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The effect of the heavy metal atom on the photophysics of carbene-metal-amide 
(CMA) photoemitters is explored, where the metal bridge is either Au, Ag, or Cu. 
Spectroscopic investigations reveal the coupling mechanism responsible for com-
munication between the singlet and triplet manifolds. The photophysical proper-
ties do not reflect expected trends based upon the heavy atom effect, as both 
direct coupling between charge-transfer states and spin-vibronic coupling via a 
ligand-centered triplet state are present. Direct coupling is weakest for CMA(Ag), 
increasing the importance of the spin-vibronic pathway and rendering its proper-
ties more sensitive to inter-state energy gaps than for the Au and Cu-bridged ana-
logues. The measured activation energy correlates with the expected exchange 
energy of the charge-transfer state, which is also closely related to the length of 
the bonds joining the carbene and amide ligands, and decreases in the order 
CMA(Cu) > CMA(Au) > CMA(Ag). These findings reveal that reducing interference 
between charge-transfer and ligand-centers excited, and minimizing exchange 
energy, are required for developing efficient luminescent CMA complexes.
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for use in highly efficient organic light-
emitting diodes. The prototype of this 
family[1] employs cyclic (alkyl)(amino)
carbene (CAAC) acceptor and carbazole 
(Cz) donor bridged by a two-coordinate d10 
coinage metal (Au, Ag, Cu) atom. Gold-
bridged CMA emitters have been inves-
tigated in detail,[1–3] and all three coinage 
metals have been successfully demon-
strated in organic LED (OLED) devices.[4–7] 
CMAs are characterized by particularly 
high rates of luminescence from triplet 
excited states, yet the origin of this rapid 
emission is not well understood. We and 
others have noted that the rate of emission 
from CMA(Ag) compounds can exceed 
that of heavier CMA(Au) compounds.[4,5] 
However, the influence of spin-orbit cou-
pling (SOC) provided primarily by heavy 
bridge atom has not been explored experi-

mentally. We have previously shown that direct SOC between 
singlet and triplet charge-transfer (CT) states is implicated in 
gold-bridged coinage metal variants,[8] in contrast with many 
prevailing models for SOC in organic thermally-activated 
delayed-fluorescence (TADF) archetypes.[9–12] However, this 
might be expected to change as the mass of the heavy bridging 
atom is reduced. Here we explore the influence of the heavy 
atom effect on the emission kinetics of CMAs.

We have recently shown that the charge-transfer (CT) states 
of gold-bridged CMAs can be shifted by around 210 meV rela-
tive to the ligand-centered locally-excited (LE) states through 
electrostatic interactions with host molecules in a solid matrix.[8] 
We use this method for tuning the CT-LE energy gap to pro-
vide a direct experimental probe of the coupling mechanism in 
these coinage metal-bridged CMAs.

We find that the strength of direct SOC between 1CT-3CT 
reduces in the order CMA(Cu) > CMA(Au) > CMA(Ag) as a 
result of both decreased d-orbital contribution to the highest 
occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO) and the decreased heavy atom effect. 
However, the spin-vibronic coupling between 3CT and 1CT via 
an intermediate 3LE state does not vary significantly among the 
coinage metal CMAs. Spin-vibronic coupling therefore becomes 
more important as the direct SOC strength drops, making the 
photophysical properties of CMA(Ag) very sensitive to the 
CT-LE energy gap. In contrast, for CMA(Au) and CMA(Cu), we 
find that the direct SOC between CT states remains the domi-
nant effect, with activation energies insensitive to the CT-LE 
gap. In all cases, we find that coupling between CT and LE 

1. Introduction

Carbene-metal-amides (CMAs) are a promising family of orga-
nometallic donor-bridge-acceptor photoemitters with potential 
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states has a detrimental effect on photoluminescence perfor-
mance and should be avoided in these materials.

2. Results and Discussion

2.1. Coinage Metal Carbene-Metal-Amide Molecules

The chemical structures of coinage metal CMAs are illustrated 
in Figure  1. The HOMO and the LUMO of three CMAs are 
shown in Figure S1, Supporting Information. The orbital con-
tributions to vertical excitations (S0 to S1–S6) are tabulated in 
Table S1, Supporting Information, calculated by time dependent 
density functional theory (TD-DFT) utilizing the hybrid MN15 
functional with the def2-TZVP basis set. The contributions 
from the metal atom orbitals to the electron density in the 
HOMO/LUMO are tabulated in Table S2, Supporting Infor-
mation, and are consistent for a range of functionals. For all 
three CMAs, a large ground-state electrostatic dipole moment 
of around 15 D aligned along the carbene carbon (C)-metal (M)-
amide nitrogen (N) axis is observed, arising from the electron-
deficient CAAC group and the electron rich Cz group. Natural 
transition orbitals of the S0 to S1 excitation are 98% HOMO-
to-LUMO. The S1 state therefore has significant charge-transfer 
character, shifting electron density back from the amide to the 
carbene group. This reduces the electrostatic dipole moment 
to around 5 D and reverses its sign.[1,13] This unusually-large 
ground state dipole and decreased excited state dipole are crit-
ical for manipulating the CT energy and probing the coupling 
mechanism responsible for intersystem crossing (ISC).[8]

The calculated bond length between the carbene carbon and 
the amide nitrogen (CMN) and HOMO–LUMO overlaps 
differ between three metal atoms, with silver-bridged CMA pos-
sessing the longest bond (4.094 Å) and the smallest HOMO/
LUMO overlap (25%), compared to 3.977 Å/36% in CMA(Au) 
and 3.770 Å/29% in CMA(Cu). These values are consistent for 
a range of functionals, and with crystallographically-determined 
bond lengths, as shown in Table S3, Supporting Information. 
This trend may be understood by considering that relativistic 
effects are very much stronger in Au(I) than in Ag(I), and absent 
in Cu(I). These lead to a contraction of the 6s and expansion of 

the 5d orbitals, resulting in a stronger back-bonding component 
into the carbene p-orbital of CMA(Au) than for CMA(Cu) and 
CMA(Ag). As a result, the AuC bond is relatively shorter than 
the AuN bond, and both bonds are also anomalously small 
due to the lanthanide contraction, which affects the AuC and 
AuN bond lengths equally.

The steady-state absorption spectra of all three emitters in 
toluene show similarities as shown in Figure S2a, Supporting 
Information: Direct absorption to the singlet CT state at 
around 400 nm and ligand-centered excitations of carbene and 
amide groups at shorter wavelength. The oscillator strength of 
the CT band follows the same trend as the calculated HOMO–
LUMO overlap, as might be expected, decreasing in the order 
CMA(Au) > CMA(Cu) > CMA(Ag). An additional effect may 
also arise from the larger CMN distance of CMA(Ag), 
resulting in a shallower torsional potential around the MN 
bond, which makes it easier for CMA(Ag) to become distorted 
from the largely coplanar ground state minimum, further 
reducing average oscillator strength.[14] Figure S2b, Sup-
porting Information, shows the steady-state emission peaks 
of CMA(Au), CMA(Ag), and CMA(Cu) in toluene are around 
528, 544, and 515 nm respectively at 300 K. These are all broad 
unstructured spectra consistent with emission from a CT 
state.

2.2. Intersystem Crossing Rate of Coinage Metal  
Carbene-Metal-Amides in a Non-Polar Solid-State Matrix

To understand the effect of the metal on the excited state proper-
ties of the CMAs, we first measure the ISC time using transient 
absorption (TA) spectroscopy of dilute solid films, shown in 
Figure 2. We have previously shown that in both solid state and 
solution,[1,8,14] direct photoexcitation of the CT band for CMA 
materials populates a short-lived (ps) CT singlet state, which 
converts to a long-lived (ns-µs) species that shares kinetics with 
CT emission. We assign this long-lived species to the CT tri-
plet, and consider the interconversion to represent ISC between 
CT states. Deconvolution of the TA maps reveal two dominant 
independent time-varying species, which are assigned to short-
lived singlets and long-lived triplets. The ISC time is estimated 
by the crossover of singlet and triplet kinetics, and shown in 
Figure  2d and Figure S12, Supporting Information. The ISC 
times measured in this way (representing the decay half-life) 
are 6.0  ps for CMA(Au), 32.2  ps for CMA(Ag), and 3.7  ps for 
CMA(Cu). For comparison, mono-exponential fits to the sin-
glet kinetics yield decay lifetimes of 9  ps for CMA(Au), 60  ps 
for CMA(Ag), and 5  ps for CMA(Cu). These solid state meas-
urements contrast with longer ISC times for CMA(Cu) and 
CMA(Ag) previously reported in dilute solution.[14] Note that in 
the solid state, ISC is constrained to occur close to the photoex-
cited ground-state geometry, for which a coplanar arrangement 
of the donor and acceptor is preferred, while in solution, ISC 
occurs during or after relaxation toward the relaxed S1 geom-
etry (donor and acceptor close to orthogonal).[14,15] The trend 
and timescales in dilute solid state are consistent with recent 
computational results which demonstrated that the rate of ISC 
for CMA(Ag) is the slowest, as SOC between the 1CT-3CT states 
was smallest at 2.58 cm−1.[14] Moreover, the rapid ISC predicted 

Figure 1. Chemical structure of coinage metal bridged carbene-metal-
amide (CMA) photoemitters.
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for CMA(Cu) when compared with the other coinage metal 
bridges in a similar environment is likewise reproduced.

2.3. Photophysical Characterizations of Coinage Metal  
Carbene-Metal-Amides in a Non-Polar Solid-State Matrix

We first examine doping the emitters in polystyrene (PS), which 
is considered an electronically and electrostatically inert matrix 
for photophysical investigations,[18] and therefore will not exert 
a strong influence on the CMA emitters or shift the CT state 
energy. Figures 3a,4a and Figure S3, Supporting Information, 
present the steady-state absorption and photoluminescence (PL) 
spectra of CMA(Cu), CMA(Ag), and CMA(Au) doped into PS 
host at concentrations from 100% (neat film) to 5% by weight. 
PL spectra gradually blueshift on dilution, by around 70 meV 

for CMA(Au), 75 meV for CMA(Cu), and 87 meV for CMA(Ag). 
We interpret this arising from dilution limiting diffusional 
relaxation through the disordered density of states (DOS), as 
previously observed.[8] The luminescence lifetime of coinage 
metal CMAs remains relatively constant against concentra-
tion in host, with CMA(Ag) the fastest (0.65 µs), CMA(Cu) 
the slowest (2.6 µs), and CMA(Au) in between (1.0 µs), see  
Figures 3b,4b and Figure S4, Supporting Information. Lifetimes 
at all concentrations are tabulated in Table S4, Supporting Infor-
mation. Note that the dependence of these luminescence life-
times on bridge atomic number contrasts with that of the ISC 
times measured using TA. The luminescence rate of all three 
CMAs in PS is strongly temperature dependent. The cryogenic 
steady-state PL of CMA(Cu) and CMA(Au) remains unstruc-
tured see Figure  3d and Figure S5, Supporting Information. 
We interpret this as indicating that in PS matrix, PL primarily 

Figure 2. Room temperature transient absorption spectra of a) 5 wt% CMA(Au) in PS thin film, b) 5 wt% CMA(Ag) in PS thin film, and c) 5 wt% 
CMA(Cu) in PS thin film on picosecond-nanosecond time scales. The intensity is shown in ΔT/T, the fractional change in transmission. Samples were 
pumped at 400 nm under 50 µW pump power. d) The normalized deconvoluted singlet kinetics of CMA(Au), CMA(Ag), and CMA(Cu) are presented. 
The intersystem crossing time of each sample is estimated by the crossover of singlet and triplet kinetics labelled by spots, around 6.0 ps for CMA(Au), 
32.2. ps for CMA(Ag), and 3.7 ps for CMA(Cu). Solid lines are a guide to the eye. The triplet growth kinetics are not included for clarity. Full kinetics are 
shown in Figure S12, Supporting Information. Spectral deconvolution is achieved by isolating covarying regions of the TA spectra by iterative applica-
tion of a genetic algorithm (GA). The full details of this approach is described in literature.[16,17] Singular value decomposition of the TA maps reveal 
two dominant components. As such, the genetic algorithm was restricted to find two independent time-varying species. Manual extraction of crossover 
time, considering kinetics only at the absorption peaks of the early and late time species, yields approximately the same results.
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arises from CT emission for these compounds at all tempera-
tures. The only difference upon cooling is a slight blueshift in 
the steady-state PL, which we interpret as due to the restriction 
of triplet diffusion at low temperature.[8] The luminescence 
lifetime increases by a factor of 50 for CMA(Au)[8] and 15 for 
CMA(Cu) at 10 K compared to 300 K. The thermal activation 
energy extracted from the temperature dependent PL decay rate 
is of CT emission for CMA(Cu) around 103 meV and CMA(Au) 
around 75 meV in PS.[8]

By contrast, for the silver-bridged CMA, shown in Figure 4c,d, 
the emission spectrum transforms below 150 K and structured 
emission consistent with triplets localized on the carbazole 
ligand (3LE(Cz), shown in Figure S6, Supporting Information) 
appears and begins to compete with the unstructured CT emis-
sion in the steady-state PL. This drastically increases the lumi-
nescence lifetime, by a factor of 700 at 10 K compared to 300 K, 
as 3LE(Cz) is only very weakly dipole coupled to the electronic 
ground state.

2.4. Photophysical Characterizations of Coinage Metal  
Carbene-Metal-Amides in the Presence of Strong Solid-State 
Electrostatic Interactions

We have previously shown that strong electrostatic interac-
tions between the CMA emitters and polar host molecules are 
able to increase CT state energies relative to the triplets local-
ized to the carbazole donor 3LE(Cz).[8] The small-molecule host 
diphenyl-4-triphenylsilyl-phenyl-phosphine oxide (TSPO1) with 
a large permanent electric dipole moment of 4.1 D is a suit-
able candidate.[8] Steady-state absorption and photolumines-
cence spectra of CMA(Cu), CMA(Ag), and CMA(Au) in TSPO1 
host at various concentrations are shown in Figures 5a,6a and 
Figure S7, Supporting Information, where large PL blueshift is 
observed: 134, 161, and 210 meV for Cu, Ag, and Au bridged-
CMA respectively when decreasing the doping concentration 
from neat films to 5  wt% CMA:TSPO1 composite films. We 
interpret this as the additional influence of increased solid-state 

Figure 3. a) Steady-state absorption and photoluminescence of CMA(Cu) in PS host at different concentrations. b) Room temperature emission inte-
gral of CMA(Cu) in PS composites, with 1-(1/e) labelled as the characteristic luminescence lifetime. c) Cryogenic emission integral of 10% CMA(Cu) 
in PS with 1-(1/e) labelled as the characteristic luminescence lifetime. “Initial” data taken at 300 K before cooling the film to 10 K, “Final” data upon 
warming back to 300 K after low-temperature measurements. d) Temperature dependent steady-state photoluminescence of 10% CMA(Cu) in PS.

Adv. Funct. Mater. 2020, 2005438



www.afm-journal.dewww.advancedsciencenews.com

2005438 (5 of 10) © 2020 The Authors. Published by Wiley-VCH GmbH

solvation in the polar host, as host fraction is increased.[8,19,20] 
Note that since the dipole moments of the ground and excited 
states are in opposition for CMA complexes, this manifests 
as a “negative” solid-state solvatochromism. In contrast to the 
behavior in PS, the luminescence lifetime increases 2.4 times 
for CMA(Cu) from 2.5 µs (neat film) to 6.1 µs (5%), 7.6 times 
for CMA(Ag) from 0.59 µs (neat film) to 4.5 µs (5%), and  
1.4 times for CMA(Au) from 0.97 µs (neat film) to 1.4 µs (5%), 
see Figures  5b,6b and Figure S8, Supporting Information. 
These values are tabulated in Table S5, Supporting Information.

Figure  5c shows the time-resolved emission peak position 
of CMA(Cu) in TSPO1 as a function of concentration, where 
the redshift is due to the energy relaxation via triplet diffu-
sion within the CT DOS, similar to that previously observed 
for CMA(Au).[8] By contrast, the emission peak position of 
CMA(Ag) blueshifts with time at doping concentrations below 
50 wt%, see Figure 6c. We reason that higher energy 3CT states 
in the DOS are closer in energy to the 3LE(Cz). Mixing between 

the CT and 3LE(Cz) prolongs the overall luminescence lifetime, 
since the emission rate from the 3LE(Cz) state is much lower 
than that of the CT state. The 3CT DOS is energetically broad, 
and since lower-energy CT triplets mix less with 3LE(Cz), they 
are observed to emit at earlier times. This admixed PL becomes 
more revealing at low temperature due to the thermally-acti-
vated nature of CT emission.

Low-temperature luminescence lifetime of 10% CMA(Cu) in 
TSPO1 increases by approximately a factor of 7.3, from 6.4 µs at 
300 K to 47 µs at 10 K, see Figure 5d. Low-temperature steady-
state PL shows that the photoluminescence is still predomi-
nantly of CT character above 150 K, but below this, structured 
features begin to emerge, as shown in Figure  5e. The activa-
tion energies extracted from the PL decay rate of 10% and 80% 
CMA(Cu) in TSPO1 host are 103.4 and 105.1 meV, which are 
in good agreement with value of 102.5 meV yielded from 10% 
CMA(Cu) in PS, see Figure  5f. However, activation energies 
yielded from the integrated PL intensity against temperature 

Figure 4. a) Steady-state absorption and photoluminescence of CMA(Ag) in PS host at different concentrations. b) Room temperature emission inte-
gral of CMA(Ag) in PS composites, with 1-(1/e) labelled as the characteristic luminescence lifetime. c) Cryogenic emission integral of 10% CMA(Ag) 
in PS with 1-(1/e) labelled as the characteristic luminescence lifetime. “Initial” data taken at 300 K before cooling the film to 10 K, “Final” data upon 
warming back to 300 K after low-temperature measurements. d) Temperature dependent steady-state photoluminescence of 10% CMA(Ag) in PS.
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Figure 5. a) Steady-state absorption and photoluminescence of CMA(Cu) in TSPO1 host at different concentrations. b) Room temperature emission 
integral of CMA(Cu) in TSPO1 composites, with 1-(1/e) labelled as the characteristic luminescence lifetime. c) Room temperature time-resolved PL 
peak energy of CMA(Cu) in TSPO1 at different concentrations to track the spectral diffusion. d) Cryogenic emission integral of 10% CMA(Cu) in TSPO1 
with 1-(1/e) labelled as the characteristic luminescence lifetime. “Initial” data taken at 300 K before cooling the film to 10 K, “Final” data upon warming 
back to 300 K after low-temperature measurements. e) Temperature dependent steady-state photoluminescence of 10% CMA(Cu) in TSPO1. f) PL decay 
rate of 10% and 80% concentration of CMA(Cu) in TSPO1 and 10% in PS at different temperatures as a function of 1/temperature. PL decay rate is 
the reciprocal of characteristic luminescence lifetime from cryogenic emission integral. The activation energies EAk are yielded from the Arrhenius fit.
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Figure 6. a) Steady-state absorption and photoluminescence of CMA(Ag) in TSPO1 host at different concentrations. b) Room temperature emission 
integral of CMA(Ag) in TSPO1 composites, with 1-(1/e) labelled as the characteristic luminescence lifetime. c) Room temperature time-resolved PL 
peak energy of CMA(Ag) in TSPO1 at different concentrations to track the spectral diffusion. d) Cryogenic emission integral of 10% CMA(Ag) in TSPO1 
with 1-(1/e) labelled as the characteristic luminescence lifetime. “Initial” data taken at 300 K before cooling the film to 10 K, “Final” data upon warming 
back to 300 K after low-temperature measurements. e) Temperature dependent steady-state photoluminescence of 10% CMA(Ag) in TSPO1. f) PL decay 
rate of 10% and 80% concentration of CMA(Ag) in TSPO1 and 10% in PS at different temperatures as a function of 1/temperature. PL decay rate is 
the reciprocal of characteristic luminescence lifetime from cryogenic emission integral. The activation energies EAk are yielded from the Arrhenius fit.
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are lower than those from the PL decay rate: 70.0 meV (10% 
CMA(Cu) in TSPO1), 65.8 meV (80% CMA(Cu) in TSPO1), and 
74.9 meV (10% CMA(Cu) in PS), see Figure S10, Supporting 
Information. The key difference between the two measure-
ments is that the former incorporates non-radiative decay pro-
cesses, indicating that the non-radiative decay rate in CMA(Cu) 
has a significant thermally activated component. This contrasts 
with CMA(Au),[8] and is consistent with typically lower photo-
luminescence quantum efficiency for CMA(Cu) measured at 
ambient temperature (≈70%).[1,21] However, activation energy 
does not change with the 3CT-3LE(Cz) energy gap, and we thus 
infer that 3LE(Cz) is not significantly involved in the ISC in 
CMA(Cu).

At low temperature, the luminescence lifetime of 10% 
CMA(Ag) in TSPO1 increases by a factor of 275, from 1.7 µs at 
300 K to 467 µs at 10 K, see Figure 6d. Low-temperature steady-
state PL shows a distinct transition from mainly unstructured 
CT emission to emission dominated by the structured fea-
tures from the 3LE(Cz) state (shown in Figure S6, Supporting 
Information) below 150 K, see Figure  6e. This transforms 
the shape of the integrated emission at low temperature. The 
emission spectra evolve significantly over time, with unstruc-
tured CT emission on ns timescales, and long-lived, 3LE(Cz) 
emission, peaking at higher-energy, on µs timescales. Spec-
tral evolution over time for 10% CMA(Ag) in TSPO1 at 10 K 
is shown in Figure S11, Supporting Information. In contrast 
to CMA(Au) and CMA(Cu), the activation energies yielded 
from the PL decay rate for CMA(Ag) are dependent on the 
3CT-3LE(Cz) energy gap: 39.5 meV for 10% CMA(Ag) in PS, 
40.2 meV for 80% CMA(Ag) in TSPO1, and 114.6 meV for 
10% CMA(Ag) in TSPO1, see Figure 6f. While we consider the 
former two measurements to represent the thermal activation 
in the absence of significant interference from a nearby 3LE(Cz) 
state, consistent with other reports,[4] the latter measurement 
represents a regime with strong interference between CT and 
3LE(Cz) states. For CMA(Ag), the integrated PL intensity does 
not show a simple thermally-activated growth, which indicates 
that non-radiative decay in CMA(Ag) is significantly thermally 
activated. This is consistent with the lower photoluminescence 
quantum efficiency and electroluminescence quantum effi-
ciency reported for Ag compounds, at around 74% (PLQE) and 
14% (EQE) compared to Au analogues at around 98% (PLQE) 
and 26% (EQE).[1,5]

2.5. Discussion of the Luminescence Mechanism of the Coinage 
Metal Carbene-Metal-Amides

In the previous sections, we have presented the effect of the 
bridging metal and host molecules on the excited state proper-
ties of CMA complexes. We find that ISC and triplet harvesting 
rates do not follow the trend expected for the heavy atom effect. 
The ISC rate is quantitively consistent with the quantum 
dynamics simulations of Penfold et  al.[14] with a trend of 
CMA(Cu) > CMA(Au) > CMA(Ag) observed. CMA(Cu) exhibits 
a higher rate than CMA(Au) due to its stronger direct 1CT-3CT 
coupling, resulting from the larger contribution from copper 
d-orbitals to the lowest lying CT excited states in CMA(Cu) 
(Table S2, Supporting Information). The spin-orbit coupling 

matrix elements (SOCMEs) are dominated by an internal effect 
concerning the character of the states involved in the transition, 
as captured in El-Sayed’s rule,[22] rather than the external heavy 
atom effect.[14,15,23,24] CMA(Ag) has the smallest SOCME of 
2.58 cm−1 because the silver d-orbitals mix weakly to the lowest 
lying CT states, similar to Au, and the smaller external heavy 
atom effect of Ag further reduces the size of the SOCMEs.[14] 
Given the weak coupling between its CT states, recent work 
suggests that in order to achieve effective ISC in CMA(Ag), 
second-order coupling to an intermediate state localized to the 
donor or acceptor ligands (“LE” states) may be preferred.[14]

For each CMA material, electrostatic interactions with the 
host are shown to blueshift the CT states. However, the LE 
states are relatively insensitive to such electrostatic interactions, 
leading to variation in the CT-LE energy gap. In principle, while 
both the 3LE(CAAC) and 3LE(Cz)[14] states may participate in the 
photophysics, the former appears energetically inaccessible in 
practice, and where 3LE emission is observed (for example for 
CMA(Ag) hosted in TSPO1), it arises from 3LE(Cz). The acti-
vation energy we measure is consistent for all CT states for 
CMA(Au) and CMA(Cu), and for CMA(Ag) under conditions 
where 3LE(Cz) emission is not observed, indicating limited 
involvement of the LE states. We therefore consider that the 
emission process, which we take to be analogous with organic 
TADF, requires thermally-assisted mixing of 3CT with 1CT.[25,26] 
We interpret the activation energies measured herein to corre-
spond to the energy barrier for this process. CMA(Cu) exhibits 
the highest energy barrier, of ≈100 meV, CMA(Au) an interme-
diate barrier (≈70 meV) and CMA(Ag) the lowest energy bar-
rier (≈40 meV). These energy scales correspond to the value 
ΔEST commonly reported in organic TADF literature.[25,27–29] 
However, where 3CT and 3LE(Cz) are in close proximity, the 
nature of the energy barrier changes and its height increases, 
and we interpret this as the energy required to escape a local 
3LE(Cz) state and access states in the 3CT manifold. This is 
similar in concept to the type-III TADF model described in the 
current literature,[9,12] but with the important caveat that it is 
1CT-3CT coupling which provides the luminescence pathway. 
The interference from the 3LE(Cz) state significantly increases 
the luminescence lifetime of CMA(Ag), whereas for CMA(Au) 
and CMA(Cu) where the direct coupling between CT states is 
strong, we find that the parasitic 3LE(Cz) state does not signifi-
cantly impact luminescence lifetime in most circumstances.

For all compounds, ISC occurs on the picosecond timescale 
and is therefore not a rate-limiting step for emission; indeed 
there is little correlation between the ISC and luminescence 
rates. Instead, our data supports the hypothesis that it is access 
to molecular configurations that permit mixing of 1CT and 3CT 
which represents the rate limiting step. Accessing such con-
figurations is easier in CMA(Ag), owing to its flatter ground 
and excited state potential along torsional degrees of freedom[14] 
allowing the highest radiative rates. While most obviously rel-
evant in liquid phase, in amorphous solid state we would also 
anticipate a broader range of both static and dynamic confor-
mational disorder for CMA(Ag). By contrast, despite showing 
stronger SOC, CMA(Cu) shows low radiative rates due to its 
higher activation energy. The correlation between CMN 
bond length and activation energy, with the former influencing 
HOMO–LUMO overlap, suggests that activation energy is 

Adv. Funct. Mater. 2020, 2005438



www.afm-journal.dewww.advancedsciencenews.com

2005438 (9 of 10) © 2020 The Authors. Published by Wiley-VCH GmbH

closely related to the exchange energy of the CT state. Longer, 
more flexible, bonds, may also play a part in allowing easier 
reorganization, though may also contribute to nonradiative 
decay. The activation energy therefore represents the energy 
of an internal reorganization of the CT state, for instance by 
altering its symmetry, and in most cases, it does not repre-
sent the energy needed to access a discrete state of different 
quantum mechanical character, such as a 3LE state.

3. Conclusions

In conclusion, we have investigated the heavy atom effect on 
the coinage-metal bridged CMAs to reveal its influence on the 
ISC and luminescence mechanism. We find that the photo-
physical properties do not reflect expected trends based upon 
the heavy atom effect, as both direct (1CT-3CT) coupling and 
spin-vibronic coupling via a local triplet state 3LE(Cz) are pre-
sent. The combination of the small contribution from the Ag 
d-orbitals to the lowest-lying CT states and lighter atom renders 
the weakest direct 1CT-3CT coupling for CMA(Ag) and thus 
the slowest ISC rate, making the spin-vibronic coupling more 
important and the photophysical properties more sensitive to 
the CT-LE energy gap than the Au and Cu-bridged analogues. 
The activation energy measured from photoluminescence spec-
troscopy stays relatively constant for all CT states for CMA(Au), 
CMA(Cu), and for CMA(Ag) where 3LE(Cz) is not significantly 
involved. We consider that the activation energy represents the 
thermal energy required for mixing the 3CT and 1CT states 
to achieve luminescence. However, where the CT-LE gap is 
diminished, strong interference from 3LE(Cz) state makes the 
spin-vibronic coupling dominant in CMA(Ag) and significantly 
reduces the emission rate.

The development of CMA complexes for high efficiency 
OLEDs, which rely on high radiative decay rates and high lumi-
nescence quantum efficiency, therefore requires the removal 
of parasitic local triplet states close to the CT energy and the 
minimization of exchange energy. In this respect, the design 
rules for such a compound echo those initially developed for 
organic TADF compounds, before the concept of beneficial 
spin-vibronic coupling between states of different character was 
introduced as an appropriate model.

4. Experimental Section
Synthesis of Carbene Metal Amides: Carbene metal amides were 

synthesized as previously reported.[1,5,21]

Sample Preparation: Host-guest thin films of different weight ratios 
were made from chlorobenzene solution in 20 mg mL−1 concentration. 
These well-mixed solutions were spun inside a nitrogen filled glove box 
onto pre-cleaned fused quartz (spectrosil) substrates at 1200 r.p.m. 
for 40 s at room temperature to form thin films. Samples were stored 
in a nitrogen glovebox to minimize degradation. Solution samples of 
various solvents were prepared as 1 mg mL−1 in the nitrogen glovebox, 
deoxygenated and sealed in 1-mm path length and QS-grade quartz 
cuvettes.

UV–vis–NIR Spectrophotometer: A Shimadzu UV-3600 Plus 
spectrophotometer was used to measure the steady-state absorbance 
of samples, which comprises three detectors: a PMT (photomultiplier 
tube) for the ultraviolet and visible regions and InGaAs and cooled PbS 

detectors for the near-infrared region. The detectable wavelength range 
is between 185 and 3300 nm with resolution of 0.1 nm.

Photoluminescence Spectrometer: An Edinburgh Instruments FLS980 
spectrofluorimeter was used to measure steady-state luminescence 
spectra. A R928P PMT detector was used in this experiment, with a 
wavelength range of 200 to 870  nm and a dark count rate of <50  cps 
(at −20 °C). The detector is operated in single photon counting mode. 
The PL spectra of CMA1 were collected from 350 to 650  nm with the 
resolution of 1  nm. Samples were excited by a 450 W Xe1 xenon arc 
lamp. The light from the xenon arc is focused into the monochromators 
by using an off-axis ellipsoidal mirror.

Temperature-Dependent ns-µs Time-Resolved Photoluminescence 
Measurements: Time-resolved photoluminescence spectra were measured 
by an electrically-gated intensified CCD (ICCD) camera (Andor iStar 
DH740 CCI-010) connected to a calibrated grating spectrometer (Andor 
SR303i). Samples were photoexcited by femtosecond laser pulses which 
were created by second harmonic generation in a ß-barium borate crystal 
from the fundamental source (wavelength = 800 nm, pulse width = 80 fs) 
of a Ti: Sapphire laser system (Spectra-Physics Solstice), at a repetition 
rate of 1kHz. The photons from the laser pulses had a wavelength of 
400  nm. A 425  nm long-pass filter was used to prevent scattered laser 
signal from entering the camera. Temporal evolution of the PL emission 
was recorded by stepping the ICCD gate delay with respect to the 
trigger pulse. The minimum gate width of the ICCD was 5 ns. Cryogenic 
measurements were carried out using an Oxford Instruments Optistat 
continuous flow cryostat with liquid helium coolant, and an ITC 502 S 
temperature control unit. The 1 kHz repetition rate of the laser used in 
this experiment precludes accurate measure of lifetimes beyond 1 ms.

For non-exponential luminescence decays in the solid state, a 
characteristic lifetime rather than monoexponential decay time was 
quoted. The time taken to reach 63% (1-(1/e)) of the total emission 
integrated from 0 to 950 µs was chosen. This allowed direct comparison 
to lifetimes extracted from monoexponential decays.

Transient Absorption Spectroscopy: Films were drop-cast from solution, 
60 µL per film on 13 mm quartz discs heated to 70 °C. Solutions of CMAs 
and PS in chlorobenzene were made at 20  mg mL−1 concentrations, 
overnight heated at 70 °C to dissolve the PS and mixed in the appropriate 
ratio to achieve the desired host-guest concentration (5  wt%). Films 
were made and kept in a glovebox and encapsulated using a glass slide 
and epoxy prior to being measured. The pump and probe originated 
from a Spectra Physics Solstice Ti:Sapphire laser, outputting pulses of 
width 80 fs and a repetition rate of 1 kHz at 800 nm. The pump beam 
was frequency-doubled using a BBO to give 400  nm pulses. Excitation 
fluence was varied from 9–60 μJcm−2 using neutral density filters. The 
probe beam was generated from the 800  nm fundamental using a 
noncollinear optical parametric amplifier, built in-house. The probe 
was further split into a probe and reference, with only the probe beam 
overlapping with the pump on the sample. The pump-probe delay was 
controlled using a computer-controlled delay stage. A Hamamatsu 
G11608-512 InGaAs dual-line array detector was used to measure the 
transmitted probe and reference.

Computational Details: Gas-phase DFT calculations of HOMO/LUMO 
of CMAs were carried out by the global hybrid MN15 functional by 
Truhlar and coworkers[30] in combination with the def2-TZVP basis set 
by Ahlrichs and coworkers.[31,32] Relativistic effective core potential of 28 
and 60 electrons was used to describe the core electrons of Ag and Au, 
respectively.[33] The ground state was studied by DFT and the excited 
states by TD-DFT.[34] The employed method provided excited state 
energies that did not suffer from underestimation typical for TD-DFT,[35,36] 
as indicated by the recent work on closely related molecules[3,5,21] as 
well as by earlier comparison to T1 energies calculated by unrestricted 
DFT for CMA(Au), the unrestricted and TD-DFT T1 energies differing 
by only 0.004  eV.[8] For the S0 ground state, results using M06 and 
PBE0 functionals are included for comparison. These calculations 
were carried out by Gaussian 16.[37] Specific orbital contributions for 
metal contribution to HOMO and LUMO were calculated by Mulliken 
population analysis, bond orders were calculated by Mayer bond order 
analysis using Multiwfn program.[38]
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