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Abstract

Two-coordinate Cu (I) complexes have attracted great interest recently because

of the rich photophysical property in solid state, including the aggregation-

induced thermal activated delayed fluorescence. Here, we summarize our theo-

retical investigations on the excited state structure and decay dynamics for the

two-coordinate Cu (I) complexes in solution phase and solid state by the ther-

mal vibration correlation function rate formalism we developed earlier coupled

with time-dependent density-functional theory within polarizable continuum

model and hybrid quantum and molecular mechanics. First, for the

CAAC Cu (I) Cl complex, we found that the nature of the excited state

undergoes a change from metal-to-ligand charge transfer (MLCT) in solution

to hybrid halogen-to-ligand charge transfer and MLCT in solid state. The bend-

ing vibrations of the C Cu Cl and Cu C N bonds are restricted in aggre-

gates, reducing the non-radiative decay rate to cause strong solid-state

fluorescence. Second, for CAAC Cu (I) Cz, we found that both intersystem

crossing (ISC) and reverse intersystem crossing (rISC) are enhanced by 2–4
orders of magnitudes upon aggregation, leading to highly efficient thermally

activated delayed fluorescence (TADF). The enhanced ISC and rISC rates can

be attributed to the increase of the metal proportion in the frontier molecular

orbitals, leading to an enhanced spin�orbit coupling between S1 and T1. The

reaction barriers for ISC and rISC are much lower in solution than that in

aggregate phase resulting in a decrease in energy gap ΔEST and an increase in

the relative reorganization energy through bending the angle ∠C�Cu�N for

T1. Our theoretical studies provide a clear rationalization for the highly effi-

cient solid-state luminescence character of two-coordinate Cu (I) complexes

and may clarify the ongoing dispute on the understanding of the high TADF

quantum efficiency.
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1 | INTRODUCTION

In the past decades, copper complexes have attracted
great attention for the potential to replace rare metals in
organic light-emitting diodes (OLEDs) application.[1–3]

Compared with traditional phosphorescent noble metal
complexes, copper complexes exhibit a series of advan-
tages, including abundance in nature, low cost, easy
access, versatile coordination forms, etc. Especially, the
optical emission can be tuned from fluorescence to phos-
phorescence and from blue to red. Since 1980, McMillin
have extensively studied solid-state luminescence of
[Cu(phen)(PPh3)2].

[4] Nevertheless, searching for highly
efficient luminescent copper complexes is still a key chal-
lenge of organic luminescence.

In 2001, Tang et al. put forward the concept of
aggregation-induced emission (AIE) to describe the exotic
phenomenon of organic chromophores demonstrating a
substantial increase in luminescence upon aggregation,[5]

broadening the vision to design high-efficiency solid-phase
organic system. The AIE-active systems have shown a great
diversity ranging from fluorescent oligomers to phospho-
rescent organometallic complexes.[6,7] Since the geometric
distortion of copper complexes in excited state usually
enhances non-radiative decay,[2] the exploration of the
luminescence mechanism in Cu(I) complex aggregates is
crucial to its molecule design.

In general, copper has two types of oxidation states:
Cu(I) and Cu(II). The outermost shell electron configuration
of Cu(II) is d9, which allows d-d* electron transition to form
the metal center (MC) state.[2,8] The MC state usually accom-
panies severe structural deformation and induces the
excited state deactivation.[9] Hence, the luminescence of
Cu(II) complexes is always weak.[10] Unlike Cu(II) complexes,
the outermost d orbitals of Cu(I) complex is full, avoiding any
d-d* transition and formation ofMC state. Spin-orbit coupling
(SOC) of copper complexes is much smaller than traditional
phosphorescent heavy metal complexes, and copper com-
plexes can achieve both singlet and triplet harvest in conse-
quence.[2] Therefore, copper complexes can give rise to
prompt fluorescence,[11] phosphorescence,[12] and delayed
fluorescence[13] under different circumstances.

Cu(I) complexes possess a number of coordination struc-
tures, such as four-coordinate tetrahedral,[14] three-
coordinate trigonal planar,[12] and two-coordinate linear
structures.[15] These lead to a wide range of emission spectra.
Upon photo-excitation, the MC is transiently oxidized to a
d9 configuration, which consequently induces pseudo-Jahn–
Teller (PJT) distortion in copper complex (Figure 1).[2,10]

Four-coordinate Cu(I) complexes unfortunately suffer from
the PJT effect upon excitation, which always induces geo-
metric planarization in the excited state and leads to extra
non-radiative decay.[4] Similarly, PJT distortion is also found

in three-coordinate Cu (I) complex, with a “Y”-shaped to
“T”-shaped structural reorganization.[16] The novel two-
coordinate Cu(I) complexes show high performance in
OLED, which have attracted great attention.[3,15] However,
the photo-excited linear two-coordinate Cu(I) complex can
also decay non-radiatively through a geometric bending
deformation, known as Renner–Teller distortion.[17] It is of
great interest to look at the photophysical properties for two-
coordinate Cu(I) complexes in aggregate phase.

Blasse et al.[4] observed thermally activated delayed
fluorescence (TADF) luminescence in Cu(I) complexes
which were applied in OLEDs by Peters et al.[18] later,
demonstrating external quantum efficiency (EQE) as
high as 16.1%. Recently, two-coordinate Cu(I) complexes
have attracted much attention owing to its highly effi-
cient TADF. The novel complexes can achieve photolu-
minescence efficiencies >99% and microsecond
lifetimes,[15] which has made a great breakthrough in the
study of Cu(I) complexes.

Although the luminescent performance of
Cu(I) complexes has been dramatically improved, the
luminescence mechanism is still under debate. Hence,
comprehensively studying the photophysical process of
Cu(I) complex in aggregates and revealing the mecha-
nism is essential. Herein, we systematically and quantita-
tively investigated the excited-state decay dynamics in
two-coordinate Cu(I) complexes in solution and aggre-
gates by combining the polarizable continuum model
(PCM)[19] and hybrid quantum and molecular mechanics
(QM/MM)[20] approach with thermally vibrational corre-
lation function (TVCF) formalism[21–23] we developed

FIGURE 1 Pseudo-Jahn�Teller distortion of Cu(I) complexes

upon excitation
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earlier. It is important to point out that Professor Sheng-
Hsien Lin is a pioneering figure for the molecular radia-
tionless decay theory based on Fermi golden rule already
dated back to 1966 and thereafter.[24,25] The novelty of
our TVCF lies in three aspects: (a) all the vibrational
modes could serve as non-adiabatic coupling prefactor,
instead of one specific mode assumed a priori; (b) time-
dependent formalism allowing fully analytical solutions
for both displaced and Duschinsky rotation mixing all
the modes and a Fast Fourier transformation (FFT) tech-
nique can be employed to reduce the computational scal-
ing; (c) and SOC term has been introduced. In addition, a
computational software MOMAP (Molecular Materials
Property Prediction Package) has been developed for gen-
eral users which gained quite some popularity.[26]

According to Lin,[27] the non-adiabatic coupling term
can be expressed as follows: Rl fið Þ¼�ℏ2⟨Φf

∂
∂Ql

���
���Φi⟩.

Here, Φ is the electronic state and Q is the vibrational
mode coordinate and l is the so-called “promoting
mode,” which is easily identified for small system. But for
polyatomic molecule, many modes could also contribute.
We have formulated a general rate formulism by which
all the modes could serve as “promoting mode”:

Wf i Tð Þ¼ 2π
ℏ

X

l, k

Rf
lk

1
Ziv

X

vi, vf

e�βEiviΩf
lkδ EfiþEfvf �Eivi

� �
, ð1Þ

where the non-adiabatic prefactor R now becomes a
matrix indexed by l and k instead of only one mode
Rf
lk ¼ ⟨Φf bPfl

���
���Φi⟩⟨Φi bPfk

���
���Φf ⟩ and Ω is expressed as follows:

Ωf
lk ¼ ⟨Θfvf

bPfl

���
���Θivi

⟩⟨Θivi
bPfk

���
���Θfvf

⟩, ð2Þ

where P is the vibrational momentum operator and Θ is
the vibrational wavefunction. We further introduced the
Duschinsky rotation effect as follows:

Qik ¼
X3n�6

l

Si f ,klQflþDi f ,k, ð3Þ

where S is Duschinsky rotation matrix to express vibra-
tional mode as a linear combination of another manifold
and D is the vibrational displacement vector.

By Fourier transforming the delta function in
Equation (1) and employing continuously the complete-
ness relationship for the vibrational modes basis, and
expressing Equation (3).

⟨x0jx⟩¼ δ x
0 � SxþDð Þ� �

along with the nuclear
momentum P matrix element expressed as
⟨xk

��bPfk ykj ⟩¼�iℏ ∂
∂xk

δ xk� ykð Þ, we have been able to
obtain an analytical expression of rate as time

integration. The computational cost scales simply as N3

for each time step (N is the number of vibrational
modes). And the time integration can be computed very
efficiently by FFT technique which happened to have
experienced a rapid development in the past years.

As a matter of fact, we have sent the preprint of the
work[22] to Prof. Sheng-Hsien Lin for his advice. He
immediately replied: “… the manuscript ‘Promoting-
mode free formalism for excited state radiation less decay
process with Duschinsky rotation effect’ … deeply
impressed, …. This is certainly a landmark paper in the
field of excited state radiationless decay theory…” These
words are highly encouraging for us which led to a series
of continued work on revealing the excited state pro-
cesses and light-emitting phenomena. We have unraveled
the mechanism for the highly efficient fluorescence[17]

and TADF[27] of two Cu(I) complexes in solid state by
employing the TVCF method and we will present the
summary here.

2 | AIE INDUCED BY
RESTRICTION OF COORDINATION
BOND BENDING IN TWO-
COORDINATE Cu(I) COMPLEXES

We first studied (CAACAd)CuCl (see Figure 2a), which
has been reported to exhibit strong blue solid-state fluo-
rescence with photoluminescence quantum yield (PLQY)
up to 96%.[11] Geometry optimization and electronic
structures for the ground state and the lowest-lying
excited singlet state were carried out by (TD)M06/6-31G
(d)/LANL2DZ approach with PCM for tetrahydrofuran
(THF) solvent to account for the solvent effect and
ONIOM model[28] with universal force field (UFF) to
model the solid environment. The linear-response
(LR) PCM[19] was employed for the geometrical optimiza-
tion and frequencies analysis, while the corrected linear-
response (cLR)[29] approach was employed to obtain
excitation energies. Herein, the central molecule was
treated as QM part using (TD)M06/LANL2DZ/6-31G
(d) and the surrounding molecules were treated as MM
part using the UFF. All these first-principle calculations
were carried out with Gaussian16 program package.[30]

Based on the optimized geometry of S0 and S1 states
of (CAACAd)CuCl in solution and solid phases, we found
that the largest geometry modifications appear in
the coordination bond angles between copper and
two ligands with ∠C1 Cu Cl, ∠Cu C1 N, and
∠Cu C1 C4 decreasing from 9.67�, 12.82� and 10.73� in
solution to 3.66�, 4.46� and 6.75� in solid phase, respec-
tively. These changes lead to distinctly different elec-
tronic structure and non-radiative decay rate. It can be
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seen from Figure 2b that the nature of excitation changes
from metal-to-ligand charge transfer (MLCT) to hybrid
MLCT and halogen-to-ligand charge transfer (XLCT)
upon aggregation. Consequently, the excitation energy
increases from 2.88 to 2.95 eV due to the participation of
the deeper molecular orbitals in the solid state, which is
confirmed by the blue shift of the experimental emission
spectrum with respect to that in solution. The
attachment-detachment electron densities were analyzed
by Q-Chem Package,[31] and it is evident that the electron
transitions can be assigned to MLCT in solution, and
mixing MLCT/XLCT in solid phase.

Based on the ab initio calculations, we calculated the
radiative and non-radiative decay rate constants of
(CAACAd)CuCl in solution and solid phase using
MOMAP package[26] as Table 1 shown. From Table 1, it
can be seen that from solution to solid phase both oscilla-
tor strength and adiabatic excitation energy barely
change. Thus, the radiative decay rate constants are close
in both phases. Contrarily, upon aggregation, the non-
radiative internal conversion rate constant kic decreases
by about four orders of magnitude, and the resultant fluo-
rescence quantum yield (ФF) increases from 0.44 to 98%
upon aggregation, which is very close to the experiment
value of 96% in solid state.

As discussed above, the internal conversion rate con-
stant decreases remarkably upon aggregation, which

further induces strong solid fluorescence. To unravel the
intrinsic mechanism, we focus on two important factors
of kic including non-adiabatic coupling and reorganiza-
tion energy.[32] We made a detailed analysis of the
change in non-adiabatic coupling from Figure 3a, and it
can be seen that the couplings become much smaller
from solution to solid phase. In solution, the low-
frequency vibrations of 22.49, 74.16, 97.08, and
116.33 cm�1 have large non-adiabatic couplings, and
these modes all belong to the bending vibrations of bond
C Cu Cl. On the contrary, these kind of vibrations are
significantly suppressed in solid phase; only the modes of
65.10 cm�1 make a much smaller contribution. What's
more, the total reorganization energies decrease a lot
from solution (7,121 cm�1) to solid state (2,274 cm�1),
and it can be seen from Figure 3b that the largest contri-
butions to the reorganization energy come from several
low-frequency modes. These low-frequency modes are
assigned to the bending vibrations associated with coordi-
nation bonds C1 Cu and Cu Cl from the displacement
vectors in Figure 3b. We further established the
structure–property relationship by projecting the reorga-
nization energies onto the internal coordinates as shown
in Figure 3c. It is obvious that the bond angles
Cu C1 N, C1 Cu Cl, and Cu C1 C4 are the most
sensitive parameters to the environment. The coordinate
bond angle vibrations provide the major contribution to

FIGURE 2 (a) Chemical Structure of (CAACAd)CuX; (b) Selected frontier molecular orbitals and the important transitions of the S1
state at the optimized S1 geometries in solution and solid phase; (c) Attachment-detachment electron densities for S1 states at their optimized

geometries in solution and solid state. Reproduced with permission from ref. [17]. Copyright 2019 American Chemical Society

TABLE 1 The calculated oscillator strength, vertical excitation energy, radiative (kr), non-radiative (knr) and intersystem crossing (kisc)

decay rates constants, fluorescence quantum yield of (CAACAd)CuCl in solution and solid phase at 298 K

f ΔE (eV) kr (s
�1) kic (s

�1) kisc (s
�1) ФF (%)

In solution 0.0030 2.87 6.26 � 105 8.38 � 107 9.18 � 102 0.44

In solid state 0.0024 2.95 7.83 � 105 1.47 � 104 1.21 � 102 98.0

Note: Reproduced with permission from ref. [17]. Copyright 2019 American Chemical Society.
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the reorganization energy in solution, while their contri-
butions vanish in solid phase. The change of the reorgani-
zation energy again leads to a great decrease of the non-
radiative decay rate upon aggregation. The universality of
the luminescence mechanism of the two-coordinate
Cu(I) complexes with similar chemical structures is con-
firmed by exploring the photophysical properties of
(CAACAd)CuBr and (CAACAd)CuI as shown in Figure 3d.
Herein, the low-frequency bending vibrations are also sig-
nificantly restricted upon aggregation, which leads to smal-
ler reorganization energy in solid phase.

Overall, the strong solid-state fluorescence is induced
by the restriction of the bending vibrations of the coordi-
nation bonds for the complex (CAACAd)CuCl. In other
words, restriction of Renner–Teller distortion will benefit

the enhancement of the luminescent efficiency, and this
molecular design principle has been successfully applied
in carbene-Au(I)-aryl complexes.[33] This is quite differ-
ent from the traditional AIE caused by the restriction of
rotational,[34] twisting,[35] and stretching[36] vibrations.

3 | MECHANISM OF
AGGREGATION-ENHANCED TADF
IN TWO-COORDINATE Cu(I)
COMPLEX

Two-coordinate Carbene-Metal-Amide (CMA) complexes
have been demonstrated to have outstanding TADF per-
formance, which attracts increasing attention,[3] shown

FIGURE 3 (a) Diagonal elements of the electronic non-adiabatic coupling matrix Rll for (CAAC
Ad)CuCl in solution (purple) and solid

phases (red); (b) reorganization energy (λ) contributed from normal mode (CAACAd)CuCl; (c) projection of the total reorganization energy

onto the internal coordinates relation for solution and solid phases; (d) The selected modes with reorganization energy (λ) of (CAACAd)CuBr

and (CAACAd)CuI in solution and solid phase. Reproduced with permission from ref. [17]. Copyright 2019 American Chemical Society

LIN ET AL. 291

 21926549, 2023, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jccs.202200347 by T

he C
hinese U

niversity O
f H

ong, W
iley O

nline L
ibrary on [09/09/2023]. 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



in Figure 4a. However, the understanding of the high
TADF efficiency mechanism for CMA complexes has
aroused widespread controversies. A number of mecha-
nisms have been proposed in both experimental and the-
oretical works, including rotationally accessed spin-state
inversion (RASI),[3] fast up-conversion process at copla-
nar geometry[37] and CMA bond deformation induce
TADF.[38] However, these mechanisms are based on sin-
gle molecule, and the aggregation effect was yet to be
determined. Especially, for the (reverse) intersystem
crossing processes (Figure 4b), the aggregate effects
should be explored with caution.

We obtained the equilibrium geometries and frequen-
cies of ground and excited state in (TD)M06/6-31G(d)/
LANL2DZ level with PCM (chlorobenzene) for the sol-
vent effect and QM/MM model for crystal environment.
All these electronic structure calculations were carried
out in Gaussian 16 package.[30] And then, we systemati-
cally calculated the rates for the involved radiative,
non-radiative and ISC/rISC rates of CAAC Cu(I) Cz in
solution and solid phase using our self-developed TVCF
formalism implemented in MOMAP package.[26] The
results of rate constants are presented in Table 2, in com-
parison with the available experimental data. It is seen
that the kISC and krISC are most sensitive to the environ-
ment among all the rate constants, which increases
sharply by several orders of magnitude from solution to
solid phase (from 1:52�108 s�1 and 3:16�108 s�1 in

solution to 5:64�1010 s�1 and 6:23�1010 s�1 in aggre-
gates, respectively). The non-radiative rate constants (kSnr)
decreases one order of magnitude upon aggregation, which
efficiently enhances the luminescence in aggregate. Based
on these rate constants, we calculated the averaged radia-
tive rate constants by the following equation as kr,avg:¼ kTr

�

þkSr exp �ΔEST=kBTð Þ�= 3þ exp �ΔEST=kBTð Þ½ � ,[39] and
we got the kr,avg: as 6:58�104 s�1 in solution of
CAAC Cu(I) Cz, which conforms to the experimental
result (3:0�105 s�1). The overall TADF quantum effi-
ciencies (ϕTADF) can be evaluated as ϕTADF

¼ϕPF ϕISCϕrISC= 1�ϕISCϕrISCð Þ½ �, where ϕISC¼ kISC= kISCð½
þkSr þkSnrÞ], ϕrISC¼ krISC= krISCþkTr þkTnr

� �� �
, and the

prompt fluorescence ϕPF¼ kSr= kISCþkSr þkSnr
� �

.[40] The
resultant ϕTADF of CAAC Cu(I) Cz is 72% in solution,
which is again in good agreement with experimentally
measured 68%, and enhanced to 98% upon aggregation,
which brings up exceptional OLEDs performance in
application.

Based on the optimized geometries of ground and
excited states, we found that for CAAC Cu(I) Cz the T1

optimized geometry becomes more bent with angle
∠C2 Cu N1 decreasing from 173.7� to 166.3� upon
aggregation. The geometrical change of T1 subsequently
affects the electronic structure as Figure 5 shown. Upon
aggregation, the Cu component of frontier molecular
orbital (FMO) is considerably increased at the T1 opti-
mized geometry while almost unchanged at S0 and S1

FIGURE 4 (a) Chemical

structure of CAAC Cu(I) Cz;

(b) Excited state decay processes

for TADF, consisting of radiative

(kSr ) and non-radiative (kSnr)

decay from S1 to S0, radiative

(kTr ) and non-radiative (kTnr)

decay from T1 to S0, ISC (kISC)

and rISC (krISC) between S1 and

T1. Reproduced with permission

from ref. [27]. Copyright 2021

American Chemical Society

TABLE 2 Calculated rate constants (s�1) of the excited state decay processes and TADF quantum efficiency for CAAC Cu(I) Cz in

both chlorobenzene solution and solid phase, as well as the available experimental data

kS
r kS

nr kT
r kT

nr kISC krISC kr,avg: ϕTADF

CAAC Cu(I) Cz

Solution 1:76�107 2:51�104 2:15�101 1:16�104 1:52�108 4:51�105 6:58�104 (3:0�105)a 72% (68%)a

Solid 2:05�107 7:07�103 1:04�101 1:61�104 5:64�1010 1:74�109 2:75�105 97%

Source: Reproduced with permission from ref. [24]. Copyright 2021 American Chemical Society.
aAvailable experimental data measured in 2-Me-THF in Ref. [3].
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optimized geometries due to the bent structure of T1. We
scanned the potential energy surface (PES) of T1 along
∠C2 Cu N1 to unravel the relationship between the
SOC and coordinate bond angle, and calculated the SOC
between S1 and T1 of every single point shown as in
Figure 5c. It is found that ξS1T1 increased monotonously
from 1.04 to 11.1 cm�1 with the decrease of ∠C2 Cu N1
from 178� to 150�. The larger contributions of Cu atom in
the bent T1 optimized geometry resulted from the
Renner–Teller distortion, which is not uncommon in lin-
ear d10 coinage complexes (Figure 5d). Consequently, the
transition MLCT character becomes more significant,
which improves the SOC due to heavy atom effect and
facilitates the occurrence of ISC/rISC process.

In principle, rISC process is determined by three key
factors: singlet-triplet energy gap (ΔESTÞ, SOC (ξ), and
activation energy between the S1 and T1 states. The

calculated values and related reference data are listed in
Table 3. The adiabatic ΔEST significantly decreases from
0.12 to 0.08 eV for CAAC Cu(I) Cz, because of the
larger increase of the T1 with respect to S1. And the calcu-
lated SOC between S1 and T1 states becomes much stron-
ger from solution (1.84 cm�1) to solid state (7.35 cm�1),
which could be attributed to the increased contribution
from the metal atomic orbitals from 1.32 to 7.57 cm�1

due to the Renner–Teller distortion.
Furthermore, λS1T1 increases a few fold upon aggrega-

tion as shown in Table 3. The activation energy can be
expressed as ΔG¼ �ΔEif þ λð Þ2=4λ according to Marcus
theory,[41] which is the energy barrier for the ISC/rISC
process. Because of the reduced ΔEST and increased
λS1T1, ΔG drops from 0.14/0.26 eV in solution to 0.01/
0.08 eV in aggregate for ISC/rISC for CAAC Cu(I) Cz,
accelerating both ISC and rISC processes. Through the

TABLE 3 Calculated energy gap (ΔEST) and activation energy (ΔG), spin-orbit coupling (ξ), reorganization energy (λT1!S1) for the

transition from T1! S1, reorganization energy (λS1!T1) for the transition from S1!T1 and the contribution of metal atom to spin-orbit

coupling (ξS1T1) for CAAC Cu(I) Cz in both solution and solid phases

ΔEST (eV) ξS1T1 (cm
�1) ξMetal (cm

�1) λT1!S1 (cm
�1) λS1!T1 (cm

�1) ΔGISC (eV) ΔGRISC (eV)

Solution 0.12 (0.07)a 1.84 1.32 151 151 0.14 0.26

Solid 0.08 7.35 7.57 530 647 0.01 0.08

Source: Reproduced with permission from ref. [24]. Copyright 2021 American Chemical Society.
aVertical ΔEST calculated in gas phase at T1 optimized geometry at TDA-PBE0/def2-SVP by ref. [36].

FIGURE 5 Energy level and

composition analysis for the

selected frontier orbitals for S1
and T1 state at S1-geometries and

T1-geometries of CAAC Cu(I)

Cz (a,c) and CAAC Au(I) Cz

(b,d), respectively. Reproduced

with permission from Ref. [24].

Copyright 2021 American

Chemical Society
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projection of reorganization energies between S1 and T1

onto the internal coordinates for CAAC Cu(I) Cz
(Figure 6a,b), we found that λS1T1 mainly comes from the
stretching vibration of Cu N (Au N) bond and the
bending vibration of coordinate bonds with angles
C Cu N or C Au N. In other words, it is the Renner–
Teller distortion related to metal, causing large reorgani-
zation energy in solid phase and accelerating both the
ISC and rISC transitions.

In order to disclose the dependence of the key factors
and ISC/rISC rate constants on aggregation, Figure 6c
depictes kISC and krISC as a function of energy gap. The
actual situation occurs when gap equals to ΔEST. The rate
reaches up to the maximum when ΔG¼ 0 at ΔE¼ λ. The
synergestic effect of increasing SOC and decreasing ΔG
from solution to aggregates gives rise to the aggregation-
induced TADF through accelerating both ISC and rISC
rates (see Figure 6).

To summarize this part, ϕTADF enhancement from 72
to 97% for CAAC Cu(I) Cz upon aggregation, owing to
the 2–4 orders of magnitudes increased ISC and rISC rate
constants. Increase of ISC/rISC rate constants in solid
states mainly stems from the increased SOC and reduced
activation energy (induced by increased reorganization
energy and decreased ΔEST). Our systematical investiga-
tion of the TADF mechanism of CAAC Cu(I) Cz would
help for the designation of novel highly efficient copper
complexes.

4 | CONCLUSIONS AND
PERSPECTIVES

In conclusion, we have comprehensively studied the photo-
physical properties of two-coordinate Cu(I) complexes in
both solution and solid states by PCM and QM/MM
methods coupled with TVCF rate formalism developed

by our group. Through systematically analysis of the
electronic structures, reorganization energy, non-
adiabatic coupling, and the excited-state decay rates in
the two phases, we have revealed the mechanism of
highly efficient solid-state fluorescence and TADF of
two-coordinate Cu(I) complexes.

First, we investigated the aggregation effect on the
photophysical properties of CAAC Cu(I) Cl complex.
Computational results revealed that the transition
properties changed from MLCT in solution to hybrid
XLCT and MLCT in solid state. The bending vibrations
of the C Cu Cl and Cu C N bonds are largely
restricted in aggregates, which reduced the non-
radiative decay and induced strong solid-state fluores-
cence. This theoretical study provides a clear rationali-
zation for the highly efficient fluorescence character of
two-coordinate Cu(I) complexes.

Second, we studied the photophysical properties of
CAAC Cu(I) Cz in solution phase in close comparison
to solid phase. We found that both ISC and RISC rates
were enhanced by 2–4 orders of magnitude upon aggrega-
tion, leading to highly efficient TADF. The enhanced ISC
and RISC rates could be attributed to a synergistic effect of
increase in spin�orbit coupling between S1 and T1, due to
increased metal proportion in the FMOs, and the decrease
of the reaction barriers for ISC and RISC due to increased
reorganization energy through the bending angle
∠C Cu N for T1. These findings can clarify the ongoing
dispute on the understanding of the high TADF quantum
efficiency for the two-coordinate metal complexes.

Metal coordinated organic molecules or polymers
have also been demonstrated highly interesting thermo-
electric conversion properties.[42] Although the copper
complex luminescent materials have been developed for
several decades, there are still a number of unsolved
problems. In our work, we have discovered the important
role of Renner–Teller distortion played in prompt

FIGURE 6 The reorganization energy between S1 and T1 states and projections onto the internal coordinates for CAAC Cu(I) Cz

(a) in solution and (b) solid phase; (c) intersystem crossing rate constant as a function of energy gap of CAAC Cu(I) Cz. Reproduced with

permission from ref. [24]. Copyright 2021 American Chemical Society
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fluorescence and TADF excited state decay process of
two-coordinate Cu(I) complexes, especially for the non-
radiative decay process, while the mechanism of phos-
phorescent emission is yet to be disclosed. Besides, the
AIE phenomena are widely reported in Cu(I) complex,
but a comprehensive understanding of the luminescence
mechanism is urgently required due to the multiplicity of
coordination forms. Furthermore, the Cu(I) complexes
can present prompt fluorescence, delayed fluorescence,
and phosphorescence. It is not fully understood how to
realize the conversion of this behavior through molecular
design. Our computational rationalizations for the exotic
photophysical processes are the first step for molecular
design to achieve targeted luminescence.
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