
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

/2
3/

20
25

 1
2:

21
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Ag(I) emitters wit
aCollege of Chemistry and Molecular Scienc

Polymeric Optoelectronic Materials, Wuhan U

slgong@whu.edu.cn
bShenzhen Key Laboratory of New Display an

Science and Engineering, Shenzhen Unive

clyang@szu.edu.cn
cState Key Laboratory of Advanced Technolo

Center of Smart Materials and Devices, Inte

Engineering, Wuhan University of Technolog

† Electronic supplementary informa
https://doi.org/10.1039/d4sc04607b

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2025, 16, 784

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 11th July 2024
Accepted 6th November 2024

DOI: 10.1039/d4sc04607b

rsc.li/chemical-science

784 | Chem. Sci., 2025, 16, 784–792
h ultrafast spin-flip dynamics for
high-efficiency electroluminescence†

Ao Ying,‡a Nengquan Li, ‡b Xingyu Chen,c Jianlong Xia, c Chuluo Yang *b

and Shaolong Gong *a

Carbene-metal-amide (CMA) complexes are appealing emitters for organic light-emitting diodes (OLEDs).

However, little is known about silver(I)-CMA complexes, particularly electroluminescent ones. Here we

report a series of Ag(I)-CMA complexes prepared using benzothiophene-fused carbazole derivatives as

amide ligands. These complexes emit via thermally activated delayed fluorescence (TADF), together with

high photoluminescence quantum yields of up to 72% in thin films. By strengthening the p-donating

ability of the amide ligands, ultrashort emission lifetimes of down to 144 ns in thin films and 11 ns in

solution (with a radiative rate constant of ∼107 s−1) are realized, among the shortest lifetimes for TADF

emitters. Key to this unique feature is the ultrafast spin-flip dynamics consisting of forward and reverse

intersystem crossing rates of up to ∼109 s−1 and ∼108 s−1, respectively, verified by the transient

absorption spectroscopic study. The resulting solution-processed OLEDs based on the optimal complex

afford record external quantum efficiencies of 16.2% at maximum and 13.4% at 1000 nits, representing

the state-of-the-art performance for Ag(I) emitters. This work presents an effective approach for the

development of short-lived TADF materials for high-efficiency OLEDs.
Introduction

In comparison with well-established iridium(III) and plati-
num(II) phosphors, luminescent coinage metal(I) complexes,
particularly copper(I) and silver(I) complexes, have been studied
for decades as promising cost-effective alternatives for appli-
cations in photocatalysis and optoelectronics.1–3 Phosphores-
cence from metal-to-ligand charge transfer (MLCT) excited
states is the main focus for coinage metal(I) emitters at the early
stage.4,5 However, with respect to Ir(III) and Pt(II) complexes,
Cu(I) and Ag(I) complexes usually show inefficient phosphores-
cence because of their slower intersystem crossing (ISC) rates
from S1 to T1 and from T1 to S0, originating from moderate
spin–orbital coupling (SOC) parameters of the Cu (857 cm−1)
and Ag (1830 cm−1) nuclei.6,7 In the past decade, thermally
activated delayed uorescence (TADF) has been demonstrated
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in numerous Cu(I) complexes by introducing MLCT, halogen-to-
ligand charge transfer (XLCT) and/or ligand-to-ligand charge
transfer (LLCT) into excited states.8–14 Compared with Cu(I)
complexes, Ag(I) complexes are more appealing candidates for
short-lived TADF emitters due to the larger atomic number of
the silver atom according to semi-classical Marcus theory.15

Despite the fact that some Ag(I) complexes have been developed
to exhibit temperature-dependent photophysical behaviors,16

the rst TADF Ag(I) complex was reported by Osawa and co-
workers only in 2013 (Fig. 1a).17 The TADF Ag(I) complexes are
still scarce. The main limitations are the considerably high
oxidation potential and low-lying d-orbitals of the Ag(I) center,
preventing the participation of d electrons of the Ag atom in
frontier occupied orbitals.18–23 As a result, the excited states of
the Ag(I) complexes oen feature a ligand-centered nature,
leading to long-lived phosphorescence together with low radi-
ative rates (kr).13,14,24–26 To access the TADF channel of Ag(I)
emitters, one of the mainstream approaches is to use strongly
electron-donating ligands such as phosphines, which can
destabilize the d-orbital of the central Ag atom and thus allow
for metal-involved charge transfer in excited states.18–24,27–29 For
instance, Yersin and co-workers developed a series of four-
coordinate Ag(I) complexes using phosphine and phenanthro-
line derivatives as ligands (Fig. 1a).19,21,23–25,27,29 With the intro-
duction of carborane subunits, the phosphine ligands have
strong donor strength and thus render efficient TADF from
excited states featuring MLCT and LLCT.19,29 Similarly, Lu et al.
constructed a series of TADF Ag(I) complexes (Fig. 1a) bearing
© 2025 The Author(s). Published by the Royal Society of Chemistry
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P^P and N^N ligands in a donor–acceptor motif.30 The resulting
complexes feature LLCT nature with less metal contribution
(<20%) in excited states. Despite the above promising results,
the emission lifetimes of these Ag(I) complexes are still on the
ms-scale (>1 ms) and are comparable with conventional TADF or
phosphorescent emitters.31–34 How to further accelerate the
spin-ip process of Ag(I) complexes is still a formidable chal-
lenge. In addition, only two electroluminescent mononuclear
Ag(I) emitters have been reported so far, yet with external
quantum efficiencies (EQEs) of <15%.35,36 This device perfor-
mance is far away from the theoretical limit of 20–30% EQEs for
organic light-emitting diodes (OLEDs).37 In this regard, the
search for high-performance Ag(I) complexes is of vital impor-
tance for both fundamental investigation and practical
applications.

Recently, paramount attention has been paid to a new cate-
gory of coinage metal(I) complexes bearing a carbene-metal-
amide (CMA) motif, due to their distinct TADF properties and
high emission performance.7,38 In these complexes, the central
metal serves as an electronic bridge to facilitate the long-range
p-orbital coupling between the carbene and amide ligands, with
limited metal contribution (<15%) to this CT process.39 As
a result, CMA complexes have a unique metal-perturbed LLCT
nature in excited states, giving rise to distinct TADF properties
and fast radiative rates. Despite the small metal contribution to
excited states of CMA complexes, the introduction of the metal
linkage can still enhance the SOC, accelerate the spin-ip
dynamics and thus shorten the exciton lifetimes.38h–j,39,40
Fig. 1 (a) Selected examples of TADF Ag(I) complexes reported in the liter

© 2025 The Author(s). Published by the Royal Society of Chemistry
Therefore, CMA complexes are ideal candidates for the devel-
opment of short-lived TADF emitters. In the past few years, the
development of CMA complexes has mainly focused on Cu(I)
and Au(I) complexes, and some of them have achieved compa-
rable emission performance to Ir(III) and Pt(II) complexes.39 In
contrast to MLCT-featured phosphorescent complexes, the
emission lifetimes of CMA complexes are mainly governed by
the singlet–triplet energy difference (DEST), rather than the SOC
of the central metals.38l,n In general, Ag(I)-CMA complexes
exhibit shortened emission lifetimes compared with Cu(I) and
Au(I) analogues, due to reduced DEST originating from the
prolonged metal–ligand bond lengths.38e,i This feature makes
Ag(I)-CMA complexes appealing emitters for OLEDs with low
efficiency roll-off. However, there are only a few reports on Ag(I)-
CMA complexes. Only one example of OLEDs based on Ag(I)-
CMA complexes was demonstrated by Romanov et al. (Fig. 1)35

but with moderate EQEs of 13.7% and 11.0% in vacuum- and
solution-processed devices, respectively. This proof-of-concept
application in OLEDs pinpoints the large potential of Ag(I)-CMA
emitters.

Ligand engineering is the most popular way of modulating
the optoelectronic properties of CMA complexes. We recently
demonstrated that chalcogen-heterocyclic engineering on the
amide ligand can optimize the conformation and the related
optical properties of Cu(I)-CMA complexes, giving rise to
a record EQE of 28.6% for Cu(I)-OLEDs.41 Following this reve-
lation, we herein developed a series of Ag(I)-CMA complexes, Ag-
12BT-CN, Ag-12BT, and Ag-12BT-OMe, using benzothiophene-
ature. (b) Chemical structures of the Ag(I)-CMA complexes in this work.

Chem. Sci., 2025, 16, 784–792 | 785
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fused carbazole derivatives, 12H-benzo[4,5]thieno[2,3-a]carba-
zole-3-carbonitrile (12BT-CN), 12H-benzo[4,5]thieno[2,3-a]
carbazole (12BT), and 3-methoxy-12H-benzo[4,5]thieno[2,3-a]
carbazole (12BT-OMe), as amide ligands to combine with
a widely used carbene ligand of MAC* (Fig. 1b). With the fusion
of a benzothiophene subunit, Ag-12BT-OMe demonstrated
a distinct secondary metal–ligand interaction between the Ag
center and amide ligand, as veried by theoretical simulation
and single-crystal structure analysis. These complexes exhibited
distinct TADF nature with high photoluminescence quantum
yields (FPL) of up to 72% and kr of up to 2.2 × 106 s−1 in thin
lms. Intriguingly, Ag-12BT and Ag-12BT-OMe delivered ultra-
short emission lifetimes of 70 and 11 ns in solution, respec-
tively, representing the shortest lifetime for TADF emitters. This
unique feature is strongly associated with ultrafast spin-ip
dynamics consisting of ultrahigh rate constants of∼109 s−1 and
∼108 s−1 for the forward and reverse intersystem crossing (ISC)
between T1 and S1, respectively, as veried by the transient
absorption spectroscopic study. The solution-processed OLEDs
based on the optimal emitter Ag(I)-12BT realized outstanding
EL performance with record EQEs of 16.2% and 13.4% at
maximum and 1000 cd m−2, respectively.
Results and discussion

Before synthesis, theoretical calculations were conducted on
these Ag(I) complexes to study their electronic structures and
Fig. 2 The hole–electron distribution of S1 excited states for (a) Ag-12BT
in metal participation before and after excitation. The centroid distance b
12BT-OMe. The distributions and centroids of holes and electrons are c

786 | Chem. Sci., 2025, 16, 784–792
excited states. As shown in Fig. S1,† all the Ag(I) complexes
exhibited nearly coplanar conformations with small ligand–
ligand dihedral angles of 10° to 12°, along with nearly linear
:C–Ag–N angles of 173° to 175°. Meanwhile, these complexes
possessed C–Ag and Ag–N bond lengths of∼2.1 Å, similar to the
values reported in the literature.38l In comparison with their
Cu(I) and Au(I) analogues, the Ag(I) complexes possess pro-
longed Ccarbene/Ncarbazole distances, resulting in more sepa-
rated hole–electron distributions and longer-range LLCT
(Fig. 2). For Ag-12BT-CN and Ag-12BT, the center of the hole in
their S1 excited states mainly lied near the Ncarbazole atom,
whereas the –OCH3 group of Ag-12BT-OMe dispersed the posi-
tive charge and thus shied the hole center away from the
Ncarbazole atom. Therefore, Ag-12BT-OMe had the longest hole–
electron distance of 6.45 Å in its S1 excited state. Moreover, all
the complexes had dominant LLCT nature in both S1 and T1

excited states together with the ca. 2–4% contributions from the
central silver (Fig. 2a and Table S1†), leading to a metal-per-
turbed intraligand charge-transfer feature. Meanwhile, the
small transition contributions from the metal center also pre-
vented the Renner–Teller distortion and direct phosphores-
cence, supported by the CT-featured emission proles at 300
and 77 K (Fig. S2†). Furthermore, the introduction of the –CN/–
OCH3 group can nely modulate the p-donating ability of the
amide ligands and thus render HOMO levels of the complexes
tunable (Fig. S3†). Therefore, the S1 levels of the Ag(I) complexes
follow the order of 2.47 eV (Ag-12BT-CN, 502 nm) > 2.22 eV (Ag-
-CN, (b) Ag-12BT, and (c) Ag-12BT-OMe. DAg represents the difference
etween holes and electrons of (d) Ag-12BT-CN, (e) Ag-12BT, and (f) Ag-
olored blue and red, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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12BT, 558 nm) > 2.02 eV (Ag-12BT-OMe, 614 nm), depending on
the p-donating strength of the amide ligands. Meanwhile, with
respect to Ag-12BT-CN and Ag-12BT, Ag-12BT-OMe delivered the
smallest DEST of 0.05 eV (Fig. S3†), which stemmed from the
prolonged hole–electron distance. Thanks to the large steric
hindrance between the carbene and benzothiophene subunits,
these complexes have slightly twisted S1 conformations with
lower energies compared with the orthogonal conformers
(Fig. S4 and S5†), different from the orthogonal S1 conformation
in most CMA complexes. Furthermore, the root mean square
deviation (RMSD) between S0 and S1 in these complexes follows
the trend of 0.29 Å (Ag-12BT-CN)z 0.22 Å (Ag-12BT-CN) < 0.78 Å
(Ag-12BT-OMe), suggesting that Ag-12BT-CN and Ag-12BT have
limited structure reorganization and could be better emitters
(Fig. S6†).

The key intermediate (MAC)AgCl was prepared according to
the procedures reported in the literature.38l The amide ligands
of 12BT-CN and 12BT-OMe were synthesized via a two-step
route including Pd-catalyzed C–N coupling and Pd-catalyzed
intramolecular cyclization reactions (Scheme S1†). The target
Ag(I) complexes were obtained by a nucleophilic reaction
between the key intermediate of (MAC)AgCl and the respective
amide ligands. 1H/13C nuclear magnetic resonance and 1H–1H
COSY spectroscopy, high-resolution mass spectroscopy and
elemental analysis were conducted to characterize chemical
structures of the Ag(I) complexes. Furthermore, the single
crystal of Ag-12BT-OMe was obtained by layering of CH2Cl2
solution with n-hexane. As depicted in Fig. S7 and Tables S2,
S3,† Ag-12BT-OMe exhibited similar C–Ag and Ag–N bond
Fig. 3 (a) UV-vis absorption and normalized fluorescence spectra of Ag
300 K). (b) LLCT band of Ag-12BT-CN, Ag-12BT, and Ag-12BT-OMe in to
analysis. (c) Normalized fluorescence spectra of Ag-12BT-CN, Ag-12B
concentration, following excitation at 350 nm. Transient PL decay curve
(10−4 M, 300 K) and (e) mCP-doped films with a 30 wt% doping conc
temperature-dependent lifetime data (symbols) to eqn S2† (line) for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
lengths of 2.103(5) and 2.082(4) Å, respectively, together with
a small ligand–ligand dihedral angle of ∼14.3° and a nearly
linear:C–Ag–N angle of 171.85(17)°.42 These structure features
are basically consistent with the theoretical results. Further-
more, Ag-12BT-OMe delivered the Ag/S distance of 3.44 Å,
smaller than the sum of van der Waals radii of the Ag and S
atoms (3.52 Å).43 This pinpoints the existence of secondary
metal–ligand interactions between the Ag atom and amide
ligand in Ag-12BT-OMe. Atom in molecular (AIM) and natural
bonding orbital (NBO) calculations further veried that the
nature of such secondary metal–ligand interactions is attractive
noncovalent interactions between the n orbital of the sulfur
atom and the s orbital of the silver nucleus (Fig. S8†).44 Such
interactions can stabilize the attened conformations of these
complexes to some extent and thus can be favorable to maintain
high oscillator strength and suppress excited state
reorganization.41

All the complexes underwent amide-ligand attributed irre-
versible oxidation processes (Fig. S9†). According to the half-
wave potentials (calibrated versus ferrocenium/ferrocene), the
HOMO levels of these complexes gradually increased in the
order of−5.64 eV (Ag-12BT-CN) <−5.44 eV (Ag-12BT) <−5.27 eV
(Ag-12BT-OMe), in accordance with the simulated results.
Combined with the optical bandgaps, the LUMO levels of these
complexes were estimated to be from −2.84 to −2.86 eV.

As pictured in Fig. 3a, despite the similar ligand-contributed
absorption below 400 nm, the LLCT absorption peaks of these
complexes were gradually red-shied, following the trend of 405
nm (Ag-12BT-CN) < 424 nm (Ag-12BT) < 430 nm (Ag-12BT-OMe).
-12BT-CN, Ag-12BT, and Ag-12BT-OMe in toluene solutions (10−4 M,
luene solutions. The spectra were extracted by the Gaussian-type peak
T, and Ag-12BT-OMe in mCP-doped films with a 30 wt% doping

s of Ag-12BT-CN, Ag-12BT, and Ag-12BT-OMe (d) in toluene solutions
entration, following excitation at 375 nm. (f) Arrhenius-type fit of the
doped films of Ag-12BT-CN, Ag-12BT, and Ag-12BT-OMe.

Chem. Sci., 2025, 16, 784–792 | 787

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04607b


Table 1 Photophysical properties of these complexes in solution and film states

Complex lPL [nm] FPL [%] sd [ms] kr [10
6 s−1] knr [10

6 s−1] DEST
a/b [meV]

In toluene (10−4M)
Ag-12BT-CN 527 25 0.21 1.2 3.6 —
Ag-12BT 571 32 0.070 4.6 9.8 —
Ag-12BT-OMe 608 10 0.011 9.1 91 —

30 wt% mCP-doped lm
Ag-12BT-CN 521 60 3.9 0.2 0.1 96/80
Ag-12BT 545 72 0.33 2.2 0.9 24/33
Ag-12BT-OMe 571 23 0.14 1.6 6.7 22/28

a Fitted from the Boltzmann-type dynamic model. b Fitted from the Arrhenius-type dynamic model.
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Moreover, their LLCT absorption bands had enhanced intensity
and broadened width with the gradually increasing p-donating
strength of the amide ligands (Fig. 3b). Accordingly, the exper-
imental S1–S0 oscillator strength of these complexes was
determined to be 0.022 for Ag-12BT-CN, 0.037 for Ag-12BT, and
0.049 for Ag-12BT-OMe. Similar to the sequence of the LLCT
absorption bands, these complexes displayed tunable emission
proles spanning from 527 to 608 nm in solution and from 521
to 571 nm in thin lms [30 wt% in mCP (N,N-dicarbazolyl-3,5-
benzene)] (Table 1, Fig. 3a and c). To gain insight into the
photophysical behaviors of these Ag(I) complexes, transient
photoluminescence (PL) curves were obtained. Inspiringly, Ag-
12BT and Ag-12BT-OMe delivered shorter emission lifetimes of
70 and 11 ns, respectively, compared with that of Ag-12BT-CN
(210 ns). Under aerated conditions, the lifetimes of these
complexes were signicantly shortened, implying the partici-
pation of triplet excitons (Fig. S10†). Benetting from the
extremely short emission lifetime, Ag-12BT-OMe has a large kr
constant of 9.1 × 106 s−1, among the best values for Ag(I)
complexes.16–25,35,38f,l In the rigid mCP host matrix, the emission
lifetimes of Ag-12BT and Ag-12BT-OMe were still as short as 330
and 144 ns, respectively, yet Ag-12BT-CN delivered a longer
lifetime of 3.9 ms (Fig. 3e and Table 1). Moreover, Ag-12BT-CN
and Ag-12BT delivered signicantly higher FPL of 60% and 72%
compared with that of Ag-12BT-OMe (FPL = 23%). This result
matches well with the limited excited state reorganization of Ag-
12BT-CN and Ag-12BT with respect to Ag-12BT-OMe in the
above theoretical study, indicating that the FPL of these Ag(I)
complexes are mainly inuenced by nonradiative processes
rather than their radiative probabilities (related to oscillator
strength). In this context, Ag-12BT demonstrated the highest kr
of 2.2 × 106 s−1 in the lm state. Temperature-dependent life-
times of these complexes were conducted to determine their
emission origins. As illustrated in Fig. S11 and S12,† when
cooled down to 77 K, all the complexes delivered nearly one
order of magnitude longer average decay lifetimes than those at
300 K (Table S4†), establishing the TADF nature of these Ag(I)
complexes. Moreover, the local triplet excited states (3LE) of the
amide ligands are energetically higher than the CT-featured S1
states of the corresponding complexes, preventing the direct
phosphorescence from the amide ligands (Fig. S2†).
788 | Chem. Sci., 2025, 16, 784–792
Subsequently, the DEST of these complexes was determined to
be 96/80 meV for Ag-12BT-CN, 24/33 meV for Ag-12BT, and 22/
28 meV for Ag-12BT-OMe, according to the Boltzmann- and
Arrhenius-type ttings (Fig. 3f and S12†). In this regard, the
smallest DEST is one of the main reasons for the shortest TADF
lifetime of Ag-12BT-OMe, which originated from the longer-
range LLCT (Fig. 2). To reveal the inuence of the central Ag
ions on the spin-ip processes between S1 and T1 states, the
SOC constants between S1 and T1 were evaluated for these
complexes. As listed in Table S1,† the SOC constants evolved in
the order of 0.06 cm−1 (Ag-12BT-CN) < 1.53 cm−1 (Ag-12BT) <
1.60 cm−1 (Ag-12BT-OMe), basically opposite to the trend of
TADF lifetimes. We also noted that this series of Ag(I) emitters
exhibited smaller FPL and shorter emission lifetimes with
respect to their Cu(I) counterpart Cu-12BT in our previous
work.41 This phenomenon roots from the larger atomic radii of
silver, which lead to longer metal–ligand bonds. On one hand,
the longer C–Ag and Ag–N bonds enable more separated
HOMO–LUMO distributions and smaller DEST values, thus
rendering shorter emission lifetimes. On the other hand, the
longer coordinate bonds reduce the steric hindrance between
the carbene and amide ligands, allowing higher ligand–ligand
rotation/twist freedom. This could result in higher nonradiative
rates and lower FPL. Considering that the singlet radiative rate
(kr,s) is another critical rate-determining step for the TADF
process, we estimated kr,s based on a two-level Boltzmann
dynamic model. As shown in Fig. S12,† Ag-12BT and Ag-12BT-
OMe exhibited larger kr,s of 2.2 × 107 s−1 and 6.9 × 107 s−1 than
Ag-12BT-CN (kr,s = 7.3 × 106 s−1) in the lm state, which orig-
inated from their larger S1–S0 oscillator strength according to
the Einstein relations of radiative lifetime (Fig. 3b).45 In this
sense, the enhanced p-donating strength of the amide ligands
not only reduces the DEST for these Ag(I) emitters but also
accelerates the S1–S0 radiative rate via enhancing the oscillator
strength.

To further picture the exciton dynamics of these complexes,
fs- and ns-scale transient absorption (TA) spectroscopy studies
were conducted in chlorobenzene solution (2 mg mL−1). In the
rst 2 ps, the positive signals of photoinduced absorption (PIA)
for all the complexes were signicantly increased, which can be
assigned to the formation of charge transfer S1 excited states.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Fs-TA spectra of (a) Ag-12BT-CN, (b) Ag-12BT, and (c) Ag-12BT-OMe in chlorobenzene solution (2 mgmL−1), following excitation at 400
nm. The ns-transient kinetics of (d) Ag-12BT-CN at 819 nm, (e) Ag-12BT at 591 nm, and (f) Ag-12BT-OMe at 569 nm, following excitation at 400
nm. Schematic diagram of exciton dynamics of (g) Ag-12BT-CN, (h) Ag-12BT, and (i) Ag-12BT-OMe based on TA and transient PL experiments.
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Aer that, the S1 conformation reorganization occurred with
time constants of 1.2–6.6 ps. For Ag-12BT-CN, in the time range
of 5 ps–3 ns, the amplitude of the PIA signal at 500–600 nm
gradually decreased, accompanied by its increase at 600–625
nm, with a time constant of 333 ps (Fig. 4a and S13a†), which
could be attributed to the ISC process. This value is consistent
with the previously reported ISC rates (tens to hundreds of ps)
for CMA complexes in the literature.38g–l,39,40 Comparatively, the
ISC process of Ag-12BT occurred within 1 ns with a faster time
constant of 186 ps (Fig. 4b and S13b†). For Ag-12BT-OMe, the
PIA signals at 500–650 nm and 700–800 nm increased and
dropped, respectively, within 30 ps, while all the signals drop-
ped signicantly aer 30 ps. This may be caused by the PIA
signal overlaps of singlet and triplet excited states. The ISC time
constant of Ag-12BT-OMe was roughly determined as 147 ps
according to the dynamic curves (Fig. S13c†). In the ns-scale
time range, the amplitude of the PIA signals in all detecting
wavelengths decreased signicantly for all these complexes,
indicating the decay of T1 excitons (including reverse ISC and
nonradiative processes) (Fig. 4d–f and S14†). Similar to the
sequence of ISC rates, the lifetimes of T1 excitons followed the
© 2025 The Author(s). Published by the Royal Society of Chemistry
trend of 200 ns (Ag-12BT-CN) > 38.9 ns (Ag-12BT) > 7.5 ns (Ag-
12BT-OMe), well consistent with the emission lifetimes of these
complexes recorded in transient PL in solutions (Fig. 3d and
Table 1). Combined with the above PL studies, Fig. 4g–i depicts
the simplied excited-state dynamics of these complexes.
Basically, all the Ag(I) complexes experienced the fast ISC
process with rate constants of 3.0–6.8 × 109 s−1, followed by
a fast reverse ISC (RISC) process and further singlet radiation. In
particular, Ag-12BT and Ag-12BT-OMe underwent the ultrafast
RISC process with the rate constants of ca. 108 s−1, among one
of the highest values for TADF emitters.

In view of the outstanding optical properties with high FPL

and short TADF lifetimes, solution-processed OLEDs were
fabricated to explore the electroluminescence (EL) performance
of these Ag(I) complexes. Before the device characterization, we
used atomic force microscopy to study the lm-forming ability
of the Ag(I) emitters. The spin-coated doped lms of the Ag(I)
emitters afforded smooth surfaces with root-mean-square
roughness values of ∼0.3 nm (Fig. S15†), which are feasible for
the fabrication of solution-processed OLEDs. The device struc-
ture consisted of indium tin oxide (ITO)/poly-(3,4-
Chem. Sci., 2025, 16, 784–792 | 789
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Table 2 Summary of EL characteristics of the optimal devices

Emitter Von
a [V] CEb [cd A−1] PEc [lm W−1] EQEd [%] ELpeak [nm] CIE (x, y)

Ag-12BT-CN 3.2 35.0, 21.6, 19.0 31.4, 14.2, 10.0 12.8, 10.6, 7.1 512 0.26, 0.45
Ag-12BT 3.2 48.7, 44.3, 39.9 43.7, 34.8, 22.8 16.2, 14.8, 13.4 528 0.33, 0.53
Ag-12BT-OMe 3.2 12.8, 12.3, 12.7 6.5, 4.8, 3.3 4.4, 4.1, 4.3 558 0.41, 0.53

a The turn-on voltage recorded at a luminance of 1 cd m−2. b Current efficiency. c Power efficiency. d External quantum efficiency at the maximum,
100 and 1000 cd m−2.

Fig. 5 (a) Device structure of the optimal devices based on Ag-12BT-CN, Ag-12BT, and Ag-12BT-OMe. (b) Molecular structures of the functional
materials used in the devices. (c) Normalized EL spectra and (d) current density–voltage–luminance curves of the devices based on Ag-12BT-CN,
Ag-12BT, and Ag-12BT-OMe. (e) External quantum efficiency as a function of luminance for the devices based on Ag-12BT-CN, Ag-12BT, and
Ag-12BT-OMe.
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ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
(35 nm)/emissive layer (40 nm)/dibenzo[b,d]furan-4,6-diylbis(-
diphenylphosphine oxide) (PPF) (10 nm)/1,3,5-tri[(3-pyridyl)-
phen-3-yl]benzene (TmPyPB) (50 nm)/8-hydroxyquinolinolato-
lithium (Liq) (1 nm)/Al (100 nm) (Fig. 5a and b). The Ag(I)-CMA
complexes were doped into the typical host mCP with an
optimal 30 wt% concentration. As shown in Fig. 5c and Table 2,
the devices based on Ag-12BT-CN, Ag-12BT, and Ag-12BT-OMe
displayed green to yellow EL emissions peaking at 512, 528, and
558 nm, along with the corresponding CIE coordinates of (0.26,
0.45), (0.33, 0.53), and (0.41, 0.53), respectively. As illustrated in
Fig. 5d, all the devices had low turn-on voltages of 3.2 V,
implying the balanced charge carrier injection and transport in
the devices. Due to the higher FPL of Ag-12BT-CN and Ag-12BT,
the resulting devices delivered higher EQEs of 12.8% and 16.2%
at 10–15 cd m−2, respectively, compared with 4.4% EQE of the
Ag-12BT-OMe-based device (Table 2). To the best of our
knowledge, the EQE of 16.2% represents the state-of-the-art EL
efficiency for Ag(I) emitters (excluding Ag clusters containing Au
and/or Pt atoms) (Table S5†).35,36,46 Moreover, the Ag-12BT-based
790 | Chem. Sci., 2025, 16, 784–792
device afforded an alleviated efficiency roll-off value of 17.2%
together with the high EQE of 13.4% at the practical luminance
of 1000 cd m−2. This roots from the short emission lifetimes
and ultrafast spin-ip processes of the emitter, beneting the
triplet harvesting meanwhile preventing the triplet-involved
annihilation at high current densities. Interestingly, the
champion emitter Ag-12BT supported its devices exhibiting
remarkably high EQEs of 12.2–16.2% with the doping concen-
trations in the range of 20–50 wt% (Fig. S16 and Table S6†),
highlighting the suppressed concentration-caused emission
quenching of Ag-12BT.
Conclusions

In summary, we have developed a series of two-coordinate Ag(I)
complexes bearing the carbene-metal-amide (CMA) motif. By
tuning the p-donating strength of the amide ligands, these
complexes delivered tunable emission colors with a large radi-
ative rate constant of ∼107 s−1 as well as distinct thermally
activated delayed uorescence (TADF) properties with short
© 2025 The Author(s). Published by the Royal Society of Chemistry
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emission lifetimes of down to 11 ns in solution. The transient
absorption spectroscopies disclosed that Ag-12BT and Ag-12BT-
OMe in solution experience ultrafast spin-ip dynamics with
large forward and reverse intersystem crossing (ISC) rate
constants of up to ∼109 s−1 and ∼108 s−1, respectively. Inspir-
ingly, Ag-12BT exhibits the best emission performance in the
thin lm state, having the high FPL of 72%, the short lifetime of
330 ns, and the fast radiative rate of 2.2 × 106 s−1. The resultant
solution-processed OLEDs based on these complexes achieved
record external quantum efficiencies of up to 16.2%, repre-
senting the state-of-the-art efficiency performance for the
OLEDs based on Ag(I) complexes. This work not only unlocks
the large potential of Ag(I)-CMA complexes in developing high-
efficiency OLEDs but also opens a new avenue for the design of
short-lived TADF materials.
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