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ABSTRACT
Combining high mobility and high-efficiency luminescence in one material is challenging because of their contradictory
design principles. Here, under the three-state exciton model, a molecular descriptor 𝑂 = (|𝑡ℎ + 𝑡𝑒| − |𝑡ℎ − 𝑡𝑒|)∕2𝐽 is proposed to
quantitatively design materials with balanced luminescence and mobility in aggregated states, where a large 𝑂 would promise
high crystalline photoluminescence quantum yield (PLQY) with small J (excitonic coupling) and significant 𝑡ℎ and 𝑡𝑒 (hole
and electron transfer integrals) would indicate high mobility. Through theoretical calculation and experimental validation, it is
found that the asymmetric anthracene derivatives are quite effective in simultaneously achieving high mobility and high PLQY.
Following the asymmetric guideline, the newly developed compounds, 2-phenyl vinyl anthracene (2-PhVA) and 6-(2-(anthracene-
2-yl)vinyl)benzo[b]thiophene (6-BTVA) demonstrate high 𝑂 values alongside excellent performance: 2-PhVA exhibits a PLQY of
81.5% and a maximum hole mobility of 10.0 cm2 V−1 s−1, and 6-BTVA shows a PLQY of 30.9% with a maximum mobility of 9.3
cm2 V−1 s−1. The above results demonstrate the validation of the descriptor and the asymmetric strategy in further developing
high-mobility light-emitting aggregated materials.

1 Introduction

Semiconductor materials combined with high mobility and high
photoluminescence quantum yield (PLQY) in aggregated states
have attracted widespread research interest. These materials
not only provide the foundation for the integration of organic
field-effect transistors (OFETs) and organic light-emitting diodes
(OLEDs), but also establish the material basis for achieving

electrically pumped organic lasers [1–8]. Although coplanar
π-conjugated materials with dense packing are ideal for high-
performance OFETs [9], they often suffer from aggregation-
caused quenching (ACQ), which lowers their PLQY. Conversely,
the high-PLQY materials used in OLEDs typically exhibit poor
charge carrier mobility [10, 11]. After years of unremitting efforts,
a delicate balance has been achieved, and a series of high-mobility
light-emitting materials in aggregated states has been developed
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[12–20]. Among these materials, anthracene derivatives, espe-
cially 2,6-diaryl-substituted materials, have attracted intensive
research interest [21–32], which provides the molecular model
for theoretical study. In theoretical calculations, a three-state
exciton model has been proposed to explain the luminescence
behaviors in anthracene derivatives: [33, 34] when 𝑡ℎ ≈ 𝑡𝑒 = 𝑡 and|𝑡| > √

2|𝐽|, where 𝑡 is the transfer integral and 𝐽 is the excitonic
coupling. Materials with eclipsed packing are more conducive to
achieving high mobility and high PLQY simultaneously. Model
case studies have also been conducted under the perturbative
and resonance regimes [35, 36]. However, breaking the existing
bottleneck of designing such materials from the close combi-
nation of theoretical calculation and experimental validation is
still challenging. Furthermore, compared with the intensively
studied symmetrically substituted anthracene derivatives [22,
24, 26–30, 37], the asymmetric anthracene derivatives are less
studied [21, 23, 25, 38], yet very few examples of asymmetric
anthracene derivatives were found with efficient PLQY and
charge transport properties. For example, the asymmetric 2-
(2-naphthyl) anthracene (NaAnt) [23] showed mobility of 1.1
cm2 V−1 s−1 in thin-film OFETs and superior PLQY (Φ = 40.3%)
than its symmetric counterparts 2,6-di-(2-naphthyl) anthracene
(dNaAnt) [26] (Φ = 29.2%). Thus, the asymmetric substitution
might be a promising strategy for constructing high-mobility
emissive anthracene derivatives, which promotes our interest in
the systematic theoretical and experimental study of asymmetric
materials.

In this study, first, by comprehensively considering the relation-
ship between 𝑡𝑒(ℎ) and 𝐽, we proposed a molecular descriptor 𝑂
(𝑂 = (|𝑡ℎ + 𝑡𝑒| − |𝑡ℎ − 𝑡𝑒|)∕2𝐽), where larger 𝑂 indicates higher
crystalline PLQY. The validity of descriptor 𝑂 is confirmed by
taking the asymmetric 2-phenyl vinyl anthracene (2-PhVA) and
the symmetric 2,6-di-2-phenylvinyl anthracene (DPVAnt) as an
example. The asymmetric 2-PhVA predicted with smaller 𝐽 and
larger 𝑂 values was confirmed with a high PLQY of (81.5 ± 5.52)%
in experiments, while a PLQY of (8.0 ± 1.05)% was obtained
for symmetric DPVAnt with a smaller 𝑂 value. Under the
asymmetric substitution guideline, a series of benzothiophene
(BT)-substituted asymmetric anthracene derivatives has been
developed. Theoretically calculated weak 𝐽, small reorganiza-
tion energy (λ), and large 𝑡 indicate their potential in high-
mobility emissive semiconductors. Further experiment results
suggest that 6-(2-(anthracene-2-yl)vinyl)benzo[b]thiophene (6-
BTVA) with the larger 𝑂 value and eclipsed stacking exhibits
higher crystalline PLQY (30.9 ± 0.53)% and mobility (9.3
cm2 V−1 s−1) than materials with smaller 𝑂 value and staggered
stacking.

2 Results and Discussion

Under the three-state exciton model (Figure 1a), there are two
kinds of excitons in H-type aggregates: the Frenkel excitons (FE)
and the charge transfer exciton (CTE), and the CTE effectively
couples with bright FE (FES) to generate the transition dipole-
allowed lowest-lying excited state under the condition of 𝑡ℎ ≈
𝑡𝑒 = 𝑡 and |𝑡| > √

2|𝐽|, as seen in Figure 1a. More importantly,
materials with eclipsed stacking are more prone to show high
performance than those with staggered packing (Figure 1b) [34].

The coupling between the CTE and bright FE (FES) and dark FE
(FEAS) is 𝑡ℎ + 𝑡𝑒 and 𝑡ℎ − 𝑡𝑒, respectively. Here, we assume the
energy zero point is the excitation energy of the S1 state in the
monomer and the energy of the CTE is ECT, three-state model
Hamiltonian which in the basis of {|FEAS⟩; |FES⟩; |CTE⟩} reads:

𝐻̂ =
⎡⎢⎢⎣

−𝐽 0 𝑡ℎ − 𝑡𝑒
0 𝐽 𝑡ℎ + 𝑡𝑒

𝑡ℎ − 𝑡𝑒 𝑡ℎ + 𝑡𝑒 𝐸CT

⎤⎥⎥⎦ (1)

On the one hand, the CTE may play a role in the final lumines-
cence behavior only if the 𝑡ℎ and 𝑡𝑒 are larger than 𝐽. On the
other hand, 𝑡ℎ + 𝑡𝑒 must be larger enough than 𝑡ℎ − 𝑡𝑒 to induce
an electronic transition dipole (𝜇) allowed S1 state. Since dark FE
and CTE are both electronic transition dipole forbidden states,
the electronic transition dipole of the S1 state is only derived
from the bright FE. Hence, we put forward the descriptor 𝑂,
which is proportional to the coupling difference between the CTE
with bright FE and dark FE (|𝑡ℎ + 𝑡𝑒| − |𝑡ℎ − 𝑡𝑒|), and inversely
proportional with 𝐽:

𝑂 =
|𝑡ℎ + 𝑡𝑒| − |𝑡ℎ − 𝑡𝑒|

2𝐽
(2)

In this framework, 𝑂 reflects the competition between the
coupling of the CTE with the bright and dark FE states. The
CTE couples to the bright state through (𝑡ℎ + 𝑡𝑒) and to the dark
state through (𝑡ℎ − 𝑡𝑒). When 𝐽 < 0, the dark state lies below
the bright state, and efficient luminescence requires that the
coupling with the bright state (𝑡ℎ + 𝑡𝑒) becomes sufficiently large
to overcome both (𝑡ℎ − 𝑡𝑒) and 𝐽, allowing the bright state to
become the lowest-energy emissive state. In the eclipsed packing
mode, 𝑡𝑒 and 𝑡ℎ usually have the same sign, leading to a large
(𝑡ℎ + 𝑡𝑒) term that favors radiative recombination. In contrast, in
the staggered packing mode, 𝑡𝑒 and 𝑡ℎ often have opposite signs,
reducing (𝑡ℎ + 𝑡𝑒) and thus suppressing emission. Therefore, the
eclipsed packing mode is generally more favorable for achieving
both efficient charge transport and strong luminescence.

Here, we consider the value of 𝐽 and 𝑡ℎ + 𝑡𝑒 are 10 meV and
40 meV, respectively, to give an explicit parameter study of the
impact of the relationship between 𝑂 (0∼2) and luminescence
behavior, since direct diagonalization of all the symbols would
give tediously complicated results. Once the diagonalization
of Equation 1 is applied, we could get the contribution of
the bright FE in the lowest eigenstate, which could represent
the change of the oscillator strength from monomer to dimer
(𝑓dimer∕𝑓monomer). The relation between 𝑓dimer∕𝑓monomer and 𝑂,
along with the different ECT is plotted in Figure 1c. It can be
seen that𝑓dimer∕𝑓monomer is increasingwith the enhancement of𝑂,
and its maximum appears at 𝑂 = 2.0with 𝑡ℎ − 𝑡𝑒 = 0. Along with
the increase of ECT, 𝑓dimer∕𝑓monomer is generally enhanced with
more contribution of the lower energy bright FE. That is, large
𝑡ℎ and 𝑡𝑒 with the same sign and comparable value, and small 𝐽
would promise large 𝑂 and high PLQY. Under the dipole–dipole
approximation, 𝐽 can be calculated as:

𝐽 =
⃖⃗𝜇1 ⋅ ⃖⃗𝜇2 − 3

(
⃖⃗𝜇1 ⋅ 𝑒

)
( ⃖⃗𝜇2 ⋅ 𝑒

)
4𝜋𝜀𝑅3

(3)
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FIGURE 1 (a) Schematic three-state exciton model of CT-induced luminescence in H-type aggregates. The saturation of the red color denotes the
strength of the transition dipole moment, and the black color corresponds to transition-dipole forbidden dark states. (b) Different packing motifs in the
crystals, different colors present different molecular fragments and orientations. Eclipsed stacking occurs when adjacent molecules align in the same
orientation, while staggered stacking involves neighboring molecules adopting opposite orientations. (c) The relation between O and fdimer/fmonomer
along with different ECT (Unit: meV).

→
𝜇1 and

→
𝜇2 are the transition dipole moment of the twomonomers,

𝑅 is the distance between the centers of the dipoles, 𝑒 is
the unit vector in the direction of 𝑅, 𝜀 is the dielectric
constant. If two monomers are identical, 𝐽 ∝ 𝜇2. The longer
the conjugation length of a molecule, the larger the transi-
tion dipole moment will be. Combining Equations (2) and
(3), it is predicted that molecules with asymmetric aryl sub-
stitutions possess shorter π-conjugation length, which would
induce smaller 𝐽 and larger 𝑂 and potentially higher crystalline
PLQYs. In-depth validation of 𝑂 toward high PLQY among the
symmetric and asymmetric anthracene derivatives was carried
out.

The symmetrically and asymmetrically substituted anthracene
derivatives DPVAnt and 2-PhVA with high charge mobility
are chosen as examples [37, 38]. High-quality single crystals
of DPVAnt and 2-PhVA were prepared via the physical vapor
transport (PVT) method [39] (see details in Experimental Sec-
tion 4). Their photophysical properties, including absorption
and emission spectra, time-resolved fluorescence, and PLQY in
solution and crystalline phase, are recorded and summarized in
Figure 2, Table 1, and Table S1 [40]. As shown in Figure 2, the
absorption and emission spectra of both compounds exhibit well-
structured vibrational peaks, which indicate that they are very
rigid conjugated systems. Compared to the spectra in the solu-
tion, the absorption and emission spectra are red-shifted in the
crystalline phase for the two compounds (Figure 2a,b). It is found
that the PLQY of 2-PhVA is enhanced from 49.0% in solution to
(81.5 ± 5.52)% in crystal, behaving crystalline-enhanced emission
[41], in comparison, that ofDPVAnt is decreased from84% in solu-
tion to (8.0 ± 1.05)% in crystal, indicating crystalline-quenched
emission. Time-resolved photoluminescence spectroscopy was

conducted for monomer and crystalline samples, from which
lifetimes of 8.8 and 7.7 ns, 3.3 and 4.2 ns were extracted for
monomers and crystals of 2-PhVA and DPVAnt (Figure 2c),
respectively. Correspondingly, from monomers in solution to
aggregated crystals, the radiative decay rate becomes faster for
2-PhVA (from 5.57 × 107 to 1.06 × 108) but slower for DPVAnt
(from 2.55 × 108 to 1.90 × 107). On the contrary, the nonradiative
decay rate becomes slower for 2-PhVA but faster for DPVAnt.
Besides, ultrafast transient absorption (TA) spectroscopy was
recorded for their crystal samples, verifying the existence ofmixed
states between CT and FE (TA Measurement and Figure S1 in
Supporting Information) [42, 43], indicating the applicability of
the three-state exciton model in these molecular systems.

To reveal the mechanism of similar bathochromic behavior and
distinct PLQYs from solution to crystal for 2-PhVA and DPVAnt,
we theoretically examine the excited-state electronic structures
and properties in solution and crystal, as well as intermolecular 𝐽
and 𝑡, as shown in Table 1 and Figure 2d. As expected, the more
extensive conjugation in symmetric DPVAnt generates larger
transition dipole moments and smaller reorganization energies
compared to asymmetric 2-PhVA, which results in a higher PLQY
of DPVAnt than 2-PhVA in solution. In crystals, both compounds
adopt favored eclipsed packing motifs, and there are many
intermolecular interactions (Figure S2). The calculated largest 𝐽
between a central molecule and its surrounding molecules are
positive values (Figure 2d), which are 31.33 meV and 67.29 meV
for 2-PhVA and DPVAnt, respectively, suggesting the molecular
packing is mainly face-to-edge H-type aggregates. The enhanced
𝐽 of DPVAnt over 2-PhVA is deduced from the larger transition
dipole moment of DPVAnt than 2-PhVA in terms of dipole–
dipole interaction. The calculated values of 𝑡ℎ and 𝑡𝑒 are of the
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FIGURE 2 (a) Absorption spectra, (b) photoluminescent spectra, and (c) lifetime test of 2-PhVA and DPVAnt in dilute solution and single crystals.
The colored areas (blue for 2-PhVA and pink for DPVAnt) present the bathochromic shifts of the samples from dilute solution to single crystals. (d)
Excitonic coupling (J) and hole transfer integral (th) in the 2D herringbone lattice of 2-PhVA and DPVAnt. (e) Attachment–detachment densities and
excitation energies of the resulting diabatic states of 2-PhVA and DPVAnt. The percentages listed below the excitation energy are the contribution of the
corresponding diabatic state to the adiabatic S1 state.

same sign (Table 1), and the large 𝑡ℎ values (Figure 2d) for the
two compounds suggest the occurrence of an intermolecular
CT exciton in the two aggregates. To confirm this point, the
adiabatic states of the selected dimer are decomposed into the
diabatic states, as plotted in Figure 2e. The excited-state energy
levels of both compounds obey the three-state exciton model,
which not only explains the bathochromic behavior from solution
to crystal [33, 44], but also indicates the feasibility of using
𝑂 to evaluate their photoluminescent properties. Based on the
above 𝐽 and 𝑡, 𝑂 values of 1.78 and 0.36 are obtained for 2-

PhVA andDPVAnt, indicating 2-PhVA exhibits higher PLQY than
DPVAnt in crystals, which corresponds well with the experiment
results. Hence, it can be concluded that, in the eclipsed packing
motif, the asymmetric anthracene derivative could outperform its
symmetric counterparts in PLQY and strengthen the asymmetric
substitution strategy for high-mobility light-emitting anthracene
derivatives.

Based on the asymmetric substituent strategy, the BT substituent
is then introduced to anthracene, 6-(anthracen-2-yl)benzo[b]
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TABLE 1 Summary of theoretical and experimental details of anthracene derivatives.

Compounds 2-PhVA DPVAnt 6-BTA 6-BTVA 6-BTEA

𝑘𝑟(sol.) [s−1] 5.57 × 107 2.55 × 108 5.45 × 107 7.05 × 107 1.18 × 108

𝑘𝑛𝑟(sol.) [s−1] 5.80 × 107 4.85 × 107 1.27 × 108 3.47 × 107 7.80 × 107

PLQY (sol.)a 0.49 0.84 0.30 0.67 0.60
𝑘𝑟(cry.) [s−1] 1.06 × 108 1.90 × 107 3.44 × 107 3.96 × 107 3.93 × 107

𝑘𝑛𝑟(cry.) [s−1] 2.40 × 107 2.19 × 108 3.36 × 108 8.86 × 107 2.05 × 108

PLQY (cry.)a 81.5 ± 5.52% 8.0 ± 1.05% 9.3 ± 0.28% 30.9 ± 0.53% 16.1 ± 3.02%
𝜇 [Debye] 8.66 9.5 5.11 11.97 8.67
𝜆 [meV] 187.6 184.3 219.4 192.8 177.1
𝐽 [meV] 31.33 67.29 14.3 25.2 39.8
𝑡h [meV] 73.69 68.15 −13 62.4 −87.6
𝑡e [meV] 55.82 24.32 52.7 26.5 65.6
𝑂 1.78 0.36 −0.91 1.05 −2.2
Mobility [cm2 V−1 s−1]b 44.0 (10.0) 25.9 (4.3) 2.1 (1.8) 33.5 (9.3) 45.5 (6.5)

aExperimental results of PLQY in THF solution and crystal.
bThe mobilities in parentheses are the experimental values.

FIGURE 3 Molecular pairs demonstrating the staggered stacking of (a) 6-BTA and (c) 6-BTEA, and the eclipsed stacking of (b) 6-BTVA in
aggregated states. Red and blue represent carbon atoms, light gray represents hydrogen atoms, and orange represents the sulfur atoms. (d), (e), and (f)
are typical AFM images, and (g), (h), and (i) are the TEM and corresponding SAED patterns of 6-BTA, 6-BTVA, and 6-BTEA single crystals, respectively.

thiophene (6-BTA), 6-BTVA, and 6-(anthracen-2-ylethynyl)benzo
[b]thiophene (6-BTEA) are designed and synthesized (Figure 3,
Figure S3, and Supporting Information). High-quality single
crystals were grown by slow evaporation of chlorobenzene and

analyzed by X-ray diffraction (Table S2). As shown in Figure S4,
all three compounds exhibit herringbone packing motifs with
multiple short contacts, analogous to 2-PhVA and DPVAnt.
This structural similarity indicates their conformity with the
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three-state excitonmodel. Besides, differences also existed among
the three compounds. In Figure 3a–c, the herringbone-packed
pairs of molecules are demonstrated, and alternated molecular
orientations can be observed along the long and short axes for
6-BTA and 6-BTEA molecules, consistent with the staggered
stacking motif shown in Figure 1b. While the orientation of the
molecular pairs in 6-BTVA is identical (Figure 3b), which is the
eclipsed packing, and would favor balanced charge mobility and
luminescence as discussed above. Based on the single crystal
structure of the three compounds, the decomposition of the S1
state is performed, and the J, 𝑡ℎ, 𝑡𝑒, and 𝑂 are calculated and
shown in Table 1. As expected, the three compounds consist of
locally excited (LE) and CT states (Figure S5), consistent with
the three-state exciton model. Moreover, as inferred above, the
𝑡ℎ and 𝑡𝑒 are of the opposite sign with negative 𝑂 value in the
staggered stacking 6-BTA and 6-BTEA, which makes the |CT⟩
couple with the transition dipole-forbidden |FEAS⟩, leading to
the quenching of fluorescence; while 𝑡ℎ and 𝑡𝑒 are of the same
sign along with positive 𝑂 value in the eclipsed packing 6-BTVA,
which induces the |CT⟩ couples with the transition dipole-
allowed |FES⟩, resulting in better luminescence. Regarding
transport behavior, the hole mobility values of 2.1 cm2 V−1 s−1,
33.5 cm2 V−1 s−1, and 45.5 cm2 V−1 s−1 obtained by the home-built
MOMAP program [45–47] are determined for 6-BTA, 6-BTVA,
and 6-BTEA, respectively. Overall, three organic luminescent
semiconductors are designed, and 6-BTVA is predicted to possess
strong luminescence and high mobility.

To verify the prediction above, the photophysical and charge
transport properties of the three compounds are studied. The
comprehensive PL parameters are included in Table 1 and Figures
S6–S9. In dilute solution, 6-BTVA and 6-BTEA showed slight
bathochromic shifts in absorption and higher PLQY compared
with 6-BTA (Figure S6, Table 1, and Table S3), which is caused by
the enlargement of conjugation and rigidity via vinyl and ethynyl
groups. Compared to the solutions, the crystalline samples exhibit
a bathochromic shift in their absorption spectra (Figure S7), and
the PLQYs are decreased to different extents owing to the genera-
tion of FE andCTE. TAmeasurements for 6-BTA and 6-BTVA (see
Figure S8 and TAMeasurement in Supporting Information) con-
firm themixing of FE andCTE states, supporting the applicability
of the three-state model, which is consistent with the behavior of
2-PhVA and DPVAnt. Unfortunately, the TA spectra for 6-BTEA
exhibited a poor signal-to-noise ratio and could not be included in
this analysis. Among the three compounds, the eclipsed packing
6-BTVA shows the highest PLQY of (30.9 ± 0.53)% in the crystal
because of the largest calculated 𝑂 value. In comparison, PLQY
of (9.3± 0.28)% and (16.1± 3.02)% were obtained for 6-BTA and 6-
BTEA. These findings validate the computational prediction that
eclipsed stacking architectures exhibit enhanced performance
relative to their staggered counterparts.

To compare their charge transport properties, single-crystal
OFETswere fabricated on octadecyl trichlorosilane (OTS)-treated
Si/SiO2 (300 nm) substrates (Supporting Information). As the
optical microscopy images showed in Figure S10, the two-
dimensionalmolecular interactions yield hexagon- and rhombus-
like micro-crystals. Atomic force microscopy (AFM) measure-
ments (Figure 3d–f and Figure S11) reveal smooth morphology
and thickness in the range of ∼10 to hundreds of nanometers for
the crystals. Out-of-plane X-ray diffraction (Figure S12), in-plane

transmission electron microscopy (TEM) and corresponding
selected area electron diffraction (SAED) patterns are illustrated
in Figure 3g–i, and all the data can be well-indexed according to
the single crystal file, indicating the same packing motif of the
micro-crystals and large crystals.

According to the XRD and TEM results, all three compounds
growwith their longmolecular axis perpendicular to the substrate
(Figure 4a), with their herringbone packing motif perpendicular
to the surface normal, which is essential for high charge carrier
mobility. Transistors based on single crystals were fabricated by
mechanically transferring gold films onto the top of the single
crystals [48]. The typical transfer and output curves are shown in
Figure 4b–g and Figure S13. All the devices demonstrate typical
p-type charge transport behavior. The field-effect mobility (µFET)
was derived using the following relationship in the saturation
region:

𝜇𝐹𝐸𝑇 =
(

2𝐿
𝑊𝐶𝑖

)(
𝑑
√
𝐼𝐷𝑆

𝑑𝑉𝐺

)2

, (4)

where, Ci represents the areal capacitance, W and L are the
channel width and length, IDS is the drain current, and VG is
the gate voltage, respectively. To guarantee reliability, mobilities
were calculated based on the slope values extracted by fitting a
linear relation between (−IDS)1/2-VG in the range from 0/−2 V
to −60 V [49, 50]. The highest (average) saturated mobilities are
1.8 (0.87), 9.3 (4.76), 6.5 (3.78) cm2 V−1 s−1 for 6-BTA, 6-BTVA,
and 6-BTEA, respectively. The mobility distributions are illus-
trated in Figure 4h–j. The output curves reveal obvious contact
resistance, which could be attributed to the mismatch between
the work function of gold electrodes and the highest occupied
molecular orbital (HOMO) levels of organic semiconductors
(Figure S14). The contact resistance also induced a degradation
of saturated mobility at high VG and differences between the
linear (tested at VDS = −5 V, Figure S13) and saturated mobilities.
Besides, the contact resistance and possible interfacial/structural
defects would all contribute to the variation of the calculated
and experimental mobility results. Despite suboptimal OFET
performance, this study reveals that the high-mobility, vinyl-
bridged eclipsed packing in 6-BTVA, which possesses the largest
𝑂 value and exhibits the highest crystalline PLQY. This direct
correlation motivates further investigation into 𝑂 as a predictor
for luminescent properties.

To further verify the descriptor, we plot the PLQY in the crys-
talline phase versus O as shown in Figure 5a for the systems
in which 𝑡ℎ ∗ 𝑡𝑒 > 0, namely, 6-BTVA, 2-PhVA [38], DPVAnt [37]
in this context and NaAnt [23], dNaAnt [26], DP-BPEA [27],
2,6-DAN [29], (Figure S15) 2,6-DPSAnt [22]. It can be seen in
Figure 5a that the calculated 𝑂 and the experimental PLQY
value in the crystal show a good linear relationship with a linear
fitting coefficient R2 = 0.8879, verifying the validity of 𝑂 to
represent the luminescence efficiency in crystals. Furthermore,
the asymmetric systems exhibit enhanced luminescence and a
larger 𝑂 value compared to the corresponding symmetric ones.
This clearly demonstrates the effectiveness of the asymmetric
substituent strategy in anthracene derivatives for constructing
highly luminescent p-type semiconductors. The obtained 2-PhVA
in this work shows the highest PLQY in the crystal among
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FIGURE 4 (a) Schematic illustration of the device structure and the molecular orientations. (b), (c), and (d) are typical transfer curves tested at
VDS = −60 V, (e), (f), and (g) are typical output curves, and (h), (i), and (j) are the mobility distributions of 6-BTA, 6-BTVA, and 6-BTEA single crystal
OFETs, respectively. The number of devices used for the statistics is 60, 66, and 60, respectively.

anthracene derivativeswith excellent charge transport properties,
as illustrated in Figure 5b.

3 Conclusions

In summary, we introduced a descriptor 𝑂, based on a three-
state exciton model, to predict luminescence efficiency in high-

mobility H-aggregates. Asymmetric anthracene derivatives with
eclipsed stacking were found to yield higher 𝑂 values and
enhanced crystalline PLQYs. This was validated by comparing
symmetric DPVAnt (𝑂 = 0.36, PLQY = 8.0 ± 1.05%) with its
asymmetric analog 2-PhVA (𝑂 = 1.78, PLQY= 81.5±5.52%), where
reducedπ-conjugation in 2-PhVA lowered exciton coupling below
the transfer integral, favoring high luminescence. Further appli-
cation of this asymmetric strategy led to derivatives of eclipsed

Aggregate, 2025 7 of 11
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FIGURE 5 (a) The linear relationship between 𝑂 and PLQY (crystal) for the molecules shown in Figure S15. (b) Comparison of PLQY and single
crystal mobility of symmetric (blue) and asymmetric (red) materials, with dots denoting mobility and bars denoting PLQY.

stacking 6-BTVA, which achieved a high 𝑂 value (1.05), a hole
mobility of 9.3 cm2 V−1 s−1, and a crystalline PLQY of 30.9± 0.53%.
The descriptor’s general applicability was further confirmed by a
linear correlation between positive 𝑂 values and reported PLQYs
in known high-mobility emissive crystals.We conclude that the𝑂
descriptor, combined with an asymmetric design strategy, offers
a practical guide for designing and screening high-performance
organic crystals with balanced mobility and luminescence.

4 Experimental Section

4.1 Computational Details

Density functional theory (DFT) and time-dependent DFT (TD-
DFT) calculations were carried out to obtain the equilibrium
geometry and excitation energies at S0 and S1 states. B3LYP/def2-
SVP combinedwith the polarizable continuummodel (PCM)was
used to illustrate the photophysical properties of monomers in
THF in the Gaussian 16 program package [51]. The energy of the
intermolecular CT exciton ismuchmore sensitive to the choice of
functional than the energy of the FE. Thus, the use of optimally
turned range-separated functional is essential [52, 53]. Reliable
prediction of intermolecular CT excitations has been successfully
achieved by an optimally turned range-separated functional [54].
The value of 𝜔 was turned by minimizing the squared sum of the
difference of ionization potential (IP) and the energy of HOMO,
and the difference of electronic affinity (EA) and the energy of
LUMO:

𝐽(𝜔)
2 =

1∑
𝑖=0

[𝜀𝐻 (𝑁 + 𝑖) + 𝐼𝑃 (𝑁 + 𝑖)]
2

Three localized diabatic states have been obtained via the Boys
localizationmethod [55] using optimally tunedωB97X-D (ωB97X-
D*) with a 6-31G* basis set in the Q-Chem package [56]. The
calculations of transfer integrals and exciton couplings J were
carried out in the PySCF [57] package at the level of ωB97X-D*/6-
31G*. The parameters needed in calculating the hole transport
mobility are conducted at PW91PW91/6-31G(d) level.

The radiative decay rate constant 𝑘𝑟 can be acquired from an
integration over the emission spectrum: 𝑘𝑟(𝑇) = ∫ 𝜎em(𝜔, 𝑇)d𝜔,
where𝜎em(𝜔, 𝑇) is emission cross section fromFermiGoldenRule
(FGR):

𝜎em (𝜔, 𝑇) = 2𝜔3

3𝜋ℏ𝑐3
|𝜇fi|2 ∫ +∞

−∞
𝑒−𝑖(𝜔−𝜔if )𝑡𝜌em (𝑡, 𝑇) 𝑑𝑡

Here 𝜇fi is the electric transition dipole moment between
the initial and final electronic states, and 𝜌em(𝑡, 𝑇) =
Z−1
i 𝑇𝑟(e−𝑖𝜏f 𝐻̂f e−𝑖𝜏i𝐻̂i ) is the Franck–Condon factors at temperature
T with Zi is the vibrational partition function of the initial
electronic state and 𝐻i(f ) is the vibrational Hamiltonian for the
initial (final) electronic state [58–61].

The nonradiative rate constant between two electronic states
within the same spin manifold can be written based on the
first-order perturbation theory as:

𝑘nr =
1
ℏ2

∑
𝑘𝑙

𝑅𝑘𝑙 ∫
+∞

−∞
𝑑𝑡ei𝜔if 𝑡𝜌icf i,kl (𝑡, 𝑇)

where 𝑅𝑘𝑙 = ⟨Φf |𝑃̂f𝑘|Φi⟩⟨Φi|𝑃̂f 𝑙|Φf ⟩ is the nonadiabatic electronic
coupling matrix element between electronic statesΦ𝑓 andΦ𝑖 and
𝑃𝑙(𝑘) is the nuclear momentum operator for the l(k)-th vibrational
normal mode and 𝜌icf i,kl(𝑡, 𝑇) = Z−1

i 𝑇𝑟[𝑃̂f𝑘e
−𝑖𝜏f 𝐻̂f 𝑃̂f 𝑙e

−i𝜏i𝐻̂i ] [58–61].

Under the hopping regime, the charger transfer rate using the
quantum nuclear tunneling can be expressed as [60–63]:

𝑘 = 𝑉2

ℏ

∫
∞

−∞
𝑑𝑡 × 𝑒𝑥𝑝

{
𝑖𝜔𝑡 −

∑
𝑗

𝑆𝑗
[(
2𝑛𝑗 + 1

)
− 𝑛𝑗𝑒

−𝑖𝜔𝑗 𝑡 −
(
𝑛𝑗 + 1

)
𝑒𝑖𝜔𝑗𝑡

]}

where 𝜔𝑗 , 𝑆𝑗 , and 𝑛𝑗 = 1∕[𝑒𝑥𝑝(𝜔𝑗∕𝑘𝐵𝑇) − 1] are intramolecular
vibration frequency, the corresponding Huang–Rhys factor and
occupation number for the j-th vibrational mode, respectively.
The V and ω are the transfer integral between two interaction
molecules and their energy difference. The carrier mobility can
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be obtained via the Einstein relation:

𝜇 = 𝑒𝐷

(𝑘𝐵𝑇)

where D can be obtained by:

𝐷 = 1
2𝑛

𝑑
⟨
𝑙(𝑡)

2
⟩
∕𝑑𝑡

where n is the spatial dimension (n = 3 in a crystal), l(t) is the
distance of the carrier’s diffusion. The kineticMonteCarlo (KMC)
method is performed to simulate the stochastic process of charge
diffusion. The radiative rate constant, nonradiative rate constant,
and mobility calculations are performed by using our home-built
MOMAP software.

4.2 Preparation of Single Crystal Samples

High-quality single crystals of 6-BTA, 6-BTVA, 6-BTEA, 2-PhVA,
and DPVAnt were prepared via PVT method, in which 20 sccm
argon was used as carrier gas, and the heating temperatures
were set as 145◦C, 160◦C, 155◦C, 120◦C, and 200◦C, respectively;
hexagonal and rhombic crystals could be obtained at the down-
stream lower temperature zonewith growth temperature of about
50◦C–60◦C, where the quartz plate was placed.

4.3 PLQY Study

Photoluminescence spectra were recorded on a PerkinElmer
LS 55 spectrofluorometer. For solid-state samples, LabSphere,
FluoroMax-4, HORIBA JobinYvon, and the PLQY software pack-
age were used. The PLQY was measured using the integrating
sphere in combination with a commercial fluorimeter. PLQYs of
49.0%, 84.0%, 30.0%, 67.0%, and 60.0% were obtained for 2-PhVA,
DPVAnt, 6-BTA, 6-BTVA, and 6-BTEA in dilute THF solutions
(concentration of 10−6 M), respectively. Values of (81.5 ± 5.52)%,
(9.3 ± 0.28)%, (30.9 ± 0.53)%, (16.1 ± 3.02)%, and (8.0 ± 1.05)%
were obtained for single crystals (grown on a circular quartz plate
with a diameter of 1 cm), and the mean values with standard
deviation were obtained based on 5 samples for 2-PhVA, 6-BTA,
and 6-BTVA, and 6 samples for 6-BTEA andDPVAnt, respectively.

[CCDC 2202302, 2202306, 2202307 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.]
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