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In this study, the electron-transfer properties for the alkynylated indenofluorene-diones of varying

substituents (SiMe3, SiPr3, SiPh3) function as n-type organic semiconductors were comparatively

investigated at the first-principle DFT level based on the Marcus-Hush theory. The reorganization

energies are calculated by adiabatic potential-energy surface method, and the coupling terms are

evaluated through a direct adiabatic model. The maximum value of electron-transfer mobility of SiPr3 is

0.485cm*V™'s™!, which appears at the orientation angle of conducting channel on the reference plane a-b

near to 172°/352°. The predicted maximum electron mobility value of SiPr3 is nearly 26 times larger than

that of SiPh3. This may be attributed to the largest number of intermolecular n-n interactions. In addition,

the mobilities in all three crystals show remarkable anisotropic behavior. The calculated results indicate

that SiPr3 could be an ideal candidate as a high-performance n-type organic semiconductor material. Our

investigations not only give us an opportunity to completely understand the charge transport mechanisms,

but also provide a guideline of the materials design for the electronic applications.

1. Introduction

During the last several decades, basic scientific interests and
potential applications in cheap, flexible electronic devices have
motivated the research in the field of molecular organic
materials.'”> Conjugated organic materials have attracted
enormous interests because of the intrinsic properties. The
conjugated hydrocarbons with extended polycyclic frameworks
and their heteroatom containing analogues have been applied as
organic materials in electronic devices such as organic light-
emitting diodes (OLEDs),*® organic field-effect transistors
(OFETs),”"? and organic solar cells.'"* Since the hole (for p-
type) or electron (for n-type) transport can be a critical
component in a number of organic semiconductors, ™' it is more
essential for understanding the relationship between the hole or
electron transport and molecular packing in crystals. As we know,
when the overlap of the intermolecular © orbitals, which are in
phase, is maximized, the mobilities of holes or electrons are
increased in solid-state organic semiconductors.'” In the past
decades, a lot of efforts have been focused on investigating p-
type (hole-transporting) organic semiconductors.'®*  Some
famous representatives of p-type organic semiconductors, such as
pentancene®® and rubrene,’’ have superior charge transport
properties.*”> Moreover, it has been reported that pentancene has
the highest field-effect hole mobility for thin film transistors.****
In addition, many research groups commit to design the organic
semiconductors in pursuit of higher hole mobilities.>® However,
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much less information about the comparable processing and
performance of n-type organic semiconductors is known.***°

To design n-type organic semiconductors, people begin to
introduce the electron withdrawing groups, like carbonyls*! and
imine nitrogens,*** into organic semiconductors due to the lower
LUMO energy level caused by these electron deficient moieties.
Recently, the indenofluorene (IF) framework as one of n-type
semiconductors has received considerable attention due to its
intrinsic properties such as the planarity of the IF skeleton and the
ability of accepting electrons reversibly.**>*® Furthermore, a
series of 6,12-bis[(trialkylsilyl)ethynyl]indeno[1,2-b] fluorene-
5,11-diones has been synthesized by Rose and his coworkers.*’
Because these molecules are excellent electron-accepting
materials elucidated from the electrochemical and photophysical
data, we investigate the electron-transport properties of
alkynylated IF-diones with varying substituents (SiMe3, SiPr3,
SiPh3) based on the experimental crystal structures. The
molecular structures are shown in Figure 1. In our study, we not
only calculate the electron-transfer reorganization energy and
effective electronic coupling, but also present the simulated
anisotropic electron-transfer mobilities of these three materials.
The electronic anisotropy as an intrinsic property of organic
semiconductors has attracted much attention.”*®® Sundar et al.
first found the anisotropic effects in rubrene crystals in 2004.
There are various computational studies for the electronic
anisotropy based on ab initio or semiemprical quantum chemical
methods.*'** According to Marcus-Hush theory,*"** Deng and
Han et al. have reported a simple first-principles-based simulation
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Figure 1. Molecular structures of SiMe3 (a), SiPr3 (b), and
SiPh3(c).

model and developed a quantitative function, which shows how
s the angular resolution anisotropic mobilities correlates with the
underlying electronic properties and the molecular packing.®**%®
In this work, we mainly make a comparative study on the
electron-transfer properties of the alkynylated indenofluorene-
diones with varying substituents (SiMe3, SiPr3, SiPh3) as n-type
10 organic semiconductors through first-principles calculations, in
order to gain insights in the theoretical design of organic transport
materials. The calculated results of our theoretical method were
in good accordance with the experimental ones for the anisotropic
mobility distributions in many organic molecular semiconductors
s such as linear acene, acene derivates, perylene bisimide
derivatives, and oligothiophenes as well as their derivatives
/analogues.®®”" Based on our simulation model, we provide an
assessment of the possible range of electron-transfer rates in
alkynylated indenofluorene-diones crystals. The analysis is
20 helpful to understand the influence of the structure variations on
the transport properties. Our calculations indicate that the SiPr3
crystal could be an ideal candidate as a high-performance n-type
organic semiconductor material.

2.

25 At room temperature, it is generally accepted that the hole or
electron transport in organic semiconductors takes place via
charge carrier hopping between neighboring molecules. If we
assume no correlation between hopping events and the charge
motion is a homogeneous random walk,****% the diffusion

30 coefficient caused by the hopping rate is given by eq. (1)

2
D= hmiﬂ ~ LZUZW,B
> 2n t 2n 5
Where n is the spatial dimensionality, i means the ith pathway, 1;
is the intermolecular center-to-center distance of different dimer
types, W is the intermolecular hopping rate, and P is the hopping
35 probability, which can be calculated by eq. (2)
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Based the Einstein relation, the drift mobility for charge
carrier (hole/electron) transport can be evaluated in organic
semiconductors:

=" p
k,T
On the basis of Marcus-Hush theory, the hole/electron
transport for an organic semiconductors can be described by a
hopping mechanism.***””* The hopping rate (W) can be written
as:

3)

61,62

& ( V4
o Ak,T 4k, T
Where V is the effective electronic coupling between neighboring
molecules, A is the reorganization energy, kg is the Boltzmann
constant, and T is the temperature. In these parameters, it
indicates that the rate of charge hopping depends on two
microscopic parameters: the effective electronic coupling V and
the reorganization energy A. So some efforts have been made to
improve the charge mobility of organic semiconductor materials
by optimizing these two parameters.”>

W =

)" exp( ) @)

Reorganization energy

The reorganization energy usually consists of the internal and
external contributions. The internal reorganization energy is
caused by relaxation in the molecular geometry, and the external
reorganization energy is induced by polarization of the
surrounding medium, namely, all the other molecules in the bulk
materials. For the organic semiconductors, the contribution from
the surrounding molecules to the reorganization energy is very
weak and could be neglected because of the very low dielectric
constants, so we only consider the internal reorganization energy.
The reorganization energy A in eq. (4) can be evaluated directly
using the adiabatic potential energy surface method,*>’*”” which
can be shown as follows:
* *

A= ﬂ'i(l) + /1;‘(2) =(E, —E)+(E,,_—E,) ©
Here, Ey and E,. are the energies of the neutral and charged
species in their lowest energy geometries, respectively; E,” and
E.." represent the energies of the neutral and charged species
with the geometries of the charged and neutral species,
respectively. Figure 2 depicts the sketch of the potential energy
surfaces, where A" corresponds to the geometry relaxation
energy of one molecule from neutral state to charged state, and
L? corresponds to the geometry relaxation energy of one
molecule from charged state to neutral state.'”’® This description
holds that the A" and 4 terms are close in energy as long as the
potential energy surfaces are harmonic. Then we can calculate the
adiabatic ionization potential (IP) and electron affinities (EA) by
the following eq.

IP=E, —E,
EA=E_-E,

(6)
0
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Figure 2. Sketch of the potential energy surfaces for the neutral
state and the charged state, showing the vertical transitions
(dashed lines).

All geometry optimizations of the monomer molecules both
in the neutral and the charged states and the reorganization
energy calculations are done at the first-principles DFT level
using the B3LYP functional with 6-31G basis set.”” All the
calculations are performed with the Gaussian09 package.®

Intermolecular electronic coupling

We choose the method in references 81-83 to calculate the
intermolecular electronic coupling of each dimer in organic
semiconductors due to the existence of various computational
techniques. The geometries for dimer calculations are selected
from the observed X-ray crystal structure. The intermolecular
electronic coupling (Vj) in eq. (4) can be calculated directly by
the spatial overlap (Sj), charge transfer integral (J;), and site
energies (e, ej),81 which can be written as

|, 5,(e,+¢)/2|
I/ij_‘ y {_SUZ J

For calculating the intermolecular electronic coupling (Vy),
we need to calculate the spatial overlap (S;), charge transfer
integral (J;), and site energies (e;, €;):

®)

e = Wi |H| Vi) ©)
S, =(w, ‘W,-) (10)
J, =W |H|w,) (1)

where H is the dimer system Kohn-Sham Hamiltonian, and ‘¥
represents the monomer HOMOs (for hole transport) or LUMOs
(for electron transport) with Lowdin’s symmetric transformation,
which can be used as the orthogonal basis set for calculation.®
All the electronic coupling calculations in different
molecular dimers are implemented in the Amsterdam density
functional (ADF) program with the local density functional
Vosko-Wilk-Nusair (VWN) in conjunction with the PWO91
gradient corrections.®> The TZ2P basis set (the triple-{ quality

~
iy

w
=

wn
a

=
&

80

including two sets of polarization functions on each atom) was
chosen as basis sets throughout the whole process.

Angular resolution anisotropic mobility

The magnitude of the field-effect mobility in a particular
transistor channel depends on the specific surface of the organic
crystal. Thus, the anisotropic mobility of charge transport in
organic semiconductors is an intrinsic property.”® Han et al.
presented a model to simulate the anisotropic mobility (ip) by
projecting the different hopping pathways.*** The equation of
angular resolution anisotropic mobility can be given by

=7 LW B cos 7, co8'(0,~9)
B 1

Where 1; , v; and 6; reflect the intermolecular packing parameters
in the organic single crystal. r; is the ith hopping distance; y;is the
angle of the ith hopping pathway relative to the transport plane of
the organic crystal molecular stacking layer; 6;and @ are defined
as the orientation angle of the projected electronic coupling
pathways of different dimer types and the conducting channel
relative to the same reference axis (generally using the
crystallographic axis), respectively. So the angles between the
different pathways and the conducting channel are 0;-®. P; and W;
can be calculated by eq. (2) and (4), respectively. For the hopping
pathways on the basal transport stacking layer in the organic
crystal, the values of y;are 0°. Equation (12) provides an analytic
function to determine the angular resolution anisotropic
mobilities for any type of organic semiconductors by relating the
crystal packing and electron coupling V to the outer measuring
channel angle ®.

Hy (12)

3.

The geometries of SiMe3, SiPr3, and SiPh3 are full optimized at
density functional theory (DFT) with B3LYP/6-31G level to
calculate the reorganization energy. Table 1 shows the calculated
results of the relaxation energies and reorganization energies in
SiMe3, SiPr3, and SiPh3. We compare to the reorganization
energies of these three molecules. It can be found clearly that the
total reorganization energy of SiPr3 for electron transfer is
slightly smaller than those of SiMe3 and SiPh3. Based on the
calculated results, we except that SiPr3 would function as more
valuable n-type organic semiconductor than SiMe3 and SiPh3
since high reorganization energy is unfavorable for carrier
mobilities.”>**%3 The relative small reorganization energy may be
attributed to the expand m-electron conjugation of the
triisopropylsilyl (TIPS) substitution on the alkyne terminus.

Results and discussion

Table 1 The calculated relaxation energies ;" and A® as well
as reorganization energies A (in eV).

Electron transfer

Molecule A0 A2 A
SiMe3 0.1912 0.1854 0.3766
SiPr3 0.1809 0.1747 0.3556
SiPh3 0.2106 0.2137 0.4243

This journal is © The Royal Society of Chemistry [year]
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Figure 3. Illustration of charge hopping pathways schemes in
SiMe3 (a) and SiPr3 (b) as well as SiPh3 (c) crystals. For ease of
viewing, the varying substituents (SiMe3, SiPr3, SiPh3) have
been removed since they were oriented similarly in the molecular
packing styles, but they were included in all calculations. The X-
ray crystal structures are reported previously by Rose et al..*

o

Figure 3 presents the molecular packing styles of SiMe3,
SiPr3, and SiPh3 crystals. It can be noted from Figure 3 that all
the molecular packing styles of crystal structures exhibit a face-
to-face slipped stacking along the a-axis. For these three crystals,
we can define four types of intermolecular packing modes as T1,
T2, T3, and P. The T1, T2, T3, and P dimers are in the same
molecular stacking layer (shown in Figure 3). Since the head-to-
tail stacking (L dimer) is out of the molecular stacking layer of
T1, T2, T3, and P dimers, we did not discuss the L dimer (out of
transport layer plane). The reason is that charge transport in the
organic crystals is two dimensional (2D) transport within the
stacked layer®, which means that the charge transport between
the layers (L dimer) are less efficient and negligible.

In the discussion of this section, we only considered the
interactions of the adjacent neighboring molecules based on the
work of Han et al. due to the introduction of nearest-neighbor
approximation.®**® The intermolecular electronic couplings for
25 electron transport (LUMO) in these four dimers (T1, T2, T3, and

P) are calculated based on the local density functional Vosko-
Wilk-Nusair (VWN) in conjunction with PWO91 gradient
corrections and TZ2P basis set, which are listed in Table 2. In
addition, the intermolecular center-to-center distances of various
30 packing modes are also summarized in Table 2. It can be seen
that the P and T; dimers are the most important electron-transport
pathways. The electronic couplings V of P and T; dimers are
much larger than those in other dimers for all three crystals,
which indicates that the P and T; directions are the dominant
35 conducting channels. This may be attributed to the relatively
shorter intermolecular center-to-center distance and larger
intermolecular ©-m interactions, because the efficient electronic
coupling is determined together by these two microscopic
parameters. The electronic couplings V of T| and T, dimers in

s

o

)
S

40 Table 2 Calculated electron-transport electronic couplings V
(meV) and intermolecular center-to-center distances r (A) for the
different hopping pathways in SiMe3, SiPr3 and SiPh3 crystals
(T=300K).

Page 4 of 7

SiMe3 SiPr3 SiPh3
pathways \ r \Y r \% r
P 13.89 637 78.15 742 1878  9.05
T, 0.01 11.98 0.010 11.51 0.02 15.78
T, 0.87 9.46 0.4 7.54 0.28 10.15
T; 2257  10.79  44.69  9.55 11.77 1098

4s these three crystals are both very small and negligible. It is
noteworthy that the largest electronic couplings for SiPr3 and
SiPh3 are 78.15 meV and 18.78 meV at pathway P, but for
SiMe3 is 22.57 meV at pathway T;. Except the case of electronic
coupling for SiMe3, the parallel packing mode usually yields
larger coupling term than other packings, since the cofacial
stacking structure can offer more efficient orbital overlap.
Comparing the packing arrangement of SiPr3 with those of
SiMe3 and SiPh3, one can find that the distance of T; dimers for
SiPr3 is 9.55 A, while those of SiMe3 and SiPh3 are 10.79 and
ss 10.98 A, respectively. Although there is no significant difference
in intermolecular center-to-center distances (10.79 A, 9.55 A and
10.98 A), the T3 dimers of SiPr3 have much larger intermolecular
electronic coupling than the counterparts of crystals SiMe3 and
SiPh3. This indicates that the electronic coupling is determined
¢ not only by the relative intermolecular center-to-center distance
but also the orientations of the molecules in dimers. Since the
change of relative orientation for molecules in dimers could cause
different spatial overlap (S;) and charge transfer integral (Jy),
leading to the change of intermolecular electronic coupling Vj
os according to the formula (8). For example, the spatial orbital
overlap (S;) and charge transfer integral (J;;) of P dimers in SiPr3
crystal are 14.8 and 131.4 meV. However, the S;and J;; for T1
dimer in SiPr3 crystal are 0 and 0.01meV, respectively. For the
crystals of SiMe3 and SiPh3, the electronic coupling V, in P
70 dimers are nearly same. Essentially, V, of SiMe3 crystal is
somewhat smaller than that of SiPh3. Notably, although the SiPr3
has a higher intermolecular distance (7.42 A) than that of SiMe3
(6.37 A) in the P pathway, the electron coupling of SiPr3 (78.15
meV) is much higher than that of SiMe3 (13.89 meV). This
75 phenomenon can be rationalized from the shape of the lowest
unoccupied molecular orbitals (LUMO) of a single molecule and
the relative displacements of adjacent molecules along their long
molecular axes.'®’® The packing structures of P dimers and the
shapes of LUMO orbitals for SiMe3, SiPr3, SiPh3 are shown in
Figure 4. For these three packing structures, there exists a relative
displacement of nearly 2.5-3 rings between two parallel
molecules. Comparing the shapes of LUMOs for SiMe3, SiPr3
and SiPh3 monomer, almost all the electrons are localized on the
alkynylated indenofluorene-diones moiety. In combination with
the relative displacement analysis of packing structures, there
occurs the compensation of bonding and antibonding interactions
between the double bonds of one molecule and the adjacent
double bonds of the other molecule for the P dimers of SiMe3
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Figure 4. Relative displacements of P dimer along molecule axis
and the shapes of LUMOs. For ease of viewing, the varying
substituents (SiMe3, SiPr3, SiPh3) have been removed in P
dimers because almost all the electrons are localized on the
alkynylated indenofluorene-diones moiety.

SiPh3

and SiPh3. That is to say, the relative displacement for SiMe3
and SiPh3 make the positive and negative electron density
overlap, which reduces the effective orbital overlap region.
However, the relative displacement of P dimer for the SiPr3
expands the n-electron conjugation, which is favorable for carrier
mobilities. In summary, it is indicated that the crystal SiPr3
should be more favorable to function as n-type organic
semiconductor than the SiMe3 and SiPh3 crystals. The reason
may be that the triisopropylsilyl (TIPS) substitution on the alkyne
terminus contains the largest number of intermolecular n-m
interactions in the solid state.” The trialkylsilyl groups uesd,
smaller or larger than TIPS, could furnish a variety of crystal-
packing motifs that contain fewer n-n interactions.

Figure 3 (a), (b) and (c) show the projecting of various
hopping pathways onto a transistor channel in the plane a-c of
SiMe3 crystal and plane a-b of SiPr3 crystal as well as plane a-b
of SiPh3 crystal, respectively. The crystallographic a axis is set to
be the reference axis. The hopping pathways of various dimer
types are all on the reference plane, so the angles of y; are 0°. The
angles between the hopping pathways of P, T, T,, and T; dimer
types and the reference axis a are labeled as 0p, 01, 01, and Or3,
respectively. The orientation angle of the conducting channel
relative to the reference axis a is ®. Thus, the angles between the
hopping pathways of P, Ty, T,, T; dimer types and the conducting
channel are 0p-®, 01;-O, O1,-® and 013-®. Using the eq. (12) with
the calculated reorganization energy A (in Table 1) and electronic
coupling V (in Table 2), the mobility orientation function in the
a-c plane for SiMe3 crystal can be written as (a)

Up = 0.003cos?@ + 7.54 * 107*°cos?(51.7 — @) + 1.04
* 10717¢c0s2(83.6 — @) + 0.060c0s%(119.4 — @) (a)
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Figure 5. The calculated mobility anisotropy curves of SiMe3,
SiPr3, and SiPh3 crystals (cm*V™'s™). Warning: the scales of each
curve are different.

Similarly, the eq. (12) lead to the angular resolution anisotropic
mobility orientation functions of SiPr3 and SiPh3 in the a-b basal
plane as equation (b) and (c), respectively. The equation (b) and
(c) are given as follow
Up = 0.447cos*P + 2.88 * 107*°cos?(40.1 — @) + 4.26

*1070¢0s2(79.4 — @) + 0.079c0s*(129.2 — @) (b)
Up = 0.017cos?@ + 6.76 * 10~ *cos?(37.1 — @) + 1.15

* 1079¢c0s2(69.5 — @) + 0.004c0s%(120.1 — @) (c)

Figure 5 gives the calculated anisotropic electron mobilities

of SiMe3, SiPr3, and SiPh3, respectively. For these three crystals,
there are not yet reported the angular resolution anisotropic
mobility measurements for alkynylated IF-diones with varying
substituents (SiMe3, SiPr3, SiPh3). It can be seen clearly that the
electron-transfer mobilities in all these three single crystals show
remarkable anisotropic behavior. Interestingly, the anisotropic
mobility curve of SiPr3 is nearly the same as that of SiPh3
because of their similar crystal structures, however, the electron-
transfer mobility of SiPr3 is obviously larger than that of SiPh3,
which is about 26 times. As discussed by the article above, it
could be caused by the relatively smaller reorganization energy
and larger electronic coupling, which are more favorable for
carrier mobilities. The highest mobilities of SiPr3 and SiPh3, as
0.485 and 0.018 cm®V™'s™, appear when the values of @ are both
near to 172°/352°. Different from the crystals SiPr3 and SiPh3,
the maximum value (0.060 cm®V~'s™) of electron mobility for
SiMe3 appears when the values of @ is near to 120°/300°, which
may be interpreted as the difference of the reference plane. The
simulated mobility values of SiMe3, SiPr3 and SiPh3 crystals in
the parallel and perpendicular direction are summarized in Table
3 to compare the anisotropy ratios of electron mobility. The
angular-resolution anisotropic mobility analysis shows the
importance to control the directions of crystals in applications to
improve the material performance. It is indicated that electrons in
SiPr3 crystal are intrinsically much more mobile than electrons in
SiMe3 and SiPh3 crystals. These differences, which are derived
from the relative magnitude of electron-transfer integrals in

Table 3 Simulated electron drift mobility values (cm*V™'s™) for
SiMe3, SiPr3 and SiPh3 crystals in the parallel and perpendicular
direction based on equation (12) at room temperature (T=300K).

Parallel direction Perpendicular direction

Crystal 0° 180° 90° 270°
SiMe3 0.017 0.020 0.046 0.045
SiPr3 0.474 0.478 0.045 0.047
SiPh3 0.018 0.018 0.003 0.003

This journal is © The Royal Society of Chemistry [year]
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different dimers, can be explained easily based on the mobility
orientation function.

4. Conclusions

In this study, we have comparatively investigated the electron-
transfer properties for the alkynylated IF-diones with varying
substituents (SiMe3, SiPr3, SiPh3) function as n-type organic
semiconductors at the first-principles DFT level based on
Marcus-Hush theory. We not only calculate the reorganization
energies and effective electronic couplings, but also present the
simulated anisotropic electron-transfer mobilities of these three
materials. The reorganization energies are calculated by the
adiabatic potential-energy surface method, and the coupling terms
are evaluated through a direct adiabatic model. All the curves of
electron-transfer mobility for these three crystals show
remarkable anisotropic behavior. Furthermore, the calculated
results show that SiPr3 crystal possesses high intrinsic electron-
transfer mobilities for using as an ideal n-type organic
semiconductor. The maximum value of electron-transfer mobility
of SiPr3 is 0.485cm”V's™!, which is near 26 times larger than that
of SiPh3. Based on these detailed calculations, the conclusion is
drawn that the alkynylated IF-diones with the triisopylsilyl (TIPS)
substitution on the alkyne terminus have wider application
prospects as promising novel n-type organic semiconductor
materials, because the TIPS substitution has relatively larger
intermolecular 7w-m interactions. In other words, the use of
trialkylsilyl groups, which are smaller or larger than TIPS, could
furnish a variety of crystal-packing motifs that contain fewer n-n
interactions. It is important that our studies not only offer a
reasonable analysis of charge transport properties for the
semiconductor materials, but also predict the preferred design of
organic electronic devices and provide a guideline for “tailoring”
new organic compound for organic electronics to obtain the
highest electron mobility performance.
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