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ABSTRACT: We theoretically analyze the optoelectronic properties of single
crystals of 2,5-bis(4-biphenylyl) bithiophene (BP2T) and 2-(4-biphenyl)-S-[5-
(4-biphenyl)-2-thienyl] furan (BPFT) molecules, aiming to provide a guiding
principle for the material design of organic light-emitting transistors. The X-ray
structure analysis and the density functional theory (DFT) calculations indicate
that half of the BPFT molecules bend the #-conjugation plane in the crystal. The
Marcus theory parametrized by the DFT calculations indicates anisotropic
charge mobilities. The emission spectra of the BP2T and BPFT crystals are
analyzed by the time-dependent DFT calculations in conjunction with the
Frenkel exciton model and the vibronic coupling analysis. We revealed that the
high photoluminescence efficiency of the BPFT crystal originates from the
symmetry breaking of the H-aggregate, where the transition dipole of the dark
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1. INTRODUCTION

Organic light-emitting transistors (OLETs)' ™" are of great
interest owing to their potential application for optoelectronic
devices including electrically driven organic lasers. Organic
materials have various advantages for optoelectronic devices
such as the tunability of the wavelength and polarization by
chemical modifications and molecular orientations. The
electrically driven photoluminescence of ambipolar OLETsS is
realized through the injection of electron and hole from the
electrodes, the charge transports in the organic layer, exciton
formation, and radiative deexcitation.'™'*> While the electrically
driven organic lasers have not yet been developed successfully,
amplified spontaneous emissions (ASEs) have been achieved by
optical pumping of organic single crystals.”~*?

The optoelectronic properties of thiophene-based s-con-
jugation molecules have been investigated extensively as
standard organic semiconductors for OLETs.'™** The single
crystals of some thiophene oligomers”'' and thiophene-
phenylene co-oligomers,”'*'* e.g., 2,5-bis(4-biphenylyl) bithio-
phene (BP2T) (Figure 1),%'* exhibit ASE by optical pumping.

The stacking configurations of #-conjugation molecules in
organic crystals can be classified into H-aggregate and J-
aggregate (Figure 2). Closely packed H-aggregates with a
strong electronic coupling are generally advantageous for the
charge mobility but are not favorable for the photo-
luminescence efficiency since in general the exciton in H-
aggregates decays rapidly to the dark state."® The lowest exciton
state of J-aggregates is optically bright, but the charge mobility
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along J-aggregates is generally small. That is, the trade-off
between the charge mobility and the photoluminescence
efficiency is a crucial problem for realizing the optoelectronic
devices such as the electrically driven organic lasers.

Recently, furan-incorporated 7-conjugation molecules, which
can exhibit high charge mobility and efficient photolumines-
cen¢:<e,16’17 have attracted increasing attention as organic
semiconductors for optoelectronic devices. We have recently
synthesized a novel thiophene-furan-phenylene co-oligomer,
namely, 2-(4-biphenyl)-S-[S-(4-biphenyl)-2- thienyl]furan
(BPFT) (Figure 1),'* aiming to improve the optoelectronic
properties for OLETs. The molecular structure of BPFT is
similar to BP2T except that one of the thiophene rings of BP2T
is replaced with furan. It is remarkable that the BPFT crystal
exhibits much higher photoluminescence efficiency'* and ASE
intensity than the BP2T crystal, while the charge mobilities of
the BPFT and BP2T crystals are of the same order of
magnitude.

The X-ray crystallography revealed that the BPFT crystal
takes an unexpected packing structure in which half of the
molecules bend the 7-conjugation plane (Figure 1), while the
BP2T crystal takes an ordinary herringbone packing structure.
In view of the material design for OLETS, it is curious how the
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Figure 1. Molecular and crystal structures of BP2T and 2-(4-
biphenyl)-5-[5-(4-biphenyl)-2-thienyl] furan (BPFT). The red arrow
indicates the direction of the transition dipole of the lowest excited
state. The box indicates the unit cell. The cell parameters by the X-ray
structure analysis are as follows. BP2T: a = 5.71, b = 7.60, ¢ = 52.87
(A), =900, 8 =971, 7 = 90.0 (degree). BPFT: a = 5.79, b = 7.6, ¢
=49.68 (A), a = 87.3, f = 89.2, y = 89.9 (degree).
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Figure 2. Configurations of H- and J-aggregates consisting of
neighboring molecules in the BP2T and BPFT crystals.

bending of the m-conjugation plane in the organic crystal
improves the optoelectronic properties.

In this study, we theoretically analyze the charge mobility and
the photoluminescence efficiency of the BP2T and BPFT
crystals, to clarify the origin of the difference in the
optoelectronic properties. The angle-dependent mobilities of
hole and electron are estimated by the Marcus theory
parametrized by the density functional theory (DFT)
calculations. The optical properties of the single crystals are
analyzed based on the Frenkel exciton model and the vibronic
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coupling analysis parametrized by the time-dependent DFT
(TDDFT) calculations. Our analysis indicates that the high
photoluminescence efficiency of the BPFT crystal originates
from the symmetry breaking of the H-aggregate due to the bent
molecular structure.

2. THEORETICAL METHODOLOGY
2.1. Charge Mobility. The charge mobility of organic

crystals can be estimated based on the Marcus theory, ™!

when the intermolecular transfer integral is small. The

intermolecular charge hopping rate by the Marcus theory
18

reads

we e L ) (AE-A) 2’
no o JamikeT P\ adkgT W

where 7 is the Plank constant; kg is the Boltzmann constant; T
is the temperature; and A is the reorganization energy. In this
study, the driving force, AE, is assumed to be zero. The
intermolecular electronic coupling, V, reads'® %!

Jy = S(Hy + Hy)/2

- 2

1=3 @)
where J;, Sy and Hj (Hjj) are the transfer integral, overlap
integral, and site energies, respectively.

J, = (@lde) ;= (o))
H; = (plhg) H;= <§0j|hks|€0j> (3)

Here, ¢, is the HOMO or LUMO orbital of the single molecule
relevant with the hole or electron transfer. hy, is the Kohn—
Sham Hamiltonian of the molecular dimer. These integrals are
evaluated by the DFT with B3LYP functional, where the 6-
31G(d) basis set is used. The reorganization energy is evaluated
by the geometry optimization of a charged (+1 or —1)
molecule. The GAMESS code®* is used for the DET
calculations of the single molecules and the molecular
aggregates. In the atomic orbital basis, ¢; and /, correspond
to the vector of molecular orbital coeflicients and the Fock
matrix for the converged electron density, respectively.

We estimate the angle-dependent charge mobility, 4, on the
a—b plane of the BP2T and BPFT crystals. Here, the charge
transfer along the c-axis is neglected since the BP2T and BPFT
crystals take a layered structure and the interlayer electronic
coupling is generally small. We define y in the same way as in
ref 21

€

M= ST

Z VV;ERI‘Z 5052(91' - 6,)
i (4)

where e is the elementary charge; W; is the charge transfer rate
for the ith intermolecular hopping path; and R; is the
intermolecular center-to-center distance. P; is the weight of

the ith hopping path defined as follows
w

T YW )

0, is the angle between the charge transport direction and the
a-axis (Figure 3). 6, is the angle between the ith hopping path
and the ag-axis.

2.2. Optical Property. The exciton in molecular crystals is
generally described by the Frenkel exciton model.”® Here, an
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Figure 3. Calculated charge mobility, ¢ (radial scale: cm?/(V s)), on
the a—b plane of the BP2T and BPFT crystals as a function of the
charge transport angle, 6, (degree), with respect to the a-axis, together
with the illustration of 6, and 6;: (a) hole in BP2T (4 = 0.22 eV), (b)
electron in BP2T (4 = 0.23 eV), (c) hole in BPFT (1 = 0.22 eV), and
(d) electron in BPFT (A = 0.22 eV), where the radius at the bold solid
line indicates the charge mobility.

exciton delocalized over molecules, i.e., coherent exciton, is
described by a linear combination of the excited states of single
molecules as follows

HY=E¥ ¥=) Cy

i=1

D hli)jl

i,j

H= ), eli)il +
i=1 (6)

Here, ¥ is the exciton wave function; E,, is the exciton energy;
and H is the Hamiltonian matrix. C, y;, and ¢; are the
amplitude, wave function, and site energy of the exciton
localized at the ith molecule, respectively. h; is the
intermolecular exciton coupling (off-diagonal term).

In this study, & and h; are evaluated by the TDDFT
calculations. The SBKJC pseudopotential’* is used for the
TDDFT calculations of the dimers, where our test calculations
confirmed that the SBKJC pseudopotential predicts values of h;
similar to the all-electron calculations. The TDDFT with hybrid
functionals can fairly well describe the exciton states of organic
materials.”>~>” We employ the long-range corrected (LC)
BLYP functional®® for the TDDFT calculations of molecular
aggregates. The LC-TDDFT improves the description of
charge transfer states.”®>” When the single molecule excitation
energies in the molecular aggregate are identical, i.e, & = &,
(symmetric excimer), the energy splitting of the dark and bright
exciton states corresponds to the double of h; (i, Dayvdov
splitting). When the excitation energies are not identical (¢, #
&), h; is calculated by the quasi-diabatization scheme in the
same way as ref 28. In the quasi-diabatization scheme, the
adiabatic exciton states of the dimer are calculated by TDDFT,
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and then the diabatic (single molecule) exciton states and the
Hamiltonian matrix elements, €; and h;;, are obtained as detailed
in ref 28.

The transition dipole moment, d, and the oscillator
strength, f,,, of a delocalized exciton are evaluated as follows
(in au)

i)

dy = (yJF¥) = Y ClylFly) = 37 Cd,

2

=ZE |§ >
fex 3 ex ' ex (7)

where y, is the ground state wave function; 7 is the dipole
operator; and d; is the transition dipole moment of the ith
molecule. In general, the lower and higher excitons of the H-
aggregate are optically dark and bright, respectively, where the
transition dipole of the dark state cancels out as the signs of C;
are opposite. In reverse, the lower and higher excitons of the J-
aggregate are bright and dark, respectively. That is, the sign of
h; of H- and J-aggregates is positive and negative, respectively.

The energies and the transition dipole moments of the
exciton states are calculated by diagonalizing the Hamiltonian
matrix (eq 6) under three-dimensional periodic boundary
conditions, where we consider 8 X 8 X 4 (256) molecules in
the unit cell. The extent to which the exciton is localized in the
molecular crystal is determined by the disorder of lattice that
induces inhomogeneity of h;. For analyzing the optical spectra,
the lattice disorder due to thermal fluctuations is taken into
account based on the Monte Carlo sampling at 300 K. Here, we
assume that ; depends linearly on the molecular distance, R,
as hy = heg + A(Rﬁ - Req), where h. and R, are the exciton
coupling and the intermolecular distance at the equilibrium,
respectively. R; fluctuates randomly under a harmonic potential,
V= K(R,j - Igeq)z. We assume appropriate parameter ranges as
A =0.05eV/A and k = 0.3—0.4 eV/ A2, although there is room
for future improvement of the parameters.

The light emission of organic crystals is assumed to occur
after the exciton decays to the lower states. To obtain the
emission spectra under thermal equilibrium, the oscillator
strength is weighted by the Boltzmann factor as follows

Intensity (E,,) = M

fex (Eex) (8)
where Z is the partition function.

The emission spectrum accounting for the vibronic coupling,
i.e,, the Franck—Condon factor, is calculated as follows. We
calculate the dynamics of vibrational wave packet on the ground
state potential starting from the equilibrium position of the
excited state, where the frequency and vibronic coupling of the
normal modes are evaluated by the DFT calculations with the
harmonic approximation. Then, the vibronic spectrum is
obtained by the Fourier transform of the autocorrelation
function of wave packet dynamics.

3. RESULTS AND DISCUSSIONS

3.1. Crystal Structures. The single crystal of BP2T takes a
herringbone packing structure, which has been determined by
the X-ray structure analysis (Figure 1). The X-ray structure
analysis of the BPFT single crystal indicates that half of the
BPFT molecules bend the z-conjugation plane such that the
asymmetric molecular structure can be closely packed (Figure
1). Here, the bent and flat plane BPFT molecules are
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Table 1. Calculated Electronic Coupling (eV) for the Hole (V;,) and Electron (V,) Transfers between Neighboring Molecules,

Where the B3LYP Functional Is Used”

BP2T BPFT
Vi V., R i V. R
H—herring—l 0.0256 0.0476 4.75 0.0347 0.0610 4.78
H-herring-2 0.0063 0.0316 4.75 0.0006 0.0173 4.78
H-herring-3 0.0256 0.0476 4.75 0.0157 0.0663 4.78
H-herring-4 0.0063 0.0316 4.75 0.0082 0.0406 4.78
H-parallel 0.0077 0.0846 5.71 0.0246 0.0650 5.79
H-parallel-bent — 0.0231 0.0664 5.79

“R (A) is the center-to-center distance.

alternatively aligned along the b-axis, ie., the herringbone
stacking direction.

We calculate the equilibrium geometry of the BPFT single
crystal using the DFT calculations accounting for the van der
Waals interactions (vdW-DF).>*7*! We use the vdW-DF2*! in
conjunction with the C09 exchange® as implemented in
QUANTUM-ESPRESSO code.** The vdW-DF calculations
confirmed that the herringbone packing consisting of bent and
flat molecules is indeed a stable structure of the BPFT crystal.
Coexistence of the bent and flat molecules is an interesting
feature of the BPFT crystal since this originates in unique
optoelectronic properties of BPFT.

3.2. Charge Mobility. The reorganization energy for the
charge transfers of BP2T and BPFT is found to be ~0.22 eV.
Figure 2 shows the configurations of the H- and J-aggregates in
the BP2T and BPFT crystals. There are three types of H-
aggregates in the BP2T crystal, namely, H-parallel, H-herring-1,
and H-herring-2 configurations (Figure 2). There are six types
of H-aggregates in the BPFT crystal, namely, H-parallel-flat, H-
parallel-bent, and H-herring-1 to -4 (Figure 2).

The electronic couplings for the hole and electron transfers
depend sensitively on the configuration of aggregate (Table 1).
As a result, the calculated charge mobility exhibits pronounced
anisotropy (Figure 3). While the electron mobility tends to be
high along the parallel stacking direction (a-axis), the hole
mobility is high along the transverse direction, ie., 30—60°
from the g-axis. The charge mobilities of the BP2T and BPFT
crystals are of the same order of magnitude. Thus, regarding the
intrinsic charge mobility, the maximal performance of the BP2T
and BPFT crystals is expected to be similar.

3.3. Optical Property. We calculate the excitation energy
(¢;), exciton coupling (h;), and transition dipole moment (d;)
by TDDEFT; these quantities govern the optical properties of
organic crystals according to eqs 6 and 7. Table 2 shows the
vertical excitation energy of BP2T and BPFT single molecules
at the ground state geometry (AEabsorpﬁon). We also define
AE, ision @S the vertical excitation energy at the equilibrium
geometry of the lowest excited state. The calculated excitation
energy of BPFT is larger than BP2T, consistent with the
experimental trend. The transition dipole moments of the

Table 2. Calculated Excitation Energy and Transition Dipole
Moment of the BP2T and BPFT Single Molecules, Where
the B3LYP Functional Is Used

BP2T BPET flat BPFT bent
AE psorption [€V (nm)] 2.883 (430) 2.930 (423) 2.983 (415)
AE igsion [6V (nm)] 2.403 (516) 2.472 (501) —
d [au] 5.33 5.04 492
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BP2T and BPFT single molecules are similar; therefore, the
high photoluminescence efficiency of the BPFT crystal cannot
be explained by the properties of a single molecule. The
AE porption Of the bent BPFT is larger than the flat one by
~0.053 eV, where we consider the X-ray structure and omit
relaxation on the excited state. The difference in AE, ;on
between the bent and flat BPFT molecules is assumed to be
identical to the difference in AE between the bent and
flat molecules.

Figure 4 summarizes the exciton coupling, h,.j, and the
transition dipole moment, d, of the aggregates of BP2T and

absorption

BP2T BPFT

H-herring-1 H-herring-1  H-herring-2  H-herring-3 H-herring-4
Cow = 0.0 Aow=16  d,, =13 dp=11 do,=14

§ 3 W

B R

) g § 23

e, §
BP2T BPFT
/]ij €V) dy, dhigh (a.u.) /1” €V) d,, lll\lgh (a.u.)

H-herring-1 0.091 00 64 0.091 1.6 59
H-herring-2 0.091 0.0 64 0.095 13 6.0
H-herring-3 0.091 0.0 64 0.096 1.1 6.0
H-herring-4 0.091 0.0 64 0.098 1.4 6.0
H-parallel 0.070 0.0 64 0.069 0.0 6.1
H-bent - 0.067 0.0 6.1
J-herring 0.019 7.0 0.0 0.018 55 3.7
J-parallel-1 0.020 7.0 03 ~0.022 ~6.7 ~0.1
J-parallel-2 0.014 69 03 ~0.012 ~6.5 ~0.6

Figure 4. Exciton coupling (h;) for the H- and J-aggregates in the
BP2T and BPFT crystals, together with transition dipole moments of
the lower and higher exciton states (dy,,, and dhjgh), where the LC-
BLYP functional is used. Schematic illustrations of the transition
dipoles of the H-aggregates are shown, where the red and blue arrows
indicate the single molecule transition dipoles.

BPFT. The h; of H-aggregates (a—b plane) are found to be
larger than those of J-aggregates (c-axis). The h; along the
herringbone stacking direction (b-axis) is somewhat larger than
along the parallel stacking direction (a-axis). The BP2T crystal
includes three kinds of J-aggregates, namely, the herring,
parallel-1, and parallel-2 configurations as shown in Figure 2,
where the nearest neighbors are considered. The BPFT crystal
actually includes various types of J-aggregates; however, the
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difference in hij is small among the similar configurations, and
thus only representative values are shown.

While the transition dipole moment cancels out in the dark
state of the BP2T H-aggregates, the transition dipole moment
does not completely cancel out in the dark state of the BPFT
H-aggregate consisting of the bent and flat molecules (Figure
4). In the dark state, the exciton population at the flat BPFT
molecule is somewhat larger than at the bent one because of
the difference in the excitation energy of the bent and flat
molecules. This symmetry breaking results in a nonzero
transition dipole moment of the dark state of the BPFT H-
aggregate. The LC-TDDFT calculations indicate that the dark
states of the H-herring-1 and H-herring-3 aggregates include
~14% and ~12% of charge transfer character, respectively. The
charge transfer character is negligible in the exciton states of the
other aggregates.

We calculate the spectra of the exciton states in the BP2T
and BPFT crystals (Figure S) based on the Frenkel exciton
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Figure S. (a) Calculated spectra of the exciton states in the BP2T and
BPFT crystals and those of the monolayers, where the scales of the
BP2T and BPFT panels are identical and the fluctuation parameter, ,
is 04 eV/A%. (b) Calculated emission spectra considering the
Boltzmann distribution of the exciton states at 300 K, where « for
the upper and lower panels is 0.4 and 0.3 eV/A? respectively.

model parametrized by TDDFT. Here, ¢; is considered as the
bottom-to-bottom excitation energy of a single molecule, and
the vibronic coupling is neglected for simplicity. The long-
wavelength region of the BP2T spectrum consists basically of
the dark states since the exciton couplings of the H-aggregates
(a—b plane) are stronger than those of the J-aggregates (c axis).
The transition dipole cancels out in the dark states of the
completely ordered BP2T crystal. The lattice fluctuations
induce inhomogeneity of the intermolecular distances and
exciton couplings, thereby increasing the net transition dipole
of the dark state.

The experimental fluorescent spectra of the BP2T crystal
exhibit a red-shift as compared to that of the thin film."* This
implies that the exciton in the single crystal is more stabilized
than in the thin film due to the exciton couplings along the ¢
axis. The TDDFT calculations also predict sufficiently strong
exciton couplings of J-aggregates (Figure 4), so that the exciton
can be delocalized along the ¢ axis. Indeed, the calculated
spectrum of the single crystal under the periodic boundary
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conditions exhibits a red-shift as compared to that of the
monolayer (Figure Sa).

A noticeable peak appears in the long-wavelength region of
the calculated BPFT spectrum, while such a peak is not
observed for BP2T (Figure S). In this exciton state, the
direction of the transition dipole is opposite at the bent and flat
BPFT molecules, but the total transition dipole does not cancel
out even if the lattice is completely ordered. This is because the
exciton population, IC/% at the flat molecules tends to be larger
than at the bent molecules owing to the difference in the
excitation energy, €. Thus, the exciton in the BPFT crystal is
not quenched by the relaxation to the dark states of the H-
aggregates, in contrast to the BP2T crystal that takes ordinary
herringbone packing. This would be a reason why the
photoluminescence efficiency of the BPFT crystal is higher
than BP2T, even though the transition dipole moments of the
BP2T and BPFT single molecules are similar (Table 2).

Figure Sb shows the calculated emission spectra under the
assumption that the light emission occurs after the exciton
decays rapidly to the lower excited states, where the Boltzmann
distribution at 300 K is considered. At 300 K, the high-energy
bright states are not occupied, and the emission spectrum
consists of the low-energy dark states. The calculated emission
intensity of the BPFT crystal is higher than that of the BP2T
crystal. The peak due to the symmetry-breaking dark states of
BPFT can contribute to the light emission (Figure Sb),
although the peak becomes vaguer as the lattice fluctuation
becomes larger.

We also analyze the influence of the vibronic coupling, i.e.,
the Franck—Condon factor, on the emission spectra. Figure 6a

(a) (b)

5107 Sop — BP2T
> —BP2T 2 — BPFT
= )

2 —BPFT| & K=0.4
£ 1=
= 51,09 S0,1 -
440 480 520 560 600 640 — BP2T
Wavelength [nm] % — BPFT
S,, S K=0.3
— k=

500 600 700 800
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Figure 6. (a) Calculated vibronic emission spectra of the BP2T and
BPFT single molecules, together with the diagram of vibronic states.
(b) Calculated emission spectra of the BP2T and BPFT crystals
accounting for the vibronic coupling, where the electronic spectra of
the crystals (Figure Sb) are multiplied by the vibronic spectra of the
single molecules (Figure 6a).

shows the vibronic emission spectra of the BP2T and BPFT
single molecules calculated by the wave packet dynamics
parametrized by the DFT calculations. The shortest wavelength
peak corresponds to the transition from the vibrational ground
state of the electronic excited state (S,,) to the vibrational
ground state of the electronic ground state (S;,). The second
peak corresponds to the transition from S, to the vibrational
excited state of the electronic ground state (Sy;).

The emission spectra of the BP2T and BPFT crystals (Figure
Sb) are multiplied by the vibronic spectra (Figure 6a) to obtain

dx.doi.org/10.1021/jp400646n | J. Phys. Chem. C 2013, 117, 8072—8078
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realistic emission spectra (Figure 6b). The emission maxima of
the calculated spectra (Figure 6b) are in good agreement with
those of the experimental spectra.'* The calculated emission
intensity of the BPFT crystal is higher than that of the BP2T
crystal, consistent with the experimental photoluminescence
efficiency. The high photoluminescence efficiency of the BPFT
crystal is considered to originate from the symmetry breaking of
the H-aggregates, which increases the transition dipole
moments of the dark states.

4. CONCLUSION

Our theoretical analysis revealed fundamental mechanisms
underlying the optoelectronic properties of the phenylene-
thiophene-furan co-oligomer crystals. The asymmetric herring-
bone structure consisting of the bent and flat BPFT molecules
originates in the remarkable optical properties. The transition
dipole moment does not cancel out in the dark state of the H-
aggregate consisting of the bent and flat BPFT molecules. As a
result, the BPFT crystal can exhibit an efficient photo-
luminescence, even if the bright exciton decays rapidly to the
dark states. This is contrary to the conventional picture that the
exciton is quenched in closely stacked H-aggregates.

Our calculations predict anisotropic charge mobilities on the
a—b plane of the BP2T and BPFT crystals, where the intrinsic
charge mobilities of the BP2T and BPFT crystals are
comparable. The bending of #-conjugation molecules that
breaks the symmetry of the H-aggregate is advantageous for
increasing the charge mobility and the photoluminescence
efficiency simultaneously since the exciton relaxation to the
dark states does not prevent the light emission, even if the
intermolecular electronic coupling is increased by decreasing
the 7z—r stacking distance. This feature provides a guiding
principle for solving the trade-off between the charge mobility
and the photoluminescence efficiency for OLETs.
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