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Organic room temperature phosphorescence (RTP) molecules have attracted significant attention recently due to
their promising application in security, bioimaging, sensing and organic light emitting diodes (OLEDs). Never-
theless, limited RTP molecules were reported until now and most of RTP phenomena were observed in crystal.
Moreover, the underlying mechanisms of RTP still remain ambiguous. In this paper, excited-state properties of
CZs-CN with RTP features in three crystals are theoretically studied using the combined quantum mechanics and
molecular mechanics (QM/MM) method. Moreover, the photophysical properties of CZs-CN in solvent are also
investigated by polarizable continuum model (PCM). The mechanism of aggregation induced RTP is revealed
which is mainly contributed by the enhanced phosphorescence rates in aggregation, rather than the traditional
restricted intramolecular motion mechanisms which usually bring decreased non-radiative decay rates. In
addition, different crystal structures could induce different phosphorescence properties, and the emission spectra
of the molecule in three crystals and THF are explained reasonable. Furthermore, dimers are confirmed to be
involved in the emission when the intermolecular interaction is strong enough in aggregation. Our theoretical
results provide inner perspective for aggregation induced RTP mechanism and could help one to better under-

stand the different light-emitting properties in aggregation and solvent.

1. Introduction

Organic light-emitting diodes (OLEDs) possess many attractive fea-
tures for lighting and display. They emit spontaneous light and can be
light weight, ultra-thin, and flexible. In OLEDs, 75% of excitons gener-
ated are triplets and the singlet excitons only account for 25% in elec-
troluminescence. This means that the process of highest internal
quantum efficiency by traditional fluorescence emission is limited to
25% in OLEDs [1-6]. In order to take advantage of all excitons, phos-
phorescence materials are developed. In the conventional view, a
phosphorescent emitter possesses large spin-orbit coupling (SOC) when
heavy metals are added. However, the addition of heavy metals in the
organic matrix increases the costs and causes severe environmental
pollution. In addition, phosphorescence often needs to be observed at
low temperature (77 K), because non-radiative process can be sup-
pressed at low temperature. That way, triplet excitons return to the
ground state (Sp) through the radiative channel. Furthermore, organic
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room temperature phosphorescence (RTP) materials broke the require-
ment of a cold environment for traditional phosphorescence and the
need for heavy metals, so that 100% excitons can be used [7-12]. RTP
materials show promising applications for the next-generation OLEDs
and many efforts have been devoted to this area. Tang et al. realized 3D
printing with a single RTP molecule producing white emission [13].
Tian et al. developed a pure organic polymer for an efficient
heavy-atom-free RTP emission with a lifetime of 537 ms and a quantum
yield of 15.39% [14]. Huang et al. achieved ultra-long organic phos-
phorescence (UOP) by manipulating intermolecular interactions caused
by H-aggregation that stabilize the excited triplet state with a high
phosphorescence efficiency of 8.3% and a considerably long lifetime of
0.84 s [15]. Ma, Peng and Shuai proposed theoretical descriptors of y
and p for designing high efficiency and long-lived RTP molecules, the
concomitant relationships between the descriptors and phosphorescence
efficiency and lifetime are illustrated [16-18].

Despite the explosive growth in this research field, a crucial reason
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for inefficient RTP is the deactivation of triplet states caused by mo-
lecular vibration and rotation relaxation. Thus, many methods have
been applied to boost the efficiency and lifetime, such as the host-guest
doping, crystallization, molecular self-assembly, metal-organic frame-
works (MOF) and so on [19-24]. Furthermore, in 2001, Tang et al.
discovered the phenomenon of aggregation induced emission (AIE),
which not only enables the luminous molecules to glow in the aggre-
gation state but also greatly enhances the luminous efficiency [25,26].
Thus, the AIE material becomes an ideal candidate for the preparation of
non-doped OLEDs and the first RTP materials derived from the exact AIE
was reported by Tang and coworkers [27]. The use of AIE materials
improves the device efficiency and stability, and shows different lumi-
nescence characteristics from different stacking modes, virtually making
a shining bridge between the macro and the micro world. Moreover, the
combination with the high exciton utilization of RTP will definitely lead
to a new peak of luminescent materials in the future [28-31]. However,
the mechanism of AIE in RTP emitter is still unclear. One particular
ongoing interest is the enhanced emission of dyes in viscous and
solid-state environments.

Recently, Li et al. synthesized a new RTP molecule named CzS-CN
(Fig. 1) with AIE properties [32]. They integrated a phenothiazine and
benzo nitrile moiety to yield a new RTP luminogen. Three crystalline
polymorphs were cultured through simple slow solvent evaporation
from different initial solutions. The Crystal A, Crystal B and Crystal C
show different RTP lifetimes of 266 ms, 41 ms, and 32 ms, accompanied
by different photoluminescence (PL) quantum yields of 22.6%, 17.8%
and 6.9%, respectively. All these properties are related to molecular
packing effect. Therefore, a theoretical investigation to reveal the in-
fluence of intermolecular packing on the properties of RTP and AIE is
desired.

In this work, we perform detailed studies on the latest reported RTP
molecule CzS-CN, based on first-principles calculations. Photophysical
properties of CzS-CN in tetrahydrofuran (THF) are theoretically inves-
tigated by using the polarizable continuum model (PCM) [33]. In order
to take the environment of the molecule in the solid phase into
consideration, the combined quantum mechanics and molecular
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mechanics (QM/MM) method is adopted [34-38]. Moreover, the inde-
pendent gradient model (IGM) method is used to visualize the inter-
molecular interactions and the intensity of interaction is compared by
energy decomposition analysis. Furthermore, the non-radiative rate as
well as the intersystem crossing (ISC) and reverse intersystem crossing
(RISC) rates are calculated by the thermal vibration correlation function
(TVCF) and the Marcus equation, respectively. Finally, the dynamics of
the excited state are investigated and the RTP as well as AIE mechanisms
are illustrated, experimental measurements are reasonably explained.

2. Methodology

Geometric structures of CzS-CN (Fig. 1(a)) in ground state (Sp) and
excited states are optimized using the density functional theory (DFT)
method and the time-dependent density functional theory (TD-DFT)
respectively. Since the CzS-CN molecule is composed of donor and
acceptor groups, its excited-state properties are dependent on the
functionals adopted. Here, functionals with different Hartree-Fock
components are tested. The fluorescent emission wavelengths of CzS-
CN with different crystal structures (A, B, C) are calculated and
compared with experimental values (as shown in Table 1). It can be
found that the fluorescent emission wavelengths of CzS-CN calculated
with B3LYP functional are 346 nm, 414 nm and 375 nm respectively for
crystal A, B and C, and they are in better agreement with experimental

Table 1
Emission wavelengths calculated by adopting different functionals for studied
molecule in solid phase.

HF (%) Crystal A(nm) Crystal B(nm) Crystal C(nm)
B3LYP 20 346 414 375
PBEO 25 333 380 349
BMK 42 308 300 311
WB97XD - 296 314 296
Exp* — 410 430 380

Exp* is experimental data.

(©)

Fig. 1. (a) Chemical structure of CzS-CN. Interesting bond lengths, bond angles, and dihedral angles are marked. The stable geometries in THF of CzS-CN-ax (b) and
CzS-CN-eq (c).ONIOM model for Crystal A (d), Crystal B (e) and Crystal C (f), respectively.
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values (410 nm, 430 nm and 380 nm) quantitatively than with other
functionals. It indicates that the B3LYP functional is suitable for the
describing the excited properties of CzS-CN. As for the calculation of
CzS-CN in crystal A, B and C, the combined quantum mechanics and
molecular mechanics (QM/MM) method with two-layer ONIOM
approach is used. The two layers ONIOM model is constructed from the
crystal structure and is shown in Fig. 1(d)-(f) [39]. The initial structure
is built based on the crystal structure detected experimentally [32]. The
central single molecule is regarded as the high layer and calculated by
the QM method. The surrounding molecules are treated as the MM part,
which is defined as the low layer. The universal force field (UFF) is
adopted for the MM part and the electronic embedding is selected in our
QM/MM calculations. In addition, molecules of the MM part are frozen
during the geometry optimizations for Sy, the first singlet excited state
(S1) and the first triplet excited state (T;). The B3LYP/6-31G (*) level is
used in all the QM calculations. All these calculations above are per-
formed with the Gaussian 16 package [40].

Furthermore, based on the obtained electronic structure and vibra-
tion information, the normal mode analysis is performed with the
DUSHIN program [41], and the Huang-Rhys (HR) factor and the reor-
ganization energy contributed from vibration modes are analyzed. The
spin-orbit coupling (SOC) is calculated with the Dalton2013 package
[42]. The fluorescent radiative rate is calculated using the Einstein
spontaneous emission formula

2
o fAEﬁ

k= 1
1.499cm=2-s M

Where f is the oscillator strength of S;. AEj; is the energy gap between S;
and Sy in unit of wavenumber (cm’l ). As for phosphorescent rate, it is
calculated based on the equation

oos) g

Here n and g are refractive index of the medium and the permittivity
in vacuum, respectively. E(S,) and E(Ty,) denote the excitation energy
from the nth singlet state (S,) and mth triplet state (Ty,) to So. <Sp|M|So>
is the transition dipole moment from S to Sp.

Finally, the radiative and non-radiative decay rates of studied mol-
ecules from T; to Sy are calculated by TVCF method applied in MOMAP
package, due to their RTP properties. Detail calculation information can
refer to Ref. [43-45]. The intersystem crossing rates are calculated with
the Marcus equation [46-48].

(T|Hsoc|Sn)
nE(S,) — E(Ty)
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3. Results and discussions

For the CzS-CN molecule, three different crystal structures are ob-
tained and different emission properties were found. Both the stacking
structures and molecular geometry may influence the emission proper-
ties. The geometry parameters of the molecule in Crystal A, B and C are
listed in Table 2. All the parameters’ definition is shown in Fig. 1 (a). We

Table 2
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can find that the geometry of the molecule in Crystal A is close to that in
Crystal B. However, the geometry of the molecule in Crystal C has
relative larger discrepancy compared with that in Crystal A and B. The
main differences come from the angles: a; is larger and oy, is smaller. The
angles 0; also has significant difference. Although there are some
changes for the molecular geometry after optimization, they are still
quite close to the geometry of the crystals respectively. Nevertheless, the
molecular geometry in solvent after optimization is quite different from
that in Crystals. Actually, two stable geometries are found for the
molecule in solvent. We found that configuration CzS-CN-ax (quasi-
axial) is close to the geometry in crystals (as shown in Fig. 1(e)), while
configuration CzS-CN-eq (quasi-equatorial) is quite different from them.
The angle of az becomes 82°, which means that the donor (D) group and
the acceptor (A) group close to perpendicular to each other. Large angle
between D and A will induce significant charge transfer (CT) state and
small energy gap between the first excited singlet state (S;) and the first
excited triplet state (Tp). Since emissions of molecules are usually
dependent on S; and T;, the geometry of both S; and T; are also opti-
mized. The geometric parameters are also listed in Table 2. It is found
that the geometry of both S; and T; have some differences with that in
ground state (Sp). The changes of the molecule during excitation in THF
solvent are more obvious than that in crystals. These changes are
measured by root of the mean of squared displacement (RMSD) with the

ﬁ 00— %)? (i~ )+ (a1 )7, cor-

i

expression of RMSD =

responding results between Sy, S; and T; are shown in Fig. 2. The RMSD
values for So vs. S1, S vs. Ty and Sq vs. Ty are 1.631 A, 1.527 A and 0.271
A in THF respectively, and they decrease to 0.103 A, 0.077 A and 0.087
A. Thus, geometry changes in THF are more obvious.

In addition, since two configurations were found for the molecule in
THF, we began to wonder whether two configurations can change
conformers easily. The scanned potential energy curve with different
angles (a2) are shown in Fig. 3. It can be found that both configurations
are local minimum in the potential energy curve with CzS-CN-ax lower
in energy. The energy barrier from CzS-CN-ax to CzS-CN-eq is about
3.77 kcal/mol, while the reverse energy barrier from CzS-CN-eq to CzS-
CN-ax is only 1.81 kcal/mol. So the molecule tends to exist in the form of
CzS-CN-ax in THF solution. Furthermore, the emission wavelengths of
both S; and T; are calculated for the molecule in crystals and solvent
respectively. The calculated fluorescent and phosphorescent wave-
lengths for the molecule in crystal A, B and C are all in good agreement
with experimental values except for the fluorescent wavelength of the
molecule in crystal A. For the emissions in THF, the calculated fluores-
cent wavelength and phosphorescent wavelength of CzS-CN-ax are in
good agreement with experimental values, which indicates that the
emission of the molecule in THF should come from CzS-CN-ax. The
calculated fluorescent wavelength and phosphorescent wavelength of
CzS-CN-eq has a large discrepancy with experimental values, thus the
emission detected experimentally should not come from CzS-CN-eq.
Then two questions show up: one is that why CzS-CN-eq does not

Geometrical parameters of A, Sy, S1, and T; states in solid phase and THF. «, 6 and B (marked in Fig. 1 (a)) represent the dihedral angle, bond angle and bond length,

respectively (A is the initial value).

Crystal A Crystal B Crystal C THF (CzS-CN-ax) THF (CzS-CN-eq)

A So S Ty A So S1 Ty A So S T, So S Ty So S1 Ty
a1 (%) 44 46 44 46 49 43 37 44 57 59 55 59 49 41 50 32 0 0
az(°) 62 67 60 65 64 61 62.8 55.4 55 51 50 50 57 40.5 44 82 90 90
01(%) 117 121 118 118 116 115 119 115 127 121 117 119 122 143 138 161 180 180
02(%) 119 120 121 122 119 121 116 121 123 123 121 122 122 122 123 118 118 118
03(°) 121 116 129 131 121 119 133 132 122 130 142 137 121 121 121 121 120 120
B1(A) 1.39 1.41 1.38 1.41 1.43 1.41 1.51 1.41 1.40 1.40 1.49 1.40 1.40 1.46 1.41 1.44 1.45 1.45
Bz(A) 1.44 1.43 1.44 1.42 1.41 1.43 1.39 1.42 1.43 1.43 1.39 1.42 1.43 1.40 1.43 1.42 1.39 1.40
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(a)

THF
Sy VS'S,
RMSD=1.631 A

(d)

solid
S, VS S,
RMSD=0.103 A

(b)

H
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THF THF
S, VST, Sy VS T,
RMSD=1.527 A RMSD=0.271 A
(e (H
solid solid
S, VST, S, VST,
RMSD=0.077 A RMSD=0.087 A

Fig. 2. Geometry comparisons between Sy (red), S; (blue) and T, (black) in THF (a, b, c¢) and solid phase (d, e, f). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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contribute to fluorescence and phosphorescence; the other is why the
calculated emission wavelength of the molecule in crystal A does not
agree with experimental values.

In order to explore the abovementioned two issues, the scanned
potential energy curves of the molecule in S; and Ty in THF solvent are
calculated and plotted in Fig. 4 (a), where the angle oy is changed. It can
be found that both S; and T; for CzS-CN-eq are more stable than CzS-CN-
ax. The energy barrier from CzS-CN-ax to CzS-CN-eq is 1.09 kcal/mol for
T, and no barrier is found for S;. Thus, it is easy for CzS-CN-ax trans-
formed to CzS-CN-eq in excited states. In order to explain the emission
from CzS-CN-eq cannot be detected. The calculated oscillator strength
for CzS-CN-eq is zero, which means that CzS-CN-eq should not decay by
emission. Considering close energy levels between S; and Ty, it is quite
possible that the molecule converted to T; by RISC process. Since the
phosphorescence emission from CzS-CN-eq cannot be detected due to
the vanished SOC effect with the calculated SOC value is zero and the
corresponding value is 0.78 cm™! for CzS-CN-ax. Moreover, the energy
barrier in Ty is about 4.36 kcal/mol, the back-conversion from CzS-CN-eq
to CzS-CN-ax is also not too difficult. Thus, we predict that the emission
may come from CzS-CN-ax. In addition, the participation of high excited
triplet states may help the back-conversion to T; in CzS-CN-ax due to
their small energy gaps, which further facilitate the phosphorescence
emission, corresponding data are shown in Fig. 4(b). The participation
of excited triplet states may help the back-conversion to T; in CzS-CN-ax,
which will help the phosphorescence emission. Based on the analysis
above, we conclude that CzS-CN-ax is responsible for the fluorescence
emission, however the emission is quite weak due to the decay of S; to
CzS-CN-eq that has no emission. The phosphorescence emission should
also mainly come from CzS-CN-ax due to the interconversion between S;
and higher excited triplet states.

To figure out the difference between the calculated fluorescence
wavelength of the molecule in Crystal A and that detected experimen-
tally, we performed potential energy curve scanned when the angle a; is
rotated. It is found that the energy becomes higher when the angle
changed, which means that it is difficult for the molecule to exist with
another configuration in crystals. We checked three crystal structures of
the molecule and detailed analyses for dimers are performed based on
IGM method by Multiwfn [49,50], results are shown in Fig. 5 and
crowded stacking pattern in Crystal A can be found. Moreover, the
closest dimers taken from each crystal are studied in detail. There are
significant CH-n interaction in dimers of Crystal A and B, while signifi-
cant 7- interaction is found in dimers of Crystal C. The interaction en-
ergy between two molecules is calculated based on force field method.
The interaction energy for dimers in Crystal A is as high as —59.7 kJ/mol,
which is much larger than the interaction energy for dimers in Crystal B
and C (—30.21 kJ/mol and —24.85 kJ/mol). Consequently, we guess that
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excimer may contribute to emission in Crystal A. We performed calcu-
lation of dimers and found that the emission wavelength from dimers in
Crystal A is 384 nm, which is in better agreement with experimental
values. We conclude that dimers in Crystal A may also contribute to
emission. Thus, abovementioned two questions are reasonably
explained.

Moreover, the low-lying excited states have close relationship with
emission properties of molecules, thus several adiabatic excitation levels
of the molecule in three crystals are shown in Fig. 6. It is found that the
energy gap values between S; and T for the molecule in three crystals
are 1.06 eV, 0.79 eV and 0.97 eV respectively. In addition, there are
several triplet states are lower than S; in energy, and T4 is close in energy
to S;. The structure of excited states may favor the intersystem crossing
(ISC) process. The energy levels for the CzS-CN-ax in THF solvent are
similar to that in crystal, and with T4 and Ts both close to S; in energy.
However, the S;-T; energy gap for CzS-CN-eq is 0.04 eV, which may
favor both the ISC and reverse ISC process. In addition, the transition
properties of all excited states involved are illustrated in Fig. 7. Since the
highest occupied natural transition orbital (HONTO) and the lowest
unoccupied natural transition orbital (LUNTO) mainly contribute to the
transition, the electron distribution of the two orbitals are shown here. It
is found that both local-excited (LE) and charge transfer (CT) properties
are involved in S; (with LE contribution from 50% to 65%). For all the
triplet states, typical LE nature is found (with LE contribution from 79%
to 85%). It can also be found that the transition for triplet states mainly
happens at the benzene ring and the CN unit, while both the CzS group
and the CN unit are involved in the excitation of S;. The spin-orbit
coupling (SOC) constants between S; and the triplet states (Ty) are
calculated using the quadratic response function methods with the
Dalton program (as shown in Table 3) [51]. It is found that the SOC
values between S; and Ty for the molecule in Crystal A are a little larger
than that in Crystal B and C. In addition, the SOC values between S; and
T; are the smallest for the molecule in each crystal, while the values
between S; and T3 are the largest. Due to the smaller energy gap be-
tween S; and T3 than that between S; and T, the ISC rates between S
and T3 should be larger than S;-T; ISC rate. For the SOC values in THF,
the SOC between S; and T; is much smaller than that calculated in
crystals. The SOC values between T; and Sy are also calculated. It is
found that the SOC value between T; and S in Crystal A is also much
larger than that obtained in other crystals. The T1-Sy SOC value in THF
solution is also much smaller than that in crystals, which predict weak
phosphorescence in THF than in crystals.

Furthermore, the decay rates of the molecule in excited states are
calculated (as shown in Table 4). It is found that the fluorescent rates for
the molecule in crystals are smaller than that in THF solution, while the
non-radiative rate for S; in crystals are larger than that in THF. Based on
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Fig. 4. The scanned potential energy curves of the molecule in S;, T; (a) and other triplet excited states (b) in THF, respectively.
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Table 3
Calculated spin orbit coupling constants (cm™!) between selected states for
molecule in Crystal A, Crystal B, Crystal C and the THF.

Crystal A Crystal B Crystal C THF
S1|Hsoc|T1 0.47 0.36 0.36 0.02
S1|Hsoc|T2 0.83 0.66 0.66 1.16
S1|Hsoc|T3 1.88 1.08 1.08 1.09
S1|Hsoc|T4 1.00 0.86 0.86 1.09
T1|Hsoc|So 2.04 1.59 1.44 0.78

the results calculated, the fluorescence intensity of S; in THF should be
stronger than that in crystals. Nevertheless, the decay of the molecule in
THF from CzS-CN-ax to CzS-CN-eq could induce weak fluorescence in

THF. Moreover, although the RMSD value becomes smaller, and this
brings larger non-radiative decay rate for molecule in crystal compared
with that in THF. Thus, this is the reason that the RMSD values are
decreased significantly from THF solution to crystal state, while the
calculated non-radiative decay rates in three crystals are much larger
than that in the solution. Moreover, the mass center of the Sy structure is
coincided with that of the S; structure in our calculation. The phos-
phorescence rates for the molecule in crystals are much larger than that
in THF, while the non-radiative rates of T; in both crystals and THF are
in the same order of magnitude. It indicates that stronger phosphores-
cence emission in solid phase is due to enhanced phosphorescence rate,
and AIE properties are confirmed. As the ISC process is also important
for phosphorescence, the ISC rates between S; and Ty are calculated. It is
found that the ISC rates between S; and T; are all smaller than that
between S; and higher excited triplet states, which indicates that higher
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Table 4
Calculated radiative and non-radiative rates (s~ ) from S; to S and T; to Sg as
well as the ISC and RISC Rates (s~ !) between S; and TN, -

Crystal A Crystal B Crystal C THF

K, (S1-S0) 5.83 x 107 5.70 x 107 4.21 x 107 4.18 x 108
Knr (S1-S0) 4.89 x 10° 2.32 x 10° 3.94 x 10° 7.67 x 107
Kisc(S1—T1) 5.74 x 10° 8.09 x 10* 2.07 x 10° 2.48 x 102
Krisc(T1—S1) 5.82x1071%  282x107° 917x1072 876 x 1071°
Kisc(S1—T2) 2.66 x 10° 7.03 x 10° 1.88 x 107 -
Krisc(T2—S1) 4.66 x 107° 5.16 x 1072 0.43 -
Kisc(S1—Ts) 2.57 x 108 3.68 x 10° 5.40 x 107 -

Krisc(T3 =S1)  5.48 x 1072 270 x 1072 1.33 -
Kisc(S1—T4) 3.18 x 108 - 1.72 x 10° -

Krisc(T4 =S1)  3.49 x 10° - 2.47 x 10* -
K+(T1—So) 3.99 x 10° 5.83 x 10* 1.87 x 10° 2.55 x 107!
Knr(T1=S0) 2.15 x 10° 4.08 x 10° 1.34 x 10° 2.77 x 10°

excited states are favorable for phosphorescence. The RISC rates be-
tween T4 and S; calculated in crystals may also go against the phos-
phorescence to a certain extent. Due to the unavailability of higher
excited triplet states in THF, the ISC rates between S; and Ty in THF is
not calculated here.

In order to investigate the non-radiative energy consumption process
of excited state, two indexes: the Huang-Rhys (HR) factor and the
reorganization energy are selected and calculated. The HR factor can be

212
written as HR, = %, where o, is the vibration frequency and Dy is the
normal coordinate displacement of mode k. The HR factors versus the
normal-mode frequencies for T; in THF and solid phase are illustrated in
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Fig. 8. The HR factors in the solid phase (Fig. 8(b)) are smaller than that
in THF (Fig. 8(a)), especially for these in the low-frequency regions
(<500 cm™). Large values of the HR factor for CzS-CN in THF are all in
the lower frequency regions such as 9.5 (with vibration mode at 31.5
em™), 0.55 (483.9 cm ™), and 0.34 (935.0 cm™?). HR factors for CzS-CN
in the solid phase are all reduced with the largest three values being 1.4
(with vibration mode at 88.2 cm*I), 0.7 (239.1 cm*I), and 0.5 (1670.9
cm™1). They correspond to the rotation of the dihedral angles as shown
in the insets. Furthermore, the reorganization energy contributed by
vibration modes in THF and in solid phase is shown in Fig. 8(c) and (d)
respectively. It is found that the reorganization energy contributed by
low-frequency modes changes slightly. The moderate-frequency (at
about 1500 cm™!) vibration modes have a little more significant
contribution to the reorganization energy in crystals than in solvent. In
addition, the high-frequency modes show some contribution to the
reorganization energy. The total reorganization energy of CzS-CN in
THF is 454 meV, while it decreases to 424 meV, 370 meV and 301 meV in
Crystal A, B and C respectively. The contributions from bond length,
bond angle and dihedral angle to the total reorganization energy are
shown in Fig. 9. Results show that the bond length contribution to
reorganization energies takes the major part with the ratio 75.47% in
THF and 72.52%, 84.61% and 90.69% for crystal A, B and C respec-
tively. As for dihedral angle, the contribution is 23.19% in THF and it
changes to 25.75%, 14.24% and 7.93% for crystal A, B and C respec-
tively, the changes of contribution from dihedral angle are obvious, this
shows that the restricted rotation motion plays an important role in
determining photophysical properties. The energy in THF is larger than
that in the solid phase, which means the non-radiative rate for the
molecule in crystals may be smaller than that in THF. Nevertheless, the
non-radiative rates for T; in crystals are in the same order of magnitude
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Fig. 8. Calculated HR factors versus the normal-mode frequencies in THF (a) and Crystal A (b) from T; to Sy as well as the reorganization energies versus the normal-
mode frequencies in THF (c) and Crystal A (d), respectively. Representative vibration modes are shown as insets.
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Fig. 9. Contribution ratios to the reorganization energy from bond length (red), bond angle (green) and dihedral angle (blue) of CzS-CN in crystal A, B, C and THF
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

as that in THF (as shown in Table 4), which may be induced by different
electron coupling in THF and in crystals.

4. Conclusion

In summary, the excited states properties of CzS-CN in three crystals
and THF are theoretically studied by QM/MM and PCM methods
respectively. Two stable structures (CzS-CN-ax and CzS-CN-eq) are
found for the molecule in THF, while CzS-CN-ax is confirmed as the most
stable geometry and it is responsible for the emission in THF. For the
molecule in crystals, emissions in Crystal B and C are only contributed
by single molecule, while dimers are confirmed to participate in emis-
sion for Crystal A based on the analysis of emission wavelengths and
interaction energy. The excited-state decay rates for the molecule
calculated in both crystals and in THF indicate that the AIE phenomenon
of CzS-CN is mainly induced by the increased phosphorescence rates. In
addition, different emission properties of the molecule in three crystals
are found, although there are some discrepancies with experimental
results. Our theoretical results provide reasonable explanation for
experimental spectra and provide some deeper understanding for the
inherent mechanism of aggregation induced RTP, which could promote
the development of new RTP molecules with high efficiencies and long
lifetimes.
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