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Mono- Versus Bicyclic Carbene Metal Amide Photoemitters: Which 
Design Leads to Best Performance?
Florian Chotard,1 Vasily Sivchik,1 Mikko Linnolahti,2* Manfred Bochmann,1* and Alexander S. 
Romanov1*
1 School of Chemistry, University of East Anglia, Earlham Road, Norwich, NR4 7TJ, UK;
2 Department of Chemistry, University of Eastern Finland, Joensuu Campus, FI-80101 Joensuu, Finland

ABSTRACT: New luminescent “carbene-metal-amide” (CMA) Cu, Ag and Au complexes based on monocyclic (C6) or bicyclic 
six-ring (BIC6) cyclic (alkyl)(amino)carbene ligands illustrates the effects of LUMO energy stabilization, conformational 
flexibility, excited state energy and geometry on the photoluminescent properties, leading to 100% luminescence quantum yields, 
short excited state lifetimes Cu > Au > Ag down to 0.5 µs and high radiative rates of 106 s–1. Gold complexes with the BIC6 ligand 
exhibit exceptional photostability under hard and soft UV-light compared with analogous complexes with C5 and C6 carbenes. 
Steady-state and time-resolved photoluminescence spectroscopy at 298 K and 77 K enabled an estimate of the energy levels of the 
charge transfer (CT) and locally excited (LE) states with singlet and triplet character. A four-state model is applied to describe 
thermally activated delayed fluorescence (TADF) properties in CMA materials and correlates excited state lifetimes with the energy 
difference between LE and CT states. 

■ INTRODUCTION. Luminescent coinage metal 
complexes are an emerging class of photoemitter 
materials1-16 for organic light emitting diode (OLED) 
technology, which are able to give up to unity quantum 
yields via phosphorescence or thermally activated delayed 
fluorescence (TADF).17,18 We have reported19-29 a new 
class of highly photoemissive linear, two-coordinate 
coinage metal complexes, based on cyclic 
(alkyl)(amino)carbene (CAAC) ligands30–32 which 
combine pronounced σ-donor and π-acceptor properties. 
The ambiphilic nature of CAACs leads to high thermal 
stability, excellent photophysical characteristics with 
near-quantitative photoluminescent quantum yields (ΦPL) 
and very short excited state lifetimes (<1 µs); all highly 
sought-after characteristics for OLED devices. Termed 
“carbene-metal-amides” (CMAs), these materials have 
enabled fabrication of OLEDs with external quantum 
efficiencies (EQEs) of >25% with near-100% internal 
quantum efficiencies at practical brightness (100 – 1000 
cd m–2) by both solution processing and thermal vapor 
deposition techniques,24,25,33,34 including dendrimer-type35 
or conformationally flexible amide systems.36 This design 
principle has recently been extended37,38 to other types of 
π-acceptors, such as mono-, di-amido or 
cyclic(amino)(aryl)carbenes.39-44 Experimental and 
theoretical studies have highlighted the importance of 
rotational flexibility of CMAs for photoemission 
efficiency. At higher torsion angles the S1-T1 energy gap 
can verge on zero, which facilitates inter-system crossing 
and enables luminescence with sub-microsecond 
lifetimes.24,45-48

Torsional flexibility makes these systems highly 
susceptible to steric effects. Studies so far have concentrated 
on adducts of 5-ring CAACs. Here we focus on CMA 

complexes with six-membered monocyclic (C6)49 and bicyclic 
(BIC6)50,51 carbenes, as examples of ligands with flexible and 
rigid saturated backbones, respectively. These carbenes are 
more ambiphilic than 5-membered CAACs (C5, Chart 1),30-32 
while having different steric congestion around the metal. The 
aim was to explore the relative importance of these molecular 
design parameters on photoluminescent properties. 

N

C5

N N

BIC6 C6
Chart 1. Molecular structures of carbenes.

■ RESULTS AND DISCUSSION

Synthesis and structure. The chloride complexes M1 
and M3 with adamantyl-substituted 6-ring (C6) and bicyclic 
isopropyl(amino)carbene (BIC6) ligands, respectively, 
(Scheme 1) were prepared as described for Au1 (Supporting 
Information).50,51 The carbazolate (Cz) derivatives M2 and M4 
were obtained in high yield following our previously 
published procedure (Scheme 1, see Supporting 
Information).24 All chloride complexes M1 and M3 are white 
solids while carbazolate complexes are off-white (M = Cu) or 
yellow (M = Au). The complexes possess good solubility in 
aromatic and polar non-protic solvents like dichloromethane, 
THF, and acetone, and moderate solubility in acetonitrile. As 
solids M1–M4 are stable in air for several months. M4 
complexes show superior photostability compared with M2 if 
irradiated with hard UV-light at 290 nm in all media (Figures 
S27–S40).
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Figure 1. The crystal structures of carbene metal amides Au2 (a) and Au4 (c), including side views of Au2 and Au4 
showing the conformations adopted by the amide ligands. Ellipsoids are shown at the 50% level. Hydrogen atoms are 
omitted for clarity. Angle β is for C2–C24–Cg1, where Cg1 = centroid of the C2,C2,N1,C5,C4 plane.

Table 1. Selected distances [Å], angles [], metal buried volumes (Vbur), 13C NMR chemical shift for the carbene atom and formal 
electrode reduction potentials (Ered peak position Ep for irreversible and E1/2 for quasi-reversible processes (*), V, vs. FeCp2) for 
complexes M2 and M4. 

M C1···N2, Å C1–M–N2, , a β,, b Vbur, % δ (13C:), ppm Ered (V)
Cu2 3.746(5) 176.1(1) 32.9(4) 171.6(1) 53.9 267.1 –2.90
Au2 4.025(7) 176.9(2) 22.2(5) 178.2(1) 51.4 254.8 –2.54*
Cu4 3.749(1) 176.0(1) 19.6(1) 167.6(1) 48.0 260.2 –2.96*
Ag4 4.142(4) 175.6(1) 22.0(3) 167.3(1) 45.0 269.2 –2.91*
Au4 4.008(3) 176.2(1) 19.5(3) 168.1(1)  45.8 247.6 –2.77*

a torsion angle () N1–C1–N2–C40 for C6 and N1–C1–N2–C36 for BIC6; b Cg1 centroid for the carbazolate five-
membered ring (N2,C29,C34,C35,C40 for M2 and N2,C25,C30,C31,C36 for M4 complexes).

The photostability increases in the order of Cu4 << Ag4 << 
Au4 under soft UV-light (400 nm) with no degradation for 
complex Au4 in a zeonex matrix (Figures S35, S37 and S39). 
Such superior stability for gold complexes with BIC6 carbene 
ligand parallels well with recent results reported by Bertrand 
et al.51 All complexes have been characterized by elemental 
analysis, high-resolution MS, 1H and 13C NMR spectroscopy. 
Both chloride and carbazolate complexes M1–M4 show 4–7 
ppm downfield shift for the 13C carbene-C resonance 
following the trend in increasing ambiphilic properties of the 
carbenes C56a,10 < BIC6 < C6 (Table 1).

Cu1 Cu2

N

M

L

L Cl Cz

Au1 Au2
Cu3 Cu4

L Cl Cz

Ag3 Ag4
Au3 Au4

N

M

L

Scheme 1. Molecular structures of the carbene metal amide 
complexes.

X-ray crystallography (Figure 1) confirmed the linear 
monomeric structure and the lack of close intermolecular 
contacts (Table 1 and S1). The donor–acceptor distances 
C1···N2 for M2 and M4 reflect the increase in covalent radii 
in the order Cu < Au < Ag.52 The torsion angle () between Cz 
and CAAC ligand planes is 2–13 more twisted for M2 

compared with M4 complexes (Table 1). Unlike M2, in 
complexes M4 the Cz-N atom is pyramidal (tilt angle β ≈ 
168, see Fig. 1b) due to packing effects. The C6 ring in M1 
and M2 adopts a high-energy half-chair conformation, which 
places the adamantyl group on one side of the N1–C1–C2–
C4–C5 plane, opposite to the C3 atom (Figure 1b). This 
contrasts with CMA complexes of five-membered C5, where 
the ligand plane bisects the adamantyl group.24

Figure 2. Overlap of the full range cyclic voltammograms 
for Cu2 (red) and Cu4 (blue) complexes. Recorded using 
a glassy carbon electrode in THF solution (1.4 mM) with 
[nBu4N]PF6 as supporting electrolyte (0.13 M), scan rate 
0.1Vs–1.
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Figure 3. (a) UV-vis spectra of the chloride complexes Cu1 and M3 complexes in THF solution (298 K); (b) PL spectra 
of the chloride complex Cu1 and Cu3 in a crystalline state at 298 and 77 K; UV-vis (c) and emission (d) spectra for Au4 
in various solvents; Emission spectra for Cu2 (e) and Cu4 (f) in toluene and MeTHF solution (excited at 290 (black) and 
360 nm (red, green and blue) at 298 and 77K. 

Cyclic voltammetry of the carbazolates M2 and M4 in 
THF (Table 1 and S2, Figures S1–S4) shows two irreversible 
oxidation waves (no corresponding reduction waves are seen 
upon reversing the scan direction) with Ep varying in a small 
range (0.25±0.1 and 0.88±0.07 V, see Table S2) indicative of a 
carbazole-localized process and consistent with previous 
reports on CMA complexes.21–25 Au2 and M4 complexes show 
a quasi-reversible reduction process with a back-peak upon 
reoxidation and an ipa/ipc ratio in the range of 0.5–0.84 (at 100 
mV s–1), which is less than unity – the ideal value for a 
reversible couple (see Table 1). Complex Cu2 shows an 
irreversible reduction process. The E1/2 value for the Au4 
reduction process (–2.77 V) exhibits a shift of 230 mV to a 
lower potential compared with Au2 (–2.54 V). This indicates a 
higher electrophilicity for the C6 compared with the BIC6 
ligand and results in a stabilization of the lowest unoccupied 
molecular orbital (LUMO) of M2 by 0.15–0.2 eV (for 
example see Cu2/Cu4, Figure 2). This explains the ca. 0.2 eV 
smaller band gap for M2 compared with M4 and affects the 
absorption and emission properties, vide infra.
Photophysical properties and theoretical 
considerations. 

Chloride complexes. The UV-vis spectra for the 
chloride complexes M1 and M3 (Figure 3a, Figure S5 
and Table S3) show a broad and weak low-energy band in 
the range of 320–450 nm. This is tentatively assigned to a 
combination of MLCT and XMLCT transitions, in 
agreement with theoretical calculations (ESI, Table 
S5).21–25,53,54 The photoluminescence (PL) properties of 
the chlorides Cu1 and M3 crystals have been studied at 
298 and 77K (Figure S5–S9 with data collected in the 
Table S4, ESI). The copper complexes Cu1 and Cu3 
show yellow and sky-blue PL with quantum yields (ΦPL) 
of 40 and 14%, respectively. Complexes M3 exhibit a 10–
50 nm red-shift of the PL profile upon cooling to 77K, 

whereas the PL for Cu1 shows no shift with only slight 
narrowing (Figure 3b, S6-S9). The excited state lifetime 
decreases from Cu3 to Au3 due to an increase in the spin 
orbit coupling coefficients (Hso) which facilitates the 
intersystem crossing and increases the radiative rate 
constant kr by one order of magnitude (Table S4). The 
excited state lifetime increases up to 3 times for Cu1/3 
and Au3 and 8 times for Ag3 upon cooling to 77 K (Table 
S4). Such temperature dependent behavior is similar to 
analogous (AdC5)CuCl complexes. Theoretical 
calculations show a large energy difference between S1 
and T1 states (0.4–0.6 eV, see Table S8), supporting 
phosphorescence for chlorides Cu1 and M3.

Carbazolate complexes. The lowest energy 
absorption in the UV-vis spectra of the carbazolate 
complexes M2 and M4 (Figure 3c, S10, S11 and Table 
S3) is due to metal-mediated charge-transfer (L(M)LCT) 
from carbazole to carbene. Increasing the solvent polarity 
from methylcyclohexane (MCH, ε = 2.02) to CH2Cl2 (ε = 
8.93) results in a blue-shift of the L(M)LCT band by ca. 
60 nm for all Cz complexes (Figures 3c, S10 and S11). 
The intensity of the CT band decreases in the series Au > 
Cu >> Ag with the lowest value for Ag4 (ε = 1700 M–1 
cm–1) and follows the decrease in the HOMO/LUMO 
overlap integral (Table S6, ESI). The large negative 
solvatochromism of the UV-vis spectra and the negligible 
positive solvatochromism for the photoluminescence (PL, 
Figures 3c and 3d) are in line with a large ground-state 
dipole moment and a smaller excited state dipole in the 
opposite direction, supported by DFT calculations (Table 
S7).

The PL properties of complexes M2 and M4 (Table 2; 
Figures 3d-f, 6, S12-S21) were measured at 298K and 
77K. In solution compounds M2 show yellow 
luminescence, whereas M4 give green emissions, in line 
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with the higher electrophilicity (LUMO stabilization) of 
C6 and consistent with the 0.2 eV larger HOMO–LUMO 
band gap (ESI, Table S2). Toluene solutions of Cu2 at 
298K show negligible charge transfer (CT) emission (ΦPL 
3.6%), while Au2 shows a surprisingly low (for gold) ΦPL 
of only 21.8%. This poor luminescence of compounds 
M2 is in startling contrast with the emissions of 
analogous 5-ring CAAC complexes (ΦPL 74–98%),21-25 
and even more with the BIC6 complexes Cu4 and Au4, 
both of which show 100% quantum yields. The ΦPL of the 
silver analogue Ag4 (82%) compares favorably with the 
analogous 5-ring CAAC carbene (ΦPL 74% in toluene)34 
and six-ring monoamido carbene (ΦPL 6% in MeTHF) 
silver complexes.43 

On one hand, the steric protection of the metal center 
in CMA complexes could be seen as an important factor 
to rationalize the observed ΦPL values in solution. We 
calculated the buried volumes (Vbur, %) of adamantyl-C5, 
C6 and iso-propyl BIC6 carbene ligands using the 
SambVca2.1 program55 (Table S1, Figure 4). For 
example, Vbur of the ligands increases in the order Cu4 
(48%) < (C5)Cu(Cz) (51.4%) < Cu2 (53.9%) 
contrariwise with the observed ΦPL values in toluene Cu4 
(100%) > (C5)Cu(Cz) (74%) > Cu2 (3.6%). Realization 
of a copper-based emitter with 100% ΦPL but small Vbur 
parameter indicates that steric protection of the metal 
center is only one of many parameters to consider.24,37 On 
the other hand, excited state distortion has been identified 
as one of the main reasons for the significant 
luminescence quenching in solutions of mononuclear 
metal complexes,56–58 with geometry change facilitating 
electronic to vibrational energy conversion and 
radiationless decay.59 Bicyclic carbenes are noted for their 
more rigid structure compared with monocyclic 
analogues.60,61 We calculated the energy barrier between 
two conformers for C6 (38.5 kJ/mol) and C5 (3 kJ/mol) 
carbene ligands (see mp4 video, Supporting Information), 
whereas no conformers are observed for the BIC6 ligand. 
This indicates that complexes with C6 monocyclic 
carbene have more conformational freedom enabling 
structural promiscuity compared with simple elbow-
shaped conformers for C5 monocyclic and rigid BIC6-
carbene ligands. Therefore, the increasing ΦPL values of 
complexes with monocyclic-C6, monocyclic-C5 and 
bicyclic BIC6 carbene ligands may at least in part be due 
to the differences in ring flexibility.62 

Linear coinage metal complexes may experience 
Renner-Teller or bending geometrical distortion63,64 
resulting in significant nonradiative losses. Our 
theoretical calculations show that the S0 geometry is in 
good agreement with the crystal structure for the linear 
complexes of interest, Cu2 and Cu4 (Figure 4). The S1 
state largely retains linear geometry for both Cu2 and 
Cu4, whereas the torsion angle between carbene and 
amide ligands (α = N1–C1–N2–C40 for C-6 and N1–C1–
N2–C36 for BIC6) is 49° for Cu2 and 88° for Cu4. This 
may be explained with a smaller buried volume for Cu4 
compared with Cu2 unlocking the relative rotation of the 
carbene and amide moieties. The optimized geometry for 
T1 has C1–Cu–N2 angles of 164° and 171° for Cu2 and 
Cu4, respectively. This shows a stronger Renner-Teller 
distortion for the monocyclic complex Cu2, while the 
torsion angle is ca. 10° larger compared with the ground 

S0 state geometry for both complexes (Figure 4). This 
shows the tendency of Cu4 to retain a linear geometry, 
similar to the previously reported (AdC5)Cu(Cz) complex, 
unlike Cu2 with its monocyclic-C6 carbene ligand. The 
decrease in Renner-Teller distortion in the excited states 
parallels the decrease in nonradiative rates, knr (s–1) = 
7.0×105 (Cu2) > 1.3×105 (AdC5)Cu(Cz)35 > 0.03 (Cu4).

Figure 4. Superposition of the S0 and S1 (top), and S0 and T1 
(middle) geometries for complexes Cu2 and Cu4 determined 
by theoretical calculations. Bottom: Calculated angles and 
single crystal X-ray diffraction (XRD) data where torsion 
angle () is N1–C1–N2–C40 for C6 and N1–C1–N2–C36 for 
BIC6.

We recorded solution PL spectra in MeTHF at room 
temperature and 77 K to measure the energy of the 1CT 
and 3LE states, respectively (Figure 3e,f). For all M2 and 
M4 complexes the Cz 3LE triplet state is 0.1–0.3 eV 
higher than the 1CT state (Table 2, Figure 5 for Au2), 
leading to negative energy gap values ΔE(1CT–3LE) 
which increase in the order Cu < Ag < Au. Next, we 
measured solution PL spectra at varied excitation 
wavelengths (290–440 nm) for all complexes in toluene 
(Figures S12b, S15b, S18b, S20b, S21b) looking for the 
higher lying excited states. Indeed, high energy excitation 
(280–310 nm) leads to emission at ca. 340 nm (3.75 eV) 
originating from the carbazole local excited state (1LE) 
together with charge-transfer 1CT-emission from the 
L(M)LCT. We have described Cz-based fluorescence 
(1LE) for similar Cz-dendrimer complexes with the five-
membered C5 ligand.35 Let us consider Cu2 (ΦPL 3.6%), 
Au2 (ΦPL 22%) and Cu4 (ΦPL 100%) as representative 
examples to show the interplay between CT and LE states 
(for the emission-excitation maps see Figure S24). The Cz 
(1LE) emission is a major radiative pathway for 
monocyclic Cu2 (Figure 3e), whereas it is hardly 
detectable for the bicyclic analogue Cu4 (Figure 3f), 
where the 1CT emission dominates at all excitation 
wavelengths (Figures S18b). The gold Au2 complex 

Page 4 of 12

ACS Paragon Plus Environment

Chemistry of Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



shows intense 1LE and 1CT emission and is therefore 
convenient to compare with our theoretical calculations. 

Table 2. Photophysical properties of copper, silver and gold complexes M1–M4 as neat films, in Zeonex matrix (dopant 
level 1 weight-%) and in toluene solution (excited at 360 nm in all media). 

λem 
(nm)

τ 
(µs)f ΦPL (%)b kr (105 

s−1)c
knr (105 

s−1)d
1CT/3LE/1LE (eV)e λem (nm, 

77K)
τ (µs, 77K)

Toluene a                                                                                              
Cu2 556 1.37 3.6 0.2 7.0 2.68/2.78/3.79 – –
Au2 570 0.26 21.8 8.3 30 2.64/2.95/3.79 – –
Cu4 502 3.3 100 3.0 <0.03 2.78/2.82/3.76 – –
Ag4 526 0.5 82 16.4 3.6 2.74/2.90/3.76 – –
Au4 512 1.1 100 9.1 <0.05 2.80/2.95/3.75 – –
Neata                                                                                                       
Cu2 557 16 10 0.06 0.5 2.68/–/– 548 44.8 (100% 3CT)

Au2 498 0.66 30 4.5 10.6 2.85/2.85/– 485 29.0 (85% 3CT), 78.0 (15% 
3LE)

Cu4 488 4 23 0.5 1.9 2.86/2.80/– 451, 549 43.7 (41% 3CT), 7199 
(59% 3LE)

Ag4 500 0.58 18 3.1 14.1 2.87/2.85/– 456, 482 46.9 (68% 3CT), 168 (32% 
3LE)

Au4 486 0.92 47 5.1 5.7 2.92/–/– 479 30.7 (59% 3CT), 63.4 (41% 
3LE)

1% Zeonex matrixa

Cu2 519 9.8 6 0.06 0.95 2.76 (1CT)/2.60 (3CT) 546 42.6 (100% 3CT)
Au2 523 1.0 54 5.4 4.6 2.68 (1CT)/2.67 (3CT) 521 61.0 (100% 3CT)

Cu4 493 5 64 1.20 0.7 2.81 (1CT)/2.71 (3CT) 512 58.4 (78% 3CT), 107.3 
(22% 3LE)

Ag4 496 0.9 84 9.3 1.7 2.85/2.88/3.78 435, 467, 
494

23.5 (90% 3CT), 274 
(10% 3LE)

Au4 490 1.3 100 7.7 <0.01 2.85/2.91/3.78 430, 475, 
499

56.0 (100% 3CT)

a All films were prepared by drop-casting toluene solutions (1 mg/mL) onto a hot quartz substrate and annealed for 5 min; b 
Quantum yields (ΦPL) determined using an integrating sphere, see ESI for details; c

 radiative rate constant kr = Φ/ τ; d Nonradiative 
constant knr = (1 – Φ)/ τ. e 1CT and 3LE energy levels based on the onset of the emission spectra blue edge in MeTHF glasses at 77 
K and 298 K, see Fig S26; f Measured at λem (max, nm)

The calculated vertical excitation energies S0→S1 
and S0→S5 agree well with the UV-vis absorptions in 
toluene at 415 nm (ca. 2.99 eV, Figure 5) and 306 nm (ca. 
4.04 eV), respectively. These two vertical transitions are 
predominately HOMO → LUMO (97% for S0→S1) and 
HOMO → LUMO+3 (87% for S0→S5) in character. The 
S1 state originates from the interligand 1CT transition 
from the carbazole to carbene (vertical) whereas S5 state 
is a result of intraligand transition (1LE) across the long 
axis of the carbazole (horizontal). Such a different nature 
for mutually orthogonal 1CT and 1LE states could result in 
slow internal conversion (IC, for S5→S1). Moreover, the 
oscillator coefficients (f) for the high energy S0→S5 
transitions is one quarter of the pure HOMO → LUMO 
transition (0.1779). Therefore, the high f values for 
S0→S1 and S0→S5 transitions and the different nature of 
the mutually orthogonal 1CT and 1LE states may explain 
the significant competing fluorescence from the carbazole 
moiety. This phenomenon results in reduced ΦPL values 
for the TADF luminescence, which is even more 
pronounced for the Cu2 analog (Table 2). Population of 
1LE state is consistent with a four state-model recently 
proposed by de Silva et al.67 and the spin-vibronic model 
developed by Penfold et al.65,66 Therefore, molecular 
design is a highly effective tool to develop materials 

showing multiple luminescence, which one may see as 
anti-Kasha behavior and was reported not only for 
coinage metal complexes but also for Pt(II), Ir(III), 
Ru(II), Os(II), Re(I) and other materials.68–72

Figure 5. Four excited states model for complex Au2. Internal 
conversion (IC) from S5 to S1 is significantly slowed down due 
to mutual orthogonality between S5 and S1 states. 
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In neat or Zeonex films the majority of the complexes 
display green to sky-blue luminescence, while in polystyrene 
matrices (PS, 1 weight-% dopant level) blue PL is observed, 
which is blue-shifted by up to 70 nm compared to the 
emissions in toluene (Table 2; Figures 3 and S12–S21). 
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Figure 6. PL spectra of CMA complexes M4 as neat films (a), 1 wt-% dopant in PS (b), 1 wt-% dopant in Zeonex (c) at 
298 K and 77 K (d, e, f). Photoluminescence decay profiles for complexes M4 in toluene at 298 K (g) and 1 wt-% dopant 
in Zeonex at 77 K (h), excited at 370 nm and measured at λem (max, nm).

The only exception is complex Cu2, which shows yellow 
PL as a neat film, red-shifted by 59 nm relative to its gold 
analogue Au2. The solid-state ΦPL values for M2 and M4 
show an up to two-fold increase on dilution, from 10–
47% for neat films to 22–100% in a 1% Zeonex matrix 
(Table 2). Compounds M4 show systematically higher 
ΦPL than monocyclic M2 (Table 2), in line with higher 
oscillator coefficients calculated for M4 (Table S8, ESI). 
Rigidifying the environment by embedding M2 in a 
Zeonex matrix resulted in two-fold intensity increase 
compared with the solution ΦPL. 

The excited state lifetimes (τ) for M2 and M4 in 
toluene (Figure 6g) or methylcyclohexane (MCH) 
solutions, neat films and films in inert matrices are in the 
range of τ = 0.5−16 μs with mostly monoexponential 
decays, which we ascribe to delayed 1CT emissions. In 
solid media the shortest excited state lifetimes decrease in 
the same order as in solution, Cu > Au > Ag,34,43 as the 
net result of the increase in spin-orbit coupling and the 
HOMO / LUMO overlap integrals (ESI, Table S6). Ag4 
has the shortest τ value (500 ns) and 82% ΦPL, resulting in 
the highest radiative rate among the M2 and M4 
complexes, kr = 1.6×106 s–1, similar to analogous silver 
CMAs.43 Cu2 shows radiative rates (Table 2) of up to one 
order of magnitude less than the other complexes under 

various conditions. This further supports the importance 
of a rigid molecular design to achieve efficient copper-
based photoemitters with sub-microsecond excited state 
lifetimes. 

The luminescence decay lifetimes at 77K were obtained 
from mono- and bi-exponential fittings. We ascribe the longest 
component to the 3LE luminescence (Figures 6h, S23, S25), 
which can be as long as 13 ms for Cu2, or relatively short 
(75–274 µs) for Au2 and Au4. The shorter decay component 
we ascribe to 3CT excited state lifetimes of 30 to 45 µs for all 
M2 and M4. Complexes Au2 and M4 show 3CT (77K) 
lifetimes up to 50 times longer compared with 1CT (298K), 
indicative of a thermally activated emission process. Complex 
Cu2 exhibits only a 2–3 fold increase in the excited state 
lifetimes on cooling to 77K, commensurate with 
phosphorescence as a major emission mechanism under all 
conditions.

Time-resolved PL at 298 and 77 K with various time 
delays enabled an estimate the 3LE energy levels in solid 
media (Table 2 and ESI, Fig. S26). The majority of the 
complexes show luminescence profiles with vibronic 
structure together with a significant contribution of the 
3CT emission. Unlike MeTHF solutions, in solid matrices 
the energy of the 3LE state is always lower than (up to 
0.07 eV) or similar to the 1CT luminescence (Table 2). 
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This analysis leads to positive or nearly zero values for 
the ΔE(1CT–3LE) energy gap in solid media for all 
complexes, unlike the negative ΔE(1CT–3LE) values 
measured in solution. 

■ CONCLUSION 
We have demonstrated that electronic (higher 
ambiphilicity of the carbene) and structural factors 
(mono- versus bicyclic carbene) provide guidelines for 
optimizing the photoluminescence properties of CMA 
emitters. Rigidifying the carbene ligand, securing a linear 
excited state geometry and choosing metals with high 
spin-orbit coupling coefficients provides a strategy to 
minimize non-radiative losses, leading to a combination 
of unity ΦPL with sub-microsecond excited state lifetimes. 
Rigid matrices suppress the dual luminescence 
phenomenon from the higher-lying locally excited singlet 
state (1LE, 3.75 eV) and improve the charge transfer (CT) 
emission. We suggest that shorter lifetimes in solution 
correlate with 3LE states being 0.1–0.3 eV higher in 
energy than 1CT states. Optimizing ligand flexibility and 
aligning the 3LE levels above the 1CT/3CT manifold in 
solid media to realize high radiative rates (≥ 1×107 s–1) 
will be an important molecular design challenge for deep-
blue CMA materials. 

■ EXPERIMENTAL SECTION 
Materials and Synthesis. Unless stated otherwise, 

all reactions were carried out in air. Solvents were 
distilled and dried as required. Sodium tert-butoxide, 
carbazole, trivertal was purchased from Sigma-Aldrich. 
The carbene ligand BIC6,50,51 C649 and reported complex 
Au149 were obtained according to literature procedures. 
Supporting information contains detailed synthetic 
procedures for compounds Cu1, Ag1, M2, M3 and M4.

Materials Characterization. 1H and 13C{1H} NMR 
spectra were recorded using a Bruker Avance DPX-300 
MHz NMR spectrometer. 1H NMR spectra (300.13 MHz) 
and 13C{1H} (75.47 MHz) were referenced to CD2Cl2 at δ 
5.32 (13C, δ 53.84) and CDCl3 at δ 7.26 (δ 13C 77.16) 
ppm. All electrochemical experiments were performed 
using an Autolab PGSTAT 302N computer-controlled 
potentiostat. Cyclic voltammetry (CV) was performed 
using a three-electrode configuration consisting of either a 
glassy carbon macrodisk working electrode (GCE) 
(diameter of 3 mm; BASi, Indiana, USA) combined with 
a Pt wire counter electrode (99.99 %; GoodFellow, 
Cambridge, UK) and an Ag wire pseudo-reference 
electrode (99.99 %; GoodFellow, Cambridge, UK). The 
GCE was polished between experiments using alumina 
slurry (0.3 μm), rinsed in distilled water and subjected to 
brief sonication to remove any adhering alumina 
microparticles. The metal electrodes were then dried in an 
oven at 100 °C to remove residual traces of water, the 
GCE was left to air dry and residual traces of water were 
removed under vacuum. The Ag wire pseudoreference 
electrodes were calibrated to the ferrocene/ferrocenium 
couple in MeCN at the end of each run to allow for any 
drift in potential, following IUPAC recommendations.73 
All electrochemical measurements were performed at 
ambient temperatures under an inert Ar atmosphere in 
THF containing complex under study (0.14 mM) and 
supporting electrolyte [n-Bu4N][PF6] (0.13 mM). Data 

were recorded with Autolab NOVA software (v. 1.11). 
Elemental analyses were performed by London 
Metropolitan University. UV-visible absorption spectra 
were recorded using a Perkin-Elmer Lambda 35 UV/vis 
spectrometer. Mass spectrometry data was obtained 
using APCI(ASAP) (Atmospheric Solids Analysis Probe) 
at the National Mass Spectrometry Facility at Swansea 
University.
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