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ABSTRACT: The two-coordinate carbene−metal−amide complexes have attracted a great deal of
attention due to their remarkable thermally activated delayed fluorescence (TADF) properties, giving
them promise in organic light-emitting diode application. To reveal the inherent mechanism, we take
CAAC−Cu(I)−Cz and CAAC−Au(I)−Cz as examples to investigate the photophysical properties in
solution and solid phases by combining quantum mechanics/molecular mechanics approaches for the
electronic structure and the thermal vibration correlation function formalism for the excited-state
decay rates. We found that both intersystem crossing (ISC) and its reverse (rISC) are enhanced by
2−4 orders of magnitude upon aggregation, leading to highly efficient TADF, because (i) the metal
proportion in the frontier molecular orbitals increases, leading to an enhanced spin−orbit coupling
strength between S1 and T1, and (ii) the reaction barriers for ISC and rISC are much lower in solution
than in aggregate phases through a decrease in energy gap ΔEST and an increase in the relative
reorganization energy through bending the angle ∠C2−Cu−N1 for T1. We propose a pump−probe
time-resolved infrared spectroscopy study to verify the mechanism. These findings can clarify the
ongoing dispute over the understanding of the high TADF quantum efficiency for two-coordinate
metal complexes.

The third generation of organic light-emitting diodes
(OLEDs) based on thermally activated delayed fluo-

rescence (TADF) molecules has become a mainstream topic of
research in organic optoelectronic devices in the past
decade.1−5 A spin statistical limit of 25% under current
injection can be overcome through the TADF process,
realizing 100% exciton harvesting due to efficient reverse
intersystem crossing (rISC) from triplet to singlet states.6

Great progress has been achieved since Adachi et al. reported
high-efficiency TADF-based organic light-emitting diodes
(OLEDs) in 2012.7 Recently, the two-coordinate carbene−
metal−amide (CMA) complexes, as shown in Figure 1a, have
been demonstrated to have outstanding TADF performance,
which has attracted an increasing amount of attention.8−11 The
first groundbreaking work was reported by Di et al.8 as green
electroluminescence (EL) in OLEDs using two-coordinate
carbene−gold and carbene−copper complexes with maximum
external quantum efficiencies (EQEs) of 26.3% and 9.7%,
respectively. Immediately thereafter, Hamze et al.9 reported a
series of two-coordinate Cu(I) complexes as efficient blue-
emitting OLED emitters with photoluminescence efficiencies
of >99% and microsecond lifetimes.
The understanding of the high-TADF efficiency mechanism

for CMA complexes has aroused a broad discussion. Di et al.8

first claimed that the highly efficient TADF of CMA complexes
was caused by the rotationally accessed spin-state inversion
(RASI) mechanism, within which the singlet−triplet energy

gap (ΔEST) can change from positive to negative along the
rotational angle between donor and acceptor moieties to
realize the barrierless interconversion from triplet to singlet.
Soon thereafter, Föller et al.12 argued that the RASI
mechanism was an artifact because the negative ΔEST was
obtained by calculating the S1 and T1 states at different
quantum chemical levels. They proposed a mechanism based
on a fast upconversion process with the coplanar geometry of
CAAC−Au(I)−Cz through high-level quantum chemical
calculation.12 Taffet et al.13 declared that the TADF in
CAAC−Cu(I)−Cz was caused by carbene−metal−amide
bond deformation rather than the rotation of ligands. In
addition, Penfold and co-authors14−16 have clearly proved the
importance of internal rotation for the (r)ISC properties of
these complexes by quantum dynamics simulations. Feng et
al.17 explored the CMA luminescence in the solid state through
spectroscopic and quantum chemical investigations of the Au-
centered molecule, found that the crystalline phase offers well-
defined coplanar geometries, and concluded that the more
coplanar triplet equilibrium conformations control the photo-
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physics of CMAs. However, the aggregation effect is yet to be
determined for (r)ISC, which needs to be explored throughout
the whole photophysical process in detail.
In principle, a fast rISC process requires a small singlet−

triplet energy gap (ΔEST),
18 significant spin−orbit coupling

(SOC),19 and a small activation energy20 between the S1 and
T1 states. We systematically calculate the rates for the involved
radiative, nonradiative, and ISC/rISC processes (shown in
Figure 1b) of two CMAs in solution and solid phases, using
our self-developed thermal vibration correlation function
(TVCF) formalism.17−19 We found that upon aggregation,
more participation of the metal component strengthens the
SOC between the S1 and T1 states and the bending C−metal−
N angle leads to a larger reorganization energy, which rapidly
accelerates ISC/rISC by 2−4 orders of magnitude, thus giving
rise to a high-efficiency TADF.
The radiative decay rate constant can be obtained from an

integration over the emission spectrum: kr(T) = ∫ σem(ω, T)
dω, where σem(ω, T) is from the Fermi golden rule (FGR):

∫σ ω ω
π

μ ρ= | | ω ω

−∞

∞
− −T

hc
t T t( , )

2
3

e ( , ) dt
em

3

3 fi
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where μfi is the electric transition dipole moment between the
initial and final electronic states and ρem(t, T) = Zi

−1Tr-
(eiτfĤfeiτiĤi) is the Franck−Condon overlap at temperature T
with Zi being the vibrational partition function for the initial
electronic state and Hi(f) the vibrational Hamiltonian for the
initial (final) electronic state.
According to FGR and the second-order perturbation

theory, the general nonradiative decay rate constant can be
expressed as
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where H′ denotes the interaction between two different Born−
Oppenheimer states, consisting of two contributions as
follows:

̂ ′Ψ = ̂ Φ Θ + ̂ Φ ΘH H Hr Q Q r Q Q( ; ) ( ) ( ; ) ( )vi
BO

i v
SO

i v (3)

where ĤBO is the nonadiabatic coupling and ĤSO is the spin−
orbit coupling.
The nonradiative rate constant between two electronic states

within the same spin manifold can be written on the basis of
the first-order perturbation theory as

∫∑ ρ= ω

−∞

∞
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fi,
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where Rkl = ⟨Φf|P̂fk|Φi⟩⟨Φi|P̂fl|Φf⟩ is the nonadiabatic electronic
coupling matrix element between electronic states Φf and Φi,
Pl(k) is the nuclear momentum operator for the lth (kth)
vibrational normal mode, and ρfi,kl

ic (t, T) = Zi
−1Tr-

(P̂fke
−iτfĤfP̂fle

−iτiĤi).
The ISC/rISC rate constants from initial singlet/triplet to

triplet/singlet states can be recast as

∫ ρ≡ | | ω
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where ρfi
ISC/rISC(t, T) is the Franck−Condon overlap between

singlet and triplet excited states. The detailed derivation and
solution of equations can be found in our previous work.21−23

All parameters needed in eqs 1−3 can be obtained by
density functional theory (DFT) and time-dependent DFT
(TD-DFT) calculations, which are carried out by using the
widely used M06 functional24 and basis set LANL2DZ for the
metal atom and 6-31G(d) for non-metal atoms. The
equilibrium geometric optimizations and frequency calcula-
tions are performed using the restricted DFT method for S0,
TD-DFT for S1, and unrestricted DFT for T1. The excitation
energies are calculated at the TD-DFT level. The polarizable
continuum model (PCM)25 for chlorobenzene is adopted to

Figure 1. (a) Chemical structures of CAAC−Cu(I)−Cz and CAAC−Au(I)−Cz. (b) Excited-state decay processes for TADF, including radiative
(kr

S) and nonradiative (knr
S ) decay from S1 to S0, radiative (kr

T) and nonradiative (knr
T ) decay from T1 to S0, and ISC (kISC) and rISC (krISC) between

S1 and T1.
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account for the solvent effect (see Figure 2a). To mimic the
solid phase environment, the two-layer ONIOM model26 is
constructed by cutting a cluster from the experimental X-ray
diffraction (XRD) crystal structure that is 3 × 3 × 3 in size
with the central molecule treated using the QM method and
the surrounding molecules handled by the efficient universal
force field (UFF) method (see Figure 2b). The embedding
molecules are kept frozen in their crystal structure orientations
with the qeq method and take the polarization effect into
consideration to calculate the external point charge. In the QM
calculation of the simulated crystal phase, these frozen
orientations, along with optimized S1 coordinates of the
embedded molecule, are used. The total size of this simulated
crystal phase supercell is 108 molecules (9612 atoms).
Executing all-QM excited-state calculations in the quantum
chemistry package for such huge system requires many more
computational resources than we can practically access. The
nonadiabatic couplings are evaluated at the same level in the S1
optimized geometry. The potential energy surfaces (PESs) are
constructed by the relaxed scan along the C−Cu−N
coordination bond angle for the excited S1 and T1 states. All
of these electronic structure calculations are carried out in the
Gaussian 16 package.27 The orbital composition analysis is
performed in the Multiwfn package based on the Becke

function.28 The SOC matrix elements are computed by the
one-electron Breit−Pauli Hamiltonian29 in Q-Chem 5.330,31

using the M06 functional and 6-31G(d) for light elements and
UGBS for the metal atom in the T1 optimized geometry with
an external point charge to simulate the MM region. The
transition dipole moment from T1 to S0 is obtained at the
M06/6-31G(d)/LANL2DZ level in Dalton with the quadratic
response theory.32 All rate constant calculations are performed
with our homemade MOMAP package, which has been
successfully applied over a wide range to predict optoelectronic
properties in organic light-emitting materials.26

The vibrationally resolved emission spectra of S1 states are
calculated for CAAC−Cu(I)−Cz and CAAC−Au(I)−Cz at
298 K in solution and solid phase and plotted in Figure 3,
together with the available experimental counterparts for
comparison. Figure 3 shows that the emission spectra in
aggregates experience a remarkable blue-shift relative to the
solution phase. The calculated emission spectra in the solid
phase are consistent with the measured EL in terms of both
spectral line shapes and peak positions, with very small
deviations of 14 nm (0.07 eV) for CAAC−Cu(I)−Cz and 10
nm (0.05 eV) for CAAC−Au(I)−Cz. Such good agreement
confirms the reliability for the computational model and
methods. This blue-shift originates from the increasing

Figure 2. Setup of (a) the PCM and (b) the ONIOM model [taking CAAC−Cu(I)−Cz as an example].

Figure 3. Calculated fluorescence emission spectra (solid line) in chlorobenzene and the solid phase and experimental PL spectra in chlorobenzene
and EL spectra (dash line) from the OLED of (a) CAAC−Cu(I)−Cz and (b) CAAC−Au(I)−Cz.
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adiabatic excitation energy as aggregation (see Table S4). The
blue-shift emissions of the S1 state in aggregates for the
complexes are from the environmental polarization effect but
not the molecular geometry as shown in Table S5.
The calculated rate constants of the excited-state decays are

listed in Table 1, in comparison with the available experimental
data. First, kISC and krISC are found to be most sensitive to
environment among all of the rate constants, which increase
sharply by several orders of magnitude from solution to solid
phase for both copper(I) and gold(I) complexes. The kISC
values of CAAC−Cu(I)−Cz and CAAC−Au(I)−Cz are
increased by ≤2 orders of magnitude from 1.52 × 108 and
3.16 × 108 s−1 in solution to 5.64 × 1010 and 6.23 × 1010 s−1 in
aggregates, respectively. Their krISC values are increased by 4
orders of magnitude from 4.51 × 105 and 4.48 × 106 s−1 in
solution to 1.74 × 109 and 1.28 × 1010 s−1 in aggregates,
respectively. Second, the nonradiative rate constants (knr

S )
decrease by 1 order of magnitude upon aggregation for both
complexes, which efficiently enhance the luminescence in
aggregates. Third, on the basis of the calculated radiative rate
constants, we calculate the averaged radiative rate constants by
the following equation as kr,avg. = [kr

T + kr
S exp(−ΔEST/kBT)]/

[3 + exp(−ΔEST/kBT)],
33 and we obtain a kr,avg. of 6.58 × 104

s−1 in solution for CAAC−Cu(I)−Cz, which is close to the
experimental result (3.0 × 105 s−1). The overall TADF
quantum efficiencies (ϕTADF) can be evaluated as20

ϕ ϕ ϕ ϕ ϕ ϕ= [ − ]/(1 )TADF PF ISC rISC ISC rISC (6)

where ϕISC = kISC/(kISC + kr
S + knr

S ), ϕrISC = krISC/(krISC + kr
T +

knr
T ), and the prompt fluorescence ϕPF = kr

S/(kISC + kr
S + knr

S ).
The resultant ϕTADF of CAAC−Cu(I)−Cz is 72% in solution,
which is again in good agreement with the experimentally
measured value of 68%,9 and increases to 98% in aggregates.
The ϕTADF of CAAC−Au(I)−Cz also increases from 92% to
99% upon aggregation (see Table S1). Such a high solid phase
luminescence efficiency of the CMAs improves their
extraordinary OLED performance.8,9

To reveal the inherent structure−property relationship for
ISC and rISC, we explore the molecular geometry of the
CMAs in the S0, S1, and T1 states in different phases (Table 2).
One can see that the optimized ground-state geometries in the
solid phase are in good agreement with the experimental
crystal data for the two complexes, validating the computa-
tional models. Comparing S1 geometry and T1 geometry with
S0 geometry, we find that for CAAC−Cu(I)−Cz in solution,
the Cu−C2 bond is shortened while the Cu−N1 bond is
lengthened upon excitation and the coordination bond angles
∠C2−Cu−N1 between copper and the two ligands are merely
changed, while the dihedral angle that corresponds to the
rotation of two ligands (∠C1−N1−C2−N2) becomes larger.
These findings of geometrical parameters suggest that the
excited-state property is mainly controlled by the two ligands
rather than the contribution of metal in solution. We find that
the S1 and T1 minima are in a coplanar orientation. This is
quite different from the former reports12,13 that claim the most
stable T1 minimum has an almost coplanar orientation of the
CAAC and Cz π-systems, whereas a perpendicular conforma-
tion is found in the global S1 minimum. To make a direct
comparison to these reports, we present the coordinates of the
geometrically optimized S1 and T1 states obtained from TD/
M06 in vacuo in the Supporting Information, and we can
testify that our results are qualitatively consistent with those
previously reported. In the CAAC−Cu(I)−Cz aggregates, the
S1 optimized geometry experiences quite small changes except
for the significant growth of the Cu−N1 bond by 0.106 Å,
while the T1 optimized geometry becomes more bent with
angle ∠C2−Cu−N1 decreasing from 173.7° to 166.3°. These
results indicate a smaller geometrical relaxation from S1 to S0
but a larger geometrical relaxation from S1 to T1, upon
aggregation. Similar geometrical features are found in S1 and
T1 in CAAC−Au(I)−Cz from solution to aggregates as seen in
Table 2. The role played by the metal atom in the geometrical
change in T1 will be comprehensively investigated in the next
section.

Table 1. Calculated Rate Constants (s−1) of the Excited-State Decay Processes, TADF Quantum Efficiencies for CAAC−
Cu(I)−Cz and CAAC−Au(I)−Cz in a Chlorobenzene Solution and the Solid Phase, and Available Experimental Data

kr
S knr

S kr
T knr

T kISC krISC kr,avg. ϕTADF (%)

CAAC−Cu(I)−Cz
solution 1.76 × 107 2.51 × 104 2.15 × 10 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 × 10 1.61 × 104 5.64 × 1010 1.74 × 109 2.75 × 105 97
CAAC−Au(I)−Cz

solution 1.73 × 107 1.86 × 105 2.22 × 10 5.01 × 103 3.16 × 108 4.48 × 106 2.96 × 104 92
solid 1.67 × 107 2.82 × 104 5.93 × 102 6.16 × 103 6.23 × 1010 1.28 × 1010 3.63 × 105 99

aAvailable experimental data measured in 2-Me-THF in ref 9.

Table 2. Key Geometrical Parameters [including bond lengths (angstroms) and bond angles and dihedral angle (degrees)] of
CMAs Obtained from This Work and XRD Experiments

CAAC−Cu(I)−Cz CAAC−Au(I)−Cz

Cu−C2 Cu−N1 C2−Cu−N1 C1−N1−C2−N2 Au−C2 Au−N1 C2−Au−N1 C1−N1−C2−N2
solution S0 1.913 1.874 176.8 5.5 2.039 2.063 175.5 4.6

S1 1.887 1.940 175.8 10.4 2.019 2.157 175.2 17.6
T1 1.883 1.909 175.4 6.2 2.018 2.135 175.3 8.9

solid S0 1.907 1.863 173.7 5.8 2.036 2.048 177.3 −16.2
S1 1.896 1.969 172.8 4.7 2.026 2.186 175.6 −19.6
T1 1.878 1.900 166.3 6.7 2.012 2.120 172.5 −20.6

crystal8 exp. 1.885 1.862 174.3 7.8 1.994 2.027 178.7 −17.7
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On the basis of the optimized geometrical structures of the
two complexes in different environments, the electronic
structures and properties are then examined. The frontier
molecular orbitals (FMOs), their transition properties, and
their composition analyses are shown in Figure 4 and Tables
S2 and S3. One can see that the highest occupied molecular
orbital (HOMO) is mainly localized in the Cz moiety and the
metal, while the lowest unoccupied molecular orbital (LUMO)
is concentrated on the CAAC moiety and the metal. All excited
states of the two complexes in both phases exhibit evident
charge transfer (CT) characteristics, including ligand to ligand
charge transfer (LLCT) from Cz to CAAC and ligand to metal
charge transfer (LMCT) from Cz to metal Cu or Au. Figure 4

and Tables S2 and S3 also show that upon aggregation, the
metal component of the FMO is considerably increased at the
T1 optimized geometry while almost unchanged at the S0 and
S1 optimized geometries, which contributes to the bent
structure of T1 as discussed above. The larger contributions
of the Cu or Au atom in the bent T1 optimized geometry result
from the Renner−Teller distortion, which is not uncommon in
linear d10 coinage complexes.34 As a result, the transition
character from metal to ligand charge transfer (MLCT)
becomes more significant, which would improve the SOC due
to the heavy atom effect and facilitate the occurrence of ISC/
rISC.

Figure 4. Energy level and composition analysis for the selected frontier orbitals for the S1 and T1 states at S1 geometries and T1 geometries of (a
and c) CAAC−Cu(I)−Cz and (b and d) CAAC−Au(I)−Cz, respectively.

Table 3. Calculated Energy Gaps (ΔEST) and Activation Energies (ΔG), Spin−Orbit Couplings (ξ), Reorganization Energies
(λT1→S1) for the Transition from T1 to S1, Reorganization Energies (λS1→T1

) for the Transition from S1 to T1, and Contributions

of the Metal Atom in ξS1T1
for CMAs in both Solution and Solid Phase

ΔEST (eV) ξS1T1
(cm−1) ξmetal (cm

−1) λT1→S1 (cm
−1) λS1→T1

(cm−1) ΔGISC (eV) ΔGRISC (eV)

CAAC−Cu(I)−Cz
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

CAAC−Au(I)−Cz
solution 0.14 (0.11)b 0.96 0.97 153 130 0.23 0.37
solid 0.07 8.48 8.62 357 413 0.002 0.07

aVertical ΔEST calculated in the gas phase in the T1 optimized geometry at the TDA-PBE0/def2-SVP level.13 bAdiabatic ΔEST calculated in the gas
phase at the DFT/MRCI/def2-TZVP/def-SV(P) level.12
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As mentioned above, the energy gap ΔEST, the SOC (ξ),
and the reorganization energy (λ) are three key factors that
determine the rate constants of ISC/rISC.20,35 The calculated
values for these three factors are listed in Table 3, as well as the

activation energy and available reference data.12,13 The
obtained ΔEST values at the M06/6-31G(d)/LANL2DZ/
PCM level in this work are very close to those at the TDA-
PBE0/def2-SVP and DFT/MRCI/def2-TZVP/def-SV(P) lev-

Figure 5. Ground-state and excited S1- and T1-state potential energy surfaces (PESs) along the ∠C2−Cu−N1 coordinate bond angle of CAAC−
Cu(I)−Cz in (a) solution and (b) solid state determined by scanning relaxedly excited-state geometries. The stars correspond to the local minima
in the PESs.

Figure 6. Reorganization energy between S1 and T1 states and projections onto the internal coordinates for CAAC−Cu(I)−Cz in (a) solution and
(b) solid phase and CAAC−Au(I)−Cz in (c) solution and (d) solid phase.
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els from refs 12 and 13 for the two complexes in solution. As
shown in Table 3, the adiabatic ΔEST is significantly decreased
from 0.12 to 0.08 eV for CAAC−Cu(I)−Cz and from 0.14 to
0.07 eV for CAAC−Au(I)−Cz, because the slightly greater
increase in the T1 excitation energy (compared with that of S1)
will therefore decrease the energy gap between S1 and T1.
Furthermore, the ξ between the S1 and T1 states (ξS1T1

)
becomes much stronger upon aggregation, increasing from
1.84 to 7.35 cm−1 for CAAC−Cu(I)−Cz and from 0.96 to 8.48
cm−1 for CAAC−Au(I)−Cz, which mainly stems from the
contribution of the metal atom, i.e., from 1.32 to 7.57 cm−1 for
CAAC−Cu(I)−Cz and from 0.97 to 8.62 cm−1 for CAAC−
Au(I)−Cz. To disclose the relationship between the SOC and
the coordinate bond angle, we scan the potential energy
surface (PES) of T1 along the ∠C2−Cu−N1 angle and
calculate the ξS1T1

of every point on the PES for CAAC−
Cu(I)−Cz, as shown in Figure S1. We found that ξS1T1

increases monotonously from 1.04 to 11.1 cm−1 with a
decrease in ∠C2−Cu−N1 from 178° to 150° (Figure S1a)
because of the increasing contribution of metal to the
transition due to the Renner−Teller distortion (Figure S1b).
To explore the effects of aggregation on the singlet−triplet

energy gap and the reorganization energy between the excited
singlet and triplet states of the CAAC−Cu(I)−Cz complexes,
the relaxed PESs of excited S1 and T1 states are scanned along
the ∠C2−Cu−N1 coordinate bond angle as shown in Figure
5. In solution, the PES is flat, and the local minima of S1 and
T1 are in the nearly linear conformation, which comes out to
be the relatively small reorganization energy between S1 and
T1. However, the PES becomes much steeper as aggregation,
which leads to the fact that the excitation energy increases
more considerably in the solid phase for comparable bending
angles. Although the adiabatic ΔEST is decreased in the
crystalline phase, the more significant geometrical difference in
the S1 and T1 local minima gives rise to a larger reorganization
energy between the S1 and T1 states. The equilibrium
geometry of S1 in the solid state is also in the quite linear
structure, while the triplet minimum energy basin appears at a
bent angle of 166.3°.

To unravel the effect of reorganization energy on the (r)ISC
rate constant, we first plot the distributions of the
reorganization energy between S0 and S1 among the normal
modes in Figure S4 for the two complexes. As shown in Table
S4 and Figure S3, λS1S0 decreases significantly owing to the
limited contribution from the low-frequency mode features
from solution to aggregates, resulting in the relatively slow
nonradiative decay rate shown in Table 1. On the contrary,
λS1T1

is greatly increased owing to the participation of the low-
frequency modes in the solid phase as shown in Table 3 and
Figure S5. By projecting λS1T1

onto the internal coordinates

(Figure 6), we find that λS1T1
mainly comes from the stretching

vibration of the Cu−N (Au−N) bond and the bending
vibration of coordinate bonds with angles C−Cu−N and C−
Au−N. In other words, the Renner−Teller distortions related
to metal induce large reorganization energies in the solid
phase, which largely accelerate ISC and rISC.
The ISC/rISC rate constant can be analyzed by Marcus

theory in terms of activation energy ΔG = (−ΔEif + λ)2/4λ,20

with the calculated values listed in Table 3. We found that ΔG
decreases from 0.14 and 0.26 eV in solution to 0.01 and 0.08
eV, respectively, in aggregates for ISC/rISC for CAAC−
Cu(I)−Cz, which accelerates ISC/rISC. To unravel the
dependence of the photophysical factors and rate constant
on aggregation, we plot kISC and krISC as a function of energy
gap in Figure 7, and the rate corresponds to kISC or krISC when
the energy gap is equal to ΔEST. Figure 7 shows that the rate
constant reaches its maximum when ΔG = 0 and ΔE = λ, and
from solution to aggregates, the increase in SOC and the
decrease in ΔG both accelerate ISC/rISC.
It is appropriate to compare this work with our previous

studies of the aggregation-induced emission (AIE) phenom-
ena,36,37 for which the reorganization energy between S0 and S1
(λS1S0) is always largely reduced by aggregation, thus reducing

the nonradiative decay rate, because the adiabatic ΔES1S0 is
quite large so that decreasing reorganization energy λ implies
exponentially decreasing knr, enhancing luminescence. For
ISC/rISC in TADF, ΔES1T1

is typically small, and λS1T1
is also

quite small. Thus, the aggregation-induced increase in λS1T1

Figure 7. Intersystem crossing rate constant as a function of the energy gap of (a) CAAC−Cu(I)−Cz and (b) CAAC−Au(I)−Cz. The points
marked with solid squares represent kISC and krISC, and the dashed line is the ΔG = 0 when ΔE = λ.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.1c00020
J. Phys. Chem. Lett. 2021, 12, 2944−2953

2950

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00020/suppl_file/jz1c00020_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00020/suppl_file/jz1c00020_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00020/suppl_file/jz1c00020_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00020/suppl_file/jz1c00020_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00020/suppl_file/jz1c00020_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00020/suppl_file/jz1c00020_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c00020/suppl_file/jz1c00020_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00020?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00020?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00020?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c00020?fig=fig7&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c00020?rel=cite-as&ref=PDF&jav=VoR


leads to enhancement of both ISC and rISC rates, favorable for
TADF. We propose using time-resolved infrared (TR-IR)
spectra to characterize the deformation between S1 and T1
states experimentally.38,39 We first calculate the IR spectrum of
S0, S1, and T1 for the two complexes in different phases (see
Figure S6) and take the difference between S1/T1 and S0 to
simulate the TR-IR spectra (see Figure 8). We see that there
are no obvious deviations in TR-IR spectra for CAAC−
Cu(I)−Cz and CAAC−Au(I)−Cz in solution, indicating little
deformation between S1 and T1. However, the two complexes
in the solid phase tend to have significantly different TR-IR
spectra for S1 and T1 states, indicating a larger λS1T1

in the
aggregate phase.
In summary, the luminescent properties of two-coordinate

Cu(I) and Au(I) complexes are comprehensively investigated
in solution and solid phase by PCM and QM/MM approaches
coupled with TVCF rate formalism. The ISC and rISC rate
constants are found to be increased by 2−4 orders of
magnitude from solution to solid phase, which leads to the
high quantum efficiency of TADF in the solid phase: ϕTADF
increases from 72% to 97% for CAAC−Cu(I)−Cz and from
92% to 99% for CAAC−Au(I)−Cz. Such enhancement of the
ISC/rISC rates in CAAC−Cu(I)−Cz upon aggregation mainly
stems from the following: (i) increased SOC between S1 and

T1 states from 1.84 to 7.18 cm−1 due to greater participation of
the metal atom of the FMO in aggregates, (ii) increase in the
reorganization energy for the T1 → S1 transition from 151 to
647 cm−1, and (iii) decrease in energy gap ΔEST from 0.12 to
0.08 eV, which decreases activation energy ΔG from 0.14 and
0.26 eV in solution to 0.01 and 0.08 eV, respectively, in
aggregates. The Renner−Teller distortion introduces a
crooked T1 optimized geometry with ∠C2−Cu(I)−N1
decreasing to 166.3° in the solid phase, leading to more
metal participating in the FMO. The excited S1- and T1-state
PESs scanned along the ∠C2−Cu−N1 coordinate bond angle
become much steeper in the solid state, which gives rise to a
relatively larger reorganization energy between S1 and T1.
Because of a crooked C−Au−N bond angle in aggregates,
CAAC−Au(I)−Cz shares similar properties with CAAC−
Cu(I)−Cz upon aggregation. Therefore, both ISC and rISC
are accelerated in both complexes by the deformation of the
C−metal−N coordinate bond leading to strong solid-state
TADF. This is quite different from the traditional twisted
intramolecular CT (TICT) TADF mechanism that incorpo-
rates an extremely small S1/T1 energy gap. The proposed
mechanism can be verified by the predicted time-resolved
infrared spectroscopy. Our comprehensive investigations of the
luminescence mechanism of these two representative CMA

Figure 8. Simulated time-resolved infrared (TR-IR) spectra of CAAC−Cu(I)−Cz in (a) solution and (b) solid phase and CAAC−Au(I)−Cz in (c)
solution and (d) solid phase.
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complexes would be helpful for the designation of novel highly
efficient solid-state luminescent copper/gold complex materi-
als.
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