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Prediction and Theoretical Characterization
of p-Type Organic Semiconductor Crystals
for Field-Effect Transistor Applications

Sule Atahan-Evrenk and Alan Aspuru-Guzik

Abstract The theoretical prediction and characterization of the solid-state struc-
ture of organic semiconductors has tremendous potential for the discovery of new
high performance materials. To date, the theoretical analysis mostly relied on the
availability of crystal structures obtained through X-ray diffraction. However, the
theoretical prediction of the crystal structures of organic semiconductor molecules
remains a challenge. This review highlights some of the recent advances in the
determination of structure—property relationships of the known organic semicon-
ductor single-crystals and summarizes a few available studies on the prediction of
the crystal structures of p-type organic semiconductors for transistor applications.
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BTBT [1]Benzothieno[3,2-b][1]benzothiophene

BTBT-Cg 2,7-Dioctyl[ 1]benzothieno[3,2-b][ 1]benzothiophene

DATT Dianthra[2,3-b:2',3'-f]thieno[3,2-b]thiophene

DMA Distributed multipole analysis

DNTT Dinaphtha[2,3-b:2’,3'-f]thieno[3,2-b]thiophene

DPP Diketo-pyrrolo-pyrrole

DPP(TBFu), 3,6-Bis(5-(benzofuran-2-yl)thiophen-2-yl)-2,5-bis(2-

DTT-Ph-C(8,12)

ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione
2,6-Bis(4-{octyl,dodecyl } phenyl)-dithieno[3,2-b":2',3'-d]
thiophene

GA Genetic algorithms

ISC Inorganic semiconductor

0OSC Organic semiconductor

PDIF-CN, N.N'-1H,1H-Perfluorobutyldicyanoperylene-carboxydi-imide
Rubrene 5,6,11,12-Tetraphenyltetracene

TbTH Tetraceno[2,3-b]thiophene

TcTH Tetraceno[2,3-c]thiophene

Tips-pentacene 6,13-Bis(triisopropylsilylethynyl)pentacene

TMTSF Tetramethyltetraselenafulvalene

121

1 Introduction

Organic compounds with n-electron systems show interesting functionality such as
conductivity and semiconductivity [1]. Thanks to their extended n-conjugation,
organic semiconductors (OSCs) have delocalized orbitals where charge carriers can
move. If the charge carriers are produced extrinsically by injection from electrodes
or by the photoelectric effect, electrons or holes can find pathways to go from
molecule to molecule or over a conjugated backbone of a polymer (Fig. 1a, b) Thus
OSCs have great potential to be used as components in electronics or in solar cells.
Especially in inexpensive, flexible, and large area applications such as radio
frequency ID tags, chemical/pressure sensors, display drivers, and solar cells
[8—11], they have the potential to be an alternative to silicon-based semiconductors.

A notable advantage of OSCs is their design potential. The versatility of carbon
provides a vast chemical space which can be explored with in silico strategies.
For example, in the Harvard Clean Energy project database, there are 2.6 million
theoretical candidate OSC compounds combinatorially designed from 30 molecular
fragments as potential semiconductor materials for solar cell applications
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Fig. 1 Examples of molecular and polymer organic semiconductors. The references for the
molecules: (a) [2], (b) [3], (¢) [4], (d) [5], (e) [6], () [7]

[12—14]. In this vast compound space, theoretical modeling and prediction have the
potential to guide the synthesis of new OSCs thus reducing the high cost of finding
materials by trial and error.

In recent years, increasing numbers of new OSCs have been designed and
improved through computational modeling. For example, the modification of liquid
crystal molecules (Fig. Ic) to enhance columnar organization and optimize
intermolecular couplings for enhanced charge transport [4] or the design of
polycarbazole derivative donor polymers (Fig. 1d) for organic photovoltaic appli-
cations by first-principles screening of the prototypical oligomers [5] proved useful.
The synthesis of a new high performance molecular material [6] (Fig. le) or
diketopyrrolopyrrole (DPP)-based polymers (Fig. 1f) with the help of computa-
tional modeling are demonstrated [7]. Despite the common limitations of current
theoretical studies based on approximate methods such as density functional theory
(DFT), these studies, where theory guided the synthesis of high performance
materials, are promising. Now we are just opening a door into a new era where
quantum chemistry methods are integrated into material science and engineering
problems for more intelligent search of better OSC materials [12, 13, 15-19].

The successful prediction and computational design of high performance OSCs
will be possible if three main objectives are achieved. First, a detailed understand-
ing of the structure—property relationship for known OSCs is crucial. The main goal
is to know what works, why it works, and how the material properties could be
further optimized. Second is the ability to predict the solid-state structure from the
molecular structure. This requires the generation of all possible crystal structures
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and computation of the lattice energies to rank and identify the lowest energy
polymorphs. Third is the efficient computational simulation of charge transport to
evaluate the crystal structures and identify the best semiconductors for particular
applications. In this review we address the first and second objectives and briefly
discuss the third.

With an ever-growing number of publications in OSC synthesis, design, and
analysis [20, 21], there is now a substantial body of knowledge on the structure—
property relationships for the OSCs in transistor applications. Undoubtedly, X-ray
diffraction and analysis plays a crucial role in the elucidation of the structures and
the derivation of the structure—property relationships experimentally [22]. In addi-
tion, theoretical characterization with molecular dynamics, quantum chemistry,
especially density functional theory, and charge transport models, helped to derive
important structure—property relationships in OSCs [16, 17, 23-25]. We will
discuss some of the derived relationships in Sect. 2.

The crystal structure prediction for OSCs, on the other hand, remains mostly
unexploited, not only because of the computational challenges but also, we believe,
due to the lack of commercial applications that requires immediate attention to
possible polymorphs and the structural factors affecting the device performance.
One of the most important motivations for the crystal structure prediction for
organic molecular solids is the polymorphism in solid forms of drug molecules
[26]. For example, an unpredicted lower energy polymorph of the HIV drug
Ritonavir [27], which manifested itself during the manufacturing and storage, not
only was inactive as a drug but could also act as a seed to convert the active form
into the inactive form on contact. In OSCs, interconversion between polymorphs
may lead to loss of the desired electrical properties. Thus, we believe in the very
near future, as more commercial applications of OSCs appear in the electronics
market, the crystal structure prediction of OSCs will gain impetus.

There are various factors that complicate crystal structure prediction for OSCs.
As shown in Fig. 1, most OSC molecules are large and flat with quasi-rigid
conjugated backbones. Like other organic molecular crystals, they have many
polymorphs with similar lattice energies. For example, there is less than 1 kcal/
mol difference between C and H polymorphs of pentacene [28]. On one hand, it is
advantageous to have a relatively simple molecular structure with higher symmetry
that leads to mostly two-dimensional packing. This simplifies the search problem,
that is the effective construction of likely packing configurations. On the other hand,
phase transitions from one polymorph to another are more likely in these
two-dimensional packing patterns. The energy barriers among different polymorphs
are not as high as in organic crystals which pack in three-dimensional patterns,
where the molecules are locked in place due to a lock and key kind of close-contacts.
Therefore, in OSCs, as temperature fluctuates, transitions from one polymorph to
another are more likely, sometimes yielding mobility differences as high as an
order of magnitude as temperature increases [29]. In additon, solution processible
materials usually have long alkyl chains as solubilizing groups [30], with many
conformers, increasing the size of the search space dramatically.
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With the exception of a few hydrogen bonding OSCs [31, 32], most OSC solids
are held together by van der Waals forces, mostly London dispersion forces. These
forces are quantum mechanical in nature and hard to capture in classical models
such as molecular mechanics, which always treat the van der Waals forces as two
body interactions. The transferability of the force field parameters is also an issue
[33]. Due to the size of the crystalline systems, the conventional high-accuracy
correlated wave function methods are too expensive. Therefore, density functional
theory (DFT) methods are widely used. However, conventional DFT approxima-
tions cannot describe the attractive van der Waals forces (long-range dispersion)
accurately [34]. For example, to rank the lattice energies of polymorphs of a
relatively small molecular system such as para-diiodobenzene, DFT falls short,
and computationally demanding methods such as diffusion quantum Monte Carlo is
necessary [35]. Fortunately, the dispersion corrected DFT methods have now
developed to such an extent that many body dispersion interactions can be included
in the interaction potentials and can be used to calculate the lattice energies with
chemical accuracy [36]. For example, many-body dispersion-corrected DFT has
been shown to achieve chemical accuracy for the prediction of the sublimation
enthalpies for a set of compounds ranging from pure hydrogen bonding molecules
to only van der Waals bonded solids as well as compounds that uses both types of
bonding in the solid state [36]. This is an exciting development yet it needs to be put
to work for OSC crystal prediction. The practical use of DFT with dispersion to
predict small molecular crystals has also been vetted in the last crystal structure
blind test organized by Cambridge Structural Database [37].

Blind tests organized by Cambridge Structural Database provides an invalueable
opportunity for the test of the predictive power of the state-of-the-art methodologies
for crystal structure prediction. In the last blind tests, significant progress towards
the prediction of crystal structures of molecular crystals was achieved [37, 38]. The
most successful approaches included extensive initial structure searches to span all
possible space groups, primary refinement of the initial structures by the tailor-
made force fields [39], treatment of the internal degrees of freedom for the flexible
molecules correctly [40], and refinement of the lattice energies with dispersion
corrected DFT methods [41] or distributed multipole analysis approaches [42]. In
the last blind test, from the perspective of the organic semiconductor prediction,
especially important was the successful prediction of a compound with large
internal flexibility. Two participating groups predicted the crystal structure of the
largest (33 heavy atoms) and most flexible (8 rotatable bonds) molecule and
reported the right polymorph as their top ranking choice. The positive implication
of this success for the prediction of the crystal structures of OSCs is obvious as most
of them are large and include solubilizing alkyl chains with many rotatable bonds.

Another challenge in the computational OSC design is the difficulty of testing
the theories and structure predictions by comparison with experimental data. The
main reason is the multitude of experimental factors affecting the solid-state
structures and ensuing device performance. The nanoscale order, for example, is
highly dependent on processing factors such as temperature, pressure, type of
solvent, impurities, or substrate surface [15]. Small changes in these factors have
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the potential to affect the experimental outcome drastically. The inclusion of all of
these factors into the computer simulations is an important unsolved challenge for
the theoretical community. We should also note that theoretical studies usually
focus on single crystals, leaving out the polycrystalline materials which unfortu-
nately constitute most of the reported compounds in the literature.

The charge transport processes in OSCs is another hard problem to model. To
achieve de novo modeling, one needs general models where different regimes of
transport are addressed accurately and efficiently so that libraries of molecules and
their solid-state structures can be analyzed to identify the most promising ones.
However, in principle, the movement of charge carriers in OSCs requires a many-
body quantum mechanical treatment [43]. Since an exact solution is not possible, a
number of approximate approaches are adapted such as the density matrix propa-
gation, master equation approaches, dynamical mean-field theory, and so forth. The
studies showed that the coupling of the motion of the charge carrier to the molecular
and crystal degrees of freedom is crucial to describe the problem accurately and a
self-consistent solution of the whole Hamiltonian is necessary [25]. The modeling
of charge transport in OSCs is still a developing field and the structural parameters
obtained from ab initio quantum chemistry are playing an important role in the
development of more realistic models [23-25, 44, 45]. In addition, a comprehensive
multi-scale approach also needs to address issues emerging from organic field-
effect transistor (OFET) device configurations such as the contact resistance, and
short and long-range effects of the gate dielectric, among others.

Thus, in this rapidly advancing field of OSC design, the theoretical characteri-
zation and prediction has tremendous potential for growth. Successful routine
prediction and screening approaches may make themselves more useful in the
future. Before moving on to the theoretical characterization and prediction tech-
niques, in the rest of the introduction we briefly summarize the working principles
of an OFET and the important structural parameters of charge transport for an ideal
OSC for transistor applications.

1.1 The Organic Field-Effect Transistor

The transistor is the most important single element in an electronic circuit. For
organic electronics to find viable commercial applications, a fast, reliable, and
inexpensive OFET is crucial [46]. We have come a long way since the first organic
transistors in the 1980s [3, 47]. Especially in the last 10 years there has been a great
progress in the discovery of new OSCs and the optimization of the process
conditions to achieve commercial viability [3, 21]. Today, some organic semi-
conductor materials surpass amorphous silicon in performance [48] and there are
commercial applications of organic transistors in printed electronics [49], displays,
and microelectronics [9].

An OFET is a voltage-controlled switch where an external voltage applied
between the electrodes creates a current through an OSC layer. Then the flow of



Prediction and Theoretical Characterization of p-Type Organic. . . 101

Source Drain

Ve

\_side view top view
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current is modulated by a gate voltage applied through the dielectric substrate
[50, 51]. In a typical bottom-contact p-type OFET, an OSC crystal or a thin film
is placed over a dielectric substrate (usually SiO,) in contact with the source and the
drain electrodes (Fig. 2). The negative bias gate voltage applied through the
dielectric induces charge carriers (holes), creating a channel between the source
and the drain electrodes. Current flows through the channel when a drain bias is
applied.

In p-type materials the holes are the charge carriers. Therefore charge injection
into the highest occupied molecular orbital (HOMO) of the OSC requires that the
work function of the metal electrodes should match the HOMO energy level of the
OSC. The source and drain electrodes are usually chosen from low work function
noble metals such as gold (Au work function: 5.1 eV). The dielectric layer sepa-
rating the gate from the semiconductor could be a Si/SiO, layer preferentially
treated with a hyrophobic self-assembled monolayer of alkylsilanes to promote
molecular order and enhance transport [52].

The most important parameters defining the transistor performance are the
mobility and drain-source current ratio when the gate voltage switches on and
off, Ion/ore [50]. The mobility characterizes the mean drift velocity of the charge
carrier when an electric field is applied and it is derived from the current—voltage
curves of the transistor. The higher the mobility and /¢, the better the transistor
performance. For example, in a liquid display, Ion0er Of 10° and a minimum
mobility of 0.1 cm*> V™' s7' are needed for good performance [50]. Another
important factor which affects the performance is the operating voltage of the
transistor. Traditionally, the operating voltages in OFETs could be as high as
100 V. Low operating voltages is a requirement for practical applications and has
been demonstrated by the use of high capacitance dielectric layers [53, 54].

OFET devices are very complex since many factors affect their performance,
such as the grain size and boundaries, substrate, substrate temperature, or contact
resistance. In this review we only focus on the molecular and crystal structural
factors affecting the charge transport ability of the OSC layer. Specifically, we
consider the single-crystal layers because they provide a more consistent platform
to study the structural effects [55].

Since charge carrier transport depends strongly on the n-orbital interactions, the
molecular level ordering has important consequences for OSCs. Figure 3 schemat-
ically illustrates the correlation of the mobility to molecular level ordering for a set
of materials from perfect single-crystals to disordered polymers. It is established
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Fig.3 OFET mobility correlates with structural order. As the order of the material decreases, in a
progression from single molecular crystals to disordered polymers, carrier transport decreases by
orders of magnitude

now that usually the better the molecular organization of an OSC, the higher the
material performance. Surpassing amorphous silicon, the single crystalline OSCs
have mobilities in the range of 0.1-40 cm? V' s~! whereas in polycrystalline and
disordered films the mobilities fall down to the range of 0.0001-0.1 cm”* V™' 7!
[46]. In polycrystalline films the grain boundaries become traps for charge carriers,
thus reducing the performance considerably. The anisotropy in the mobilities due to
the low symmetry of the molecules compared to inorganic semiconductors, for
example, also underlines the importance of the packing patterns and microscopic
order in OSCs.

Despite the success of crystalline small molecule OFETs, the commercialization
of these devices has been limited due to their low solubility. Usually, to make
single-crystal OFETSs, micron-to-millimeter-size crystals are obtained by vacuum
deposition and later handpicked to be aligned along the appropriate direction
between the electrodes. This is not a yet practical option for commercialization.
The large-scale semiconductor coating production similar to printing requires
solution processable materials. To achieve solubility, molecular units are usually
modified through the addition of aliphatic groups such as long alkyl chains.
Although these additions/modifications sometimes increase the performance due
the close-packing of the conjugated backbones enforced by the lipophilic inter-
actions of the alkyl chams [31] the grain boundaries reduce the mobility to the
range of 0.01-1 cm? V"~

Recently, however, there has been important progress regarding the develop-
ment of solution-processable and high-performance OSCs. For example, with
controlled deposition of tips-pentacene films (Fig. 4a) with solution-shearing
through nanoarray surfaces, a mobility of 11 cm? V™' s™! has been demonstrated
by Diao et al. [59]. Also in microsheets and microribbons of dithieno[3,2-b:2',3-d]
thiophene derivatives (Fig. 4b) a mobility of 10 cm? V™' s™' and above is observed
[57]. Moreover, a record average high mobility of 16.4 cm® V™' s~! was observed
in the single crystals of Cg-BTBT (Fig. 4c¢) deposited in an ink-jet printer [156].
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Semiconducting polymers, on the other hand, naturally have the advantages of
solution processability, thermal stability, and film uniformity [60]. The polymers
usually form semi-crystalline films with lower mobilities as seen in Fig. 3. Com-
pared to the first polymer-based OFET (polythiophene, Fig. 1b) fabricated in 1986
[3], the progress has been remarkable. For example, DPP-based polymers (Fig. 1f)
with a record high mobility of 10 cm? V™' s~! were reported recently [61]. Such
high mobility for a semicrystalline polymer is very unusual due to the presence of
the disorder in these systems. Recent investigations revealed that a certain degree of
polymerization is necessary for the high mobility since the polymeric chains
connecting crystalline domains can act as bridges for charge transport [62]. Since
the structure prediction for polymers is outside the scope of this review, we will not
discuss polymer-based OFETs any further. However, we would like to underline
the notion that once a good molecular or polymeric material is discovered, through
the optimization of the processing conditions it is possible to engineer high-
performance materials. This might entail the enhancement of the intermolecular
orbital interactions or the reduction of the impurities or other structural traps.

Despite the remarkable progress made in the synthesis and process engineering
in OFETs [15], up until now theoretical characterization and prediction has relied
on the availability of crystal structures from X-ray diffraction analysis [22]. Once
the structure of an OSC is known, the structural parameters affecting the perfor-
mance are examined through theoretical characterization techniques. The
structure—property relationships learned from the study of known OSCs provide a
framework upon which new novel materials discovery routes rely. We dedicate the
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rest of this section to the important parameters in OFET modeling and Sect. 2 to the
structure—property relationships.

1.2 Charge Transport Models and Parameters

In contrast to the success of charge transport models for inorganic semiconductors
(ISC), models for OSCs are still under development. The major reason for this lack
of a comprehensive model is the difficulty of dealing with molecular behavior in the
solid state. Unlike in an ISC, the OSC building blocks have high polarizability, low
internal symmetry, and weak intermolecular interactions. In addition, the diversity
of materials from molecules to polymers and to liquid crystals poses challenges for
the development of generalized and consistent models.

To summarize the basic understanding of the charge transport mechanisms and
underlying structural factors, it is useful to start with a Hamiltonian for a single
particle moving on a periodic lattice. The following Hamiltonian [63] includes all
the important energy contributions describing the motion of a charge carrier over
regular lattice sites, i and j:

_ 10 0 local non-local
H= Hl—l-H h+ Hepo ph+He17ph )

el = Ze]a + ZJ,,a aj,

i#j

1
th=Zhwq baba+3 |,

Y = 33 0wt (1y-0)
erqlonplhocal — ZZhwqu’q (bq —+ b_q) a#(lj.

q i#

Here, Hgl is the electronic Hamiltonian, ¢ and a are the creation and annihilation
operators, i and j label the molecular sites with energy ¢, and J is the charge transfer
integral which represents the strength of electronic coupling among neighboring
sites. th represents the phonon contributions with frequency @ where q and is the
wavevector. The operators bg and bq denote the creation and annihilation operators
for the phonons with energy Awg. As can be seen in (1), the electron—phonon
coupling term has local (g;;) and non-local (g;;) contributions. Within this formula-
tion, the local electron—phonon coupling term modulates the site energies whereas
the non-local coupling modulates the site-to-site interaction terms J;;. As a first-
order approximation, the local and the non-local electron—phonon coupling terms
could be obtained by Taylor expansion of the electronic Hamiltonian along the
phonon modes [64].
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Depending on the relative strength of the terms of this Hamiltonian, the models
could be roughly categorized into band, polaron, and disorder models [63]. In the
band transport models, J is the most important term. Due to strong coupling among
the sites, the bandwidth is relatively large, and thus a mobility value above
10ecm?> V' s7!is possible. However, in OSCs, since the molecular interactions
are weak, injection of a charge polarizes the molecule and its surroundings signif-
icantly, leading to formation of a polaron. The polaron is a quasi-particle
representing the charge and the polarized lattice around it [43]. Thus in these
models the electron—phonon coupling terms play a crucial role and determine the
transport characteristics and the temperature dependence in the mobility. In the case
of disorder-based models, the fluctuations of the site energies and the modulation of
the coupling terms are so large that the charge transfer can be described as a series
of uncorrelated hops in a broad density of states [63].

Temperature plays a crucial role in the charge transport in OSCs. It has been
demonstrated for pentacene (Fig. 1a) [65] and rubrene (Fig. 4d) [58], for example,
that, at low temperatures up to 280 K, the mobility shows an inverse dependence on
temperature (7 ") which is the evidence of band transport. The mobility decreases
with increasing temperature as more and more scattering of the charge carriers
happens due to the phonon modes of the medium. Somewhere around room
temperature (280-300 K), the charges carriers localize to the molecular sites due
to thermal fluctuations and the transition to activated hopping occurs so that the
mobility increases as a function of increasing temperature [66].

Thus, naturally, the choice of the most appropriate model depends on the
knowledge of the molecular and solid-state structure. Once the structure is
known, ab initio molecular [25, 67] or solid-state electronic structure parameters
[68] can be used to make more realistic models based on multi-scale QM/MM or
semiclassical schemes [23, 24, 44, 69]. In the following sections we briefly discuss
these important parameters for the charge transport models.

1.2.1 Electronic Coupling, J

The electronic coupling term, J, is one of the important structural parameters
determining the charge transport properties of an OCS. In the literature, another
more common name for the electronic coupling term is the charge transfer integral,
or transfer integral.

For p-type OSCs, in a simple dimer approach, the transfer integral can be
calculated as the electronic coupling of the HOMO orbitals of adjacent molecules
as J = (yHOMOIH Iy HOMO) " where the A and B indexes represent the adjacent
molecules in a relative geometry extracted from the crystal structure. For symmet-
rically equivalent molecules, it is simply the splitting of the HOMO molecular
orbitals in the dimer configuration. In the case of geometrically non-equivalent
molecules, however, the effect of the site energy differences should be taken into
account [70-72]. This dimer-based approximation neglects the effect of the crystal
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environment on the transfer integrals. It is also possible to calculate the transfer
integrals from fitting the dispersion of the bands into a tight-binding Hamiltonian
[44, 73, 74]. This approach includes the crystal environment effects within the level
of the theory used. Experimentally, the transfer integral values can be obtained
from the dispersion of the HOMO bands determined by photoemission
spectroscopy [68].

In the calculation of transfer integrals, DFT-based methods are usually
employed as they provide a good enough accuracy with a reasonable cost. For a
medium size molecule such as pentacene, hybrid functionals with double-zeta basis
with polarization functions are usually used and shown to provide qualitatively
accurate results [75]. For larger molecules, long-range corrected DFT methods
provide better accuracy [76]. It has also been shown within the dimer-based
approach that the change in the transfer integrals associated with the applied
electric field is negligible [77].

The electronic coupling terms show the following characteristic features:

1. Exponentially decreasing as a function of increasing intermolecular distance.
The smaller the intermolecular stacking distances, the stronger the molecular
orbital couplings for configurations for which the transfer integral is not zero.

2. Oscillatory behavior as a function of molecular displacements in the direction

perpendicular to the interaction of m-orbitals. The oscillation as a function of the
slip along the long axis is called the D-modulation.

. Dihedral angle dependence [78].

4. Anisotropy [79].

98]

As can be seen in Fig. 5a—c, the transfer integral strength strongly depends on the
dimer geometry of the interacting molecules [25, 64]. The dependence on the
n-stacking distance is exponential (Fig. 5a) [25], and thus it is crucial to be able
to control it. Slip-stacked geometries as a function of short and long axes show
oscillations. Kojima and Mori analyzed the dihedral angle dependence of transfer
integrals for a group of molecular OSCs with typical herringbone packing [78]. As
expected, all these molecules show the characteristic oscillation behavior as a
function of dihedral angle and p-modulation. They observed that the transfer
integral strength is strongly dependent on the molecular orbital symmetry as well
as the crystal structure packing. Due to the oscillatory nature of the transfer
integrals as a function of geometrical orientation of the molecules, achieving charge
transport through the optimization of the couplings is challenging.

The strength and the extent of J determine (an)isotropy of the mobility and the
bandwidth. As shown in Fig. 5d for pentacene, moderate to strong anisotropy of
mobility tensor is a common feature of the transport plane. The bandwidth is also
strongly dependent on the transfer integral values. For example, within the tight-
binding approximation, the bandwidth for a one-dimensional network of coupled
sites is defined as 4J [80, 81]. For a two-dimensional OSC, direct relationships
between the transfer integrals and the bandwidth are established [82, 83]. The
percolation network’s robustness, fragility, and dimensionality depend on the
strength of the transfer integrals between the molecules in each direction.
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Fig. 5 (a, b) The dependence of the transfer integral on the intermolecular n-stacking distance in
tetracene [25], D-modulation in tetracene [25]. (Reprinted with permission from [25]. Copyright
(2007) American Chemical Society). (¢) Dihedral angle dependence in pentacene [78]. (Reprinted
with permission from [78]. Copyright (2011) The Chemical Society of Japan). (d) Anisotropy of
the mobility of pentacene in the transport plane (filled squares: maximum mobility, empty
squares: —10 V gate voltage). (Reprinted with permission from [79]. Copyright (2006) AIP
Publishing LLC)

Depending on the packing patterns and the ensuing n-orbital overlap, one-, two-, or
sometimes even three-dimensional conductance is possible. For example, Vehoff
et al. analyzed the topological connectivity of four different single crystals, namely
rubrene, benzo[1,2-b:4,5-b'Ibis[b]benzothiophene derivatives with and without
C4Hy side chains and indolo[2,3-b]carbazole with CH; side chains [84] (see
Fig. 6). The transfer integrals for the adjacent molecules revealed the dimension-
ality of the percolation networks as illustrated in Fig. 6.

These observations pertaining to the nature of the transfer integral only include
the geometries of the equilibrium structures. At finite temperature, since these
materials are weakly bound van der Waals solids, the thermal motion of the
molecules significantly affect (modulate) the transfer integrals. Instead of a single
equilibrium value, a probability distribution of transfer integral values appears. The
shape of the distribution strongly depends on the temperature. This modulation
could naturally be described as the coupling of phonon modes of the crystal to the
electronic degrees of freedom. There is indeed a great deal of work in the literature
dedicated to this subject and we briefly discuss some important aspects of it in the
next subsection.
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each molecular site. The connectivity and colors refer to the strength and type of the transfer
integrals, as indicated by the colored arrows. (Reprinted (adapted) with permission from
[84]. Copyright (2010) American Chemical Society)

1.2.2 Electron-Phonon Coupling

Following (1), the electron—phonon coupling can be described as a sum of local and
non-local electron—phonon coupling terms. This division comes naturally in OSCs
as the intermolecular vibrational forces are much weaker compared to the
intramolecular ones.

The electron—phonon coupling is usually calculated within the harmonic approx-
imation. A charge carrier over a site changes the potential energy surface for the site
such that rearrangement of the nuclei now have a different energy shifted from the
original point of the potential well by an amount of gfjha)q [23]. This shift in energy

is called the polaron binding energy in polaron transport models [25] and the
reorganization energy in the terminology of the Marcus -electron-transfer
theory [85].

The intramolecular portion of the electron—phonon coupling is calculated
approximately from the gas-phase geometries of the neutral and charged molecules
by measuring the change in the total energy upon charging [25, 86]. This is
commonly called the internal reorganization energy. This approach neglects the
coupling of the intramolecular modes to the polarization of the neighbour mole-
cules in the crystal environment. The aromatic conjugated molecules are highly
polarizable; hence the lattice will distort to accommodate the charges [43]. Never-
theless, the external reorganization energy contributions are found to be small
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[87, 88], providing some justification for their omission. In addition, the experi-
mentally determined reorganization energy values for rubrene, pentacene, and
perfluropentacene are comparable with this local coupling picture [89, 90].

The calculation of the reorganization energy for molecules with rotatable bonds
is more complicated than the fused aromatic ones. In molecules with rotatable
bonds, geometry of a charged state could be very different from the neutral one.
Then the simple harmonic approximation fails to capture the dependency of the
total reorganization energy on the anharmonic vibrational modes that are related to
the torsional motion of the backbone [91]. Moreover, there is a chance that the gas
phase calculations overestimate the reorganization energy of OSCs with rotatable
bonds. Although in gas phase calculations the torsional degree of freedom is
controlled only by the intramolecular interactions, in the solid state the torsional
motion can be hindered due to intermolecular van der Waals interactions [25]. To
compensate, sometimes the symmetry constraints of the molecule in the crystal
environment are imposed for the gas phase reorganization energy calculations.
However, there is no guarantee that this approach will provide an accurate picture
in all cases.

The non-local electron—phonon coupling constant, g;;, is more challenging to
calculate as it involves the modification of the electronic couplings due to phonon
modes of the crystal. Usually, finite temperature dynamics of the lattice is obtained
from classical trajectories and the effect of phonon modes of the crystal on the
electronic couplings is observed a posteriori by extracting unique dimers from an
MD trajectory. Subsequently, the transfer integral calculations based on the dimer
approach mentioned earlier are performed along the trajectory [92-95]. This
approach provides insight into the thermal modulation of the transfer integrals by
providing a probability distribution. How large is the standard derivation compared
to the mean value and how strongly does it depends on the temperature? These
questions can be answered by the use of this semiclassical approach. For example,
for pentacene single-crystals at 300 K, the transfer integrals for three unique dimers
have been studied with data from MD trajectories. The standard deviations were
found to be of the same order of magnitude as the average transfer integrals [94].

The nonlocal couplings can also be studied by the calculation of the numerical
derivatives of the transfer integrals with respect to the distortions of the crystal
lattice [96, 97]. These couplings represent the zero Kelvin behaviour of the system.
Subsequently, they can be extrapolated to higher temperatures with the use of
classical or quantum statistics. With this approach, for pentacene slightly smaller
standard deviations of the couplings were observed. However, they were still of the
same order of magnitude as that of the mean values. Thus in the larger oligoacenes
such as pentacene, it is safe to assume that the non-local electron—phonon coupling
are significant and semiclassical models of charge transfer could be of use. We
should note, however, that this type of analysis should be extended to other
molecular systems, as different behaviour could be observed for systems with
comparatively stronger or weaker intermolecular interactions.
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2 Structure-Property Relationships

The structure—property relationships in OSC design can be characterized at the
molecular and crystal scales. As mentioned previously, a molecular OSC is usually
made of molecules which are mostly interacting by van der Waals forces [1]. Thus
the formation of an organic solid preserves the molecular properties to a large
extent with some perturbation due to the intermolecular interactions. Since the
molecule in the solid state has many important characteristics resembling its gas
phase properties, the choice of the right molecule is crucial. The molecular prop-
erties such as planarity, rigidity, conjugation length, size, symmetry, side groups,
and their positions, together with chemical structure determine the electronic
structure parameters as well as the packing in the solid state.

On the other hand, although the molecular properties are preserved to a certain
degree in a molecular crystal, many new properties emerge. The experimental
evidence shows that electronic, optical, or transport characteristics depend highly
on the molecular packing [43], such as Davydov splitting [98], line broadening, and
bathochromic shifts [99]. From the perspective of the OFET application, the most
important feature is the semiconductivity. Since the interactions among the mole-
cules are weak and low internal symmetry of the molecules dictates that only
certain packing patterns can have m-orbital interactions, subtle changes in the
packing patterns results in big differences in the semiconductance of a material.

2.1 Molecular Structure—Property Relationships

For a successful p-type OSC, the energy and shape of the HOMO is important. First
of all, the ionization energy (IE) determines ambient stability and charge carrier
polarity of the material, whether it be p-type or n-type.

Before we move on to the discussion of the structure—property relations at
molecular scale, we should note here one technical issue, which is how to compare
experimental and computational values of the electronic structure of the materials.
Although the important quantity for material characteristics is the IE, usually the
HOMO energy levels from the quantum chemical calculations are compared to the
experimental IEs for practical reasons. As can be seen in Fig. 7, the HOMO energy
levels closely follow the IEs from the photoelectron spectrum. In reality the
difference between the gas and solid-state IEs is large and depends on the packing
and, more precisely, on the nature of the m-orbital interactions. For example, in
pentacene the gas phase IE is 6.6 eV whereas in thin films it is around 5 eV
depending on the packing patterns; 4.8 eV if the molecules are standing up and
5.35 eV if they are lying over a substrate [101]. From the computational cost
perspective, gas phase IE calculations are now routine, but IE calculations for the
solid state are much more complicated. Therefore, the HOMO energy levels are
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Fig. 7 The frontier orbitals of BTBT, DNTT, and DATT (a) and their photoelectron spectrum in
air (b). (Reprinted with permission from [100]. Copyright (2011) Wiley-VCH, Weinheim)

usually used instead of the IE values for practical reasons. Our discussion will also
follow the same approach.

For p-type OSCs, the HOMO level is usually around 5 eV, and thus very close to
the oxidation threshold of 5.1 eV. The more extended the conjugation, the higher
the HOMO level (see Fig. 7). Thus extending the conjugation without making the
material unstable in ambient conditions is a challenge and an active area of
research. For example, the introduction of a thienothiophene group in the middle
of an acene (Fig. 5) has been shown to help stabilize a longer molecule [102], or the
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Fig. 8 The HOMO orbitals S S B
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substitutions with electron-withdrawing groups usually leads to deeper HOMO
levels [103].

The shape of the HOMO is another important electronic property that affects the
performance [100]. If the nodal planes of the HOMO lie on the atoms such as sulfur
atoms, which are important for intermolecular interactions, the strength of the
intermolecular interactions and thus the electronic coupling are reduced. For
example, in molecules with thiophenes, sulfur—sulfur interactions are very impor-
tant in the crystal and maintaining the short contacts among these atoms is impor-
tant for stronger couplings. Figure 8 shows the shape of the HOMO level of
molecules labeled as DBTDT and BTBT. DBTDT has nodal planes over the
sulfur atoms whereas BTBT does not. As suggested by Takimiya and coworkers,
DBTDT has larger S- - -S distances as well as much weaker transfer integral values:
11 and 17 meV [100] compared to transfer integral values of 67 and 26 meV in
BTBT-Cg [104].

Together with the chemical structure and availability of the sp® hybridized
atoms, the size and rigidity of the molecule determines the extent of the conjuga-
tion. This, in turn, affects several parameters related to charge transport. One
important consequence of the size of the molecule is the strength of the local
electron—phonon coupling. Let us assume that a single charge carrier residing on
a molecular site with a rigid conjugated backbone can simply be modeled as a
particle in a box. Then we can consider that the reorganization energy required to
accommodate the charge carrier scales with the length of the box. Usually, the more
extended the conjugation, the smaller the reorganization energy and the better the
charge transport properties. However, this is only true for a set of similar com-
pounds. In the following examples, we explain what we mean by similar.

Since hexacene has recently been synthesized and its OFET mobility has been
measured [105], the oligoacene family of compounds provide a good set to illus-
trate some of the structure—property relationships discussed above. The charge
transport parameters of the members of the oligoacene family with n = 2—6 phenyl
rings are presented in Table 1. The transfer integral values listed correspond to the
unique dimers shown in Fig. 9b—c.

The trends observed for the reorganization energy, transfer integrals, and ensu-
ing mobilities in oligoacenes confirm the discussion above. First, the more extended
the conjugation, the higher the HOMO energy level and the smaller the reorgani-
zation energy. Second, although the transfer integral for the parallel arrangement,
P, does not improve as the intermolecular distance also gets larger, the edge to face
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Fig. 9 (a) ORTEP drawing of two adjacent hexacene molecules. (b) Arrangement of hexacene
molecules in the ab-plane. (¢) Arrays of hexacene along a-axis. The labels T, P, L denote the pairs
of molecules used in the transfer integral calculations. (Reprinted (adapted) with permission from
[105]. Copyright (2012) Nature Publishing Group)

interaction terms, 7 and 75, improve going from n = 2 to n = 6. Together with the
smaller reorganization energies for the larger oligoacenes, the estimated mobility
values improve as well. Similar behavior was also observed for oligothiophenes:
the longer the oligomers, the smaller the calculated reorganization energy
[106]. Experimental evidence also shows that the longer oligothiophenes, four to
six rings, have higher mobilities compared to shorter ones [107]. Usually four or
more rings are required in an OSC molecule for good performance.

For structurally different families of compounds, such as heteroacenes, the
reorganization energy trends need to be carefully analyzed and molecular similarity
needs to be taken into account. For example, the thienoacenes usually have higher
reorganization energies compared to oligoacenes (see Fig. 10). However, the
polyphenyls have quite large reorganization energy values compared to acenes,
even higher than polythiophenes. The trends can depend on structural factors such
as the type of bonds, the availability of the torsional angles, or the spatial arrange-
ment of the aromatic rings. Following the classification suggested by Takimiya and
coworkers [100], in Figs. 10 and 11 we show that if the structural similarities are
taken into account and the acene- and thiophene-based OSC molecules are grouped
accordingly, the extended conjugation lowers the reorganization energy. However,
the slopes of the curves representing the change in the reorganization energy as a
function of the number of rings could be very different for each group of
compounds.

One avenue through which to pursue a priori prediction of the high performance
OSC molecules is the use of quantum chemical descriptors in quantitative
structure—property (QSPR) studies. By combining molecular descriptors from
cheminformatics with ab initio quantum chemistry, Misra et al. showed that it is
possible to accelerate the search for smaller reorganization energy materials
[108]. In a study of a family of 200 polycyclic aromatic hydrocarbons, by assuming
that all of the molecules form similar liquid crystalline stacks, the reorganization
energy was identified as the dominant factor influencing the charge transfer rates.
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Fig. 10 The reorganization energies of oligoacene and thienoacene families of homocycles.
References for the reorganization energy values: oligoacenes (diamonds) [105], polythiophenes
(circles) [106], fused-thiophenes (triangles) [25], polyphenyls (squares). (Atahan-Evrenk and
Aspuru-Guzik (2012), unpublished results)

Based on a QSPR study of various molecular descriptors, a weak correlation of the
reorganization energy with the molecular signature (a canonical representation of
the atom’s environment up to a preferred height [109]) and another weak correla-
tion with the electronic eigenvalue descriptors were identified. Then these two
weakly correlated descriptors were combined into a QSPR model that estimated
80% of the reorganization energies within an error margin of 20 meV. This success
rate was quite good as the only quantum chemistry calculation involved was the
ground state geometry optimization of the neutral molecular structure.

Due to the benefits of low reorganization energy in the charge transport, a few
strategies based on structural modifications are developed. For example, the pres-
ence of the nonbonding character in the HOMO level is identified as a reorganiza-
tion energy lowering strategy. A comparison of tetraceno[2,3-c]thiophene (TcTH)
and tetraceno[2,3-b]thiophene (TbTH) showed that the fusing of thiophene in a
symmetric manner results in 30 meV smaller reorganization energy in TcTH
(Fig. 12a) compared to TbTH (Fig. 12b) [110, 111]. Based on the same principle,
the cyanide substitutions, and substitutions by weaker electron-withdrawing groups
(for example, chlorination instead of fluorination) has been identified as a reorgan-
ization energy lowering strategy [112-115]. In addition, intra-ring substitutions
such as the replacement of a carbon atom with nitrogen were also shown to lower
the reorganization energy.

Last but not the least, choosing the right molecular structure has significant
consequences for solid-state packing. The molecular group symmetry, polarizabil-
ity, side group positions, the intermolecular interactions, etc., play a role in
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Fig. 12 Symmetric substitution leads to lower reorganization energy, 97 meV of TbTH compared
to 66 meV in TcTH [110]

determining the stable lattice conformations, thus leading to enhanced or reduced
mobility. For example, relative abundance of C-H (through the peripheral
H-atoms) vs C—C interactions affect the tendency to pack in herringbone or
n-stacked packing forms [116]. The molecules with H-bonding groups such as
quinacridones can form supramolecular synthons [32, 117]. The symmetry of the
molecular structures also affects the packing in the solid state. For example,
molecules with centrosymmetry can form better short-contact networks [100].
In the following section we further discuss the effect of the modification of the
molecular units to achieve high performance and the crystal structure—property
relationships.
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2.2 Crystal Structure—Property Relationships

Among the crystal structure—property relationship studies in OSCs, perhaps the
most striking example is the case of rubrene (Fig. 4d). With a record single crystal
OFET mobility of 20 cm?® V' s™! [58], rubrene was a remarkable improvement
from tetracene. Although the phenyl groups added to tetracene backbone do not
participate in the n-conjugation, they help the tetracene backbone to m-stack right
very close to one of the maxima of the transfer integral surface [118]. The phenyl
groups also provide a lock-in for the backbone so that displacement along the short
axis, which usually yields lower transfer integrals in oligoacenes, is prevented.
Understanding of the rubrene crystal structure provided motivation for further
studies to control the solid-state packing to enhance performance.

To study further the structure—property relationships in rubrene and its deriva-
tives, the effect of the substitutions of the external phenyl rings on the crystal
structure was examined [119, 120]. Haas et al. showed that, depending on the
positions of the substitutions, the n-stacking geometries and the interlayer distances
between the backbones could be controlled. In particular, they have found that the
substitutions on the 5,11 phenyls cause a large twist in the backbone leading to a
polymorph with no charge carrier mobility, whereas the ferz-butyl substitutions on
the 5,12 phenyls showed a similar packing pattern to rubrene with similar OFET
characteristics despite a 31% increase in the interlayer spacing. In a recent study,
McGarry et al. [120] showed that the interlayer distance could also be controlled by
the methyl and trifluoromethyl substitutions of the external phenyl rings. By means
of this approach, rubrene derivatives with OFET mobility comparable to rubrene
were synthesized. In particular, they had a success with dual substitutions by
trifluoromethyls that resulted in ambipolar function as well as a high hole mobility.

Another successful example of charge transport tuning with structural modifi-
cation is the family of substituted pentacenes [121]. Among the peri-functionalized
pentacenes, tips-pentacene (Fig. 4a) with triisopropylsilylethynyl groups at the 6,13
positions emerged as one of the most successful engineering examples [122]. Along
with solution processability and ambient stability, the substitutions changed the
herringbone type of packing into m-stacking conformation. Subsequently by the
solution shearing method a metastable state of tips-pentacene with better perfor-
mance has been achieved with an order of magnitude increase in the mobility
[123]. The theoretical investigation of the transfer integrals corroborated the experi-
mental findings and showed that the solution-sheared films indeed have three times
stronger transfer integrals [123]. Recently Bao and co-workers showed even higher
mobility of 11 cm? V™' s™' for a solution processed film of tips-pentacene,
demonstrating the fact that the control of the solution deposition is crucial for
high performance materials [59]. Tips-pentacene and rubrene are among the few
OSCs which show band-like transport in an OFET setup.

Another crystal packing control strategy is the engineering of sulfur—sulfur
interactions. For example, the chalcogen substitutions at the peri-positions of
pentacene promotes the =m-stacking interactions [124]. In comparison to the



118 S. Atahan-Evrenk and A. Aspuru-Guzik

a L T N b
s ‘ s _$ 4
N ~ N i "‘;-
g et

?E’ sarhl N-S:3.05A -.z’;“a":-«.'
NS~ =

;\::»: it =

c

Fig. 13 Benzothiadiazole-tetrathiafulvalene with =-stacking interactions for single-crystal
nanowire applications (a), short contacts (b). (Reprinted (adapted) with permission from
[125]. Copyright (2013) American Chemical Society)

herringbone packing in pentacene, hexathiapentacene has strong =n-stacking
and unusually short intermolecular sulfur—sulfur distances. These substitutions
usually lead to one-dimensional conduction and thus this strategy has the
potential to develop semiconducting nanowires. Similarly for benzothiadiazole-
tetrathiafulvalene single-crystal nanowires (see Fig. 13), the use of tetrathia-
fulvalene groups with strong S---S interactions and thiadiazole groups promotes
the m-stacking interactions, and the intermolecular stacking distances could be
controlled and short-contacts such as S---S (3.41 A), S---C (3.49 A), and S---N
(3.05 A) could be achieved [125]. Further discussion about additional strategies for
inducing zn-stacking could be found in [126].

Although one-dimensional transport could be advantageous for nanowire appli-
cations, reducing the dimensionality of the mobility has the potential to make the
charge transport very susceptible to the presence of defects [127]. A higher dimen-
sional transport network is desirable for OFET applications as it provides alterna-
tive pathways for transport. In recent work, for example, the methylated DNTT
derivatives are synthesized and significant transfer integrals in all three dimensions
is demonstrated [128].

The engineering of the crystal structures through bulky substitutions has also
been studied in the case of oligothiophenes with trimethylsilane end groups [129].
It has been shown that through end-substitutions the in plane tilt and the offset of
the oligothiophene backbones can be controlled and better or worse electronic
couplings among the molecules can be enforced.

Another example of the substitutional engineering of the crystal structure is the
end-substituted 5,5'bis(4-alkylphenyl)-2,2'-bithiophenes (P2TPs) [130]. Depending
on the even and odd alkyl chain substitutions, the tilt angle and electronic couplings
in the two dimensional deposition layers of the SCs can be controlled. The solid-
state packing of P2TPs molecules with different length alkyl side chains (n = 3,8)
were analyzed with grazing incidence X-ray diffraction. The data showed that
having an even or an odd length chain controls the tilt angles of P2TP molecules
on the self-assembled monolayers of ODTS. The even length alkyl chains yielded
larger tilt angles and higher mobility compared to those with an odd number of
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Fig. 14 The chemical structure of DPP(TBFu), with two chiral carbons highlighted (1 and 2) and
the resulting stereoisomers (a), elution profiles for the as-synthesized and isolated stereoisomers
(b). (Copyright reference [131])

carbon atoms. The transfer integrals for the unique dimers extracted from the
corresponding crystal structures also corroborated the odd-even trend. In addition,
MD simulation of the surfaces showed that the tilt angle is indeed controlled by the
parity of the side chains.

In addition to the position and the length of the side groups, stereoisomerism
affects the FET mobility [131]. For example, due to RS arrangement of the chiral
carbons in DPP(TBFu), (labeled 1 and 2 in Fig. 14), the mesomer has been shown
to have better m-orbital stacking interaction as well as higher mobility compared to
the case of SS or RR isomers. The mesomeric form had a packing distance of 3.38 A
with a flat conjugated backbone compared to 3.47 A in the case of SS or RR
isomers. The mesomeric form also performed better than the case where no
stereoisomer was selected (as-synthesized). Therefore, this study highlighted that
chirality of the substituted groups also needs to taken into consideration for tuning
of properties with structural modifications.

Another important concept in understanding the crystal structure—property
relationships is the polymorphism in OSCs. Like in drug molecules, where poly-
morphism has direct consequences for the solubility and thus bioavailability of a
drug, in OSCs polymorphism has important consequences for the charge transport
properties. The polymorphs of an OSC can have totally different mobility tensors.
For example, Fig. 15 illustrates the possible variations in the (an)isotropy in the
mobility tensor for four polymorphs of pentacene [132]. Among four different
polymorphs investigated, apart from one (polymorph IV), all of them showed
remarkable anisotropy in the transport plane. This might have important implica-
tions for the device configurations.

It is also possible that several polymorphs of an OSC with different charge
transport characteristics could be accessible in operating temperatures. It has been
shown, for example, that, for a fluorinated derivative of an anthradithiophene, a
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phase transition between two polymorphs occurs as the temperature rises from
260 K to 300 K [29]. For this system, the field-effect mobility of the films increases
as a function of increasing temperature with particular slopes for each polymorph.
This finding has immense significance for the consequences of polymorphism in
OSCs in commercial applications.

Lastly, we would like to discuss the role of polarizability in the electronic
structure and charge transport mechanisms [133]. The electronic structure is highly
influenced by the molecular polarizability and the geometrical arrangement of the
molecules. In OSCs, there is, for example, about 1 eV difference between the IEs in
the gas phase and the solid state. This difference is due the polarization energy
[134]. For example, the IE of pentacene in the gas phase is about 6.6 eV compared
to about 5 eV in thin films. Moreover, it is 5.35 eV when the molecules lies flat over
a substrate, and 4.8 eV when they are standing [101].

An important observation related to the correlation of the molecular polarizabil-
ity to the band-like transport was discussed recently by Minder et al. [135]. In
particular, they correlated the observation of the band-like charge transport in
OFETs with the polarizability of the conjugated backbones as well as the collective
dielectric response of the OSC crystal. In particular, for a group of compounds
shown in Fig. 16, they identified two important factors potentially leading to band-
like transport in OFETs: (1) the presence of substituents to influence the coupling
among the adjacent OSC layers and (2) the orientation of the molecules and their
polarizability tensors with respect to the charge transport direction. They argued
that PDIF-CN, and BTBT-Cg show band-like transport because the dielectric
coupling of the adjacent layer as well as the gate is screened by the presence of
the side groups. This notion is based on the understanding that the conductance
channel is the first layer of the OSC film over the gate dielectric and charge
transport mostly happens in this first layer. In addition, the alignment of the
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Fig. 16 Analysis of the molecular structure and packing for different organic molecules (from /eft
to right: PDIF-CN,, BTBT-Cg, TMTSF, rubrene, TIPS-pentacene, sexithiophene, and pentacene).
To date, PDIF-CN,, BTBT-Cg, TMTSF, rubrene, and TIPS-pentacene are the only organic semi-
conductors exhibiting band-like transport in an OFET configuration. The values of mobility are
either at room temperature (HT) or low temperature (LT—for the molecules in which band-like
transport has been observed). (Reprinted (adapted) with permission from [135]. Copyright (2012)
Wiley-VCH, Weinheim)

molecules with respect to the gate is crucial: the dielectric coupling is smaller if
they are parallel to the gate than when they are perpendicular to it. Therefore, band-
like transport is also observed in TMTSF, rubrene, and tips-pentacene since the
conjugated molecular backbones in these crystals lie parallel to the gate. They also
argued that pentacene and oligothiophene have never shown band-like transport in
an OFET setting because they are arranged perpendicular to the dielectric surface
and have no terminal alkyl chains to reduce the coupling among the adjacent layers.
Further work to quantify and measure these observations would be of great value to
the design and engineering of high-performance OSC materials.

3 Crystal Structure Prediction for Organic
Semiconductors

Arguably, the most important piece of information needed for the theoretical
characterization of an OSC crystal is the availability of the crystal structure. As
illustrated in the previous sections, the literature is full of analyses of the crystal
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structures of experimentally known materials. The crystal structure prediction for
OSCs a priori to synthesis, however, is scarce. Except for a few cases of limited
solid-state structure prediction [4, 6, 136], it remains virgin territory. We associate
the sporadic interest with lack of commercial applications. In the near future we
expect that OSCs will be used in commercial applications ubiquitously and hence a
more detailed understanding of the polymorphism or structural stability will be
demanded by the market.

From the crystal structure prediction point of view, one advantage of the
molecular OSCs with conjugated backbones is that they have mostly
two-dimensional geometries and pack in a few specific patterns. For example,
many years ago Desiraju and Gavezzotti [116] studied the crystal structures of
polynuclear aromatic hydrocarbons. They showed that all of the aromatic hydro-
carbons could be grouped into four distinct packing patterns: (1) herringbone
pattern (polythiophene, pentacene), (2) pair-wise (sandwich) herringbone pattern
(perylene (a phase), pyrene), (3) flattened-herringbone pattern (coronene), and
(4) graphitic pattern (tribenzopyrene). Based on their analysis of the structures in
terms of the presence of the type of intermolecular interaction, i.e., C- - -H, C- - -C,
or H- - -H, they successfully predicted the packing type of some of the unknown
structures at the time such as the sandwich structure for the benzo(e)pyrene
[137]. Nevertheless, the most practical applications of OSCs involve intra-ring
substitutions, heterocycles, or side group additions to the backbone which compli-
cate the crystal structure prediction.

Most crystal structure prediction studies for OSCs reported to date involve the
structures of the known crystals of well-studied molecules such as oligoacenes or
oligothiophenes. Usually a conventional molecular force field is used in conjunc-
tion with electrostatic potential (ESP) fitted point charges to describe the inter-
actions in an experimentally known crystal structure. These studies provide a good
basis for understanding the performance of the force fields and the type of improve-
ments required in the force field parameters for particular systems. For example,
Marcon and Raos [138] studied the crystalline oligothiophenes with improved
MM3 force fields. In particular, they optimized the inter-ring torsion potentials
and calculated the atomic charges as well as higher terms of the electrostatic
interactions derived from distributed multipole analysis (DMA) with quantum
chemistry methods. The systems studied ranged from herringbone packing struc-
tures (a-tetrathiophene, a-sexithiophene) to z-stacked configurations as well as an
alkyl-chain substituted sexithiophene. Interestingly, they concluded that the MM3
force field with point atomic charges gave satisfactory results for all the p-type
OSCs they have studied. Only the n-type OSC, perfluorosexithiophene, required the
more accurate electrostatic modeling through the DMA. Therefore, they concluded
that the more costly DMA approach is not justified for the p-type OSCs studied. MD
simulations at the same level of theory are performed to investigate the effect of the
temperature, and to ensure a better comparison of the predicted structures with the
structures from room temperature X-ray diffraction. They found that MD simula-
tions at room temperature systematically resulted in approximately 10% lower
crystal densities. Among several variations of MM3 force field adapted for the
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oligothiophenes, MM3 with the ab initio corrected torsion potentials, ESP charges,
and adjustment of the dispersion terms with scaling of the dispersion parameters
showed the best performance.

The known polymorphs of oligoacenes and oligothiophenes also provide a basis
for the test of effective strategies for initial structure search and polymorph predic-
tion. Della Valle and coworkers studied the polymorphs of tetracene [139],
pentacene [140, 141], and sexithiophene [142], with the assumption of rigid bodies
for the molecular structures. They employed a hybrid approach involving uniform
sampling (low-discrepancy Sobol” sequence) of the energy landscape by including
the crystallographic symmetry constraints. The completeness of the search space is
maintained by adapting the capture-recapture method from wildlife ecology. The
intermolecular potentials are described by atom—atom interactions where electro-
static interactions are defined in terms of the point charges derived from quantum
mechanical calculations. In particular, for sexithiophene they employed an
AMBER force field with restricted ESP fitted charges, and for pentacene and
tetracene an atom-atom Buckingham model with Williams parameter set IV
[143] (with ESP charges for the tetracene) is used. For tetracene and pentacene
the initial search was constrained to triclinic structures with two independent
molecules per unit cell. After the lattice energy minimizations, the crystal space
groups are assigned to the optimized lattices by the use of PLATON program
[144]. For sexithiophene the initial search was constrained to 16 structural classes
with triclinic, monoclinic, and orthorhombic lattice types. In the case of tetracene
and pentacene, most of the minima belonged to the P1 and P2,/c groups and have
the layered herringbone-type packing. The deepest minima for tetracene
corresponded to the high temperature-low pressure polymorph known by X-ray
diffraction. From the global search for the low energy polymorphs of pentacene,
they successfully found the C and H polymorphs as their rank 1 and rank 2 struc-
tures. In the case of sexithiophene among nine deepest minima structures, six
different space groups are observed, lowest energy polymorphs also having
herringbone-type packing (see Fig. 17). Again, the two known polymorphs of
sexithiophene have been identified correctly with this methodology. Unfortunately,
the same approach failed in the blind tests and Della Valle et al. concluded that the
success in the case of tetracene, pentacene, and sexithiophene could be attributed to
the symmetry, rigidity, and planarity of these molecules and the presence of the
short-range isotropic interactions [142].

Another approach to speed up the optimization of the solid form of materials is
based on genetic algorithms (GA), which are widely used in the crystal structure
prediction of inorganic materials [145]. Facelli and co-workers [146] adapted the
GA for the prediction of the crystal structures of benzene, naphthalene, and
anthracene. In the GA approach, genes are a set of geometric parameters defining
the spatial arrangements of the rigid bodies in three-dimensional space. Then the
genomes are constructed as the collection of parameters defining the crystallo-
graphic axes, molecular positions, orientations, and number of molecules in the unit
cell. Although no assumptions are made for the crystallographic axes, the unit cell
parameters are limited to a certain region of the space to make the problem more
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Fig. 17 Structure of the nine deepest minima, shown with an orientation in which the shortest cell
axis (either a or b) is approximately perpendicular to the plane of the page. Minima are labeled by
their energy rank N (also indicated in Table 2) and structural class (space group, Z, and site
symmetry). (Reprinted (adapted) with permission from [142]. Copyright (2008) American
Chemical Society)

tractable. One advantage of this approach is that there are no assumptions on the
Z values, i.e., the number of molecules in the unit cell. At every step of the
optimization, the lattice energies are calculated with an empirical force field and
the lattices leading to higher energies are discarded. Then through the mutations
and crossovers performed on the genomes, new structures were generated and
minimized until a certain convergence criteria for the lattice energy was reached.
Again, here the empirical force fields used were based on van der Waals and
electrostatic terms with atomic point charges [143]. Despite the many assumptions
involved, the resulting structures were surprisingly successful with lattice energy
differences of 1% from the experimental crystals. In addition to the experimentally
known structures, a new set of polymorphs was determined by the GA approach.
Although this work assumed rigid-bodies, an adaptation of the same algorithm to
flexible molecules was also demonstrated [147]. Despite the use of a more
advanced force field, the Amber force field used in CHARMM optimizations, the
same success for the structure prediction was not observed for a set of flexible
molecules. It is perhaps indicated that the conjugated backbone, and hence relative
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rigidity and flatness of the OSCs, significantly simplify the search problem, and
therefore relatively simpler force field parameter sets can provide enough accuracy.

One of the strategies to limit the search space is to take advantage of the fact that
93% of all the space groups of organic molecular solids reported in the Cambridge
Structural Database belongs to the 18 most frequent space groups among a total
number of 230 [148]. Moreover, about 92% of all organic molecular solids have
only one molecule in the asymmetric unit cell [149]. Therefore the initial search
space with different packing forms are usually limited to a subset of the most
prevalent space groups. We should note however that reported structures in the
database does not include all the polymorphs for various reasons [150]. Although
the omission of the less likely space groups could provide enough statistics, it does
not guarantee that some of the polymorphs of a material might not have been left
out. Indeed, in the last blind test, the most successful searches were those that
spanned all possible space groups.

For screening many molecules with the potential for high performance, the speed
at which the lattice configurations can be ranked is crucial. In the following we
summarize an even simpler approach for the structure prediction based on the
structural and molecular similarities among molecules. This practical approach is
analogous to homology modeling in drug design. Taking advantage of the molecular
structural similarities, a known crystal structures is adapted for a new molecule and
subsequently optimized with electronic structure methods. A similar strategy, ligand
replacement, is also adapted for the prediction of hybrid frameworks [151].

In 2007 Takimiya and coworkers reported two important compounds: BTBT and
DNTT (Fig. 7a) with high hole mobility and extraordinary shelf-life. DNTT showed
characteristics comparable to pentacene but better ambient stability. Our analysis
[152] of the microscopic charge transport parameters of DNTT confirmed that
extended aromatic structures have small reorganization energy and mildly aniso-
tropic electronic couplings in the herringbone packing plane. Moreover, the
non-local electron—phonon couplings investigated in terms of the thermal modula-
tion of the transfer integrals were found to be weaker, for example, compared to
pentacene. The transfer integrals were calculated (at the level of B3ALYP/6-31G*)
for the unique dimers extracted from an MD trajectory with an MM3 force field
with ESP fitted charges. Figure 18 shows the moderate anisotropy of the mobility
(Fig. 18b, ¢) and the weak thermal modulation of the transfer integrals (Fig. 18d).

This analysis motivated us to study a small library of thienoacene derivatives
shown in Fig. 19 [6].

As a first strategy of ranking of the molecules in this library, the gas phase
geometries were optimized and internal reorganization energies calculated. The
two compounds, 2 and 7, with the smaller reorganization energies (smaller than
pentacene reorganization energy of 95 meV) of 85 and 77 meV respectively, were
identified as potential high performance materials. Subsequently, the crystal struc-
ture minimizations for these two molecules were performed. This involved the
optimization of the unit cells derived from the parent compound (DNTT) with
Dreiding force field and ESP fitted charges as implemented in the Forcite module
[154]. The symmetry imposed (P2,) and the symmetry relaxed (P1) optimizations
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Fig. 18 (a) The packing in the ab-plane in DNTT crystals and molecular dimer pair investigated
for transfer integral calculations. (b) The experimental moderate anisotropy in the ab-plane.
(Reprinted with permission from [153]. Copyright (2009) AIP Publishing LLC). (¢) Effective
charge carrier masses obtained from the dispersion of the valence bands [95]. (d) The probability
distributions for the transfer integrals extracted from an MD trajectory; the vertical lines corre-
spond to the transfer integrals from the optimized equilibrium structures with the same level of
theory. (Reprinted with permission from [95]. Copyright (2010) American Chemical Society)

lead to similar packing. Finally, the transfer integrals for the dimers from the
optimized structures were calculated and, based on approximate Marcus electron
transfer rates, the more promising material was identified as molecule 2. This
material, for which a performance better than pentacene had been anticipated,
was eventually synthesized and OFET measurements of the single crystals revealed
a record high mobility of 12 cm? V™' s™' [6].

The crystal structure was confirmed with powder X-ray with remarkably good
agreement. We further adjusted the unit cell parameters by matching the experi-
mental and predicted patterns (see Fig. 20). The lower density predicted by the
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Fig. 19 DNTT (1) derivatives studied for charge transport capacity [6]
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Fig. 20 The powder X-ray diffraction pattern of molecule 2 from experimental powder (bottom),
the re-calculated structure by matching the simulated structure to the experimental powder pattern
(middle), and the original predicted structure (top). (Powder simulation wavelength = 0.9758)

MM3 with ESP charges is a known property of this approximation unless the
dispersion coefficients of the R™° terms are optimized for the particular system
[138]. Although the cell volume error in Table 2 is 6%, in reality it is larger as there
is usually an expansion of 6% of the volume as the temperature rises from O to
300 K. Since the density of the experimental structure is larger, the ensuing transfer
integral values improved. Despite its simplicity, this approach has led to the
discovery of a new high-performance materials as well as helped the elucidation
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Table 2 The unit cell

. Cell properties Predicted Matched to powder X-ray

parameters for the predicted
crystal structure for molecule Space group P2, P2,
2 and for the crystal structure AR 6.444 6.225
matched to the powder X-ray B (&) 7.6217 7.577
spectrum C @A) 21.203 20.824

o (deg) 90 90

B (deg) 89.24 87.23

v (deg) 90 90

Cell volume (A% 1,041.21 981.05

of the crystal structures from powder patterns. Again, for molecule 2 the rigid and
planar molecular structure simplified the crystal prediction process tremendously.
Similarly, Chang et al. predicted the polymorph structures for the substituted
tetracenes with Dreiding forcefield with ESP fitted charges [136]. Subsequently,
based on the semiclassical charge transfer rate from Marcus theory, they have
identified two n-stacking high-performance compounds. These compounds as yet
to be synthesized.

Although we have focused on the single-crystals of p-type OSCs, we would like
to point out that the prediction of thin-film structures and the effect of various
substrates on the film growth have drawn considerable interest over the years and a
good summary discussing the recent developments can be found in [155].

4 Conclusions and Outlook

In this chapter we have discussed the molecular and crystal structure—property
relationships as well as the state-of-the-art crystal structure prediction for OSCs.
We focused on the p-type OSCs for OFET applications. Although we have a good
understanding of structure—property relationships through the theoretical and
experimental characterization of OSC crystal structures obtained from X-ray dif-
fraction, the prediction of new OSCs from molecular structures is still in its infancy.
There have been successful predictions of solid forms of rigid and planar OSC
molecules such as pentacene; nevertheless, the more general CSP methodologies to
predict crystals of OSCs with functional groups or long alkyl chains remain to be
carried out.

The recent blind tests organized by the Cambridge Structural Database showed
significant progress towards the prediction of the crystal structures of organic
molecular solids [37, 38]. To date, studies on the crystal structure prediction of
OSCs have been limited to classical force fields with mostly ESP fitted charges. We
believe that there is room for a great deal of improvement by adaptation of the state-
of-the-art methodologies that were successful in the blind tests.
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If crystal structure prediction for OSCs can be realized, together with theoretical
characterization techniques, it can provide valuable guidance for better OSC
design. For example, one important area where crystal structure prediction has
tremendous potential to facilitate OSC engineering is the optimization of side
groups added for solubility [30]. If possible, these studies would tell the synthesis
experts what substitutions would lead to what type of crystal structures and whether
the substitutions enhance or degrade charge transport. This would facilitate the
design process by rational design of the length, type, and positions of the side
groups. Moreover, theoretical prediction and characterization can provide insights
into the intrinsic limit of a material. The knowledge of whether the intrinsic limit of
a semiconductor is reached and what type of changes in the structure can lead to
improvement has the potential to facilitate the OSC design tremendously. In its
most useful form, the crystal structure prediction can provide the thermodynami-
cally stable structures a priori to synthesis, calculate the energy barriers between
low lattice energy configurations, tell us what kind of laboratory conditions would
lead to the better performing polymorph, or how to avoid the worse polymorphs
with the manipulation of process conditions.

To conclude, we believe that we now have a good understanding of the
structure—property relationships in OSCs and, by the adaptation of the state-of-
the-art crystal structure prediction methods, there is a great potential to help explore
new high performance OSCs for OFET applications. If crystal structure prediction
for OSCs can be realized, the same tools can also promote discoveries of new
organic photovoltaics, ferrroelectrics, or organic electronics in general.
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