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Excited state dynamics for hybridized local and
charge transfer state fluorescent emitters with
aggregation-induced emission in the solid phase:
a QM/MM study

Jianzhong Fan, @ Lei Cai, Lili Lin* and Chuan-Kui Wang*

Highly efficient organic light-emitting diodes (OLEDs) based on fluorescent emitters with a hybridized
local and charge transfer (HLCT) state have attracted significant attention. Recently, a near-infrared
fluorescent compound, 2,3-bis(4’-(diphenylamino)-[1,1'-biphenyll-4-yl)fumaronitrile (TPATCN), with an
HLCT state has been synthetized, and the features of OLEDs based on this compound have been
explored. In this study, excited state dynamics of TPATCN in the solid phase has been theoretically
studied through a combined quantum mechanics and molecular mechanics (QM/MM) method. By
analyzing the changes in geometry, the Huang—Rhys factor, and reorganization energy, non-radiative
consumption ways through the torsional motions of diphenylamino and central fumaronitrile in low
frequency regions (<200 cm™) are effectively hindered by the restricted intramolecular rotation (RIR)
effect in the solid phase. The fluorescence efficiency of the OLED has been quantitatively calculated.
The results show that the fluorescence efficiency is greatly enhanced from 0.16% in the gas phase to
52.1% in the solid phase; this demonstrates the aggregation-induced emission (AIE) mechanism for the
OLED. Furthermore, by combining the dynamics of the excited states and the adiabatic energy structures
calculated in the solid phase, the so-called hot-exciton process from higher triplet states to a singlet state
has been illustrated. Our investigation elucidates the experimental measurement and helps understand the
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1. Introduction

Pure organic thermally activated delayed fluorescent (TADF)
materials have attracted significant attention due to their
promising application in the construction of highly efficient
organic light emitting diodes (OLEDs). OLEDs based on TADF
have afforded excellent quantum efficiencies, which are com-
parable to the results obtained from the best phosphorescent
OLEDs.'™ Hence, TADF materials have now been regarded as
the third-generation emitters for OLEDs after the conventional
fluorescent and phosphorescent materials. For designing
efficient TADF molecules, one important consideration is that
the energy gap between the first singlet excited state (S;) and
the first triplet excited state (T;) should be small enough for
reverse conversion from T; to S;; thus, the electro-generated
singlet and triplet excitons can be fully used. Ideally, the
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AIE mechanism for HLCT compounds, which is beneficial for developing highly efficient emitters.

maximum internal quantum efficiency (IQE) of TADF-OLEDs
can approach 100%.%” An effective way to decrease the S;-T,
energy gap is connecting suitable donor (D) and acceptor (A)
groups by a sterically hindered, such as a bulky, twisted, or
U-shaped, structure because this can effectively prevent the
spatial overlapping between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO).>™™" However, one negative effect is inevitably generated:
small orbital overlap for S; with a charge transfer (CT) feature
causes a slow radiative rate and low luminescence efficiency.
Thus, first, how to balance the relationship between the small
S,-T; gap for realizing efficient reverse intersystem crossing
(RISC) and fast radiative rate for achieving high luminescence
efficiency should be considered. In this regard, a number of
valid ways have been proposed. Adachi’s group has found that
the fluorescence rate can be enhanced by inserting a n unit
between D and A units."> Ma’s group has put forward the
hybridized local and charge transfer (HLCT) excited state. The
HLCT state is a new special category in the excited state, which
combines both local excited (LE) and charge transfer (CT)
characters into a new species.”>™*> Thus, two compatible char-
acteristics, high-efficiency fluorescence radiation from the LE
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state and a weakly bound exciton, which is responsible for
the full exciton utilization from the CT state, are combined.
Therefore, the HLCT state provides a novel approach for the
design of highly efficient D-A type compounds. Second, TADF
materials are usually doped into appropriate host matrices to
mitigate the concentration quenching and exciton annihilation
processes, which bring serious efficiency roll-off at a high
luminance and impede the efficiency enhancement of OLEDs.
Aggregation-induced emission (AIE) is regarded as a promising
strategy to solve the quenching and annihilation problems."®™#
Usually, AlEgens are weak emitters in dilute solutions, but
become highly efficient emitters in rigid environments, such
as water or solid film. To date, many AIE materials have been
extensively studied and employed to fabricate efficient, stable,
and simplified non-doped fluorescent OLEDs."** Third, another
significant negative factor is that red and near-infrared (NIR) TADF
emitters typically show relatively low luminescence efficiency due
to their large non-radiative decay rates that increase exponentially
with an increase in the emission wavelength, as governed by the
energy gap law.>*** Recently, a D-A type NIR fluorescent
compound, 2,3-bis(4’{diphenylamino)-{1,1’-biphenyl}-4-yl) fumaro-
nitrile (TPATCN), has been synthesized and fully characterized by Lu
et al.”® TPATCN exhibits strong NIR fluorescence, and the external
quantum efficiency of non-doped NIR OLED reaches 2.58%,
which is among the highest values reported of NIR OLEDs.
Thus, theoretical investigations to reveal the inner AIE and
HLCT mechanisms for red or NIR emitters in the solid phase
are necessary to develop highly efficient non-doped OLEDs.
Herein, we performed a detailed study on the photoelectric
properties of the TPATCN molecule to investigate the AIE and
HLCT mechanisms (shown in Fig. 1a) based on the first-principles
calculations. The environmental effect of the molecule in film is
focused using the combined quantum mechanics and molecular
mechanics (QM/MM) method. Based on the thermal vibration
correlation function (TVCF), the non-radiative rate as well as the
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intersystem crossing (ISC) and reverse intersystem crossing (RISC)
rates have been calculated. Further, the excited state dynamics
for TPATCN with HLCT and AIE mechanisms in the solid phase
has been illustrated, and experimental measurements have
been reasonably elucidated.

2. Computational details

The prompt fluorescence efficiency ®pr is determined by the
competition between the radiative decay rate (k;) and the non-
radiative decay rate (k) from S; to S, as well as the ISC (kisc)
rate between the singlet and triplet excited states according to
kr
kr + knr + kisc
the radiative rate or suppressing the non-radiative rate, high
fluorescence efficiency can be achieved. Therefore, theoretical
calculations of radiative and non-radiative rates play an important
role in predicting luminous efficiencies.

As is known, the excited state properties of D-A type molecules
are functional dependent; thus, an appropriate functional
should be selected first. Recently, some ingenious approaches
such as the LC-wPBE and LC-BLYP method, NTO method, and
optimal Hartree-Fock (OHF) method have been proposed and
applied.>*° In our study, the emission wavelengths of the
TPATCN molecule in gas and solid phases have been calculated
using functionals with different percentages of HF exchange
(HF%) component. Herein, the emission wavelengths calculated
using the functionals with different HF% are shown in Table 1.
The emission wavelengths calculated with the LC-wPBE (w =
0.176833) and LC-BLYP (w = 0.179843) functionals in both gas
and solid phases are much smaller than the experimental
values. Moreover, the emission wavelength of the molecule in
the solid state calculated with the PBEO functional is 661 nm,
which is in better agreement with the experimental values (670 nm
in film and 622 nm in powder and crystal). Consequently, the
PBEO functional with the 6-31G(d) basis set is adopted in our latter
calculations.

To simulate the properties of a molecule in the solid state, a
combination of quantum mechanics and molecular mechanics
(QM/MM) method with a two-layer ONIOM approach is used.*'~*>
Based on the X-ray structure, a computation model has been

the equation ®pr = . Thus, by either increasing

Table1l Emission wavelength calculated by adopting different functionals
for studied molecule in the gas and solid phase is listed

N High"léyer(QrM)

Fig. 1 (a) Chemical structure of TPATCN. (b) ONIOM model: surrounding
molecules are regarded as the low layer and the centered TPATCN is
treated as the high layer.

This journal is © the Owner Societies 2017

HF% Gas (nm) Solid (nm)
O3LYP 11.61 1027 1077
B3LYP 20 773 774
PBEO 25 662 661
BMK 42 552 542
MO062X 54 523 506
wB97XD 540 490
LC-wPBE 555 526
LC-BLYP 547 535
Film* — 670
Powder” — 622
Crystal® — 622

¢ Experimental data.
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constructed, as shown in Fig. 1b. The central TPATCN is regarded
as a high layer and calculated by the QM method. The surrounding
molecules are treated as the MM section and are defined as the
low layer. Universal force field (UFF) is used for the MM part, and
the electronic embedding is adopted in the QM/MM calculation.
Moreover, the molecules of the MM part are frozen, and only the
QM section is free during the QM/MM geometry optimizations for
the S,, S;, Ty, and T, states. All these calculations are carried out
using the Gaussian 09 package.*® Further, the normal mode
analyses have been performed by the DUSHIN program.** Based
on the electronic properties, the radiative and non-radiative decay
rates as well as the ISC and RISC rates in the gas and solid phase
have been calculated using MOMAP (Molecular Materials Property
Prediction Package), which shows superiority in describing and
predicting optical properties of polyatomic molecules.*>° The
methodology details are provided in the ESL}

3. Results and discussions
3.1 Geometry and photophysical properties

As is known, the molecular geometry of a state determines both
its electronic structure and photophysical properties. Thus, the
geometry of the S, state has been optimized by the DFT method
at the PBE0/6-31G(d) level, and the photophysical properties of
the excited states (S;, Ty, and T,) have been determined by the
TD-DFT method. The atomic labels, interesting dihedral angles,
and the index of the phenyl ring are shown in Fig. S1 (ESIt), and
the corresponding data are presented in Table 2. In the gas phase,
the geometry differences between S, and S, are mainly caused by
changes in 67, 68, and 9. Moreover, the variations in 67, 08, and
09 account for the main part when a molecule transfers between S;
and T;. 08 changes by about 65.6°; this indicates a large geometry
difference. Small geometry changes are found between S; and
T,; this means S; and T, have a similar configuration. On the
other hand, for a molecule in the solid phase, restricted
geometry changes can be found, especially for dihedral angles
of 07, 08, and 09. Since the geometry differences between S, and
S; as well as between S; and T, (T,) have a close relationship with
the excited state dynamics such as the non-radiative decay and
ISC (RISC) processes, intuitive comparisons of the geometries
were made, as shown in Fig. S2 (ESIt). The root of the mean
of squared displacement (RMSD) with the expression

Table 2 Geometry parameters of Sg, S;, Ty, and T, states for TPATCN in
A represents the variation between two states
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tive tool to quantitatively characterize the geometric changes,
and the value of RMSD between two states is calculated using
Multiwfn.*® It has been found that the geometric changes between
So and S; in the gas phase are more significant than those in the
solid phase, and the RMSD is 0.624 A and 0.143 A, respectively.
Thus, the non-radiative energy consumption path is hindered, and
enhanced fluorescence efficiency can be expected in the solid phase.
Moreover, a large RMSD value of 2.618 A between S; and T; in the
gas phase is found, which means a large geometry change between
two states. However, a decreased RMSD value (0.193 A) between S,
and T, is found in the solid phase due to intermolecular interaction
in rigid environments. Moreover, S; and T, maintain a similar
configuration whether in the gas (RMSD = 0.042 A) or in solid
phase (RMSD = 0.064 A), and this indicates a small variation in
reorganization energy for the ISC and RSIC processes.

To gain deep insights into the photophysical properties in
the gas and solid phases, the frontier molecular orbitals have
been examined and are plotted in Fig. 2. In the gas phase, it can
be easily seen that the HOMO is distributed on the whole
molecule with sizeable distribution on two diphenylamino
units, and the LUMO is mainly localized in the central fumaro-
nitrile core and two central connected phenyl rings. In the solid
phase, the distribution of HOMO is mainly in the right section
of the molecule, and the distribution of LUMO remains almost
unchanged, with both increased orbital energy of HOMO and
LUMO as compared to that in the gas phase. To characterize the
nature of T; and T,, natural transition orbital (NTO) analysis
has been performed. The highest occupied NTO (HONTO) and
lowest unoccupied NTO (LUNTO) with transition ratios are
shown in Fig. S3 (ESIT). Thus, the transition nature of S;, Ty,
and T, is HLCT, LE, and HLCT states, respectively, in the gas
phase, whereas it changes to CT, LE, and HLCT states in the
solid phase. The change in the transition nature for S; from the
gas (HLCT) to solid phase (CT) is caused by the unbalanced
intermolecular interaction between the two terminal diphenyl-
amino units. To visualize the interactions between the QM and
MM molecules, a reduced density gradient (RDG) function has
been applied.*""** As shown in Fig. S4 (ESIf), more obvious
intermolecular interactions can be found in closely packed
units. Thus, unbalanced intermolecular interactions between

] ratom N2 N2 N2l .
RMSD =, /= {(x,- — X))+ — V) (i — 2h) ] is an effec-

the gas and solid phase. 6 (marked in Fig. S1, ESI) is the dihedral angle.

Gas Solid
Geometry S, Sy Ty T, |AS(,—S1| |ASI—T1| |AS1—TZ| So S Ty T, |Asofsl| |AS1—T1| |A517T2|
01 66.7 69.7 65.7 69.4 3.0 4.0 0.3 60.6 65.7 58.2 62.3 5.1 7.5 3.4
02 112.8 110.4 113.0 110.5 2.4 2.6 0.1 108.5 105.1 108.7 1074 3.4 3.6 2.3
03 146.0 147.3 149.0 148.0 1.3 1.7 0.7 156.8 146.3 155.7 151.3 10.5 9.4 5.0
04 —145.4 —143.8 —149.7 —146.2 1.6 5.9 2.4 -150.2 -151.9 -157.1 —154.1 1.7 5.2 2.2
05 66.5 68.9 65.9 67.9 2.4 3.0 1.0 70.8 71.5 711 70.0 0.7 0.4 1.5
06 67.1 68.9 67.2 68.4 1.8 1.7 0.5 58.9 59.4 58.7 58.8 0.5 0.7 0.6
07 147.4 162.0 179.4 161.4 14.6 17.4 0.6 160.3 164.6 174.5 165.4 4.3 9.9 0.8
08 169.0 156.7 91.1 156.1 12.3 65.6 0.6 164.5 157.6 140.6 157.1 6.9 17.0 0.5
09 147.9 159.4 179.4 160.3 11.5 20.0 0.9 157.7 160.5 172.1 161.0 2.8 11.6 0.5
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Fig. 2 Spatial distributions of HOMO and LUMO as well as their orbital
energies for TPATCN in the gas (left) and solid phase (right). Emission
wavelength and oscillator strength are shown in the insets.

the two terminal diphenylamino units are generated. Moreover,
T, is an LE state, and it can provide stable energy. On the other
hand, T, is an HLCT state whether in the gas or solid phase,
and it can provide a hot exciton channel with excitons transfer-
ring from T, to S;. More evidence is shown in Fig. 3, and the
adiabatic excitation energies for S;, S,, Ty, T,, and T; have been
calculated in both the gas and solid phase by optimizing their
geometry structures. In the gas phase, the S;-T; energy gap is
0.87 eV, and the S;-T, energy gap is 0.04 eV. In the solid phase,
the S;-T; energy gap is 0.58 eV, and the S;-T, energy gap is
0.003 eV. Thus, a large S;-T; energy gap (AE,) indicates
that TADF cannot be observed due to the blocked RISC process

from T; to S; according to the equation kgrisc ox exp (K ;)
B

Moreover, this small S;-T, energy gap can efficiently promote
the RISC process from T, to S;, and a hot exciton process is
generated. This process for OLEDs shows advantages over the
cold exciton process, which suffers from the problems of

View Article Online
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triplet-triplet annihilation (TTA) and singlet-triplet quenching
due to the accumulated T, excitons. In the hot exciton process,
high level triplet excitons can quickly be transferred to singlet
states, and the accumulation of triplet excitons in the T; state
can be avoided. Thus, we know that intermolecular interaction
can affect the geometry structures and further generate different
photophysical properties. Furthermore, we believe that the easily
available modification of the central fumaronitrile core can
provide a new and promising opportunity for the design and
construction of HLCT materials towards highly efficient OLEDs.

3.2 The Huang-Rhys factor and reorganization energy

To figure out the structure-property relationship during the
energy conversion processes S; — Sy, the Huang-Rhys (HR)
factor, which can characterize the modification of vibrational
quanta while going from one electronic state to another, has

wi D2

been calculated by the equation HR; = , where wy is the

vibration frequency and Dy is the normal coordinate displace-
ment of mode k. We analyzed the HR factors as well as the
displacement vectors of the vibration modes with the largest
HR factors in the gas and solid phase. The corresponding data
are shown in Fig. 4a and b. For the decay process in the gas
phase, the large HR factors 10.1 (5.70 cm ™), 11.2 (8.38 cm™ ),
and 3.1 (43.69 cm ') correspond to the torsional motions
(shown as insets) of diphenylamino and central fumaronitrile
in low frequency regions (<200 cm™'). The HR factors in the
solid phase are decreased with the large factors being
0.73 (32.85 cm™ ") and 0.59 (66.01 cm ™). The calculation results
indicate that the rotational motions in low frequency regions
(<200 cm ™), especially for the central fumaronitrile moiety,
are hindered in the solid phase due to intermolecular interaction.
Thus, the non-radiative energy consumption way through
rotation is suppressed by the restricted intramolecular rotation
(RIR) effect, and enhanced fluorescent efficiency can be
expected in the solid phase. In addition, the reorganization
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Fig. 3 Adiabatic excitation energies for TPATCN in the gas (a) and solid phase (b).

This journal is © the Owner Societies 2017

Phys. Chem. Chem. Phys., 2017, 19, 29872-29879 | 29875


http://dx.doi.org/10.1039/c7cp05009g

Published on 25 October 2017. Downloaded by Tsinghua University on 3/1/2019 6:28:52 AM.

PCCP
(a) ;
12 | ““o,
8. -l P9
> NP5
10 [ o3
-
2 8
o ™ 2 -,
8 ,,:..‘
< o 23 % »ao‘:a,"
= = P4k
e 2o
=] N
z i
S 4} £
= v
2 1
.
o e e e m e
Normal modes (cm )
0 (} 1 1
0 100 150 200
Normal modes (cm™)
(c) 300
250 |- 4,4 °
— & od 3 s N Y,
3 A A e we oy 99 3 2 % [nd $
g ‘:,‘:4/1 “‘;”““‘“‘1'5 “:d.‘;‘.a“oa‘ ““:‘Jﬁs
< 200 2 ¢ ‘
=
=
)
=
@ 150
c 1602.57 cm™
o 43.69 cm™
T
N 100
c
©
=]
=
8 s0
4
1 1

0 500 1000 1500 2000 2500 3000

Normal modes (cm™)

View Article Online

Paper
1.0
(b) T4 4 St o
{.. & c‘ ,‘ ‘, “ ‘- :‘ ,‘ :o"
“o‘ ‘
0.8 |-
oo 0e B
$ a2 R
© 0.6 |- °
&
14
>
L
% 04l
c
©
=
T
0.2 |-
Ly nl ki L
® omumotentemty
0.0 sl L ]
0 150 200
Normal modes (cm™)
(d) 300
o, ,‘
| 2% ‘a-9, o
—_ 250 -‘?j“""f‘ f"!ﬁf 04 s,
5 e L.
- | ° 29
=, 200 J 38 1y a3
9 .‘ ““OJ‘ .‘O‘. )
g ‘9:‘. f" ¢ o ‘o o, :0“
S 150 |- > ° 9,
<
k- 1583.5 cm™®
=
N
‘e 100 - 611.1 cm?)
©
>
S
o 50
o
mll Aol .ulJ il l ot
500 1000 1500 2000 2500 3000

Normal modes (cm™)

Fig. 4 Calculated HR factors versus the normal mode frequencies in the gas (a) and solid phase (b) as well as the reorganization energies versus the
normal mode frequencies in the gas (c) and solid phase (d). Representative vibration modes are shown in the insets.

energies (=Y wiyHRy) versus the normal mode frequencies
k

in the gas and solid phase are shown in Fig. 4(c) and (d),
respectively. In low frequency regions, the reorganization energies
are decreased and show a trend similar to that of HR factors.
Moreover, the C—=C stretching vibration in high frequency regions
is restricted, with the reorganization energy being 33.7 meV
(1602.57 cm ™) in the gas phase and 18.9 meV (1583.50 cm™ ) in
the solid phase. For better understanding the relationship between
photophysical properties and molecular structures, we projected
the reorganization energies onto the internal coordinate of the
molecule. Contributions from bond lengths, bond angles, and
dihedral angles are demonstrated in Fig. 5, and the corresponding
data are presented in Table 3. In the gas phase, reorganization
energy is mainly contributed by the dihedral angle, and its value is
100.7 meV (48.9%). On the other hand, for the molecule in the
solid phase, the contribution from bond length (87.2 meV) forms
the main part (56.9%). Thus, the decrease in the reorganization
energy from the gas to solid phase mainly originates from the
decrement contributed by the dihedral angle (56.4 meV) that is
associated with the torsional motion of central fumaronitrile and
diphenylamino in low frequency regions.

Therefore, a detailed analysis for the variation in HR and
reorganization energy when the molecule transfers from the
gas to solid phase reveals that the non-radiative consumption
ways through the torsional motions of diphenylamino and

29876 | Phys. Chem. Chem. Phys., 2017, 19, 29872-29879
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Bond angle Dihedral angle

Fig. 5 Contribution to the reorganization energy from bond length, bond
angle, and dihedral angle in the gas (black) and solid phase (red).

Table 3 Reorganization energies (meV) from bond length, bond angle,
and dihedral angle in the gas and solid phase are listed. Agas-soiid repre-
sents the energy difference between the gas and solid phase

Gas Solid AGaS*SO]id
Bond length 86.2 87.2 —1.0
Bond angle 19.0 21.8 -2.8
Dihedral angle 100.7 44.3 56.4
Total 205.9 153.3 52.6
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central fumaronitrile in low frequency regions are effectively
hindered by the RIR effect caused by intermolecular interaction
in the solid phase. Thus, the aggregation-induced emission
(AIE) mechanism is revealed for TPATCN. Actually, there is not
the only RIR mechanism for the AIE feature. Recently, Blanca-
fort and Liu et al. introduced a restricted access to a conical
intersection (RACI) model to explain the AIE mechanism, and
this needed high-level ab initio quantum-chemical calculations."*™*®
Moreover, non-adiabatic dynamics simulation to investigate the
non-radiative decay processes for AIE molecules is applied.*”
The effect of the abovementioned mechanisms on the non-
radiative decay process is more complicated when they are
tangled together. In our studies, the luminescence quantum
yield in the solid phase (52.1%) is much larger than that in the
gas phase (0.16%). Although both values are overestimated
because the possibly more efficient non-adiabatic transition
via this intermediate has not been considered, a very large
difference between these two luminescence quantum yields is
expected. Thus, the AIE mechanism is demonstrated.

3.3 Excited state dynamics in the solid phase

To study the excited state dynamics, adiabatic excitation energies
and spin-orbit coupling (SOC) effect should be considered. Based
on the first-principles calculations, the SOC constants (with the
unit of cm™") between S; and two lowest triplet excited states
(T and T,) both in the gas and solid phase are calculated using
the Dalton2013 package.*® The corresponding data are listed in
Table 4. In the gas phase, it can be found that the SOC constants
(0.17 em™" and 0.05 cm™ %) for the ISC process based on the S;
structure are smaller than those based on T; (2.55 cm™ ') and T,
(0.06 cm™") for the RISC process. On the other hand, for the
molecule in the solid phase, the SOC values are weakly changed.
Based on the methodology illustrated in the ESI,f the radiative
(K;) and non-radiative (K,,) rates from S; to S,, the ISC (Kisc) and
RISC (Kgrisc) rates between singlet and triplet excited states,
the internal conversion rate (Kic) from T, to Ty, and the phos-
phorescence rate (Kp) and the non-radiative rate from T; to S, in
both the gas and solid phases are calculated to elaborate the
excited state dynamics. Further, the prompt fluorescence and ISC
efficiencies are obtained. The corresponding data are listed in
Table 5. It can be seen that the radiative decay rate K is smaller
in the solid phase (9.94 x 10” S %) than that in the gas phase
(1.15 x 10® S7") due to the decreased oscillator strength caused
by the localized HOMO in the solid phase. The non-radiative
decay rate K, from S, to Sp is 7.02 x 10'® S™" in the gas phase,
which is two orders of magnitude larger than K; (1.15 x 105 ™).

Table 4 Calculated spin orbit coupling constants (in cm™) between
selected singlet and triplet excited states for TPATCN in the gas and solid

phase based on the optimized Sy, Ty, and T, structures

Gas Solid
Geometry  (S;|Hso|T;)  (Si|Hso|T,)  (S;|Hso|Ty)  (S;|Hso|Ty)
Sq 0.17 0.05 0.16 0.06
T, 2.55 — 0.14 —
T, — 0.06 — 0.07
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Table 5 Calculated radiative and nonradiative rates from S; (Ty) to Sp as
well as the ISC and RISC rates between singlet and triplet excited states,
and the calculated prompt fluorescence efficiency (®pf), ISC efficiency
(@isc) are listed. Corresponding experimental results are also presented
with the superscript ‘exp’

Gas Solid
K(S1 — So) 1.15 x 10® 9.93 x 10’
Kue(S1 = So) 7.02 x 10*° 8.40 x 10’
Kisc(S1 — Ty) 1.47 x 1of 3.96 x 10°
Kisc(S1 — Ty) 8.60 x 10*1 3.61 x 1064
Krisc(T1 = S1) 4.22 x 10~ 1.75 X 10~
Krisc(T2 — S1) 5.00 x 10: 2.81 x 10?2
Kio(T, — Ty) 6.92 X 10 7.22 X 10
Kp(T1 = So) 5.71 x 10° 1.08 x 1073
KTy = So) 2.29 x 10’ 4.03 x 10°
- 0.16% 52.1%
Drsc 0.003% 4.0%
o 72%

Thus, weak emission can be found for the isolated molecule. For
the molecule in the solid phase, the value of K, is 8.40 x 10’ §~*
and becomes comparable to the radiative decay rate (9.94 X
10”7 S7). Consequently, efficient emission can be expected. The
log K, (AE) parabola is shown in Fig. S5 (ESIt); no vibrational
feature is found in the gas and solid phase; this indicates the
accuracy of the calculated K,,,. As a result, the significant decrease
in the non-radiative rate in the solid phase is caused by the
enhanced intermolecular interactions.

Through the adiabatic energy landscape (Fig. 3), we know
that the ISC and RISC processes mainly occur between S; and
T, as well as T,. Thus, both the ISC and RISC rates between S,
and T, (T,) are calculated. It is found that the ISC from S; to Ty
or from S; to T, in the solid phase is slightly increased as
compared to that in the gas phase. This is due to the decreased
S;-T; and S;-T, energy gaps as well as the comparable SOC
constants (0.17 and 0.05 in the solid phase and 0.16 and 0.06 in
the gas phase). The RISC process mainly occurs from T, to Sy,
and the transition from T; to S; can be neglected because of the
large S;-T; energy gap although considerable SOC is found
between them. Thus, the hot exciton process is generated.
Further, the internal conversion rate (Kc) from T, to T; and the
radiative (Kp) as well as the non-radiative decay rates from T, to S,
are calculated. Due to the decreased T,-T; gap and the increased
T;~So gap, the Kic(T,-T;) in the solid phase (7.22 x 10'* ™) is five
orders of magnitude larger than that in the gas phase (6.92 X
107 S7Y), and K.(T;-S,) in the solid phase (4.03 x 10°> S7)
becomes two orders of magnitude smaller than that in the gas
phase (2.29 x 107 S™"). Moreover, for the TPATCN molecule with
red fluorescence emission, the reported exciton utilization is
39%.”> The energy gap between T, and T, is calculated to be
0.58 eV, which is quite different from that for their other reported
HLCT molecules.” This results in a larger internal conversion (IC)
rate from T, to Ty. As a result, the exciton utilization is smaller
than 100%. Thus, for this kind of HLCT molecule, another
mechanism for exciton utilization originates from triplet-triplet
annihilation (TTA) that enhances the red fluorescence emission.

Moreover, to determine how conversion occurs between S;
and T,, we first analyzed the energy landscape (shown in Fig. 3).
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It shows that no additional triplet level is found between S; and T,.
Thus, the conversion pathway through intermediate states is
excluded. Furthermore, as the torsion of the unhindered C—C
double bond (the central bond of the fumaronitrile moiety) is
easily caused by photo-excitation in gas and solution, the potential
energy surfaces (PESs) of S; and T, along the dihedral angle (08 in
Fig. S1, ESIf) of the central fumaronitrile unit are calculated. As
shown in Fig. S6 (ESIT), the crossing points between two PESs
occur at about 68 = 11° and 24°. Both the S; and T, states need
large energies to reach the first crossing point. Therefore, conver-
sion pathway through the crossing point is difficult to occur. Since
the calculated energy gap between S; and T, is very small, the
direct ISC between S; and T, has been estimated in this study.

Based on the abovementioned results, the prompt fluorescent
efficiency (@pg) in the solid phase is 52.1%, which is consistent
with the experimental value (72%). Moreover, ®p is 0.16% for the
isolated molecule; this elaborates the AIE mechanism. In
addition, the calculated ISC efficiency ®ys5c is 4.0% in the solid
phase. Theoretical results based on the first-principles calculations
in the solid state show good agreement with the experimental
results; this confirms the HLCT and AIE mechanisms of the
TPATCN molecule.

4. Conclusion

In this study, we have theoretically investigated the excited state
dynamics of the near-infrared HCLT compound TPATCN in the
solid phase using the QM/MM method. According to the results
of the comparison of the molecular geometries of S, and S;
states, geometrical changes in the solid phase are restricted due
to the enhanced intermolecular interaction. The small S;-T,
gap (0.003 eV) in the solid phase can efficiently promote the
RISC process from T, to S;. By analyzing the HR factors and
reorganization energies, the non-radiative consumption ways
via the torsional motions of diphenylamino and central fumaro-
nitrile in low frequency regions (<200 cm™ ') are effectively
hindered by the restricted intramolecular rotation effect in the
solid phase. The aggregation-induced emission mechanism is
revealed for the TPATCN compound, and the fluorescence
efficiency is enhanced from 0.16% in the gas phase to 52.1%
in the solid phase. Furthermore, the suggested hot-exciton
process of the HLCT emitters in OLEDs is illustrated by combining
the dynamics of the excited states and the adiabatic energy
structures calculated in the solid state. Our investigation can
help understand the HLCT and AIE mechanisms of the TPATCN
emitter and design more efficient OLEDs.
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