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Remarkable charge-transfer mobility from [6]
to [10]phenacene as a high performance p-type
organic semiconductorfy

Thao P. Nguyen, (22 P. Roy® and Ji Hoon Shim*®©

The relationship between structure and charge transport properties of phenacene organic semiconductors
has been studied with focus on [6] — [10]phenacene. Upon inserting phenyl rings, the m-extended
structure results in strong electronic coupling interactions and reduction of reorganization energy. Using
the classical Marcus charge transport theory, we predict that hole mobility in the phenacene series
increases gradually up to 8.0 cm? V™! s71 at [10lphenacene. This is remarkably high among other
discovered OSCs, surpassing that of pentacene. Moreover, we notice that the experimental hole mobility
of [6lphenacene is unusually low, inconsistent with other members in the same series. Thus, we
performed full structural relaxation on phenacene and revealed similarities between theoretical and
experimental crystal structures for all the members except [6]lphenacene. We propose a new structure
of [6]lphenacene under the consideration of van der Waals force with smaller lattice parameters a* and
b* compared to the experimental structure. Our new structural calculation fits well with the existing
trend of hole mobility, energy gaps, effective masses, bandwidth and lattice parameters. Single-shot
GoW)y calculations are performed to verify our structures. The results give a hint that the improvement in
[6]lphenacene efficiency lies on the intermolecular distance along the stacking direction of the crystal.
Phenacene compounds generally have small effective masses, high charge transfer integrals and moderate
reorganization energies necessary for hole transport. Our results suggest that the phenacene series,
in particular [6] — [10lphenacene, have high charge mobility and air stability essential for achieving high

rsc.li/pccp efficiency electronic devices.

1 Introduction

Organic semiconductors (OSCs) have attracted considerable
interest recently as alternative materials for inorganic semi-
conductors (ISCs) during the last decade. Compared to ISCs,
OSCs are flexible and light with advantages of low manufacturing
cost, structural tunability and chemical modification." OSCs have
various applications as organic light emitting diodes (OLED),
organic field effect transistors (OFETs) and photovoltaic devices.>
Pentacene from the acene series has the highest hole mobility
observed among all OSCs.? The mobility of pentacene in a thin
film transistor reaches about 3 em® V™' s, surpassing that of
amorphous silicon (0.5 cm®> V' s7).*° In pentacene single
crystals, the hole mobility is as high as 35 cm®* V™" s~ *,one of the
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highest reported mobility in OSCs.” Although pentacene carries
a small band gap and high charge carrier mobility, the issue in
pentacene is its chemical instability during device operation.
Pentacene was observed to degrade under an ambient environ-
ment leading to dramatic reduction in its charge transport
mobility.® Adding more phenyl rings to acene is thought to
improve the charge mobility but leads to further degradation,
thus leading to device inefficiency.” Until now, pentacene is the
biggest member to be synthesized among the acene series and
no information about other members larger than six rings has
been reported.’ Therefore by improving charge mobility and air
stability, OSCs are expected to replace silicon in electronic
devices. The development of OSCs with both higher charge
mobility and air stability still remains a challenge.

Recently, the phenacene series (Fig. 1) have been studied as
promising semiconducting materials with significant improve-
ment in air stability due to a deeper HOMO level compared
to acene.'® Picene as a derivative of pentacene shows a high
hole mobility (u = 1.4-3.2 cm® V~' s7'), comparable to that of
amorphous silicon."™** It exhibits an increase in hole mobility
upon contacting with oxygen in the environment."* Due to the
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Fig. 1 Chemical structural formula of [nlphenacene” with n being the
number of phenyl rings.

stability of the phenacene series in an ambient atmosphere, the
members with more than five rings have been successfully
fabricated; namely [6]phenacene, [7]phenacene, [8]phenacene
and [9]phenacene. A thin film based on [6]phenacene reaches a
mobility of 7.4 em® V™' s~ * and thin film single-crystal FETs of
[7]phenacene and [8]phenacene achieved hole mobilities of 6.9
and 16.4 cm® V' 57, respectively."® > Recently, [9]phenacene
has been synthesized with hole mobility reaching as high as
18 em® V' s7') which is the highest field effect mobility in
OFETs."® Theoretical investigations on these high performance
OSCs are needed to reveal the factors responsible for high
charge carrier mobility in electronic devices, such as molecular
packing of solids, electronic structure, device geometry,
conducting angle, interfaces, etc. In this work, we performed
a first-principles calculation to predict the charge mobility in
the phenacene series and investigate the factors influencing the
hopping process in OSC materials.

2 Computational methods

The geometry optimizations of the crystal structures are per-
formed using the projector augmented wave (PAW) technique
of density functional theory (DFT) with periodic boundary
conditions (PBC) as implemented in the Vienna Ab initio
Simulation Package (VASP).'®' For the exchange correlation
we use generalized gradient approximation by Perdew, Burke
and Ernzerhof (GGA-PBE)** and vdW-DF/revPBE>*** functionals
to optimize the crystal structures of [6] — [10]phenacene. GGA-
PBE is a well-known functional to study the properties of strongly
bound systems. However, in organic crystals, molecules are
bound with each other mainly by a weak van der Waals force
in which neither GGA nor LDA is designed. Therefore, vdW-DF/
revPBE has been used in which the van der Waals forces have
been taken into account. Next, the electronic band structures are
calculated using GGA-PBE levels of theory using the optimized
crystal structures. Convergence was achieved with an energy
cutoff of 500 eV and a I'-centered k-point mesh of 4 x 4 x 4
within the irreducible part of the Brillouin zone. Relaxation
criteria of 10 eV for electronic steps and 10> €V for ionic
steps were used.

The GoW, method is employed to obtain the accurate band
gaps of the systems. The quasi-particle (QP) G,W, calculation
involves the single-shot correlation to eigenvalues obtained
from DFT calculations by consideration of self-energy (iGW).
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Here G and W are Green’s function and the screening para-
meter, respectively.>> W is obtained from the Kohn-Sham
wavefunction-based dielectric function.?® It is generally calcu-
lated by means of linear response theory under random phase
approximation (RPA) with local field effects.”” One can further
improve the QP approximation by means of the self-consistent
GW (sc-GW) technique, which includes the effects of screening
on the QP wavefunction.*®?° However, previous research sug-
gested that the sc-GW technique overestimates the band gap of
the system as it neglects the lattice polarization contribution to
the screening of the electron-electron interactions. Hence, it is
reported that a partial cancellation of the errors leads to a
better estimation of the band gap in the G,W, calculation.?
Here we performed single shot GoW, calculations using the
optimized lattice parameters.

There are two models to calculate the charge transfer
process in OSCs: band-like theory and hopping theory.
The band theory assumes that the charge carrier electron is
delocalized over the crystal, similar to the inorganic semi-
conductors. The bandwidths of conduction and valence bands
determine the hole and electron mobilities, respectively.
However, band theory only works well at low temperature. As
the temperature increases, the band transport decreases by the
phonon-scattering process and charge mobilities reduce. Thus,
the charge carrier is localized over single chains and charge
transport is governed by the thermally activated hopping
mechanism.?® Cheng et al. indicates that a simple band model
is only applicable for temperatures up to 150 K and is inapplic-
able at ambient temperature.* Furthermore, in band theory,
only the band diagram of the lattice structure is important
and is summarized by effective masses.>*** It works well in
inorganic covalently bond materials. However, organic crystals
are weakly bound by van der Waals forces and the molecules
are more flexible resulting in an off-diagonal electron-phonon
coupling. In this case, band theory fails to determine the charge
transport properties in OSCs because it neglects the electron-
phonon coupling which plays an important role in organic
crystals.>® Thus, band theory should not be used to describe the
charge transfer process in phenacenes at ambient temperature
where the hopping process dominates. The hopping model
assumes that the charge carrier localizes and hops between
molecules. It is proved to accurately calculate the charge
mobility in several organic systems as it considers the charge
transfer integral as well as electron-phonon coupling (reorga-
nization energy).”***’

On the basis of Marcus charge transport theory,**™° the
performance of OSCs relies on two main factors. The first one is
the geometry relaxation of the molecule under the hopping
process. During the process, the electrons/holes are exchanged
between the neighboring molecules in a crystal. Thus, the
energy cost by the internal geometry rearrangement from the
neutral to the charged state and vice versa is called the reorga-
nization energy and acts similar to the energy barrier in the
charge transport process.

A=y + g = (Eq — Ey) + (B, — Ey) (1)
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Fig. 2 Schematic description of internal reorganization energy for the
hole transfer process.

Here E; is the ground-state energy of a neutral molecule. In
Fig. 2, the electrons/holes are hopped from its ground state. As
a result, the energy of the neutral molecule changes to a
charged state with energy E,. At E,, the molecule starts to relax
its geometry into its ground state energy of the charged state E;
which provides the reorganization energy /4, in the charged
particle. When electrons/holes move out of the charged mole-
cule to the neutral molecule, the energy promptly changes from
E; to E4, which is the energy of the neutral molecule in the
optimized geometry of a charged state. Then, it relaxes its
geometry into the ground state energy of the neutral state
and provides the reorganization energy A; in the neutral
molecule. In the charge transport process between charged
and neutral molecules, the sum / of the reorganization energies
in each molecule can be considered as an energy barrier.

The second important factor is the magnitude of the
electronic coupling or charge transfer integral influenced by the
intermolecular interaction of one molecule to its surrounding
neighbor molecules. The charge transfer integral is estimated
as below:

1
to — 5(81 +&)S1
. @

Here, S;, is the spatial overlap integral between HOMOs
(LUMOSs) of two monomers in a dimer, ¢, and ¢, are the site
energies of two monomers, and ¢;, is the off-diagonal Fock
matrix element between the diabatic molecular orbital basis of
the isolated monomer. We note that in the energy splitting
in dimer (ESD) method, the charge transfer integral is half of
the energy differences between the HOMO and the HOMO—1
(LUMO and LUMO+1) in a dimer. The use of the ESD method
usually overestimates the total charge integral since the
polarization effect relative to the position of molecules in the
crystal space has not been taken into account (eqn (3)). Thus,
the effective charge transfer integral can be obtained as eqn (2).
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The effective charge transfer integral was calculated using the
GGA-PW91 exchange functional theory with the TZP (triple-zeta
plus polarization) basis set.

_ Evrumorinomo] — ELumomomo- 1]

The charge transfer rate k (s—') is estimated as follows:

) ,
4n 1 2 exp (74/: T) (1)
B

Y
W \JanksT "

Here, kg is the Boltzmann constant, 4 is Planck’s constant
and T is the temperature (K). The charge mobility in each
hopping pathway is

ed’k

W= T (5)

where e is the electronic charge and d is the intermolecular
distance (A) between two monomers. The drift mobility of OSCs
is evaluated by summing all the possible hopping pathways as

eD
Harite = [ (6)

1
where D is the diffusion coefficient evaluated as D = n > d?k;P;.
n-

The angular anisotropic mobility is defined as*'

__¢ d?P: cos® . cos(0; —
ey = 2kBTZkld, P;cos” y;cos”(0; — ¢) (7)

where d;, 7; 0; and ¢ depend strongly on the molecular
architecture of the organic crystal. In particular, y; is the angle
of the hopping jump from one molecule to the plane of its
neighboring molecules. In 2D transport, y; & 0°. §; is the angle
of hopping pathways relative to the reference axis, and ¢ is the
orientation angle of the transistor channel. P; is the probability
for charge hopping from one molecule to its ith neighbor
ki
ki

molecule: P; =

3 Results and discussion

The existing members of phenacenes from [3] to [10]phenacene
will be denoted as 3P — 10P in this work.

3.1 Structural relaxation and lattice parameters

Although the lattice parameters of 6P — 10P have been reported
in experiments, the atomic positions are not yet known. In order
to perform a structural prediction, we construct theoretical
structures of 6P — 10P based on the crystal structures of 5P
(picene).*? 5P is a well-known material whose detailed atomic
positions and lattice parameters have been carefully investigated
in previous reports.* First we add phenyl rings one by one into
the 5P crystal structure. Since these materials are in the same
class, we assume that herringbone stacking in the ab-plane has
been preserved as in 5P.*” In fact, experiments have confirmed the
herringbone stacking in the ab-plane in 6P.** Then, we optimize
the constructed crystal structures using two possible ways.

This journal is © the Owner Societies 2018
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In the first set of calculations, we allow the atoms inside the
unit cell to be freely relaxed while the lattice parameters are
kept constant with experimental values'**®*3454¢ yging the
restricted PBE-GGA functional (RPG). Constrained unit-cell
parameters show very small differences in atomic positions
between experimental geometry and optimized geometry.*®
These structures will be denoted as (3P-RPG — 10P-RPG). For
the case of 10P, since there is no available experimental report,
10P-RPG was built by following a linear increase in the lattice
parameter in accordance with the sizes of 5P, 7P — 9P. In
the second set, we relax the whole crystal structure without
any constraint in lattice parameters using the vdw-DF/revPBE
functional (5P-vdW — 10P-vdW) in which the van-der-Waals
interaction has been taken into account. The crystal structure
parameters have been predicted in Table S1 (ESIt). As a result,
we observe no big differences between the experimental lattice
parameters (RPG) and the fully optimized structures using the
vdW-DF method (vdW) in 5P and 7P — 10P. However, there are
significant differences in cell parameters of 6P-RPG and 6P-vdW.
The experimental lattice parameter a* is about 12.13 A, which is
significantly greater than that obtained in the vdw-DF calcula-
tion. Similarly, the experimental lattice parameter b* is 7.9 A,
while the vdW-DF method only yields approximately 6.5 A. There
is no significant difference in the ¢* parameter. As previously
known, the charge transport of phenacene favors 2D transport in
the ab plane,*>*” the dramatic difference in a* and b* para-
meters can alter the charge transport properties of the material.

3.2 Energy gap

We calculate the energy gap of single molecule systems using
the Gaussian package 09W with the B3LYP/6-31G(d,p) level of
theory.®® Furthermore, we also calculate the band gap of
phenacene crystal structures using PBE-GGA functional theory
in both RPG and vdW cases. The experimental gap mentioned
here is the optical band gap. Whereas we calculate the electronic
band gap using DFT for the ground state of the molecule/lattice.
This difference between optical and electronic band gaps is
fundamental and these two quantities should not be directly
compared. However the trend for the series, as presented in
the study (Fig. 3) can be compared. In Fig. 3, the energy gaps
of phenacene molecules decrease very slightly upon adding
phenyl rings ranging from 3.9 to 4.2 eV. In crystal cases, the
band gap of vdW structures shows the same decreasing trend as
in the case of molecules. However, we see that in RPG cases, the
band gap of 6P-RPG does not follow the same inclination
but increases making it different from other homologous
molecules. Overall, the tendency of the molecular energy gap
and crystal structures based vdW indeed agrees well with the
experimental optical band gaps.

Since the energy gaps of 6P-10P crystals have not been
reported theoretically, we carried out very accurate calculations
of band gaps based on QP G,W, formulation. GoW, is thought
to be highly appropriate for the organic systems because the
normal GGA-PBE or LDA method tends to underestimate the
band gaps in these systems as seen in Fig. 3. Since GoW, is
computationally expensive, we only perform the single-shot
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Fig. 3 The calculated energy gaps of both molecules and crystal struc-
tures of the phenacene series from 3P to 10P compared to experimental
optical energy gaps*>*¢485 available in the literature (a from ref. 50 and b
from ref. 48). For molecules, the B3LYP/6-31G(d,p) level of theory using
GO9W has been used while GGA-PBE is used for solid state structures.

GoW, calculation for phenacenes from 5P-vdW to 10P-vdW.
We assume that there will be no significant differences in the
band gap values of RPG structures and vdW based structures
because the lattice parameters of these systems are almost equal
to each other. However, due to a dramatic difference in the
lattice parameters of 6P-RPG and 6P-vdW, the calculated DOS for
both of these systems differ greatly as shown in Fig. 4.

As seen in Fig. 4, we obtain the density of states (DOS) of the
phenacene members. We notice that normally GoW, gives a
good theoretical band gap value comparable to the
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Fig. 4 The density of states of phenacene series from 6P-10P using
GoWo functional theory.
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experimental results. However, in the case of 5P, the GyW,, band
gap is around 4.0 eV, which is larger than the experimental
optical band gap of 3.3 eV. This overestimation is due to the
absence of the excitonic effect in the GyW, calculation. The
Bethe-Salpeter equation (BSE) can be used in order to include
the electron-hole interaction. Another alternative way to match
the absolute values to the experimental band gap is to use
TD-DFT that includes excitonic effects. However, due to the sheer
size of the system, we avoided both BSE and TD-DFT calculations
here. Our calculations agree very well with other reported GoW,
calculations of picene.”> Moreover, the band gaps from bulk
6P-vdW to bulk 10PvdW agree well with the single molecule
calculation, ranging from around 3.8 eV to 4 eV. The detailed
calculated energy gaps yield similar results to the reported values
(Table S2, ESIt). In our previous work, the phenacene group has
large band gaps and adding more phenyl rings in the phenacenes
does not change the band gap and ionization potential energy
significantly*® as shown in Fig. 3.

Note that the band gap of 6P-RPG is about 5 eV (Fig. 4),
much larger than the others, and does not give a similar trend
to that in the molecular calculation. This might be due to the
larger lattice parameters in 6P-RPG. As a result, the increasing
intermolecular distances between neighboring molecules
may decrease band dispersion and thus, increase the band
gap. Also, according to our optimized calculation, 6P-RPG is
energetically less favorable than 6P-vdW of 18.89 eV per unit
cell, which indicates that 6P-RPG should be assumed as a less
stable structure.

3.3 Effective masses and charge transfer integrals

It is well known that the mobility is inversely proportional to
the effective mass. As shown in Table 1, the hole effective mass
is smaller than the electron effective mass. Thus, phenacene
groups are favorable to hole transport. Overall, from 3P to 10P,
the phenacene group possesses a large valence bandwidth
(ranging from ~0.26 eV to 0.45 eV), along with small hole
effective mass, which is necessary for a sufficient hole transfer
process. However, we notice that 6P-RPG is clearly different
from others, having the largest hole and electron effective

Table 1 Effective hole (m,*) and electron (m¢*) mass as a function of
molecular length estimated from point Z to I and from I' to T where the
largest valence band dispersion occurs. (Detailed band structures in Fig. S2,
ESI) mo denotes the electron rest mass. (*) correspond to the values
calculated from X-ray structures. The band dispersion of the valence band
from 3P to 10P at the I' point

At point Z-I" At point I'-T Bandwidth

No. of rings mp*mg mp*my me*my VB

3* 2.35 2.86 4.63 0.38
4* 4.85 3.40 3.36 0.22
5% 1.30 1.57 2.91 0.36
6P-RPG 8.38 10.09 9.84 0.03
6P-vdW 4.05 2.16 6.27 0.26
7P-RPG 1.16 1.49 8.04 0.45
8P-RPG 1.42 1.65 3.38 0.42
9P-RPG 1.40 1.17 3.62 0.38
10P-RPG 1.19 1.47 4.60 0.33
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masses at the I' point of 10.09 and 9.84 my* respectively. The
big hole/electron effective masses come with a flat, narrow
valence bandwidth of 0.03 eV. These properties in 6P-RPG
predict the smallest charge transfer mobility in the series as
the hole and electron transfers are immobile. In contrast, the
hole effective mass in 6P-vdW is approximately five times smaller
than that of 6P-RPG. As a result, a larger valence bandwidth
of 0.26 eV is observed. Because of the differences of 6P-RPG
with other members and the significant change in the lattice
parameters between 6P-RPG and 6P-vdW, we assume that the
reported experimental lattice parameters of 6P may not be the
most stable and accurate crystal structure. Thus, we propose a
new theoretical structure of 6P in which van der Waals forces
have been considered. In the experimental report, it was argued
that the difference in lattice parameters of 6P might come from
the even and odd effects, since 4P, 6P, 8P and 10P are in different
symmetry groups (C,,) compared to 3P, 5P, 7P, and 9P (C,,)
groups.*® However, this may not be the case since according to
our calculation, 4P, 8P and 10P band gaps follow the trend well
but 6P is clearly out of the band gap trend (Fig. 3).

In Fig. 5, we report the charge transfer integral calculated
from 6P-RPG (vdW) to 10P-RPG (vdW). The charge transfer
integral is dominated in channels 1, 2 and 3 of the systems,
located in the ab-plane (Fig. S1, ESIT). The charge transports in
channel 4 and channel 5 along the ¢* axis are very small and
can be ignored.*” Since the charge integral depends on the site
energies and the orbital overlaps as shown in eqn (2), it is very
sensitive to the crystal packing and orientations. Due to the

0.10
Y (<]
0.08 °
006 ® n ™ .
S ]
)
< 00449 A
0.02
B Channel 1 -vdW
Channel 2 - vdW
0.00 4 Channel 3 - vdW
0104 ' ' T T
0.08 [ ] o [ ]
) § ‘ -
0.06 &
A
3
* 0.044
0.02
@ I Channel 1 -RPG
A Channel 2 - RPG
0004 m Channel 3 - RPG
T T T T T
6 7 8 9 10

Number of phenyl rings

Fig. 5 The hole charge transfer integral of 3P—10P in RPG and vdW cases
along channels s1, 2 and 3.
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significant larger lattice parameters in 6P-RPG, the intermole-
cular distances between monomers in a dimer in 6P-RPG are
also longer, giving weaker overlaps of frontier molecular levels
(HOMO or LUMO) on different charge localization sites, com-
pared to 6P-vdW. In addition, because the charge transfer
integral depends on the formation of the HOMO (HOMO-1)
and the LUMO (LUMO+1) in a dimer, in the concept of band-
transport theory, the charge transfer integral is related to the
valence and conduction bandwidths of organic crystals.*® The
low mobility links to a narrow bandwidth and implies a small
charge transfer integral. Also the effective mass is proportional
to the curvature of the band. Hence, a narrow band gives
heavier effective mass and slow charge transport as a con-
sequence. Thus, the charge transfer integral values in 6P-RPG
are predicted to be smaller than those in 6P-vdW as seen in
Fig. 5. This might be the reason why the experimental data have
reported an unusual low mobility in the 6P-RPG material.*®
In Fig. 5, channel 2 represents a n-n stacking dominating the
hole transfer integral in the phenacene series and is the most
effective charge transfer pathway. Channels 1 and 3 show the
herringbone stacking with a lower charge transfer integral. The
distances between dimers in channels 4 and 5 increase with
the size of the molecules, the hole transfer integrals in these
channels are very small and have a small effect on the total hole
mobility. The narrow valence band width (0.03 eV) in 6P-RPG,
together with heavier hole effective mass, results in the smallest
charge transfer integral in the series. Thus, this predicts a very
low hole mobility in this material. We note that the use of
hybrid functionals like B3LYP which mix Hatree-Fock exchange
with the non-local DFT exchange correlation functional can be
more suitable to study the properties of the occupied and
virtual molecular orbitals with high accuracy on an absolute
scale. Thus, the use of hybrid functionals can improve the
accuracy of the results. However, it is much more demanding
computationally due to the calculation of the Hatree-Fock
exchange. Non-hybrid functionals like the GGA-PW91 func-
tional are faster by a factor of 2 and for more localized charge
distributions, this can be factors of 3.>* Calculations using
PW91 are widely used because of its efficiency as well as its
comparable results to those determined using B3LYP and
BLYP potentials.”*

3.4 Reorganization energy and hole mobility

Besides the charge transfer integral, reorganization energy is
also an important parameter that needs to be considered (Fig. 6).
Since the charge transfer integral refers to the intermolecular
charge transport from one molecule to its neighbors, intra-
molecular reorganization energies refer to the energy cost when
the molecule goes under structural relaxation upon charge
hopping. The reorganization energies are determined using the
Gaussian 09W package and B3LYP/6-31++G(d,p) from 3P to 8P.
Although we are unable to obtain the reorganization energy of
9P and 10P using the same basis sets due to the computational
capacity, we perform the calculation using B3LYP/6-31G and
B3LYP/6-31G(d,p) for all the phenacene members and obtain
the same results with B3LYP/6-31++G(d,p). Thus, we expect that
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Fig. 6 The reorganization energy of phenacene members at 6-31G++(d,p)
from 3P to 8P. B3LYP/6-31G and B3LYP/6-31G(d,p) have been used
to obtain the reorganization energy of 9P and 10P which give the same
result in both cases. Our results agree well with the reported data for
the case of 3P — 7P.5°

the same values of 9P and 10P can be achieved using B3LYP/
6-31G++(d,p). At the first glance, the reorganization energy of
the phenacene series follows a zig-zag trend from 3P to 8P, so
we assume that this is due to the even-odd effect in which the
even phenacene has a different symmetry from the odd one.
However, 9P does not follow this trend and starts to decrease
instead of increasing like other odd members in the series. We
think that this characteristic occurs because upon adding more
phenyl rings from 9P, the length of the molecule is long enough
for the charge to localize throughout the molecule and eventually
the energy cost for structural relaxation reduces. This property is
similar to the reorganization energy in a conjugated polymer
chain. As the chain length increases, the reorganization energy
decreases continuously and in some cases becomes constant at a
certain chain length.>® We perform the reorganization energy for
10P and obtain the values of 0.074 eV at the B3LYP/6-31G(d,p)
level of theory, which once again confirms our statement above.
We have noticed that the reorganization energy decreased from
0.212 eV to 0.074 eV (Fig. 6). Also the charge transfer integral
along channels 4 and 5 (Fig. S1, ESIf) are extremely small
(~ 0 eV) while the charge transfer integrals are in the range of
0.04 to 0.09 eV in channels 1, 2 and 3 (Fig. 5). If we consider the
whole crystal where the motion of charge is a homogeneous
random walk, the average charge transfer integral in all possible
hopping pathways is, therefore, much smaller than the intra-
molecular vibronic coupling. Thus, the hopping regime can be
applied in the case from 3P to 10P. The diffusion coefficient
summing all possible hopping pathways and the drift mobility,
therefore, are evaluated (eqn (6)).

Under the concept of Marcus theory, we calculate the hole
mobility from 3P to 10P as seen in Fig. 7. Around 300 K, the
experimental values are reported as fip(3P) ~ 0.48 cm®>V s~ 1%
lexp(5P — 8P) & 1.3,5.6 x 107!, 6.9 and 8.2 cm® V ' s~ ',** and
lexp(9P) ~ 10.5 cm® V' s~ .'° The calculated drift mobilities
from 3P-RPG to 10P-RPG are 0.26, 0.40, 0.62, 0.06, 1.30, 1.37,
2.85 and 3.25 cm® V™' s, respectively. It is worth noting that
with RPG structures, we obtain a similar trend of drift mobility
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Fig. 7 The hole mobility of 3P—-10P in RPG and vdW cases as a function of
the molecular length compared to experimental data 1547

and maximum mobility between theoretical and experimental
structures. Note that the hole mobility of 6P decreases signifi-
cantly in contrast to the other phenacene members. In the case
of vdW, a similar trend is obtained in 3P — 5P, 7P — 9P cases.
As mentioned above, our vdW calculation in 6P gives different
structural parameters compared to the experimental one. The
lattice of 6P-vdW is more stable and more favorable in terms of
energy. The smaller intermolecular distances in 6P-vdW grant
the material a higher hole mobility than 6P-RPG. The hole
mobilities from 3P-vdW to 10P-vdW are 0.21, 0.32, 0.54, 0.80,
1.13,1.27, 2.79 and 3.2 cm® V"' s~ respectively. We found that
in vdW cases, the hole mobility increases upon inserting phenyl
rings which is usual in many conjugated materials. Thus, the
odd-even effect is not valid in this case. In fact, a very low
mobility in 6P-RPG compared to other members is abnormal.
We assume that 6P may produce a better lattice structure with
higher hole mobility according to our vdW calculations. Fig. 7
shows a possible exponential trend between hole mobility and
the size of vdW-[n]phenacene. Theoretically, it is possible to
find the upper limit of hole mobility when [n] — +00. However
our number of data points is insufficient to find the upper
limit of the mobility accurately. Hopefully in future studies,

8664 | Phys. Chem. Chem. Phys., 2018, 20, 8658-8667

View Article Online

Paper

calculations with a much longer chain can be conducted to
approach this limit.

In summary, vdW-DF gives totally different lattice para-
meters from the reported experimental ones in 6P crystals.
Besides, the structure of 6P-vdW is more stable in terms of
energy than 6P-RPG. The energy gap in 6P-vdW is well fitted
compared to 6P-RPG which is out of the linear trend. The
decrease of the charge transfer integral and hole mobility in
6P-RPG is unusual among the other members of the same group.
We suggest that our 6P-vdW structure might be more accurate
and can be a promising candidate to improve the low hole
mobility of 6P-RPG that has been reported recently. X. He et al.
reported that 6P single crystals in their experiments were not
easy to form and the grown crystal size was too small. Therefore,
it is believed that the low quality 6P crystal among phenacene
crystals may provide the lowest charge mobility values as well as
the formation of the 6P-RPG phase in experiment.*’

Finally we report the anisotropic mobility from 5P to 10P in
both RPG and vdW cases (Fig. 8). We can see that in both cases,
the phenacene members show similar anisotropic behaviors.
The maximum mobility is reached as the conducting transistors
create an angle relative to the reference axis of approximately
¢ =90° or 270°. The minimum mobility is along ¢ = 180° or
360°. The conducting angles are 2.8% different from our
previous report with the X-ray structure of picene which is in
the acceptable range.*” These small errors arise from the fact
that these structures are theoretically constructed, and are
relaxed using DFT. The strongest anisotropic transport property
is in the b* direction which corresponds to the n-m stacking
transport. This rather agrees with Kubozono et al. that the n-n
interaction increases with the extension of the n-framework
and can be one of the reasons for the increasing hole mobility
in phenacene.*® However, it is also worth noting that the low
reorganization energy has an equally important role in consti-
tuting hole mobility. In the RPG case, the mobility of 6P-RPG is
the smallest among all members fitting with the reported
experimental results. The maximum values of anisotropic
mobility from 3P-RPG to 10P-RPG are 0.59, 1.02, 1.12, 0.16,
2.89, 2.84, 6.66 and 7.64 cm” V' s~ respectively. In contrast,
vdW-DF shows a gradual increase in the mobility from 3P-vdW
to 10P-vdW. Here we suggested that the highest hole mobility
up to approximately 6.4 cm> V™' s~ ' can be obtained in 9P-vdW
single crystals and around 8.0 cm®> V' s7' in 10P-vdW. We
notice that charge hopping rates for much longer chains might
be more problematic to evaluate which go beyond the scope
of semiclassical Marcus theory. If the reorganization energy
reduces further upon adding phenyl rings, the value of the
charge transfer integral can, therefore, dominate the whole
charge transfer process. As the material becomes perfectly
ordered, it is appropriate to use band theory. However, band
theory does not provide charge mobility at room temperature. It
is not clear which models are better for much longer chains and
calculating the “crossover’” region where vibronic coupling
(reorganization energies) changing from stronger to weaker
compared to electronic coupling (charge transfer integral)
presents challenges.*® It requires future unified theory that
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Fig. 8 lllustration of projected hopping pathway schemes in phenacene
crystals with respect to the transistor channel in the ab-plane (A). 0y, 0, 03
and 04 are the angles along channels 1, 2, 3 and 4 relative to the reference
crystallographic a axis; ¢ is the angle of a transistor channel relative to the
reference crystallographic a axis. Polar plots of predicted anisotropic hole
mobility along different hopping pathways in the ab plane from 5P to 10P
crystals in both RPG (B) and vdW cases (C). Each circle corresponds to the iso-
valued mobility depending on its radius as shown in the axis next to the plot.

can fulfill the correct prediction of organic semiconductors.
Unfortunately, such a method is not yet available.’®

Here, it is necessary to mention the limitation of our theore-
tical method. First, it is true that most of the theoretical calcula-
tions so far are based on the experimentally obtained structures.

This journal is © the Owner Societies 2018
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The dependence of theoretical prediction on the experimental
structures has shown the limitation in predicting the properties of
new molecules in cases where the knowledge of their crystal
structures is unknown. Although the prediction of new crystal
structure packing is necessary for future materials research, it
remains a critical challenge to many research groups and the
current understanding is still limited. In this article, the crystal
structures from 6P to 10P are based on the structure of 5P (picene)
and the known lattice parameters using the dispersion corrected
DFT methods. Due to the lack of experimental crystal database
on these materials, the errors in structural prediction are unavoid-
able with respect to the local and global optimization. However,
due to the significant agreement between theoretical and experi-
mental lattice parameters and energy gaps as well as the similarity
in the shape of DOS, we believe that our results based on
theoretical crystal structures are reasonable enough to give a clear
view of the hopping mechanism of phenacenes and suggest a
trend of increasing mobility from 3P to 10P which have potential
application in future advanced electronic devices. Our predicted
structures can be used as a reference for the experimental groups
for identifying the detailed atomic positions of phenacene
crystals. Second, for simplicity, we have used Marcus theory to
describe the charge transfer mechanism in phenacene. The
application of Marcus theory indeed neglects the dynamic dis-
order from the thermal fluctuation of the charge transfer integral
at high temperature. In the hopping regime of Marcus theory, the
intermolecular electronic coupling is kept fixed. However, at room
temperature, because the natural bond in organic materials is a
weak van der Waals interaction, it is obvious that the orientation
of the molecule will fluctuate continuously as the charge transfer
integral is modulated by nuclear motions. Therefore, there are
several approaches to include the dynamic disorder inside the
hopping picture in which the charge transfer integral of the
equilibrated system will be calculated after each hopping step at
a certain temperature. A phonon-assisted term needs to be added
to the temperature dependence of mobility.>® However, such type
of calculation is computationally expensive in the study of 3P-10P
or even larger phenacene structures. It is suggested that in an
extreme case, when the fluctuation in the transfer integral is
larger than its average, the dynamic disorder can even increase
the hole mobility for 2D materials within the ab-plane.”
Nevertheless, despite of its limitation, Marcus theory has been
widely used to describe the charge transfer mechanism in
various organic materials at room temperature and shows good
agreement with the experiments.****° The inclusion of dynamic
disorder will be considered in our future work for further
improvement of the calculated mobility in organic semi-
conductors. Yet we believe that the increasing trend of mobility
in the phenacene series remains unchanged with or without the
addition of dynamic disorder.

4 Conclusion

We have performed the structural prediction of the phenacene
homologous series from 6P to 10P using restricted relaxation
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(RPG) as well as a fully geometry relaxation using van der Waals
interaction (vdW-DF/revPBE). The energy gaps of phenacene in
vdW-DF decrease slightly, agreeing well with the energy gaps of
molecules in the gas phase and experimental optical energy
gaps. In the RPG case, the energy gap shows the same trend
except 6P-RPG. There is a significant difference in the crystal
structures between 6P-RPG and 6P-vdW. We calculate the hole
mobility from 3P to 10P in both RPG and vdW cases. Our hole
mobility in the RPG case agrees very well with the reported
experimental data with an abnormal small mobility in 6P-RPG.
We propose a new crystal structure for 6P with regard to the
vdW interaction that achieves a higher hole mobility than the
reported one. We also predict the maximum hole mobility of
10P-vdW of around 8.2 cm® V™' s™" and the drift mobility of
10P is approximately 3.2 cm® V™' s, This is the highest among
the phenacene series that has been discovered and surpasses
the hole mobility of pentacene (3 cm® V™" s~ ). Since the hole
mobility will increase as the size of the molecules increase, the
synthesis of larger phenacene molecules is necessary. The high
mobility might come from dense packing in the crystal. The
anisotropy mobility has been proposed in all members of
phenacene. The maximum mobility can be achieved when the
angles of conducting channels are around 90° to 270°. The
materials show highly anisotropic properties with the n-n
interaction, along with low reorganization energies contributing
the highest hole mobility in the ab plane followed by herring-
bone stacking. We conclude a remarkably high mobility in the
phenacene series. Our calculations provide a detailed view of the
transport mechanism of OSCs which is not only applicable to
phenacene but can also be extended to other organic crystals in
the search for good air stability and high mobility OSCs.
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