Amine can be further classified into cyclic and acyclic amines.
Classification from the point of view (Figure 3b, 3¢) indicates that TIs can be high in both
cases; however, acyclic amine are better than cyclic amine. Figure 4a shows a histogram
indicating the distance between nitrogen and sulfur atoms to investigate the high TIs of
acyclic amine compounds. The pairs of acyclic nitrogen and sulfur atoms have a higher
probability at shorter distances of 3.3-3.5 A than the pairs of cyclic nitrogen and sulfur
atoms. The value is close to the sum of the van der Waals radii of nitrogen and sulfur. One
possible reason for the short distance of acyclic nitrogen compounds is the flexibility of the
acyclic structure. These molecules often have hydrogen bonds to nitrogen. Hence, the
flexibility facilitates the formation of hydrogen bonds and makes the distance short. Figure
4b and 4c show the correlation between interatomic distance and TIs for amine and thione.
The clusters with high TIs of 200-250 meV at distances of 3.3-3.5 A implies that a
specific interaction between amine and thione exist. Schober ef al. have reported related
research, where they have performed DFT calculations of transfer integrals of 95,445
organic crystals [17]. A compound containing thione and amine groups was one of the
candidates for organic semiconductors in their research.

Thiourea is the simplest compound with amine and thione. The charge carrier
mobility of thiourea polycrystal was estimated as ~0.2 cm® V™' s in 1970 via an
uncommon method based on the Seebeck coefficient [23,24]. The mobility exhibited
negative temperature dependence as expected in band conduction. The intermolecular TIs
of thiourea crystal presented in Figure 5a and 5b show that many dimer pairs exhibit high
TI values (102, —43, and —33 meV). The band calculation of the thiourea crystal at the
PBEPBE/6-31G(d,p) level shows small effective mass values of —1.4 m; and —1.6 m, in
a two-dimensional plane at T point, where m, is the free electron mass (Figure S3). These
values are comparable to those of high mobility OSCs [9]. In addition to thiourea, we

found many other compounds having thiourea substructures exhibit high TIs (Figure S4),



while the continuity of high TI network was not fully investigated yet. Thus, thiourea and
its derivatives can be unique OSCs in that they are non-aromatic and soluble in water.
Lastly, the HOMO (Figure 5¢) and molecular orbital energy levels (Table 1) of
thiourea, urea, thioacetone, and acetone were calculated to examine the cause of the high
TIs of thiourea. The orbital of sulfur in thiourea is more expanded than that of oxygen in
urea and contributes to high TIs between amine and thione, and thione and thione. The
amine groups of thiourea increase the HOMO energy level by 0.42 eV compared to
thioacetone and make it suitable for p-type semiconductors. The HOMO (=5.45 eV) and
HOMO-1 (—5.68 eV) might be switched when incorporated into a crystal because both the

energy levels are close, as shown in Table 1.

Conclusions

In summary, we devised interatomic TIs and systematically calculated the TIs for 27,718
compounds. The results indicated that the TIs of nitrogen—sulfur and sulfur—sulfur pairs
were high. The TIs of thione (S=R)and acyclic amine (NR3) groups were preferable. The
expanded molecular orbitals of thione and the short distance between sulfur and acyclic
nitrogen increased TT values. Thiourea is a representative substructure containing thione
and acyclic amine with high TIs. Several dimers with high TIs were obtained from thiourea
calculation. We consider that molecules with thiourea substructures have the potential for

non-aromatic and water-soluble p-type OSCs.
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Figure 1. The HOMO levels of 220,000 compounds after primary screening.
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Table 1. Energy levels of thiourea, urea, thioacetone, and acetone (B3LYP/6-31G(d,p)).

HOMO-1[eV] HOMO[eV]  LUMO[eV] LUMO+I [eV]

Thiourea -5.68 -5.45 0.24 1.21
Urea —7.40 —6.79 1.43 1.73
Thioacetone =7.70 -5.87 -1.91 2.22

Acetone —9.43 —6.64 —0.30 2.40
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Table S1. Comparison of HOMO energies by experiments (cyclic voltammetry) and calculations in

different methods. Chemical structures of the seven compounds are shown in Figure S1.

Refcode BOSBIW  BOWLOP  ZIGPIR  ZODBUR ZOGFIM  ZONQIE ZUVRUF
B3LYP/6-31G(d) -5.22 -5.27 -5.17 -5.23 —5.06 -5.27 -5.11
B3LYP/6-311G(d) —5.45 —5.47 —5.40 —5.46 —5.28 -5.50 -5.33
B3LYP/6-31G+(d) —5.55 —5.50 —5.46 -5.52 -5.34 —5.55 —5.38
B3LYP/6-31G(d,p) -5.24 -5.27 -5.17 -5.24 -5.07 —5.28 -5.12
PBEPBE/6-31G(d,p) —4.63 —4.62 —4.57 —4.59 —4.43 —4.72 —4.45
HF/6-31G(d) -7.19 -7.16 -7.17 —7.00 —7.06 —6.92 -7.23
CCSD(T) -5.10 —5.62 -5.35 —5.49 —5.66 -5.59 —5.65
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Figure S1. Compounds calculated in Table S1.
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Impact statement

The analysis of interatomic transfer integrals for 27,718 organic compounds revealed that thione
(S=R)-amine (NR3) and thione-thione interactions tend to increase transfer integrals and are suitable
to high-mobility organic semiconductors.



