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The promotion effects of thionation and
isomerization on charge carrier mobility in
naphthalene diimide crystals
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Daoyuan Zheng,®® Mingxing Zhang®® and Guangjiu Zhao

Herein, the promotion effects of thionation and isomerization on the carrier mobility properties of
naphthalene diimide and thionated naphthalene diimide crystals were investigated in detail based on the
Marcus—Hush theory and quantum-chemical calculations. The thionation of NDIs will improve the
charge mobility of both electrons and holes, which is similar to the thionation of PDIs. The compound P
only behaves as an n-type organic semiconductor (OSC), whereas the three other thionation structures
have higher mobility values and can behave as p-type OSCs. For the cis/trans isomers of the two
double-thionation structures, trans-S2 has a larger hole and electron carrier mobility than cis-S2; this is
consistent with the experimental results obtained for cis—trans-isomers. A potential strategy for the
development of high performance ambipolar OSCs is the substitution of O atoms by S atoms. These
results will provide a guide for the design and optimization of OSCs via analysis of the relationship
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1. Introduction

Organic semiconductors (OSCs) have attracted significant atten-
tion in the research and applications of organic electronics such
as organic light-emitting diodes (OLEDs), organic field-effect
transistors (OFETs), and organic solar cells." Compared with
inorganic semiconductors (ISCs), OSCs have the merit of abun-
dant structures and their properties can be easily modified by
different substituents.®® These characteristics not only extend
their applications, but also benefit the fabrication of new OSCs.
As one of the most important parameters, charge carrier
mobility is frequently used to evaluate the properties of organic
materials. Recently, the best performance of n-type OSC was
shown by Cg, which exhibited an electron mobility of only
11 em”® V' s7'° whereas the highest hole mobility values
of 2,7-dioctyl[1]benzothieno[3,2-b][1]benzothiophene (Cg-BTBT)
and rubrene reached 43 and 40 cm® V™' s, respectively.'*'*
Additionally, n-type OSCs not only exhibit lower mobility, but
also show less species and intrinsic instability as compared to
the p-type OSCs.>"?
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between carrier mobility and molecular crystal structures.

Naphthalene diimides (NDIs) and perylene diimides (PDI) are
the most important n-type OSCs, which have been first observed
in 1996 by Laquindanum and Horowitz.">'* The highest electron
mobility in NDIs is 6.2 cm® V' s~' with cyclohexyl as the
N-substituted group,"> whereas some other OSCs devices
with NDIs as their core also show an electron mobility of
ca. 1 em® V7' s71.">"% The main methods for the design of
high performance OSCs in NDIs and PDIs involve changing the
groups at the nitrogen positions or halogen substitution in the
naphthalene/perylene cores. Recently, NDIs have been proven
as p-type or ambipolar OSCs by fusing tetrathiafulvalene into
the NDI frameworks, and they possess a hole mobility as high
as 0.31 cm® V' s7"."? Another strategy for designing OSCs with
higher hole mobility is the replacement of O atoms by S.>°7*?
Recently, a series of thionated NDIs were synthesized and
characterized by Seferos et al., and they measured the electron
mobility of thin film transistors.>® They found that the electron
mobility of the thionated derivatives were three orders of magni-
tude higher than those of the non-thionated parent analogue,
with the highest mobility reaching 0.075 cm* V™' s~ for cis-S2.
Another significant result is that the electron mobility does not
increase with the increasing number of sulfur atoms; this
is different from the case of thionated PDIs. In the experiment
for thionated PDIs, they found a strong positive correlation
between electron mobility and degree of thionation.”* We were
interested in whether thionated NDIs could be used as ambi-
polar OSCs and the effects of thionation and isomerization on
carrier mobility.
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For interpreting the mechanisms of carrier mobility in OSCs,
several theories have been proposed such as the hopping, band,
and polaron models.>* The hopping model has been proven
to be reliable to investigate the quantitative structure-activity
relationships of transport properties in a series of organic semi-
conductors such as acenes, oligothiophenes, and NDIs.>>°
Herein, based on the quantum-chemical calculations and the
Marcus-Hush theory,?"*” the hole and electron mobility of NDIs
and three thionated NDIs were calculated, and the relationship
between the electronic properties and the structures of OSCs
was investigated. The calculated electron mobility of P is higher
than the experimental value, but it is in accordance with that
of other N-substituted alkyl groups NDIs; this verifies that
the model we used herein is reasonable.® The electron and
hole mobility both increased with the increasing thionation
number, and S3 even behaved as an ambipolar OSC. The
electron mobility sequences were in accordance with the experi-
mental results obtained at room temperature, in the order of
P < cis-S2 < S3. trans-S2 has larger hole and electron mobility
than cis-S2; this is consistent with the research on cis-trans-
isomers.**° The experimental and calculated results are dif-
ferent because the experiments have been conducted with thin
films, whereas the calculations have been conducted based on
crystal structures. It is generally accepted that single crystal
transistors provide higher performances than thin film transis-
tors of the same material. We hope that our investigation would
provide support for the future design and fabrication of high-
performance OSC materials.

2. Theory and computational methods

Based on the Einstein relation, the charge mobility in OSCs can
be given as follows:
e
=—D 1
=TT 1)
where the diffusion coefficient D is caused by hopping. If there is
no correlation between charge hopping and the hopping motion

is a homogeneous random walk,>”*° the hopping rate can be
written as follows:

2
I
where n is the spatial dimensionality, ; is the center-of-mass
distance between two neighboring molecules in the ith pathway,
and P; is the hopping probability, which can be calculated by:
P; = W;/>" W;. W;is the intermolecular hopping rate, which can
be deduced by*'**

2w \'? y)
W= 7(11{3 T> xp <_4kB T) 3)

where V is the effective electronic coupling between neighboring
molecules, 4 is the reorganization energy, and T is the temperature.
Eqn (3) will hold when V is significantly smaller than A (at least half
of 1).2****! From eqn (1)~(3), we can know that the hopping rate
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depends on two microscopic parameters: the effective electronic
coupling V and the reorganization energy A.

Recently, the effect of crystal thermal fluctuations on charge
mobility has been taken into account while calculating some
benchmark systems such as anthracene, pentacene, and
rubrene.*™ Thermal fluctuations will increase the charge
mobility and improve the precision, especially in the non-
dominant transfer direction. Considering that not many studies
have been reported on thionated NDIs and the electron mobility
of P is far below that of other NDIs, X-ray crystal structures are
used without further geometry optimization.>® For the calcula-
tion of V, the GGA functionals and hybrid functionals have been
widely used.***° We adopted the site-energy corrected method
and performed it with the PW91/TZ2P functional implemented
in the Amsterdam density functional (ADF) program.>*”" The
PW91 functional is robust and the most widely used functional
to calculate electronic couplings.”**>** For comparison, we also
used three other functionals (PBE,”> PBE0,”® and B3LYP™) to
calculate the electronic couplings for the P dimer in four
compounds. The reorganization energy / consists of internal
and external parts. Due to the low dielectric constants of
molecular solids in organic crystals, the external reorganization
energy could be neglected, and we only focused on the internal
contribution.>® The adiabatic potential energy surface method

was adapted for the calculation of 1.
A= (B E) (B -E) (@
he=17g + i = (E; — Eo) + (E* — E_) (5)

An insightful interpretation for the meaning of the above-
mentioned energy parameters is given in Fig. 1. For the full
geometry optimizations of the monomer molecules, we used the
B3LYP functional with the 6-311G(d,p) basis set performed with
the Gaussian 09 package.””° The hybrid functional B3LYP was
mainly chosen to describe the properties, such as the energy of
FMO, vertical ionization potential (VIP), adiabatic ionization
potential (AIP), vertical electronic affinity (VEA), and adiabatic
electron affinity (AEA), of the n-conjugated molecules.”**!

The orientation function establishes the quantitative rela-
tionship between angular resolution anisotropic mobility and

cation/anion

ipf i SEEEEERE

;S S —
VIP/VEA

Eo

v

Q

Fig. 1 Potential energy surfaces for the neutral state and the charged state.
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molecular packing architecture parameters. The function

can be written as follows:

e

Z I‘,‘z W,‘Pl' COS2 y,(@,- — d)) (6)
i

~ 2T

Ho

where y; is the angle of the ith hopping pathway relative to the
transport plane of the crystal stacking layer. For the hopping
pathways on the basal transport stacking layer in the crystals,
y; is 0°. 6; is defined as the orientation angle of the projected
electronic coupling pathways of different dimers, and @ is the
conducting channel relative to the same reference axis.

3. Results and discussion

As shown in Fig. 2, the monomers of the four crystals have
similar structures, but a different number of O and S atoms.
It is generally accepted that the vertical ionization potential
(VIP) and vertical electron affinity (VEA) are related to material
stability under ambient conditions and the injection efficiency of
holes/electrons from the electrodes to the HOMOs/LUMOs.®"%?
As clearly presented in Table 1, the VIP and VEA decreased and
increased, respectively; thus, the n- and p-type OSC properties
improved with thionation degree. Upon comparing the VIP
and VEA with the work function potential of a common gold
electrode (E; = 5.1 €V), it has been found that the VEA is closer
to E, than VIP for P, ¢is-S2, and trans-S2, whereas the VIP is even
closer than the VEA for S3. This suggests that P, cis-S2, and
trans-S2 are likely to behave as n-type OSCs, whereas S3 behaves
as a p-type 0SC.**

The energy levels of HOMOs and LUMOs are related to the
electron affinity of organic materials.>**%%1:%% QOwing to the
difference in the volume and polarization of O and S atoms,
the frontier molecular orbitals (FMOs) of the four compounds
show a remarkable change (Fig. 3). Upon the replacement of the
O atoms by the S atoms, the distribution of LUMOs presents a

R
o] |{| x1
P: X1=X2=X3=0
OO Cis-52:X1=X3=5,X2=0
trans-$2:X1=X2=$§,X3=0
) CHE N ¢ $3: X1=X2=X3=§
R
R=n-Cy,H,e

Fig. 2 Chemical structures of the four NDIs derivatives.

Table 1 Calculated VIP, AIP, VEA, and AEA (in eV) for the four compounds
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Fig. 3 The energy of HOMOs and LUMOs for the compounds P, cis-S2,
trans-S2, and S3 at the B3LYP/6-311G(d,p) level (the alkane chains are
neglected for clarity).

larger difference than that for the HOMOs. Moreover, the energy
of the HOMOs is higher and that for the LUMOs is lower. The
decrease in the LUMO levels is favorable for higher electron
carrier mobility as well as ambient stability.

The calculated reorganization energy /. for the electron
and hole transfer is listed in Table 2. As the number of S atoms
increases, the reorganization energy of the holes and electrons
(An and 4, respectively) decreases. A high reorganization energy
is not beneficial for high carrier transport; therefore, we have
proposed that the charge mobility will increase with the increasing
degree of thionation; this is consistent with the results obtained
for electron mobility via experiments. Although the reorganization
energy of holes is smaller than that for electrons, which implies
that the four crystals are more likely to be p-type OSCs than to
be n-type OSCs, the other factor of electronic coupling also
affects the type of the four crystals. For compound P, we cannot
calculate E7 since the energy is not converged. However, with
the low value of Egomo and large VIP of P, we inferred that the
compound P was unfavorable for hole carrier mobility.

Fig. 4a and b show the difference value of bond length (AL)
between the charged and neutral states for trans-S2 and cis-S2,
respectively. It can clearly be seen that AL between the anionic
and neutral states (A-N) is larger than the value between the
cationic and neutral states (C-N). For a deeper interpretation,
we have calculated the average AL of all the bonds, which is
0.00775 A (C-N for trans-S2), 0.00785 A (C-N for cis-S2), 0.0163 A
(A-N for trans-S2), and 0.0168 A (A-N for cis-S2). According to a
previous study,”” a conclusion can be drawn that the reorgani-
zation energy of electrons is higher than that of holes for cis-S2
and trans-S2, and the reorganization energy of cis-S2 is slightly
higher than that of trans-S2 both for electrons and holes.

The intermolecular electronic coupling V is another impor-
tant factor that influences charge mobility. For the four crystals,
five types of intermolecular packing modes can be defined as

Table 2 Internal reorganization energies A, and . (eV) for the four

VIP AIP VEA AEA compounds
P - 8.43 2.11 2.29 P cis-S2 trans-S2 S3
c1s-S2 7.90 7.80 2.65 2.80
trans-S2 7.89 7.81 2.64 2.79  In — 0.197 0.177 0.122
S3 7.78 7.72 2.88 3.01  Ze 0.363 0.294 0.289 0.257
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Fig. 4 Difference value of bond length (AL) between the cationic and
neutral states (C—N labeled with black line) and between anionic and neutral
states (A—N labeled with red line) in (a) trans-S2 and (b) cis-S2.

parallel dimer (P), transverse dimer (T1, T2, and T3), and longi-
tudinal dimer (L). The P, T1, T2, and T3 dimers are in the same
molecular stacking layers, as shown in Fig. 5. The L dimers are
head-to-tail stacked outside the molecular stacking layer of the
P, T1, T2, and T3 dimers. The calculated electronic coupling
of the L dimer is very small, and the distances between the
packing layers are larger than 28 A; this means that charge
transport between layers (L dimer) is less efficient and negligible;
thus, charge transport in the four compounds can be considered
as a 2D transport. The molecular packing of the four crystals
is presented in Fig. 5, along with the hopping pathways and
reference axis. For different dimers of each crystal, the center-of-
mass distances corresponding to the hopping pathways of P, T1,
T2, and T3 are labeled as rp, 1y, 9, and rr3, and the angles are 0p,
014, 012, and O3, respectively (since the 0p in each system is 0°, it is
neglected herein). The orientation angle of the conducting chan-
nel relative to the reference axis is ®.

The effective intermolecular electronic coupling V for the
electron and hole transport of each packing mode in the four
crystals is listed in Table 3. The values obtained with PW91 and
PBE are almost equal, and the situation is same for the two
hybrid functionals; thus, we only compare the difference between
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Fig. 5 Schematic of the molecular packing and charge hopping pathways
in (a) P, (b) cis-S2, (c) trans-S2, and (d) S3 and the center-of-mass distance

and angle of the projected electronic coupling pathways relative to the
reference axis.

Table 3 Calculated V4, and V. for the different hopping pathways in the
four compounds (the corresponding packing dimers are illustrated in
Fig. 5)

P cis-S2 trans-S2 S3
Pat hway Vi Ve Vi Ve Vi Ve Vi Ve
P 1.8 32.6 0.76 21.3 12.7 57.5 9.3 124.4
P¢ 8.6 39.7 4.1 26.8 9.1 65.7 11.2 135.6
T1 2.1 304 0.10 0.85 7.8 12.0 0.05 0.18
T2 3.1 27.1 12.6 36.9 0.89 29.0 5.8 78.5
T3 0.03 0.47 4.5 35.3 0.18 2.1 49.3 36.1

¢ The electronic couplings for the P dimer in the four compounds were
calculated with the B3LYP functional.

B3LYP and PW91. The values of V obtained with the GGA
functionals are generally smaller than those for the hybrid func-
tionals, especially for V;,, whereas V. are close to each other,
in which we are more interested. It can be found that all the
maximum values of V. are larger than the maximum values of v},
values in each crystal. These results suggest that the four com-
pounds are n-type OSCs, which are contrary to the results of
reorganization energy. Thus, by combining the effective electronic
coupling with the reorganization energy results, we can obtain a
reliable interpretation for the charge mobility. The maximum V;,
values are in the sequence of P < cis-S2 x trans-S2 < S3, whereas
for V., the sequence is P < cis-S2 < trans-S2 < S3. Hence, we can
conclude that the thionation effect will remarkably improve the
charge transfer mobility for both electrons and holes.

Based on the crystals structures, effective electronic coupling,
and reorganization energy, the anisotropic hole and electronic

This journal is © the Owner Societies 2017
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Fig. 6 Calculated angle-resolved anisotropic electron mobility (red line) and hole mobility (blue line) for the compounds (a) P, (b) cis-S2, (c) trans-S2,
and (d) S3.

0.60

Table 4 The calculated hole and electron transport mobility (in cm? V=t s
and comparison with the experimental values

,uh,cal ue,cal ,ue,exp
P — 0.011-0.059 3.5 x 107°¢
cis-S2 4.8 x 10°*-0.074 0.019-0.24 0.022°
trans-S2 0.0043-0.12 0.013-0.58 —
S3 0.0017-5.02 0.22-2.96 0.047°

“ The maximum electron mobility values at 30 °C.

mobility can be given via eqn (6) (Fig. 6, only the electron
mobility is given for P). It can be found that the four crystals
exhibit remarkable anisotropic carrier transfer and angular
dependence on mobility. In Table 4, we have listed the calculated
transport mobilities and compared them with the experimental
values. It can be seen that the calculated result is higher than the
experimental result. The main factor for this was that the theo-
retical calculations were based on the crystal structures, but the
experiments were conducted with thin films. Other factors such as
dielectric constant, deposition rate, and crystal defect will also
reduce the mobility by several orders of magnitude."> Moreover,
the development of fabrication techniques and gate dielectrics
will enormously improve the performance of 0SCs.*® The model
we used herein is reasonable because the calculated electron
mobility of P matches well with that reported in other references,
where the mobility of different N-substituted chain alkyl groups
range from 103 to 0.1 cm*> v ' s7 1.8

For the compound P, the maximum value of electron mobility
is 0.0587 cm® V™' s, which is at 45° with reference to the g axis.

This journal is © the Owner Societies 2017
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This direction is near the pathway of T1, where V, is not largest.
It is reasonable that the three electronic coupling values are
almost in the direction of P, T1, and T2. The dominant orienta-
tions of electron and hole transfer are the direction of maximum
effective electronic coupling in cis-S2 and in trans-S2. The two
isomers show an n-type behavior, with trans-S2 giving a higher
mobility for both holes and electrons. Generally, the carrier
mobility of ¢trans-isomers is higher than that of cis-isomers; this
has been confirmed by a series of previous studies.**® The carrier
mobility of S3 is highest among the four structures, but it shows
a p-type character. Unlike those of other structures, the favored
directions of the hole and electron carrier mobility in S3 are
different. The highest hole mobility value appears at ¢ = 145°,
which is near the T3 dimer orientation. In contrast, for favorable
electron mobility, @ is close to 0° for the P dimer orientation.

From the calculated mobility anisotropy curve, we can sum-
marize that (1) the hole and electron mobility increases with the
increasing number of S atoms because P only behaves as a n-type
organic semiconductor with a mobility value 0.0587 cm® V' s,
whereas S3 performs as an ambipolar OSC with its hole and
electron mobility higher than 1.0 cm®> V™' s™" and (2) trans-S2 is
more favorable for carrier mobility than cis-S2 for both holes and
electrons.

4. Conclusions

In the present study, based on quantum-chemical calculations
and the Marcus-Hush theory, the carrier mobility properties of
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four naphthalene diimide and thionated naphthalene diimide
crystals were calculated in detail. The results of FMO energy
level, ionization potential, electron affinity, and reorganization
energy indicate that thionation is beneficial for charge transfer
of both electrons and holes. The compound P without thiona-
tion only behaves as an n-type OSC with a mobility value of
0.0587 cm® V' s !, whereas S3 behaves as an ambipolar OSC with
both the hole and electron mobility higher than 3.0 cm* V- * s,
With an increase in the number of S atoms, the compounds
exhibit more p-type property: P, cis-S2, and trans-S2 behave as
n-type OSCs, whereas S3 shows remarkable ambipolar type OSC
behaviour. trans-S2 has a larger carrier hole and electron mobility
than cis-S2; this is consistent with the previous results obtained
for the cis-trans isomers. These results provide a guide for the
optimization of OSC performance by analysis of the relationship
between the carrier mobility property and molecular crystal
structures. For a deeper systematic and comprehensive under-
standing of the thionation effect on the mobility properties of
NDIs, three other structures should be synthesized and charac-
terized in the future, which are mono-thionated, pre-thionated,
and compounds with two S atoms in one diimide group.
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