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ABSTRACT: Aggregation-induced emission (AIE) has become a key focus in
luminescent material development, with substituent modulation being a critical
strategy for expanding AIE systems. The S;/S, minimum energy conical
intersection (MECI) significantly influences molecular photophysical properties,
making it essential for understanding the AIE phenomenon. Here, we employ
anthracene derivatives, known for their chemical versatility and applications in
organic light-emitting diodes (OLEDs), to systematically investigate the effects of
substituents on the S;/S,-MECIL We select 22 anthracene derivatives with varied
electron-donating and electron-withdrawing substituents and explore their
impacts on the S;/S-MECI relative energy and molecular structure. Our
findings reveal that strong electron-donating or electron-withdrawing groups at
the C9-position effectively lower the S,/S;-MECI relative energy of the gaseous
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phase singly substituted anthracene derivatives, thus enhancing the AIE

phenomenon of such molecules. Additionally, doubly substituted derivatives on the same ring also slightly reduce the S,/S-
MECI relative energy of the isolated molecule. Based on these insights, we propose a novel AIE molecular design strategy focusing
on modulating S,/Sy-MECI through strategic substituent selection, leading to the identification of 24 AIEgens candidates among 81
anthracene derivatives. In summary, our study provides a systematic approach to designing AIE molecules by modulating the S,/S,-
MECI through a substituent effect. The validity of this strategy is confirmed using the 9-tBu-Ant molecule with quantitative
calculations.

1. INTRODUCTION

In 2001, Tang’s group discovered that polyphenyl-substituted
silole derivatives exhibit significantly enhanced emission in the
aggregated state, leading to the introduction of the
aggregation-induced emission (AIE) concept." The develop-
ment and application of AIE luminogens (AlEgens) with
excellent solid-phase luminescence performance have become
a research focus in chemistry and materials science.””” Over 24
years, AlEgens have found applications in various cutting-edge
technological fields, including solid-state organic light-emitting
devices (OLEDs),” " bioimaging,*~'® photodynamic ther-
apy,'®™"® metal ion detection,” ' and super-resolution
imaging.”” These applications are typically problem-focused,
involving the straightforward extension of classical AIEgens at
the molecular level to develop materials with specific
properties. Typically, the design of AIE materials is achieved
through the substitution of AIE core molecules with functional
groups, thereby yielding novel derivatives that exhibit AIE
properties.”” > Taking the modification of tetraphenyl-
ethylene (TPE) as an example, a typical strategy of developing

AIE materials involves substituting specific groups to introduce
electron-donating or electron-withdrawing moieties at the
substituent sites of the TPE phenyl ring. This approach
effectively modulates the absorption and emission energies of
the system while preserving the AIE characteristic, enabling the
tuning of the emission peak over the entire visible and near-
infrared regions.”” In 2014, Sun et al. reported that bridging
TPE with pyrrole via a phenyl ring yielded novel AIE
molecules with enhanced solid-phase luminescence and red-
shifted emission.”® The simple functional groups such as
aldehydes can be introduced at various sites (meta or para) on
the TPE phenyl rings to synthesize mechanochromic materials
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Scheme 1. Chemical Structures of Target Molecules
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with diverse properties.”® Similarly, nitro groups introduced for
mono-, di-, tri-, and tetra-substitution on the TPE phenyl rin§s
result in mechanochromic materials with distinct properties. 7
Furthermore, introducing methyl or methoxy groups at two
substitution sites on TPE results in the formation of E/Z
isomers, which are valuable for investigating the mechanisms of
AIE.*® The aforementioned TPE derivatives, similar to TPE
itself, predominantly exhibit AIE phenomena that adhere to
the restriction of intramolecular rotation (RIR) mechanism.”'
These examples highlight the significance of both core AIE
molecules and substituent modifications in the design and
development of the AlE-active compounds. However, the
number of experimentally reported AlEgens that can serve as
core scaffolds, such as TPE, remains limited.>*™>’ Satisfying
both strong chemical modifiability and a well-defined
luminescence mechanism simultaneously is highly challenging
and becomes a bottleneck in the expansion of AlEgens.

Quantitatively predicting the photophysical properties in
both the gas and solid phases is a necessity in the design of
novel AIE molecules. In our previous research, we proposed a
two-channel picture®® to quantitatively describe the non-
radiative decay process of the S, state, with channel I the
vibrational relaxation-induced nonradiative transition and
channel II the nonradiative decay through an S,/S; minimum
energy conical intersection (MECI). Our findings indicate that
the AIE phenomenon in these systems is primarily attributed
to the restriction of channel II. In fact, restricting access to
MECI is a classic mechanism for the explanation of the AIE
phenomenon.”” Our previous study also reveals that varying
substitution sites in anthracene derivatives could modulate the
relative energy of S;/S;-MECI, thereby affecting the photo-
physical properties of the system.40

In this work, we aim to explore novel strategies for the
design of AIE core molecules by elucidating the relationship
between substituents and S,;/S,-MECIL. We select anthracene
as the research carrier. As one of the earliest studied blue
fluorescent dyes, anthracene possesses multiple substitutable
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sites, similar to TPE, and exhibits strong chemical modifi-
ability. Herein, anthracene serves as the core scaffold, and 22
substituents with diverse electron donor—acceptor (EDA)
properties are selected for investigation. Our findings reveal
that strong electron-donating or electron-withdrawing groups
at the C9-position effectively lower the S;/S;-MECI relative
energy of the gaseous phase singly substituted anthracene
derivatives, thus enhancing the AIE phenomenon of such
molecules. Additionally, doubly substituted derivatives on the
same ring also slightly reduced the S,/S,-MECI relative energy
of the isolated molecule. Based on these insights, we propose a
novel AIE molecular design strategy focusing on modulating
S1/So-MECI through strategic substituent selection, leading to
the identification of 24 AlEgens candidates from 81 anthracene
derivatives. The validity of this strategy is confirmed using the
9-tBu-Ant molecule for quantitative calculations.

2. COMPUTATIONAL METHODOLOGY

Single substitutions are performed at three distinct substitut-
able positions on the anthracene ring (C9-, Cl-, and C2-),
resulting in 66 unique single-substituted anthracene deriva-
tives. For clarity, we label the monosubstituted anthracene
derivatives at the C9-, C1-, and C2-positions as 9-Sub-Ant, 1-
Sub-Ant, and 2-Sub-Ant, respectively. Similarly, disubstituted
anthracene derivatives are denoted as Di-Sub-Ant. The
chemical structures of the anthracene derivatives are depicted
in Scheme 1. Geometries for both the S, and S, states, along
with the S,/S;-MECI, were optimized using the spin-flip time-
dependent density functional theory (SE-TDDFT)*' with the
def2-SVP basis set. The SE-TDDFT approach has become the
technique of choice for accurately identifying the S;/S,-MECI
in medium to large-sized molecules, attributed to its efficient
computational demands and its capability to provide a
balanced and precise description of both the ground and
excited states.”” The @B97X-D functional*’ was employed for
all target molecules, with the @ parameter finely tuned for each

https://doi.org/10.1021/acs.jctc.5c00231
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Figure 1. S;/Sy-MECI structures of monosubstituted anthracene derivatives.

molecular system, as specified in Table SI1. All electronic
structure properties discussed herein were computed utlhzm%
the quantum chemistry package Q-chem version 5.3.*
Fluorescence spectra were simulated using the thermal
vibration correlation function (TVCF) method, as imple-
mented in the MOMAP program.”* Two independent
descriptors for o- and 7z-substituent effects, sSEDA and pEDA,
were formulated employing the Natural Population Analysis
(NPA) methodology.47’48 For anthracene derivatives, SEDA
and pEDA are defined as follows

14 14
— j _ j
SEDA = Z OR-Cy,H, Z OC,Hy,
j=1 j=1 (1)
14 14
— j j
PEDA = Z TR-CyHy — Z 14ty
j=1 j=1 (2)

where ¢} and 7/ denote sums of occupancies of all atomic
orbitals of the jth anthracene ring C atom contributing to the
valence s- and p-molecular orbitals (respectively) in the
molecule indexed by i. The NPA and vibrational frequency
analysis on the optimized geometries of anthracene derivatives
were performed using Gaussian 16 software, revision A.03."
Notably, all of the photophysical properties of anthracene
derivatives in this study were calculated under vacuum
conditions, with environmental effects excluded from the
analysis. It is worth noting that the solid phase calculations of
9-tBu-Ant are modeled by a combined quantum mechanical
and molecular mechanical (QM/MM)*° method via the Q-
Chem package, version 5.3, and the electrostatic embedding
scheme is applied in the QM/MM calculations.

In our previously proposed two-channel scheme, as shown in
Figure 7b, the total nonradiative decay rate k,, is calculated as
ky = kiVCE + INMECL where kLYCF and kYEC! represent the two
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nonradiative decay rates from different channels (channel I via
the vibrational relaxation pathway and channel II through a S,/
So-MECI).*® The transition state theory (TST)"* has been
introduced to quantitatively describe the influence of channel
II as

MECI
Je MECT —

kT [_
hor ®3)

where AG" is the Gibbs free energy of activation between the
S;-min structure and S,/S,-MECI along the reaction path. To
compute AG*, we choose the thermodynamic data at the
stationary structure (S;-min) and that at S,/Sy-MECL To
quantitatively explore the excited state deactivation process in
the AIE candidates, we calculate the radiative rates k, and
nonradiative rates k,, of the S; state. The radiative rate of the
S, state can be calculated as the integration of the light
emission spectrum via the TVCF method

AG?
RT

kIVEE = f ooa w)dw
r 0 em( ) (4)
where the emission spectrum function
40)3 —
(@) = 5 X B(TO[11510,,)P
8(Ey¢ + E;, — Eg, — ho) (5)

where ¢ is the velocity of light, P, (T) is the Boltzmann
distribution function for the initial vibronic manifold, puz— is
the electric transition dipole moment, Ej; represents the
adiabatic excitation energy, and E, (Ejg,) is the vibrational
energy in the initial (final) electronic state. The nonradiative
decay process in the harmonic region of the S, state contains
two paths, ie., internal conversion (IC) via vibrational

https://doi.org/10.1021/acs.jctc.5c00231
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Figure 2. (a) Definitions of the plane in 9-tBu-Ant molecule; (b) schematic diagram of the dihedral angles.

relaxation (channel I) to S, and intersystem crossing (ISC) to
T,. Here, we neglect the influence of ISC for all investigated
molecules due to the fact that no phosphorescence was
experimentally observed in the reported molecules. The rate
constant of the nonradiative decay process k.’ “* can therefore

be approximately considered as the IC rate constant as

T = ke = Ry [ 2T T (e, T))
©

where p;. y(t, T) is the IC thermal vibration correlation
function.
The fluorescence efliciency can be easily evaluated as

k

T

TS ™)

3. RESULTS AND DISCUSSION

3.1. Substituent Site and S;/S,-MECI. In this work, we
optimize the S;/S,-MECI structure to investigate its geometric
characteristics. The resulting S;/Sy-MECI structures of 67
monosubstituted anthracenes, including the unsubstituted
anthracene (-H), were calculated using the SF-TDDFT
method, are illustrated in 1. The most pronounced S;/Sy-
MECI structural deformation observed in the majority of
anthracene derivatives occurs at the C9-X position (where X
represents the substituent or hydrogen). This deformation is
characterized by significant out-of-plane distortion along the
C9-X single bond, deviating from the plane of the anthracene
ring. This unique conformational feature is reminiscent of the
shape of a paper crane. In addition, some unique S;/S,;-MECI
structures of monosubstituted anthracene derivatives are
discussed in Section 1 of the Supporting Information. In the
1-Sub-Ant systems, the S;/S;-MECI structures of 1-N(CHj),-
Ant and 1-MeSO,-Ant exhibit deformation at the C1-position
(substitution site), while 1-NH,-Ant and 1-OCH;-Ant show
deformation at the C4-position (opposite the substitution
site). In the 2-Sub-Ant systems, S;/Sy-MECI structures of 2-
CHO-Ant, 2-COCN-Ant and 2-NO,-Ant display deformation
at the C2-position (substitution site), whereas 2-CF3-Ant, 2-
N(CH;),-Ant and 2-NH,-Ant show deformation at the CI-
position (adjacent site). In the rest of the systems of 1-Sub-Ant
and 2-Sub-Ant, out-of-plane deformation of S,/S,-MECI
occurs at the C9- and Cl10-positions. The structural
deformation of the S,/S;-MECI in the 9-Sub-Ant series
molecules occurs at the C9-position, with pronounced out-of-
plane flipping characteristic of the substituent and the C9-Sub
bond. Additionally, the degree of out-of-plane twisting varies
significantly among different derivatives. We define three
dihedral angles, as depicted in Figure 2. The plane defined by
C14—C9-Cl11, representing the distortion within the
anthracene ring plane, is designated as plane @ (blue). The
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plane C14-X-C11, with X being the atom directly connected to
C9, is defined as plane f (purple). Plane y (yellow) is formed
by C11-C12—C13-C14, while plane § (green) is defined by
C12—C10—C13. The dihedral angles between these planes are
denoted as 6, (between a and y), 6, (between f§ and y), and 0,
(between & and y), with the corresponding data listed in Table
1. Based on the defined dihedral angles, the S;/S;-MECI

Table 1. Key Dihedral Angles at S;/S,-MECI Structures in
9-Sub-Ant

dihedral angle (°) 0, 0, (2
anthracene 72.99 5.24 10.62
9-BF,-Ant 49.66 32.05 10.54
9-Br-Ant 67.07 13.08 9.77
9-CF;-Ant 45.31 37.18 6.86
9-CH,CHj;-Ant 66.95 6.07 20.73
9-CH;-Ant 66.92 6.23 21.08
9-CHCH,—Ant 2291 -2.57 69.84
9-CHCHPyridyl-Ant 0.00 0.00 0.00
9-CHO-Ant 0.00 0.00 0.00
9-Cl-Ant 67.61 10.62 13.50
9-CN-Ant 42.03 41.13 3.40
9-COCH;-Ant 47.76 32.74 6.95
9-COCN-Ant 52.80 24.80 13.45
9-CONH,-Ant 44.96 36.91 5.82
9-COOH-Ant 47.04 33.94 7.31
9-N(CHj),-Ant 46.44 28.17 11.31
9-F-Ant 59.38 17.04 10.55
9-MeSO,-Ant 39.00 —13.80 65.52
9-NH,-Ant 48.70 27.28 7.20
9-NO,-Ant 45.84 33.05 9.19
9-OCH;-Ant 52.51 22.82 11.18
9-tBu-Ant 65.21 7.49 20.28
9-Cyclohexyl-Ant 65.82 7.27 20.02

structures of the 9-Sub-Ant derivatives can be classified into
three distinct types: (a) saturated alkyl substituents, charac-
terized by dihedral angles of 8, = 65°, 6, ~ 7°, and 0; = 20°
(increasing by 10° compared to the S;/S,-MECI structure of
unsubstituted anthracene); (b) —CHCH2, —MeSO, substitu-
ents, in which plane f is positioned between a and y, with 6; >
50° (significantly larger than the first type and the
unsubstituted anthracene) (note that the C9 and CI10
positions are interchanged); (c) other substituents (including
the unsubstituted anthracene), exhibiting 0, ~ 45°, 6, ~ 33°,
with the sum of 6, and 6, approaching 80°, and 6; < 10°. The
aforementioned three types of structures indicate that at the
conical intersection, the anthracene plane is significantly
disrupted by pronounced out-of-plane deformations in the
central ring. This distortion is inevitably influenced by
intermolecular interactions in the solid state, leading to higher
relative energies for the S;/S;-MECI structures. This forms the

https://doi.org/10.1021/acs.jctc.5c00231
J. Chem. Theory Comput. 2025, 21, 4992—-5002
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structural basis for designing AIE molecules through the
modulation of S,/S;-MECI by substituent effects. It is worth
mentioning that deformations at nonsubstitution sites are
typically driven by C—H bonds, which are less influenced by
environmental molecules compared to the overall movement
of the substituent group.

Subsequently, we quantitatively elucidate the impact of
substituent sites on S;/S;-MECI from an energy perspective.
We initially investigated the activation free energy (AG*) from
S, to the S;/S,-MECI (Figure 3, Table S2). We employ TST
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Figure 3. Substituent functional groups and AG* (MECI-FCS1) in
monosubstituted anthracene derivatives.

to quantify the nonradiative decay rate constant through the
conical intersection. In Figure 3, the x-axis is arranged in

ascending order of AG* values for the 9-Sub-Ant derivatives.
Additionally, according to the relationship between k""" and
AGE when AGF < 7.90 kcal/mol, KMECL > 999 x 10° 57,
which is sufficiently large to significantly influence the
photophysical properties of molecules and cannot be
neglected. The reference line AG* = 7.90 kcal/mol is shown
as a dashed line in Figure 3. The figure reveals that 13
derivatives in the 9-Sub-Ant series have AG* values below the
reference line of 7.90 kcal/mol, while only four systems in 1-
Sub-Ant and 2-Sub-Ant have AG* values below 7.90 kcal/mol,
namely 1-N(CHj;),-Ant, 1-COCN-Ant, 2-N(CH;),-Ant, and
2-CHCHPyridyl-Ant. Systems with lower S,/S,-MECI relative
energies often exhibit structural deformation at the substitution
site or adjacent positions. This observation also confirms that
S1/So-MECI deformations occurring at substitution sites or
adjacent positions effectively reduce the S;/S,-MECI relative
energy. Combining the S;/Sy-MECI structural analysis from
the previous section with the current findings, the nonradiative
decay pathways through the S,/S;-MECI are accessible in the
single-molecule state for derivatives with AG* values below
7.90 kcal/mol. In the solid state, large out-of-plane twisting
deformations at the C9-Sub or other substituent positions are
restricted, leading to an increase in the photoluminescence
quantum yield (PLQY) and hence the AIE phenomenon.
These observations suggest that 17 monosubstituted anthra-
cene molecules may exhibit AIE properties. Among these
derivatives, 9-tBu-Ant possesses the lowest AG* values. Single
substitutions at the C1- and C2-positions marginally alter the
S1/So-MECI structure and relative energy and merely benefit
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Figure 5. (a) sEDA vs pEDA; (b) sEDA and (c) pEDA vs AE(MECI-FCS1); (d) AE(MECI-FCS1) = 6.01 (+ 0.68) X pEDA + 0.43(+0.04), R* =
0.95 (Blue, pEDA < 0), AE(MECL-FCS1) = —17.10 (+ 2.25) X pEDA + 0.98 (+ 0.10), R* = 0.91 (red, pEDA > 0).

Table 2. Computational Rate Constants of k; *F and kLYF (Channel I) and k}F“! (Channel IT) and PLQY of AIE Candidates

molecule e (™) KIVEE (s71)
9-tBu-Ant 3.09 x 107 1.87 x 10"
9-tBu-Ant (Solid) 2.81 x 107 1.90 x 10%
9-N(CHj,),-Ant 1.87 x 10”7 1.82 x 10%
9-CHO-Ant 321 x 107 3.30 x 10%
9-COCN-Ant 3.16 x 107 1.28 x 10
9-OCH;-Ant 3.90 x 10”7 3.55 x 10%
9-NO,-Ant 432 x 107 1.22 x 10%
9-NH,-Ant 3.04 x 107 327 x 10%
9-CHCHPyridyl-Ant 4.06 x 10Y 3.03 x 10
9-COCH;-Ant 3.44 x 107 2.38 x 10%
9-Cyclohexyl-Ant 4.95 x 107 135 x 10"
9-COOH-Ant 4.18 x 10 3.02 x 10"
9-BF,-Ant 321 x 107 1.22 X 10%
9-CF;-Ant 3.04 x 10 1.90 x 10"
1-N(CH;),-Ant 3.92 x 107 8.81 x 10%
1-COCN-Ant 4.49 x 10”7 3.32 x 10%
2-N(CHj;),-Ant 2.15 x 10Y 1.75 x 10%
2-CHCHPyridyl-Ant 7.40 x 107 1.03 x 10%
9,10-N(CH,),-Ant 1.72 x 10 3.39 x 107
1,4-N(CHj,),-Ant 4.94 x 10% 2.38 x 10
2,9-N(CH;),-Ant 2.14 x 10Y 2.17 X 10"
1,9-N(CHj;),-Ant NA NA
2,10-N(CHj,),-Ant 2.39 x 10 1.45 x 10"
2,3-N(CH;),-Ant 1.88 x 10”7 7.14 x 10%
2,7-N(CH;),-Ant 5.02 X 10% 7.62 X 10%

AG# (keal/mol) Pl (™) PLQY
—7.00 8.41 x 10" 0.00
36.31 147 x 1071 0.13
—6.43 320 x 10" 0.00
—4.82 2.13 X 10% 0.00
-1.20 4,69 x 108 0.00
-1.02 3.49 x 10" 0.00
—-0.36 1.15 x 108 0.00

2.61 7.56 X 10" 0.00
2.75 5.99 x 10%° 0.00
2.83 521 x 10" 0.00
4.97 1.42 x 10% 0.00
5.32 7.73 X 10% 0.00
5.65 4.47 x 10" 0.02
7.48 2.05 x 10Y7 0.02
4.79 1.94 x 10% 0.02
4.45 3.38 x 10% 0.01
4.78 1.93 x 10% 0.01
331 2.33 x 10%° 0.00
-11.23 1.07 x 10* 0.00
-7.71 2.80 X 108 0.00
—4.41 1.06 x 10'¢ 0.00
—4.33 9.23 X 10*° NA
-2.86 7.73 X 10% 0.00
222 1.46 x 10" 0.00
7.43 2.20 X 10Y7 0.02

the AIE effect. Therefore, monosubstitution at the C9-position
has a higher probability of yielding AIE molecules.

We further simulate the absorption and fluorescence spectra
of monosubstituted anthracene derivatives. For comparative
purposes, the simulated fluorescence emission spectra peak
values are plotted into CIE (Commission Internationale de
I'Eclairage) chromaticity coordinates in Figure 4. Results
indicate that 1-Sub-Ant systems primarily exhibit deep blue
emission, with minimal impact from changes in the substituent
functional group on fluorescence emission color. Following the
1-Sub-Ant systems, the 2-Sub-Ant systems exhibit slightly
more pronounced color modulation. In contrast, the 9-Sub-Ant
systems demonstrate the most significant color modulation.
Overall, in terms of both fluorescence color modulation and
S1/So-MECI structural and relative energy modulation, single
substitutions at the C9-position exhibit higher sensitivity
compared to those at the CI- and C2-positions. This
heightened sensitivity results in a higher success rate for
screening AIE molecules within the 9-Sub-Ant series.
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Conversely, when the goal is to introduce functional groups
without significantly impacting single-molecule emission
performance, such as color and fluorescence efficiency relative
to anthracene, substitutions at the C1- and C2-positions are
preferred.

3.2. Substituent Functional Groups vs S;/S,-MECI. We
now explore the effect of various substituent functional groups
(with electron-donating or electron-withdrawing character) on
the S;/S,-MECI relative energy of 9-Sub-Ant.

We employ the SEDA/pEDA descriptors to evaluate the o
and 7 electron-donating and electron-withdrawing abilities of
the substituents, with the data presented in Table S3. The
correlation between SEDA/pEDA descriptors and the relative
energy AE(MECI-FCS1) for the 9-Sub-Ant series is illustrated
in Figure S. The sEDA/pEDA correlation plot in Figure Sa
highlights the diversity of substituents selected in this study.
The selection of these substituents is made based on ref 47,
and such selection guarantees distinguishable sEDA/pEDA
values for systems with different substituents. Among these
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substituents, —BF, and —MeSO, function as o-donors,
whereas the remaining substituents act as c-acceptors. Figure
Sb demonstrates that sEDA exhibits no significant linear
correlation with AE(MECI-FCS1), indicating that the o
electron-donating or electron-withdrawing abilities of the
substituents have minimal influence on AE(MECI-FCS1).
Contrarily, pEDA exhibits a noticeable linear trend, where a
larger absolute pEDA value corresponds to a smaller
AE(MECI-FCS1). This suggests that stronger z-electron-
donating or electron-withdrawing abilities lead to lower S,/S,-
MECI relative energies. We further analyze the relationship
between substituent functional groups and AE(MECI-FCS1)
with selected 7-accepting and 7-donating groups (details in
Figure S2), as shown in Figure Sc. For 7-donors (pEDA > 0),
the linear regression equation is AE(MECI-FCS1) =
—17.10(£2.25) X pEDA + 0.98(+0.10), with a coefficient of
determination (R*) of 0.91, indicating a strong linear
relationship. For 7-acceptors (pEDA < 0), the linear regression
equation is AE(MECI-FCS1) = 6.01(+0.68) X pEDA +
0.43(+0.04), with R* = 0.95. Comparison of the slopes of the
fitted curves reveals that z-donors exert a more pronounced
influence on modulating AE(MECI-FCS1) than 7-acceptors,
which indicates that single substitution at the C9-position with
electron-donating groups results in lower S,/S;-MECI relative
energies in anthracene derivatives. This modulation is crucial
for designing AIE molecules as it directly influences the
photophysical properties, including PLQY and emission
behavior. Based on these findings, the influence of substituent
functional groups on the photophysical microprocesses of the
9-Sub-Ant system is systematically investigated, providing a
quantitative assessment of the S, state decay rate constants for
each process. These data are presented in Table 2 and Table
S4. As shown in Table 2, the K)\E!values for these systems are
significantly larger than the k5'“F, which directly results in the
PLQY of these systems approaching zero in the single-
molecule state. In the solid state, the deformation of the S;/S,-
MECI is influenced by intermolecular interactions, which
elevate the S;/S;-MECI relative energy and restrict its
accessibility. This limitation reduces nonradiative decay
through channel II, thereby increasing the PLQY and
enhancing the solid-state emission.

Furthermore, we investigate the impact of substituent
functional groups on the fluorescence emission color of the
9-Sub-Ant derivatives. The vertical excitation energies and
simulated corresponding absorption and emission spectra are
shown in Table 3 and Figure S1. Table 3 also presents the
reorganization energies based on the S, potential energy
surface. Compared with unsubstituted anthracene, all 9-Sub-
Ant derivatives display red-shifted absorption energies. The
most significant red shift is observed in 9-COCN-Ant, with an
absorption peak at 392 nm, representing a 53 nm red shift
relative to that of anthracene. Substantial red shifts are also
noted for the —CHCHPyridyl, —CHO, —NH,, and —tBu
groups, with absorption peaks ranging from 370 to 390 nm. In
contrast, the absorption peaks of other derivatives are clustered
around 355 nm, corresponding to only a 16 nm red shift from
anthracene. This suggests that the absorption energies of most
9-Sub-Ant derivatives remain largely unchanged with varying
substituents. Regarding vertical emission energies, 9-
CHCHPyridyl-Ant exhibits the largest red shift, with an
emission peak at 499 nm, a shift of 102 nm from that of
anthracene. As for emission, substituents that cause notable red
shifts include —CHO, —COCH,;, —COCN, —N(CHj,),,
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Table 3. Computational Vertical Excitation Energies at S,
and S, Optimized Geometries and the Reorganization
Energies of 9-Sub-Ant

reorganization energy (cm™")

harmonic
absorption  emission oscillator four-point
molecule (nm) (nm) approximation method

Anthracene 339 397 2239.98 2184.79
9-BF,-Ant 353 415 2277.31 2163.99
9-Br-Ant 354 416 2135.03 2131.99
9-CF;-Ant 347 415 2630.36 2426.69
9-CH,CHj;-Ant 352 410 2165.82 2165.47
9-CH;-Ant 350 409 2170.68 2147.24
9-CHCH,—Ant 35S 429 2382.45 2415.67
9- 370 499 5582.24 3995.34

CHCHPyridyl-

Ant
9-CHO-Ant 373 442 2228.45 2234.91
9-Cl-Ant 352 411 2160.91 2137.01
9-CN-Ant 361 419 2015.03 2005.8
9-COCHj;-Ant 347 437 5089.88 3210.07
9-COCN-Ant 392 459 1993.91 1933.99
9-CONH,-Ant 349 414 2515.99 2479.22
9-COOH-Ant 352 424 2820.52 2585.27
9-N(CH,),-Ant 351 448 5130.87 2175.52
9-F-Ant 353 416 1753.16 2212.67
9-MeSO,-Ant 359 426 2444.08 2464.93
9-NH,-Ant 379 451 227291 2200.25
9-NO,-Ant 361 425 2075.00 2073.54
9-OCHj;-Ant 349 412 2258.38 2206.91
9-tBu-Ant 367 454 3008.88 3032.54
9-Cyclohexyl- 355 416 2382.47 2431.16

Ant

—NH,, and —tBu, with emission peaks ranging from 440 to
459 nm. These substituents closely correspond to those that
exhibit significant red shifts in absorption relative to that of
anthracene. The emission peaks of the other 9-Sub-Ant
derivatives are primarily around 415 nm, which is a 17 nm
red shift from anthracene. This alignment with the absorption
peak red shifts, indicating that the Stokes shifts are similar to
those of anthracene, at approximately 60 nm. The discussion
suggests that the reorganization energy for most 9-Sub-Ant
derivatives should align closely with those of anthracene. To
confirm this, we compute the reorganization energies using
both the harmonic oscillator approximation and the four-point
method. It can be seen in Table 3 that for most cases, the
results from these two methods are consistent, although the
harmonic oscillator approximation results are slightly over-
estimated for some flexible systems. Overall, the reorganization
energies of most 9-Sub-Ant derivatives are comparable to that
of anthracene, with values of around 2300 cm™ (as shown in
Table 3). Notably, higher reorganization energies are observed
for 9-CHCHPyridyl-Ant, 9-COCH;-Ant, 9-N(CHj),-Ant, and
9-tBu-Ant, all exceeding 3000 cm™!. These values align with
the systems previously identified for significant red shifts in
both absorption and emission energies relative to those of
anthracene.

3.3. From Monosubstitution to Disubstitution. To
systematically elucidate the differences in emission perform-
ance between singly and doubly substituted anthracene
derivatives, we employed the —N(CH,), group for double
substitution and explored all 15 possible double substitution
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configurations on the anthracene ring (chemical structures are
shown in Scheme 1).

We first examine the fluorescence color distribution of the
Di-Sub-Ant systems. Unlike their singly substituted counter-
parts, which typically exhibit blue fluorescence, the doubly
substituted derivatives display a significantly broader fluo-
rescence color range (Figure 4d), including not only deep blue
but also green and orange regions. The vertical excitation
energies and reorganization energies are summarized in Table
S4. In general, doubly substituted anthracene derivatives
exhibit a slight red shift in absorption and emission energies
compared to singly substituted derivatives. The red shifts are
caused by the conformational changes of the additional
—N(CHj;), group, which is consistent with the increasing
trend in reorganization energies. This finding is also in
agreement with the experimental observations.>”

We then optimized the S;/Sy-MECI structures of the doubly
substituted anthracene derivatives (Figure 6a). Among the 15
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Figure 6. Optimized S,/S)-MECI relative energies and structures of
Di-Sub-Ant.

derivatives, 1,4-N(CH;),-Ant, 2,3-N(CH,),-Ant, 2,7-N-
(CH,),-Ant and 1,8-N(CH,),-Ant exhibited S,/S,-MECI
structural deformation at the Cl-position, 1,2-N(CHj;),-Ant
deformation occurred at the C3-position, and the remaining 10
molecules at the C9- or C10-position. Additionally, six Di-Sub-
Ant systems exist with significant out-of-plane twisting at the
substitution sites in the S,/S,-MECI geometry. As shown in
Figure 6b, double substitution on equivalent carbons within
the same ring of anthracene results in lower S;/S,-MECI
relative energy compared to single substitution; they exhibit
consistent deformation characteristics as well (Figure 6). For
example, 9,10-N(CH;),-Ant exhibit lower relative energy
(AE(MECI-FCS1)) than 9-N(CHj;),-Ant, and same trend is
observed for 1,4-N(CHj;),-Ant and 1-N(CHj),-Ant, as well as
for 2,3-N(CH;),-Ant and 2-N(CHj;),-Ant. We further
quantitatively investigated the photophysical properties of the
doubly substituted anthracene derivatives. As listed in Table 2,
seven Di-Sub-Ant exhibit AG* values below 7.90 kcal/mol,
indicating non-negligible nonradiative decay via the S,/Sy-
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MECI in approximately half of the doubly substituted
anthracene derivatives and thus can be identified as potential
AIE candidates.

3.4. Validation of the Design Strategy for AlEgens.
The filtered-out candidate AIE molecules are listed in Figure
7a. These candidates exhibit low S,/S;-MECI (Cartesian
coordinates are listed in the Supporting Information) in the
gaseous phase, making them energetically more inclined to
quench emission or result in weak emission via the S,/S,-
MECI pathway. Structurally, the S,/S,-MECI deformation in
these systems is predominantly localized at the substitution
sites. In the solid state, intermolecular interactions significantly
influence the out-of-plane structural deformations, thereby
inevitably increasing the relative energy of the S;/S,-MECL
This energetic shift restricts nonradiative decay via the S;/S,-
MECI (channel II), thereby enhancing PLQY. Notably, 9-
CHO-Ant,** 9-CHCHPyridyl-Ant,>* and 9,10-N(CH;),-Ant™®
have been previously reported as AIE systems. These findings
validate the efficacy of our strategy in identifying AIE-active
molecules by modulating the structures and relative energies of
the S;/S;-MECI through a substituent effect.

Herein, we select 9-tBu-Ant as an example, which has not
been reported as an AIE molecule, to further validate our
protocol. We quantitatively calculate its solid-state photo-
physical processes. The crystal structure of this molecule (ID
1126440) was obtained from the Cambridge Crystallographic
Data Centre (CCDC) and used as the basis for constructing a
3 X 3 X 3 supercell for solid-state computations. The
optimized structures of S,/Sy-MECI in the solid state are
depicted in Figure 7c, with the corresponding relative energies
and rate constants summarized in Table 2. In the solid state,
the S;/Sy-MECI structure of 9-tBu-Ant closely resembles that
of the single-molecule state, with significant out-of-plane
torsion of the C9-substituent bond characterized by dihedral
angles of 0, = 64.82° 0, = 7.68° and 6; = 21.15°. These
dihedral angles remain nearly unchanged in the solid state
compared with the single-molecule state. The vertical
excitation energies for the Sy-min and S;-min structures are
366 and 458 nm, respectively, exhibiting minimal deviation
from those in the single-molecule state. The AG* value is 36.31
kcal/mol, significantly higher than the monomeric value of
(~—7.00 kcal/mol) and also much higher than the reference
value of 7.90 kcal/mol. This elevated AG* value results in a
near-zero nonradiative decay rate via the S,/S,-MECI pathway.
The reorganization energy of 2881.53 cm™ is lower than that
in the single-molecule state. The decay rate constant k; ' <F and
nonradiative decay rate constant k' * in the solid phase are
2.81 X 107 and 1.90 X 10® s7! respectively. With the
corresponding PLQY estimated to be 12.9%, much higher than
the near-zero PLQY in the single-molecule state. Although the
kiVF in the solid state is also reduced, its magnitude is far less
than that of KMECT, Therefore, the enhancement of PLQY in 9-
tBu-Ant is primarily governed by the reduced nonradiative
decay rate via channel II. This example demonstrates the
validity of our proposed design strategy for AIE molecules by
modulating the S;/S;-MECI structures and relative energies
through the substituent effect.

4. CONCLUSIONS

By employing anthracene derivatives as carriers, this study has
systematically investigated the regulatory patterns of sub-
stituent functional groups, positions, and quantities on the
relative energy and structural deformation of the S;/S;-MECIL
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Figure 7. (a) Chemical structures of AIE candidates and the schematic graph of the two nonradiative decay channels for 9-tBu-Ant (b) in the gas

phase; (c) in the solid phase.

By modulating the properties of the MECI through these
changes, we effectively regulated the photophysical properties.
Through quantitative calculations, we have identified a series
of single molecules exhibiting low S;/Sy-MECI energies and
significant MECI structural deformation. Furthermore, 24
AlEgens have been identified as candidates from a pool of 81
anthracene derivatives.

In the monosubstituted molecules, most S;/S,-MECI
structural deformation predominantly occurs in the central
ring, resembling a paper crane with significant out-of-plane
twisting at the C9-X position. This large out-of-plane twisting
is restricted in the solid phase, thereby increasing the MECI
relative energy, limiting nonradiative decay via channel II, and
enhancing PLQY. As for the energy perspective, only four
systems exhibit AG* values below 7.90 kcal/mol in 1-Sub-Ant
and 2-Sub-Ant, while 13 molecules exhibit in 9-Sub-Ant. This
suggests that substitution at the C9-position of anthracene is
favorable for the design of AIEgens, while those at C1- and C2-
positions are not beneficial to the AIE effect. In 9-Sub-Ant
systems, substituents with stronger n-electron-donating or
electron-withdrawing capabilities generally result in lower S,/
So-MECI relative energies, with electron-donating groups
exhibiting a more pronounced modulation effect, leading to a
potentially more remarkable AIE effect. Double substitution
may further regulate the S,/S;-MECI relative energy compared
to single substitution, which may further enhance the AIE
effect. Additionally, double substitutions can significantly
modulate emission color. We performed solid-state quantita-
tive calculations on 9-tBu-Ant, which has not been reported as
an AIE molecule before, confirming its AIE nature and
validating our design strategy. In summary, we provide a
systematic approach to designing AIE molecules by modulat-
ing the S,/Sy-MECI through the substituent effect.
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