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The photoluminescence quantum yield (PLQY) and charge transfer property of the high mobility emissive
organic semiconductors, 2,6-diphenylanthracene (DPA) and 2,6-diphenyl-9,10-bis(phenylethynyl)anthracene
(DP-BPEA), are theoretically investigated. A quantum mechanics/molecular mechanics (QM/MM) method is
adopted to investigate the photophysical properties, the Marcus equation is used to describe hole and
electron transfer rates, and kinetic Monte Carlo simulation is performed to obtain charge mobility. In both
solution and solid phase, the PLQY and the charge mobility of DPA and DP-BPEA are calculated, and the
molecular stacking effect is analyzed. For DPA, the rotation motions of the terminal phenyl ring are obviously
restricted in the solid phase, which results in the decrease of the Huang—Rhys factor and reorganization
energy. This restricted intramolecular rotation (RIR) effect suppresses dissipation pathways of the excited state
energy. As a result, the aggregation induced enhancement emission (AIEE) is thus revealed for this emitter
from the tetrahydrofuran (THF) solution to the solid phase. However for DP-BPEA, the geometrical variations
between the ground and excited states are almost unchanged from the THF solution to the solid phase, and
only a restricted intramolecular vibration (RIV) of bond length (e.g. —-C=C-) is displayed. As RIV is not
obvious as RIR, a similar fluorescence efficiency is obtained for DP-BPEA in THF solution and the solid
phase. In addition, DPA and DP-BPEA crystals are proven to be p-type semiconductors. The calculated
mobility of the hole for DPA (3.39 cm? V™1 s73) is larger than that of DP-BPEA (1.62 cm? V™ s7%) because
the number of effective transition pathways of DPA is more than that of DP-BPEA. Our study
demonstrates that the different molecular stacking of organic semiconductors has an important effect on
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(aggregated structure) plays a key role in determining the
properties of the materials.'™'> For OFETs, the H-aggregation
which can provide a large transfer integral (V) is pursued for

1. Introduction

Organic optoelectronic devices based on organic semiconductors

such as organic light emitting diodes (OLEDs), organic field effect
transistors (OFETs) and organic photovoltaics (OPVs), have been
greatly developed due to their promising application in flexible
displays and solid-state lighting sources."™ Recently, organic
light emitting transistors (OLETs) with the characteristics of
OLED (efficient emitting) and OFET (high mobility) have shown
great potential application in integrated circuit signal processing
and all organic active matrix flexible displays.® To fulfil the
demands of the promising device structure, developing an
organic semiconductor with efficient emission and high charge
mobility is desired, and the molecular stacking model
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realizing high mobility. However for OLEDs, the X-aggregation
is expected for preventing the aggregation induced fluorescence
quenching. So, balancing intermolecular stacking (for efficient
charge transfer) and nonradiative energy transfer (for efficient
emission) remains a challenge for the achievement of organic
semiconductors with both a high mobility and strong fluorescence
emission.

Recently, Hu et al. have synthesized the high mobility
organic semiconductor, 2,6-diphenylanthracene (DPA), which
is shown in Fig. 1a with a strong blue emission.”® In single
crystals, the mobility is as high as 34 em® V7' s and the
photoluminescence quantum yield (PLQY) is 41.2%. OLEDs
and OFETs are fabricated with DPA, and this is the first time
that the possibility of integration of optoelectronic devices
based on the same organic semiconductor has been realized,
indicating the potential of DPA in organic optoelectronics
especially planar integration. Based on the DPA structure, they
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Fig. 1 Chemical structure of DPA (a) and DP-BPEA (b). QM/MM model for DPA (c) and DP-BPEA (d): the single centered molecule is treated as the high

layer and its surrounding molecules are regarded as the low layer.

designed another organic semiconductor 2,6-diphenyl-9,10-bis-
(phenylethynyl)anthracene DP-BPEA (shown in Fig. 1b) with
fluorescence efficiency of 32% and mobility of 1.37 ecm*> vV ' s~
Thus, theoretical investigations to explore the relationship
between molecular stacking and light emitting efficiency as
well as the charge transport property for DPA and DP-BPEA in
the solid phase are necessary to reveal the inner mechanism
and further develop more efficient organic semiconductors for
OLEDs, OFETs and OLETS.

In this work, we adopt a quantum mechanics/molecular
mechanics (QM/MM) method with the multimode coupled
thermal vibration correlation function (TVCF) formalism to study
the luminescence property in the solid phase.”>'® For charge
transport properties, the hole and electron transfer rates are
calculated by the Marcus equation and the mobility is thus
obtained by kinetic Monte Carlo simulation."”*® Our theoretical
work clearly demonstrates the influence of different molecular
stacking on light emitting efficiency and charge mobility.

2. Theoretical method

According to the Jablonski diagram, there are three major
de-excitation pathways for the first singlet excited state (S1):
one is the radiative decay from S1 to the ground state (S0) with
the rate k;, second is the nonradiative decay internal conversion
from S1 to SO with the rate k;c, and the third is the intersystem
crossing (ISC) from S1 to the first triplet excited state (T1) with
the rate k;gc. Thus, the fluorescence quantum yield (@g) can be
ke ky
kr + knr B kr + le + leC
neglected because it is very small for organic molecules with a
n — 7* transition nature. Therefore, either suppressing the
nonradiative decay internal conversion rate or increasing the
radiative decay rate can attain a higher fluorescence efficiency.
Moreover, the charge transfer rates of electrons and holes in
DPA and DP-BPEA crystals are theoretically calculated based on
Marcus theory. Then kinetic Monte Carlo simulation approach

expressed as ®p = . In this work kigc is
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is adopted to investigate the charge diffusion process, and
further the charge mobility can be acquired.

2.1 Radiative and nonradiative decay rates

The radiative decay rate can be approximately computed by the

fAE?
1.499
the oscillator strength and AEy; is the vertical emission energy

with the unit of wavenumber (cm ™).
Following Fermi’s golden rule, the nonradiative decay inter-
nal conversion rate from S1 to SO can be written as

Einstein spontaneous emission equation k, = where fis

kic = %T;Z Piv}Hfu,iv|25(Efv — Ep). (1)
u,y

Here H is the interaction between two different Born-Oppenheimer
states, and it contains two contributions as HAY¥, =
A0 (r, 0)0,(Q) + A°®(r, Q)0,(Q). Where A denotes the
nonadiabatic coupling and A°° is the spin-orbit coupling.
Finally, the equation can be written as follows by applying the
Fourier transform of the delta function

1 o° i —
kic = ZﬁRk’J de[er'Z pie(t, T)). (2)
ki -

Here Ry = (&¢|Py|®;)(D;|Py| Py is the nonadiabatic electronic
coupling. Z; is the partition function and pi(¢,7) is the thermal

I . . 5 .0
vibration correlation function (TVCF). Py = —ifi—— represents

o
the normal momentum operator of the kth normal mode in the
final electronic state. Both the methodology and application of
these formalisms can be found in Peng’s and Shuai’s studies.'®*°

2.2 Charge transfer rate and charge mobility

As for the charge transfer rate, it can be calculated by Marcus theory

2/ o \\/? —A
k=T (ikB T) P (4kB T) ' G)

where kg is the Boltzmann constant and T is the temperature,
V is the transfer integral and A is the reorganization energy.
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Since the contribution of the reorganization energy from the
electronic polarization of surrounding molecules is quite small,
the environmental factor for the reorganization energy is
ignored and only the intra-molecular reorganization energy is
evaluated in this work. Based on the microscopic charge transfer
rate in the organic molecular single crystal, a kinetic Monte
Carlo simulation approach is adopted to investigate the charge
diffusion process. By repeating the process thousands of times,
we can get thousands of trajectories. The average value of all the
trajectories with respect to time maintains a linear relationship.
The 10 x 10 x 10 supercell is adopted and the limit time for
every track is set as 0.01 ns and 2000 trajectories are chosen to

get the average value of the diffusion coefficient D by the
2

. . /
equation: D = lim,_,, i where r, t and n represents the average
n

displacement, total time span and the dimension of the charge
transport in the crystal respectively. Finally, the charge mobility

eD
———. For more

(u) is calculated by the Einstein equation: u = T
T

details please refer to ref. 21.

3. Computational details

As we all know, the excited state properties are sensitive to the
functional, so our first step is to select an optimal functional.
Consistent with experiment, the tetrahydrofuran (THF) solution
is adopted here. Through comparing the experimental emission
wavelength (472 nm) of DPA in the device with the data
calculated by B3LYP (487.3 nm), PBEO (472.4 nm) and BMK
(444.2 nm) in the solid, the PBEO functional with the 6-31G(d)
basis set is adopted in later calculations for DPA. Besides, the
calculated emission wavelength of DP-BPEA is 579.2 nm by
PBEO which also corresponds well with the experimental result
(597 nm). Thus, the function of PBEO is adopted whether in THF

T
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or in the solid phase. To clarify the surrounding environment to
the molecular photophysical properties, the solvent effect in
THF is modelled by using the polarizable continuum model
(PCM) and the stacking surrounding in crystal is incorporated
by the combined quantum mechanics and molecular mechanics
(QM/MM) approach. As for the solid phase, the initial structure
is obtained from the X-ray crystal structure detected experimentally,
and then, the QM/MM calculation is realized with the ONIOM
method through the Gaussian09 package, which has been applied
in our previous work.'®> The model consists of two “layers” (shown
in Fig. 1c and d): the centered molecule is treated as a high layer and
calculated by the quantum mechanical method, the surrounding
molecules are treated as the low layer and computed by molecular
mechanics with the UFF force field. Besides, the electronic
embedding scheme is adopted in the QM/MM treatment.
Finally, the normal mode analyses are performed by the DUSHIN
program® and the nonradiative decay internal conversion rates
from S1 to SO in THF and the solid phase are both calculated in
MOMAP (Molecular Materials Property Prediction Package) which
has demonstrated superiority in describing and predicting the
optical properties of polyatomic molecules.**>°

4. Results and discussion.

4.1 Effect of intermolecular interaction on photophysical
properties and geometry changes

Based on the X-ray structures of DPA and DP-BPEA, the molecular
stacking modes in the singlet crystals are shown in Fig. 2, and the
intermolecular interaction is visualized by the reduced density
gradient (RDG) function. Intermolecular n-n interactions accom-
panied by intermolecular noncovalent bonds such as CH-n can
be found, different molecular stacking brings about different
intermolecular interactions for DPA and DP-BPEA respectively.
Although the J-aggregation can be found in two crystals and this

\
I
|
I
I
|
I

/

)
4 | . . .
| //;//;/ | J-Aggregation strong m-m interaction
| Z -
4 1
I 7 393 X
L7 f - -
b g H |
3.932 N i ! \
| S 7l 6. 3(%’ i
P 4 3741 Al’ /' 50 7,,<0 P20 2,20 >0 1,50
-~ N gt e i Hbond Van der Waals Steric hindrance

Fig. 2 Molecular packing modes of DPA (a) and DP-BPEA (b) in crystals.
(RDG) function.
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stacking mode can balance the contradiction between high
mobility and efficient fluorescence emission, a different inter-
molecular m-n interaction strength is observed for DPA and
DP-BPEA due to the unequal distance in the dimer. Besides, the
additional phenylethynyl brings about more n—r interaction in the
DP-BPEA crystal. To illustrate the effect of the intermolecular
interaction on photophysical properties and geometry changes,
we firstly performed a geometry optimization for the ground state
(S0) and the first excited singlet state (S1) of DPA and DP-BPEA
in THF and the solid phase by using PCM and the QM/MM
method respectively. The calculated vertical excitation energy
(VEE), oscillator strength ( f), electric transition dipole moment
(EDM) and the assignment for S1 of DPA and DP-BPEA are listed
in Tables S1 and S2 (ESIT). It can be seen that S1 is dominated
by the transition from the highest occupied molecular orbital
(HOMO) to the lowest unoccupied molecular orbital (LUMO) in
both THF and the solid phase. The corresponding distributions
of HOMO and LUMO as well as their energies are shown in
Fig. 3 and Fig. S1 (ESIt). The HOMO is indicative of & character
and the LUMO demonstrates the n* feature, which justifies our
approximation of neglecting the intersystem crossing process.
Besides, for DPA, it can also be seen that the EDM and fbecome
larger in the solid phase than these in THF, and the maximum
absorption wavelength is red shifted from THF (399 nm) to the
solid phase (412 nm). However for DP-BPEA, the opposite result
is found, the EDM and f become smaller in the solid phase
than these in THF, and the maximum absorption wavelength
blue-shifts from THF (526 nm) to the solid phase (516 nm).
These changes indicate that the molecular stacking effect can
obviously affect the photophysical properties, and different
molecular arrangement characteristics could be identified.
Besides, the vibronic resolved UV-vis and fluorescent spectra
of DPA and DP-BPEA in THF are shown in Fig. S2 (ESIt). For
DPA, as detected in experiment, three absorption peaks 444 nm
(0-0), 417 nm (0-1) and 394 nm (0-2) are observed, respectively,
and the corresponding emission peaks are 525 nm, 490 nm and
457 nm. As for DP-BPEA, two absorption peaks of 547 nm (0-1)
and 592 nm (0-0) are found, and the corresponding emission
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Fig. 3 Spatial distributions of HOMO and LUMO as well as their orbital
energies for DPA in THF (left) and the solid phase (right) respectively. The
emission energy and oscillator strength are shown as insets.
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peaks are 606 nm and 663 nm. Thus, the additional phenylethynyl
unit in DP-BPEA can affect the photophysical properties. Moreover,
in the case of DP-BPEA in crystal, a red shift and a very broad
emission band (500-700 nm) are recorded experimentally. Such a
broad emission band should be caused by the presence of
different types of solid state excimers rather than the vibronic
resolved spectra of the monomer. To demonstrate the reason for
the red shift and the very broad fluorescence spectra of DP-BPEA,
we calculate the weight spectra of monomer and excimer by the
DFT-ONIOM approach with the assumed ratio being 1:1, the
corresponding result is shown in Fig. S3 (ESIt). The calculated
emission wavelength is 579 nm (green line) and 667 nm (blue line)
for the monomer and excimer respectively. The weight spectra of
the two emissions is shown by the red line, which corresponds
well with the experimentally detected very broad and red shifted
emission compared with that in solution (633 nm).

For analyzing the effect of molecular stacking on geometry
changes, the optimized structure data of DPA and DP-BPEA at
both SO and S1 states in THF and the solid phase are collected
in Tables 1 and 2 respectively. The predicted solid phase
structure of DPA at SO is in good agreement with the crystal
structure with the calculated 0, being 18.7° and experimental
value being 20.05°. Good consistency can also be found for
DP-BPEA with the calculated 0; being 28.9° and experimental
value being 28.6°. This indicates the reliability of the adopted
QM/MM approach and the selected PBEO functional. Further-
more, we analyze the structural changes (bond length and
dihedral angle) between SO and S1 in THF and the solid phase
for DPA, we know the bond lengths of B; and B, are weakly
changed from the S1 to the SO state both in THF and the solid
phase. However for the dihedral angle of 0, and 0,, they all

Table1 The dihedral angles (0; and 0) as well as the bond lengths (B; and
B;) of DPA marked in Fig. 1a, for the SO and S1 states in THF and the solid
phase are listed respectively

THF Solid
Geometry SO S1 A4 So S1 4
01 36.2 26.6 9.6 18.7 16.2 2.5
0, 143.6 153.3 9.7 160.3 162.5 2.2
By 1.4791 1.4644 0.0147 1.4783 1.4621 0.0162
B, 1.4791 1.4644 0.0147 1.4783 1.4621 0.0162

Table 2 The dihedral angles (0;-0.,) as well as the bond lengths (B;-Bs) of
DP-BPEA marked in Fig. 1b, for the SO and S1 states in THF and the solid
phase are listed respectively

THF Solid

Geometry SO S1 A4 So S1 4

0, 35.6 32.3 3.3 28.9 27.2 1.7

0, 144.5 147.6 3.1 149.6 151.0 1.4

03 179.6 179.8 0.2 175.4 175.9 0.5

04 179.8 179.5 0.3 179.6 179.4 0.2

By 1.4785 1.4737 0.0048 1.4757 1.4685 0.0072
B, 1.4785 1.4737 0.0048 1.4757 1.4685 0.0072
B; 1.4208 1.4064 0.0144 1.4198 1.409 0.0106
By 1.2187 1.2290 0.0103 1.2184 1.2267 0.0083
Bs 1.4150 1.3903 0.0247 1.4145 1.3949 0.0196
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change about 10° in THF, and have small variations of about 2°
in the solid phase when the molecule transfers from S1 to SO.
Thus, for DPA, the major geometry changes come from dihedral
angle variations, and these changes can be limited by the rigid
environment due to the influence of the intermolecular inter-
action in the solid phase. So, the nonradiative energy consumption
path through the rotation of the dihedral angle is hindered and
enhanced fluorescence efficiency can be expected. For more
visualization, we calculated the rotational energy barriers by
rotating the dihedral angle 0, of DPA in THF and in the solid
phase. Here, the rotation angle is the dihedral angle after
rotation minus the dihedral angle at the SO structure, and then
the resulting geometry after rotation is obtained by performing
a constrained optimization from each starting conformation
with the changed dihedral. Besides, the rotational energy barrier
(kcal mol™") is acquired by the energy difference between the
resulting configuration after rotation and the SO geometry. The
corresponding results are shown in Fig. 4. It can be clearly seen
that the rotation energy barrier is much higher in solid phase
than that in THF and this indicates the terminal phenyl ring is
more rigid and not susceptible to rotate in the solid phase due to
the restricted intramolecular rotation (RIR) effect. Therefore, the
restricted rotation of the phenyl ring results in the smaller
structural changes between SO and S1 in the solid phase. As for
DP-BPEA, the dihedral angle of 0;-0, almost remains unchanged
either in THF or in the solid phase when the molecule transfers
from S1 to SO, thus the changes of bond length (B,-Bs) are
highlighted. The vibrations of B;, B, and Bs are restricted by
the enhanced intermolecular interaction in the solid phase, and
no-remarkable geometry changes between S0 and S1 are observed
for DP-BPEA from THF to the solid phase compared with DPA.
Thus, the nonradiative energy consumption path is almost
unaffected when the molecule transfers from THF to the solid
phase because the effect of the restricted intramolecular vibration
(RIV) is not as large as RIR,””*° thus a similar fluorescence
efficiency can be expected in THF and the solid phase. More
evidence will be shown in a later section.

14

12 —— Solid phase

THF

Rotation Barrier (kcal/mol)

0 10 20 30 40 50
Rotation Angle (deg)

Fig. 4 Rotational energy barrier for DPA obtained by rotating the dihedral
angle 0; marked in Fig. 1.
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So, the additional phenylethynyl unit in DP-BPEA changes
the molecular arrangement characteristic in the crystal and
brings forth different mechanisms of RIR and RIV for DPA and
DP-BPEA respectively, and this further affects the geometry
changes and photophysical properties.

4.2 Huang-Rhys factor and reorganization energy in THF and
solid phase

The Huang-Rhys factor and reorganization energy are two
effective ways to measure the nonradiative consumption of
excited state energy. The reorganization energy (4) can be
expressed as a summation of the contributions from normal
mode (NM) relaxation in the harmonic oscillator approxi-
kakZ
2h
Rhys factor for the k&th mode and Dy represents the displace-
ment for the kth mode between SO and S1. The values of the
Huang-Rhys factor and reorganization energy can be obtained by
the DUSHIN program. Then, the reorganization energy versus
the normal mode frequencies and the Huang-Rhys factor versus
the normal mode frequencies both in THF and the solid phase
of the two studied molecules are plotted in Fig. 5 and 6. For
DPA, it can be seen that the HR factors of DPA are much smaller
in the solid phase (Fig. 5b) than these in THF (Fig. 5a) especially
for the low frequency region (<500 cm™'). Combined with the
insets shown in Fig. 5(a), we know the low-frequency terminal
phenyl ring rotations are hindered in the solid phase due to the
intermolecular interaction and this result is consistent with the
abovementioned analysis of geometry changes. Moreover, the
calculated reorganization energy is 224.2 meV in THF whereas it
decreases to 202.2 meV in the solid phase (Table 3). Although
reorganization energies are all mainly contributed by bond stretch-
ing vibrations (insets in Fig. 5(c and d)), a remarkable reduction
can be found in the low frequency region especially for the one at
53.77 em™ ', and this mode corresponds to the rotation of the
terminal phenyl rings (insets in Fig. 5c). Thus, the intermolecular
interaction of DPA in the solid phase can efficiently restrict the
intramolecular rotation of the terminal phenyl rings in the low
frequency region. For DP-BPEA, HR factors almost remain
unchanged in all regions with faint changes in the low frequency
section especially for the mode of 54.89 cm ™" (insets in Fig. 6a).
Besides, the calculated reorganization energy is 153.6 meV and
129.7 meV for THF and the solid phase (Table S3, ESIt) respectively.
They are all mainly contributed by high frequency modes
(>500 cm™"). On detailed observation, we find that the reorganiza-
tion energy contributed by the mode of 2305.53 cm ' which is
associated with -C=C- stretching vibrations in the addi-
tional phenylethynyl, is decreased in the solid phase (mode
2307.06 cm ). This finding is consistent with the result in the
former section: the vibrations of B, B, and Bs are restricted by
the enhanced intermolecular interaction in the solid phase.
To better clarify the relationship between the energy
dissipation and the molecular geometry, the reorganization
energies in THF and the solid phase are all projected onto
the internal coordinate of the molecule, and the reorganization

mation: 2 =Y wyHR; and HR; = . HR; is the Huang-
k
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Fig. 5 Calculated HR factors versus the normal mode frequencies of DPA in THF (a) and in the solid phase (b) as well as reorganization energies versus
the normal mode frequencies in THF (c) and the solid phase (d) respectively. Selected vibration modes are shown as insets.

energies contributed by the bond length, bond angle and
dihedral angle are summarized in Fig. 7 (Fig. S4, ESIt) and
the corresponding data are collected in Table 3 (Table S3, ESI¥)
for DPA (DP-BPEA). For DPA, It is noted that the contribution
from the bond length accounts for the major contribution
(85.3% in THF and 93.6% in solid phase) and this is consistent
with the results shown in Fig. 5¢ and d. Besides, the contribution
from the dihedral angle is 20.2 meV (9.0%) in THF, but it is
decreased to 2.1 meV (1.0%) in the solid phase. The decreased
reorganization energy (22 meV) from THF to the solid phase
mainly comes from the decrement of the dihedral angle
(18.1 meV) associated with the terminal phenyl ring rotations
in low frequency regions. These results further confirm that the
rotation motion of the terminal phenyl ring in the low frequency
region is restricted, and the intermolecular interaction in the DPA
crystal can affect the luminescent property. As for DP-BPEA,
different phenomena are found. The contribution from the bond
length also accounts for the major contribution (94.1% in THF
and 94.4% in the solid phase), and the decreased reorganization
energy from THF to solid (Arur_solia = 23.9 meV) associated
with the high frequency regions is mainly contributed by the
decrement of bond length (22.1 meV). All these data are
consistent with the geometry changes in Section 4.1.

So, by a detailed analysis on the variation of HR and
reorganization energy when the molecule transfers from THF

30152 | Phys. Chem. Chem. Phys., 2017, 19, 30147-30156

to the solid phase, we know that the additional phenylethynyl
unit changes the protagonist from the dihedral angle for DPA to
the bond length for DP-BPEA, and this brings about different
mechanisms of RIR and RIV for DPA and DP-BPEA respectively.

4.3 Quantum yield in THF and the solid phase

In order to quantify the energy consumption from the excited
state to the ground state, we calculate the radiative decay rate
and nonradiative decay rate by the method illustrated in the
section “Theoretical method”, and further we obtain the
fluorescence quantum yield in THF and the solid phase respectively;
all the data are listed in Table 4. For DPA, the radiative decay rate is
539 x 107 S™' in the solid phase which is slightly decreased
compared with the radiative decay rate in THF (9.55 x 107 S,
and this is because of the decreased oscillator strength although the
vertical emission energy gap is increased in the solid phase (shown
in Fig. 3). Besides, the nonradiative decay rate changes from
9.28 x 10® S™'in THF to 4.02 x 10’ S" in the solid phase, thus
it brings about an enhanced fluorescence quantum yield from
9.33% in THF to 57.38% in the solid phase which is consistent
with the experimental value (41.2%) measured in the single
crystal. As for DP-BPEA, due to the additional phenylethynyl
unit, the radiative decay rate retains an order of magnitude
greater than that of DPA both in THF and the solid phase. Thus,
a similar fluorescence quantum yield can be found for DP-BPEA
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Fig. 6 Calculated HR factors versus the normal mode frequencies of DP-BPEA in THF (a) and in the solid phase (b) as well as the reorganization energies
versus the normal mode frequencies in THF (c) and the solid phase (d) respectively. Selected vibration modes are shown as insets.

Table 3 Reorganization energies (meV) from the bond length, bond
angle, and dihedral angle of DPA in THF and the solid phase are listed
respectively

THF Solid ATHF—solid
Bond length 191.3 189.2 2.1
Bond angle 12.7 10.9 1.8
Dihedral angle 20.2 2.1 18.1
Total 224.2 202.2 22.0

in THF (58.58%) and in the solid phase (59.32%). This illustrates
that the nonradiative energy consumption path is hardly
hindered. To confirm the reliability of the nonradiative decay
rate in our calculation, we plot the log Kic (AE (eV)) parabola in
Fig. S5 and S6 (ESIt). No vibrational feature is found in both
lines for the studied molecules, and this indicates the accuracy
of the calculated Kj¢.

So, the aggregation induced emission enhancement (AIEE)
characteristic of DPA from THF to the solid phase is found, and
this is mainly due to the restricted intramolecular rotation
of terminal phenyl rings in low frequency regions. Moreover,
the additional phenylethynyl unit can enhance the radiative
decay rate, and the effect of RIV is not large as RIR, thus a
similar fluorescence efficiency is found for DP-BPEA in THF
and the solid phase. Our calculations show that the calculated

This journal is © the Owner Societies 2017
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Fig. 7 Contributions to the reorganization energies from the bond length
(blue), bond angle (green) and dihedral angle (red) of DPA in THF (left) and
the solid phase (right).

non-radiative decay rates in solution by PCM are always larger
than their real values, this usually brings about an under-
estimated PLQY theoretically. The reason is that the polarizable
continuum model is difficult to properly describe the inter-
molecular interaction. In the solid phase, the QM/MM method
is adopted, the exciton coupling effects etc. are not being
included. These factors cause the disagreement between the experi-
mentally measured efficiency and the theoretically computed value.
These results indicate that different intermolecular interactions
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Table 4 The calculated rate constants of radiative (k,) and non-radiative
(kic) from S1to SO in THF and the solid phase as well as their fluorescence
efficiencies for DPA and DP-BPEA are listed respectively

DPA DP-BPEA

Geometry THF Solid THF Solid
k(s 9.55 x 107 5.39 x 107 157 x 10®*  1.06 x 10°
kic (571 9.28 x 10®  4.02 x 107 1.11 x 10° 7.27 x 107
b 9.33% 57.38% 58.58% 59.32%

can change the photophysical properties. Besides, for J-aggregation,
the intermolecular arrangement becomes looser compared with
that in H-aggregation, and this brings about a weak intermolecular
exciton coupling which can be calculated as the Coulomb integral
between transition densities of different molecules.***! In this
work, the intermolecular electrostatic interaction that dominates
the photophysical properties is considered to demonstrate the
J-aggregation effect on fluorescence efficiency.

4.4 Charge mobility

Based on the Marcus theory illustrated in the ‘“Theoretical
method” section, the charge transfer rate is calculated. An
important factor which can influence the transfer rate is the
transfer integral (V) which depends on the relative position of
the two sites involved. Based on the X-ray crystal data, the
charge transfer pathways are shown in Fig. 8. For DPA, the path
of P1-P4 (at a distance of 4.823 A) plays major roles with the
maximum transfer integer being 57 meV and 37 meV for hole
and electron transfer respectively. Due to the introduction of
the phenylethynyl unit, the stacking mode is changed, only P1
and P2 (in distance of 3.932 A) play leading roles with the
transfer integer being 63 meV and 67 meV for the hole and electron
transfer respectively. Besides, the formation of J-aggregation can be
found in the crystal and this stacking mode can balance the
contradiction between high mobility and efficient fluorescence
emission. This provides a guideline for developing high mobility
emissive organic semiconductors for OLEDs, OFETs and OLETs.

Based on the transfer rate, the charge mobility of both the
hole and electron is calculated using the kinetic Monte Carlo
simulation. The temperature dependence of the charge mobility
is also investigated (shown in Fig. 9). One can see that the hole
mobilities are all higher in value than the electron mobilities in
the temperature ranging from 50 K to 300 K, which indicates
that both the DPA and DP-BPEA molecular crystals are typical
p-type organic semiconductors with the hole mobility up to
3.39 cm?> V' s7! and 1.62 em® V7' s in 298 K respectively.
Compared with DPA, a more balanced charge transfer can be
seen for DP-BPEA due to the additional phenylethynyl unit
which not only changes the photophysical characteristics but
also regulates the charge transfer properties. Besides, both the
hole and electron mobility increases with the temperature,
which also confirms the hopping transfer mechanism of
charges in the molecular crystal. More evidence, the calculated
DPA reorganization energy of the hole (148 meV) and electron
(206 meV) are all larger than their transfer integrals (57 meV for
hole and 37 meV for electron), and the smaller hole reorganization
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Fig. 8 Hole transfer pathways for DPA (a) and DP-BPEA (b) crystals
respectively.

energy and larger hole transfer integral than these for electron
means the hole mobility is larger than the electron mobility
over all temperature ranges. However for the DP-BPEA, the
reorganization energy of the electron (169 meV) is larger than
that of the hole (133 meV) although the transfer integral of the
hole (63 meV) is smaller than that of the electron (67 meV), and
this brings about a larger hole mobility than electron mobility.
One can regard the transfer integral as an ‘attraction’ and this
attraction effect promotes the charge transfer between adjacent
molecules, while the reorganization energy is considered as a
‘pull’ and this pull effect tends to constrain the charge in a
single molecule. All these features (3—; >0,A> V) indicate a
hopping mechanism for the DPA and DP-BPEA molecular
crystals. Furthermore, a more balanced charge transfer can be
found for DP-BPEA due to similar reorganization energy for
hole and electron as well as a similar transfer integral for hole
and electron than that for DPA.

Besides, the experimental mobility of DPA is as high as
34 em® V! s7' in the single crystal which is about 9 times
larger than that of the calculated data, this is because many
complex factors are neglected such as the electric field, the
interface between the active layer and the charge carrier density.
These factors also play important roles in the practical device and
their effect on the charge transfer properties are more complicated
when they are tangled together.'”?>?* Thus, the differences
between the theoretical results with the experimental data emerge.
Besides, it should be noted that from both the mechanism and
computational chemistry points of view, there are still important
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Fig. 9 Temperature dependence of charge mobility for DPA (a) and DP-
BPEA (b) crystals respectively.

challenges in modelling the charge transport phenomena towards
quantitative description and prediction.>*** In short, we are still a
long way from a full understanding of the transport behavior in
organic materials.

5. Conclusion

In summary, through a QM/MM method and kinetic Monte
Carlo simulation, we investigate the photophysical and charge
transfer properties of two high mobility emissive organic
semiconductors DPA and DP-BPEA. The results show that, for
DPA, the rotation motions of terminal phenyl ring are important
in governing the photophysical properties, and these motions
are effectively hindered in the solid phase. Thus, HR factors and
reorganization energies are smaller in the solid phase compared
with these in THF, nonradiative energy consumption pathways
from the excited state to the ground state are suppressed by
the RIR effect. Besides, the reorganization energy is mainly
contributed by the bond length and the decreased reorganization
energy from THF to the solid phase mainly comes from the
decrement of the dihedral angle associated with terminal phenyl
ring rotation, this brings about the AIEE characteristic of DPA
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with the calculated PLQY being 9.33% in THF and 57.38% in the
solid phase respectively. For DP-BPEA, the reorganization energy
from the bond length accounts for the major contribution, and
the decreased reorganization energy from THF to solid is also
mainly contributed by the decrement of bond length. As RIV is
not as obvious as RIR, a similar fluorescence efficiency is
obtained for DP-BPEA in THF solution and the solid phase.
Furthermore, the DPA and DP-BPEA crystals are p-type semi-
conductors under the hopping transfer mechanism. Calcula-
tion confirms that the hole mobility of DPA (3.39 cm® V™" s77)
is larger than that of DP-BPEA (1.62 cm” V' s7') due to the
number of effective transition pathways of DPA (four) being
more than that of DP-BPEA (two). However a more balanced
charge transfer can be found for DP-BPEA. Our theoretical work
demonstrates the influence of molecular stacking of organic
semiconductors on their photophysical and charger transfer
properties, this could provide a guideline for developing more
efficient high mobility emissive organic semiconductors for
OLEDs, OFETs and OLETS.
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