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ABSTRACT: It is a big challenge to achieve high-performance organic semiconductor
materials integrating both high luminescence efficiency and carrier mobility, because they are
commonly regarded as a pair of contradiction. Here, combining a tight-binding model and
density functional theory/time-dependent density functional theory, we propose a theoretical
protocol to characterize the luminescence efficiency via an excitonic effective mass and charge
transport ability via charge effective mass at the same level. Applying this protocol to a series of
organic semiconductor materials, we find that the multichannel CH-π interaction can induce a
heavy excitonic effective mass and light charge effective mass, which effectively balance the
light-emitting efficiency and carrier mobility. Thus, a practical molecular design strategy is
figured out to exploit novel organic semiconductor materials with strong luminescence and fast
carrier transport simultaneously.

Molecular semiconductors for logic operations offer
plenty of opportunities in materials chemistry.1 Organic

light-emitting transistors and organic electrically pumped lasers
have attracted tremendous interests in recent years.2−11 These
two kinds of devices require organic semiconductors with a
strong solid-state luminescence and high charge mobility. For
these two types of devices, according to Langevin’s model, the
nonradiative carrier recombination rate is expressed as =knr

μ μ+
ε

( )q
e h , where q is the carrier charge, and μe(h) is the

electron (hole) mobility. Therefore, high mobility would in
general lead to luminescence quenching.12,13 Low carrier
motilities, however, could cause injected charge absorption loss
and electrical contact loss, eventually increasing the pump
energy required to reach the lasing threshold.14,15 For organic
materials, a closely stacking π−π conformation has always been
regarded as a prerequisite for achieving high mobility materials.
Thus, diverse substitutions have been introduced to modulate
intermolecular stacking and facilitate charge transport.16−18

Nevertheless, a strong π−π interaction usually quenches the
luminescence owing to the formation of H-aggregation,
excimer, or exciplex.19

The typical charge transport materials, as seen in (Scheme
1), with high mobility, such as rubrene,20−24 thienoacene
derivatives (C12-BTBT),25 and α-linked oligothiophene (α-
4T),26,27 all have very weak fluorescence, as seen in Figure 1.
There are some materials,28−31 such as DTAnt32 and
DPVAnt,33 which exhibit good charge transport properties
but do not emit light at all. For systems with moderate
mobility, such as BSPAnt, BOPAnt, BEPAnt,34 and 2A,35 their
solid-state luminescence properties have not been reported at

present, although their fluorescence is not weak in solution.
Recently, several anthracene derivatives, such as 2,6
diphenylanthracene (DPA)36 and dNaAnt,37 have been
excitedly found to exhibit a high solid-phase luminescent
efficiency and charge mobility simultaneously, offering great
opportunities to become the excellent organic semiconductors
integrating excellent charge transport with a high-efficiency
solid emission.38−40

Aggregation-caused quenching (ACQ) luminescence has
been generally recognized to be a prevailing characteristic of
conventional aromatic π-conjugated luminophores,41−43 which
prevents them from achieving a high-efficiency luminescence in
a solid phase or aggregation phase and limits the applications
of those luminophores in practice.44−48 To solve the knotty
problem of ACQ, lots of strategies have been proposed to
modulate intermolecular packing, for instance, introducing
bulky units to attenuate intermolecular π−π interactions,49

tuning the molecular stacking orientation in a cross mode to
generate X-aggregation,50 or enlarging intermolecular displace-
ment to evolve into J-aggregation stacking modes.51 Note that,
in these strategies, the prerequisite is to maintain the π−π
interaction as much as possible, which is commonly considered
to be indispensable for good carrier transport. In practice, there
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are various types of intermolecular interactions, such as cation-
π, anion-π+, πcation-π, hydrogen bonding, halogen bonding, π-
halogen bonding, π−π, and CH-π interactions in organic
aggregates.52,53 It is still not clear how those types of
interactions affect the luminescent and carrier transport
properties. Intuitively, the charge transport is driven by the
electronic coupling between two neighboring molecules, which
is approximately characterized by their overlap of highest
occupied molecular orbital (HOMO) for hole transport or
lowest unoccupied molecular orbital (LUMO) for electron
transport,54 while the luminescence is affected by the excitonic
coupling, which is closely related to the overlap of HOMO and
LUMO between two adjacent molecules.55−57 These two
parameters may perform differently in different scenarios.
Therefore, it is necessary to investigate the explicit dependency
relationship of the luminescence and charge transport on the
intermolecular interactions and come up with a uniform
descriptor to characterize the luminescence property and
charge transport ability at the same theoretical level.
With that in mind, we proposed a theoretical protocol to

disclose the effect of the intermolecular interaction on

luminescence and carrier transport properties and demon-
strated that the excitonic effective mass (Me*) and charge
effective mass (Mc*) can proficiently characterize the degree of
luminescence quenching and the ability of carrier transport,
respectively. More importantly, it is found that the CH-π
interactions can induce heavy Me* and lightMc* to balance high
light-emitting efficiency and mobility. Thus, this work would
provide an effective strategy to design high-mobility and
strong-luminescence organic semiconductor materials. Alto-
gether, our proposed theoretical protocol, which is universal
and easy to implement for all the organic aggregation, could be
very helpful for machine-learning-based research in the future.
We first examined the geometrical and electronic structures

of all investigated systems in the gas phase; there is little
difference in the electronic structure upon substituent to
anthracene or tetracene backbones, as seen in the Supporting
Information. And thus, further theoretical investigations are
performed to elucidate the diverse charge transport and
luminescence properties of these molecules in the solid phase.
The experimental lattice parameters of these systems are listed
in Table S4, and the selected ones are displayed in Figure 2. It
is easily seen that two kinds of interactions are dominant for all
the systems, that is, π−π interaction and XH-π (X = C, S)
interaction, as indicated in Scheme 2 and Figure 2. The π−π
interaction corresponds to a face-to-face parallel-displaced
conformation, and the CH-π one refers to an edge-to-face
stacking conformation, which is also called T-shaped π−π. The
central molecule has four CH-π neighboring molecules, while
there are two face-to-face π−π stacking neighboring molecules,
and thus, multichannel charge and exciton transfer pathways
can be achieved through an edge-to-face (CH-π) stacking
direction. The CH-π interactions in anthracene derivatives are
very strong with the short centroid distances dXH‑π ranging
from 2.627 to 3.081 Å and small angles β < 12.8°, while the
π−π interactions are weak owing to a large slip between π-
conjugated planes. In particular, DPA has the largest slip along
the long axis and the smallest distance (2.294 Å) between the
two π−π interaction surfaces, which considerably decrease the
intermolecular π−π interaction. The π−π interaction is
expected to be dominant in rubrene because of its face-to-
face molecular packing of π-conjugated planes. To quantita-
tively measure the intermolecular interactions, we calculated

Scheme 1. Reported Molecular Structures of Typical Semiconductor Materials

Figure 1. Single-crystal and film charge mobility and the photo-
luminescence quantum yield (PLQY) in solution and solid reported
in the literature.
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the dispersion energies Edisp and total interaction energies Etot
by using an extended version of the symmetry-adapted
perturbation theory (SAPT) and many-body dispersion
(MBD) method (XSAPT+MBD)58 in the Q-Chem package59

and plotted the results in Figure 2b (the detailed energy
decompositions are listed in Table S5). As expected, the CH-π
interaction is stronger than that of the π−π interaction in
anthracene derivatives. Herein, DPA reveals the weakest π−π
interaction among all the investigated systems. However, the
π−π interaction is dominant in rubrene due to a stronger
dispersion energy. Both CH-π and π−π interactions are
important in C12-BTBT. The different interactions could have
different effects on the luminescence and charge transport
properties.
As expected, owing to the different intermolecular

interactions, the excitonic couplings (J) and electronic
couplings (V) vary significantly for the investigated systems
(see Table S6). For excitonic coupling, the values along the
CH-π direction (JB) are mostly larger than those along the
π−π direction (JA), which is consistent with a stronger CH-π
interaction than a π−π interaction in the systems as discussed
above. It is however found that there is not a monotonic
correlation between the strength of excitonic coupling and the
degree of fluorescence quenching. The α-4T has the largest

excitonic couplings of JA = 89.92 meV and JB = 95.82 meV,
explaining well its weak fluorescence in the crystalline phase.60

Nevertheless, the small excitonic couplings of JA = 20.93 meV
and JB = 19.36 meV of rubrene cannot rationalize its extremely
serious fluorescence quenching. For electronic coupling, the
values in the π−π direction (VA) are much larger than those in
the CH-π direction (VB) for rubrene and C12-BTBT, while VA
are smaller than VB for the other systems, which is also in line
with the dispersion energy shown in Figure 2. Although there
is a relatively positive correlation between the electronic
coupling and the mobility, the effect of a multichannel CH-π
charge transfer effect on charge transport has not been
accounted for.
To shed light on the different dependence of the excitonic

and electronic coupling on the molecular packing conforma-
tion, we further scan the two couplings along the π−π
direction and CH-π direction in DPA. Starting from a dimer
taken from an X-ray diffraction (XRD) crystal along π−π
direction, we displace a monomer in the central anthracene
plane as displayed in Figure 3a to calculate the corresponding
excitonic and electronic couplings in Figure 3c,d, respectively;
it is found that (i) the two kinds of couplings perform
differently, as analyzed above; (ii) the excitonic coupling varies
slowly, while the electronic coupling changes sharply with the
displacement, which indicates that the electronic coupling is
much more sensitive to a π−π interaction than the excitonic
coupling; (iii) the two kinds of interactions are very weak for
DPA with J < 20 meV and V < 30 meV; thus, the π−π
direction does not contribute much to the luminescence and
mobility in herringbone stacking due to the large lateral
displacement. The CH-π interaction exhibits asynchronous
changes in excitonic coupling and electronic coupling. Keeping
the intermolecular centroid distance unchanged, we rotate a
monomer along the long axis to change the herringbone angle
from 0° to 60° (see Figure 3b), in which the transition dipole
moments of two molecules are still closely parallel, which
results in an almost unchanged excitonic coupling, as seen in
Figure 3e, while the electronic coupling changes dramatically,
because it is highly susceptible to the relative orientations and

Figure 2. (a) The two kinds of interactions, XH-π and π−π. (b) The dispersion energies along XH-π and π−π directions for all investigated
systems. Close contact intermolecular interactions of DPA (c) and rubrene (d) along different stacking directions, are shown by the dotted lines.

Scheme 2. 2D Lattice Model for DPA in Herringbone Plane

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c03453
J. Phys. Chem. Lett. 2021, 12, 938−946

940

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03453/suppl_file/jz0c03453_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03453/suppl_file/jz0c03453_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03453?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03453?fig=sch2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c03453?ref=pdf


packing characters of the molecules as displayed. When the
intermolecular herringbone angle is 40°, the electronic
coupling reaches the maximum, as labeled by the red line.
Excitingly, the smallest excitonic coupling and largest
electronic coupling are almost achieved simultaneously at the
herringbone angle γ = 41.52° for a DPA crystal, which suggests
that strong luminescence and high charge transport can be
effectively balanced. Therefore, the modulation of CH-π
interaction could provide a design strategy for a strong
luminescence and high charge mobility simultaneously.
It is difficult to clarify the solid-state luminescence and

charge transport only from a dimer configuration; the exciton
band dispersion in organic crystals should be considered as
well. And thus, we combined a Tight Binding (TB) model and
time-dependent density functional theory (TDDFT) parame-
ters; the excitonic energy band structures can be generated. To
discuss the electronic and excitonic band structures at the same
level, we similarly combine density functional theory (DFT)
and a TB approximation to calculate electronic band
structures, which can give consistent results with those
obtained by a periodic first-principle calculation, as indicated
in Figure S2.
All investigated systems are aligned closely in the

herringbone plane, while a large intermolecular distance is
acquired between neighboring molecules in the perpendicular
direction. Thus, the intermolecular coupling in the perpendic-
ular direction can be neglected.61 Taking DPA as an example,
we present its projection along a molecular long axis in Scheme
2, in which one molecule is surrounded by six nearest-neighbor
molecules. Molecules along the π−π stacking direction are
labeled as A, and those along the CH-π direction are labeled as
B. A two-dimension (2D) lattice model is established with two
equivalent A molecules and four equivalent B molecules as
shown in Scheme 2. On the basis of the TB model, we consider

six nearest neighbors, and the band dispersion of investigated
system can be expressed as

φ

φ

= + · + · ·

·

E k E J a k J b k

b k

( ) 2 cos( ) 4 cos( cos )

cos( sin )

x x

y

0 A B

(1)

Here, E0 corresponds to the excited energy of an isolated
molecule. a (b) is the intermolecular centroid distance between
the central and neighboring molecule A (B). φ represents the
angle between OA and OB. JA (JB) is the excitonic coupling
along OA (OB). The effective mass at the excitonic band
minimum (X and Y) is derived as

φ

φ

* = ℏ
− · +

* = ℏ

m
J a J b

m
J b

2 4 ( cos )

4 ( sin )

k

2

A
2

B
2

k

2

B
2

x

y
(2)

From Equation 2, it is obvious that the excitonic effective mass
is determined by not only the excitonic coupling but also the
stacking structure parameters, including the intermolecular
centroid distance (a) and the stacking angle (φ). Furthermore,
the multichannel feature is also conscientiously characterized
through the number of nearest molecules around one central
molecule in the equation. Since all investigated systems belong
to H-like aggregates with J > 0 (see Table S6 in the Supporting
Information),55 the excitionic coupling always quenches
luminescence. Hence, a strong luminescence requires a small
excitonic coupling, which corresponds to large effective mass
according to Equation (2). Under the Frenkel exciton model,
the excitonic coupling between two molecules can be evaluated
by = ⟨Φ Φ | |Φ Φ ⟩J Hm n m

e
n
g

m
g

n
e

, , which can be simplified as solving

Figure 3. (a) The intermolecular displacement in the central anthracene plane. (b) The model of herringbone angle γ in CH-π direction. The
evolution of excitonic couplings (c) and electronic couplings (d) as a function of displacement in the central anthracene plane. (e) Evolution of the
electronic couplings and excitonic couplings as a function of the herringbone angle γ. The red dotted line indicates the herringbone angle (γ =
41.52°) in the actual DPA crystal.
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a coulomb integral and exchange integral between molecular
orbitals according to Wick’s theorem.62

Similarly, the electronic band structure can be also obtained
by Equation 1 in which E0 alternatively points to the charge
site energy of an isolated molecule, and the JA (JB) is replaced
by the electronic coupling VA (VB), as displayed in Scheme 2.
In the case of hole transport, the effective mass at valence band
maximum (Γ point) recasts:

φ

φ

* = −ℏ
· +

* = −ℏ

m
V a V b

m
V b

2 4 ( cos )

4 ( sin )

k

2

A
2

B
2

k

2

B
2

x

y (3)

Within the band regime, the carrier mobility is inversely
proportional to |m*|.63,64 In other words, the lighter the
effective mass is, the higher the carrier mobility will be. The
electronic coupling can be calculated by site energy correction
method and mainly controlled by the overlap of HOMO or
LUMO between two neighboring molecules, which is very
sensitive to the relative displacement and orientation between

two molecules.65,66 When Equation 2 and Equation 3 are
compared, it is easily known that the excitonic and electronic
effective masses exhibit a different dependence on the
molecular packing parameters.
According to Equation 1, the excitonic and electronic band

structures are obtained to analyze the exciton and charge
transfer properties at the same level, as shown in Figure 4a−d
and Figure S3. In the case of rubrene, it can be seen that the
excitonic band exhibits very small dispersion with bandwidths
of 0.18 and 0.15 eV along the ΓX and ΓY directions,
respectively, while its electronic band indicates a significant
dispersion with bandwidth (0.44 eV) in the ΓX direction and a
nearly flat electronic band in the ΓY direction.
For C12-BTBT, there is a similar excitonic band dispersion

with equal bandwidth (0.29 eV) along the ΓX and ΓY
directions. The electronic band reveals larger band dispersion
with bandwidth (0.38 eV) along the ΓX direction. For the α-
4T system, there are much larger excitonic band dispersions
with bandwidths of 0.84 and 0.77 eV along the ΓX and ΓY
directions, respectively, while there is a small electronic band
dispersion with 0.29 eV both in ΓX and ΓY directions. The
anthracene derivatives, owing to a multichannel CH-π

Figure 4. Excitonic band structure (a, b) and electronic band structure (c, d) based on a DFT/TDFT parametrized tight-binding model. The
reciprocal coordinates of high-symmetry points are Γ = (0, 0, 0), X = (0.5, 0, 0), and Y = (0, 0.5, 0). (e) The charge effective mass (Mc*) and
excitonic effective mass (Me*) and (f) the transition dipole moment ratio (μdimer/μmonomer) in the dominant direction.
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interaction, exhibit a similar band dispersion in both ΓX and
ΓY directions. From DTAnt and dNaAnt to DPA, the excitonic
band dispersion gradually gets smaller, while the electronic
band becomes larger, which is consistent with first-principle
electronic band structure results, as shown in Figure S2. Other
anthracene systems reveal similar properties, as seen in Figure
S3. Overall, the excitonic band shows different variation trends
with electronic band structure, because they originate from a
different dependence relationship on an intermolecular
herringbone angle, as mentioned in Figure 4e. Among them,
DPA exhibits the largest electronic band dispersion, which
facilitates the charge transfer, and the smallest excitonic band
dispersion, which means the smallest excitation splitting
energy, generating the least fluorescence quenching as
observed in experiment.36

On the basis of the band structures, we further calculate the
excitonic effective mass (Me*) and charge effective mass (Mc*).
As shown in Figure 4e, we find that rubrene presents a
relatively light excitonic effective mass (Me*) (0.77 m0) in the
ΓY direction due to the large intermolecular centroid distance
(b = 7.93 Å), which could significantly quench the
luminescence as seen in an experiment.20 Similarly, it also
processes remarkably light (−0.29 m0) along the ΓX (π−π)
direction owing to a large intermolecular centroid distance and
a significantly strong electronic coupling VA (93.9 meV), which
results in the high-speed hole transport, as experimental results
show in Figure 1. C12-BTBT and α-4T have very light Me*
(1.37 m0, 0.39 m0) and Mc* (−1.26 m0, −1.03 m0) values,
indicating a strong luminescent quenching and rapid hole
transport, which is consistent with weak luminescence and high
charge mobility as seen in Figure 1. From DTAnt and dNaAnt
to DPA, the Me* turns larger and larger, while the Mc* becomes
smaller and smaller. In particular, DPA exhibits the heaviest
Me* (3.40 m0, 4.83 m0) and the smallest Mc* (−1.01 m0, −0.97
m0) in both ΓX and ΓY directions, which indicates that the
strong luminescence and charge transport are balanced in
DPA. The positive correlation between the effective mass and
the luminescence and transport properties is also found in
other anthracene derivatives (see Figure S3 and Table S6).
Therefore, it is safe to say that the excitonic effective mass Me*
and charge effective mass Mc* are two good descriptors to
characterize the degree of luminescence quenching and the
ability of charge transport at the same theoretical level.
In addition, we discuss the aggregation effect on a radiative

process through the transition dipole moment variations from
the monomer to dimer, as seen in Figure 4f. The larger
excitonic effective mass means the less aggregation-quenching
effect; that is, the transition dipole moment ratio of monomer
to dimer μdimer/μmonomer is closer to 1. Among the systems in
Figure 4f, the μdimer/μmonomer of DPA is close to 1, while those
of rubrene, C12-BTBT, and α-4T are largely reduced to 0,
which fully supports the conclusion drawn from the effective
mass as discussed above. Therefore, a positive correlation is
further confirmed between the excitonic effective mass (Me*)
and the degree of luminescence quenching through a
nonradiative energy transfer. This also suggests that the energy
transfer is an important nonradiative processes in organic
semiconductor aggregates systems, although there are other
nonradiative decay processes, such as singlet fission and charge
transfer and so on. Note that we just consider long-range
Coulomb coupling, CT-mediated superexchange excitonic
coupling,67 and the coupling between the CT state and
Frenkel exciton have not been accounted for;68 we will

systematically investigate the effect of the CT state on the
promising organic semiconductor materials in the future.
In summary, we propose a theoretical protocol to character-

ize the luminescence property by an excitonic effective mass
and charge transport capability by charge effective mass at the
same theoretical level. Applying this protocol to a series of
organic semiconductor materials, we find that an excitonic and
electronic band structure and a corresponding effective mass
present different variation trends. In the case of anthracene
derivatives, a π−π interaction does not contribute much to the
luminescence and mobility in herringbone stacking due to the
lateral displacement. For a CH-π interaction, we can adjust the
herringbone angle through substitution so as to obtain the
largest possible electronic coupling, while keeping small
excitonic coupling unchanged. Thus, multichannel CH-π
interactions can induce a heavy excitonic effective mass
(Me*) and a light charge effective mass (Mc*), which can
balance a high light-emitting efficiency and mobility.
Altogether, we have proposed a molecular design strategy to
balance the contradictory charge transport and luminescent
properties through a substitution-monitored intermolecular
multichannel CH-π interaction. This strategy allows us to
modulate the stacking structure in the CH-π direction to
ameliorate “aggregation (or concentration) quenching” in
solid-phase conjugated materials. This work could provide an
effective strategy to design high-mobility and strong-
luminescence organic semiconductor materials. Moreover,
our theoretical protocol is universal and easy to implement
for all the organic aggregation, which could be very helpful for
the machine-learning-based molecular screening in the future.
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