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Heterofission Mechanism for Pure Organic Room
Temperature Phosphorescence

Qi Sun, Jiajun Ren, Qian Peng, and Zhigang Shuai*

Room temperature phosphorescence (RTP) from pure organic materials,
whether in crystalline or film phases, has recently attracted considerable
attention. Experimental evidence increasingly suggests that RTP originates
from isomeric dopants (impurity) rather than pure compounds. The
underlying mechanism and molecular design principles have remained
elusive. Herein, the “heterofission mechanism” for RTP is proposed, wherein
a singlet excited state is split into two triplets, one remains within the host,
while the other migrates to the guest (dopant) molecule, satisfying Ehost(S1) ≈
Ehost(T1) + Eguest(T1). It is found that all the dopants possess a low triplet
excited state, meeting the energy requirement for the heterofission process.
The sum of the calculated emission spectra from these two triplets overlaps
well with the experimentally measured broad phosphorescent spectra.
Furthermore, the calculated heterofission rates are expected to occur at the
picosecond timescale. Efficient Dexter energy transfer leads to the guest
predominantly dominating the RTP. Based on this mechanism, we can predict
potential host and guest candidates to expand the family of pure organic
RTP materials.

1. Introduction

Organic functional materials, known for their easy processabil-
ity, cost-effectiveness, and tunable colors, often exhibit intriguing
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properties such as room temperature
phosphorescence (RTP).[1–7] Achieving
several seconds of afterglow in RTP from
pure organic materials is a remarkable
accomplishment, particularly given the ab-
sence of metallic or inorganic elements.[8]

Pure organic materials usually exhibit
small spin-orbit coupling (SOC), which
makes it difficult to give rise to RTP.
However, significant progress has been
made in recent years in achieving RTP
in the crystalline or film form of pure
organic systems, including carbazole (Cz),
dibenzothiophene (DBT), fluorene, diben-
zofuran, and others.[4,6,9–11] Host–guest
systems for RTP materials have also been
extensively explored.[4,6,9–11] Numerous
strategies have been developed to achieve
both high-efficiency and long lifetime RTP
materials, including polymer dopant,[12]

regulating aggregation morphology,[13–16]

H-aggregation,[8] halogen bonding,[17,18]

and so on. These strategies are designed
to restrict intramolecular motion, thereby suppressing non-
radiative decay processes and allowing for phosphorescent
emission. Additionally, the crystalline environment and rigid
molecular structures can hinder vibration-induced distortions
to some extent, further limiting non-radiative decay and con-
tributing to the achievement of long-lasting phosphorescence.
The roles of intermolecular interaction (hydrogen bonding, 𝜋-
halogen bonding, anion-𝜋, and d-p𝜋 bonds, and so forth) as
well as the excited state compositions involving 𝜋 − 𝜋* and
n − 𝜋* components, have been found to be essential for un-
derstanding the intersystem crossing (ISC) process in RTP
materials.[2,19]

It is worth noting that in metal-containing inorganic com-
pounds, the ultralong afterglow is generally induced by
impurity doping.[20,21] The photophysical properties of the
same pure organic RTP materials measured by different re-
search groups show considerable inconsistency,[5,11,22–24] such
as BCZBP with 2.5% and 5.0% photoluminescence quan-
tum yield (PLQY) and 0.11 ms and 0.28 s lifetime mea-
sured by two different groups,[23,24] respectively. These dis-
crepancies have contributed to the ongoing debate and the
perceived obscurity surrounding the mechanism of RTP in
pure organic materials. Recently, Liu and coworkers raised
the point that the lab-synthesized pure Cz, DBT, and their
derivatives do not possess RTP properties. These authors
have further applied high-performance liquid chromatography
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Figure 1. Chemical structures of the investigated materials. Molecules in blue are high T1 moieties as host and molecules in red are low T1 moieties as
guest.

(HPLC) to successfully extract extremely small amounts of iso-
meric impurities, such as 1H-benzo[ f ]indole (Bd) from the
commercial Cz product. They indicated that ultralong phos-
phorescence can be recovered by only 0.01 mol% Bd dopant
in Cz.[25] In addition to Cz doped with Bd, other host/guest
systems, such as CPhCz/CPhBd, DPhCzT/DPhBdT, DBT/NT,
and BrBDBT/BrBNT3 (Figure 1), have been explored to demon-
strate ultralong RTP,[25,26] providing substantial evidence for
the effectiveness of the dopant strategy.[25,26] Regarding the
mechanism, Liu and coworkers attributed the long-lived ex-
citons to radical ions (Cz−Bd+ etc.) using the transient ab-
sorption spectra,[25,26] as these RTP materials have the same
excited state absorption peaks (460–475 nm) as the reported
donor (TMB) and acceptor (PPT) blend.[27] However, we con-
tend that even when intermolecular radical ions form, the po-
sitions of the excited state absorption peaks for different ionic
pairs may not necessarily be identical. Moreover, long-lived ex-
citons are more likely to originate from triplet excitons. The
reported theoretical calculations regarding fast charge transfer
rate (Cz− + Cz = Cz + Cz−) and low Cz−Bd+ energy com-
pared to Cz−CZ+ are also insufficient to confirm the formation
of ionic pairs,[28] as it needs at least three steps, each with its own
rate.

In contrast, our proposed mechanism suggests that heterofis-
sion processe results in the ultrafast formation of triplet exci-
tons, with intermolecular charge transfer states (ICT) serving
as virtual intermediate states. RTP originates from these het-
erofissioned triplet pairs. Heterofission, a special kind of sin-
glet fission, entails the distribution of excitation energy from
one chromophore in the excited singlet state to different chro-
mophores, ultimately converting both into triplet states. Singlet
fission processes have been used to generate double electron–
hole pairs, which can enhance the efficiency of solar cells.[29,30]

This process has also been used to generate double–triplet
exciton and transfer its energy to phosphorencence materi-
als via Dexter energy transfer, potentially leading to a break-
through in the exciton utilization.[31,32] While the singlet fis-
sion process has been extensively studied, the fission process
induced room temperature phosphorescence (RTP) is reported
here for the first time, offering a fresh perspective on both sin-
glet fission and RTP. Based on this mechanism, we can pro-
pose a molecular design strategy for RTP by identifying poten-
tial pure organic host and guest candidates through theoretical
calculations.

2. Results and Discussion

2.1. Low T1 Energy in the Dopants

In our computational approach for molecular geometry op-
timization and excited state calculations, we consider the
donor–acceptor form of the host/guest dimers (CPhCz/CPhBd,
DPhCzT/DPhBdT, and BrBDBT/BrBNT3). To this end, we em-
ploy the optimally tuned 𝜔B97X-D (𝜔B97X-D*) functional cou-
pled with the 6-31G* basis set. The triplet and singlet excitation
energies, based on the T1 optimized geometry of the investigated
molecules, are shown in Figure 2 and Table 1. It is important to
emphasize that the lowest triplet state T1 energy (1.49–1.74 eV) of
the dopants (Bd, CPhBd, DPhBdT, NT, and BrBNT3) consistently
remains quite low, much lower than that of the corresponding
host materials (2.37–2.56 eV in Cz, CPhCz, DPhCzT, DBT, and
BrBDBT). Such observations remind us that the low T1 might be
the primary reason for dopant-induced RTP. Notably, we observe
that Ehost(S1) ≈ Ehost(T1) + Eguest(T1), especially for the prototype
RTP compound carbazole, that is, ECz(S1) > ECz(T1) + EBd(T1).
This energy condition aligns with the requirements of the het-
erofission process.[29,33–35] Singlet fission process cannot be un-
dergone for the pure host compound as the energy levels mis-
match (Table 1). The value of Ehost(S1) − Ehost(T1) − Eguest(T1) in
DPhCzT/DPhBdT is slightly negative (−0.2 eV), allowing for het-
erofission through an endothermic process. Heterofission, char-
acterized by its spin-conserving nature, typically unfolds on the
timescale of femtoseconds to picoseconds, making it ultrafast
and capable of outcompeting other relaxation processes such as
radiative and non-radiative decay, intersystem crossing (ISC), and
so forth. The one with higher T1 energy is denoted as host (Cz,
CPhCz, DPhCzT, DBT, and BrBDBT in Figure 1), and the other
one with lower triplet energy is guest (Bd, CPhBd, DPhBdT, NT,
and BrBNT3).

2.2. Heterofission Induced the Formation of Triplet Exciton

To validate the hypothesis of the heterofission mechanism, we
have computed the phosphorescence spectra of both the host
and guest materials via the thermal vibration correlation func-
tion (TVCF) method implemented in our home-built MOMAP
package[36–38] as shown in Figure 3. Across all five groups investi-
gated here, the superposition of the calculated phosphorescence
spectra from host and guest materials matches very well with ex-
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Figure 2. Excited state energies based on the optimized T1 geometry of the investigated materials at the level of 𝜔B97X-D*/6-31G(d).

perimental ones, confirming the formation of both triplet exci-
ton from host and guest materials in experiments. The dominant
spectral features are attributed to the longer wavelengths, which
stem from the low T1 energy of the guest materials. In contrast,

Table 1. Energy difference between the host singlet state and its twice
triplet state or the sum of triplet state energy of host and guest (Unit: eV).

Host/Guest Ehost(S1)-2Ehost(T1) Ehost(S1)-Ehost(T1)-Eguest(T1)

Cz/Bd −0.59 0.34

CPhCz/CPhBd −0.69 0.06

DPhCzT/DPhBdTa) −1.01 −0.2

DBT/NT −0.64 0.3

BrBDBT/BrBNT3a) −0.53 0.21
a)

The second singlet excited energy is used in these system because of relatively large
gaps between S1 and S2.

the high T1 energy of the host materials contributes less intensity
to the shorter wavelengths. The currently calculated T1 energies
(1.49–1.74 eV) are based on the T1 geometry, representing the
vertical emission energy. Given that the phosphoresce spectra of
the guest are broad (550–750 nm), it is difficult to obtain the ver-
tical emission energy of the T1 state in the experiment. Only the
value of 0–0 transition energy of T1 state could be approximately
obtained in the experiment. Since all the essential information
is encapsulated within the spectra, we consider the spectral com-
parison to be sufficient. The 0–0 transition energy corresponds
to the adiabatic energy, the calculated 0–0 transition energy val-
ues are in the range of 2.39–2.47 eV (Table S1, Supporting In-
formation), in excellent agreement with the experiment results.
From our computed phosphorescence spectra, it is evident that
both the peak positions and shapes align exceptionally well with
the experimental results. The larger energy differences in excited
states among different configurations are attributed to the signif-
icant reorganization energy within the systems. This reorgani-

Figure 3. Theoretical calculations of the phosphorescence spectra and the comparison with the experimental ones (0.5 mol% guest doped in 99.5 mol%
host). Reproduced with permission.[25] Copyright 2021, Springer Nature. Reproduced with permission.[26] Copyright 2022, John Wiley and Sons.
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Figure 4. a) Population dynamics of heterofission process in the selected dimer (G: guest; H: host). b) Schematic diagram of the heterofission induced
RTP mechanism. DET: Dexter energy transfer.

zation energy primarily arises from the stretching and bending
vibrational modes of the fused molecular framework. For exam-
ple, the total reorganization energy of the T1 state for Cz and Bd
on the S0 (T1) potential energy surface is 4390 cm−1 (4281 cm−1)
and 3388 cm−1 (3133 cm−1), respectively. The most significant
contribution to this is the stretching vibration of the condensed
ring skeleton of Cz and Bd. The corresponding normal mode fre-
quencies for this mode on the S0 potential energy surface are
1723.62 and 1669.93 cm−1, respectively, with a respective contri-
bution of 2266.01 and 1569.27 cm−1 to the reorganization energy
(Figure S1, Supporting Information). This characteristic leads to
a broader phosphorescence spectrum, where the guest contribu-
tion in the spectra is distributed within the range of 550–800 nm.

The calculated shapes and positions of the spectral peaks
closely resemble those observed in the experimental spectra, with
the only difference being the presence of additional vibrational
fine structures in the calculated spectra. This disparity is rea-
sonable, as practical measurements are subject to various factors
that can induce spectral broadening, thereby obscuring the vibra-
tional fine structures in the experimental spectra. Furthermore,
certain experimental evidence substantiates the occurrence of
triplet exciton formation from both host and guest materials and
the heterofission process: i) The experimental emission spectra
at 77K for the mixture of BrBDBT and BrBNT3 show the super-
position of those of BrBDBT and BrBNT3;[26] ii) BrBNT3 exhibit
the lowest T1 value, as observed from the 77K phosphorescence
spectra, and perform best as the dopant;[26] iii) An optimal dop-
ing percentage, which is relatively low,[25,26] is imperative for the
heterofission process. This necessity arises from the requirement
that the ground state of the guest and the singlet exciton of the
host engage in the heterofission process. A high guest concentra-
tion would lead to the formation of singlet exciton in the guest,
and facilitating an effective energy transfer from the host to the
guest, which is detrimental to the heterofission process. iv) The
dopant is not necessarily an isomer of the host. For instance,
Bd/CPhCz, Bd/DPhCzT, Cz/CPhBd, and Cz/DPhBdT have been
demonstrated to exhibit RTP phenomena.[25]

The ICT state is generally viewed as an essential intermediate
state to achieve ultrafast singlet fission dynamics.[39,40] Here we
take the Cz/Bd dimer as an example to investigate the heterofis-
sion process. The crystals of Cz and Bd are both herringbone

stacking, where the face-to-edge dimer is the pair with the short-
est centroid distance. There are eight different stacking pack-
ing patterns all with the shortest contact for the hetero-dimer of
Cz/Bd (Figure 4a; Figure S1, Supporting Information). In our
approach, we replace one Cz with Bd in a 5 × 5 × 3 Cz clus-
ter and adjust the orientation of Cz and Bd to create eight initial
structures. Subsequently, we perform molecular mechanics opti-
mization. Further details regarding the construction of the model
Hamiltonian and the application of the time-dependent density-
matrix renormalization group (TD-DMRG) method[41–43] for het-
erofission dynamics simulation are provided in the Experimen-
tal Section. Upon analyzing the population of the five involved
lowest-lying states (Figure 4a; Figure S2, Supporting Informa-
tion), it is found that the singlet exciton of the host Cz rapidly
decays along with the generation of charge transfer states (espe-
cially the face part with negative charge and edge part with pos-
itive charge pairs with lower energy level),[44] the singlet exciton
of guest Bd, and the TT state. One low-lying CT state exhibits a
significant population, primarily attributed to the sequential CT-
mediated regime. The other CT state with higher energy is not
directly populated, as it is associated with the superexchange CT-
mediated regime. Both of these regimes contribute to ultrafast
heterofission dynamics.[39] It is important to note that the forma-
tion of the guest singlet exciton competes with the heterofission
process, underscoring the need for a low dopant concentration to
prevent energy transfer from the host singlet exciton to the guest
materials. The heterofission rate (1/𝜏) can be fitted from the TT
state population (p(t)) using p(t) = a − bexp (− t/𝜏) (t: time), the
fitting rate (kHF) is 1.2 × 1013 s−1, manifesting an ultrafast pro-
cess that could outcompete other relaxation processes. The TT
population is the dominant component, resulting in a significant
triplet yield.

Once the triplet excitons of host and guest are formed, effi-
cient Dexter energy transfer from host to guest becomes pos-
sible. We determined the triplet energy transfer rate (kDET) by
employing Fermi’s Golden Rule (FGR), considering the quan-
tum nature of all the molecular vibrational modes. Under strong
coupling and high temperature approximation, this formal-
ism converges to the semiclassical Marcus theory. For the se-
lected Cz/Bd pair, the Dexter energy transfer rate is calculated
to be 3.71 × ˜105˜s−1 with FGR and 6.81 × ˜105˜s−1 with

Adv. Optical Mater. 2024, 12, 2301769 © 2023 Wiley-VCH GmbH2301769 (4 of 8)

 21951071, 2024, 5, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adom

.202301769 by Feng C
hia U

niversity, W
iley O

nline L
ibrary on [03/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

Figure 5. Candidates as host materials (blue) and guest molecules (red) and their T1 energy of optimized T1 geometry calculated at the level of 𝜔B97X-
D/6-31G(d).

semiclassical Marcus theory, respectively. As a result, the guest
molecule predominantly influences RTP, leading to intense
emission at longer wavelengths. The overall process of inter-
molecular charge transfer-mediated heterofission inducing RTP
can be illustrated as shown in Figure 4b: i) Initially, the singlet
exciton of the host materials (S1H) is populated (host material
is the dominant component), likely resulting in prompt fluo-
rescence (corresponding to the prompt part of the experimental
spectra[25,26]). ii) Combined with ground state guest (S0G), using
ICT as intermediate states, the heterofission process occurs, lead-
ing to the formation of triplet excitons of host and guest. iii) Dex-
ter energy transfer (DET) occurs from host to guest, the triplet ex-
citon of host and guest decays to the ground state and emits RTP.

2.3. Nature of Triplet States

To get a deep insight into the structure–property relationship,
we analyze the T1 transition properties of these molecules as de-
picted in Figure S3, Supporting Information. They are all in a
locally excited (LE) dominant state, with transition density con-
centrated on the Cz or Bd or DBT or NT moiety. Consequently,
the high T1 state in Cz derivatives (CPhCz and DPhCzT) and DBT
derivative (BrBDBT) are maintained, and the low T1 state in Bd
derivatives (CPhBd and DPhBdT) and NT derivative (BrBNT3)
are conserved. In terms of frontier orbitals, the high T1 moiety
hosts Cz and DBT show similar frontier orbital nodes, which we
denote as Cz-like, while the low T1 moiety guests Bd and NT show
the acence-like frontier orbital nodes. This disparity leads to the
notable difference in T1 energy levels. To provide further insight,
we plot the iso-chemical-shielding surfaces (ICSS)[45,46] of Cz, Bd,
DBT, and NT in Figure S4, Supporting Information. It is evident
that Bd and NT exhibit higher aromaticity, which subsequently
results in lower T1 energy levels. Additionally, we conducted cal-
culations for the CPhCz and CPhBd dimers to consider inter-
molecular interactions. As indicated in the results presented in
Figure S5, Supporting Information, no ICT state is formed, and
the T1 state of such a dimer remains localized on the low T1 moi-
ety, Bd. This observation aligns with our previous work, where it
was demonstrated that the low T1 state is maintained when con-
nected with other high T1 moieties.[31]

2.4. Providing Host and Guest Candidates

To expand the range of possible RTP candidates, we aim to align
the characteristics of the host and guest units. Specifically, we
seek host units with high T1 possessing Cz-like frontier orbital
nodes and guest moieties with low T1 exhibiting acene-like fron-
tier orbital nodes. This strategy allows us to diversify the family
of RTP candidates, as depicted in Figure 5. All the molecules con-
sist of fused rings, similar to Cz, Bd, DBT, and NT, making them
suitable as fundamental building blocks for various derivatives.
In fact, molecules 1–20 have already been synthesized in exper-
iments. These compounds typically serve as fundamental units
in luminescent and transport materials, with some displaying the
potential for high luminescence and mobility simultaneously.[47]

Notably, molecules 1–10, characterized by Cz-like frontier orbital
nodes (as shown in Figure S6, Supporting Information), exhibit
higher T1 values than molecules 11–20, which feature acene-like
frontier orbital nodes (Figure S6, Supporting Information). This
observation aligns with our previous discussion and confirms the
effectiveness of our design strategy. Traditionally, the design of
singlet fission materials has relied solely on energy alignment
based on theoretical calculations.[48,49] The value of Ehost(S1) −
Ehost(T1) − Eguest(T1) in these host/guest systems is calculated in
Table 2 and Tables S4–S5, Supporting Information, with positive
values observed in all cases except for compound 12 as guest,
which displays slightly negative values. This trend indicates the
effectiveness of utilizing Cz-like frontier orbital nodes as the core
moiety in host materials and acene-like frontier orbital nodes as
the unit in guest materials. Additionally, compounds 11–20 have
also been treated as host materials, and the corresponding val-
ues of Ehost(S1) − Ehost(T1) − Eguest(T1) are listed in Tables S4 and
S5, Supporting Information, to assess their suitability as hosts.
This approach opens up the possibility of generating numerous
derivatives using 1–20 as the core. Besides, other low T1 moiety,
such as partial conjugated five-membered rings[31] may also be
useful if the Ehost(S1) ≈ Ehost(T1) + Eguest(T1) is satisfied.

3. Conclusion

In conclusion, we propose the heterofission mechanism to ex-
plain the dopant-induced RTP of pure organic materials by
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Table 2. Ehost(S1)-Ehost(T1)-Eguest(T1) values in host/guest system, 1–10
are host materials and 11–20 with lower E(T1) are guest (Unit: eV).

Host/Guest 11 12 13 14 15 16 17 18 19 20

1 0.94 0.00 0.82 0.69 0.80 0.81 0.68 0.91 0.70 0.81

2 0.89 −0.05 0.77 0.64 0.75 0.76 0.63 0.86 0.65 0.76

3 1.20 0.25 1.08 0.94 1.05 1.06 0.94 1.16 0.96 1.07

4 0.63 −0.31 0.51 0.38 0.49 0.50 0.37 0.60 0.39 0.50

5 0.48 −0.47 0.36 0.22 0.33 0.34 0.21 0.44 0.23 0.35

6 0.67 −0.28 0.55 0.41 0.52 0.53 0.41 0.63 0.42 0.54

7 0.46 −0.49 0.34 0.20 0.31 0.32 0.20 0.42 0.22 0.33

8 0.64 −0.31 0.52 0.38 0.49 0.50 0.38 0.60 0.39 0.51

9 0.45 −0.49 0.33 0.19 0.31 0.32 0.19 0.42 0.21 0.32

10 0.55 −0.39 0.43 0.29 0.41 0.41 0.29 0.52 0.31 0.42

means of quantum chemistry calculations and quantum dynam-
ics simulation. A singlet excited state in the host molecule can
split into two triplets, with one in the host and the other in the
guest. The latter possesses a much lower triplet state than the
former. This unique mechanism offers a rational approach to de-
signing organic RTP materials. The prerequisite lies in the low T1
nature of the dopants, which triggers the heterofission process,
resulting in the rapid formation of triplet excitons. It is found
that the experimental phosphorescence spectra for a number of
RTP systems can be well fit by the superposition of the calculated
triplet emission spectra from host and guest molecules. Quan-
tum dynamics simulations, employing the TD-DMRG method
with a model Hamiltonian derived from the host-guest dimer
formed in the crystalline structure, consistently support the dom-
inance of the heterofission process. Additionally, efficient Dexter
energy transfer contributes to the intense emission of the guest
molecule at longer wavelengths. Ultimately, our research extends
the possibilities of pure organic RTP systems by presenting po-
tential candidate molecules for further exploration. This study
not only provides a novel understanding of the mechanism be-
hind dopant-induced RTP in pure organic materials but also of-
fers valuable guidelines for the design of RTP materials.

4. Experimental Section
Ground state S0, excited state S1, T1 geometry optimization, and cor-

responding frequency vibrations along with the excitation energies, were
calculated at the level of optimal tuned 𝜔B97X-D (𝜔B97X-D*) functional
with a 6-31G* basis in Gaussian 16 package.[50] An optimally tuned𝜔 value
in a range-separated functional like 𝜔B97X-D is an accurate and efficient
way to calculate the charge transfer state, which has received widespread
recognition.[51–53] The basis is Koopman’s Theorem, that is, the calculated
ionization potential is equal to the calculated negative value of the HOMO
energy. The𝜔 values of the investigated system are shown in Table S2, Sup-
porting Information. Geometry optimization, frequency calculation, and
excitation energy were all conducted in the vacuum environment, as the
exciton coupling and transfer integral were small in a system like this as re-
ported in the literature.[47] According to the TVCF method,[36–38] the phos-
phorescence emission cross section 𝜎em could be written as:

𝜎em(𝜔) = 2𝜔3

3𝜋ℏc3
‖𝜇T‖2 ∫

+∞

−∞
e−i(𝜔−𝜔T)t𝜌em(t, T)dt (1)

where c is the speed of light, 𝜔T is the T1 energy, 𝜇T is the transition
dipole moment of T1 state, 𝜌em(t, T) is the Franck–Condon overlap at
temperature T. The relative intensities of the host/guest spectra were in-
fluenced by various factors during radiative and non-radiative processes;
hence, these intensities are derived from experimentally measured rela-
tive intensities. Iso-chemical-shielding surfaces (ICSS) using the nucleus-
independent chemical shift (NICS) concept were calculated at B3LYP/6-
31+G* with the help of Multiwfn.[45,46] Herein, the ICSSzz(1) (the value of
ICSS which is perpendicular to and 1 Å above the plane of the molecule)
surfaces were employed instead of ICSS, as the NICSzz(1) performed bet-
ter as an aromaticity judgment than NICS. The different color schemes
were used to manifest different magnetic shielding isosurface values in
ppm. The transition dipole moment of the T1 state was carried out in
Dalton.[54] The energy minimization process was performed with a gen-
eral AMBER force field (GAFF) considering periodic boundary conditions
(PBC) in the GROMACS 2019 package.[55]

Under Fermi’s Golden Rule (FGR) regime, the quantum Dexter energy
transfer rate could be expressed as:

kDET,FGR = 1
ℏ2

|V|2 ∫
∞

−∞
dtexp{i𝜔fit −

∑
j

Sj[(2nj + 1)−

nje
−i𝜔j t − (nj + 1)ei𝜔j t]}

(2)

where V is the exchange integral between host and guest, 𝜔fi is the energy

difference between host and guest, nj =
1

e
ℏ𝜔j∕kBT−1

is the population of the

jth normal mode with frequency 𝜔j. Sj is the Huang–Rhys factor of the T1
state. The semiclassical Marcus energy transfer rate is:

kDET,Marcus = V2√
𝜆kBT∕𝜋

exp[−
(𝜔fi + 𝜆)2

4𝜆kBT
] (3)

𝜆 is reorganization energy, which is expressed as ∑jℏ𝜔jSj, namely, a sum
of relaxation energy from all the normal modes. All the required parame-
ters presented here are obtained through quantum chemistry calculations,
which are then used as inputs to our home-built program MOMAP[36–38]

to obtain the energy transfer rates.
To describe the heterofission dynamics, we first construct a vibronic

Hamiltonian, which could be written as:

Ĥ = Ĥe + Ĥph + Ĥe−ph (4)

where Ĥph and Ĥe−ph are phonon vibration and electron-vibration cou-
pling, respectively. Modes with a Huang–Rhys factor ⩾0.01 were chosen
here for simplifying the calculation. And Ĥe is pure electron Hamiltonian,
which could be expressed in the five diabatic states S1GS0H, S0GS1H, CGAH,
AGCH, and TGTH (C: cation; A: anion):

Ĥe =

⎡⎢⎢⎢⎢⎢⎢⎣

E(S1GS0H) J Vll −Vhh 0

J E(S0GS1H) −Vhh Vll 0

Vll −Vhh E(CGAH) 0
√

3∕2Vlh

−Vhh Vll 0 E(AGCH)
√

3∕2Vhl

0 0
√

3∕2Vlh

√
3∕2Vhl E(TGTH)

⎤⎥⎥⎥⎥⎥⎥⎦

(5)

The diagonal elements are the on-site energy of the five states. And
the off-diagonal parts are the couplings between them. The energy of the
first four states and their couplings could be obtained using Boys local-
ized diabatization[56] method built in Q-Chem package.[57] E(TGTH) de-
notes the sum of the T1 energy of the single molecule, and the cou-
plings between the ICT state and the TT state were obtained through
the PySCF package.[58] The results of the localized diabatic states in 8
group molecules and their corresponding matrix elements are shown in
Figure S7, Supporting Information. The Bond dimension in the TD-DMRG
simulation was set to 100, the singlet exciton of the host was chosen as

Adv. Optical Mater. 2024, 12, 2301769 © 2023 Wiley-VCH GmbH2301769 (6 of 8)
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the initial state and the temperature was 300 K. All the TD-DMRG calcula-
tions were performed in the open-source package Renormalizer.[41–43] The
dynamic behavior was determined by the electronic Hamiltonian Equa-
tion (5) as well as the vibronic component. Given that the packing geome-
try involving one host and one guest within the surplus host molecules
(5 × 5 × 3) cluster was considered, the matrix elements of the elec-
tronic Hamiltonian were particularly influenced by the packing geometry.
Once the packing geometry was established, vacuum or QM/MM calcu-
lations could yield similar behavior, consistent with previous research by
the authors.[44] Regarding the vibronic component, since the phosphores-
cence spectra that were calculated closely match the experimental ones,
it was believed that performing vibronic calculations in the vacuum phase
is sufficient. Based on this mechanism, a computational formula for the
phosphorescence luminescence efficiency (ΦPLQY) of the host–guest dop-
ing system could be derived:

ΦPLQY = ΦHF[
krH

krH + knrH + kDET
+

krG

krG + knrG

(1 +
kDET

krH + knrH + kDET
)]

(6)

where ΦHF is the heterofission yield, krH, krG, knrH, and knrG denote the
radiative rate (kr) and non-radiative rate (knr) of host (H) and guest (G),
respectively. kDET is the Dexter energy transfer rate (from the host to the
guest).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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