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Computational Study on the Charge Transport and Optical
Spectra of Anthracene Derivatives in Aggregates

Yajing Sun,”) Hua Geng,™ Qian Peng,"

A recent experiment [Angew. Chem. Int. Ed. 2017, 56, 722-727]
found that a (1:9) blend film of two anthracene derivatives, 2-
fluorenyl-2-anthracene (FIAnt) and 2-anthryl-2-anthracence
(2A), exhibit both efficient white light emission and high hole
mobility, thus promising for organic light-emitting transistors
(OLETs). Employing quantum chemistry at the polarizable
continuum model (PCM) and the quantum mechanics/molec-
ular mechanics (QM/MM) levels, we investigated the excited-
state structures, optical spectra, band structure and the carrier
mobility for FIAnt and 2A from solution to aggregate phases.
We suggest using the ratio of intermolecular excitonic coupling
J and intramolecular excited state relaxation energy E to judge
the bathochromic shift in optical emission in aggregates. For
FIAnt, p=J/E is calculated to be less than 0.17, a critical value

1. Introduction

Because of the potential applications in lighting and display
devices, considerable attention has been paid to develop organ-
ic white-light emission materials."’ White-light emission require
materials emit light covering the entire visible spectrum, for
example, with complementary-color luminescent groups.'*?
While linking different chemical light-emitting fragments di-
rectly often lead the spectrum shift significantly, deviating from
the expected white-light, which may caused by intramolecular
Forster resonance energy transfer (FRET) or other photophysical
process.”) Mixing different components to achieve white-light
emission is a facile route.! However, physical blends tend to
cause problems in instability of color, due to the discrepancies
of luminescent decay rate among different components.”
Anthracene is a widely used fluorescent material with consid-
erable charge mobility. In the past years, it has been used in
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we identified earlier, and the spectra in solution and aggregate
phases present quite similar features (blue emission). However,
p is ~0.5 for 2A systems, and the calculated emission in the
aggregate phase exhibits a remarkable bathochromic shift. In
addition, the 0-0 emission is strongly suppressed in the
herringbone stacking. These observations justify the experimen-
tal findings that (i) 2A is blue emissive in solution but yellow-
green in the aggregate phase, whereas FIAnt is always blue,
and (ii) the blend of them show white emission. By using the
“quantum nuclear tunneling” model we proposed earlier, we
found the hole mobility for FIAnt and 2A are 0.5 and
4.2 cm’V~'s™!, respectively, indicating both are good hole
transport materials.

organic effect transistor (OFET), organic light emitting diode
(OLED) and other organic photoelectric devices.” Benifiting
from its strong modifiability, anthracene derivatives were also
synthesized and played important roles in the fields of photo-
chemistry, supramolecular chemistry, photobiology and so
on.**” |In 2017, it was found that the mixture of FIAnt, a newly
synthesized anthracene derivative and its by-product 2A
exhibited surprisingly white-light photoluminescence." And,
the blend also exhibited high charge mobility. This is unusual
because in general, the tightly packed structures with high
carrier mobility would lead to enhanced non-radiative recombi-
nation, quenching luminescence: the classical Langevin’s bimo-
lecular recombination rate was simply expressed as
k=72 (ue + 1) And such blend could serve as potential
component for organic light-emitting transistors (OLETs), which
is gaining fast-growing interests.”

From experiment, it was found that for 2A, the emissions
are quite different in solution and solid phases, namely, blue-
emission in solution, and a significantly red-shifted yellow-green
emission in solid phase. But FIAnt molecule exhibits blue-light
emission in both solution and solid states. 2A and FIAnt are
both derivatives of anthracenes with quite similar molecular
structure and optical emission spectra in solution. It is intriguing
that these compounds demonstrated quite different lumines-
cent behaviors in aggregates. In addition to the energy level
shift in aggregate, there are two more effects on the emission
spectrum: (i) suppression of 0-0 transition due to the H-
aggregate symmetry cancellation;"” (ii) and the competition
between intermolecular excitonic coupling (J) and intramolecu-
lar vibrational relaxation (E), for which Li et al. have proposed to
judge the spectrum shift according to the value of p=J/E: if p is
less than the critical value 0.17, there would hardly be any
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bathochromic shift, as in most of the AIE (aggregation induced
emission) systems; otherwise, there exist remarkable shift in
emission."” In this work, we employ (time-dependent) density
functional theory at the PCM and QM/MM levels to calculate
the excited state electronic structures and band structures,
optical spectra for 2A and FIAnt in solution and aggregate
phases, including intermolecular coupling and intramolecular
excited state reorganization energy, as well as the hole mobility
for crystalline phase. Both the carrier mobility and optical
spectra are calculated by the MOMAP program package
developed by our group (see experimental section). Our
computational work can rationalize the experimental results
and reveal the molecular mechanism behind the intriguing
optoelectronic properties for the blend of anthracene deriva-
tives.

2. Results and Discussion

2.1. Optimized Geometry Structure in Solution and Solid
Phase

We firstly optimized the geometric structures of the two
molecules, FIAnt and 2A, in both solution and their solid
phases. For the case of solution, we use PCM model to simulate
the condition of tetrahydrofuran (THF) solvation. And for the
solid phase, we use QM/MM method. We chose a supercell
containing 65 molecules, and selected the central one for
quantum mechanics calculation and the rest with classical
mechanics modeled by UFF force field to perform the molecular
mechanics calculations. Due to the extremely similar molecular
structure, shown in Figure 1, 2A and FIAnt possess nearly the
same unit cell structure and aggregate form. Mixing of a small
number of FIAnt molecules has little effect on the aggregation
type of 2A in the solid phase, hardly affecting the transport
properties."” The aggregated QM/MM models we used for solid
phase were shown in Figure 1c,d and based on these models,
we will discuss their optical and charge transport properties
separately.

For FIAnt molecule, the anthracene ring connected the
fluorenyl ring at position 2. In solution, the dihedral angle
between anthracene and fluorenyl ring is 144.06°. While in the
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Figure 1. The geometric structure of FIAnt (a) and 2 A molecular (b). Arrows
indicate the direction of the transition dipole moment; The QM/MM model
for FIAnt (c) and 2 A (d). The circled single molecules are treated as the high
layer with quantum mechanical calculations, while the surrounding mole-
cules are regarded as the low layer with molecular mechanics calculations.
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solid phase it is increased to 170.30°, owing to the compact
molecular packings. Similarly, for 2A molecule, from in solution
to solid phases, the dihedral angle between the two anthracene
rings is increased from 146.61° to 179.46°. These indicate that
the two compounds both are close to planar structure in
aggregate phase. The calculation results are really close to their
single crystal structures, where the corresponding dihedral
angle in FIAnt and 2A are 170.06° and 179.62°, respectively."”
And the aggregation has a negligible effect on the bond length
in both system. The calculated energies of the two moleculars
in solution and aggregation are listed in Table 1.

2.2, Charge Transport Properties in Solid State

In the solid phase, the stacking structures of FIAnt and 2A
molecules are shown in Figure 2a and 2b. Since the interlayer
coupling is very weak, we only consider the herringbone
packing layer. There are six nearest neighbors around the
central molecule. The distances between different molecule
pairs are listed in Table2. 2A molecules have smaller
intermolecular distances, which are 0.33A shorter than in
corresponding FIAnt molecule dimer, on average. The nearly
planar structure of 2A molecule contributes to more effective
overlap between molecule pairs, leading much larger transfer
integrals. The largest charge transfer integral is 49.20 meV, and
all the hole transfer integrals are listed in Table 2. It is well
known that larger transfer integrals often imply better charge
transport properties. However, in case of FIAnt, the fluorenyl
ring contains a sp>-C atom, leading to larger steric hindrance,
and the twisted structure enlarges the distance between the
molecular pairs. At the same time, due to the lower symmetry
of FIAnt, it is difficult to obtain effective overlap among the

Table 1. The B3LYP/6-31g* calculated HOMOs, LUMOs, the adiabatic
excitation energy AE,q, and vertical excitation energy AE,., of FIAnt and 2A
in solution and solid phase.

FlAnt 2A

Solution Solid Solution Solid
HOMO [eV] —5.238 —5.088 —5.191 —5.102
LUMO [eV] —1.837 —1.774 —1.965 —-1.919
AE,4 [eV] 2.795 2.867 2.717 2.833
AE, [eV] 3.013 3.043 2.868 2.959
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Figure 2. The herringbone layer packing structures of FIAnt (a) and 2A (b)
single crystals with only nearest molecular pairs are numbered. Correspond-
ing Contour plots of molecular orbitals are shown in (c) and (d).

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! 7'7'


http://orcid.org/0000-0003-2807-9382

Chemistry
Europe

European Chemical
Societies Publishing

Articles
ChemPhysChem doi.org/10.1002/cphc.202000187

Table 2. Center-to-center dimer separation d (A) and its charge (hole)
transfer integral V;, (in meV) of FIAnt and 2A. 4 (in meV) and p [in cm?/(Vs)]
are the (intra)molecular charge reorganization energy and hole mobility,
respectively.

FIAnt 2A
Dimer No. d[A] V,, [meV] d[A] V, [meV]
1 5.67 6.5 4.75 49.2
2 6.05 35 5.96 28.2
3 5.01 56.5 478 35.8
4 5.09 19.5 4.81 416
5 6.05 3.5 5.96 28.2
6 5.14 13.2 4.78 41.8
2 [meV] 146 108
u [em?/(Vs)] p_a=0.20 pa=4.17

n_c=0.51 n_b=3.46

adjacent molecular orbitals. In Figure 2¢, there is a significant
difference in molecular orbital (MO) distribution of anthracene
and fluorenyl rings. If two FIAnt molecules in the molecule pair
are opposite, MO of the adjacent anthracene and fluorenyl ring
cannot overlap effectively, which will hinder the charge trans-
port. Only if two anthracene rings adjacent to each other, the
hopping paths has a certain charge transfer integral, that is, the
3rd-dimer with V,, of 56.50 meV.

We employ the “quantum nuclear tunneling model” to
calculate the hole mobility. Since the LUMO level is about
—2 eV, much higher than the required —3.5 to —4 eV level for
electron injection, so both 2A and FlAnt are hole transport
materials. We calculate only the hole mobility. For 2 A, the hole
mobilities along two perpendicular crystal axis directions a- and
b-directions are calculated to be 4.17 and 3.46 cm?/Vs, respec-
tively. For FIAnt, the mobilities are 0.20 and 0.51 cm?/Vs along
the two orthogonal crystal axis directions. The rigid structure of
2 A implies a smaller reorganization energy, favorable to charge
transport. The reorganization energy of 2A is 108 meV, around
40 meV smaller than that of FIAnt. The difference in mobility
can be partly attributed to the reorganization energy. And it is
also helpful to refer to the band structures (Figure 3). The
valence band width of FIAnt is calculated to be only 17.33 meV
and the average effective hole mass is as large as 3.15 m,. But
the bandwidth of 2A is 207 meV, more than 10 times larger
than that of FIAnt. As a results, 2 A crystal has smaller effective
mass, only 0.42 m,.

2.3. Optical Properties in Solution and Solid Phase

We then calculated the photophysical properties of the two
anthracene derivatives in solution. In Figure 4a, we found that
FIAnt mainly absorbs the light with wavelength of 375-422 nm
in solution. And the absorption wavelength of 2A molecule is
398-450 nm, slightly red-shifted from that of FIAnt. From the
calculated emission spectra, we found both of the two
molecules mainly emit blue light with the maximum peak of
around 455 nm in solution, Figure 4b. Our calculated results are
consistent well with the blue-light emission observed in the
experiments.!"”
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Figure 3. The first Brillouin zones (a) and (b) and band structures (c) and (d)
along high-symmetry direction of FIAnt and 2 A single crystal. The colored
bands are the valence band of FIAnt (blue) and 2 A (red), respectively. The
insets are the charge density distributions of valence band.
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Figure 4. The calculated absorption (a) and emission (b) spectra of FIAnt and
2A in THF solution. Blue and red lines refer to FIAnt and 2 A, respectively.
Calculated absorption (c) and emission (d) spectra in the solid state. The
insets show the influence of aggregation effect of 2 A. The red and gray lines
refer to the spectra of 2 A with and without considering exciton coupling.
The experimental emission of the FIAnt:2 A blend is skecthed as a dashed
guideline in (d) for comparison.

Furthermore, we calculated the optical properties of the
two molecules in their solid state. As known, the molecular
aggregates always have different luminescent properties with
the monomers due to intermolecular interactions, including
electrostatic interaction, Van der Waals interaction and excitonic
interaction and so forth."®'" The first two kind of interactions
can be fully considered by QM/MM approach. For the latter, the
Frenkel exciton model is usually adopted, and there are two
types, J-type and H-type aggregation, according to the arrange-
ment of transition dipole moments in molecular aggregates.
The J-type aggregation is head-to-tail arrangement and it can
enhance the intensity of absorption and emission spectra. While
the H-type aggregation is side-by-side, and it can weaken the
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luminescence intensity compared with those of the single
molecule."™ In 2017, a criterion, the ratio of intermolecular
excitonic coupling and intramolecular vibrational relaxation
(0o=JIE), was proposed to judge the effect of the exciton
coupling on the optical spectra. They suggested when p is
larger than 0.17 at room temperature, the aggregated optical
spectra would be obviously changed, deviating from the
luminescence properties of single molecule."

Following the suggestion, we firstly calculated the E and J
of the six nearest molecule pairs and listed J and their ratio p=
J/E in Table 3. For FIAnt molecular, all the J values are small
(10~28 meV) while the E is much larger (171 meV), resulting in
0~0.1, less than the critical value of 0.17 we identified earlier.”’
It implies the excitonic interaction would have very little
influence on the optical spectra. With the help of QM/MM
method coupled with the finite temperature Franck-Condon
vibration resolved spectrum formalism, we first calculated the
absorption and emission spectra of FIAnt in aggregate state
considering the intermolecular electrostatic and Van der Waals
interaction. There are two obvious absorption peaks at 418 nm
and 394 nm. The emission spectrum has maximum peak at
448 nm. These are also in good agreement with available
experimental emission spectrum of maximum peak about at
450 nm in FlAnt thin film."? Due to the weak excitonic
interaction, the aggregated FIAnt maintain the same blue-light
emission as they are in solution. But for 2 A, the reorganization
energy of the excited state is calculated to be 123 meV, much
less than that of FIAnt. Meantime, the excitonic coupling
strengths are much larger, reaching 66.3 meV. The p values are
calculated to be as high as 0.5, much larger than the critical
value 0.17. These suggest the excitonic coupling would
obviously quench the 0-0 emission peak and generate a red
shifted enhanced 0-1 emission peak, leading to remarkable
bathochromic shift in solid from solution. As expected, in the
calculated emission spectrum, Figure 4d, the blue 0-0 emission
peak is suppressed greatly, and a yellow-green peak appears,
which are consistent with the observed light near 470-550 nm
in the experiment."? Additionally, there is an obvious energy
gap (432 vs. 472 nm) between the absorption and emission
peak. We can reasonably rule out the possibility of reabsorption.
Therefore, it is verified by our calculation that blue FIAnt and
yellow-green 2A blend could exhibit white-light emission in a
specific proportion. Last, it should be pointed out that the
critical value 0.17 was obtained in an empirical way, namely,

Table 3. The exciton coupling strength J (in meV) in aggregation and its
ratio with the excited state intramolecular vibrational relaxation energy E
(in meV), p=J/E for FIAnt and 2A.
FIAnt 2A
Dimer No. J o J o
1 27 0.15 66 0.54
2 12 0.07 20 0.16
3 10 0.06 66 0.54
4 15 0.06 30 0.24
5 12 0.07 20 0.16
6 28 0.16 24 0.19
E 171 123
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derived from theoretical calculation and the experimental
results for quite a lot of molecules.”

It is thus expected that in the blend of 2 A and FIAnt, due to
the well shifted emission of 2A, none of the emission could be
re-absorbed, forming a complimentary emission spectrum (Fig-
ure 4d), giving rise to a white color.

3. Conclusions

In conclusion, we have elucidated the molecular mechanism for
the white-light emission and high-mobility of the blend of
anthracene derivatives blend 2A and FlAnt, implying possible
application in OLETs. For 2 A in solid phase, the strong excitonic
coupling with a p=J/E value typically around 0.5, induces a
notable red-shift 0-1 yellow-green emission spectrum, largely
suppressing the 0-0 emission, leading to a remarkable bath-
ochromic shift. And FIAnt in the solid phase with a small p
value (less than 0.17) maintains the blue-light with negligible
excitonic coupling effect. Therefore, mixed with a small amount
of blue-emitting FIAnt molecules, the 2A aggregates exhibit
white-light emission. At the same time, the blend still maintains
high mobility owing to the closed packed structure of
anthracene derivatives, which indicates the promising applica-
tion in organic white-light-emitting transistors. The calculated
carrier mobility based on quantum nucleatr tunneling model
and the effective mass based on band structure indicate the
two anthracene derivatives are good hole transport materials.
Mixing a small amount of heterochromatic molecules with the
same aggregation and very similar geometry can effectively
regulate the luminescent properties and maintain the charge
transfer performance simultaneously. Following the above
strategy, we propose that color-controlled materials may be
realized by mixing high mobility organic molecules with similar
structure. Our work can well explain the white-light emission of
anthracene derivatives blend and provides theoretical guidance
for design white-light emitting materials with high mobility.

Experimental Section

Charge Transfer Properties

When calculating the charge mobilities, we use the hopping model
considering nuclear tunneling effect In this model, every
hopping event can be regarded as a non-adiabatic charge transfer
process. Under the perturbation theory and the displacement
harmonic oscillator approximation, the charge transfer rate k; can
be derived from Fermi’s Golden Rule [Eq. (1)]:

VZ
i_| f"/ dt

(1
exp{ita)ﬁ — ZSJ [(2n;+ 1) — ne ™ (n; + 1)e™] }

J

Where V; is the transition integral between the initial and final
states. S; is Huang-Rhys factor of the normal vibration mode j,
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measuring the strength of electron-phonon coupling, S; = 4;/hw;,.
A;, w; are the reorganization energy and vibration frequency of the
jth normal mode. And n; is the distribution of phonon occupancies,
n= 1/[exp(:“’T/> —1]. In the hopping model, the charge mobility
can be expresséd as [Eq. (2)]:

e

RN

)

D is diffusion coefflaent calculated by dynamic Monte Carlo
simulation."” D = - lim Q in which r is the displacement of charge
carrier. When performlng dynamic simulation, we choose one
molecule as the initial charge site, and assume the charge can only
transit to the nearest neighboring molecule. The hopping proba-
bility of charge between nearest molecules pair is P, = km;( 3
where k,,, is the hopping rate of charge from molecule m to;”'aﬁ”d
n’ represents all the nearest neighbors. So, the residence time of
charge carrier at m can be expressed as After Monte Carlo
simulation, we find out the linear relatloghlp between the mean
square displacement and simulation time, getting the diffusion
coefficient and charge mobilities.

We optimized the geometric structure and calculated the properties
of neutral and charged molecules using Gaussian 16 package."
The vibration information and charge transfer integrals between
molecular pairs are performed at the ab initio density functional
theory calculation with B3LYP function and 6-31G* basis set." The
Huang-Rhys factors S; and the reorganization energy A; of each
vibration mode are obtained with the help of DUSHIN program.”
The MOMAP®" package is used to calculate the remaining charge
transfer properties. Meanwhile, the electronic band structure was
calculated by the Vienna Ab Initio Simulation Package (VASP)??
using projector-augmented wave (PAW) method and the exchange
correlation interactions was described by generalized gradient
approximation (GGA).”® Base on electronic band structure, we also
get the charge effective mass of the two molecular crystals.

Optical Properties

We calculated the absorption and emission spectra of FIAnt and
2 A molecule in solution and solid phases. According to the Fermi
Golden rule and Franck - Condon principle,* the molecular

absorption g, [Eq. (3)] and emission spectra o, [EqQ. (4)] are written
as:[1,9,24C]

4n w
Gab(w7 T) |lufl| Z Pw‘ @fu|@w> |26(w Wsy | w) (3)

Oem(w T) 3hC3 “uﬂ‘z ZPIV‘ @fu‘@w”zé( wfu a)) (4)

here, h is the Planck constant. ¢ is the speed of light. P, is the
Boltzmann distribution function of the initial vibration at finite
temperature. @ is the wave function of nuclear vibration between
different initial and final states with vibrational quantum number of
v and u. And u; is the electric transition dipole moment between
states |®;) and |®x). For the solid phase, vibronic coupled exciton
model was used to construct the excion Hamiltonian. For simplicity,
we consider only a dimer system and the Hamiltonian matrix can
be expressed as:""
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1/2hw + ¢ 0 JEo080-0 5120800
0 3/2hw + & JEo-0801 JE1—080
He = (5)
JEo-0&0-0  J5o-00-1 1/2ha) +e€ 0
J&1 0800 JE1 080 0 3/2hw + &

&,_, is the Franck-Condon integration between ground state with
quantum number 0 and excited state with v. The eigenvalue and
eigenvector of the excited states can be obtained by diagonalizing
Equation (5), from which we can get the absorption and emission
spectra based on Equations (3) and (4).

The optical spectra were simulated by the MOMAP program
coupled with Gaussian 16."® Based on PCM model, we optimized
and calculated the ground and excited station properties of the
two molecules in tetrahydrofuran solution at (TD)B3LYP/6-31G*
level.” And when describing them in solid phase, ONIOM model is
used.”® We constructed supercell based on the experimental crystal
structure. The central molecule was calculated by quantum
mechanical method with (TD)B3LYP/6-31G*, and the surrounding
molecules are regarded as the lower layer calculated using
molecular mechanics in UFF force field. Electrostatic embedding is
implied to describe the electrostatic interaction between organic
molecules.” To simplify the calculation, we keep those vibrational
modes with Franck-Condon overlap integral more than 1% kept in
Equations (3) and (4), which is 11 modes, enough for convergence.
We found that the calculated spectra for the six dimers are very
similar. So we just present results from one dimer with the largest J
in Figure 4.
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Shining white! We have thoroughly
investigated the internal cause of the
white light emission and high
mobility of anthracene-derivative
blend. The dense aggregation
structure of 2 A molecule plays the
key role in the extraordinary photo-
electric property. We proposed the
color control may be realized by
mixing homomorphic derivatives in
organic photoelectric material engi-
neering.
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