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Abstract: The electronic structures and charge transport properties of 1,3,5-tripyrrolebenzene (TPB) and its substituted derivatives with
—F and —CN groups have been investigated by DFT calculations in combination with the Marcus hopping model. The dimer geometry was
optimized by density functional theory method with dispersion force correction being included (DFT-D). Consequently, the charge transfer
integral was evaluated. The calculation results show that the introduction of electron-withdrawing substituents does not significantly
change the bond lengths and molecular symmetry of TPB, but lower the coplanarity between the pyrrole and benzene rings, especially in
the case of CN substitution. Meanwhile, the introduction of electron-withdrawing groups can decrease the energy of the frontier molecular
orbital and enhance the air stability. Fluorination makes the A increase obviously while cyanation dose not. Generally speaking, the Ae
values of the title compounds are larger than their An. Except for compounds 6 and 9, all others keep the face to face packing or have a
slight slip in dimers, but the center of mass distances increase after fluorination or cyanation due to the distortion of the monomer’s
coplanarity. The predicted quasi-one-dimensional electron mobility of the dimers is up to 0.433 cm?V-1s7! at 298.15 K. The electron
injection barriers of 2 and 7 are lower than that of TPB. The TPB derivatives of 1, 2, and 7 are potential n-channel materials with the high
electron mobility.

Keywords: 1,3,5-tripyrrolebenzene (TPB) and its derivatives, fluorination and cyanation, DFT, Marcus-Hush theory, organic semiconductor,
charge mobility.

such as complementary integrated circuits, organic p-n
junctions, and bipolar transistors. Hence, it is a hot topic

INTRODUCTION

A significant progress has been made on the field of
organic semiconductor (OSC) during the last several
decades.!™4 The charge mobility of several kinds of OSC
is now as large as 10 cm2:V-1s71 in the thin films and
single crystalsl>-10] such as pentacene. But there are still
some unsolved problems. The development of n-type
OSC falls behind the p-type in the aspects of the charge
mobility and the environment stability, The most obvious
difference of these two kinds of OSC is that the mobility
of high-performance p-type can be as high as amorphous
silicon while most n-type OSC are less than 1 cm?2-V-1.s71,
This unbalanced development of OSC brings a heavy
negative effect on its application especially on the devices

to search for high-performance stable n-type OSC.
1,3,5-tripyrrolebenzene (TPB) contains a benzene
ring and three pyrrole rings that connect to benzene ring
by the C—N single bond, as shown in Figure 1. Its synthesis
can be dated back to last 1990s.[11 The central benzene
rings stack face to face with a close distance (as short as
3.34 A) and show a perfect n-1t overlap in spatial along the
crystallographic c-axis. The TPB crystal structure is
depicted in Figure 1(c). These features forebode a
potential high-performance OSCs. Though the molecule
was synthesized and the crystal structure was determined
more than ten years ago, TPB was considered as potential
OSC materials in 2013 by Brett Ellman and Robert J.
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(b)

Figure 1. (a) Molecular structure, (b) positions of Ry, Ry and Rs substituents and (c) crystal structure of TPB.

Twieg.l'2l They have studied TPB from the aspect of band
structure and its unusual packing by density functional
theory (DFT). The outcomes show that it has very large -
overlap in the benzene stacks, broad bands, and relatively
small binding energies, making TPB a promising quasi-one
dimensional electron-transport material. However, the
charge mobility properties of TPB single crystal have not
been investigated. What's more, considering the excellent
n-overlap in the crystal, some electronic-withdrawing
groups could be attached to the aromatic rings while
keeping its quasi one-dimensional m-stack mode. Up to
now, fluoro-, perfluoroalkyl-, cyano- and percyano-TPB
have not been reported. In this work, we calculated the
molecular geometry, electronic structure, dimer packing
and charge transfer mobility of TPB and its derivatives, and
analyzed the influence of electron-drawing groups on the
properties.
symmetry of these molecules, the substituent groups were

electron transfer In order to keep the
placed in symmetrical position. Thus eight new molecules
(2—-9) were constructed as shown in Table 1. This study is
to find new materials and add some valuable information
for improving charge transfer mobility together with
searching or designing new promising n-type OSC. The
molecular structures of TBP substituted derivatives are
depicted in Figure 1(b).

Table 1. Numbering of Substituted TPB.

Compd. R1 R2 R3 Compds R1 R2 R3

1 H H H 6 CN H H
2 F H H 7 H CN H
3 H F H 8 H H CN
4 H H F 9 CN H CN
5 F H F

THEORETICAL MODELS AND
COMPUTATIONAL DETAILS

Theoretical Models

Coherent band modell3-141 and incoherent hopping
modell’5-16] are the two classical theoretical models in
describing the charge transport process in the solid
materials. The coherent band model was usually applied in
system with strong interaction between two neighbor
molecules while the incoherent hopping model was usually
applied to deal with intermolecular interactions of which
most are non-covalent interactions such as hydrogen
bonding, m-stacking, polar-nonpolar. Thus, the hopping
model is more suitable for investigating the charge transfer
process between adjacent molecules in 0SCs.[17.18] |n the
Marcus-Hush theory (hopping model) [19-21], the hopping
rate (or the charge transfer rate) k can be described as

HZ
ﬂ( Ul )Vz ex

1
ho Ak, T W

Here the A is the reorganization energy. In theory, A = Ajne +
Aext. But the A was often replaced by inner reorganization
energy Aint, because the external reorganization energy Aext
has been verified to be very small.[22-24 H g is the effective
charge transfer integral between adjacent molecules, Hes,
T, h and kg are the effective charge transfer integral, the
absolute temperature, the reduced Planck constant and
Boltzmann constant, respectively. Then the charge diffu-
sion coefficient (D) is given by:

iy,
D= 2”2/7 k/p/
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Here, n means the dimensionality which is equal to 1 for this
quasi-one-dimensional TPB crystal in this work, k; is hopping
rate of the ith hopping pathway while r; is the hopping
distance between the adjacent molecules. p; is the relative
probability for the ith hopping pathway, p; = ki/3kj. The Aint
reflects the potential energy changes during the charge
transfer process.[2%! Usually, Ai is defined as:

A=(E-E)+(E-E) (3)

where E and E; are the energy of neutral and cation/anion,
E" represents the energy of cation or anion in neutral
molecule geometry, and E, means the energy of neutral
molecule in cationic or anionic geometry. The reorganiza-
tion energy should be as small as possible to achieve a high
charge mobility (u).[26-31

Hest reflects the electronic coupling intensity
between the adjacent molecules and playing a vital role in
determining the value of w. It can be calculated as follows:

H-S-(E,+E)/2

He = 1_¢? (4)
0, site 1 0 0, site2

H= <CDH0MO/LUMO ‘ F ‘q)HOMO/LUMO > (5)

FP=s-C-e-C? (6)

H means the charge transfer integral which is defined in
Eq (5). Ei(i=1,2) and S are the site energy of frontier molec-
ular orbital for monomer and the overlap matrix for the
dimer, respectively. In (5), @ represents the frontier mo-
lecular orbital while F°is the unperturbed Fock operator for
the specific dimer which can be evaluated by Eq (6). The
Kohn-Sham orbital C and eigenvalue & are obtained by
diagonalizing the zeroth-order Fock matrix without any self-
consistent field iteration. This direct method has been
widely employed.[32 Actually, the He heavily depends on
the relative packing and only the nearest or the best face to
face dimers which contribute the most effective charge
transport were taken into account in evaluating u in many
works.[33] According to Einstein relation, charge mobility (u)
can be evaluated by!3435l:

u=eD/kT (7)

where e represents the electronic charge.

Computational Details

As we all known that DFT is a good formalism to calculate
the molecular geometry and electronic properties of

organic compounds as shown by many former works.[36-38]
The studied TPB derivatives have not been synthesized, and
their geometries are lacked. The molecular structures of the
series of TPB and derivatives are optimized by the DFT-
B3LYP/6-311++G** [30] method. Then, the A (for both
electron and hole) values, as well as the ionization poten-
tials and electron affinities were obtained at the same
computational level.26:291 |n addition, the HOMO/LUMO
energy were estimated by O3LYP, PBE, B3LYP, and TPSSh
functionals with 6-311G* basis set.[39-43]

All the stacking motifs of studied compounds from 2
to 9 are unknown. Considering the fact that the molecular
structures of our studied compounds are similar, it is
rational to assume that TPB and its derivatives have similar
face to face molecular packing way between the adjacent
molecules. The corresponding position H atoms were
replaced by —F or —CN group on the basis of TPB face to
face dimer, and the dimers were optimized at
wB97XD/6-31G level.[?5] The Hes can be estimated on the
basis of the predicted dimers coupling with fragment
orbital approach for the neighbor molecular pair.
The calculations of Hes were implemented by the
PW91PW91/6-31G* [44-45] jn the AOMIX program.l¢l All the
quantum-chemical computations were performed using
the Gaussian 09 program.[47]

RESULTS AND DISCUSSION

Geometries of TPB and Derivatives

Table 2 lists all the optimized bond lengths and the dihe-
dral angel between pyrrole and benzene rings of TPB and
its derivatives at the B3LYP/6-311++G** |evel. And the
experimental value of TPB molecule was also shown. It
should be noted that the pyrrole ring inclines at a dihedral
angle of Ato the plane of the central phenyl ring. There is
no doubt that 8 will change upon different R;, R, and Rs
groups. In Table 2, the bond length and 8 of TPB from
simulation and experiment were compared. It can be seen
that the bond lengths agree well with each other. The
largest deviation between them is only 0.012 A except for
C1—R3, C3—R;, C4—R1 bond. In 1, the difference between the
experimental and calculated values of C—-H bond length is
larger than other bonds such as C=C, C—C or C-N bond. In
general, the bond length do not have obvious difference,
the largest fluctuation of C;=C;, C,—N, N-Cs, C3=C4 and C4—
Cs bonds are less than 0.03 A. Among them, C;=C; and N—
C3 almost keep the same especially in 1 to 5. The bond
lengths of N-C3, C3—C; and C4—Cs which are within or
connect to the pyrrole ring are averaged. This means that
the pyrrole rings in 7 are more conjugated than those in
the others, which may contribute to A. decreasing.
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Table 2. Optimized geometries of title compounds at B3LYP/6-311++G** level.)

Compd. Ci=C C—N N-Cs Cs—R2 C=C4 Cs—R1 Cs—Cs Ci—Rs 6/°
1) 1.389 1.416 1.385 0.9291 1.361 0.9560 1.416 0.9301 31.58
1 1.396 1.416 1.385 1.077 1.373 1.079 1.426 1.081 35.62
2 1.395 1.415 1.386 1.075 1.370 1.337 1.415 1.081 34.31
3 1.394 1.423 1.387 1.335 1.357 1.077 1.440 1.080 46.90
4 1.397 1.409 1.388 1.077 1.370 1.079 1.428 1.339 55.34
5 1.400 1.409 1.391 1.077 1.371 1.342 1.419 1.343 54.37
6 1.394 1.421 1.378 1.077 1.377 1.417 1.441 1.082 40.32
7 1.393 1.429 1.388 1.413 1.387 1.078 1.404 1.081 51.86
8 1.410 1.404 1.394 1.077 1.366 1.079 1.429 1.430 56.40

@ Bond length in A, dihedral angle between pyrrole and benzene rings in degrees.

() Experimental X-ray crystal structure.

The 6 values were listed in Table 2. The deviation
between calculated and experimental values of 8for TPB is
4.04° which is not neglectable. The &values for TPB by using
6-31G**, 6-311G* and 6-311++G** basis sets are 34.79°,
36.20° and 35.62° respectively. The use of different basis
sets cannot explain the discrepancy of 4.04° totally. The
main reason is that the intermolecular interactions in
crystal result in a slight change of molecular geometries in
comparison with its gaseous state. There is no doubt that
the location and number of substituent groups have an
influence on the molecular geometry. All substituent make
the @ become larger except for 2. This means that 2 have a
better planarity and the face to face dimer of 2 may have a
shorter center-of-mass distance than others. From 2 to 4,
the @ value increases obviously as -F moved from R; to R3
site. The same trend is also true in 6, 7 and 8. These can
attribute to the steric hindrance and inner stress. The 8
value has an increasing trend as number of substituent
groups increases especially in R, and R3. Both 2 and 6 are
substituted in R; site. It should be noticed that the @ is
obvious larger in the case of —CN substituent than —F. The
—CN has a larger influence than —F, not only in bond length

Frontier Molecular Orbital, lonization
Potentials, Electron Affinities and
Reorganization Energies

In order to select a suitable functional for the frontier
molecular orbital simulation, B3LYP, O3LYP, PBEPBE and
TPSSh functional are tested for TPB. The outcomes were
listed in Table 3. Ellman et al. has measured the ultraviolet
spectrum in vapor phase of TPB, and obtained an experi-
mental optical bandgap of 4.2 eV.[13] This offers a good
reference to choose functional. The outcome shows that
O3LYP and TPSSh produce an reasonable gap energy in
comparison with the experiment. The calculated energies
of HOMOs and LUMOs together with HOMO-LUMO gaps
for TPB and its derivatives at the O3LYP (TPSSh)/6-311G*
level were listed in Table 4. The contours of their frontier
molecular orbitals were showed in Figure 2. In general,

Table 4. Calculated energies of HOMOs and LUMOs and
their gaps.

O3LYP/6-311G* TPSSh/6-311G*

but also in 6, due to its larger size than —F. From this per- Compd. Ewwmo  Eromo Eg Ewmo  Enomo Eq
spective, both —F and —CN substituents in R, or R3 position 1 125 565 440 133 573 440
is not beneficial to the molecular coplanarity.
2 -1.87 -6.23 4.36 -191 -6.29 4.38
Table 3. Calculated energies of HOMOs, LUMOs and their gap 3 -1.58 -555 397 -1.64 -562 3.98
for TPB by using different functionals with 6-311G* basis set. 4 151 -568 418 157 _576 418
Functional HOMO LUMO gap 5 -2.08 -6.23 4.5 -2.17 -635 418
PBEPBE -5.40 -1.95 3.45 6 -332 -7.62 4.30 =344 =772 4.28
B3LYP -6.13 -1.10 5.03 7 -2.80 -6.96 4.17 -2.76  -6.97 4.20
O3LYP -5.65 -1.25 4.40 (4.20) 8 -3.25 -6.05 2.80 -3.25 -6.12 2.87
TPSSh -5.73 -1.33 4.40 9 -5.03 -7.88 2.86 -5.06 -7.96 2.90
@ Energy in eV. Experimental value in parenthesis.
Croat. Chem. Acta 2016, 89(1), 81-90 DOI: 10.5562/cca2787
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6 7

Figure 2. Representations of LUMOs (up) and HOMOs (down) at B3LYP/6-311G* level.

most HOMOs center in the pyrrole rings while the LUMOs
distribute in both peripheral pyrrole rings and the central
phenyl ring. The contribution of outside three pyrrole rings
to LUMO of 1, 4 and 8 are 32.84 %, 19.61 % and 14.53 %,
respectively. This means that when attaching —F groups to
the pyrrole rings, the LUMOs distribute more on the cen-
tral phenyl ring. And —CN substituents aggravate this trend
even though the —CN and —F also make some atomic orbital
contribution to LUMO. At the same time, it can be found
that the larger the 8 is, the less the LUMO distributes in
peripheral pyrrole rings and more in central benzene rings
for2,3,4 and 6, 7, 8 and 9. The 8 of cyanated derivatives
is generally larger than the fluorinated ones. When the
substituent groups are in R3 position, the LUMO distributes
more in the central ring. While the groups are at R; or R,
positions, the HOMO distributes more in the outside rings.
No matter what site these groups are attached to, the
frontier orbitals will extend to the groups. This means that
electron withdrawing groups have a great influence on the
frontier molecular orbital. The HOMO/LUMO energy level
in Table 4 shows that the two functionals used produce
very similar outcome. The LUMO of 1 is -1.25 (-1.33) eV,
much higher than Au work function (-5.1 eV). While the
LUMOs of all the other substituted compounds decrease

somewhat, especially for cyano substitutions. These results
show that the attachment of —=F and —=CN groups to TPB not
only stabilizes the frontier molecular orbital remarkably and
then lowers the electron injection barrier, but also enhances
the ambient stability. This is in agreement with the previous
study.[8501 At the same time, the energy gap also decreases
mainly due to the decreasing of LUMO energy.

Table 5 shows the bond-length change (Ad) of the
studied derivatives during the electron transport process.
Here, the Ad; can be defined as the difference of the bond
length between the optimized anion and neutral mole-
cules. The C;—C;, C,—N and C;—Rs; bonds of most com-
pounds always have the largest bond-length change.
These bonds belong to or adjacent to the central conju-
gated benzene ring. This means that when an electron is
attached upon these molecules, the benzene ring will be
affected. These are in agreement with the LUMO distribu-
tions as shown in Figure 2. The C—H bonds always have a
small length change during the process for all derivatives.
The bond-length changes (2|Ar|) from 1 to 9 were
summed up as follow: 0.058 A, 0.097 A, 0.057 A, 0.11 A,
0.10 A, 0.033 A, 0.12 A, 0.053 A and 0.063 A, respectively.
The fluorine substituted derivatives have a larger Z|Ar|
value than cyanated analogs except for 3 and 7.

DOI: 10.5562/cca2787
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Table 5. Bond-length changes (Ad in A) upon electron transport process at B3LYP/6-311G** level

compd. Adci-c2 Adcon Adn-c3 Adca-ro Adca=ca Adca-r1 Adca-cs Adci-r3
1 -0.019 0.016 -0.007 0.000 0.008 0.001 -0.004 0.001
2 0.047 0.002 -0.003 -0.000 0.013 0.016 -0.014 -0.001
3 -0.005 0.027 -0.014 0.001 0.008 0.000 -0.001 0.001
4 0.038 0.013 -0.008 -0.000 0.008 0.001 -0.003 0.038
5 0.032 0.009 -0.008 0.000 0.007 0.015 -0.008 0.021
6 -0.002 -0.009 0.002 -0.001 0.009 -0.003 -0.006 0.001
7 0.018 -0.026 0.020 -0.013 0.020 0.000 -0.018 -0.001
8 -0.003 0.016 -0.010 -0.000 0.005 0.001 -0.002 -0.016
9 0.028 0.012 -0.010 0.000 0.006 -0.001 -0.002 -0.003

The harmonic oscillator model assumed in Marcus
theory has been applied widely and shown to be an effective
method to estimate A.[%1 In this work, a series of basis sets
have been tested to evaluate the influence of basis sets to
ionization potentials (/P), electron affinities (EA), and
reorganization energies (A, and A¢) of 1 (Table 6). In this work,
vertical IP, (EA,) were the difference between the energy of
cationic (anionic) in the neutral geometry and the energy of
neutral species. While the adiabatic /P, (EA,) were defined as
the difference between the relaxed cationic (anionic) and the
neutral molecule. It can be seen that the variations of IPand A
are small while the EA has an obviously decrease as the basis
sets become larger. The trend of EA is caused by the
incomplete basis set which has been particularly studied by
Ramirez-Solis and his coworker52., Given this, the values of EA
in Table 6 offer a relative and intercomparable outcome. In
Table 6, the A decreases from 0.306 eV to 0.285 eV while the
An is fluctuating and increasing to 0.117 eV as the basis sets
become larger. The difference between A. and Ay is narrowing

Table 6. Influence of basis sets on vertical and adiabatic
jonization potentials (/P, and IP,), vertical and adiabatic

at the B3LYP/6-311++G** level. Considering the balance of
accuracy and practicality, B3LYP/6-311G** were chosen to
estimate these properties in this work. Table 7 lists all the IP,
EA and A values obtained at B3LYP/6-311G**. The IP, and IP,
values are close to each other, while the EA, and EA, values
not match as well as IP. As the electron-withdrawing groups
were attached, both /P and absolute value of EA have a
remarkable increase comparing to 1 except for 3 and 4. EA
reflects the electron injection barrier and performance
durability for n-type OSC. The EA values of 1 are negative due
to using different basis sets.5U The large EA results in a low
injection barrier and high air-stable performance. At the same
time, 6, 7 and 8 are also close to this threshold —2.80 eV.
Hence, 6, 7 and 8 are expected to be quite stable as the
electron transport materials. The mean that —CN substituent
is more suitable to modify TPB than —F group from the aspect
of EA.

Table 7. Calculated vertical and adiabatic ionization potentials
(IPy and IP,), vertical and adiabatic electron affinities (EA, and
EA,), and reorganization energies (Ay and A¢) for TPB and its
derivatives obtained by B3LYP/6-311G** method (in eV)

electron affinities (EA, and EA,), and reorganization
energies (A and Ae) for TPB by B3LYP method (in eV) Compd. /Py 1P EAv EA Ae An
1 7.48 7.48 -0.349 -0.197 0.306 0.100
Basis set Py 1P, EA, EA, Ae An
2 8.08 7.92 0.250 0.428 0.375 0.315
6-31G 7.319 7.308 0.688 0.543 0.291 0.099
3 7.48 7.37 -0.138 0.102 0.549 0.206
6-31G* 7.230 7.234 0.689 0.538 0.306 0.081
4 8.06 7.58 -0.178 0.0445 0.474 0.478
6-311G 7.547 7.545 0390 0.241 0.300 0.096 5 314 311 0422 0672 0532 0137
6-311G* 7.460 7.468 0373 0.222 0.306 0.083 6 9.26 9.21 1.90 2.06 0304 0.161
6-311G** 7485 7481 0349 0.197 0306 0.100 7 864 860 146 159 0282 00842
6-311+G*  7.544 7551 0.126 -0.017 0.286 0.111 8 7.86 7.85 1.67 1.90 0.449 0.151
6-311++G** 7573 7516 0.088 -0.052 0.285 0.117 9 9.63 9.52 3.58 3.75 0.336 0.186
Croat. Chem. Acta 2016, 89(1), 81-90 DOI: 10.5562/cca2787
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(a)

Figure 3. Molecular packing of dimer 1 from different perspectives.

(a)

In Table 7, it can be noticed that A. for all molecules
are larger than Ap by 2 or 3 times. This is not good news for
this searching new potential n-type OSC effort. According
to equation (1), a large Hesr would have great impacts on the
final charge transfer mobility. In general, —F substituent
result in an obviously increasing on A except for 850481 gnd
the introduced substituent groups can bring in more
vibrational modes of geometric relaxation that will lead
to Ae increase from the aspect of normal-mode
(MN).[17.485354] The triple bond of —-CN which was
connected into the original molecular mt-conjugate system
makes the conjugate system a further expanded. And the
injected electron can locate on a wider space, this can
help to decrease the A.. The A of 3, 4, 5, 8 are too large to
be a well-perspective n-type OSC. According to above
analysis,—CN is more suitable than —F group to modify TPB
to search new n-type OSC.

Dimer Configurations

Many previous works showed that the conjugated planar
molecules adopt the face to face packing in their dimer.[4]
Here we assumed that the dimers of 2—9 and TPB have a
similar face to face packing. The face to face dimers are
optimized by using the DFT-D functional which contains
dispersion force correction (-D).[*5] wB97XD functional was
used for the corrected evaluation of the energy of weak
interaction.!?] These dimers are constructed by using the

(b)
Figure 4. Topology surfaces of LUMOs (a) and HOMOs (b) for dimer 2 at wB97XD /6-31G level.

interlaced parallel manner (as shown in Figure 3) to be the
initial geometry. This stacking motif can offer the highest
Hetr among the dimers of TPB. Then all the constructed face
to face dimers were optimized at wB97XD/6-31G level. The
adjacent monomers in our predicted dimers overlap partly
or fully, while the distance between adjacent parallel
benzene rings are 3.42 A, only 0.08 A larger than that in
crystal.l5¢! This means that the simulation at wB97XD/6-
31G level can offer relative accurate dimer structure. The
monomers in dimers 3, 4, 5 and 8 overlap partially in a face
to face packing while 9 almost has no overlaps. All the
others keep the precisely parallel structure. Considering
the facts that the electron Her of the dimers mainly
estimates the interactive strength between the monomer
LUMOs and the LUMOs of these monomers mainly located
in the benzene rings as shown in Figure 4, we define that
all hopping distance for electron (re) are the center of mass
of the parallel benzene ring, while hole hopping distance
(rn) are the distance between the centers of mass of the
two monomers as most works done.[48,5557.58,59] |n Figure 5,
re and r, for all dimers were listed (in 9, the adjacent
molecular benzene rings is not parallel and have no
obvious benzene overlap anymore. Thus the r. and r, are
neglected). All the substituted TPB dimers have a larger r
than TPB. And the r (both re and ry) is becoming larger from
—F substituent to —CN. This phenomenon is consistent with
the above @ analysis.
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607 .’ 5,60 0.341 cm2-V-1.s71 (for hole). The discrepancy was caused by
55 R r: ° the different hopping distances in dimers obtained from
< . theoretical optimization and from the crystal. But it seems
5 5.0 a3 524 reasonable when the different environment of the dimer
5 ° 446 (one is in the gas phase while the other is in solid single
% **7 i crystal) was taken into account. The u, of 1 is also very high
g 404 . 4 according to our calculation. Besides 1, the ye of 2 and 7 are
§- 392 383 3656 359 0.198 cm2:V-1:s71 and 0.279 cm?:V-1:s71, respectively, which
354382 3B 3,61 are relative larger than others. The peand p, of 7 are almost
ol o R identical (0.279 cm2V-1ls1 and 0.277 cm2V-1ls?,
’ 3.00 3.03 R respectively). This balanced electron and hole transfer
25 : : . i i 25 i : properties enable it to be a bipolar OSC. Substitutions in the
1 2 3 4 5 6 7 8 e R, and Rz positions (Figure 1) of TPB greatly lower the

Compounds

Figure 5. re and ry, of the optimized dimers.

Charge Transfer Integrals, Diffusion
Coefficients and Charge Mobility

Hets is another importance index in the hopping model. In
many simulations of single crystals, most hopping pathways
have small Hetf and these small Hess hardly contribute to the
charge mobility.[5759601 Thys, we studied the charge
transport property by the face to face dimers. In this work,
the PW91PW091 functional was used to evaluate the Hes as
shown in Table 8. Actually, PW91PW91/6-31G(d,p) has
been applied widely to calculate Hess and has been shown to
be suitable for this calculation.[#860-621 Thus, in this work,
the PW91PW91 was adopted to analysis. Our calculations
reveal that the electron and hole Hes of 2 are 113.3 meV.
Electron Hes of 2 is similar to 1 but much larger than the
others compounds dimer. Figure 5 shows the topology
surface of the LUMO and HOMO for 2. It can be seen from
Figure 5 that the LUMO has obvious overlap interaction
between the adjacent molecules while the HOMO scattered
around the pyrrole rings and do not have direct interaction
between the face to face monomers. Consequently, the Heft
values for electron and hole are different greatly. This
HOMO/LUMO topology surface of dimer 2 also is consist
with its Hess value in Table 8. According to our calculation,
this series compounds all have larger electron Hes value
than hole. The electron Het of 5, 6, 7 and 8 are 33.2 meV,
33.5meV, 50.0 meV, —37.5 meV. Because of the r. are
increasing from 3.42 A for 1 to 3.66 A, 3.59 A, 5.24 A and
4.38 A respectaively, the electron Hes have a large decrease
compared to the 113.3 meV. The substitutions of —F and —
CN groups make the electron and hole Hes decrease
comparing to 1 especially for electron Hesr. The charge
transfer mobility can be calculated on the basis of A and He
value.l48] In Table 9, all the charge mobility (both hole and
electron) values were listed. The charge mobilities of 1 are
0.433 cm2-V-1s71 (for electron) and 0.539 cm?2-V-1.s71 (for
hole). However, the charge mobilities obtained from the
dimer in crystal 1.14 cm2V-1ls?t (for electron) and

coplanarity of TPB derivatives as seen the dihedral angle (6)
in Table 2. These bring in series negative effects in both
reorganization energy and monomers packing. Thus —F and —
CN modification on TPB caused charge transfer property loss.
In spite of this, TPB and some of its substituted derivatives (2
and 7) are likely to be promising OSC materials.

Table 8. Calculated effective charge transfer integrals (in
meV) for all dimers at PW91PW91 /6-31G(d) level

Compd. Her Her Compd. Her Her
(hole)  (electron) (hole)  (electron)
1 39.1 113.3 6 22.1 335
2 1.8 1131 7 13.1 50.0
3 0.1 21.7 8 12.2 -37.5
4 -1.4 27.8 9 28.8 -0.8
5 =53 33.2

Table 9. Electron and hole transfer mobility (in cm?2-V-1.571)

Compd. Un Ue Compd. Un Ue
1@ 0.341 1.14 5 0.008 0.004
1 0.539 0.433 6 0.064 0.047
2 0.000 0.198 7 0.277 0.279
3 0.000 0.002 8 0.058 0.017
4 0.000 0.005 9 0.215 0.000

@ Dimer from X-ray crystal structure of TPB

CONCLUSION

The geometric, electronic, and charge transport properties
of 1,3,5-tripyrrolebenzene (TPB) and its fluorinated and
cyanated derivatives have been investigated by DFT cal-
culations in combination with the Marcus hopping model.
The results show that the electron-withdrawing groups
cause somewhat geometrical deformation. The dihedral
angle between peripheral pyrrole rings and center benzene
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ring increases especially in the case of cyanation. The
introduction of fluorine and cyano group stabilizes the
frontier molecular orbital and enhance the air stability.
Fluorination increases the reorganization energy while
cyanation does not. The A. values of these series com-
pounds are larger than their An. Except for 9, all dimers
adopt a face to face packing that is similar to TPB crystal or
a slight slip away according to our dimer simulation, but the
center-of-mass distance increases. The predicted quasi-
one-dimensional electron mobilities of 1, 2 and 7 are
0.433 cm2-V-1.s71, 0.198 cm2-V-1.s71 and 0.279 cm2-V-1.s71
respectively. 6 and 7 show a bipolar-OSC performance. The
electron injection barriers of 2 and 7 are smaller than TPB
molecule. These outcomes denote that 1, 2 and 7 are well-
performance n-type OSC.
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