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Abstract

Generating a sustainable fuel from sunlight plays an important role in meeting the energy demands
of the modern age. Herein we report two-coordinate carbene-metal-amide (cMa, M = Cu(I) and
Au(l)) complexes can be used as sensitizers to promote the light driven reduction of water to
hydrogen. The cMa complexes studied here absorb visible photons (&is > 10* M-'cm™!), maintain
long excited state lifetimes (t ~ 0.2-1 us) and perform stable photo-induced charge transfer to a
target substrate with high photoreducing potential (E"* up to -2.33 V vs. Fc" based on a Rehm-
Weller analysis). We pair these coinage metal complexes with a cobalt-glyoxime electrocatalyst
to photocatalytically generate hydrogen and compare the performance of the copper- and gold-
based cMa complexes. We also find that these two-coordinate complexes presented can perform
photo-driven hydrogen production from water without the addition of the cobalt-glyoxime
electrocatalyst. In this “catalyst free” system the cMa sensitizer partially decomposes to give metal
nanoparticles that catalyze water reduction. This work identifies two-coordinate coinage metal
complexes as promising abundant metal, solar fuels photosensitizers that offer exceptional

tunability and photoredox properties.
Introduction

Generating fuels via solar photocatalysis is a highly active research field in chemistry today.!
Molecular light-driven chemistry requires two primary processes: light absorption and chemical
interaction with a substrate to store the light energy in the form of a fuel. These tasks are often
divided between two different molecules. Light absorption occurs at the photosensitizer (PS),
which transfers charge onto an electrocatalyst that performs the chemical transformation.
Complexes such as Ru(bpy)s;** and Ir(ppy)s are commonly used photosensitizers owing to their

high molar absorptivity (¢ ~10* M-'cm™), long-lived excited states, and their high stability in



oxidized and reduced forms.? These properties enable the complexes to efficiently deliver charge
to a variety of electrocatalysts from their excited state. The main drawback of Ru/Ir compounds is
that they are among the rarest metals on earth, which precludes their use in scalable and sustainable

energy technology.’

Chemists have responded to the challenge of developing sustainable solutions by exploring
metal complexes of earth abundant metals as viable alternatives. Significant efforts have been put
into first row transition metals, among which copper has been a rising candidate to match the
performance of scarce metals.* The few reported classes of copper(I) photosensitizers use
complexes with a four-coordinate structure. Prominent classes pioneered by the McMillin group
are cationic Cu(I)(N*N), or Cu(I)(N"N)(P"P) complexes (where N'N is a bis-imine ligand, such
as a phenanthroline or bipyridine derivative, and P"P = is a bis-phosphine derivative).> These
complexes display visible absorption assigned to metal-to-ligand charge-transfer (MLCT)
transitions that have molar absorptivities greater than 10° M-'cm! and lifetimes for emission that
vary from 107 to 10° ns. Compounds such as Cu(dmp),* (dmp = 2,9-dimethyl-1,10-phenanthroline)
and Cu(dap)(Xantphos) (dap = 2,9-bis(4-methoxyphenyl)-1,10-phenanthroline, Xantphos = (9,9-
dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane)) have been successfully employed in
photoredox catalysis.*® 3> ¢ However, an inherent restriction in the photophysical properties in
these Cu(I) derivatives is Jahn-Teller distortion of the MLCT state in fluid solution.” The
accompanying rapid non-radiative decay will often lead to short lifetimes of the excited state,
thereby diminishing the effectiveness of the compounds as photosensitizers. Significant efforts
from the McMillin and Castellano groups have shown that installing bulky functional groups at
the 2,9-position of phenanthroline and methylating in the 3,4,7,8-positions significantly inhibits

Jahn-Teller distortion, extending the excited state lifetime to the microsecond regime.?

Two-coordinate coinage metal complexes with carbene-metal-amide (cMa) structure have
recently been studied for applications in organic LEDs but have not been investigated for
photoredox catalysis.” These two-coordinated compounds have several attributes that are
advantageous to their application as photosensitizers. The lowest energy absorption band of cMa
complexes is typically an interligand charge transfer (ICT) transition with a hole localized on the
carbazole and an electron on the carbene. Thus, the absorption energy is easily tuned throughout

the visible spectrum by the choice of either carbene or amide, which is of considerable benefit in



comparison to the four-coordinate complexes where the energy of the MLCT state is primarily
adjusted by varying the energy of the ligand-localized LUMO.%* ¢ % 10 The redox potentials of
the cMa complexes can also be varied over a wide range by judicious selection of the carbene and
substituents on the amide. Finally, the ICT state is not susceptible to Jahn-Teller distortion, thus
leading to low rates for non-radiative decay and high photoluminescence efficiency. However, it
is valid to question whether these two-coordinate complexes have sufficient stability to serve as
effective photosensitizers. The ligands are monodentate making them kinetically labile. The
molecules are also coordinatively unsaturated, which could allow for deleterious non-radiative
decay of the excited state via solvent coordination. Solvent coordination and exciplex formation is
a well-documented issue in Cu(I) complexes that results in a decrease of excited state lifetime even

for the sterically protected four-coordinate complexes.!!
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Figure 1. Structure of the three photosensitizers investigated in this work: MMAC[M = Cu or Au, R = tert-

butyl (B) or phenyl (Ph)] (iPr = isopropyl). MMAC were reported previously and were used for comparison
in this study.’

In this work, we probe the excited state photoredox capabilities of several two-coordinate cMa
complexes in a variety of solvents to evaluate the suitability of these compounds as a new class of
Cu(l) and Au(I) photosensitizers. The carbene and carbazole ligands for the complexes were
chosen here to ensure visible light absorption with long excited state lifetimes (Figure 1). While
all of the complexes are stable to electrochemical reduction, it is well known that carbazole is
unstable to oxidation as it oligomerizes at the 3,6-positions.!?> Thus, alkyl or aryl substituents at
the 3,6-sites were installed to increase the stability of the oxidized cMa complex. Oxidation
potentials for the excited states (E*/*) were estimated from electrochemical and steady state

photophysical measurements and confirmed using a Rehm-Weller analysis for each



photosensitizer. The role of the metal was investigated by comparing properties of Cu(I) and Au(I)
derivatives with a common amide (3,6-di-tert-butylcarbazole), and that of the amide was probed
by varying the substituent groups in Cuhéx (R = tert-butyl or phenyl). We find that two-coordinate
cMa complexes are a viable new class of photosensitizers for solar photochemistry, demonstrating
the photo-driven production of hydrogen from water, both with and without an added cobalt-

glyoxime electrocatalyst.
3. Experimental

Synthesis: All reactions were performed under a N> atmosphere using a Schlenk line.
Tetrahydrofuran (THF), dichloromethane, and toluene were dried over alumina using a solvent
purification system by SG Water USA, LLC. Dimethylformamide (DMF) and acetonitrile (MeCN)
were purchased as dry solvents from VWR. Precursor complexes 1,3-bis(2,6-diisopropylphenyl)-
5,5-dimethyl-4-0x0-3,4,5,6-tetrahydropyrimidin- 1-ium-2-ide M(I) chloride (MMAC [M = Cu(I) or
Au(I)]) were prepared according to literature precedent.”® The amide precursors 3,6-di-tert-butyl-
9H-carbazole and 3,6-di-phenyl-9H-carbazole were purchased from AK Scientific and Tokyo
Chemical Industry, respectively. Sodium tert-butoxide was purchased from Sigma Aldrich.
Reference compounds CuMA¢ and AuMAC were prepared according to literature procedures.® All

purchased chemicals were used without further purification.

The general synthesis of all reported compounds involved adding solid carbazole (or
substituted carbazoles) and NaO'Bu to a freshly dried Schlenk-flask connected to a Schlenk line
and a nitrogen atmosphere was established. THF was injected against positive N pressure, and the
mixture stirred at room temperature for one hour to generate free carbazolide. The MMAC (M = Cu
or Au) complex was next added against positive N> pressure. The flask was then covered with
aluminum foil and allowed to stir at room temperature overnight. All subsequent workup was
performed in air. The workup involved filtering the reaction solution through Celite and removing
the solvent with a rotary evaporator (rotovap). The crude solid was dissolved in 50/50
MeCN/hexane by volume, and product was extracted into the MeCN phase. The MeCN solution
was evaporated on the rotovap to yield a sticky yellow gel. The gel was redissolved in 20/80
CH:Clz/hexane by volume and the solvent removed on the rotovap, which converted the gel-like
solid to a powder. The process of dissolving in 20/80 CH>Cly/hexane and solvent removal was

repeated three times to yield a fine yellow powder. Lastly, the solid was washed copiously with
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either methanol or diethyl ether to yield analytically pure samples. The detailed synthesis and

analytical data for each cMa sensitizer is given in the Supporting Information (SI).

Computation: Density functional theory (DFT) and time dependent DFT (TDDFT)
calculations were performed in QChem v5.0 to predict the structural and electronic properties of
the cMa photosensitizers in the ground and excited states. Geometry optimizations were performed
using the BALYP method, LACVP basis, and Fit-LACVP effective core potential (ECP).!* TDDFT
calculations were performed using the LACVP basis, fit-LACVP ECP, and the CAM-B3LYP
exchange (attenuation parameter = 0.2) with RPA enabled. Orbital composition analysis and

wavefunction overlap of the HOMO and LUMO were evaluated using Multiwfn. !4

Electrochemistry: Cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
measurements were performed with a VeraSTAT potentiostat using a glassy carbon working
electrode, platinum counter electrode, and silver wire as a pseudo-reference electrode. Solutions
were prepared in dry, N» sparged solvents with 0.1M tetrabutylammonium hexafluorophosphate
electrolyte concentration. CV and DPV measurements were performed with scan rates of 0.1 Vs,
and 10 mVs!, respectively. Measurements were repeated using ferrocene or decamethylferrocene

as an internal standard; all potentials were referenced to the ferrocenium/ferrocene (Fc*'?) couple.

Photophysical Measurements: Absorption spectra were recorded using a
Hewlett-Packard 4853 diode array spectrometer. Photoluminescence (PL) spectra were recorded
using a Photon Technology International QuantaMaster spectrofluorimeter. Excited state lifetime
measurements were performed using time correlated single photon counting (TCSPC) with an IBH
Fluorocube apparatus interfaced to a Horiba FluoroHub+ controller. Quantum yield (QY)
measurements were performed using a Hamamatsu C9920 integrating sphere with a xenon lamp
excitation source. Samples for PL, TCSPC, and QY measurements were prepared in a custom
made long, glass cuvette that allowed the solutions to be sparged with N> and sealed with a Teflon

valve. More information on the cuvette design is available in figure S3.

Stern-Volmer Quenching: Quenching of the excited state via photo-induced electron
transfer from PS* to Q was measured by TCSPC. Deactivation of the excited state via energy
transfer was avoided by choosing quenchers that had energies for their T, state higher than that of
the PS. Five solutions were prepared with a constant photosensitizer concentration (~10 uM) and

increasing quencher concentration. The optical spectra were measured to ensure that the absorption
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features of the PS did not change, showing little or no interaction of PS and Q is present in the
ground state (no static quenching). Oxygen-free conditions were established by sparging solutions
with N, to prevent quenching of PS™ by oxygen. Excited state lifetimes (t) were measured as a
function of increasing quenching concentration ([Q]) and compared to the lifetime without
quencher (to). The Stern-Volmer equation was used to extract the rate constant kq corresponding

to quenching of the excited state.
T
—=1+kq[Q] ®

Plots of 1o/t vs. [Q] yield a linear line with R? values near unity. For a given Stern-Volmer plot,

the slope was divided by 1o to yield values for 4.

Photocatalysis: The cobalt-glyoxime electrocatalyst [Co(dmgH).pyCl] was synthesized
according to literature procedure.!> The sacrificial reductant 1,3-dimethyl-2-phenyl-2,3-dihydro-
1H-benzo[d]imidazole (BIH) was purchased from AmBeed .!¢ Solutions were prepared in a N»-
filled glovebox. A 50 mL Schlenk flask was charged with either AulAc or Cubas,
Co(dmgH)pyCl, and 224 mg BIH. All solids were dissolved in 5 mL of THF/water (5% water by
volume). The flask was capped with a rubber septum. The flask was placed in front of a 470 nm
LED (model number M470L5) with focusing optics (model number SM1U25-A & SMI1RC)
purchased from Thorlabs (Figure S18). The flask was wrapped in foil apart from a small area for
the focused blue light to enter the reaction flask. The flask was placed ~6 inches from the LED

with an incident power of 486 mW and the reaction was stirred with a magnetic stir bar.

Photocatalytic hydrogen production was quantified using a Thermo Finnigan Trace GC
2000 with a thermal conductivity detector and nitrogen as a carrier gas. The GC internal
temperature was 70 °C at the time of sample injection. The temperature was maintained for 7
minutes followed by an increase to 100 °C at a rate of 15 °C/min. The final temperature of 100 °C
was maintained for two minutes. A calibration curve was created by injecting different volumes
of 5% H> in N2 gas using a Hamilton gastight 500 uL syringe and integrating the area of the
hydrogen peak in the chromatogram. A linear relationship with R?> 0.99 was established in the
integrated area vs. volume of hydrogen injected as seen in Figure S19. Samples were illuminated
for a set amount of time to generate hydrogen. The LED was then turned off and gas was drawn

from the photoreaction headspace through the rubber septum and injected into the GC. The integral

6



of the hydrogen peak in the chromatogram was used to determine the volume of hydrogen in the
syringe based on the calibration curve. This quantity was related to the volume of hydrogen
produced in the reaction, which allowed us to calculate turn over numbers (TONs) with respect to

the electrocatalyst (moles Ho/moles Co(dmgH)>pyCl) and/or sensitizer (moles Ha/moles MMAC ).

4. Results and Discussion

Synthesis. The cMa compounds were synthesized using methods that follow literature
precedent.” The copper complexes were isolated with >63% yield, and AuNAC was isolated with
31% yield. The final products are all indefinitely air stable as solids. The composition was

characterized by 'H and '*C NMR, CHNS elemental analysis (See SI for more details).

Molecular structures of Culac, AuMAC and CuMAS were determined using single crystal

X-ray diffraction. Structural drawings of the three complexes are given in Figure S1. The AulAc

complex crystallized with a disorder of the C=0 and the two methyl groups whereas CulaC and

CubAS do not show any disorder in the MAC ligands in their structures. Values for the bond
lengths and angles were similar to parameters found in related cMa derivatives.”*© The three cMa
complexes have linear coordination geometries as the C-M-N bond angles are all near ~180°. The
carbene and carbazole ligands have near coplanar orientations, with the torsion angles between
that vary between 6.2° to 19.6° (Table S1). It has been shown that coplanar ligand orientation is
important for achieving appreciable oscillator strength of the ICT transition.”" °¢ 17 Derivatives of
cMa complexes with ligands having large torsion angles display ICT bands with notably low

oscillator strengths because the n systems of the ligands have poor spatial overlap.”® '3

Computational Results. The electronic structure of the complexes in the ground state was
examined using DFT calculations for the cMa complexes. All materials have their highest
occupied molecular orbital (HOMO) localized on the carbazole, and lowest unoccupied molecular
orbital (LUMO) localized on the carbene. Both orbitals show only a small contribution from the

metal d orbital involved with n-bonding to the coordinating atom of each ligand.

The energies for the HOMO in the cMa complexes are altered by substituents on the
carbazole ligand, whereas the energies for the LUMO remain effectively constant because the
complexes have the same carbene ligand (Table 1). The energy of the HOMO for the Cu analogues
is destabilized in the order CulAac > CuMAC > CuMAS, which is consistent with the electron
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donating nature of the '‘Bu group and electron withdrawing nature of the phenyl group. Changing
the metal from copper to gold also stabilizes the HOMO, which is ascribed to the higher ionization
potential of Au(I) relative to Cu(I).!” The choice of metal ion does not affect the LUMO energies
due to the nature of the dative carbene-metal bond compared to the relatively ionic M*- Cz

interaction.

MOs NTOs

Figure 2. The HOMO [red/blue] and LUMO [cyan/beige] wavefunctions (left), and hole [red] and electron
[blue] NTO wavefunctions (right) of Cuglé\zc displayed with isovalue = 0.1. Hydrogen atoms and the 3,6-
diisopropylphenyl groups were omitted for clarity. The HOMO/LUMO densities of Cug[}f\ccz and AuNAC are
qualitatively the same (see Figure S2).

Table 1. Computational results of each photosensitizer. Here, f corresponds to the oscillator
strength of the transition, and An+.- is the overlap between the hole and electron wavefunctions.

HOMO LUMO So—S So—Th AEsT? % metal  Apse. (S1)

(eV) (eV) (eV/f) (eV) (eV) (HO/LU) (%)
CuMAc 408 -1.99 241012 2.19 0.22 4.4/7.8 27
CuMAC 417 -1.99  2.48/0.11 2.26 0.22 4.6/7.8 26
CuMac 423 2.08  2.51/0.14  2.32 0.19 3.3/7.8 25
AuMAC 422 -1.98  2.59/0.19  2.33 0.26 4.1/9.0 31
AuMAC 432 -1.99  2.66/0.16  2.41 0.25 4.3/9.1 36

Analysis of the excited states using TDDFT shows that the hole and electron wavefunctions

in the So — S; transition are well described by the HOMO and LUMO, respectively (Figure 2) .



Localization of the HOMO and LUMO on the donor and acceptor ligands characterizes the
interligand charge transfer excited state. The energy of the ICT state mirrors the trend in HOMO
energy since the energy of the LUMO is largely invariant in these complexes. The energy of the
T, state lies close to the S state because of the large spatial separation between the hole and
electron centers of charge for two-coordinate cMa complexes. The small exchange energies, along
with strong spin-orbit coupling imparted by the metal, are known to promote rapid T: — S
intersystem crossing and thermally assisted delayed fluorescence (TADF) in two-coordinate
complexes with coplanar ligands.?®2° Comparing Cujec and CuMAC to their gold analogues shows
an increase in oscillator strength for the ICT transition for the gold analogs. This property is
consistent with the trend in HOMO/LUMO overlap (An+.-), which suggests the Au(I) metal center
provides greater orbital overlap than Cu(I). This difference in overlap is interesting because the
metal d orbital contributes a small, albeit important, point of overlap between the HOMO and
LUMO. To further investigate this feature, the contribution of the metal atom in each orbital was
computed using the Hirshfeld method.!* The product of the metal orbital contribution to the
HOMO and LUMO (%Mnuomo X %Mrumo) is greater for the gold complexes (36-39%) with
respect to their copper analogs (26-36%). This difference leads to an increase in oscillator strength

for the ICT transition in the Au derivative.

Photophysical Properties. The photophysical properties of the cMa complexes were
examined in polar and non-polar solvents. All compounds display broad, featureless absorption
bands in the visible spectrum which are assigned to an ICT transition (Figure 3). These bands have
values for molar absorptivity (¢ =4000-8000 M-'cm!) consistent with charge transfer transitions.?!
The energy of the ICT band blue-shifts in the order Culéc < Cubias < AuMEC. This hypsochromic

shift is due to the stabilization of the HOMO in Cupiits, and AuNe’, as discussed above. The Cuppis,

complex has a higher molar absorptivity than Culjéc stemming from m-extension by the aryl

substituents of 3,6-diphenylcarbazole. The molar absorptivity for AuNac is greater than that of

Cul&C¢ owing to the increase in NTO overlap induced by the more diffuse 5d orbitals of gold

relative to 3d orbitals on copper (Table 1).

Luminescence spectra for the cMa complexes are broad and featureless, with a large Stokes
shift, and are assigned to TADF emission from an ICT state (Figure 3b). The quantum yields (®)
are 0.17 and 0.15 for Cuy4C and AuMAC with excited state lifetimes (t) of 350 ns and 250 ns in
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THF, respectively. The decrease in lifetime for the gold complex is due to the simultaneous
increase in the radiative and non-radiative rates (krand kur, see Table 2). Replacing the tert-butyl
substituents with phenyl groups in CubAS results in a decrease of & which increases both the

photoluminescence efficiency (® = 0.43) and lifetime (t = 460 ns).

(b) 1 1 1 1 1 1
1.0 CulAC F
MAC
~0.8- —#— CUpnc; |
2 —a— Augg;
£
< 0.6+
2
2
§ 041
£
0.2+
T T T T T T - ~ = 0.0 == T T T T T | g
350 375 400 425 450 475 500 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

Figure 3. (a) Molar absorptivity and (b) the emission of all compounds in THF. The full spectrum from
250 nm to 550 nm is provided in Figure S4.

Photophysical properties vary in solvents of varying polarity (toluene, THF, CHxCl,
MeCN, and DMF). The solvent dependent absorption and emission spectra are shown in Figures
S5-S6. The absorption band for the ICT transition blue shift with increasing solvent polarity,
whereas the emission spectra red shift. This solvatochromism has been previously explained by
the large change in dipole between the ground and excited state of these molecules.”® Here we
observe that solvatochromism is markedly more pronounced in the absorption spectrum than the

emission spectrum.

An important consideration for a photosensitizer is the lifetime of the excited state, which
must persist long enough for the PS* to diffuse to an electrocatalyst and transfer charge. The
diffusion limited rate constant of electron transfer (kq) plateaus at ~1x10'° M!s! for highly
endergonic electron transfer processes.?? The total intermolecular electron transfer rate depends
directly on the concentration of the quenching agent ([Q]), i.e. the electrocatalyst. Quencher
concentrations of 1-10 mM will lead to quenching rates (kq= 1x107 s to 1x108 s'!) that correspond
to lifetimes for the quenched PS (t = 100-10 ns) that define lower limits for the useful effective

lifetime of the photosensitizer.
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Table 2. Photophysical parameters for toluene, THF, and MeCN solutions.

7\4max abs 7\4max cm

5a-1 54-1

solvent (nm) (nm) T(ns) O I (10°s7Y)  Jenr (10°s7Y)
MAC toluene 455 574 720 034 47 92
Cupc, THF 435 603 350 0.17 4.7 24
MeCN 403 607 120  0.04 3.4 81
" toluene 445 556 710 0.70 9.9 4.2
Cuppc THF 424 578 460  0.43 9.4 12
MeCN 393* 584 190 0.16 8.4 44
e toluene 449 568 450  0.36 8.0 14
Augg, THF 427 584 250  0.15 6.0 34
MeCN 400 600 69  0.04 5.8 140

* Values cannot be accurately determined because the ICT absorption band overlaps with
the ligand localized transitions at higher energy.
The excited state lifetimes and quantum yields also vary as a function of solvent polarity
(see Table 2 for toluene, THF and MeCN and Table S4 for CH>Cl, and DMF). The luminescence
lifetimes for all photosensitizers decrease with increasing solvent polarity owing to increases in
non-radiative decay (See Figure S8). Complexes in toluene solution have the longest excited state
lifetimes and the most intense absorption of visible light. The enhanced absorption of visible light
due to the red shift of the ICT transition with decreasing solvent polarity. However, non-polar
solvents can lead to additional kinetic barriers for ion separation after intermolecular charge
transfer. Of note is the fact that the copper complexes have the longest emission lifetimes in any
given solvent. This property can be advantageous in improving the photocatalytic efficiency by
making electron transfer quenching of the excited state (kq) a more competitive deactivation

pathway than the non-productive processes (k: and kur).

Electrochemical properties. Electrochemical measurements were performed to evaluate the
ground state redox potentials and reversibility of the cationic and anionic species of the cMa
complexes in a variety of solvents that are suitable for solar fuels production, i.e. THF, DMF and
MeCN.%2  The redox potentials measured in CH>Cl, and THF are given in Table 3; potentials
recorded in DMF and MeCN are given in Table S5. The electrochemical reversibility is strongly
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influenced by the identity of the solvent, whereas the redox potentials are near solvent independent.
Reduction is reversible for all cMa complexes across all solvents and the potential remains
effectively constant. This behavior is consistent with the LUMO being localized on the MAC
carbene ligand common to all the complexes. The trend in oxidation potentials also follows the

trends computed for the energy of the HOMO. The value of E*/° for CuMA® is greater than that of
Cul&€ and CubAS but less than that of the Au analog.

Table 3. Electrochemical potentials of cMa complexes in various solvents. Potentials are in Volts vs.
Fc*0 couple. The full CV and DPV for all complexes in CH>Cl,, THF, DMF, and MeCN can be found in
the SI (Figures S9 — S12).

CHCL, THF
E*0 EY- E*0 EY-
CuMAC 0.06 rev * Culac 0.06 rev  -2.54 rev
CuMfS 017 rev * CuMas 0.12 rev -2.62 rev
AuNEC  0.13 rev * AuNEC 0.18 rev -2.62 rev
CuMAC 019 irr * CuMAC  0.18irr  -2.61 rev
AuMAC 0.22 irr * AuMAC 0.28 irr -2.55 rev

* Reductions are outside of the solvent window. rev = reversible, irr = irreversible

The cMa complexes with unsubstituted carbazolyl ligands (CuMAC and AuMAC) undergo

irreversible oxidation in CH2Cl> and THF as shown in Figure 4. Oxidation is also irreversible in
DMF and MeCN (Figures S9 andS10). This response is to be expected since the HOMO localized
on carbazolyl ligand irreversibly oxidizes due to a radical coupling reaction after proton loss at the
3,6-positions.!? Weak cathodic waves at ~-0.25 V to 0.2 V for these cMa complexes that appear
after the second cycle are thus assigned to oxidation of the oligomerization products as the features
are absent in derivatives substituted on the 3,6-position. Hence, tert-butyl or phenyl groups at these
sites leads to enhanced oxidative stability in CH2Cl> and THF on the timescale of seconds.
However, the cMa complexes are all irreversibly oxidized in MeCN (Figure S10). In contrast,
AuNAC maintains a notable return wave in DMF, whereas a weak return oxidation wave is found
for the Cu(l) derivative. These results suggests that decomposition occurs by nucleophilic attack

at the metal-amide linkage in MeCN, and that this bond is stronger for Au-amides than for the Cu
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Figure 4. Cyclic voltammetry of all complexes in
CHxCl; (a) and THF (b). The reduction event was
outside of the solvent window for CH,>Cl, therefore,
only the oxidative sweeps are shown here. (c) Latimer
diagram relating the ground state photosensitizer
(PS) to the excited state (PS*) through ground state
and excited state redox couples, and the optical
excited state energy (Eoo).

analogs. Based on these experiments, we
chose to perform quenching studies in
THF because it sustains reversible
oxidation and reduction for all
photosensitizers. Furthermore, THF gives
the strongest absorptivity for cMa
complexes among polar solvents, while
also being sufficiently polar to facilitate
efficient charge separation after electron

transfer reactions.

Redox Properties of the Excited State.
Molecules in the excited state are more
potent oxidizing and reducing agents than
in their ground state. Redox potentials in
the excited state are related to the redox
potentials in the ground state and the
energy gained by absorbing a photon.
These potentials are approximated using

Equations 2 and 3.2*
E+/* — E+/0 _ EOO (2)
E*- = BY% + Ego 3)

where Eqo is the energy corresponding to
the midpoint between the So— Si
absorption and S; — So emission. This
relationship is shown graphically in

Figure 4c.
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Table 4. Ground and excited state redox potentials for the cMa complexes in THF.?

E7(V) EY(eV) Eo(eV) E"* (V) E* (V)

CulAac 0.01 -2.65 2.44 -2.43 -0.21
CuMae 0.12 -2.65 2.57 -2.45 -0.08
AuNAcC 0.13 -2.60 2.51 -2.38 -0.09

a Potentials are referenced to internal Fc™°.

Using Equations 2 and 3, the cMa complexes are predicted to be potent photo-reducing
agents, with near equal values of E"* (-2.4 V vs. Fc™?), whereas being only mild photo-oxidants.

The near degeneracy of E*/* reflects the trend in increasing energy of Ego (Cubex > Cubias, >

AuMAC) being offset by an increase in oxidation potential for each complex. This behavior is to be
expected in a system where the energy of the S; state is dictated by a transition involving the
energy of a spatially separated HOMO and LUMO. Substituents that stabilize/destabilize the
oxidation potential will correspondingly raise/lower the Eoo energy. Thus, the value for E** is
largely governed by the choice of carbene. Analogously, the value for E*~ is approximately
governed by the choice of metal and amide donor since these moieties determine the energy of the
HOMO. Photo-oxidative quenching of the cMa complexes was therefore investigated due to their

remarkably high E* values.

The thermodynamic driving force of quenching an excited state via electron transfer (AG)
depends on the values of E** of the photosensitizer (E;S{ *), E%- of the quencher (Eg/ _), and work

terms (W;) associated with coulombic interactions of separating charged species in the solvent

medium (Eq 4).%
AG = (Epg" —Eg ) + W, @)

As the quenching molecule becomes harder to reduce, the rate of electron transfer is expected to
decrease sharply when AG >0. The initial step for electron transfer from the excited
photosensitizer (PS*) to a quenching molecule (Q) requires the two species to diffuse together to
form an encounter complex [PS*,Q] with rate constant k4 (Scheme 1). This encounter complex can

relax through concomitant radiative and non-radiative processes (k: and knr), or it can be quenched
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by transferring an electron or energy to the quencher. Here, we focus only on quenching via charge
transfer by choosing quenchers that have energies for their S; and T, states well above those of the
cMa complexes, precluding quenching by energy transfer. Electron transfer occurs with a rate
constant ket, and the resultant charge separated pair [PS™,Q"] can either recombine by back electron
transfer with rate constant kyer, or return to the ground state with rate constant k... The charge
separated pair can also diffuse away from each other as individual species (PS™ + Q") with rate

constant ks.

Scheme 1. Kinetic scheme for the oxidative quenching of a photosensitizer.

kd keT ks
PS*+ Q —= PS;Q —= PS,Q ——PS*+Q

kK 4 Kper
kr,nr‘ I kre

PS+Q PS+Q

Rehm and Weller showed that the net quenching rate constant kq given by Eq 5 must consider the

equilibrium which forms the encounter complex (kq/k.a= AV1), and charge recombination (kr):

ky = L (5)

() (e (Rr) o (37)

where R is the ideal gas constant, T is temperature, and AG is given by Eq 3.26 The free energy

term (AG*) accounts for the reorganization energy of (PS*,Q) to (PS*,Q") and the solvent

reorganization required for electron transfer (AGy).

o= [(5)

Rate constants of luminescence quenching for each complex were derived from Stern-

2

re6r| +5 ®)

Volmer analysis of experiments performed in THF using quenchers with varying reduction

potentials; quinoxaline (QNX), N-methylpthalimide (NMeP), N,N-dimethyl-4-nitroaniline
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(DMNA), nitrobenzene (NB), and perinapthenone (PN). The reduction potentials for each
quencher is given in Table 5 and plots of Stern-Volmer quenching data are given in the SI (Figures

S15 - S17).

Table 5. Stern-Volmer quenching rate constants (kq) for the cMa complexes measured in THF.

Reduction potentials of the quenching molecules were measured using differential pulse

voltammetry (Figure S13) and are reported vs. Fc*°.

B (V) ka(Cugey)  ko(Cuphg,)  ko(Augéy
(10° M1ty (10°M's)  (10° MIs)
QNX 2.18 0.064 0.14 —
NMeP -1.92 2.3 3.1 0.8
DMNA  -1.90 2.8 3.5 2.1
NB -1.62 9.9 11 8.0
PN -1.50 11 11 9.5

Analysis of the Stern-Volmer data for a given quenching molecule shows that rate of &q is
fastest for Cubite, and slowest for AuNAC (Table 5). This behavior mirrors the energy of E*/* for
the complexes estimated using Eq 2. An increase in kq is also apparent as E”~ for the quencher
becomes less negative. This change is due to an increase in the driving force of electron transfer
from PS” to Q (AG*) with increasing electron affinity of the quencher. When the driving force
becomes significantly large, kq plateaus at 1.1x10'° s!, which corresponds to diffusion-limited
quenching. In this regime, the slowest step in Scheme 1 is diffusion of PS* to Q to form the
encounter complex (PS*,Q). Thus, the value for kq in the Rehm-Weller fit was set to 1.1x10'° 5!,
Details for the other parameters used in the fits are given in the SI. Values of E** for each complex
were determined from fits of the quenching rates to Eq 5 (Figure 5). Values for E** can be obtained
from fits to the data in Figure 5 (-2.28 V for Cula¢, -2.33 V for CubAS, and -2.23 V for Culi®).
Thus, the trend in kq parallels the same trend in oxidation potential of the complexes
(CubMAC > CuMaC > AuMAC). This analysis suggests that the small difference in E*/* values found
for the three complexes is consistent with the predictions of Eq 2, yet 100-170 meV lower than the
estimates of -2.4 V. The disparity can be accounted for by considering that Eoo used in Eq 2 is
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based on the Sp — Si transition. Intersystem crossing is extremely rapid in the cMa complexes
(kisc > 10° s7!) and they are likely quenched out of the long-lived triplet excited state (T1).°® The
energy of the T} state for AuMA€ was reported to be 90 meV lower than the S; state, which accounts
for most of the difference in E"*.°% Similar AEst values are expected for the other derivatives
because experimental values for AEst in cMa complexes do not vary significantly between Cu and

Au congeners, and substituents to the amide ligand do not contribute significantly to the hole NTO.

1E10 4 s
~ 1E9- 3
Ky ]
=3
Xc-
1E8 - 3
; CuMAC E** = .2.28 -
CuMiC E** =-2.33
AUMAC Y = 2 23
1E7 4 3

-15 -16 -1.7 -18 -19 -20 -21 -22
Quencher Reduction Potential (V vs. Fc*'?)

Figure 5. Rehm-Weller analysis of the cMa complexes in THF.

Several quenching studies were also performed in toluene, but values of kq for a given
photosensitizer-quencher pair were consistently lower when compared to values found in THF
(See Figure S16 and Table S6). This effect is likely due to the non-polar nature of toluene which
increases the work term (W5 in Eq 4) and consequently the energy barrier (AG; in Eq 6) for charge
separation. Non-polar media also inhibits physical separation of the charged species in the cage
complex (PS*,Q"), which can allow the rate of kvet to become competitive with ke This effect is
expected to lower the overall efficiency of charge transfer, and thus kq. Alternatively, several
quenching studies were performed in MeCN (Table S7). Quenching rates for a given
photosensitizer-quencher pair are faster in highly polar MeCN than in THF since the work term
becomes negligible in MeCN, which yields a larger driving force in AG and a concomitant increase

in kq. However, the benefit from the faster quenching rate is offset by the hypsochromic shift for
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the ICT transition in MeCN, which decreases the amount light absorbed within the visible portion

of the solar spectrum.

Photoproduction of Hz. To demonstrate the viability of cMa complexes as solar photosensitizers,
hydrogen evolution reactions (HER) were carried out the using a well-established electrocatalyst
for water reduction, Co(dmgH),pyCl. We chose this compound because it uses an earth abundant
metal, is readily synthesized and has been extensively studied for HER.?*27 Two reduction events
at -1.0 V and -1.7 V vs. Fc¢? in Co(dmgH)>pyCl have been ascribed to Co™" and Co™ couples
which generate the active species for water reduction (Figure S14).28 Therefore, our Rehm-Weller
analysis predicts that all three cMa complexes can photoreduce Co(dmgH):pyCl with a driving
force > 500 meV. The AuNAC and CubiaS, complexes were chosen as they have near equal values
for E*~ (Table 4), which makes for direct comparisons of gold to copper. A Stern-Volmer study
using AuMAC confirmed that the excited cMa complex was effectively quenched by
Co(dmgH)2pyCl (kq = 2.5x10° M!s”!, Figure S20). The measured kq is near the diffusion limit
which is consistent with data in Figure 5. BIH was chosen as the sacrificial reductant as it has an
oxidation potential (E”° = -0.07 V vs. Fc/Fc*)® sufficient to reduce Cubits, and AulAc in the
excited state (E*~ ~ -0.08 V and -0.09 V, respectively). BIH was recently found to efficiently
reduce photo-excited Auyec* to (Auyec) (kg = 2.5x108 M-1s1),3 albeit at a rate ten-fold slower
than Co(dmgH):pyCl. Thus, there are two thermodynamically viable pathways to
photocatalytically reduce Co(dmgH).pyCl using an excited cMa photosensitizer (Figure 6). In
route 1, Co(dmgH):pyCl (CAT) oxidizes the cMa* complex to the cMa" cation, which is
subsequently reduced by BIH (SAC). Alternatively, in route 2, BIH reduces cMa* to cMa’, and
the anion is subsequently oxidized by Co(dmgH):pyCl. Therefore, the dominant catalytic pathway
to reduce the HER catalyst depends on the relative concentrations of Co(dmgH)pyCl and BIH in
the reaction mixture. Route 1 is favored when [Co(dmgH).pyCl] > [BIH], whereas route 2 is

favored when [BIH] >> [Co(dmgH)pyCl].

The photophysical properties of the photosensitizer and HER catalyst dictate which
reaction pathway is preferred during the HER process. For example, a near saturated solution of
Co(dmgH)>pyCl (16 mM, kq[Q] = 4x107 s7!) is needed to effectively quench the photo-excited cMa
complexes via route 1. However, Co(dmgH),pyCl at this concentration absorbs light strongly at

wavelengths that overlap with the ICT absorption band of the cMa complexes (Figure S26). Thus,
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the concentration of Co(dmgH)>pyCl needs be lowered to less than 1 mM to allow efficient photon
absorption from the cMa complex. However, at this concentration the photosensitizer is quenched
to slowly (kq[Q] < 2.5x10°s™) to effectively carry out the HER process. Hence, photocatalytic
efficiency is best pursued under conditions where Co(dmgH)2pyCl is reduced by the cMa anion

(route 2) using high concentrations of BIH, which does not absorb light in the visible part of the

spectrum.
D
SAC I CAT
| H'
<. _N_ _-
SAC* M CAT &
% H,
cMa" h cMa*
L
CAT /’NTX j SAC
M
.
H' cAT A SAC*
Yy
% H,

Figure 6. Schematic diagram showing two possible routes to reduce Co(dmgH)pyCl (CAT) by
the excited state of the cMa photosensitizer. Route 1 (right) involves immediate electron transfer
from cMa* to the catalyst. Route 2 (left) involves immediate hole transfer from cMa* to the
sacrificial reductant (SAC), followed by electron transfer from cMa™ to CAT.

Initial photo-HER experiments were performed using Co(dmgH).pyCl (0.3 mM), BIH
(200 mM) and AuM4C as the photosensitizer in THF/water solution (5% v/v). The measured
lifetime of AulMAC* in the THF/water solution is 100ns (k- + kn = 1.0x107 s). Thus,
Co(dmgH)pyCl is expected to be reduced via route 2 under these conditions since quenching of
cMa* by the cobalt-glyoxime catalyst (kq[Q] = 7.5x10° s7!) is uncompetitive with that by BIH
(k[Q] = 5x107 ). Data recorded during the first 90 minutes of irradiation with 470 nm light
showed slow formation of hydrogen, giving only 1.5 turnovers based on the sensitizer (Figure
7(a)). In the next two hours the rate of hydrogen production increased significantly, eventually
giving 30 turnovers at seven hours. Control experiments showed that no hydrogen was formed in
the absence of the photosensitizer (Figure S21). Further, it is worth noting that protons released

from BIH upon oxidation can also contribute to HER. However, irradiation of the HER system in
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anhydrous THF under identical conditions for one hour produced less hydrogen (by a factor of

five) than in a THF/water solution, thus confirming water as the primary source of H> (Figure S22).
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Figure 7. (a) TON versus irradiation time for Auyac (160 pM), Co(dmgH),pyCl (290 uM), and BIH
(200 mM) in 5 mL of the THF/water mixture (5% v/v). Turn overs are displayed with respect to the
electrocatalyst (circles) or photosensitizer (diamonds). (b) Photo-HER with AuN&C (330 pM) or

CupiC (264 uM), Co(dmgH),pyCl (300 uM), and BIH (200 mM) in the presence of 0.8 g of elemental

mercury.

Interestingly, a control reaction without Co(dmgH),pyCl, e.g., photolysis of only AuMAC and

BIH in THF/water, could also produce hydrogen. Hydrogen formed for the first two hours in this
experiment at roughly the same rate as seen in Figure 7a, which increased before giving a TON of
~10 after 20 hours (Figure S23). A similar photolysis using CubAS showed the same behavior
(~10 TON of H» after 20 hours, Figure S23). The presence of induction period before an increase
in the rate of hydrogen production suggests that the cMa complex decomposes to form a
catalytically active material during the photo-HER process. Control experiments show that the
cMa complexes slowly bleach during photolysis. For example, the intensity of the ICT absorption
band of AuNAC decreased 5% upon irradiation for 9 hours with 470 nm light in THF/water (Figure
S$25). Decomposition of My’ anion after photoreduction by BIH could also be the source of the
new HER catalyst. To determine if a decomposed cMa complex is solely responsible for HER,
photolyses of cMa sensitizers and Co(dmgH),pyCl in the presence of mercury were carried out,

since this element has been shown to suppress catalysis from metal nanoparticles.’! A linear

increase in H» formation was observed at the start of the reaction under these conditions (Figure
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7b). Therefore, the cMa complex does indeed photosensitize the cobalt-glyoxime catalyst, which
produces H» in a homogeneous process. Thus, we suspect that a likely HER catalyst produced by
decomposition of the sensitizer could be metal nanoparticles, which would be consistent with the
observed incubation period when the Co catalyst is absent. For example, nanoparticle metal

complexes containing up to thirteen gold atoms have been prepared upon reduction of Augrbene

complexes with NaBH4.32 To test this hypothesis, photolyses of MMAS and BIH were performed

in THF/water with the addition of elemental mercury, which led to a marked decrease in the
production of H>. Only 0.8 and 0.2 TONSs, corresponding to >90% reduction in hydrogen
production, was observed after ~23 hours of irradiation for Cupit, and AuNac, respectively
(Figure S24). These results suggest the intriguing possibility that the cMa complexes can also
serve as a robust single component for photocatalytic HER. Both Cubias, and Aujec promote
catalytic HER in the absence of Co(dmgH),pyCl as well, with similar performance after 22 hours
of irradiation. However, the AuNAC complex exhibits higher stability compared to Cubias as the

Au derivative can drive HER at a consistent rate for over the 69 hours (~0.5 TON/hr).
Conclusion

Photophysical investigations into the excited state redox properties of two-coordinate
coinage cMa complexes demonstrate that these compounds are viable as a new class of
photosensitizers for production of solar fuels. Figures of merit were investigated in a variety of
solvents for three two-coordinated Cu(l) and Au(I) cMa complexes. All reported complexes
efficiently absorb visible light, are potent photoreducing agents and have long-lived excited states.
Electrochemical studies show that substituents at the 3,6-position of carbazole stabilizes the
cationic species generated upon oxidation. The Cu(I) complexes have lower molar absorptivities
and electrochemical stability than the Au(I) analog, but both have comparable excited state
reducing potential (E* = -2.3 V vs. F¢*"?), which are higher than values found in commonly used
photosensitizers ~ such  as  Ru(bpy);>® (E"*=-1.12V vs.Fc"®) and  Ir(ppy)s
(E"" = -2.14 V vs. F¢'?). Two-coordinate cMa complexes also have excited state reduction

potentials greater than Cu(I) bis phenanthroline systems, (E”* = -1.8 V vs. F¢'0).2b

We find that the choice of carbene largely determines the value for E*/* in cMa complexes,
while the amide determines the value for E* which is a result of the ICT nature of the excited

state. The facile ability to tailor absorption and redox properties of the ICT state in two-coordinate
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complexes offers enhanced tunability compared to Cu(I) complexes relying on an MLCT excited
state. Two-coordinate cMa complexes can be modified to make even more potent photo-reducing
agents using carbenes with more negative reduction potentials than the carbene used here;
however, such a change will shift the lowest energy absorption bands into the near-UV spectrum.
The ICT transitions can be shifted back into the visible spectrum by pairing these carbenes with
amides that have lower oxidation potentials, thus lowering the energy of the ICT state.
Alternatively, amides such as cyano-substituted carbazole can be used to increase the E*~ for
photo-oxidative applications. Therefore, these cMa complexes can be designed to activate any
given electrocatalysts with significant control over the energy of the visible absorption transition,

which makes them a promising new class of photosensitizers to produce solar fuels.

This work is the first demonstration of photocatalytic HER driven by copper and gold cMa
complexes, using a well-studied cobalt-glyoxime HER electrocatalyst (Co(dmgH),pyCl). We find
that AuMAC is more stable over prolonged irradiation compared to CubiaS, which mirrors the added
electrochemical stability of gold cMa complexes compared to copper analogues. We observe a
steady, linear increase of up to 34 TON from AuNéC upon 3 days of irradiation with a 470 nm
LED, whereas CubiA$ plateaus at 14 TON under the same conditions. These turnover numbers are
comparable to other photosensitizers when paired with the cobalt-glyoxime electrocatalyst.
Copper phenanthroline systems exhibit 18 - 35 TON, and Ir/Ru/Pt systems fall between 20 — 200
with the Co(dmgH),pyC1.23% 23¢: 273,33 While the turn over numbers of the two-coordinate cMas
are reasonable, we anticipate much higher turnover numbers are possible. The TONs and turnover

frequency can likely be significantly increased by optimizing the choice of electrocatalyst, light

source, pH, and sacrificial reductant.?*

It is important to note that in the reaction described above the cMa complex photosensitizes
the HER catalyst in a homogeneous process since hydrogen is still produced in the presence of
elemental mercury. However, when both cobalt-glyoxime and mercury are omitted from the
system, hydrogen is still produced by either AuNAC or Cub4S at a level of ca. 20 turnovers after
20 hours. The fact that an induction period precedes a steep increase in HER activity in these
experiments suggests that a new catalytically active species is formed during photolysis, likely

metal nanoparticles. Suppression of HER activity in the cobalt-free reaction using elemental

mercury provides additional evidence heterogenous electrocatalysis performed by metal
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nanoparticles. Based on the work of Crudden, ef al.,’> we suspect that the carbene ligands remain
capped to these nanoparticles. Note that the work reported here involves using cMa sensitizers
that have the same carbene ligand. Therefore, we are in the process of exploring whether this
“self-catalyzed” cMa based HER can be performed with cMa derivatives ligated to other carbenes,

to further explore the activity and stability of the metal nanoparticle electrocatalysis.
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Synthesis and Characterization

Scheme S1. Synthesis of cMa photosensitizers [R = tert-butyl (B) or phenyl (Ph)].
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Synthesis of 1,3-bis(2,6-diisopropylphenyl)-5,5-dimethyl-4-0x0-3,4,5,6-
tetrahydropyrimidin- 1-ium-2-ide-Cu(I)-3,6-di-tert-butylcarbazol-9-ide (Cula’): Following the
general procedure, a 150 mL Schlenk flask was charged with 512 mg 3,6-di-tert-butyl-9-H-
carbazole (1.83 mols) and 185 mg sodium tert-butoxide (1.92 mols). The solids were dissolved in
80 mL THF, and 1.0 g (1.83 mols) of MAC CuCl was added. The workup yielded a yellow
powder. The powder was washed with methanol which dissolved some product but removed all
remaining impurities, yielding 890 mg (64% yield) of Cul4c as a yellow powder which is bright
yellow emissive under 365 nm UV radiation. 'H NMR (400 MHz, acetone-d6) &: 7.81-7.72
(m,4H), 7.58 (d, J = 7.6 Hz, 2H), 7.52 (d, ] = 7.9 Hz, 2H), 6.90 (dd, J = 8.6 Hz, 2.1 Hz, 2H), 5.52
(d, J=8.8 Hz, 2H), 4.25 (s, 2H), 3.55 (hept, ] = 7.0 Hz, 2H), 3.29 (hept, J = 7.2 Hz, 2H), 1.66 (s,
6H), 1.42 (d, ] = 6.8 Hz, 6H), 1.32 (s, 18H), 1.28-1.22 (m, 18H). '3*C NMR (100 MHz, acetone-
d6) d: 211.0, 206.3, 206.3, 172.3, 149.5, 147.4, 146.4, 141.5, 138.0, 137.5, 131.3, 130.9, 126.7,
125.8, 124.9, 121.2, 115.3, 115.0, 62.2, 39.0, 35.0, 32.8, 32.5, 30.6, 30.4, 30.2, 30.0, 29.8, 29.8,
29.6, 29.5,29.4, 25.5, 24.9, 24.7, 24.6, 24.5. CHN (C: 76.61%; H: 8.40%; N: 5.47%; calculated:
C: 76.15%; H: 8.44%; N: 5.33%).

Synthesis of 1,3-bis(2,6-diisopropylphenyl)-5,5-dimethyl-4-ox0-3,4,5,6-
tetrahydropyrimidin-1-ium-2-ide-Cu(I)-3,6-di-phenylcarbazol-9-ide (Cugllﬁjcz): Following the
general procedure, a 250 mL Schlenk flask was charged with 585 mg 3,6-diphenyl-9-H-carbazole
(1.83 mols) and 185 mg (1.92 mols) NaO'Bu. The solids were dissolved in 100 mL THF, and 1.0 g
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(1.83 mols) of MAC CuCl was added to yield a light yellow powder after the general workup. The
powder was washed copiously with with diethyl ether to afford 1020 mg (67% yield) of Cubire as
a shiny yellow powder which emits intense turquoise under 365 nm UV radiation. (400 MHz,
acetone-d6) 6: 8.17 (dd, J = 0.7Hz, 2.0 Hz, 2H), 7.87-7.80 (m, 2H), 7.67-7.62 (m, 6H), 7.58 (d, J
= 7.8 Hz, 2H), 7.41-7.36 (m, 4H), 7.23-7.18 (m, 4H), 5.66 (dd, J = 0.6 Hz, J = 8.3Hz), 4.30 (s,
2H), 3.59 (hept, J = 6.9Hz, 2H), 3.33 (hept, J = 7.0 Hz, 2H), 1.68 (s, 6H), 1.4 (d, J=6.6 Hz, 6H),
1.33-1.24 (m, 18H). *C NMR (100 MHz, acetone-d6) &: 210.7, 206.3, 206.3, 206.3, 172.3, 151.2,
147.5, 146.4, 144.2, 141.5, 137.5, 131.5, 131.1, 129.8, 129.5, 129.4, 127.9, 127.5, 127.3, 126.8,
126.2,126.1,125.9,125.9,123.5,119.7,118.2, 116.1, 62.1, 39.0, 32.4, 30.5, 30.4, 30.3, 30.2, 30.0,
29.8, 29.6, 29.5, 29.4, 29.3, 25.5, 24.9, 24.7, 24.5. CHN (C: 77.70%; H: 6.94%; N: 5.14%;

calculated: C: 78.27%; H: 7.06%; N: 5.07%)

Synthesis of 1,3-bis(2,6-diisopropylphenyl)-5,5-dimethyl-4-oxo-
3,4,5,6-tetrahydropyrimidin-1-ium-2-ide-Au(I)-3,6-di-tert-butylcarbazol-9-ide (AuNAS):
Following the general procedure, a 250 mL Schlenk flask was charged with 411 mg (1.47 mols)
3,6-di-tertbutyl-9-H-carbazole and 142 mg NaO'Bu (1.62 mols). The solids were dissolved in
120 mL THF and 1.0g (1.47 mols) MAC AuCl was added. The general workup afforded 425 mg
(31% yield) of Aug[é"zc as a mustard yellow powder that emits bright yellow under 365 nm radiation.
'H NMR (400 MHz, acetone-d6) &: 7.83 (d, ] = 2 Hz, 2H), 7.78-7.69 (m, 2H), 7.56 (d, ] = 7.7 Hz,
2H), 7.50 (d, J = 7.8 Hz, 2H), 7.0 (dd, J = 1.7 Hz, J = 9.0 Hz, 2H), 6.00 (d, J = 8.6 Hz, 2H), 4.25
(s, 2H), 3.50 (hept, J = 6.8 Hz, 2H), 3.25 (hept, J = 6.8 Hz, 2H), 1.68 (s, 6H), 1.41 (d, ] = 6.7 Hz,
6H), 1.37 (d, ] = 6.8 Hz, 6H), 1.34 (d, ] = 7.4 Hz, 6H), 1.33 (s, 18H), 1.22 (d, ] = 6.8 Hz, 6H). 1*C
NMR (100 MHz, acetone-d6) & 206.3, 206.3, 206.2, 205.7, 173.0, 149.1, 147.4, 146.2, 141.7,
138.8, 137.7, 131.1, 130.8, 126.4, 125.4, 124.7, 121.5, 115.5, 114.4, 62.1, 39.1, 35.0, 35.0, 32.8,
32.6, 30.6, 30.6, 30.4, 30.4, 30.2, 30.0, 29.8, 29.8, 29.6, 29.6, 29.4, 25.0, 24.7, 24.7, 24.6, 24.3,
14.8. CHN (C: 64.59%; H: 7.10%; N: 4.63%; calculated: C: 65.13%; H: 7.22%; N: 4.56%).

Crystal Structures
All crystals were grown by recrystallization. Vapor diffusion of hexanes or pentane into a solution
of NMR-pure compound in DCM or Acetone. A Cryo-Loop was used to mount the sample with

Paratone oil.
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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. The data was 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 crystallographic 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 Table
S1 following table. Furthermore Table 1 provides the most important bond lengths, bond angles
and the torsion angle around the metal center. The conformer ratio represents the ratio of two
different disordered conformations of the molecule. All complexes crystalized with one molecule

in the asymmetric unit.

MAC . =3 , MAC
Cupc, ; Cuppc;

Figure S1. Single crystal structures of all new cMa complexes.

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

compound | C-M (A) | M-N(A) |C-M-N() Iﬂ‘gsg‘;ngg gﬁ'g(% ((:)) Diri(gger
Culac 1.875(2) 1.849(2) 178.71 19.62 }gg:g; /-
AuNLC 1.977(4) 1.997(3) 176.23 14.66 gj:gg 568//;‘8 ((gfg)
CubAs | 1.882(2) 1.854(2) 175.11 égg ggiz /-
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Table S2. Crystallographic Parameters for Cuyac, Aubac and Cu
Identification code Cupac AufAC Cupis
Empirical formula CsoHesCuN3O CsoHesAuN3O Cs4HsgCuN3O
Formula weight 788.59 921.07 828.57
Temperature/K 99.9(3) 100.0(2) 100.0(3)
Crystal system monoclinic monoclinic monoclinic
Space group P2i/n P2i/n P2i/c
a/A 12.6232(1) 14.7369(2) 17.0684(4)
b/A 15.5893(1) 13.0901(2) 15.5735(3)
c/A 23.7886(2) 24.4764(4) 19.4670(4)
a/° 90 90 90
p/e 99.598(1) 107.306(2) 114.062(3)
v/° 90 90 90
Volume/A3 4615.75(6) 4507.93(13) 4725.0(2)
Z 4 4 4
Pealcg/cm’ 1.135 1.357 1.165
w/mm! 0.939 6.412 0.947
F(000) 1696.0 1892.0 1760.0

Crystal size/mm?

0.162 x 0.216 x 0.326

0.474 x 0.294 x 0.208

0.141 x 0.089 x 0.07

Radiation

Cu Ko (L= 1.54184)

Cu Ko (L= 1.54184)

Cu Ko (A= 1.54184)

20 range for data coll./°

6.808 to 154.728

7.566 to 154.978

5.67 to 154.09

Index ranges

14<h<15,-19<k<19, -

-18<h<17,-15<k<16, -

20<h<14,-18<k<18, -

28<1<30 28<1<30 24 <1<23
Reflections collected 85783 46425 33322
. 9360 [Rint = 00466, Rsigma = 8765 [Rint = 00607, Rsigma = 8414 [Rint = 00451, Rsigma =
Independent reflections 0.0214] 0.0378] 0.0326]
Data/restraints/parameters 9360/0/512 8765/0/544 8414/0/543
Goodness-of-fit on F? 1.047 1.027 1.049

Final R indexes [[>=20]

R1=0.0578, wR>=0.1607

R1=0.0331, wR>= 0.0821

Ri1=0.0581, wR>=0.1497

Final R indexes [all data]

R1=0.0624, wRo>= 0.1648

R1=10.0376, wR2 = 0.0853

R1=10.0658, wRa = 0.1547

Largest diff. peak/hole/e A~

2.29/-0.69

0.84/-1.67

0.43/-0.84

#CCDC

2238026

2237840

2237833
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Computation

2
Pz

Figure S2. HOMO and LUMO densities of all reported photosensitizers. The HOMO is displayed
in red and blue, and the LUMO is displayed in cyan and cream for Cuy&cz, CuMAC and AubAac
(iso-value = 0.1). A zoomed in panel is shown for each compound to illustrate that the HOMO and
LUMO wavefunctions share density at the metal center. The 3,6-diisopropylphenyl substituents,

and hydrogen atoms are deleted for clarity.

Several different methods were used to evaluate the atomic orbital contribution to a given
molecular orbital including the Mulliken partition method, the Stout-Politzer partition method, the

Ros-Schuit partition, and the Hirshfeld method. Computations were performed using Multiwfn.

Table S3. The percent contribution of the gold atom of Au§aC to the HOMO and LUMO by

different computational methods.

Method HOMO (%) LUMO (%)
Mulliken 4.3 9.1
Stout-Politzer 3.5 7.9
Ros-Scuit 4.7 6.9
Hirshfeld 34 8.4
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Photophysics

Measurements were made in a custom designed glass cuvette equipped with a Teflon valve and
side-arm with a small opening. Solutions were initially prepared in ambient conditions, and then
they were transferred to the custom cuvettes. Polyethylene tubing was inserted through the side-
arm hole with the Schlenk valve open just enough for the tube to pass into the cuvette. The
polyethylene tube was lowered into the solution to allow for sparging with N>. Sparging was
performed for ~10 minutes. Finally, the tube was raised past the Schlenk valve but not out of the
side-arm under high N> flow, and the Schlenk valve was sealed to establish a N> atmosphere in the

samples. Finally, the tube was removed from the side-arm.

E l— Create Small opening
|

-

L Close side-arm

4 — —

Teflon valve with 90° Square glass tube
sidearm

Figure S3. Custom Schlenk cuvettes were made by purchasing a glass joint with a Teflon valve
and 90° side-arm. This was fused to a 1cm x 1cm square pyrex tube with the bottom sealed to form
the cuvette shape. The side-arm was sealed and a smaller opening was created to make a smaller

inlet for the sparging tubing.
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Figure S4. Molar absorptivity spectra in THF for all reported photosensitizers.
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Figure S5. Solvent dependent PL of Cula’: (a) absorption, (b) emission.
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Figure S6. Solvent dependent PL of AuN&C: (a) absorption, (b) emission.
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Figure S7. Solvent dependent PL of Cull\,’[ﬁL\CCZ: (a) absorption, (b) emission.
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Table S4. Photophysical parameters of all reported complexes in toluene, THF, CH,Cl>, DMF,

and MeCN.
solvent ’“fg;’;‘)bs kf(“;’;lf)m ts) @ ke(10%7) k(1057
Toluene 455 574 720 034 4.7 9.2
THF 435 603 350 0.17 4.7 24
CublC | cH.Cl, 425 608 190  0.10 5.2 47
DMF 402 607 130 0.04 3.1 74
MeCN 403 607 120 0.04 3.4 81
Toluene 445 556 710  0.70 9.9 4.2
THF 424 578 460  0.43 9.4 12
CuMAC | cH.CL 413 584 330 029 8.7 21
DMF 393" 58 190 0.14 7.6 47
MeCN 393" 584 190 0.16 8.4 44
Toluene 449 568 450 036 8.0 14
THF 427 584 250 0.15 6.0 34
AuMAC | CHCL 421 600 130  0.08 6.0 70
DMF 398 598 75 0.05 6.7 130
MeCN 400 600 69  0.04 5.8 140

* Values cannot be accurately determined because the ICT absorption band overlaps with
the ligand localized transitions at higher energy.
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Figure S8. The non-radiative rate vs. solvent E1(30) of all reported photosensitizers.'
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Electrochemistry
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Figure S9. CV and DPV measurements of all reported compounds in DMF vs. F¢™?. The CV scans

were vertically shifted to be above the DPV scans during post-processing of the data.

S14



100

754

50

25

Delta | (F-R) (uA)

-254

BCz

-—
Ay e and
—

TV

ir
A
v

CuMAC [

-2I.5 -2I.0 -1I.5 -1I.0 -d.5 010

Potential vs. Fc*’°

125

100 +

Delta | (F-R) (nA)
N [6)] ~
A

)
o
!

MAC
Aupc;,

Y

A
"

25 20 -5 -10 -05 00 05

Potential vs. Fc*°

125 4

100 +

Delta | (F-R) (nA)
N (42 ~
o [&)] o [&;]

)
o
.

MAC
Cuphcy

Yy

<7

g\
il

-2.5

-2.0

-1I.5 -1I.O
Potential vs. Fc

-0.5
+0

0.0

Figure S10. CV and DPV measurements of all reported compounds in MeCN vs. F¢™°. The CV

scans were vertically shifted to be above the DPV scans during post-processing of the data.
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Table SS. Electrochemical potentials of cMa complexes in various solvents corresponding to the

CV and DPV in Figures S4 — S7.

E+/0 a EO/— a E+/0 a EO/— a

CuMAC | 0.06 | ° CuMAC | 0.06 | -2.54

Cupas | 0.17 ’ Cupas | 0.12 | -2.62

CH,Cl, | awvac | 013 | ° | THF |amac| o153 | 262
CuMAC | 0.19 ’ CuMAC | 0.18 | -2.61

AuMAC | 0.22 ’ AuMAC | 0.28 | -2.55

Cufés | 0.06 | -2.54 Cuféc | 0.04 |-2.51

DMF | cuMAC | 0.12 | 254 | MeCN | cyMac | o143 | 252
AuMAC | 0.18 | -2.52 AuMAC | 021 | -2.47

2 Potentials are in Volts vs. Fc+/0 couple, ® Reductions are outside of the solvent window.
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Figure S13. Reductive DPV sweep of electron accepting quenchers that were used to determine

E™* of the cMa complexes in THF (0.1M TBA PF).
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Table S6. Stern-Volmer results of kq in toluene for all photosensitizers against quinoxaline and n-

MAC

methyl pthalimide. Augé,” did not yield measurable kq

accepting quencher.

with quinoxaline or NMeP as an electron

ka(Cugéy” ka(Cuph;
Vred(V) Q( BCz Q( PhCz)
M1s110%) M 1s1107)
Quin -2.18 0.04 0.08
NMeP -1.92 0.71 138

Table S7. Stern-Volmer results of kq in MeCN for all photosensitizers against quinoxaline and n-

methyl pthalimide.

k CuMAC
Vred (V) Q( BCz
M 1s1107)
Quin 2.18 1.4
NMeP -1.92 4.7

A Rehm-Weller analysis was performed using equations 4-6 in the main text which are re-printed

here for reference:
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AG = (Epf" —Eg/") + W, )

kq

1+ (m) (exp (A%) +exp (%))

[

Where E;s/ " is the excited state oxidation potential of the photosensitizer, Eg/ ~ is the reduction

kq = (5)

2

1
2
; (A@)Z] v ©)

potential of the quenching molecule, Ws is the work term associated with the solvent, R is the ideal
gas constant, T is temperature.? The free energy term AG* accounts for the reorganization energy
of (PS",Q) to (PS*,Q") and the solvent reorganization required for electron transfer AG:. The rate
constants kg, k.4, and ke are from the kinetic scheme shown in Figure 6(c) of the main paper. AV 2

is the equilibrium constant between kq and k.q.

Fitting kq vs. E* of the quenching molecule provides values of all parameters in equations 4-6
including E**, Ws, kq, k.4, kre, and AG;. The reverse process k.q is typically near equivalent to kg,

so AV> was set to unity. This yielded the following parameter values with less than 1% error:

Table S8. Parameters from Rehm-Weller fit of kq vs. E~ of the quenching molecule.

E** (Vvs. F¢™) | AGr(eV) | Ws(eV) | kre(s?)
Cupac -2.28 0.25 0.1 4.0x10°
Cupi® -2.33 0.25 0.1 4.0x 10°
AuMAC -2.23 0.25 0.1 4.0x10°

The trend in excited state oxidation potential is consistent with the Stern-Volmer quenching

experiments. For a given quenching molecule in a given solvent, the measured kq always increases

in the order of AuNAC < CulAC < CuMAS . The Rehm-Weller analysis suggests that this is due to

the difference in reductive potency of the excited state E”* which follows the same trend: Aulyér

< Cu%‘éc < Cuyfccz. The solvent reorganization term AG; is within the typical range compared to
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other reported systems.> *> The value is consistent for all photosensitizers which can be explained
by the similar structural motif of the photosensitizers; they are all two-coordinate carbene-metal-
amides. The solvent work term of 0.1 eV is reasonable and consistent between all photosensitizers
which is to be expected, because Ws is an intrinsic property of the solvent.* Lastly, ke is consistent
between all photosensitizers and suggests the charge separated pair (PS™,Q") recombines to the

ground state (PS,Q) with a time constant of 250yus.
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Photocatalysis
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Figure S20. Stern-Volmer study of Augc,

Auges
Co(dmgH),(py)ClI
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Figure S21. Irradiation of the sample with (left) and without (right) the photosensitizer as a control

experiment. This proves that the photosensitizer is necessary to generate Ha.
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Figure S22. Control experiment of photo driven HER with and without water after one hour of

irradiation in a 355 nm photoreactor chamber.
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Figure S23. Photocatalysis without Co(dmgH),pyCl. Samples were prepared with 160 uM AuNéc

(left), and 63 uM Cuy&g (right) in wet THF (5% water by vol), 200 mM BIH, and irradiated with a 470 nm
LED.
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Figure S24. Mercury poisoning tests after ~23 hrs of irradiation without Co(dmgH).pyCl for

Cubtf® (left), and AuNAC (right). The concentrations of the photosensitizer these experiments

were ~ 300 uM for the copper experiments, and ~150 uM for the gold experiments.
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Figure S25. Photostability of Auléc in air free THF/water (5% v/v) irradiated with a 470nm LED

MAC

at ~486 mW intensity. The absorption spectrum (a) and the concentration of Aug¢,” calculated

using Beer’s law (b).
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Figure S26. Absorption spectrum of a saturated Co(dmgH)pyCl solution in THF/water (5% v/v).
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NMR

'H and 3C NMR Spectra
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Figure S27. 'H and '*C NMR of Cuy4C in acetone-d6. The peaks at 2.05 ppm and 2.8 ppm in the

'"H NMR correspond to acetone and water respectively.
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Figure S28. 'H and *C NMR of CuMaS in acetone-d6. The peaks at 5.2 ppm, 2.8 ppm, and

2.05 ppm in the '"H NMR correspond to DCM, water, and acetone-d6 respectively.
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Figure S29. 'H and '3C NMR of AuN&¢

"H NMR correspond to acetone and water respectively.
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