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Abstract

Two-coordinate carbene-M'-amide (cMa, M!' = Cu, Ag, Au) complexes have emerged as
highly efficient luminescent materials for use in a variety of photonic applications, due to their
extremely fast radiative rates via thermally activated delayed fluorescence (TADF) from an
interligand charge transfer (ICT) process. A series of cMa derivatives were prepared to examine
the variables which affect the radiative rate with the goal of understanding the parameters that
control the radiative TADF process in these materials. We find that blue emissive complexes with
high photoluminescence efficiency (®pL > 0.95) and fast radiative rates (k- = 4 x 10° s°!) can be
achieved by selectively extending the n-system of the carbene and amide ligands. Of note is the
role played by increasing the separation between the hole and electron in the ICT excited state.
Analysis of temperature dependent luminescence data along with theoretical calculations indicate
that the hole-electron separation alters the energy gap between the lowest energy singlet and triplet
states (AEst) while keeping the radiative rate for the singlet state unchanged. This interpretation
provides guidelines for the design of new cMa derivatives with even faster radiative rates as well

as those with slower radiative rates and thus extended excited state lifetimes.
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Introduction

The luminescent properties of coinage metal complexes (M® = Cu, Ag and Au) were
reported over fifty years ago, ! with the first report of emission from a two-coordinate d'° coinage
metal complex in 1987.2 Several papers have highlighted emission in the solid state and in solution
for MWL, " and LM®WX complexes (L = phosphine, carbene, X = halide, acetylide, aryl, amide). >
4 Of particular interest here is the promise of (carbene)M®(amide) (cMa) complexes as efficient
luminescent materials.* The cMa complexes can have high photoluminescent quantum yields
(®pr), short luminescence decay lifetimes (1) in the ps regime and shorter, and emission color
tunable over the entire visible spectrum in solid, solution and doped films. 3™ 4>k 5 These
luminophores have properties similar to transition metal phosphors that contain Ru, Os, Ir and Pt
used in a range of applications including organic electronics and LEDs*® * ¢, photocatalysis’,

chemo- and bio-sensing® and solar energy conversion.

Unlike the noble metal phosphors which luminesce from triplet states, the majority of the
reported cMa complexes emit via thermally assisted delayed fluorescence (TADF), Figure 1.° The
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Figure 1: The kinetic scheme for emission via

TADF , where k>* and kTAPF are radiative decay
rates of S state and TADF process, K., indicates the
equilibrium constant between T and S; states.

choice of ligands but is relatively

insensitive to the identity of the metal



atom. * The linear geometry of the cMa complexes leads to a large spatial separation between the
donor and acceptor groups/ligands of ~4 A. This spacing restricts the overlap between the -
orbitals of the two ligands, consequently limiting the exchange energy and thus the energy gap
between lowest singlet (Si) and triplet (Ti) states (AEst). A small AEst enhances thermal
population of the singlet state, which improves the luminescence efficiency for TADF by
increasing the radiative rate for emission. ® Organic TADF molecules have distinct lifetimes for
prompt (t = 1-100 ns) and delayed (t = 1-1000 ps) emission that are controlled by AEst and the
rate of intersystem crossing S1—T (typically kzsc < 107 s7). 19 In contrast, the intersystem crossing
(ISC) rates in metal containing TADF complexes are fast enough (kisc > 10'° s°1) to outcompete
the radiative rates for the S state, making delayed emission (TADF) independent of kzsc. ® The
result is extremely fast prompt emission (t < 200 ps) and comparatively short TADF lifetimes,

Traor = 0.5-3 ps, leading to high luminescence efficiency. 3% 45 4c. 4e. 11

For compounds where the ISC rate exceeds kﬁ’ !, a pre-equilibrium approximation can be

made such that the equilibrium constant (K,,, T; 2 S;) becomes a principal factor in determining

q’

kTADF as shown in Eqn. 1:°

JeTADF = |31 - K, (1)

kFAPF is only dependent on kf tand K

eq» With K, tied to AEst, Eqn. 2. 12

In this equation,

AEgT

Keq(Ty 2 S)) = e =T )
Therefore, predictions can be made regarding the TADF properties for TADF emitters with fast
ISC (high spin orbit coupling) without prior knowledge of the ISC rates since only kfl and AEst

are needed to estimate k;'APF. Boltzmann fits of temperature dependent luminescence data can be



used to accurately derive AEst and k> values, and thus K, (Eqn. 2). %429 13 The values of k>

can also be estimated experimentally from absorption spectra using the Strickler-Berg analysis. !4

Being able to control the rate of TADF with AEst and kfl is useful when designing

chromophores for different applications. A small AEst and large kf ! Jeads to a fast k;JAPF 9 which
is important for applications where a short excited state lifetime is important, such as organic
LEDs. To that end, this paper describes cMa complexes with some of the shortest TADF lifetimes
reported to date (t ~ 250 ns). Conversely, one can design molecules where the AEst value is large,
which will make K,,(T; @ S;) very small and push t1(TADF) in the 10-100 ps regime. These
long-lived materials could be used as sensitizers for photoelectrochemical reactions where the
diffusion of the excited species to an electrocatalysis in solution is a key step in the process. A
AEst value of 1000 cm™ is sufficient to increase the TADF lifetime to the us regime, while only

sacrificing ~100 meV in electrochemical potential for the excited state.

Both kf tand AEst parameters are related to the degree of overlap between the hole and
electron wavefunctions that describe the excited state. This overlap can be evaluated using the

natural transition orbitals (NTOs) and is referred to as Aygq. '>!° While Ayro appears to be useful
in predicting both kf ! and K., it affects the two parameters in opposite ways. A large Ayro leads
to a high value of kf ', but it also increases the value for AEst and thus lowers K. In a previous

study we found that an Aypo = 0.25-0.3 is an optimal range to give the fastest kTAPF for cMa

13

complexes of Cu, Ag and Au with a variety of carbene and amide ligands. ° The lowest Ayro

values were obtained for silver based cMa complexes.

In this paper we report the synthesis and characterization of a family of new cMa materials

and study their photophysical properties, with an eye to further explore how ligands can tune Ayro
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and how these changes affect the excited state properties. The compounds discussed here are
illustrated in Figure 2. Neither the BZAC and PAC carbene ligands, nor the use of bim as the
amide, in a cMa complex has been reported previously. We find that the choice of carbene ligand
affects the excited state energy but has a weaker influence on the photophysical properties and
AEst of the cMa complexes. Interestingly, shifting from a carbazolide to a bim ligand markedly

increases kJAPF even though the energy of the HOMO is effectively the same for both complexes.
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Figure 2: Compounds considered in this paper (Ar = 2,6-diisopropylphenyl).

Experimental
Detailed syntheses and full characterization data for all of the new compounds are given in
the supporting information to this paper. The basic synthetic route is illustrated in Scheme 1. All
of the compounds studied here are air stable in the solid state indefinitely and in solution for
PAC

prolonged periods, with the exception of Aggr, which decomposes in air and solution over

prolonged periods.
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Scheme 1: synthesis of cMa complexes
The single crystal structures were determined at 100 K with Rigaku Xta LAB Synergy S,
equipped with an HyPix-600HE detector and an Oxford Cryostream 800 low temperature unit,
using a Cu K, PhotonJet-S X-ray radiation source. The structures were solved using OLEX2 with
the SHELXTL software package. !® Details of the data collection and structure solution are given
in in supporting information. Each structure was deposited in the Cambridge Crystallographic Data
Centre with the following accension codes: AuZZ4¢ 2168084, Cubal 2170320, AubZA¢ 2182717,

AuSAAC 2155241, AutAC 2167514, AubAC 2170000 and AuBZL, 2168086.

bim

Cyclic voltammetry and differential pulsed voltammetry were performed using a
VersaSTAT potentiostat measured at 100 mV/s scan. Anhydrous dimethylformamide was used as
the solvent, with 0.1 M tetra(n-butyl)ammonium hexafluorophosphate as the supporting
electrolyte. The redox potentials are based on values measured from differential pulsed
voltammetry and are reported relative to the ferrocenium/ferrocene (Cp2Fe*/Cp2Fe) redox couple
using either ferrocene or decamethylferrocene as an internal reference. Electrochemical

reversibility was determined using cyclic voltammetry.

Modeling methods

The electronic properties of the complexes were modelled using Density Functional Theory
(DFT) and Time Dependent DFT (TDDFT). Geometry optimization was performed using the

B3LYP functional and LACVP* basis set using crystallographic coordinates as starting points



when possible. TDDFT calculations were performed on the geometry-optimized structures using
the CAM-B3LYP exchange, LACVP effective core potential, with the random phase
approximation enabled and the omega value set to 0.2 arbitrary units. The full carbene ligand, but
only the parent Cz and bim ligands were investigated in these modeling studies. Natural transition
orbitals (NTOs) were generated by performing a singular value decomposition on the transition

density matrix using the Q-Chem v5.0 software package. !’

The spatial overlap of the hole and electron NTO (An7o) for a particular excited state is

defined here by Eqn 3.

Anro = fflonsll@._lde 3)
where @n+ and @.. are the hole and electron NTOs, respectively, for the excited state. Both ¢n+and
@e- are orthonormal which ensures that Ay, falls between 0 and 1, which represent 0% and 100%
overlap respectively. Values for Ayro were calculated for these compounds using a script that
draws from the integration methods developed by Herman, et al., '® and Castro, ef al., ' using a

method reported previously (See equation S1 in the supporting info for full equation). !3 152

The center of charge for the hole and electron NTOs of a given excited state are extracted

from the expectation values of the respective wavefunction positions, Eqns. 4 and 5.

(Tha) = (Pre[P|¥Pry) 4)
(Te-) = (e [P ¥e-) ®)
where |¥,,,) and |¥,_) represent the hole and electron NTO wavefunctions. The centers of charge
are calculated component-wise to extract two vectors, whose termini are the center of charge for

the hole or electron, h'xy, and ey, respectively. The positions of these centers of charge are



illustrated in Figure S6 by placing an atom at the coordinates of h'xy, and exy,. The distance

between the charges [d(h*, e)] for each cMa are determined algebraically from h*yy, and exys.

Further details for the calculation of Anro and center of charge are given in the supporting

information for this manuscript.

Photophysical Measurements

Samples in fluid solution were both sparged and examined under N>. Doped polystyrene
thin films were prepared from a solution of polystyrene in toluene, drop cast onto a quartz substrate
and measured under N>. The UV-visible spectra were recorded on a Hewlett-Packard 4853 diode
array spectrometer. Steady state excitation and emission spectra were obtained using a Photon
Technology International QuantaMaster spectrofluorimeter. Photoluminescence quantum yields
were recorded using a Hamamatsu C9920 integrating sphere equipped with a xenon lamp.
Luminescence lifetimes were measured using Time-Correlated Single Photon Counting (TCSPC)

on an IBH Fluorocube apparatus interfaced to a Horiba FluoroHub+ controller.

Variable temperature photophysical measurements were carried out on a Janis SHI-4-2 (0.2
W 4K) optical cryocooler. The IBH Fluorocube was used as a detector for luminescence lifetimes
and the Photon Technology International QuantaMaster spectrofluorimeter as a detector for steady
state emission spectra with 375 nm LED (Thorlabs M375L4, 1270 mW) as excitation
source. Doped polystyrene thin films were spin coated onto a round sapphire substrate that was
used to insure good thermal conductivity at low temperatures.

Results

Synthesis and Characterization

A range of cMa complexes have been prepared (Figure 2). In these materials we have

varied the carbene fairly extensively and looked at both N-carbazolide (Cz) and
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N-benzo[d]benzo[4,5]imidazo[1,2-a]imidazolyl (bim) amides. Part of this study is to investigate
two new carbene ligands for cMa complexes, i.e. BZAC and PAC, so the carbazolide complexes
were made for these two carbenes with Cu, Ag and Au to compare to other (carbene)M(Cz)
compounds. Although we were able to prepare pure samples of the PAC-based materials for all
three metals, we were only able to synthesize the Cu and Au complexes with BZAC. It appears

that thermal instability of AgZZA¢

and AgBZ2¢ preclude their isolation. While the BZAC and PAC
carbazolide cMa complexes have not been reported, the (carbene)Au(Cz) complexes for IPr3h,
BZI*, PZI?°, CAAC3! 44 and MAC* have been reported previously and are considered here as
well. Although much of the previous work involved unsubstituted carbazole groups, we found
that the addition of /Bu groups to the 3,6-positions of the carbazole (BCz) led to greater solubility

which facilitated our solution and thin film photophysical studies. The solubility of the bim based

cMa complexes are similar to their BCz analogs.

Single crystal X-ray diffraction was used to determine the molecular structures of Cuba¢,

BZAC BZAC CAAC MAC PAC BZI -
Auc; ™, Aupinn ™, Aupin”, Aupiy, Aupl, and Auyp,. Crystallographic data for the seven

compounds are given in the supporting information and representative structures of the compounds
of CubAl, AuMAC and AubZl are shown in Figure 3. All the complexes have a coplanar
conformation of carbene and amide ligands (dihedral angles = 0.7-7.3°) and close to 180" angle
around the metal center (C-Au-N = 174 - 179°). The C-Au bond lengths are in the range 1.97-2.01

A and the Au-N bond is 2.01 —2.03 A. Values for the C-Au and Au-N bond lengths are similar to

4a, 4d, 4e, 4h, 20a

analogous (carbene)M(Cz) complexes published previously. The only Cu compound

structurally characterized in this report, Cub4¢, has C-Cu and Cu-N bond lengths of 1.89 A and

1.85 A, respectively, that are shorter than the Au based compounds and consistent with the

difference in ionic radii of the metals. * Two different conformers are possible for Aul4¢, one



with the carbonyl anti to the phenylene (pictured in Figure 3) and the other where the carbonyl is
syn to the phenylene. Both conformers were present in the crystal and the diffraction data was
best fit by treating the crystal as disordered with a 10% “impurity” of the syn-conformer in a crystal
of the anti-conformer. Only a single conformer for AubZ4¢, AubaC and AuSA4C was observed,
even though a similar stereocenter to that of Aukac was present in these molecules. The crystals
of AujZl. contain two tautomers, with the major component (84%) having the methyl group

closest to the Au-N bond (pictured in Figure 3). The ratio of tautomers in the single crystals is

close to the 75:25 ratio observed using NMR spectroscopy.

Figure 3: Thermal ellipsoid plots Cub4S (left), Auli4¢ (center) and AuB2l  (right)

The redox properties of the cMa complexes were examined by cyclic and differential pulse
voltammetry in dimethylformamide (DMF), and the potentials relative to an internal ferrocene
reference are listed in Table S4 and graphically presented in Figure 4. Oxidations are irreversible
for all cMa complexes with Cz and bim amides. A common decomposition pathway for carbazoles
upon oxidation is dimerization at the 3,6-positions. Alkyl substitution at these sites inhibits this
reaction pathway, 2! leading to reversible oxidation for the Au524¢ and Aub4S complexes. The

oxidation potentials for silver and gold derivatives of MEAC are similar; however, the copper

analog is easier to oxidize. This is contrary to what was observed for the M¥A¢ and MSAAC

complexes, where the oxidation and reduction potentials were unaffected by the choice of metal
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Figure 4: Electrochemical redox potentials and
transition energies for the 'ICT state. The energy
of the 'ICT state (in toluene) was estimated from the
onset of the absorption band where the intensity
was 0.10 the value at Amax.

the energy for the longest wavelength
absorption band in the two complexes,
which also decreases by roughly 100 mV.
The oxidation potentials for complexes with bim ligands are ca. 60 mV greater than those of the
analogous Cz based complexes, leading to a similar shift in the absorption energies. The
dependence of the absorption energy on the oxidation and reduction potentials of the complex is
consistent with an interligand charge transfer (ICT) transition for these complexes, as seen for
other cMa complexes. Reduction waves were observed for all complexes except Aug;:n, which
falls outside the solvent window for DMF. All reductions are reversible, except for derivatives
with BZAC ligands. The identity of the metal ion for the complex does not affect the reduction
potential (see MEAS). A gradual shift to more negative potentials, along with a concomitant

increase in energy for the lowest absorption band, is found upon going from complexes with the
PZI, PAC, MAC, CAAC, BZAC and BZI carbenes, which is again consistent with an ICT

assignment for the transition.
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Computer Modeling

The electronic properties of the complexes were modeled using Density Functional Theory
(DFT) and Time Dependent DFT (TDDFT), details are given in the Experimental section. The
HOMO and LUMO energies from these calculations are listed in Table 1 and representative orbital
isosurfaces shown in Figure 5. TDDFT methods were used to estimate the oscillator strengths for
the singlet transitions, as well as vertical energies and dipole moments for the singlet and triplet
excited states. In all cases but Augl?:n, the transitions from So to the S; are ICT in nature and have

> 99.5% HOMO (amide) — LUMO (carbene) character (Table S5). For the majority of the cMa

complexes the T state is comprised of the same orbitals as the S; state. The Awj’r and Aul’ 2
complexes are a special case where the energy of the LUMO is sufficiently destabilized that the
lowest triplet state is *bim and 3Cz, respectively, rather than *ICT. The dipole moments for the
ground, 'ICT and °ICT states are large in magnitude (u = 10-20 D); however, the excited state
dipoles are antiparallel to those of the ground state (Table S6). This feature is common in cMa
complexes and is a consequence of the high degree of charge transfer in the ICT excited state
(Figure 5). The antiparallel alignment of dipoles gives rise to hypsochromic shifts in absorption
and bathochromic shifts for emission in solvents with increasing polarity (Figures S8). The natural
transition orbitals (NTOs) for the S; state were calculated using the So optimized geometry and the

overlap between the hole and electron wavefunctions (Axro) determined as described in the

experimental section (Table 1).
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Table 1: Parameters obtained from DFT and TDDFT modeling of the cMa complexes.

HO LU AELu-HO S1—>So Ti—>So | AEst? Avro (S1)
(eV) (eV) (eV) (eV/f) (eV) (eV)
CuBz4¢ | -4.04 -1.39 2.65 2.95/0.12 2.76 0.19 0.36
AuBZAc | 418 -1.41 2.76 3.10/0.19 2.87 0.23 0.39
cufac -4.19 -2.20 1.99 2.43/0.13 2.21 0.22 0.36
Agrac -4.07 -2.29 1.78 2.39/0.09 2.27 0.11 0.26
AubAc -4.35 -2.20 2.15 2.61/0.19 2.36 0.25 0.39
Aul?! -4.38 -2.54 1.84 2.36/0.20 2.13 0.23 0.37
CuMAC | -4.17 -1.99 2.17 2.48/0.11 2.27 0.21 0.36
AuMAC | 432 -1.99 2.33 2.66/0.16 241 0.25 0.40
Auldac | 429 -1.60 2.68 2.86/0.16 2.56 0.30 0.43
AuBZ! -4.22 -1.46 2.76 3.09/0.20 2.87 0.22 0.40
Au’cir -4.16 -0.81 3.35 3.44 3.15° 0.29 0.42
AubZl -4.44 -2.58 1.85 2.45/0.16 2.29 0.16 0.32
Aubac -4.43 -2.21 222 2.75/0.17 2.56 0.19 0.35
Aultac | 441 -2.0 241 2.81/0.14 2.63 0.18 0.35
AuSAAC | 439 -1.61 2.78 3.02/0.15 2.80 0.22 0.38
AuBZac | 429 -1.42 2.87 3.25/0.17 3.08 0.17 0.35
Aubzl -4.30 -1.50 2.80 3.22/0.21 3.04 0.18 0.35
Aufﬁ; -4.27 -0.82 3.46 3.62/0.16 3.32° 0.30 0.36
HMAC -3.99 -2.15 1.84 2.35/0.001 2.34 0.01 0.06
LiMAc -3.83 -2.08 1.75 2.17/0.03 2.11 0.06 0.18

2 AEst is based on energies calculated for the S; and T states. ® The T state for this compound
has substantial *amide character as opposed to the *ICT state observed for the other complexes.

The transition energies in the series of Group 11 metals in MEAC follow the same trends as
reported previously for MEAAC and MMAC 4c The energies for the Sy and T states are independent

of the metal center, whereas values for AEst fall in the order Au > Cu > Ag, which mirror Anro
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HOMO/LUMO HOMO

HOMO/LUMO HOMO

Figure 5: Molecular orbitals (MOs) of AuZZA¢ (left) and Au5%4¢ (right). The HOMO is displayed
with red and blue phases and the LUMO is displayed with turquoise and cream phases (isovalue
= 0.1). A magnified perspective is presented to highlight contribution of the d orbital to the
HOMO and LUMO. The 2,6-isopropyl groups have been removed for clarity.

values of 0.39, 0.36 and 0.26, respectively. The interligand ¢@eC---N distances for the three
complexes fall in the order Ag > Au> Cu. A long interligand distance might be expected to give
rise to a small Anro, but the higher value for the Au complex suggests a greater participation of

the metal ion in the excited state than for the Cu and Ag complexes.

Examining the data for the Aug%?é™¢ complexes it is apparent that the carbene ligand

markedly affects the S; and T energies, whereas the AEst, Anto and oscillator strengths for the S;
state are only moderately altered by the nature of this ligand. Small differences in AEst and Anro
among the complexes with various carbene ligands suggests that the stabilization imparted on the
carbene m—system by addition of electron withdrawing carbonyl groups (MAC and PAC) or
benzannulated arene rings (BZI, PZI, BZAC and PAC) does not markedly alter overlap between
the electron and hole wavefunctions. In contrast, both AEst and Ayro decrease upon shifting from

a Cz to a bim donor, despite there being only a minor increase in energy for the S; and T} states.

14



The lowest energy excited state in these cMa complexes is best characterized as interligand,
not metal-to-ligand, charge-transfer in character. In the cMa complexes the metal ion contributes
equally to both the HOMO and LUMO in the ICT state, so there is no net charge transfer between
the metal and the ligands. However, the metal ion is still an important participant in these
transitions. This can be seen in comparing the modeling data for the complexes in Table 1 to data
for HYAC and Li¥AC¢. The separation between the central ion (neither of which have accessible
d-orbitals available for bonding) and the ligands was kept at the same distance as for the copper
ion in the geometry optimized structure of CuMA¢. Predictably, the values for AEst and Awro

decrease precipitously in these two complexes, illustrating the contribution of the metal ion to the

valence orbitals of the cMa complexes.

Photophysical Properties

The UV-visible absorption spectra of the complexes were recorded in toluene solution.
Spectra for the carbazole-based cMa complexes with BZAC and PAC are shown in Figure 6(a).
The absorption spectra of the MEZAC and MEAS complexes display bands at high energy (A <
325 nm) that are assigned to transitions localized on the carbene and carbazolide ligands.
Structured bands at 375 nm are assigned transitions on the carbazolide ligand, whereas bands
assigned to absorption from the 'ICT state are centered at 410 and 480 nm for the BZAC and PAC

4 values for the extinction

complexes, respectively. As observed for other cMa complexes,
coefficients of the ICT bands fall in the order Au> Cu > Ag. Changing the methylene moiety in
BZAC to carbonyl in PAC stabilizes the LUMO and leads to a marked red shift for complexes

with the PAC ligand.

The absorption energies of the ICT state vary depending on the carbene ligands used here,

which can best be seen by comparing spectra of the Au complexes using the bim donor
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Figure 6. BZAC/PAC extinction (a) and emission (b) in toluene and polystyrene. Inset shows

the spectra of AuZZA¢ in toluene and polystyrene (1 wt %), normalized at the Cz absorbance.

Extinction spectra in toluene (c) and emission spectra in polystyrene (d) of Auflrbene
complexes.

(Augdrbene) Figure 6(c). In these complexes the absorption transitions localized on the amide
(bim) ligand that appear at 310 nm ensures minimal overlap with the ICT band of the complexes.
An exception is in Au;ﬁ:n where the LUMO is destabilized sufficiently to raise the energy of the
ICT transition to be comparable to that of the bim ligand. For the other complexes the ICT bands
are distinct and have energies that fall in the order BZI > BZAC > CAAC > MAC > PAC > PZIL

The absorption spectra of Au2Z4¢ in toluene, overlaid with that in polystyrene at 1 wt%
p P Cz polysty

loading and normalized at 375 nm, is shown in the inset to Figure 6(a). = The close match in
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absorption profiles confirm that the two media have similar solvation properties. However, the
polystyrene matrix is expected to hinder geometric rearrangement, particularly rotation around the
metal-ligand bond axis. Luminescence spectra for all cMa complexes were thus recorded in
toluene and polystyrene (Figure 6(b, d); see supporting information for photoluminescence spectra
in toluene). The spectra are broad and featureless at room temperature, indicative of emission
from an ICT state. Spectra for complexes measured in toluene are slightly red shifted relative to
the same compounds in polystyrene (Table 2), suggesting that only minor structural changes take
place in the excited state; however, the shift is greater for the complexes with the bim donor. This
difference in the rigidochromic effects in polystyrene suggests that the bim-based cMa complexes
undergo a greater structural distortion in their ICT state than do the carbazole-based materials.
The emission energies from the cMa complexes parallel values observed for the absorption
energies of the ICT state (Table 2). Compounds ligated with the electrophilic PZI and PAC ligands
emit orange-red whereas those with BZI and BZAC luminesce in the blue spectral region. For Au
derivatives sharing a common carbene, the spectra with BCz are red-shifted relative to their Cz
analogs, whereas the bim congeners emit at higher energies. Addition of methyl or methoxy
groups to the bim ligand destabilizes the HOMO and leads to a concomitant red shift in emission
relative to the parent AupZ. complex (Figure S9). The MEAS complexes display only minor
variation in emission energy with respect to the identity of the metal center. The luminescence
properties Aug;:n are consistent with assignment to a combined ICT/ligand-triplet transition, as

observed for AuZZ!, % leading to a slow radiative rate relative to the ICT emitters.
Cz g
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Table 2: Photophysical parameters for cMa complexes in toluene (tol) solution and polystyrene
(PS) thin film (1% by weight).

Jumax (PL) (nm) | ®pr (%) T (us) i (106 5°1) Jur (106 1)

tol PS tol PS tol PS tol PS tol PS

CuBz4c 02 0459 [>051 93 | 071 1240 | 14 0 - | 004 | -
AuBZAcC 500 | 484 |>951>95| 0.56 | 072 | 17 | 14 | 007 | <001
CubAc 505 | 504 | 47 | 75 | 0.56 | 0.95 | 084 | 079 | 095 | 0.26
AgPAc 610 | 588 | 10 | 51 | 058 | 026 [ 0171 1.0 | 15 | 033
AuBAC 588 | 586 | 42 1 76 | 044 | 074 [ 095 10 | 13 | 033
AuPZ! 600 | 570 | 62 | 92 | 0.41 | 045 | 15 | 20 | 094 | 022
AuPAC 546 | 546 | 73 1>95| 074 {081 | 1.0 | 12 | 036 | 0.04
AupACrefse | 1508 | - 185 | -~ 108 | — | 10 ~ 018
AuaCh i | 472 | 1505 | L 114 | — 088 | - | <00l
AuBZAC 480 | 479 | >95 (>95| 0.69 | 198" | 1.5 | — | <0.01 | -
AuBZlretsic | 448 | 432 | 94 ©>95 | 111 228%| 085 - | 005 | -
Aub?! 600 | 552 | 3191 | 021 | 024 | L5 | 38 | 32 | 037
AuPAC 62 | 532 | 30 | 81| 047 027 | 18 | 30 | 42 | 07
Auiac 548 0506 | 19 i 88 | 017 {040 | 1.1 | 22 | 48 | 03
Autaac 514 476 | 87 §>95 0.63 055 | 1.4 1.8 0.02 <0.01
AuBzAC 484 | 452 |>951>95| 043 | 028 | 23 | 37 | <001 | <0.01
AufZ! 454 | 429 |>95 1>95 | 042 | 025 | 2.3 | 40 | <0.01 | <0.01
AuPr 340 1400 | <1 i<S | ¢ 113 [ ¢ 10004 i €
AuBZ 460 | 436 |>951>95| 042 | 029 | 24 | 34 | <0.01 | <0.01
AuBZl 480 | 450 | 92 ©>95| 037 {038 | 25 | - 02 | -

@ The lifetime given is the weighted average of a biexponential fit; Cub

(27%); AuBZ4¢: 0.84 (57%), 3.40 (43%); AuBZ': 0.74 (46%); 3.6 (54%); Aubz!

Obim*

ZAC. (79 (73%), 2.47
0.25 (80%), 0.90

(20%). ® The CAAC ligand on this complex has a menthyl instead of the adamantyl group.
¢ Values cannot be accurately determined.
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Cooling solutions of the MEZAC complexes to 77 K leads to a marked change in the
luminescence spectrum with a structured band appearing to the blue of the room temperature
spectrum (Figure 6(b)). This rigidochromic transformation upon freezing the solvent has
previously been shown to come about from destabilization of the ICT state to an energy higher
than that of the triplet state localized on the carbazolide ligand (3Cz). 4¢ 4 4k The ICT state is
destabilized to a lesser extent in a rigid polystyrene matrix such that it remains the lowest energy
state upon cooling to 77 K. Cooling both toluene and polystyrene samples of MLAS leads to a blue
shift of the ICT band, but this change in energy is not large enough to access the *Cz state. In
contrast, the energy of the triplet state for bim (£t = 365 nm) is much higher than that of carbazole
(ET =415 nm) (Figure S11). The ligand localized triplet states of the carbene ligands are also in

the UV region so the Au%Peme complexes emit from largely featureless ICT transitions with
g bim p g y

Gaussian line shapes at all temperatures (Figure 6(d)).

The photoluminescence efficiency for several of the cMA complexes are high (®pL > 0.95)
in both fluid toluene and rigid polystyrene, and all have microsecond to sub-microsecond emission
lifetimes. The Ag complex has a low ®pr. in solution which may be related to photodecomposition
of this derivative. Lower values for ®@pr in toluene solution owe largely to increased nonradiative
rates in fluid solutions, likely ligand rotation and/or excimer/exciplex formation. The radiative
rates for the bim based cMa complexes are 1.8-4 x 10°s™!, which are some of the highest values
reported for TADF emitters and lead to radiative lifetimes as fast as 250 ns. In the cases where an
analogous carbazole based complex is available for comparison, the radiative rate for the bim
based cMa complexes are two-fold faster than the Cz analogs. Unfortunately, the near degeneracy

in energy between the ICT and 3Cz states in AuZZ4¢ and AuZZ! leads to non-first order behavior
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in the luminescence decay traces for these derivatives precluding direct comparisons with the bim

analogs.

As discussed in the introduction, the radiative rate of TADF from luminophores with
effective spin orbit coupling (SOC) is controlled by the radiative rate from the S; state and the
equilibrium constant between the T1 and S; states (Eqn. 1). For MMAC and ME2AC complexes, the
principal factor that leads to faster TADF rates for the silver complexes over the copper and gold
analogs is that the silver complex has larger equilibrium constant, owing to its smaller AEst (Eqn.
2). The modeling presented above suggests that the AEst values for bim based cMa complexes
should be lower than their carbazolide counterparts, which may account for their faster TADF
rates. To validate this conjecture, temperature dependent photophysical measurements were
performed between 4-300 K to determine the two parameters that control kJAPF (ie., k>* and
AEst). These measurements were conducted using polystyrene thin films doped at ~1 wt% with
the cMa complex. Fitting the temperature dependent lifetimes to a three-level model gives values
for AEsr, the zero-field splitting (ZFS) and the radiative rate from the S; and T, states. 4 459 13
The high ®@pr in these cMa complexes allows us to neglect nonradiative processes in our model.
In this analysis, the ZFS is the energy difference between the two closely spaced triplet sublevels
and the highest energy triplet sublevel. The energy spacing between the two lowest sublevels
could not be determined from data obtained at temperatures down to 4 K, which is the limit of our
cryogenic system. The fits to the data are shown for each complex in the supporting information,

and the energy and rate data derived from the fits is given in Table 3.

The MEAS complexes show the same trends in TADF parameters observed previously for

the MAC and CAAC analogs. * The copper and gold complexes give similar values for AEst and
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Table 3: Energy and rate data from variable temperature photophysical measurements on 1%

doped polystyrene films.

ZFS AEst Tsy Try

(meV/cm?) | (meV/cm) (ns) (ps)

+10% +3% + 9% +5%
AuBzac a 65 /520 18 a
CubAC b 70 /570 18 b
AgEAc b 26/210 35 b
AubAC 0.9/7 72 /580 14 36
AuMAC 1.2/10 87/700 13 28
AuRZ! 0.9/7 54 / 440 21 82
Aur?l 1.1/9 31/250 26 76
AuPAC 1.0/8 45/ 360 17 38
AuMAC | 20/16 51/410 14 38
Augaac 1.1/9 53/430 18 16
AuBZAC | 12710 41/330 19 19
Aub? 15/12 41/330 15 19
AuBE | 15/12 44 /350 16 11
AuBZ | 12/10 41/330 19 17

@ Luminescence from the 3Cz state at temperatures below 250 K prevents accurate Boltzmann
fits for the 3ICT parameters. ° Insufficient data was available at low temperature. Data below
4 K would be required to determine accurate values for these parameters.

S:1 radiative rates, but the silver complex gives a smaller AEst and slower kf !, leading to
comparable rates of TADF for complexes with the three different metals. The ME2P¢" complexes
show similar values for kf ! to their carbazole analogs (compare the MAC and PAC derivatives in
Table 3), but the AEst values for the bim based cMa complexes are uniformly lower than those of

the analogous carbazole based materials by 30% or more. The fast k;"APF for the bim based cMa

complexes is thus due largely to a significant increase in K., caused by the small AEst. We will
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discuss the origin of this decrease in AEst for the bim complexes in the following discussion

section, but there is a clear connection to the smaller Ayro for the bim based complexes.

The values of ZFS for the MMAC and MEA4C complexes in Table 3 are much lower than
values we presented in previous reports. 4> 4f Our earlier measurements used a cryostat that had
poor thermal regulation below 80 K, which led to incorrect data collected at the low temperatures
needed to extract the ZFS parameters. The present results were collected using a cryogenic system
that is more reliable (see supporting information for details of the system), providing reproducible
data on repeated heating and cooling cycles, which gives us confidence that the ZFS values

reported here are accurate.
Discussion

The ICT transition in the cMa complexes is essentially an electron transfer from the amide
group to the carbene. While the transition utilizes the full spatial extent of the HOMO and LUMO
(Figure 5), one can consider the process as simply being a charge transfer from the nitrogen lone
pair of the amide to the vacant p-orbital of the N-heterocyclic carbene. With this line of reasoning,
it is apparent that if the amide is kept constant, the energy of the vacant p-orbital on the carbene
will determine the energy of the ICT state. The energy of the LUMO in the carbene ligands chosen
for the present study span a range of values (Table 1, Figure 4). The LUMO energy in
N-heterocyclic carbene ligands is destabilized by electron donation from the nitrogen(s) adjacent
to the p-orbital of the carbene [Figure 7(a)]. Orbital contours from DFT calculations illustrate the
antibonding nature of the N-C¢¥ bond in the LUMO [Figure 7(b)], consistent with the energy

diagram presented in 7(a). The carbene p-orbital will be destabilized by greater the participation

22



, 8 : 8
o T Segbitts I - bk o
ARl lpr BZI  BZAC
_ 082  _  -150 ® 142
j$,,,,‘;.;.-.+am|de 4 %
Y =1 A ¥ .
&8 W~L“"';~;}‘»—#—1§L 5‘2’/ ;ﬂ?
Wit M o e oy
Oy CAAC MAC PAC PZI
-1.61 -2.00 2.21 -2.85

Figure 7: (a) The ICT transition and the nature of the interaction between the N lone pairs
and carbene p-orbital of the N-heterocycle carbene (NHC) for the cMa complexes are
illustrated. In this representation the plane of the NHC ligand is perpendicular to the page.
(b) LUMO orbitals are shown for M{#Péme complexes. The dipp groups are only shown for
the IPr and CAAC complexes. In the other complexes the dipp groups are not involved in the
LUMO. The LUMO energies (in eV) from DFT calculations are given below the acronym of
each ligand.

of the nitrogen(s) in this MO, thus raising the transition energy of the ICT state. The CAAC ligand
has only a single N-atom, whereas the others have two N-atoms destabilizing the carbene p-orbital,
which explains the significant stabilization of the CAAC LUMO relative to that of the closest
analog (Ipr). The benzannulated phenyl ring of BZI accepts electron density from the imidazolium
nitrogen atoms and leads to less mixing of the N lone pair with the carbene p-orbital, stabilizing
the LUMO relative to Ipr. Nitrogen substitution into the arene ring of BZI (forming PZI) leads to
even greater interaction with the imidazolium nitrogens, stabilizing the carbene LUMO further.
The BZAC ligand would be expected to have a LUMO between that of Ipr and BZI, since only
one nitrogen is attenuated by the benzannulation, however, the ring expansion from a five- to a
six-membered ring stabilizes the carbene p-orbital, ?* leading to similar LUMO energies for BZI
and BZAC. The carbonyl groups of MAC and PAC compete effectively for the nitrogen lone pair,
therefore the LUMO energies for these two carbenes are lower than for BZAC. It is evident upon

comparison of BZAC and MAC that the carbonyl group leads to a much greater stabilization of
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the LUMO than does benzannulation. The LUMO energy for PAC is lowered due to stabilization

of the m-system by both benzannulation and the carbonyl group.

An important set of observations that deserves further discussion are the short lifetimes for

the cMa complexes coordinated to the bim ligand. In all cases, the radiative rate for the Au§%>¢"e

complex is a factor of two faster that the analogous Aug%?™2¢™® complex. This difference occurs

despite both derivatives having similar excited state energies and extinction coefficients. Based

on modeling studies (Table 1), the Aut? e complexes have lower Ayro and AEst values than

their Aug"Pe"e counterparts (excluding the Ipr complex, which emits form a 3bim state). The
latter trend is mirrored in the data from variable temperature photophysical measurements that

show the Auf?beme complexes do indeed have lower AEst values than their Augd™¢™¢ analogs

(Table 3). Thus, since values of kfl are similar for complexes with both types of amide, the

principal source of the fast k;'APF values for the Aut2¢"¢ complexes are the low values for AEsr.

A key difference between Cz and bim in the cMa complexes is the location of the center
of positive charge in the ICT excited states of the two amides. The positions calculated for the
electron and hole for the M2 2€m complexes discussed here are illustrated in Figure 8. The two
charges lie within the plane of the carbene and amide ligand, respectively. For Cz the center of
positive charge lies near the N atom, whereas in Mg&2€"¢ complexes the three nitrogen atoms of
the core guanidinium unit disperse the positive charge and shift the center away from the nitrogen
atom bound to the metal. The position of the electron in each carbene for the ICT excited state is
nearly independent on the choice of Cz or bim, and similarly the position of the hole for each

amide is unaffected by the choice of carbene. The center of electron charge resides within the C-

M bond for Ipr and CAAC, whereas the charge shifts into the carbene ligand for BZI, BZAC,
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Figure 8: (a) The centers of negative charge (blue
spheres) and positive charge (red spheres) are shown
on the molecular frame for the ICT excited states.
Ar = 2,6-diisopropylphenyl and Ad = adamantyl.
(b) The rate of TADF emission (kI4PF) at room
temperature for a doped polystyrene film is plotted
as a function of the hole/electron separation
distance.

MAC, PAC and PZI, see Figure 8(a).
This is consistent with the enhanced
delocalization in the LUMO by n-
extending the carbene backbone. The
distance between the centers of positive
and negative charge, d(h, ¢), for each

cMa is given in Table S5. Figure 8(b)

shows the relationship of d(h*, e") for

Mcarbene

amide Values

complexes to kI4PF,
for d(h", e") are spaced further apart for

the bim complexes than the Cz-based

ones.

Radiative rates for both bim and
Cz complexes show a dependence on
d(h", e), with larger separations leading
to faster kI4PF (Figure 8(b)); however,
the degree to which kI4PF increases
with d(h*,¢) differ for the

two

derivatives. In all cases where data are

available for a given carbene, the kT4PF

values are markedly faster for the bim-based cMa complexes than for the Cz-based analogs (see

dashed lines in Figure 8(b)). The AuZZ' and AuBZ4¢ complexes were not included in Figure 8(b)

because the triplet excited states for these two compounds have a mixed ICT/ligand-localized
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character. * The energies of the ICT and 3Cz states are nearly degenerate in both of these

complexes, which promotes mixing of the states and a concomitant increase in the measured

TADF
JcTADF

lifetime, so we cannot unequivocally determine Although the energy separation between

the *ICT and ligand localized triplet states for the MS&rPe™e and ME3™0eme complexes with PAC,
MAC, CAAC and PZI carbenes is large enough to prevent mixing between these excited states,
the bim complexes still display a marked increase in the radiative rate relative to their carbazole
analogs. The large d(h", e) separations for the bim complexes are consistent with lower Ayro

values, and thus the lower AEst values, for the bim complexes relative to their carbazole

counterparts. At first glance an increase in d(h*, ¢’) might also be expected to decrease krsl, as

observed upon substituting Ag*™ (with a large ionic radius) in place of Cu" and Au" for the MJAS

complexes, as well as for the M¥AC and MEAAC derivatives. ¢ However, this is not the case for

Augerbene complexes since ki* remains nearly constant (in the 15-20 ns range) for complexes with

either carbazole or bim ligands (Table 3). Thus, the decrease in AEst brought about by the

carbene

kTADE values for the Auj®!

enhanced d(h", ¢) is the principal factor leading to the fast

complexes. Interestingly, considering all of the complexes other than Au}?Zl, values for k;ql are

near constant and do not show an increase by the cube of the emission energy as predicted by the
Einstein relationship, 2* even though the complexes span a range of emission energies from 2.2-
2.9 eV. Itis also noteworthy that even though Auj % has a substantially larger d(h*, e") than AupZ!
and AubZA¢, all three complexes have comparable rates for kI4PF. For the PZI based cMa
complexes, low values for AEst are compensated by S; lifetimes that are slower than the other
Au(]) derivatives. This suggests that the d(h", ") value observed for Au} 2! (6.8 A) is approaching

a limit for enhancing kI4PF, and we therefore anticipate that any further increase in d(h”, ) will

continue to increase the radiative lifetime for the S; state.
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Conclusion

Two-coordinate, coinage metal (carbene)M®(amide) complexes have attracted a great deal
of attention recently, due in part to their excellent photophysical and electroluminescent properties.
4.20a These cMa complexes give high photoluminescent and electroluminescent efficiencies and
have very short phosphorescence (TADF) lifetimes. Most of the work published to date for these
complexes has focused on CAAC, MAC and BZI type ligands, with the most common amide being
a carbazolide. In this paper we have explored the impact of n-extending the carbene and amide
ligands on the physical and photophysical properties of cMa complexes. The carbene ligand was
n-extended via benzannulation (BZI, BZAC and PAC). The amide ligand was m-extended via
replacement of the central “pyrrole” moiety of carbazole with a guanidinium group (i.e., the bim
ligand). We have found that m-extending the carbene and amide together leads to some of the
highest radiative rates observed for a triplet-controlled emission process, with rates as high as 4 x

1065,

The lowest energy absorption and emission bands in the M&™2¢™ complexes are due to
gy p p

transitions involving the amide (HOMO) and carbene (LUMO). The energy of the LUMO shifts

significantly across the series of carbenes explored here, leading to the ordering of energies for the

ICT bands of MY being BZI > BZAC > CAAC > MAC > PAC. Other than this shift in
energy, the choice of carbene in the M{Y¥™ complex has a modest impact on the photophysical
properties since the complexes have similar values for extinction coefficients, as well as for
radiative and nonradiative decay rates. In contrast, the effect of n—extending the amide ligand

(Mggrbene_,  pgarbeney has almost no effect on the energy of the ICT transition, but other

photophysical properties are markedly altered. The radiative decay rate (kF4PF) for a given
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MSarbene i petween two-to-four times greater than the rate for the M52 2™ complex of the same

carbene. The principal source of the rate enhancement for bim-based cMa complexes comes from

a decrease in the AEst for these complexes compared to the Cz counterparts. This decrease in

carbene

AEsr is related to the smaller Anro for My, complexes, brought about by a shift of the hole
density (HOMO) away from the electron localized on the carbene. While this picture explains the
difference between Cz- and bim-based complexes with a common carbene ligand, it does not
explain the differences in radiative rates seen for the M5%2°™ complexes. The calculated values of

AEst and Anro for the M carbene ., mplexes are similar, but their radiative rates differ by more than a
bim p y

factor of two in comparing MAC to BZI complexes. Consistent with the experimental kF4PF data,

values for AEst are lowest for M5277¢™ complexes with t-extended carbene ligands, i.e. BZI, BZAC

and PAC. Interestingly, k>* for the M§27P™ complexes only marginally decreases with a decrease

. . . . . b
in Anro and increase in hole/electron separation. Therefore, the increase kI4PF for My, ™

complexes versus their MSP€™ analogs owes primarily to a large increase in Ke,, rather than to a
Cz y q

change in kfl (Eqn. 1), and is most prominent for the complexes with benzannulated carbene
ligands. Thus, n—extension of both ligands (carbene and amide) imparts the most significant

enhancements in radiative rate.

While this report has focused on achieving fast radiative lifetimes, it is important to stress
that knowledge of Ayro and d(h*, ) can be used to tailor the ICT excited states in related
compounds for use as sensitizers in photoelectrochemical processes. A small Ay will lead to a
large AEst value and small K., as described above, but the large Ayro will conversely improve

hole/electron overlap, and thus increase extinction coefficients for light absorption. Therefore, it
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should be possible to achieve both long lifetimes and high molar absorptivity from other cMa

complexes.
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Figure S1. Synthetic chart for all materials prepared in this study. Metal triflates were used to
perform ring closures of PrePAC and PreBZAC where M = Cu(Il), Ag(I), and Na". (PAC)M’(X)
was achieved for M’ = Cu(I), Ag(I), and Au(I) where X = Cl" or BF4. BZAC M’’(Cl) was achieved
for M’ = Cu(l) and Au(l). (BZ)Au(D) was prepared for D = Bim, MBim, and Obim.
(PACM’(D’) and (BZAC)M’(D’) were isolated where D’ = Cz, BCz, and Bim. Ar = 3,6 —

diisopropylphenyl.
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All chemicals, if not otherwise stated were used as received from chemical supplier. All inert
reactions were done in dry nitrogen atmosphere. Flasks, cannula, stir bars and stoppers were dried
prior usage at 140 °C.

PAC-OT{:

1,3-bis(2,6-diisopropylphenyl)-1A*-quinazolin-4(3H)-one, trifluoromethanesulfonate salt (PAC-
OTY) was synthesized based on a modification of a literature procedure.! A 250 mL Schlenk flask
with a stir bar was charged with 8.5 g (16.9 mmol) (E)-2-bromo-N-(2,6-diisopropylphenyl)-N-
(((2,6-diisopropylphenyl)imino)methyl)benzamide (PrePAC), 4.36 g (25.34 mmol) NaOTf, and
10.8 g (29.73 mmol) Cu(OTf)2 was connected to a reflux condenser and topped with a glass
stopper. A vacuum of ~300 mTorr was pulled on the solids followed by backfilling with nitrogen
for a total of three cycles. The glass stopper was replaced with a rubber septum against positive N2
pressure, and 100 mL of dry DMSO was canula transferred into the reaction vessel yielding a blue
suspension. The reaction mixture was heated to 160 °C with an oil bath for 12 h (The suspension
fully dissolved after the temperature passed 100 °C). The mixture became dark purple overnight.
The mixture was raised out of the oil bath and 100 mL deionized water was added after the mixture
reached room temperature. Products were extracted from the crude mixture with dichloromethane
three times. The dichloromethane phases were combined and washed with 200 mL of brine a total
of five times. The dichloromethane phase was further dried by mixing MgSO4 and performing
vacuum filtration to re-collect the dichloromethane filtrate. The solution was concentrated on the
rotovap and the product was precipitated by addition of excess hexane. The product was vacuum
filtered and further washed with hexane to afford PAC-OTT as a light blue powder (2.55 g, 30%
yield); the light blue color likely comes from trace inorganic impurities the NMR matched the
literature spectrum.

'H NMR (400 MHz, acetone-d6): 10.98, (s, 1H); 8.63, (ddd, 1H); 8.24 (ddd, 1H); 8.10 (ddd, 1H);
7.81 (m, 1H); 7.65 (m, 4H); 7.52 (m, 3H); 7.38 (ddd, 1H); 3.03 (sept, 2H); 2.92 (sept, 2H);
1.29 (dd, 12H); 1.20 (d, 6H); 1.14 (d, 6H).

BZAC-OT{:

1,3-bis(2,6-diisopropylphenyl)-3,4-dihydroquinazolin-1-ium trifluoromethanesulfonate (BZAC-
OTY) was synthesized based on a modification of a literature procedure.! A 250 mL Schlenk flask
with a stir bar was charged with 15g (28.11 mmol) (E)-N-(2-bromobenzyl)-N,N'-bis(2,6-
diisopropylphenyl)formimidamide (PreBZAC), 8.46 g NaOTf (49.19 mmol), 20.33 g Cu(OTf)2
(56.22 mmol), and 7.22 g AgOTf (28.11 mmol) was connected to a reflux condenser and topped
with a glass stopper. A vacuum of ~300 mTorr was pulled on the solids followed by backfilling
with nitrogen for a total of three cycles. The glass stopper was replaced with a rubber septum
against positive N2 pressure, and 100 mL of dry DMSO was canula transferred into the reaction
vessel yielding a blue suspension. The reaction mixture was heated to 160 °C with an oil bath for
12 h (The suspension fully dissolved after the temperature passed 100 °C). The mixture was cooled
to room temperature and 100 mL DI water was added. The product was extracted from the crude
mixture with dichloromethane three times. The dichloromethane phases were combined and
washed with 200 mL of brine a total of five times. The dichloromethane phase was further dried
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by mixing MgSOs and performing vacuum filtration to re-collect the dichloromethane filtrate. The
solution was concentrated on the rotovap and the product was precipitated by addition of excess
hexane. The product was vacuum filtered and further washed with hexane to afford a peach colored
BZAC-OTf powder (5.93 g, 35% yield). The NMR matched the literature spectrum.

'H NMR (400 MHz, acetone-d6): 9.10 (s, 1H); 7.69 (m, 1H); 7.61 (dd, 1H); 7.54 (m, 2H);
7.50 (m, 3H); 7.45(m, 2H); 6.60 (m,1); 5.48 (s,2H); 3.46 (sept, 2H); 3.17 (sept, 2H);
1.39 (d, 6H); 1.30 (dd, 12H); 1.15 (d, 6H).

PZI-HCI:
X
iPr iPr iPr iPr 0 iPr iPr
. N.__NH HC(OCyHs)3 N. _N® o
NH N Cl
N0 2 oS Y , - [ ] D
[ I N NH Si(CH3)sCl N" N
—
N~ >l i

Pr< t _iPr iPr\©/iPr

The first step was synthesized according to the publication of Chi-Ming Che.?

The second step was done similar to Chi-Ming Che’s PZIPr-BFa, but varied in the following way
to yield the Cl-salt:

Pyrazine-di(2,6-diisopropylaniline) (1.29 g, 3.0mmol, 1.0eq) dissolved in 300 ml
Triethylorthoformate and acetic acid (0.17 ml, 3 mmol, 1.0 eq). Triethylorthoformate and ethanol
was slowly, over the course of 4-5 h, nearly fully distilled off at 150 °C. Reaction was cooled to
room temperature, trimethylsilylchloride (43 mL, 340 mmol, 113 eq) and 50 mL of fresh
triethylorthoformate was added and the reaction mixture was heated to 70 °C overnight. All
solvents were removed until a solid crude was left behind, which was first washed with diethyl
ether followed with ispropyl alcohol, yielding the pure off-white product in 75% yield.

'H NMR (400 MHz, CD3CN) § 10.52 (s, 1H), 8.97 (s, 3H), 7.78 (d, J = 7.8 Hz, 2H), 7.59 (d, J =
7.9 Hz, 4H), 2.40 (sept, J = 6.8 Hz, 4H), 1.19 (dd, J = 20.5, 6.8 Hz, 24H).
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1H-Bim (5H-benzo[4,5]imidazo[1,2]imidazole)

NH,
Br N MeSO;H g 2
©: S—cil >
N NMP ©:N

100°C
16h

This compound was synthesized based on modified literature procedure.®> The following synthesis
was carried out under Schlenk conditions in a 500 mL 3-neck flask with additional funnel. 2-
Chloro-benzimidazole (50.0 g, 328 mmol, 1.0 eq) was charged in the flask and the system was
pump-purged; N-methylpyrrolidine (180 mL) was added via cannula transfer and bubble degassed
for 20 min. Under vigorously stirring, methanesulfonic acid (31.5 g, 21.3 mL, 328 mmol, 1.0 eq)
was added dropwise using an additional funnel. After 1 h stirring at ambient temperature, 2-
bromoaniline (56.4 g, 328 mmol, 1.0 eq) was added and heated to react at 100 °C overnight. (Tip:
preheat everything which gets in contact with bromoaniline, like the beaker and funnel, which
facilitates the transfer). After cooling down, the reaction was quenched with 100 mL water, and
afterwards neutralized using 30 wt% aqueous KOH solution. Precipitate was filtered and dried at
90 °C in vacuum overnight. N-(2-bromophenyl)-1H-benzo[d]imidazol-2-amine was obtained
NMR pure in 80% yield (76.5 g, 265 mmol). [6.93 (td, 1H); 7.01 (dd, 2H); 7.33 (dd, 2H); 7.39 (td,
1H); 7.62 (dd, 1H); 8.62 (d, 1H); 11.25 (s, 2H)]

1H-Bim (5H-benzo[d]benzo[4,5]imidazo[1,2-a]imidazole)

CUBFZ N\>\
N Cs,CO4 N NH
@[ »—NH Br -
H DMF

130°C
overnight

This compound was synthesized based on modified literature procedure.’ N-(2-bromophenyl)-1H-
benzo[d]imidazol-2-amine (76.5 g, 265 mmol, 1.0 eq), Cs2CO3 (130 g, 398 mmol, 1.5 eq) and
CuBr2 (1.19 g, 5.3 mmol, 0.02 eq) was added to a Schlenk flask and pump purged. 275 mL dry,
bubble degassed DMF was added via a cannula. After reaction at 130 “C overnight, rection was
cooled down and quenched with water. Vacuum filtration yielded the crude product, which was
recrystallized in hot acetic acid. The acetic acid was removed by distillation and the remaining
solid was NMR pure bim and was used directly in further reactions. Alternatively, the crude bim
can be sublimed in a high-vacuum sublimator starting at 230 °C with steady increase to 290 °C
over 4-5 h to yield a high purity snow-white product in 90% yield (49.5 g, 265.5 mmol).

'H NMR (400 MHz, DMSO) & 11.99 (s, 1H), 8.06 (dd, J = 7.8, 0.8 Hz, 2H), 7.46 (d, J = 7.9 Hz,
2H), 7.23 (dtd, J = 24.3, 7.5, 1.2 Hz, 4H).
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1H-MeBim

NH,
Br N MeSO3H
S—cl >
©:N NMP N,
H 100°C N>—NH Br
H

48h

The following synthesis was carried out under Schlenk conditions in a 3-neck flask with additional
funnel. 2-Chloro-benzimidazole (1.52 g, 10 mmol, 1.0 eq) and 2-bromo-4-methylaniline (1.86 g,
11 mmol, 1.1 eq)) was charged in the flask and the system was pump-purged; NMP was added via
cannula transfer and bubble degassed for 20 min. Under vigorously stirring, methanesulfonic acid
(1.06 g, 11 mmol, 1.1 eq) was added dropwise with the additional funnel and was reacted at 100°C
for 48 h. After cooling down, the reaction was quenched with deionized water, and afterwards
neutralized using 30 wt.% NaOH solution. Precipitate was filtered and purified on a silica column
with ethylacetate and hexanes. Removing the solvent yielded N-(2-bromo-4-methylphenyl)-1H-
benzo[d]imidazol-2-amine NMR pure in 46% yield (1.40 g).

CuBry N\>\
N Cs,CO3 N NH
@[ S—NH  Br >
N DMF
H 130°C
overnight

N-(2-bromo-4-methylphenyl)-1H-benzo[d]imidazol-2-amine (previous step) (1.4 g, 4.6 mmol,
1.0 eq), Cs2CO3 (2.25 g, 6.9 mmol, 1.5 eq) and CuBr2 (51 mg, 0.23 mmol, 0.05 eq) was added to
a Schlenk flask and pump purged. 30 mL dry, bubble degassed DMF was added via a cannula.
After heating at 130 °C overnight, the reaction was cooled down and quenched with water. Filter
off precipitate. Crude was dissolved in dry THF and loaded on a silica column and was eluted with
a gradient (0-20%) dichloromethane with 5% MeOH. Hexanes were used as unipolar solvent.
Remove solvent and wash with acetone yielded the snow-white product in 72% yield (742 mg).

'H NMR (400 MHz, DMSO) § 11.86 (s, 1H), 8.04 (d, J = 7.7 Hz, 1H), 7.90 (s, 1H), 7.45 (d, J =
7.8 Hz, 1H), 7.32 (d, J= 8.1 Hz, 1H), 7.24 (tt, J= 7.8, 1.3 Hz, 1H), 7.18 (tt, J = 7.6, 1.3 Hz, 1H),
7.07 (d, J= 8.1 Hz, 1H), 2.46 (s, 3H).
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1H-MeO-Bim

\
NH, o)
Br N MeSO3H
©: yo > N
N NMP
H 100°C ©: D—NH  Br
O 24h N

The following synthesis was carried out under Schlenk conditions in a 50 mL 3-neck flask with
additional funnel. 2-Chloro-benzimidazole (2.29 g, 15 mmol, 1.0 eq) and 2-bromo-4-
methoxyaniline was charged in the flask and the system was pump-purged; N-methylpyrrolidine
was added via cannula transfer and bubble degassed for 20 min. Under vigorously stirring,
methanesulfonic acid (1.59 g, 1.1 mL, 16.5 mmol, 1.1 eq) was added dropwise with the additional
funnel and was reacted at 100 °C for 24 h. After cooling down, the reaction was quenched with
deionized water, and afterwards neutralized using concentrated KHCO3 solution. Precipitate was
filtered and dried at 90 °C under vacuum overnight. N-(2-bromo-4-methoxyphenyl)-1H-
benzo[d]imidazol-2-amine was obtained NMR pure in 27% yield (1.30g, 4.1 mmol).

O
CuBr2 N\>\
N C82CO3 N NH
@[ S—NH  Br >
N DMF
H 130°C
overnight
O\

N-(2-bromo-4-methoxyphenyl)-1H-benzo[d]imidazol-2-amine  (previous  step) (820 mg,
2.58 mmol, 1.0 eq), Cs2CO3 (1.26 g, 3.86 mmol, 1.5 eq) and CuBr2 (12 mg, 0.052 mmol, 0.02 eq)
was added to a Schlenk flask and pump purged. 15 mL dry, bubble degassed DMF was added via
a cannula. After reaction at 130 °C overnight, rection was cooled down and quenched with water.
Vacuum filtration yielded the snow-white product in 55% yield (340 mg, 2.58 mmol).

'H NMR (400 MHz, DMSO) & 11.78 (s, 1H), 8.14 (d, J= 7.8 Hz, 1H), 7.69 (d, J = 2.5 Hz, 1H),
7.43 (d,J=17.9 Hz, 1H), 7.35 (d, J= 8.7 Hz, 1H), 7.25 (td, J= 7.7, 1.3 Hz, 1H), 7.18 (td, J = 7.6,
1.2 Hz, 1H), 6.86 (dd, J = 8.7, 2.5 Hz, 1H), 3.85 (s, 3H).
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PAC,
Cucy™:

A 250 mL Schlenk flask with a stir bar was charged with 1.1g (1.78 mmol) of PAC-OTf and
capped with a glass stopper. A vacuum of ~300 mTorr was pulled on the solid followed by
backfilling with nitrogen for a total of three cycles. The glass stopper was replaced by a rubber
septum and 100 mL of dry THF from our solvent purification system was directly added through
the septum. The PAC-OTf dissolved within 5 minutes. Next, 4.6 mL (2.32 mmol) of 0.5M
potassium hexamethylsilylamide in THF was added through the septum and the reaction was
stirred for an additional 5 minutes. The rubber septum was removed against positive N2 pressure
and 240 mg of CuCl was added (2.43 mmol). The dark green reaction mixture was covered with
aluminum foil and stirred for 12 hrs. Removing the aluminum foil revealed a brown suspension
which was filtered through Celite. The filtrate was concentrated on the rotovap and the product
was precipitated out by addition of excess hexane to yield 1,3-bis(2,6-diisopropylphenyl)-4-oxo-
3,4-dihydroquinazolin- 1-ium-2-ide copper(I) chloride CufA¢ as an off-white solid (390 mg, 39%
yield). 'H NMR (400 MHz, acetone-d6): 8.43 (ddd, 1H); 7.98 (ddd, 1H); 7.79 (ddd, 1H);
7.67 (m, 1H); 7.52 (m,3H); 7.39 (m, 2H); 6.95(ddd, 1); 2.91 (sept, 2H); 2.80 (sept, 2H);
1.33 (dd, 12H); 1.18 (d, 6H); 1.09 (d, 6H).

Agls
The synthesis and workup was the same as (PAC)Cu(Cl) except 318 mg (0.52 mmol) PAC-OTTf
was used, 129mg (0.67 mmol) AgBF4+ and 13 mL (0.67 mmol) 0.5M potassium
hexamethylsilylamide in THF was used to yield 1,3-bis(2,6-diisopropylphenyl)-4-oxo0-3.4-
dihydroquinazolin-1-ium-2-ide silver(I) tetrafluoroborate A ggﬁf (100 mg, 29%
yield) (400 MHz, acetone-d6): 8.45(ddd, 1H); 8.02 (ddd, 1H); 7.83 (t, 1H); 7.68 (t, 0.95);
7.54 (m, 3H); 7.42 (m,2H); 7.00 (m, 1H); 2.93 (sept, 2H); 2.78 (sept, 2H); 1.32 (d, 12H);
1.18 (d, 6H); 1.09 (d, 6H).

PAC,
Auc/™:

A 100 mL Schlenk flask with a stir bar was charged with 500 mg (0.81 mmol) of PAC-OTf and
capped with a glass stopper. A vacuum of ~300 mTorr was pulled on the solid followed by
backfilling with nitrogen for a total of three cycles. The glass stopper was replaced by a rubber
septum and 50 mL of dry THF from our solvent purification system was directly added through
the septum. The PAC-OTf dissolved within 5 minutes. Next, 2.1 mL (1.05 mmol) of 0.5 M
potassium hexamethylsilylamide in THF was added through the septum and the reaction was
stirred for an additional 5 minutes. The rubber septum was removed against positive N2 pressure
and 307 mg of AuS(CH3)2Cl was added (1.05 mmol). The dark red reaction mixture was covered
with aluminum foil and stirred for 12 hrs. Removing the aluminum foil revealed a gold solution
which was filtered through celite and dried using the Schlenk line vacuum yielding a light brown
solid. The solid was washed with ethanol and vacuum filtered to yield 1,3-bis(2,6-
diisopropylphenyl)-4-oxo-3,4-dihydroquinazolin-1-ium-2-ide gold(I) chloride Aub{l¢ as a white
powder (440mg, 78 % yield). (400 MHz, acetone-d6): 8.43 (ddt, IH); 7.99 (dddd, 1H);
7.81 (m, 1H); 7.61 (m, 1H); 7.52 (m,3H); 7.39 (m, 2H); 6.98 (ddd, 1H); 2.98 (sept, 2H);
2.78 (sept, 2H); 1.38 (dd, 12H); 1.17 (dd, 6H); 1.07 (d, 6H).
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CuB7A€ A 200mL Schlenk flask with a stir bar was charged with 1.0 g (1.66 mmol) of BZAC-OTf
and capped with a glass stopper. A vacuum of ~300 mTorr was pulled on the solid followed by
backfilling with nitrogen for a total of three cycles. The glass stopper was replaced by a rubber
septum and 100 mL of dry THF from our solvent purification system was directly added through
the septum. The BZAC-OTfT dissolved within 5 minutes yielding a transparent solution. Next, 3.07
mL (2.14 mmol) of 0.7 M potassium hexamethylsilylamide in THF was added through the septum
and the reaction was stirred for an additional 5 minutes. The solution immediately became dark
green as the potassium hexamethylsilylamide was added but quickly returned to transparent. The
rubber septum was removed against positive N2 pressure and 223 mg of CuCl was added
(2.24 mmol). The reaction mixture was covered with aluminum foil and stirred for 12 h. Removing
the aluminum foil revealed an orange solution which was filtered through Celite. The filtrate was
concentrated on the rotovap yielding a dark orange solid. The crude solid was washed with ethanol
to afford 1,3-bis(2,6-diisopropylphenyl)-1,4-dihydroquinazolin-3-ium-2-ide copper(I) chloride
CuB7AC as a white solid (694 mg, 76% yield). (400 MHz, acetone-d6: 7.53 (dd, 1H); 7.39 (m, SH);
7.25 (m, 3H); 6.33 (m, 1H); 4.96 (s, 2H); 3.37 (sept, 2H); 3.17 (sept, 2H); 1.36 (m, 18H);
1.12 (dd, 6H)

AuBPAC,
The synthesis and workup was the same as (BZAC)Cu(Cl) except with 390 mg (0.65 mmol) of
BZAC-OTf, 1.0 mL (0.70 mmol) of 0.7 M potassium hexamethylsilylamide in THF, and 189 mg
(0.73 mmol) of AuS(CH3)2Cl. The reaction mixture was covered with aluminum foil and stirred
for 12 h. Removing the aluminum foil revealed a brown suspension which was filtered through
celite to yield a clear, green filtrate. The filtrate was concentrated on the rotovap yielding a dark
green solid. The crude solid was washed with ethanol to afford 1,3-bis(2,6-diisopropylphenyl)-
1,4-dihydroquinazolin-3-ium-2-ide gold(I) chloride AuZZ4¢ as a white solid (285 mg, 60% yield).
(400 MHz, acetone-d6: 7.54 (m, 1H); 7.46 (dd, 1H); 7.40 (m, 2H); 7.36 (dd, 2H); 7.27 (m, 3H);
6.35 (m, 1H); 5.00 (d, 2H); 3.35 (sept, 2H); 3.13 (sept, 2H); 1.42 (dd, 12H); 1.35 (d, 6H);
1.10 (dd, 6H).
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PZI,
Aucl .

A,

iPr iPr iP r
N -NCl Au(Me,S)Cl NN

e o (e
N N KN(SiMe3), N N

iPr iPr iP

1e4 U

PZI-HCI (400 mg, 0.838 mmol, 1.0 eq) were pump purged and dissolved in bubble degassed THF.
0.7 M potassium hexamethylsilylamide in THF (1.26 mL, 0.880 mmol, 1.05 eq) was added and
solution steered for 1 hour. Au(Me2S)CI (272 mg, 0.922 mmol, 1.10 eq) was added and solution
was stirred overnight.

The reaction mixture was filtered through Celite to yield a dark red filtrate, the solvents were
removed, and the residue was dissolved in minimal CH2Clz and precipitated with hexanes to yield
the light brown Augz! product in 34% yield (190 mg, 0.282 mmol)

IH NMR (400 MHz, acetone-d6: 7.54 (m, 1H); 7.46 (dd, 1H); 7.40 (m, 2H); 7.36 (dd, 2H);
7.27 (m, 3H); 6.35 (m, 1H); 5.00 (d, 2H); 3.35 (sept, 2H); 3.13 (sept, 2H); 1.42 (dd, 12H);
1.35 (d, 6H); 1.10 (dd, 6H).

PAC,
Auc,

A 100 mL Schlenk flask with a stir bar was charged with 57 mg (0.34 mmol) 1H-carbazole and
capped with a glass stopper. A vacuum of ~300 mTorr was pulled on the solid followed by
backfilling with nitrogen for a total of three cycles. The glass stopper was replaced by a rubber
septum and 38 mL of dry THF from our solvent purification system was directly added through
the septum. The carbazole dissolved after 5 minutes of stirring which gave a transparent solution,
and 0.19 mL (0.37 mmol) of 2 M sodium fert-butoxide was added through the septum. The
reaction was stirred for 30 minutes. The mixture went from transparent to slightly green over the
duration of stirring. The rubber septum was removed against positive N2 pressure and 238 mg of
AubAC was added (0.34 mmol). The solution was immediately yellow emissive under UV lamp
upon addition of Aupii¢. The reaction stirred for an additional 12 h yielding a dark green
suspension. The solution was filtered through celite and dried using the rotovap. The resultant gel-
like solid was redissolved in 80mL of a 50/50 dichloromethane/hexane mixture and re-dried on
the rotovap three times which changed the texture of the solid from gel-like to powdery. The dried
solid was washed copiously with methanol and collected via vacuum filtration to yield Aub2¢ as

a yellow powder (129 mg, 46% yield).
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'"H NMR (400 MHz, acetone-d6) 6 8.47 (ddd, J= 7.9, 1.6, 0.5 Hz, 1H), 8.02 (ddd, J= 8.6, 7.3, 1.6
Hz, 1H), 7.96 (t, J= 7.8 Hz, 1H), 7.87 — 7.77 (m, 4H), 7.72 (d, J= 7.9 Hz, 2H), 7.59 (d, /= 7.8
Hz, 2H), 7.05 (dt, J= 8.5, 0.8 Hz, 1H), 6.96 (ddd, J=8.2, 7.0, 1.3 Hz, 2H), 6.78 (ddd, /= 7.8, 7.0,
1.0 Hz, 2H), 6.13 (dt,J= 8.1, 0.9 Hz, 2H), 3.04 (sept, /= 6.9 Hz, 2H), 2.94 (sept, J = 7.0 Hz, 2H),
1.33(dd, /=13.3, 6.8 Hz, 12H), 1.22 (d, /= 6.8 Hz, 6H), 1.12 (d, /= 6.8 Hz, 6H).

BC{'H} NMR (100 MHz, acetone-d6) & 206.3, 206.3, 206.3, 201.4, 160.0, 150.6, 147.5, 147.2,
1429, 137.9, 137.8, 132.5, 131.5, 129.9, 129.7, 127.0, 125.8, 125.0, 124.2, 120.1, 120.0, 119.8,
117.0, 115.3,30.6, 30.4, 30.2, 30.2, 30.0, 30.0, 29.8, 29.6, 29.5, 24.9, 24.8, 24.7, 24 4.

CHN: C: 62.76%; H: 5.75%; N: 4.87%; calculated: C: 63.69%; H: 5.59%; N: 5.06%

BZAC,
Auc; "

The same synthesis and workup as Aub2¢ was used except with 61 mg (0.36 mmol) 1H-carbazole,

0.2 mL (0.4 mmol) of 2 M sodium tert-butoxide, and 250 mg (0.36 mmol) of (BZAC)Au(Cl). The
dark grey suspension was immediately bright blue emissive under UV lamp upon addition of
(BZAC)Au(Cl). The final AuBZ4¢ was an off-white powder (157 mg, 53% yield).

'"H NMR (400 MHz, acetone-d6) & 7.87 — 7.70 (m, 4H), 7.61 (d, J= 7.8 Hz, 2H), 7.56 (d, J = 7.7
Hz, 2H), 7.38 — 7.25 (m, 3H), 6.91 (ddd, J= 8.2, 7.0, 1.3 Hz, 2H), 6.76 (ddd, J= 7.9, 7.0, 1.0 Hz,
2H), 6.49 - 6.41 (m, 1H), 6.11 (dt,/=8.2,0.9 Hz, 2H), 5.12 (d, /= 0.9 Hz, 2H), 5.12 (s, 2H), 3.50
(sept, J = 6.9 Hz, 2H), 3.29 (sept, J = 6.9 Hz, 2H), 1.39 (dd, J = 12.3, 6.9 Hz, 18H), 1.17 (d, J =
6.8 Hz, 6H).

BC{'H} NMR (100 MHz, acetone-d6) & 206.3, 206.3, 206.3, 206.2, 196.8, 150.7, 148.4, 147.0,
142.0, 138.4, 135.9, 131.4, 130.9, 130.1, 128.3, 127.5, 126.5, 124.8, 124.0, 119.7, 119.2, 117.5,
116.5, 115.2,52.5,30.6, 30.4, 30.2, 30.0, 29.8, 29.8, 29.7, 29.5, 25.3, 25.2, 25.1, 24.7.

Crystal structure data is presented in the next section (therefore no CHN)
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PAC.
Cugc,:

A 100 mL Schlenk flask with a stir bar was charged with 182 mg (0.65 mmol) 3,6-di-tert-butyl-
9H-carbazole and 62 mg (0.65mmol) sodium tert-butoxide and capped with a glass stopper. A
vacuum of ~300 mTorr was pulled on the solid followed by backfilling with nitrogen for a total of
three cycles. The glass stopper was replaced by a rubber septum and 38 mL of dry THF from our
solvent purification system was directly added through the septum. The carbazole dissolved after
5 minutes of stirring which gave a transparent solution. The reaction was stirred for 30 minutes.
The rubber septum was removed against positive N2 pressure and 350 mg (0.62 mmol) of (CubA¢
was added. The solution was immediately red in color, and red emissive under UV lamp upon
addition of Cub;!¢. The reaction stirred for an additional 12 h yielding a dark brown suspension.
The solution was filtered through Celite yielding a clear red solution. The resultant gel-like solid
was redissolved in 80 mL of a 50/50 dichloromethane/hexane mixture and re-dried on the rotovap
three times which changed the texture of the solid from a gel to a yellow-emissive powder. The
dried solid was dissolved in ethanol and the filtrate was collected via vacuum filtration. Water was
added to the ethanol solution which caused the precipitation of a yellow powder. The yellow
powder was vacuum filtered and washed with methanol which afforded Cug4S as a yellow powder
(40 mg, 8% yield). The relatively low yield is likely due to the unconventional workup; the cMa
complexes are not typically isolated by precipitation from ethanol using water. The product is also
quite soluble in methanol which was used as a rinse solvent.

'H NMR (400 MHz, acetone-d6) § 8.47 (dd, J = 8.0, 1.4 Hz, 1H), 8.01 (td, J = 7.3, 1.9 Hz, 2H),
7.89 — 7.78 (m, 4H), 7.76 (d, J = 7.9 Hz, 2H), 7.62 (d, J = 7.8 Hz, 2H), 6.95 (td, J= 8.8, 8.4, 1.9
Hz, 3H), 5.64 (dd, J = 8.5, 0.6 Hz, 2H), 3.08 (sept, J = 6.8 Hz, 2H), 2.99 (sept, J = 6.8 Hz, 2H),
1.34 (s, 18H), 1.30 — 1.23 (m, 18H), 1.16 (d, J = 6.8 Hz, 6H).

BC{'H} NMR (100 MHz, acetone-d6) & 206.3, 206.3, 206.3, 206.3, 206.3, 206.2, 159.7, 149.7,
147.5, 147.2, 142.9, 138.3, 137.5, 137.5, 132.7, 131.6, 129.7, 129.6, 127.2, 126.1, 125.1, 121.4,
120.5, 119.7, 115.5, 1153, 35.1, 329, 30.7, 306, 304, 302, 30.0,
29.8,29.6,29.5,254,24.9,245, 24.3.

Crystal structure data present in next section (therefore no CHN)
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PAC.
Agpcs:

A 100 mL Schlenk flask with a stir bar was charged with 145 mg (0.52 mmol) 3,6-di-fert-butyl-
9H-carbazole and 50 mg (0.52 mmol) sodium fert-butoxide and capped with a glass stopper. A
vacuum of ~300 mTorr was pulled on the solid followed by backfilling with nitrogen for a total of
three cycles. The glass stopper was replaced by a rubber septum and 40 mL of dry THF from our
solvent purification system was directly added through the septum. The solids dissolved after 30
minutes of stirring which gave a transparent solution. The rubber septum was removed against

positive N2 pressure and 326 mg (0.49 mmol) of A gg‘ﬁf was added. The solution was immediately

red in color, upon addition of Aggﬁf. The reaction stirred for an additional 12 h yielding a red

suspension. The crude solution was immediately dried on the rotovap. The resultant gel-like solid
was redissolved in 80 mL of a 50/50 dichloromethane/hexane mixture and re-dried on the rotovap
three times which changed the texture of the solid from a gel to a yellow-emissive powder. The
dried yellow solid was dissolved in ether and filtered through celite to yield a bright red solution.
The ether solution was dried on the rotovap and the resulting yellow solid was washed copiously
with methanol over a vacuum filtration setup to afford AgE2¢ as a yellow powder (116 mg, 28%

yield).

'"H NMR (400 MHz, acetone-d6) § 8.51 (dd, J=7.9, 1.3 Hz, 1H), 8.06 (ddd, J=8.7, 7.3, 1.6 Hz,
1H), 7.96 (t, J= 7.8 Hz, 1H), 7.91 — 7.78 (m, 3H), 7.74 (d, J = 7.8 Hz, 2H), 7.61 (d, J = 7.8 Hz,
2H), 7.48 — 7.36 (m, 1H), 7.09 (d, J = 8.4 Hz, 1H), 7.05 (dd, J = 8.5, 2.0 Hz, 2H), 6.07 (dd, J =
8.5, 0.6 Hz, 2H), 3.07 (sept, J = 7.2 Hz, 2H), 2.95 (sept, J = 6.7 Hz, 2H), 1.38 — 1.07 (m, 42H).

BC{'H} NMR (100 MHz, acetone-d6) & 206.3, 206.2, 150.3, 150.2, 147.2, 146.9, 137.8, 137.6,
132.7,131.6,130.1, 129.8, 127.1, 126.1, 124.9, 121.5, 120.6, 120.3, 115.6, 115.1, 35.1, 32.9, 30.8,
30.6, 30.4, 30.2, 30.0, 29.8, 29.6, 29.5, 25.3, 24.8, 24.8, 24.6.]

CHN: C: 72.57%; H: 7.48%; N: 4.74%; calculated: C: 73.22%; H: 7.33%; N: 4.93%
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PAC.
Augc,:

A 100 mL Schlenk flask with a stir bar was charged with 84 mg (0.30 mmol) 3,6-di-tert-butyl-9H-
carbazole and 32 mg (0.33mmol) sodium zer#-butoxide and capped with a glass stopper. A vacuum
of ~300 mTorr was pulled on the solid followed by backfilling with nitrogen for a total of three
cycles. The glass stopper was replaced by a rubber septum and 38 mL of dry THF from our solvent
purification system was directly added through the septum. The reaction was stirred for 30 minutes
yielding a transparent solution. The rubber septum was removed against positive N2 pressure and
210 mg (0.30 mmol) of Aul#l¢ was added. The solution was immediately red in color, upon
addition of Aub¢ and was yellow luminescent under the UV lamp. The reaction stirred for an
additional 12 h yielding a red suspension. The crude solution was filtered through Celite and
concentrated on the rotovap, then precipitated with addition of excess hexane. The resulting yellow
solid was washed copiously with methanol over a vacuum filtration setup to afford Aub?¢ as a
yellow powder (136 mg, 48% yield).

' NMR (400 MHz, acetone-d6) 5 8.48 (ddd, J= 7.9, 1.6, 0.5 Hz, 1H), 8.07 — 7.94 (m, 2H), 7.86
(dt, J=2.4, 1.2 Hz, 2H), 7.87 — 7.78 (m, 2H), 7.74 (d, J = 7.8 Hz, 2H), 7.60 (d, J = 7.8 Hz, 2H),
7.10 - 7.01 (m, 3H), 6.10 (dd, J = 8.5, 0.7 Hz, 2H), 3.04 (sept, J = 6.8 Hz, 2H), 2.94 (sept, J = 6.9
Hz, 2H), 1.37 — 1.32 (m, 30H), 1.23 (d, J = 6.8 Hz, 6H), 1.14 (d, J = 6.8 Hz, 6H).

BC{'H} NMR (100 MHz, acetone-d6) & 206.3, 206.3, 206.3, 206.3, 206.2, 149.2, 147.4, 147.1,
139.2,132.5, 131.4, 129.6, 126.9, 125.8, 124.9, 121.7, 120.0, 115.7, 114.7, 35.1, 32.8, 30.6, 30.4,
30.2,30.0, 29.8, 29.6, 29.4, 24.9, 24.8, 24.6, 24.5;

CHN: C: 67.23%; H: 6.67%; N: 4.54%:; calculated: C: 66.30%; H: 6.63%; N: 4.46%
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BZAC,
Cugcy :

A 100 mL Schlenk flask with a stir bar was charged with 165 mg (0.36 mmol) 3,6-di-fert-butyl-
9H-carbazole and 65 mg (0.43 mmol) sodium fert-butoxide and capped with a glass stopper. A
vacuum of ~300 mTorr was pulled on the solid followed by backfilling with nitrogen for a total of
three cycles. The glass stopper was replaced by a rubber septum and 50 mL of dry THF from our
solvent purification system was directly added through the septum. The reaction was stirred for 30
minutes yielding a transparent solution. The rubber septum was removed against positive N2

pressure and 375 mg (0.41 mmol) of CuB%4¢ was added. The solution immediately became lime

green upon addition of CuB#4¢ and was bright green luminescent under the UV lamp. The reaction
stirred for an additional 12 h while covered with aluminum foil which yielded a green suspension.
The crude solution was immediately dried on the rotovap, then dissolved in diethyl ether and
filtered through Celite. The ether phase was dried on the rotovap, then redissolved in 50 mL
acetonitrile. Hexane was used to extract the product out of the acetonitrile phase (15 extractions
with 50 mL hexane). The hexane phases were combined and dried on the rotovap. The solid was
redissolved in 40mL methanol and four additional 20mL hexane extractions were performed, this
time keeping the methanol phase and discarding the hexane phases. The methanol phase was dried

on the Schlenk line yielding Cu524¢ as an off-white powder (26 mg, 6% yield).

'H NMR (400 MHz, acetone-d6) 8 7.86 (t, J = 7.8 Hz, 1H), 7.81 — 7.73 (m, 4H), 7.63 (d, J= 7.8
Hz, 2H), 7.58 (d, J = 7.8 Hz, 2H), 7.38 — 7.22 (m, 3H), 6.91 (dd, J = 8.6, 2.1 Hz, 2H), 5.58 (dd, J
= 8.6, 0.7 Hz, 2H), 5.06 (s, 2H), 3.54 (sept, J = 6.9 Hz, 2H), 3.33 (sept, J = 6.8 Hz, 2H), 1.42 (d, J
= 7.0 Hz, 6H), 1.33 (s, 18H), 1.29 (dd, J= 6.9, 2.0 Hz, 12H), 1.18 (d, J = 6.8 Hz, 6H).

BC{'H} NMR (100 MHz, acetone-d6) & 206.3, 206.3, 206.3, 206.2, 206.1, 149.3, 148.4, 147.0,
142.0, 138.6, 138.3, 136.0, 131.4, 130.8, 130.1, 128.3, 127.4, 126.5, 124.7, 121.5, 119.2, 117.5,
115.5, 114.6, 52.5, 35.1, 32.9, 30.6, 30.4, 30.2, 30.0, 29.8, 29.7, 29.5, 25.3, 25.2, 25.1, 24.7.

CHN: C: 72.32%; H: 7.76%; N: 4.63%:; calculated: C: 72.37%; H: 7.56%; N: 4.78%

(CHN-Analysis includes one cocrystalized CH2Cl2 molecule per Cub24¢ molecule.)
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BZAC,
Auge,:

A 100 mL Schlenk flask with a stir bar was charged with 102 mg (0.36 mmol) 3,6-di-fert-butyl-
9H-carbazole and 42 mg (0.43 mmol) sodium tert-butoxide and capped with a glass stopper. A
vacuum of ~300 mTorr was pulled on the solid followed by backfilling with nitrogen for a total of
three cycles. The glass stopper was replaced by a rubber septum and 50 mL of dry THF from our
solvent purification system was directly added through the septum. The reaction was stirred for 30
minutes yielding a transparent solution. The rubber septum was removed against positive N2

pressure and 285 mg (0.41mmol) of AuBZ4¢ was added. The solution immediately became lime

green upon addition of AuZ#4¢ and was bright blue luminescent under the UV lamp. The reaction

stirred for an additional 12 h while covered with aluminum foil which yielded a green suspension.
The crude solution was immediately dried on the rotovap, then dissolved in diethyl ether and
filtered through Celite. The ether phase was dried on the rotovap, then redissolved in 50 mL
acetonitrile. Hexane was used to extract the product out of the acetonitrile phase (15 extractions
with 50 mL hexane). The hexane phases were combined and dried on the rotovap. The solid was
redissolved in 40 mL methanol and four additional 20 mL hexane extractions were performed, this
time keeping the methanol phase and discarding the hexane phases. The methanol phase was dried

on the Schlenk line yielding Aub24¢: as an off-white powder (82 mg, 24% yield).
BCz

'H NMR (400 MHz, acetone-d6) & 7.88 — 7.79 (m, 3H), 7.74 (t, J = 7.8 Hz, 1H), 7.61 (d, J= 7.8
Hz, 2H), 7.56 (d, J = 7.8 Hz, 2H), 7.37 — 7.30 (m, 1H), 7.34 — 7.24 (m, 2H), 7.01 (dd, J = 8.6, 2.1
Hz, 2H), 6.48 — 6.41 (m, 1H), 6.06 (dd, J = 8.5, 0.6 Hz, 2H), 5.13 — 5.08 (m, 2H), 3.50 (sept, J =
6.8 Hz, 2H), 3.28 (sept, J = 6.8 Hz, 2H), 1.45 — 1.36 (m, 18H), 1.33 (s, 18H), 1.17 (d, J = 6.8 Hz,
6H);

BC{'H} NMR (100 MHz, acetone-d6) & 205.1, 205.1, 205.1, 205.1, 204.9, 148.2, 147.3, 145.8,
140.9, 137.5, 137.2, 134.8, 130.2, 129.7, 129.0, 127.2, 126.3, 125.3, 123.6, 120.3, 118.1, 116.4,
114.4,113.5,51.3, 34.0,31.7, 29.5, 29.3, 29.1, 28.9, 28.7, 28.5, 28.3, 24.2, 24.0, 24.0, 23.6.

CHN: C: 66.80%; H: 6.94%; N: 4.49%; calculated: C: 67.3%; H: 6.95%; N: 4.53%
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PZI,
Auc;':

iPr/Q
NaOtBu i
THF NN T
> [\I > Au-N
N RT NN er
N iPr
.P\© iPr
IFr

24h
A 25 mL Schlenk flask with a stir bar with 52 mg (0.311 mmol, 1.1 eq) 1H-carbazole was pump
purged and bubble degassed dry THF (10 mL) was added via cannula transfer. 0.155 mL (0.311
mmol, 1.1 eq) 2 M sodium tert-butoxide (NaOtBu) solution was added dropwise. After 1h stirring,
Auf# (190 mg, 0.282 mmol, 1.0 eq) was added and reaction was stirred overnight. Filtration
through Celite, washed with dichloromethane and solvent was removed. Product was precipitated
from dichloromethane by adding hexanes. Solid was filtered and washed with diethyl ether,
yielding to the colorless AufZ! in 90% yield (205 mg, 0.282 mmol). Under a UV light the solid is

orange/green emissive.

Pr/Q
iPr

i
N N
>Au-cl  HN

C

~
-0

'H NMR (400 MHz, CDCls) & 8.59 (s, 2H), 7.95 (ddd, J= 7.7, 1.4, 0.7 Hz, 2H), 7.78 (t, J = 7.9
Hz, 2H), 7.53 (d, J = 7.8 Hz, 4H), 7.07 (ddd, J= 8.2, 7.0, 1.3 Hz, 2H), 6.92 (ddd, J= 7.9, 7.0, 1.1
Hz, 2H), 6.65 (dt, J= 8.1, 0.9 Hz, 2H), 2.48 (sept, J = 6.8 Hz, 4H), 1.33 (d, J= 6.8 Hz, 12H), 1.17
(d, J=6.9 Hz, 12H).

3C NMR (100 MHz, CDCls) § 149.2, 146.7, 141.1, 140.4, 131.5, 130.4, 124.7, 123.9, 123.5,
119.4,116.1, 113.4, 65.9, 29.7, 24.3, 24.0, 23.8, 15.3.

CHN: C: 56.63%; H: 5.15%; N: 7.88%:; calculated: C: 56.76%; H: 5.22%; N: 7.88%

(CHN-Analysis includes one cocrystalized CH2Cl> molecule per AubZ! molecule.)
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BZAC.
Augin

iPr—Q iPr—Q
. NaOtBu
< >\:N>—Aul—Pcr| N THF . QN} iPr Q)
. N Au-N
O E O
iPr iPr

A 100 mL Schlenk flask with a stir bar was charged with 258 mg (1.25 mmol, 1.05 eq) 1H-bim
ligand was pump purged and bubble degassed dry THF (50 mL) was added via cannula transfer.
120 mg (1.25 mmol, 0.624 mL, 1.05 eq) sodium fert-butoxide (NaOtBu) was added as 2 M
solution. After 1 h stirring, Au5Z4¢ (815 mg, 1.19 mmol, 1.0 eq) was added and reaction was
stirred overnight. Filtration through Celite, washing with dichloromethane and removing of solvent
yielded to a solid, which was precipitated from dichloromethane /hexanes. If necessary, washing
again with pure dichloromethane, dissolves Aug“4¢ but does not dissolve remaining bim ligand.
AuBZAC could be isolated as an colorless powder in 88% yield (902 mg, 1.05 mmol). Under a UV
light the solid is blue emissive. This compound was crystallized with vapor diffusion of hexanes
into a dichloromethane solution of the compound. Crystallographic data can be obtained in the
next section.

'H NMR (400 MHz, CDCLs): & 7.67 (d, J= 7.8 Hz, 1H), 7.58 (d, J = 8.4 Hz, 2H), 7.53 — 7.45 (m,
4H), 7.41 (d, J= 7.8 Hz, 2H), 7.23 — 7.19 (m, 2H), 7.18 — 7.11 (m, 2H), 6.98 (dd, J= 7.5, 1.2 Hz,
1H), 6.90 (dd, J= 7.5, 1.5 Hz, 2H), 6.51 — 6.46 (m, 1H), 6.05 (dd, J= 7.4, 1.6 Hz, 1H), 4.94 (s,
2H), 3.32 (d, J = 6.8 Hz, 2H), 3.13 (d, J = 6.8 Hz, 2H), 1.44 (dd, J = 6.8, 3.4 Hz, 12H), 1.40 (d, J
= 6.8 Hz, 6H), 1.16 (d, J = 6.8 Hz, 6H).

BC{'H} NMR (101 MHz, CDCl3) § 194.5, 162.5, 149.3, 146.7, 145.4, 145.3, 140.4, 136.8, 135.0,
130.6, 130.1, 129.3, 128.4, 127.1, 126.7, 126.5, 125.6, 121.1, 120.6, 117.4, 117.2, 117.1, 117.1,
116.5, 113.5, 109.1, 108.9, 51.7, 29.0, 28.9, 25.1, 24.9, 24.6.

Crystal structure data present in next section (therefore no CHN)
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A 50 mL Schlenk flask with a stir bar with 56.5 mg (0.25 mmol, 1.0 eq) 1H-bim ligand was pump
purged and bubble degassed dry THF (20 mL) was added via cannula transfer. 24 mg (0.25 mmol,
1.0 eq) sodium fert-butoxide (NaOtBu) was added as 2M solution. After 1 h stirring, Au2?! (167
mg, 0.25 mmol, 1.0 eq) was added and reaction was stirred overnight. Filtration through Celite,
washing with dichloromethane and recrystallization from dichloromethane with layered pentane
yielded to the colorless AupZl in 84% yield (110 mg, 0.21 mmol). Under a UV light the solid is
blue emissive.

'H NMR (400 4MHz, CDCl3) & 7.68 (t, J = 7.8 Hz, 2H), 7.62 (d, J= 7.7 Hz, 1H), 7.58 (d, J= 7.5
Hz, 1H), 7.53 — 7.40 (m, 7H), 7.15 (dq, J= 6.1, 3.5, 2.8 Hz, 3H), 7.06 — 6.87 (m, 3H), 6.38 (d, J =
7.9 Hz, 1H), 2.54 (sept, J = 6.7 Hz, 4H), 1.40 (d, J= 6.9 Hz, 13H), 1.14 (d, J = 6.8 Hz, 13H).

BC{'H} NMR (101 MHz, CDCls) § 183.0, 162.3, 148.7, 146.8, 145.4, 135.0, 131.5, 131.3, 128.3,
127.0, 125.5, 125.0, 121.5, 121.0, 117.7, 117.1, 117.0, 113.5, 112.2, 109.2, 29.3, 24.9, 24.1.

CHN: C: 62.54%; H: 5.52%; N: 8.29%:; calculated: C: 62.78%; H: 5.51%; N: 8.32%
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NaOtBu O
THF

RT N |

24h iPr
gy O

A 50 mL Schlenk flask with a stir bar with 60 mg (0.29 mmol, 1.0 eq) 1H-bim ligand was pump
purged and bubble degassed dry THF (20 mL) was added via cannula transfer. 28 mg (0.29 mmol,
1.0 eq) sodium tert-butoxide (NaOtBu) was added as 2 M solution. After 1 h stirring, Au&4¢ (180
mg, 0.29 mmol, 1.0 eq) was added and reaction was stirred overnight. Filtration through Celite,
washing with dichloromethane and recrystallization in hot acetone yielded to the colorless Ausaac
in 77% yield (192 mg, 0.31 mmol). Under a UV light the solid is blue emissive. This compound
was crystallized with vapor diffusion of hexanes into a dichloromethane solution of the compound.

Crystallographic data can be obtained in the next section.

'H NMR (400 MHz, CDCl3) § 7.66 — 7.60 (m, 2H), 7.58 (dd, J= 7.9, 1.1 Hz, 2H), 7.40 (d, /= 7.8
Hz, 2H), 7.18 (dd, J= 7.7, 1.2 Hz, 1H), 7.04 (dd, J= 7.5, 1.1 Hz, 1H), 6.95 (dd, J=7.5, 1.1 Hz,
1H), 6.86 (dd, J= 7.6, 1.3 Hz, 1H), 5.89 (d, J = 7.8 Hz, 1H), 4.28 (d, J = 12.9 Hz, 2H), 3.48 (s,
1H), 2.87 (sept, J= 6.7 Hz, 2H), 2.54 (s, 1H), 2.43 (s, 2H), 2.04 (d, J = 24.3 Hz, 7H), 1.91 (s, 3H),
1.43 (s, 6H), 1.35 (dd, J = 13.8, 6.7 Hz, 12H).

BC{™H} NMR (126 MHz, CDCl3) 6 149.2, 145.9, 145.2, 136.6, 129.9, 128.5, 127.2, 125.4, 121 .4,
121.2,117.8,116.8, 113.6, 110.0, 109.3, 109.1, 77.7, 64.2, 59.8, 48.2, 39.2, 37.1, 35.7, 34.5, 29.5,
29.4,29.2,29.1, 28.9, 28.8, 28.6, 28.0, 27.5, 26.0, 22.7, 20.0, 13.7;

Crystal structure data present in next section (therefore no CHN)
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A 25 mL Schlenk flask with a stir bar with 43 mg (0.206 mmol, 1.0 eq) 1H-bim ligand was pump
purged and bubble degassed dry THF (10 mL) was added via cannula transfer. 0.10 mL (0.206
mmol, 1.0 eq) 2M sodium tert-butoxide (NaOtBu) solution was added dropwise. After 1h stirring,
AuMAC (140 mg, 0.206 mmol, 1.0 eq) was added and reaction was stirred overnight. Filtration
through Celite, washing with dichloromethane and removing solvent. Product was purified by
layered recrystallization of dichloromethane and pentane. Removing of solvent yielded to the

lightly yellow Aug¢ in 85% yield (148 mg, 0.174 mmol). Under a UV light the solid is sky-blue
emissive.

'"H NMR (400 MHz, CDCl3) § 7.64 — 7.54 (m, 3H), 7.48 (dd, J = 7.5, 1.4 Hz, 1H), 7.43 (dd, J =
8.0, 1.0 Hz, 1H), 7.39 (dd, /= 7.8, 1.1 Hz, 4H), 7.14 (dd, J= 7.8, 1.2 Hz, 1H), 6.98 (dd, J = 7.6,
1.1 Hz, 1H), 6.90 (td, /= 7.6, 1.4 Hz, 1H), 6.85 (td, /= 7.6, 1.4 Hz, 1H), 5.95 (dd, J= 7.7, 1.3 Hz,
1H), 3.86 (s, 2H), 3.25 (sept, J = 6.9 Hz, 2H), 3.01 (sept, J = 6.8 Hz, 2H), 1.62 (s, 6H), 1.44 (d, J
= 6.8 Hz, 6H), 1.39 (dd, J=6.9, 3.7 Hz, 12H), 1.24 (d, J = 6.8 Hz, 6H);

13C{'H} NMR (101 MHz, CDCL3) § 203.9, 171.4, 162.2, 149.0, 145.7, 145.1, 144.5, 140.1, 135.8,
130.7, 130.5, 128.4, 127.1, 125.8, 124.9, 121.3, 120.8, 117.5, 117.2, 116.8, 113.4, 109.1, 109.0,
62.1,38.1,29.5,29.1, 25.0, 24.7, 24.5, 23.9;

Crystal structure data present in next section (therefore no CHN)
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A 25 mL Schlenk flask with a stir bar with 62 mg (0.300 mmol, 1.05 eq) 1H-bim ligand was pump
purged and bubble degassed dry THF (12 mL) was added via cannula transfer. 0.150 mL (0.300
mmol, 1.05 eq) 2M sodium tert-butoxide (NaOtBu) solution was added dropwise. After 1h stirring,
AubAC (200 mg, 0.285 mmol, 1.0 eq) was added and reaction was stirred overnight. Filtration
through Celite, washing with dichloromethane and removing solvent. Product was purified by
layered recrystallization of dichloromethane and pentane. Removing of solvent yielded to the
yellow Aub4C in 75% yield (186 mg, 0.214 mmol). Under a UV light the solid is green emissive.

Bim

'H NMR (400 MHz, acetone-d6) & 8.49 (ddd, J= 7.9, 1.6, 0.5 Hz, 1H), 8.05 (ddd, J= 8.6, 7.3, 1.6
Hz, 1H), 7.86 (td, J= 7.6, 1.1 Hz, 1H), 7.79 (ddt, J= 8.3, 7.4, 0.5 Hz, 1H), 7.69 (ddd, J= 7.8, 1.3,
0.7 Hz, 1H), 7.67 — 7.60 (m, 4H), 7.51 (d, J = 7.8 Hz, 2H), 7.36 (ddd, J = 8.0, 1.1, 0.6 Hz, 1H),
7.13 — 7.05 (m, 2H), 6.99 — 6.87 (m, 3H), 6.31 — 6.25 (m, 1H), 3.03 (sept, J = 6.8 Hz, 2H), 2.92
(sept, J= 6.8 Hz, 2H), 1.45 (dd, J = 15.1, 6.8 Hz, 12H), 1.22 (d, J = 6.8 Hz, 6H), 1.12 (d, J = 6.8
Hz, 6H), 0.14 (d, J = 6.6 Hz, 4H).

3C{'H} NMR (100 MHz, CDCl3) & 158.7, 145.3, 145.1, 141.7, 135.9, 131.6, 130.6, 129.4, 128.3,
125.9,124.9,121.1,120.6,118.8, 118.5,117.4,117.0, 116.6, 113.3, 109.0, 108.9, 77.2,29.4, 29.1,
24.5,24.4,24.3,23.9, 1.0;

Crystal structure data present in next section (therefore no CHN)
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A 25 mL Schlenk flask with a stir bar with 70 mg (0.337 mmol, 1.05 eq) 1H-bim ligand was pump
purged and bubble degassed dry THF (10 mL) was added via cannula transfer. 0.17 mL (0.338
mmol, 1.05 eq) 2M sodium fert-butoxide (NaOtBu) solution was added dropwise. After 1h stirring,
Aul™ (200 mg, 0.322 mmol, 1.0 eq) was added and reaction was stirred overnight. Filtration
through Celite, washing with dichloromethane and removing solvent. Product was first washed
with Diethyl ether and then dissolved in as little dichloromethane as possible. Remaining bim
ligand, does not dissolve. Removing of solvent yielded to the colorless Aul" in 80% yield
(205 mg, 0.259 mmol). Under a UV light the solid is blue emissive.

'"H NMR (400 MHz, acetone-d6) & 7.92 (s, 2H), 7.73 — 7.65 (m, 2H), 7.60 (ddd, J = 8.3, 7.2, 0.5
Hz, 2H), 7.50 — 7.44 (m, 4H), 7.29 (ddd, J = 8.0, 1.2, 0.7 Hz, 1H), 7.06 (ddd, J = 8.0, 7.3, 1.3 Hz,
1H), 6.97 — 6.87 (m, 3H), 6.68 — 6.59 (m, 1H), 2.83 (sept, J = 6.8 Hz, 4H), 1.46 (d, J = 6.9 Hz,
12H), 1.30 (d, /= 6.9 Hz, 12H).

BC NMR (100 MHz, CDCls) § 207.0, 145.8, 145.6, 134.1, 130.8, 124.5, 124.3, 123.5, 121.4,
120.8,117.5,116.9, 116.8, 113.3, 109.0, 77.2, 30.9, 29.0, 28.8, 24.5, 24.1, 24.0.

CHN: C: 60.75%; H: 5.59%; N: 8.73%; calculated: C: 60.68%; H: 5.60%; N: 8.85%
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A 25 mL Schlenk flask with a stir bar with 65 mg (0.311 mmol, 1.1 eq) 1H-bim ligand was pump
purged and bubble degassed dry THF (10 mL) was added via cannula transfer. 0.155 mL (0.311
mmol, 1.1 eq) 2M sodium fert-butoxide (NaOtBu) solution was added dropwise. After 1 h stirring,
Aub# (190 mg, 0.282 mmol, 1.0 eq) was added and reaction was stirred overnight. Filtration
through Celite, washed with dichloromethane and solvent was removed. Product was precipitated
from dichloromethane by adding hexanes. Solid was filtered and washed with diethyl ether,
yielding to the colorless AuL%! in 76% yield (182 mg, 0.216 mmol). Under a UV light the solid
is green emissive.

M
=

'H NMR (400 MHz, acetone-d6)  8.76 (s, 2H), 7.81 — 7.66 (m, 4H), 7.61 (d, J= 7.8 Hz, 4H), 7.33
(d, J=7.9 Hz, OH), 7.09 (td, J= 7.9, 1.2 Hz, 1H), 7.01 — 6.92 (m, 3H), 6.58 — 6.49 (m, 1H), 2.67
(sept, J = 6.9 Hz, 4H), 1.45 (d, J = 6.8 Hz, 12H), 1.15 (d, J = 6.8 Hz, 12H).

3C NMR (100 MHz, acetone-d6) & 161.7, 148.7, 146.9, 144.7, 142.2, 140.3, 131.5, 130.7, 128.1,
126.7,124.7,121.4,121.3, 118.1, 116.9, 116.7, 112.9, 109.2, 109.2, 29.2, 23.9, 23.7, 23.3, 23.2.

CHN: C: 59.83%; H: 5.24%; N: 11.56%; calculated: C: 59.78%; H: 5.26%; N: 11.62%
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A 25 mL Schlenk flask with a stir bar with 33 mg (0.149 mmol, 1.0 eq) 1H-Mbim ligand was
pump purged and bubble degassed dry THF (10 mL) was added via cannula transfer. 0.075 mL
(0.149 mmol, 1.0 eq) 2 M sodium tert-butoxide (NaOtBu) solution was added dropwise. After
stirring for 1 h, AuZZ! (100 mg, 0.149 mmol, 1.0 eq) was added and reaction was stirred overnight.
Filtration through Celite, washing with dichloromethane and recrystallization in hot acetone
yielded to the colorless AubZL. in 76% yield (116 mg, 0.217 mmol). Under a UV light the solid
is blue emissive. This compound was crystallized with vapor diffusion of hexanes into a
dichloromethane solution of the compound. Crystallographic data can be obtained in the next
section. The NMR spectra showed a 50/50 mixture of both possible tautomers. The proton
integrations are for a mixture of both tautomers.

'H NMR (400 MHz, CDCl3) § 7.68 (t, J = 7.8 Hz, 2H), 7.62 (d, J = 7.7 Hz, 1H), 7.57 (d, J = 7.0
Hz, 1H), 7.53 — 7.40 (m, 7H), 7.15 (dq, J = 6.1, 3.5, 2.8 Hz, 3H), 7.06 — 6.87 (m, 3H), 6.38 (d, /=
7.2 Hz, 1H), 5.30 (s, 1H), 2.54 (sept, J = 6.7 Hz, 4H), 1.40 (d, /= 6.9 Hz, 13H), 1.14 (d, /= 6.8
Hz, 13H).

3C{'H} NMR (101 MHz, CDCl3) § 183.0, 162.3, 148.7, 146.8, 145.4, 135.0, 131.5, 131.3, 128.3,
127.0, 125.5, 125.0, 121.5, 121.0, 117.7, 117.1, 117.0, 113.5, 112.2, 109.2, 29.3, 24.9, 24.1

Crystal structure data present in next section (therefore no CHN)
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A 25 mL round-bottom flask with stir bar was charged with Au2#' (200 mg, 0.30 mmol, 1.0 eq),
71 mg (0.30 mmol, 1.0 eq) 1H-Obim ligand and fine ground K2COs3 (125 mg, 0.9 mmol, 3.0 eq)
was dissolved in minimal acetone and stirred for 24 h at room temperature. Solution was filtered
through Celite, washed with dichloromethane and dried under vacuum. Sonicating in diethylether
and collecting the precipitate yielded to the colorless Aubzl . in 85% yield (140 mg, 0.255
mmol). Under a UV light the solid is blue emissive. The NMR spectra showed a 50/50 mixture of
both possible tautomers. The proton integrations are for a mixture of both tautomers.

['H NMR (400 MHz, CDCL3) § 7.67 (t, J = 7.8 Hz, 1H), 7.62 — 7.56 (m, 2H), 7.53 — 7.45 (m, 4H),
7.41 (d, J = 7.8 Hz, 2H), 7.23 — 7.19 (m, 2H), 7.18 — 7.11 (m, 2H), 6.98 (td, J = 7.5, 1.2 Hz, 1H),
6.90 (pd, J = 7.4, 1.5 Hz, 2H), 6.51 — 6.46 (m, 1H), 6.05 (dd, J = 7.4, 1.6 Hz, 1H), 4.94 (s, 2H),
3.32 (sept, J = 6.8 Hz, 2H), 3.13 (sept, J = 6.8 Hz, 2H), 1.44 (dd, J= 6.8, 3.4 Hz, 12H), 1.40 (d, J
= 6.8 Hz, 6H), 1.16 (d, J = 6.8 Hz, 6H).

BC{'H} NMR (101 MHz, CDCls) § 194.5, 162.5, 149.3, 146.7, 145.4, 145.3, 140.4, 136.8, 135.0,
130.6, 130.1, 129.3, 128.4, 127.1, 126.7, 126.5, 125.6, 121.1, 120.6, 117.4, 117.2, 117.1, 117.1,
116.5, 113.5,109.1, 108.9, 51.7, 29.0, 28.9, 25.1, 24.9, 24.6.;

CHN: C: 61.79%; H: 5.56%; N: 7.96%; calculated: C: 61.99%; H: 5.55%; N: 8.03%

S27



Structural data

All crystals were grown by recrystallization. Vapor diffusion of hexanes or pentane into a
solution of the compound in dichloromethane. A Cryo-Loop was used to mount the sample with
Paratone oil.

All single crystal structures were determined at 100K with Rigaku Xta LAB Synergy S,
equipped with an HyPix-600HE detector and an Oxford Cryostream 800 low Temperature unit,
using Cu K, PhotonJet-S X-ray source. The frames were integrated using the SAINT algorithm to
give the hkl files. Data were corrected for absorption effects using the multi-scan method
(SADABS) with Rigaku CrysalisPro. The structures were solved by intrinsic phasing and refined
with the SHELXTL Software Package.* If necessary, the disordered solvent treatment method
BYPASS for co-crystalizing solvent molecules, was implemented and marked in the CCDC entry.

All cif files and report data including atom position, bond lengths and bond angle can be
downloaded from the CCDC database, using the database number in the right column of the
following table. Furthermore, the following table is giving the most important bond lengths, angles
and the torsion angle around the metal center. The conformer ratio represents the ratio of two
different disordered conformations of the molecule. Only AuBZ4¢ crystallized with two molecules
in the asymmetric unit, therefore the parameters were given for both molecules in the asymmetric
unit. All others crystalized with one molecule in the asymmetric unit.

Table S1: Selected bond lengths and angles for the(carbene)M(amide) complexes.

compound | C-M(A) | M-N(A) | C-M-N () Efocrsﬁnléc) Coﬁi’i’gner CCDC #
wipe | 2 2ome TR0 s | o | oo
CubAC 1.879(2) | 1.854(2) | 173.9(1) 6.1 100/0 2170320
AuBZAC | 2.005(1) | 2.025(7) | 176.1(4) 2.7 100/0 2182717
AuSAAC | 1974(4) | 2.0143) | 178.1(2) 7.2 100/0 2155241
AuMAC 1.992(7) | 2.023(6) | 178.8(3) 4.0 90/10 2167514
AufAc 1.9953) | 2.018(3) | 178.6(2) 7.3 100/0 2170000
AuBZ | 2.005(7) | 2.0316) | 174.1(3) 0.7 84/16 2168086
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Table S2: Crystallographic parameters for BZAC-Au-Cz, PAC-Cu-BCz, BZAC-Au-bim and CAAC-Au-bim.

Identification code BZAC-Au-Cz PAC-Cu-BCz BZAC-Au-bim CAAC-Au-bim
Empirical formula C175H 192AU4N12 C104H 1 24CL12N602 C45H48AUN5 C40H47AUN4
Formula weight 191.96 1613.16 855.883 780.78
Temperature/K 293(2) 100.00(10) 100.01(10) 107(11)
Crystal system triclinic triclinic orthorhombic monoclinic
Space group P-1 P-1 Fdd2 12/a
a/A 9.0083(2) 16.5805(2) 57.2043(10) 23.3536(3)
b/A 19.3190(3) 17.3257(2) 30.8094(5) 9.61920(10)
c/A 23.0688(2) 20.0203(2) 8.8252(1) 33.2792(4)
o/° 82.1710(10) 68.7580(10) 90 90
p/e 80.8960(10) 72.6580(10) 90 100.5580(10)
v/° 83.406(2) 62.0990(10) 90 90
Volume/A® 3909.28(11) 4679.32(11) 15553.8(4) 7349.37(15)
Z 2 2 16 8
Pealcg/cm’ 1.386 1.145 1.462 1.411
wmm'! 7.306 0.934 7.389 7.752
F(000) 1648 1724 6870.6 3152

Crystal size/mm’

0.549 x 0.058 % 0.029

0.25 x 0.195 x 0.135

0.118 x 0.025 x 0.015

0.138 x 0.098 % 0.029

CuKa (A = 1.54184)

Radiation CuKa (A=1.54184) CuKoa (A=1.54184) CuKa (A=1.54184)
20 range for data collection/° 5.694 to 163.426 5.984 to 161.91 6.18 to 160.66 5.402 to 161.006
-11<h<11, 21 <h <21, -68<h <72, -29<h <29,
Index ranges 24 <k <24, 21 <k <22, -39<k <37, -12 <k <8,
-27<1<29 -25<1<25 -7<1<10 -42 <1<42
Reflections collected 92189 301930 24795 60195

Independent reflections

16775[Rine = 0.1410,
Rsigma = 0.0759]

20281[Rint = 0.0668,
Rsigma = 0.023 1]

6414[Rine = 0.0343,
Rsigma = 0.0274]

7981[Rine = 0.0901,
Rsigma = 0.0472]

Data/restraints/parameters

16775/0/882

20281/0/1055

6414/1/468

7981/0/412

Goodness-of-fit on F?

1.14

1.052

1.038

1.085

Final R indexes [[>=26 (I)]

R1=0.0791, wR, = 0.2219

R1=0.0675, wR, = 0.1654

R1=0.0359, wR, = 0.0946

R1=0.0364, wR, = 0.0915

Final R indexes [all data]

R1=0.0911, wR> =0.2383

R1=0.0725, wR> = 0.1689

R1=0.0377, wR> = 0.0953

R1=0.0431, wR> = 0.0960

Largest diff. peak/hole / e A~

4.79/-3.15

1.59/-1.48

2.12/-1.16

2.49/-1.83

#CCDC

2168084

2170320

2182717

2155241
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Table S3: Crystallographic parameters for MAC-Au-bim, PAC-Au-bim and BZI-Au-Mbim.

Identification code MAC-Au-bim PAC-Au-bim BZI-Au-Mbim
Empirical formula C43H50AL1N50 C45H46AuN50 C45H48AUN5
Formula weight 849.876 869.83 855.85
Temperature/K 123(30) 100.5(8) 100(90)
Crystal system monoclinic monoclinic monoclinic
Space group C2/c P2i/n P2i/c
a/A 15.9731(1) 13.61560(10) 8.91960(10)
b/A 22.6254(2) 18.11870(10) 29.5199(5)
c/A 21.5638(2) 16.34850(10) 15.2229(3)
o/° 90 90 90
p/e 93.533(1) 109.8980(10) 99.193(2)
v/° 90 90 90
Volume/A? 7778.30(11) 3792.35(5) 3956.79(11)
Z 8 4 4
Pealcg/cm’ 1.451 1.523 1.437
w/mm’! 7.4 7.609 7.263
F(000) 34194 1752 1728

Crystal size/mm’

0.27 x0.14 x0.13

0.104 x 0.083 x 0.043

0.29 x 0.059 x 0.032

Radiation CuKa (A=1.54184) Cu Ko (A=1.54184) CuKa (A=1.54184)
20 range for data collection/® 6.78 to 161.6 7.33 to 160.548 5.988t0176.412

-20<h <20, -17<h <16, 9<h<11,

Index ranges -28 <k <28, -23 <k <23, -37<k<37,

-24<1<27 -20<1<20 -19<1<19
Reflections collected 132598 128799 80685

Independent reflections 8489 [Rint ; 82-%(])2, Rsigma = 8259 [Rint ; 81-(;55 ?6, Rsigma = 8698 [Rint ; &122;6, Rsigma =

Data/restraints/parameters 8489/0/471 8259/0/477 8698/0/476

Goodness-of-fit on F? 0.945 1.178 1.128

Final R indexes [[>=2c (I)]

R1=0.0634, wR,=0.1472

R1=0.0314, wR, = 0.0852

R1=0.0622, wR, = 0.1347

Final R indexes [all data]

R1=0.0639, wR>=0.1474

R1=0.0334, wR, = 0.0863

R1=0.0701, wR2 = 0.1549

Largest diff. peak/hole / e A~

2.20/-2.14

1.10/-1.51

2.41/-2.89

#CCDC

2167514

2170000

2168086
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CAAC
AuBim

Figure S2(a): Thermal ellipsoid drawings of BZAC-Au-Cz, PAC-Cu-BCz-, BZAC-Au-bim and CAAC-Au-bim.
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Figure S2 (b): Thermal ellipsoid drawings of MAC-Au-bim, PAC-Au-bim and BZI-Au-Mbim.
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Electrochemistry

Cyclic voltammetry (CV) and differential pulsed voltammetry (DPV) were performed
using a VersaSTAT potentiostat. CV scans were measured at 100 mVs ™', and DPV was measured
at 10 mVs!. All measurements were carried out in dry dimethylformamide using a glassy carbon
working electrode, platinum counter electrode, and silver wire pseudo-reference electrode, with
0.1 M (n-butyl)s PFe¢ as an electrolyte, and ferrocene or decamethylferrocene as an internal
standard. The potentials given in Table S4 were referenced to the ferrocene +/0 redox couple by

setting decamethylferrocene’s first oxidation to -0.54 V vs. Fc™°,3 or ferrocene’s first oxidation to
0V.
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Table S4: Electrochemical data. Electrochemical measurements were carried out in DMF

solution with 0.1 M NBu4PFs electrolyte, and the potentials are listed relative to a ferrocene

internal reference. The absorption edge is taken as the point where ICT absorbance has

dropped to 10% of the peak absorbance for a toluene solution of the cMa.

Complex Eox (V) | Ered (V) | Aregox (V) Ab(se'f;?ge
| cubzac 0.06 -2.90 2.96 2.74
| AuBzic 0.15 -2.83 2.98 2.77
| Aufzac 0.26 -2.81 3.07 2.89
Cubs 0.12 -2.28 2.40 2.25
Aghac 0.02 -2.24 2.26 227
| Aubdc 0.21 -2.24 2.45 2.33
Aufic 0.29 -2.24 2.53 2.49
Aub?! 0.29 -1.99 2.30 2.36
Aub?l 0.36 -1.92 2.28 2.38
| Auftt 0.32 -2.16 2.48 2.52
| Auliac 0.33 -2.37 2.70 2.65
| Autdac 0.32 -2.62 2.94 2.86
| Aubzac 0.31 -2.69 3.00 2.99
| AubZ! 0.33 -2.79 3.12 3.08
| AubZl 0.26 -2.75 3.01 3.00
| AuBZl 0.18 -2.81 2.99 2.93
| A" 0.33 * * 3.59

* The reduction potential of Aug;; was outside of the solvent window. This is consistent with it

having the largest optical LUMO of all compounds in this study.
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Molecular modeling

General Methodology

The electronic properties of the complexes were modelled in Q-Chem using Density Functional
Theory (DFT) and Time Dependent DFT (TDDFT).® The electronic properties of the complexes
were modeled using Density Functional Theory (DFT) and Time Dependent DFT (TDDFT). First,
a geometry optimization was performed using the B3LYP functional and LACVP basis set which
accounts for molecules containing transition metals. TDDFT calculations were performed on the
ground-state optimized structures to estimate the So—S: transition energies and corresponding
oscillator strengths. The TDDFT calculations were performed using the LACVP basis, the CAM-
B3LYP exchange, the fit-LACVP effective core potential, the random phase approximation, and
the omega value set to 0.2 arbitrary units.

NTOs

Natural transition orbitals were generated by performing a singular value decomposition on the
transition density matrix using the Q-Chem software package. The resultant eigenstates are a linear
combination of molecular orbitals involved in the So — Sn transition which are separated into hole
and electron pairs. The advantage of NTOs is that electronic transitions are often composed of
more than two molecular orbitals (i.e., HOMO to LUMO). Interestingly, the HOMO and LUMO
of the compounds in this work make up >99.9% of the So—S1 transition, aside from the PAC
complexes which mix the LUMO + 1 into the electron NTO. This is demonstrated with Au2Z4¢
and Auf?¢ as example compounds in Figure S4 and Figure S5 respectively.

|
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Figure S4. The So—S: transition of Aub4¢ involves an electron moving from the HOMO to LUMO

and HOMO to LUMO + 1. The hole and electron NTOs (Wh+and We.) are appropriate visualizations
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of the hole and electron wavefunctions corresponding to this transition. One can see that the
electron NTO is made up of a linear combination of the YrLumo and Wrumo+i1. The isopropyl groups
are omitted from the diisopropylphenyl groups for clarity.

All PAC compounds give a mixed LUMO/LUMO+1 behavior in the electron NTO which is
consistent with the electron NTO being consistent for a given carbene across different metals and
donors. However, the Ipr, CAAC, BZAC, BZI, and MAC complexes all have S1—>So NTOs that
are described purely by the HOMO and LUMO, localized on the amide and carbene ligands,
respectively.
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Figure S5. The So—S: transition of AuZZ4¢ involves an electron moving from the HOMO to

LUMO and HOMO to LUMO + 1. The hole and electron NTOs (Wh+ and We-) are appropriate
visualizations of the hole and electron wavefunctions corresponding to this transition. One can see
that the electron NTO is made up of a linear combination of the ¥Lumo and Wrumo+1. The isopropyl
groups are omitted from the diisopropylphenyl groups for clarity.

Further, all compounds in this study are described by a single hole and electron NTO pair. This
simplifies overlap integral calculations which will be described in the next section.

Overlap

The spatial NTO overlap integrals Ayro were calculated for these compounds using a script that
draws from the integration methods developed by G. Herman, et al.,” and S. G. P. Castro, et al.,}
using a method reported previously.> ? This makes use of the integral in Equation S1. which
computes a weighted average of spatial overlap of all NTO pairs that contribute to the excited state
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Ao Lk Cr ﬁ|¢k,h+||§0k,e_|d‘[
NTO ~~ Zk Ck

(S1)

As aforementioned, all compounds in the study only require one electron/hole NTO pair to
describe the excited state which simplifies the integral to equation 3 in the main text. However, it
should be noted that all computed integrals were performed rigorously using equation S1, and not
the simplified version seen in equation 3 of the manuscript. The overlap calculations reveal the
drawbacks of relying on isovalue representations of the wavefunction. All NTO/MO visualizations
with isovalue = 0.1 suggest that the hole and electron wavefunctions have very poor spatial
overlap, and that most of the overlap comes from the metal d orbital. Certainly, one would not
expect the calculated A7, values of 26-43% based on the wavefunction images in Figure S4 and
S5. Thus, iso-value representations must be viewed with caution because the viewer does not know
the probability of finding an electron within that surface, but only the isosurface corresponding to
a probability per unit volume. In the case of cMa complexes, the volume within isovalue = 0.1
only contains 15% probability of finding an electron within the surface, which explains why the
overlap integral can be large despite the isovalue = 0.1 visualization.

While overlap integrals give a more quantitative and accurate picture of the spatial overlap of hole
and electron NTOs, it still fails to be a reliable parameter in predicting the parameters that account
for the TADF rate ke«(S1) and AEst. The problem is that the integrals that govern k«(S1) and AEst
are not purely overlap integrals of Wh+ and We-. For example, the Strickler-Berg relationship'® is
related to the transition dipole between two states by'!

87T2(17f)3

kr(Wy > ¥y) = 312

(P 1alP2)1? (52)
and AESsrt is governed by the exchange integral
1
AEgr = 2 <q’1| = |9U2> (53)

Many research groups identify the integrals in S2 and S3 and make the assumption that they trend
well with the ordinary overlap integral Ayro. However, this is only true in the limit of complete
charge separation, where equation S1, S2, and S3 all converge to 0. Since the overlap calculations
for two-coordinate cMa complexes with coplanar ligands is typically between 23-46%, this
assumption cannot be made.

Center of Charge and +/- separation

The integrals in equations S2 and S3 both have operators that completely change the outcome of
integration. Integration relies heavily on symmetry and operators, thus a more straightforward
parameter is desirable to predict k&(S1) and AEst, and &(TADF). We opted to reduce the problem
to the center of charge of the hole and electron wavefunctions. The center of charge for the hole
and electron NTOs of a given transition are extracted from the position expectation values of the
respective wavefunctions

(Tha) = (Pre|P[Pry) (54)

S40



<re—) = (lpe—lﬂlpe—> (55)

where |¥},,) and |¥,_) represent the hole and electron NTO wavefunctions. This can be
calculated component-wise to extract the vectors

Fh+ = Z(Wh+|f}|qjh+> /) (56)
J
R = ) (e [ 1) (s7)

J
Where j represents a direction in a coordinate system. The +/- separation is the difference of
equation 6 and 7

d(h*,e7) = |Thy — Te-| (58)

which describes the separation between the hole and electron charges that constitute the exciton.
Equations S6 and S7 are useful for visualizing the charges because a pseudo-particle can be
imposed on the corresponding molecule by letting |j) represent molecular coordinates as
demonstrated in Figure S6. Again, the centers of charge are readily determined with the QChem
software package. Center of charge descriptions are a much simpler parameter to understand
compared to the wavefunction overlap Ayro. We expect similar behavior; as the +/- separation
increases, the exchange integral (equation S3) and the Einstein radiative rate (equation S2) should
decrease. The utility of the center of charge descriptor is that it simply describes where the
wavefunctions are centered, rather than integrating their products.

Figure S6. The NTO (left) and center of charge representation (right) for the hole and electron
wavefunctions of (BZAC)Au(Cz). The isopropyl groups from the diisopropylphenyl substituents
have been deleted for clarity. The iso value was set to 0.1 and the phase information omitted for
the wavefunction visualization. The red density represents the hole wavefunction and the blue
density represents the electron wavefunction respectively. A red dummy atom was placed at the
rh+ coordinate and a blue dummy atom was placed at the re- coordinate.
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Table S5: Hole/electron separation distances for (carbene)Au(amide) complexes.

Aug%l‘);éne c d(h’,¢e) (A)bim
Ipr 3.94 431
BZI1 5.15 5.51

BZAC 5.08 5.36
CAAC 4.43 4.74
MAC 5.16 5.47
PAC 5.55 5.86
PZI 6.54 6.96
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Figure S7: HOMO/LUMO images for all cMa complexes studied here.
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Figure S7 (continued): HOMO/LUMO images for all cMa complexes studied here.
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Figure S7 (continued): HOMO/LUMO images for all cMa complexes studied here.
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Figure S7 (continued): HOMO/LUMO images for all cMa complexes studied here.
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Table S5: Compositions of the S1 and T states for the cMa complexes. The percent composition
was calculated by normalizing square of the relative amplitudes of MOs involved in the

transition to the sum of the squares of the relative amplitudes.

S1 Decomposition

T1 Decomposition

BZAC
Cugy

HOMO — LUMO: 100%

HOMO — LUMO: 94%
HOMO — LUMO+6: 6%

MAC
Cuc,

HOMO — LUMO: 100%

HOMO — LUMO: 100%

PAC
Cucy,

HOMO — LUMO: 70%
HOMO — LUMO+1: 30%

HOMO — LUMO: 58%
HOMO — LUMO+1: 42%

AgE°

HOMO — LUMO: 73%
HOMO — LUMO+1: 27%

HOMO — LUMO: 63%
HOMO — LUMO+1: 37%

PAC
Aucy

HOMO — LUMO: 72%
HOMO — LUMO+1: 28%

HOMO — LUMO: 59%
HOMO — LUMO+1: 41%

MAC
Aucy

HOMO — LUMO: 100%

HOMO — LUMO: 100%

CAAC
Augy,

HOMO — LUMO: 100%

HOMO — LUMO: 100%

BZAC
Aucy

HOMO — LUMO: 100%

HOMO — LUMO: 94%
HOMO — LUMO+6: 6%

BZI
Augy

HOMO — LUMO: 100%

HOMO — LUMO: 93%
HOMO — LUMO+6: 7%

Ipr
Aug,

HOMO — LUMO: 100%

HOMO — LUMO: 54%
HOMO — LUMO+6: 45%

PAC
Aubim

HOMO — LUMO: 72%
HOMO — LUMO+1: 28%

HOMO — LUMO: 62%
HOMO — LUMO+1: 38%

MAC
Aubim

HOMO — LUMO: 100%

HOMO — LUMO: 100%

CAAC
Aubim

HOMO — LUMO: 100%

HOMO — LUMO: 100%

BZAC
Aubim

HOMO — LUMO: 100%

HOMO — LUMO: 100%

BZI
Aubim

HOMO — LUMO: 100%

HOMO — LUMO: 100%

Ipr
Aubim

HOMO — LUMO: 100%

HOMO-2 - LUMO+11: 11%
HOMO-1— LUMO+6: 7%
HOMO-1— LUMO+7: 9%
HOMO — LUMO-+6: 38%
HOMO — LUMO+7: 35%

HMAC

HOMO — LUMO: 100%

HOMO — LUMO+1: 87%
HOMO — LUMO+2: 6%
HOMO — LUMO+3: 6%

“MAC
Lic,

HOMO — LUMO: 100%

HOMO — LUMO: 100%
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Table S6: Dipole moments of the ground, Si and T states. These values were determined form
DFT and TDDFT modeling studies. Ground state dipoles are oriented along the M-N bond, from
the metal toward the amide. Excited state dipoles are oriented in the opposite direction, toward
the carbene.

u - So u-Si u-Ti Ap (So-S1) | A (So-Tr)

(D) (D) (D) (D) (D)

CuBZA¢| 116 -12.4 -10.4 24 22
cuMAc | 10.1 -15.3 -13.6 25.4 23.7
culbac 10.4 -16.8 -14.4 272 24.8
Aghac 11.9 -19.3 -17.7 31.2 29.6
Aubac 10.0 -17.6 -15.2 27.6 25.2
AuMac 9.8 -15.9 -14.5 25.7 24.3
AuSac | 153 -10.1 -8.84 25.4 24.14
AuBZAC | 114 -12.8 -10.7 24.2 22.1
AuBZ! 11.2 -13.4 -10.7 24.6 21.9

Aubsc 8.2 -20.2 -17.8 28.4 26
AuMAc 103 -18.3 -16.8 28.6 27.1
Augtac | 10.6 -12.7 -11.0 23.3 21.6
AuBZic 107 -15.0 -12.5 25.7 23.2
AuBZ! 10.8 -15.8 -13.1 26.6 23.9
AwPr | 110 -9.9 12.3* 20.9 -1.3
HMAC 11.6 -18.2 -15.8 29.8 NA
Li¥AC 11.5 -15.7 -15.4 27.2 NA

* The T for Aufﬁfn is not an ICT state but is localized on the bim ligand.

S50



Photophysical data
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Figure S8: Emission solvatochromism plots of cMa complexes.
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Figure S9: Absorption and emission spectra for (BZI)Au(amide), amide = bim, Mbim and
Obim. Extinction spectra are recorded in toluene solution (bottom) and emission spectra in 1%
doped polystyrene thin films (top).
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Figure S10: Absorption and emission spectra for (PZI)Au(Cz), extinction spectra are recorded in
toluene solution and emission spectra in 1% doped thin polystyrene (PS) films or toluene (Tol)
as indicated. Emission spectra were recorded in polystyrene at 298 K (bottom) and 77 K (top).
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BimH, MebimH and ObimH (the free ligands).
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Figure S12: Excitation, emission and gated emission (phosphorescence) spectra of BimH,
MeBimH and OBimH in 2-MeTHF.
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Figure S13. Absorption spectra for (carbene)Au(Cz) and (carbene)Au(BCz) in toluene
comparing (carbene)Au(Cz) to (carbene)AuB(Cz). The spectra show that BCz does not
significantly perturb the extinction coefficient. This is important when discussing 4: in
(BZAC)Au(Cz) versus (BZAC)Au(BCz) in polystyrene films.
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Temperature dependent photophysics and Boltzmann fitting

Cryogenic photophysical measurements were carried out on a Janis SHI-4-2 cryostat with a
Lakeshore 335 Temperature controller and evacuated by an Drytel 31 Turbomolecular pump to
1.2x10™* mTorr. Doped polystyrene thin films spin coated on a round sapphire substrate were used
for good thermal conductivity. Experiments showed that the thermal conductivity of the quartz
substrates was too low and only sapphire is thermally conductive enough to effectively reach 4 K
inside the polystyrene film. This was checked by measuring the lifetime of fac-Ir(ppy)s doped into
polystyrene and PMMA films and cross checked with the data published by Yersin et.al.'?

The original sample holder was modified in a way, that the emitted light can be collected from the
side of the sapphire substrate, as the outcoupling efficiency is highest and the unwanted collected
excitation light is minimal in this set-up geometry. See the following figure for the modified
sample holder:

The emitted light was collimated by an Edmund Optics 45-716 Lens (Focus: 75mm, @ 50 mm,
VIS-NIR coating for 400-1000nm) and focused with an Edmund Optics 47-393 Lens (Focus:
125mm, @ 50 mm, VIS-NIR coating for 400-1000nm) Lens onto a Thorlabs BF13LSMAO02 (400-
2200 nm, @ 1.3 mm) optical fiber connected to a Thorlabs bifurcated fiber BF19Y2LS02 (250-
1200 nm, 19 Fiber, @ 200 um) with 10 fibers ending in the TCSPC and 9 fibers in the fluorimeter.

Emission spectra were collected with a Photon Technology International QuantaMaster
spectrofluorimeter. As Excitation source a 365nm LED (Thorlabs M365L3 365nm LED, 1000
mW) equipped with the Thorlabs SM1U25-A Adjustable Collimation Adapter and driven with a
Thorlabs LEDD1B driver.

For luminescence lifetime studies a Horibia Fluorohub+ with a Horiba Jobin Yvon detector with
monochromator was used. As excitation source a NanoLED 407N (405 nm) or IBH SpectraLED
S-03 (372 nm) was used.

Values for the measured lifetime were plotted against temperature to obtain the plots in the
following figures. High temperature data from 150 K — 300 K were fitted to an Arrhenius equation
according to Hamze, et al.!® The plots of In(krapr) vs. 1/T are given below with their linear fit
values. AEst and ts1 was obtained from the slope and intercept respectfully.

Zero-Field Splitting (ZFS) and tr3 was obtained from Boltzmann fits of the plots lifetime vs.
temperature using the following equation:
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AE(III—1,IT) AE(S1—LII)
2+e kpT — te kpT
_AE(II-LIT) _AE(S1-LID

1 1 1
2(—)+(—)e keT  4()e kBT
kpir)  \kpn (kfl)

Statistical weighing was used in fits to prevent a higher contribution of long lifetimes. The
previously determined AEst and ts1 were used as fixed parameters in the equation. 11,2 could not
be reliably determined due to insufficient data below 4 K.
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Figure S14: Temperature dependent lifetime for (PAC)Cu(BCz) in PS. Boltzmann fit (top) and
Arrhenius plot (bottom).
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Figure S15: Temperature dependent lifetime for (PAC)Ag(BCz) in PS. Boltzmann fit (top) and
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Figure S16: Temperature dependent lifetime for (PAC)Au(BCz) in PS. Boltzmann fit (top) and
Arrhenius plot (bottom).
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Figure S17: Temperature dependent lifetime for (BZAC)Au(Cz) in PS. Boltzmann fit (top) and
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Figure S18: Temperature dependent lifetime for (MAC)Au(Cz) in PS. Boltzmann fit (top) and

Arrhenius plot (bottom).
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Figure S19: Temperature dependent lifetime for (PAC)Au(Bim) in PS. Boltzmann fit (top) and

Arrhenius plot (bottom).
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Figure S20: Temperature dependent lifetime for (MAC)Au(Bim) in PS. Boltzmann fit (top) and

Arrhenius plot (bottom).
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Figure S21: Temperature dependent lifetime for (CAAC)Au(Bim) in PS. Boltzmann fit (top) and

Arrhenius plot (bottom).
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Figure S22: Temperature dependent lifetime for (BZAC)Au(Bim) in PS. Boltzmann fit (top) and

Arrhenius plot (bottom).
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Figure S23: Temperature dependent lifetime for (BZAC)Cu(Bim) in PS. Boltzmann fit (top) and
Arrhenius plot (bottom).
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Figure S26: Temperature dependent lifetime for (BZI)Au(OBim) in PS. Boltzmann fit (top) and
Arrhenius plot (bottom).
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Figure S27: Temperature dependent lifetime for (PZI)Au(Cz) in PS. Boltzmann fit (top) and

Arrhenius plot (bottom).
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Figure S28: Temperature dependent lifetime for (PZI)Au(Bim) in PS. Boltzmann fit (top) and
Arrhenius plot (bottom).
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'H, 3C NMR and MALDI experimental

All NMR measurements were performed with a Varian 400-MR 2-Channel NMR spectrometer.

MALDI TOF experiments were performed using a Bruker Auto Flex Speed MALDI. The Bruker
peptide calibration standard II with the HCCA matrix was used as an internal callibrant.
Measurements were performed in a reverse positive method. The instrument was calibrated for
each compound using the peptide standard and was double-checked after each analyte was
measured to confirm that no drift occurred during the measurement. All compounds displayed a
clear match between calculated and experimental isotope patterns. The weighted average of all
isotope signals was compared to the calculated molecular weight and reported below.
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'H, 13C NMR and MALDI spectra or each cMa compound
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