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Aggregation-induced thermally activated delayed fluorescence (TADF) phenomena have attracted extensive attention
recently. In this paper, several theoretical models including monomer, dimer, and complex are used for the explanation
of the luminescent properties of (R)-5-(9H-carbazol-9-yl)-2-(1,2,3,4-tetrahydronaphthalen-1-yl)isoindoline-1,3-dione ((R)-
ImNCz), which was recently reported [Chemical Engineering Journal 418 129167 (2021)]. The polarizable continuum
model (PCM) and the combined quantum mechanics and molecular mechanics (QM/MM) method are adopted in simulation
of the property of the molecule in the gas phase, solvated in acetonitrile and in aggregation states. It is found that large
spin–orbit coupling (SOC) constants and a smaller energy gap between the first singlet excited state and the first triplet
excited state (∆Est) in prism-like single crystals (SCp-form) are responsible for the TADF of (R)-lmNCz, while no TADF
is found in block-like single crystals (SCb-form) with a larger ∆Est. The multiple ultralong phosphorescence (UOP) peaks
in the spectrum are of complex origins, and they are related not only to ImNCz but also to a minor amount of impurities
(ImNBd) in the crystal prepared in the laboratory. The dimer has similar phosphorescence emission wavelengths to the (R)-
lmNCz-SCp monomers. The complex composed of (R)-lmNCz and (R)-lmNBd contributes to the phosphorescent emission
peak at about 600 nm, and the phosphorescent emission peak at about 650 nm is generated by (R)-lmNBd. This indicates
that the impurity could also contribute to emission in molecular crystals. The present calculations clarify the relationship
between the molecular aggregation and the light-emitting properties of the TADF emitters and will therefore be helpful for
the design of potentially more useful TADF emitters.

Keywords: organic light-emitting diodes, thermally activated delayed fluorescence, ultralong organic phos-
phorescence, aggregation mode

PACS: 33.50.–j, 33.50.Dq, 33.50.Hv DOI: 10.1088/1674-1056/acb75d

1. Introduction

In the past few years, extensive attention has been paid
to organic thermally activated delayed fluorescence (TADF)
emitters due to their unique photophysical properties.[1–4]

Since Pope and others first reported organic electrolumines-
cent materials in 1963,[5] organic electroluminescent mate-
rials have gradually entered the public’s field of vision, es-
pecially in the fields of solid-state lighting, display panels,
organic light-emitting diode (OLED) TV, digital cameras,
and so on.[6–8] TADF materials are generally supposed to be
the third generation of organic light-emitting materials after
traditional fluorescent materials and traditional phosphores-
cent materials, with their internal quantum efficiency (IQE)
reaching 100%.[9–16] For TADF materials, the excitons in the
triplet state cross to the singlet state through reverse inter-
system crossing (RISC) on thermal activation, and thereafter
emit delayed fluorescence from the singlet state to the ground
state. The implementation of the TADF process requires a
small energy gap between the first singlet excited state and
the first triplet excited state (∆Est), which can be realized
by a small overlap between the highest occupied molecular

orbital (HOMO) and the lowest unoccupied molecular or-
bital (LUMO). The general method to obtain TADF is to use
a molecular design strategy combining donor and acceptor
groups.[17–22] Of course, molecular aggregation behavior can
also induce and regulate the TADF process. In recent years,
there have been preliminary studies on the law of accumula-
tion modes in TADF behavior. It is found that J-aggregation
can reduce ∆Est, which promotes the RISC process and TADF
process, in general. H-aggregation promotes the intersys-
tem crossing (ISC) process and weakens TADF, but promotes
the RTP process.[23] In 2019, Thilagar et al. reported that a
molecule crystallized in two different crystal forms (1a and
1b).[24] Polymorph 1b with J-aggregation has brighter TADF
phenomenon than polymorph 1a with a random arrangement.
In the same year, Yang et al. reported two DMAC-CNQ and
FDMAC-CNQ molecules with multi-functional emission, and
realized TADF, AIE and MCL by regulating their aggregation
mode.[25] In 2021, Yang et al. found the regulation of ag-
gregation state on TADF in TRZ-c-BPXZ and TRZ-a-BPXZ
molecules.[26] In the same year, Fu et al. found J-aggregation
state regulation on TADF in the (E)-5-(ethoxycarbonyl)-2,2-
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difluoro-6-methyl-4-(2-[1-methyl-1H-indol-2-yl]vinyl)-2H-
1,3,2-dioxaborinin-1-ium-2-uide molecule.[27] However, there
are few studies of the aggregation effect on TADF properties
theoretically, due to the difficulty in the simulation of ag-
gregation states. In addition, the complicity in aggregation
states makes it more difficult to understand the light-emitting
properties.

Recently, a pair of chiral TADF molecules
(R)-5-(9H-carbazol-9-yl)-2-(1,2,3,4-tetrahydronaphthalen-
1-yl)isoindoline-1,3-dione [(R)-lmNCz] and (S)-5-
(9H-carbazol-9-yl)-2-(1,2,3,4-tetrahydronaphthalen-1-
yl)isoindoline-1,3-dione [(S)-lmNCz] (as shown in Figs. 1(a)–
(d)) have been reported.[28] The block-like single crystals
(SCb-form) and prism-like single crystals (SCp-form) of
(R/S)-ImNCz are found to have different luminescent prop-
erties. The multiple ultralong phosphorescence (UOP) peaks
in the spectrum were of complex origins, and they are related
not only to ImNCz but also to a small amount of impurities
(ImNBd) in the crystal prepared in the laboratory. There is
no TADF phenomenon in the SCb-form, while TADF phe-
nomenon is found in the SCp-form. We believe that this is
related to their different aggregation methods. The SCb-form
shows face-to-face stacking and the SCp-form adopts edge
stacking. The SCp crystal has a wide frequency band in the
range of 430–520 nm and three peaks in the range of 520–
700 nm. In order to verify the generation mechanism of TADF
and RTP in SCp crystals and the absence of TADF in SCb crys-

tals, the luminescence characteristics of the chiral molecules
in the crystalline state are studied by combining quantum
mechanics and molecular mechanics (QM/MM) methods. At
the same time, the luminescence characteristics of (R)-lmNCz,
(S)-lmNCz, and (R)-lmNBd in acetonitrile solution are studied
using the polarizable continuum model (PCM). Recently, Li
and Zhang et al. performed theoretical studies on SOBF-OMe
and DBPz-2spAc with PCM and QM/MM methods, and good
agreement with experimental results was obtained, which in-
dicates the reliability of this method.[29,30] Nevertheless, these
calculation models were limited to only the ONIOM model of
single components. In this study, the impurity in the crystal
is also considered to explain the emission spectra, which indi-
cates that the impurity could also participate in the emission.
The photoluminescence properties of (R)-lmNCz, (S)-lmNCz,
and (R)-lmNBd in gas phase are also studied. Both monomers
and dimers are selected as research models to explore the ori-
gin of TADF. Our existing calculation results demonstrate that
the generation of broadband is closely related to the radiation
transition of S1. The three peaks in the range of 520–700 nm
(as shown in Fig. 1(e)) should be due to a small amount of
(R)-lmNBd impurities in the crystals prepared in the labora-
tory, which agree with experimental guess.[31] Our theoretical
simulation results provide a reasonable explanation for the
generation mechanism of TADF and RTP, which is helpful
to understand the influence of molecular stacking mode on
luminescence properties.
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Fig. 1. Molecular structures and ONIOM model of (R)-lmNCz-SCb, (S)-lmNCz-SCb, (R)-lmNCz-SCp, (S)-lmNCz-SCp, and (R)-lmNBd. The
centered molecule is treated as the high layer and surrounding molecules are regarded as the low layer.

2. Theoretical methods and calculation details

In this work, the luminescence characteristics of (R)-
lmNCz, (S)-lmNCz, and (R)-lmNBd in acetonitrile solution
are simulated with the PCM method which has turned out to
be a trustworthy tool for predicting the influence of solvents
on TADF molecules.[32,33] The calculation model is estab-
lished according to the four crystal structures obtained from
the experiment (as shown in Fig. 1).[28] A two-layer ONIOM

method is adopted for the molecular crystal simulation.[34–37]

The central molecule is chosen as the high layer and measured
by the QM method, while the surrounding molecules are se-
lected as the low layer and determined by the MM method.
The calculation of the ground state and excited state of the
high layer molecule in the center is based on density functional
theory (DFT) and time-dependent density functional theory
(TD-DFT), respectively.[38] For the surrounding molecules,
the universal force field (UFF) which sustains major elements
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is applied, which has also been proven reliable.[39,40] In the
optimization process, the central molecule is completely re-
leased, while other molecules are locked. In our study, the
ONIOM model of (R)-lmNBd (as shown in Fig. 1(e)) is con-
structed by replacing a (R)-lmNCz molecule in the SCp crystal
of (R)-lmNCz, and the replacement (R)-lmNBd is set as the
central molecule in the ONIOM model. For the sake of re-
searching the interaction between (R)-lmNCz molecules and
surrounding (R)-lmNCz molecules, a dimer is taken as central
molecule based on the ONIOM model. In order to study the
interaction between the (R)-lmNBd molecule and surround-
ing (R)-lmNCz molecules, an (R)-lmNBd molecule and an
(R)-lmNCz molecule are taken as a complex in the ONIOM
model. The geometries of the dimer and complex are shown

in Fig. S1. The intermolecular interactions of (R)-lmNCz,
(S)-lmNCz, and (R)-lmNBd are assessed by the indepen-
dent gradient model based on Hirshfeld partition (IGMH).[41]

QM/MM methods are also used to calculate the photophysi-
cal properties of the dimer and the complex. Five functionals
(WB97XD, PBE0, M062X, BMK, and B3LYP) are tested on
the emission wavelengths together with a 6-31G* basis set (as
shown in Table 1).[42–46] Functional fitting results show that
the fluorescence wavelengths of (R)-lmNCz-SCb, (S)-lmNCz-
SCb, (R)-lmNCz-SCp, and (S)-lmNCz-SCp fit well with the
experimental values at the PBE0/6-31G* level. Therefore, all
the operations of the following QM parts are performed at the
PBE0/6-31 G* level. All these corresponding calculations are
implemented in the Gaussian 16 package.[47]

Table 1. Emission wavelengths calculated by different functionals for (R)-lmNCz-SCb, (S)-lmNCz-SCb, (R)-lmNCz-SCp,
and (S)-lmNCz-SCp in the solid phase (unit: nm).

(R)-lmNCz-SCb (S)-lmNCz-SCb (R)-lmNCz-SCp (S)-lmNCz-SCp

Wb97xd 359 342 350 339
Pbe0 497 451 497 465

M062x 376 353 370 354
Bmk 413 382 409 388

B3lyp 544 489 547 508
Exp. 482 482 459 465

Efficient intersystem crossing rates and reverse intersys-
tem crossing rates (KISC, KRISC) are significant indicators to
measure the TADF process and the RTP process. The KISC

between two electronic states with different spin states can be
described as[48,49]

KISC =
1
h̄2

〈
Φ f |HSO|Φi

〉
×
∫
−

dt
[

e iωi f tZ−1
i ρISC(t,T )

]
, (1)

where Zi is the partition function and ρISC (t,T ) is the thermal
vibration correlation function.

〈
Φ f |ĤSO|Φi

〉
is the spin–orbit

coupling (SOC) between two states with different spin multi-
plicity, which can be calculated by quadratic response function
methods in the Dalton Program.[50] KRISC can also be calcu-
lated making use of Eq. (1). The ISC and RISC rates are all
calculated using molecular materials property prediction pack-
age (MOMAP).[51]

In addition, the radiation rate (Kr) is calculated by the Ein-
stein spontaneous emission equation[52]

Kr =
f ∆E2

f i

1.499 cm−2 · s
, (2)

where f is oscillator strength and ∆E f i is the vertical emission
energy between the first singlet excited state (S1) and ground
state (S0) (or between the first triplet excited state (T1) and S0)
in the units of wavenumber (cm−1).

Furthermore, the non-radiative decay rate from S1 to S0

(K1
nr) can be deduced based on first-order perturbation theory

and Fermi’s golden rule (FGR). Through Fourier transform, it
can be written as

Knr = ∑
kl

1
h̄2 Rkl

∫
−

dt
[

e iωi f tZ−1
i ρIC,kl(t,T )

]
, (3)

where ρIC,kl (t,T ) = tr(P̂f k e−iτ f Ĥ f P̂f l e−iτiĤi) is the thermal
vibration correlation function (TVCF). Zi is the partition func-
tion. Rkl =

〈
Φ f |P̂f k|Φi

〉〈
Φi|P̂f l |Φ f

〉
is the non-adiabatic elec-

tronic coupling.[53]

As for the non-radiative decay rate from T1 to S0 (K2
nr), it

can be calculated by the following formula:[54]

ln [Knr(Tn→ S0)]

= −
(∆Ead−∑ j λ j)

2

4∑ j λ jE j
+ln

(
1
h̄
|〈S0|ĤSO|Tn〉|2

√
π

∑ j λ jĒ j

)
. (4)

Here, ∆Ead represents the adiabatic excitation energy and λ j

refers to the reorganization energy of the jth vibrational mode.
|〈S0|ĤSO|Tn〉| is the SOC matrix element between S0 and Tn.

The Huang–Rhys factor and recombination energy are
obtained using the DUSHIN software package for normal
mode analyses on the obtained geometric structure and elec-
tronic structure information. The Huang–Rhys factor and re-
organization energy formula can be written as

HRk =
ωkD2

k
2h̄

, (5)

λ = ∑k h̄ωkHRk. (6)

Here ωk refers to the vibration frequency and Dk represents
the normal coordinate displacement of mode k.
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In addition, for identification and visualization of the
weak interaction between two molecules in an aggregate state,
a function (δg) is used to define the intermolecular interaction
based on IGMH:

δGpair
i, j =

∫
δgi, j (r) dr

=
∫

[gIGM
i, j (r)−gi, j(r)]dr, i ∈ A, j ∈ B, (7)

gi, j (r) = |∇ρi (r)+∇ρ j (r) |, (8)

gIGM
i, j (r) = |∇ρi (r)|+ |∇ρ j (r) |. (9)

Here, A and B refer to the two fragments in which the inter-
action is to be investigated, and i and j represent the atoms in
these two fragments, respectively. The atomic pair δg index is
denoted as δGpair. Accordingly, δGatom (%) is defined to sur-
vey the percentage of an atom’s contribution to the interaction
between fragments:

δGatom
i = ∑

j∈B
δGpair

i, j , (10)

δGatom
i (%) =

δGatom
i

∑
j∈A

δGatom
j
×100%. (11)

3. Results and discussion
3.1. Molecular structures

The molecular structures of (R)-lmNCz-SCb, (S)-lmNCz-
SCb, (R)-lmNCz-SCp, (S)-lmNCz-SCp, and (R)-lmNBd are
shown in Fig. 1. The molecular structures of complex and
dimer are shown in Fig. S1. The geometry of the ground
state (S0), the first singlet excited state (S1), the first triplet
excited state (T1), and the second triplet excited state (T2)
of (R)-lmNCz, (S)-lmNCz, and (R)-lmNBd molecules in the
gas phase, acetonitrile solution, and solid phase are optimized.
The calculated properties of the (R)-lmNCz molecule and the
(S)-lmNCz molecule in the gas phase and in solution are very
similar (see Table S1). The properties of (R)-lmNCz and (S)-
lmNCz in the same crystal structure are also very similar, so
(R)-lmNCz-SCb and (R)-lmNCz-SCp are selected for the next
analysis. The relevant calculation results of (S)-lmNCz-SCb

and (S)-lmNCz-SCp are shown in Figs. S2–S9 and Tables S1–
S6.

The root of the mean squared displacement (RMSD) can
be used to describe the configuration difference between the
ground state and the excited state for (R)-lmNCz-SCb, (R)-
lmNCz-SCp, and (R)-lmNBd, as shown in Fig. 2. Tables S7–
S11 list some important geometric parameters and experi-
mental data of (R)-lmNCz-SCb, (R)-lmNCz-SCp, (R)-lmNBd,
complex, and dimer molecules in the S0, S1, T1, and T2 states.
As shown in Fig. 2, the configuration changes between S0

and S1 show that distinct aggregation methods and distinct

donors have different effects on the geometric changes dur-
ing molecular excitation, where the RMSD values of (R)-
lmNCz-SCb, (R)-lmNCz-SCp, and (R)-lmNBd are 0.082 Å,
0.077 Å, and 0.135 Å, respectively. In different aggregation
modes, the bond lengths and bond angles of (R)-lmNCz-SCb

and (R)-lmNCz-SCp are similar, but the dihedral angles of (R)-
lmNCz-SCb and (R)-lmNCz-SCp are significantly different (as
shown in Table S7 and S8). The change in dihedral angles of
(R)-lmNCz-SCb (α1 changes from −6.0◦ to 4.4◦, α2 changes
from 2.1◦ to −0.8◦) is significantly greater than that of (R)-
lmNCz-SCp (α1 changes from−1.7◦ to 1.9◦, α2 changes from
−3.9◦ to −0.2◦) when they are changed from S0 to S1. There-
fore, the larger dihedral angle change of (R)-lmNCz-SCb may
increase the reorganization energy of a molecule. For (R)-
lmNBd, the change in bond lengths and bond angles is also
very small, mainly locating at the change of dihedral angles
(α1 changes from 16.3◦ to 8.8◦, α2 changes from −21.7◦ to
−8.9◦), which may make the non-radiative rate between S0

and S1 state of (R)-lmNBd very large. In contrast, the dihedral
angles of (R)-lmNCz-SCb (α1 changes from 4.4◦ to 1.1◦, α2

changes from −0.8◦ to −4.5◦), (R)-lmNCz-SCp (α1 changes
from −1.7◦ to 1.9◦, α2 changes from −0.8◦ to −4.5◦), and
(R)-lmNBd (α1 changes from 8.8◦ to 7.1◦, α2 changes from
−8.9◦ to −12.5◦) have small differences, no more than 10◦,
in the S1 and T1 state, which means their RMSD values are
also smaller. The geometric difference between (R)-lmNCz-
SCb and (R)-lmNCz-SCp in the S1 and the T2 state are small,
and their RMSD values are also very small. This predicts a
possible transition path from the high-energy excited state T2

to the S1 state. Dihedral angles of (R)-lmNBd, α1 and α2,
change greatly in the S1 and the T2 state with α1 changed by
nearly 5.5◦ and α2 changed by nearly 10.7◦, so the RMSD
values of the S1 and the T2 state of (R)-lmNBd are large. At
the same time, by analyzing the important geometric param-
eters of complex and dimer, it is found that the bond length
and bond angle before and after optimization are little differ-
ent, but the dihedral angle has changed. Therefore, we believe
that the different aggregation modes and the changes of donor
group will have a certain impact on the interaction between
molecules, and then affect the molecular configuration.

Figure 3 shows the energy and distribution of frontier
molecular orbitals. It is easy to find that the HOMO of (R)-
lmNCz is mainly concentrated in the carbazole group, and
the LUMO is mainly located in the phthalimide group. The
HOMO–LUMO overlap of (R)-lmNCz-SCp is smaller than
that of (R)-lmNCz-SCb, which is related to the fact that the
dihedral angle (−61.94◦) between the phthalimide group and
carbazole group of (R)-lmNCz-SCp is larger than the dihe-
dral angle (−46.99◦) between the phthalimide group and car-
bazole group of (R)-lmNCz-SCb. This may be due to a
stronger intermolecular interaction in the SCp crystal, which

103301-4

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb75d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb75d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb75d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb75d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb75d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb75d
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acb75d


Chin. Phys. B 32, 103301 (2023)

makes the conformation of (R)-lmNCz-SCp molecule more
distorted. The large dihedral angle makes the molecular con-
formation more distorted and the HOMO–LUMO overlap is
small, which is conducive to reducing ∆Est. The HOMO of
(R)-lmNBd is mainly distributed in the benzoindole group, and
the LUMO is mainly concentrated in the phthalimide group.
Obviously, the dihedral angle between the phthalimide group
and the benzoindole group in the (R)-lmNBd molecule is large
(−79.77◦), thus the HOMO–LUMO overlap is small and ∆Est

is also small. The HOMO–LUMO energy gap of (R)-lmNBd
(2.393 eV) is obviously smaller than that of (R)-lmNCz-SCb

(3.072 eV) and (R)-lmNCz-SCp (2.871 eV), so the emission
of (R)-lmNBd has red shift. The frontier molecular orbital
analysis of complex and dimer shows that the HOMO–LUMO
distributions of the complex are analogous to those of (R)-
lmNBd, and the HOMO–LUMO distributions of the dimer are
similar to those of (R)-lmNCz-SCp. It is found that the (R)-
lmNBd will induce a smaller HOMO–LUMO energy gap.
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Fig. 2. RMSD of S0 (red), S1 (blue), T1 (black), and T2 (green) states for (R)-lmNCz-SCb, (R)-lmNCz-SCp, and (R)-lmNBd.

LUMO

HOMO

-2.921 eV

-5.793 eV

-2.902 eV

-5.295 eV

-2.837 eV

-5.307 eV

Egap/2.470

-2.881 eV

-5.723 eV

Egap/2.843

-2.809 eV

-5.881 eV

Egap/.

Egap/2.871

Egap/2.393

-2.5

-3.5

-4.5

-3.0

-4.0

-5.0

-6.0

-5.5

E
n
e
rg

y
 (

e
V

)

(R
) Im

NCz SCb Dim
erCom

plex

(R
) Im

NBd

(R
) Im

NCz SCp
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3.2. Excited states

It is well known that the small energy gap between S1

and Tn in TADF molecules and RTP molecules is an impor-
tant parameter for rapid RISC and ISC processes. The adia-

batic excitation energies of (R)-lmNCz in the two aggregation
modes and (R)-lmNBd, complex, and dimer in the ONIOM
model are shown in Table 2 and Fig. 4. The results reflect that
the energy gaps between S1 and S0 of (R)-lmNCz-SCb and
(R)-lmNCz-SCp (2.49 eV and 2.50 eV) are roughly equal, but
the ∆Est of (R)-lmNCz-SCp (0.13 eV) is smaller than that of
(R)-lmNCz-SCb (0.21 eV) due to the higher triplet energy in
SCp mode, which makes (R)-lmNCz-SCp more likely to ex-
hibit TADF than (R)-lmNCz-SCb. For (R)-lmNBd, both S1

and T1 become lower than (R)-lmNCz. The energy gap be-
tween them is also smaller. The energy gap between T1 and
S0 of (R)-lmNBd (1.97 eV) is small, thus (R)-lmNBd is more
likely to emit phosphorescence. Although the energy gap be-
tween S1 and S0 of the dimer (2.38 eV) is larger than that
between S1 and S0 of the complex (2.25 eV), the ∆Est of the
dimer (0.13 eV) is smaller than that of the complex (0.16 eV),
which makes the dimer more likely to display TADF than the
complex. It is found that the energy gaps between T1 and S0 of
the (R)-lmNBd, complex, and dimer increase in turn (1.97 eV,
2.09 eV, and 2.25 eV), indicating that the emission wavelength
would shift blue. Introducing (R)-lmNBd would induce lower
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excited states, and thus red shift emission.
Besides ∆Est, the transition properties and SOC constants

between the two electronic states are also important indica-
tors to determine RISC and ISC processes. By analyzing the
S1, T1, and T2 states of (R)-lmNCz-SCb, (R)-lmNCz-SCp,
(R)-lmNBd, complex, and dimer, the natural transition orbit
(NTO) shown in Fig. 5 is obtained. All S1 states and T2 states
have charge transfer (CT) characteristics, and T1 states have
hybridized local charge-transfer (HLCT) properties. The re-

sults show that there is only partial transfer between the accep-
tor group and the donor group of the T1 state of (R)-lmNCz-
SCb and (R)-lmNCz-SCp molecules, which would make the
SOC between the S1 state and the T1 state larger. This helps to
promote the intersystem crossover of excitons between the S1

state and the T1 state. The CT feature of the S1 state is helpful
to reduce the ∆Est. It is found that different stacking patterns
have little influence on the transition properties of the triplet
excited states.

Table 2. Calculated emission wavelength for fluorescence (λfl) and photoluminescence (λph), oscillator strength ( f ), transition dipole moment
(µ), adiabatic singlet (ES1) and triplet (ET1) energies, adiabatic singlet–triplet energy gap (∆Est) of (R)-lmNCz-SCb, (R)-lmNCz-SCp, (R)-
lmNBd, complex, and dimer in the solid phase.

λfl (nm) λph (nm) f µ (Debye) ES1 (eV) ET1 (eV) ∆Est (eV)
(R)-lmNCz-SCb 498 544 0.054 0.00239 2.49 2.28 0.21
(R)-lmNCz-SCp 496 523 0.033 0.00106 2.50 2.37 0.13

(R)-lmNBd 607 630 0.060 0.00035 2.04 1.97 0.07
Complex 550 592 0.055 – 2.25 2.09 0.16

Dimer 521 551 0.037 – 2.38 2.25 0.13

(R) ImNCz SCb

S1

S0

T1

T2

(R) ImNCz SCp

S1

S0 S0 S0 S0

(a) (b)
(d)

(R) ImNBd Complex Dimer

(e)

T1

T2
S1

T1

T2
S1

T1

T2
S1

T1

T2
T2-S1=0.17 eV T2-S1=0.23 eV T2-S1=0.19 eV

S1-T2=0.16 eV
S1-T1=0.16 eV

S1-S0=2.25 eV

S1-T2=0.14 eV
S1-T1=0.13 eV

S1-S0=2.38 eV

S1-T1=0.07 eV

S1-S0=2.04 eV

S1-T1=0.13 eV

S1-S0=2.50 eV

S1-T1=0.21eV

S1-S0=2.49 eV

(c)

Fig. 4. Excitation energy for (R)-lmNCz-SCb (a), (R)-lmNCz-SCp (b), (R)-lmNBd (c), complex (d), and dimer (e) in the solid phase.
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Fig. 5. Natural transition orbitals (NTOs) of the S1, T1, and T2 states based on their optimized structures for (R)-lmNCz-SCb (a), (R)-lmNCz-
SCp (b), (R)-lmNBd (c), complex (d), and dimer (e) in the solid phase.

3.3. Reorganization energy and intermolecular interac-
tions

The non-radiative decay process between S1 and S0 and
between T1 and S0 are closely related to structural transforma-
tion and electron–vibration coupling. For the sake of further
exploring the non-radiative process under diverse aggregation
modes, the relationships between the frequency and the re-
organization energy of (R)-lmNCz-SCb, (R)-lmNCz-SCp, and
(R)-lmNBd in S1 and T1 are shown in Figs. 6 and 7. The main

dissipation channels of vibration relaxation can be divided
into three parts: low-frequency (LF, < 500 cm−1) mode, mid-
frequency (MF, 500–1500 cm−1) mode, and high-frequency
(HF, > 1500 cm−1) mode. The reorganization energy between
S1 and S0 of (R)-lmNCz-SCp is mainly contributed by MF
and HF modes. Compared with (R)-lmNCz-SCp, the reor-
ganization energy between S1 and S0 of (R)-lmNCz-SCb in
LF mode is increased, especially the rotational contribution
between the dihedral angle of donor and acceptor, such as
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161.58 cm−1. The increase in the dissipative pathway will
increase the non-radiative decay process of molecules. In the
(R)-lmNBd molecule, the reorganization energy between S1

and S0 is mainly contributed by LF and HF modes. In the LF
mode, the bending vibration of the Bd group outward along the
plane is the main contribution (115.91 cm−1), while the con-
tribution in the HF mode mainly comes from C=O stretching

vibration (1902.15 cm−1). The vibration modes of (R)-lmNBd
between S1 and S0 and between T1 and S0 are similar, but the
reorganization energy between T1 and S0 is significantly re-
duced, which is conducive to reducing the non-radiative dissi-
pation from T1 to S0. Moreover, the C–H stretching vibration
at about 3500 cm−1 also contributes to the reorganization en-
ergy for (R)-lmNBd.
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Fig. 6. Calculated reorganization energies versus the normal mode frequencies for (R)-lmNCz-SCb (a), (R)-lmNCz-SCp (b), and (R)-lmNBd (c) of the
S1 state in the solid phase. Representative vibration modes are shown as insets.
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Fig. 7. Calculated reorganization energies versus the normal mode frequencies for (R)-lmNCz-SCb (a), (R)-lmNCz-SCp (b), and (R)-lmNBd (c) of the
T1 state in the solid phase. Representative vibration modes are shown as insets.

In order to study the influence of intermolecular stacking
mode on intermolecular interactions, we used IGMH analy-
sis to visually analyze weak interactions (as shown in Fig. 8).
Although (R)-lmNCz-SCb and (R)-lmNCz-SCp are the same
molecule, they do not stack in the same way. It can be seen that
in the SCb crystal, the intermolecular interactions of dimer-4
(−103.27 kJ/mol) and dimer-7 (−112.18 kJ/mol) are signifi-
cantly stronger than those of other dimers, with obvious π–π

stacking and some C–H–π interactions and C–H–O interac-
tions. The large area in green between the adjacent phenyls of
these two pairs of dimers shows that their intermolecular in-
teractions are van der Waals interactions. In addition, it also
shows representative characteristics of π–π stacking. The in-
termolecular interactions of dimer-6 (−3.64 kJ/mol) are the
weakest. In other dimers, the intermolecular interactions are
roughly the same. It is found that dimer-1 (−44.05 kJ/mol)
and dimer-5 (−45.36 kJ/mol) are mainly carbazole–carbazole
interactions, and dimer-2 (−30.76 kJ/mol) and dimer-3
(−31.32 kJ/mol) are mainly π–π stackings. In SCp crys-
tal, dimer-1 (−45.34 kJ/mol) has the strongest intermolec-

ular interactions, including carbazole–carbazole interactions,
C–H–π interactions, and C–H–O interactions. It can be seen
that dimer-5 (−38.24 kJ/mol) and dimer-7 (−38.25 kJ/mol)
are mainly carbazole–carbazole interactions, and dimer-1
(−36.53 kJ/mol) and dimer-3 (−6.53 kJ/mol) are mainly
C–H–π interactions. There are weak carbazole–carbazole
interactions between dimer-4 (−13.78 kJ/mol) and dimer-6
(−13.79 kJ/mol). We find that the strong intermolecular
carbazole–carbazole interactions are conducive to the suppres-
sion of non-radiative channels. At the same time, we also
analyzed the intermolecular interactions of the (R)-lmNBd
molecule containing Bd impurity. The intermolecular inter-
actions of dimer-1 (−47.99 kJ/mol) are the strongest, which
are C–H–O interactions and C–H–π interactions. Dimer-
2 (−31.02 kJ/mol) has strong C–H–Bd interactions, dimer-
3 (−22.12 kJ/mol) and dimer-4 (−19.23 kJ/mol) are similar
to dimer-2, but C–H–Bd interactions are weak. There are
many Cz–Bd interactions in dimer-5 (−33.25 kJ/mol). dimer-
6 (−8.98 kJ/mol) and dimer-7 (−8.12 kJ/mol) have weak Cz–
Bd interactions. Obviously, the van der Waals interaction is
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the most important intermolecular interaction of the three sys-
tems. The face-to-face stacking mode in the SCb crystal makes
the system form intermolecular interactions with a strong π–
π stacking effect. The edge stacking mode of the SCp crys-
tal makes the system form obvious intermolecular carbazole–
carbazole interactions. The impurity system we simulated has
a special intermolecular Cz–Bd interaction.
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Fig. 8. Intermolecular interactions for selected dimers of (R)-lmNCz-
SCb (a), (R)-lmNCz-SCp (b), and (R)-lmNBd (c) described by the
IGMH method.

3.4. Excited state dynamics

In order to quantitatively analyze the photophysical prop-
erties of molecules, we calculated the SOC constant at room

temperature, as shown in Table 3. For (R)-lmNCz-SCp,
the SOC constant between S1 and T1 (0.687 cm−1 and
0.492 cm−1) is much larger than that SOC constant between
S1 and T2 (0.069 cm−1 and 0.108 cm−1), so the ISC processes
and RISC processes occur more easily between S1 and T1.
(R)-lmNCz-SCb is similar to (R)-lmNCz-SCp, and the SOC
constant between S1 and T1 (0.588 cm−1 and 0.477 cm−1)
of (R)-lmNCz-SCb is much larger than that between S1 and
T2 (0.081 cm−1 and 0.090 cm−1), so the ISC processes and
RISC processes occur more easily between S1 and T1. It can
be seen that the SOC constant of S1–T1 for (R)-lmNCz-SCp

based on the S1 configuration (0.687 cm−1) is greater than that
of (R)-lmNCz-SCb (0.588 cm−1), which is prone to ISC and
RISC processes. Therefore, it is reasonable to believe that the
fluorescence peak measured in the (R)-lmNCz-SCp crystal ex-
periment partly comes from the transition of excitons from the
T1 state to the S1 state, then radiates to the ground state for
luminescence. For (R)-lmNCz-SCp and (R)-lmNBd, the SOC
constants between S0 and T1 calculated based on the S0 con-
figuration (2.782 cm−1 and 1.458 cm−1) are also very large,
which makes it possible to produce phosphorescence.

In addition, the calculated emission wavelength for fluo-
rescence (λfl) and photoluminescence (λph), oscillator strength
( f ), transition dipole moment (µ) of (R)-lmNCz-SCb, (R)-
lmNCz-SCp, (R)-lmNBd, complex, and dimer in the solid
phase are shown in Table 2. It can be seen that the 430–
520 nm fluorescence peak of the crystal in the experiment
may be the joint action of (R)-lmNCz-SCp (496 nm) and dimer
(521 nm). In the experiment, the three phosphorescence peaks
of the crystal come from various sources. The phosphores-
cence emission peak at 550 nm may be the joint action of
(R)-lmNCz-SCp (523 nm) and dimer (551 nm). The phos-
phorescence emission peak at 600 nm may be due to com-
plex (592 nm) effect. The phosphorescence emission peak at
650 nm may be caused by (R)-lmNBd (630 nm). The phos-
phorescence peak at 550 nm has more sources than the ones
at 600 nm and 650 nm, so the peak at 550 nm is more ob-
vious. At the same time, we calculated Kr, Knr, KISC, and
KRISC, as shown in Tables 4 and 5. The K1

r of (R)-lmNCz-SCp

(6.94×107 s−1) is obviously larger than that of (R)-lmNCz-
SCb (1.12×107 s−1), so it is easier for (R)-lmNCz-SCp to
fluoresce. At the same time, K1

ISC and K1
RISC of (R)-lmNCz-

SCp (1.83×108 s−1, 1.93×106 s−1) are also very large, which
is conducive to enhancing fluorescence emission. K2

r and
K2

nr of (R)-lmNCz-SCp and (R)-lmNBd are relatively small
(2.6×100 s−1, 1.04×103 s−1 s−1, 1.9×10−1, 4.95×105 s−1),
but the intersystem transition process from the S1 state to the
T1 state of (R)-lmNCz-SCp and (R)-lmNBd (1.83×108 s−1

and 2.81×108 s−1, respectively) are fast, which makes exci-
tons accumulate in the T1 state and promotes the T1–S0 radia-
tive process.
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Table 3. Calculated SOC constants between S1 and T1, between S0 and T1, and between S1 and T2 for (R)-lmNCz-SCb, (R)-lmNCz-SCp, and
(R)-lmNBd in the solid phase based on optimized S1, T1, and T2 structures.〈

S1|Ĥso|T1
〉 〈

T1|Ĥso|S1
〉 〈

S0|Ĥso|T1
〉 〈

S1|Ĥso|T2
〉 〈

T2|Ĥso|S1
〉

(R)-lmNCz-SCb 0.588 0.477 2.232 0.081 0.090
(R)-lmNCz-SCp 0.687 0.492 2.782 0.069 0.108

(R)-lmNBd 0.479 0.322 1.458 0.418 0.367

Table 4. Rate constants of radiative and non-radiative between S0 and
S1 (K1

r , K1
nr) and between S0 and T1 (K2

r , K2
nr) for (R)-lmNCz-SCb, (R)-

lmNCz-SCp, and (R)-lmNBd in the solid phase.

K1
r (s−1) K1

nr (s−1) K2
r (s−1) K2

nr (s−1)
(R)-lmNCz-SCb 1.12×107 8.91×107 1.42×101 1.43×103

(R)-lmNCz-SCp 6.94×107 5.69×107 2.60×1000 1.04×103

(R)-lmNBd 1.74×107 3.55×109 1.9×10−1 4.95×105

Table 5. Effective intersystem crossing (ISC) rates and reverse intersystem
crossing (RISC) rates between S1 and T1 (K1

ISC, K1
RISC) and between S1 and

T2 (K2
ISC, K2

RISC) for (R)-lmNCz-SCb, (R)-lmNCz-SCp, and (R)-lmNBd in
the solid phase.

K1
ISC (s−1) K1

RISC (s−1) K2
ISC (s−1) K2

RISC (s−1)
(R)-lmNCz-SCb 6.74×107 2.52×104 1.24×101 1.62×106

(R)-lmNCz-SCp 1.83×108 1.93×106 1.78×10−1 1.05×106

(R)-lmNBd 2.81×108 3.17×107 – –

4. Conclusions

In conclusion, the photophysical properties of (R)-lmNCz
in two different aggregation modes are systematically studied
based on QM/MM calculations, and the sources of multiple
emission peaks detected in experiments are explained. The re-
sults show that the aggregation modes can lead to different en-
ergy diagrams of electronic states and emission wavelengths.
The excited states of (R)-lmNCz-SCb and (R)-lmNCz-SCp

have similar transition properties, but (R)-lmNCz-SCb has
more vibrational modes than (R)-lmNCz-SCp, which increases
the reorganization energy of (R)-lmNCz-SCb and increases
non-radiative process. For (R)-lmNCz-SCp, larger SOC and
smaller ∆Est favor the generation of TADF. In addition, it is
verified that the generation of a phosphorescence peak in the
SCp crystal may be related to a small amount of (R)-lmNBd
impurity in the crystal. The phosphorescence peak at 550 nm
has one more source than that at 600 nm and 650 nm, so the
phosphorescence peak of 550 nm is a little stronger. Our cal-
culated results are in good agreement with the experimental
results. In addition, the influence of the impurity on emission
spectra is also confirmed theoretically, which adds to the un-
derstanding of the luminescent properties of TADF molecules
in aggregation.
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