Received: 28 March 2022

Revised: 11 July 2022

W) Check for updates

Accepted: 22 July 2022

DOI: 10.1002/a0c.6837

RESEARCH ARTICLE

Applied

O‘r)ganometallic Wl LEY

Chemistry

Pyridine-functionalized N-heterocyclic carbene gold(I)
binuclear complexes as molecular electrocatalysts for
oxygen evolution reactions

Zhoveta Yhobu' © | Geetha Basappa Markandeya'

| Jan Grzegorz Matecki’® |

Hosapalya Thimmaiah Srinivasa®© | RangappaS. Keri'©® |

Doddahalli Hanumantharayudu Nagaraju* | Mohammad Azam® |

Saud I. Al-Resayes’

LCentre for Nano and Material Sciences,
Jain University, Jain Global Campus,
Bangalore, India

2Institute of Chemistry, University of
Silesia, Katowice, Poland

3Soft Condensed Matter Group, Raman
Research Institute, Bengaluru, India

“Department of Chemistry, School of
Applied Sciences, REVA University,
Bangalore, India

>Department of Chemistry, College of
Science, King Saud University, Riyadh,
Saudi Arabia

Correspondence

Srinivasa Budagumpi, Centre for Nano
and Material Sciences, Jain University,
Jain Global Campus, Kanakapura,
Ramanagaram, Bangalore 562112, India.
Email: b.srinivasa@jainuniversity.ac.in

D. H. Nagaraju, Department of Chemistry,

School of Applied Sciences, REVA
University, Kattigenahalli, Yelahanka,
Bangalore 560064, India.

Email: dhnagu@gmail.com

Funding information

King Saud University, Grant/Award
Number: RSP-2021/147; Department of
Science and Technology, New Delhi,

India, Grant/Award Number: DST/TDT/

DDP-33/2018

| Srinivasa Budagumpi'

N-heterocyclic carbene (NHC) complexes of gold(I/III) attained immense
interest in catalytic organic transformations and as anticancer agents against
several types of human cancers; however, their potential as electrocatalysts is
scarce. The electrocatalytic oxygen evolution reaction was performed for the
first time using pyridine-functionalized NHC gold(I) binuclear metallacycles
(8 and 9) possessing aptly designed ligand field. Complexes were prepared by
the transmetallation of corresponding silver(I) NHC complexes, which were
prepared by in situ deprotonation of pyridine and aryl substituted
1,2,4-triazolium hexafluorophosphate salts (6 and 7) with Ag,O under dark.
Both triazolium salts and binuclear gold(I) metallacycles were thoroughly
characterised by NMR and ATR-IR spectral and elemental analyses. A bromide
salt 4 and a binuclear gold complex 9 were elucidated for structure by single
crystal X-ray diffraction analysis. Complex 9 possesses distorted linear coordi-
nation geometry around the gold atoms by the coordination of carbene carbon
and pyridine nitrogen atoms bearing close Au-Au interaction (3.251 A). The
binuclear gold complexes 8 and 9 (along with 10 wt% conductive mesoporous
carbon) were investigated as molecular electrocatalysts in oxygen evolution
reaction (OER), which evidenced an oxygen evolution overpotential of 2.422
and 2.370 V versus reversible hydrogen electrode (RHE), respectively, to attain
a current density of 10 mA.cm % The Tafel slope values of 40.9 and 30.4 mV
dec " for 8 and 9, respectively, indicate the reaction mechanism involved and
the suitability of these complexes as apt electrocatalysts for OER. The stability
of the prepared molecular electrocatalysts was investigated by cyclic voltam-
metry and chronoamperometry techniques.
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1 | INTRODUCTION
The first venture to isolate and synthesise organogold
compounds began in 1864 by treatment of alkyl mercury
compounds with metallic gold, but it was found unsuc-
cessful due to the amalgamation of both the metals.!
Their existence only came to be much later in 1907, when
Pope and Gibson were able to isolate diethylgold(III) bro-
mide.'?! This was followed by isolation of the first trialkyl
gold complex in 19481 and the introduction of phos-
phine ligands followed much later, in 1963.1! The field of
organogold chemistry has come a long way since then; it
has found importance in various applications ranging
from heterogeneous and homogeneous catalysis®'%! to
medicinal chemistry."! It may be noted that the various
and tremendous work employing organogold as catalysts
is predominant to gold(I) and gold(III) compounds that
possess “ligandless” systems like gold(I) and gold(III)
chloride salts and the rare usage of phosphine containing
species.[®12714

On the other hand, stable N-heterocyclic carbenes
(NHCs) that were first isolated by Arduengo in 1991!'%!
have considerably gained popularity over the years and
have become a proven choice as an imperative class of
ligands in organometallic chemistry. NHCs as ligands
feature strong stabilising effects because of the
n-donating substituents that warrants for the strong
o-electron sharing properties, which also allows for
strong carbene carbon—metal bond.['®" Their inherent
ability to stabilise active metal atoms in varying oxidation
states has also made it an important choice of ligands. In
organogold chemistry, gold(I) and gold(III) species have
been extensively explored, and of these two, gold(I) has
garnered a lot of interest and has been used in various
applications.[”] The results of these developments have
enabled for spectroscopic and structural aspects of
gold(I)-NHC complexes to be widely explored; however,
the electrochemistry aspects of these complexes are still
relatively less.'®!*) The application of gold(I)-NHC com-
plexes as electrocatalysts are relatively lesser; one of the
first reports was the development of gold(I)-NHC com-
plexes as an electrochemical sensors for the detection of
glucose I Recently, we have reported the employment
of gold(I)-NHC complexes as electrocatalysts for hydro-
gen evolution reaction (HER).[*! In this paper, we report
another interesting fact of using NHC complexes to
explore electrocatalytic applications, that is, pyridine-
functionalized NHC gold(I) binuclear complexes as elec-
trocatalysts for the oxygen evolution reaction (OER), to
evaluate their standings as OER catalysts and their poten-
tial in the field of electrocatalysis. For electrocatalytic
OER, high-valence late transition metal-based catalysts
gained enormous attention, which could be attributed to

the feasible interaction of these metal species with OER
intermediates. Alongside, the selection of an appropriate
corrosion-resistant support material that provides
required robustness to the active electrocatalysts for the
OER is an important task. For which, frequently
employed conductive carbon material are nanotubes and
carbon black; however, at high applied potentials, these
suffer from drop in stability.

The major advantages of using molecular electrocata-
lysts for OER are being (i) the catalyst loading is quantifi-
able, (ii) catalyst material formed on the electrode surface
is through self-assembly of the molecules as the complex
solution is used for electrode modification unlike suspen-
sions in the case of metal nanoparticles, and (iii) low
metal content.!?!! Presumably, the usage of the catalysts
may address the apt designs for OER electrocatalysts,
which in turn helps provide solution for the pressures of
energy shortage, the gradual decline in carbon-based
fuels, and the pollution of the environment. This has
directed and influenced human civilisation to take a call
for greener energy sources and a cleaner environment.
The development of efficient energy conversion devices
in this aspect becomes crucial in solving this crisis.!?*%*!
OER catalysis in this regard plays an important role in
the overall water splitting to yield hydrogen gas; OER
involves a four-electron process and the kinetics of which
is sluggish, and as such, this is the rate determining step
in the water splitting process.**">*! The commercial cata-
lysts of OER are very expensive, and as such, tremendous
amount of research has been carried out to develop cata-
lysts that is inexpensive, efficient, and green.!*”?*! In this
work, we have developed electrocatalysts from binuclear
gold(I) complexes bearing pyridyl and aryl substituted
1,2,4-triazoles. The gold(I) complexes were investigated
as OER electrocatalysts in basic media in a conventional
three electrode set-up.

2 | RESULTS AND DISCUSSION

Gold(I)-NHC complexes have been explored in various
capacities and have shown excellent results especially in
the field of anticancer and antimicrobial applications. In
the field of electrochemistry, there still seems to be a lot
of gaps that needs to be covered. The electrochemical
investigations of gold(I)>NHC complexes have been
reported over the years'®'?); however, employing these
complexes in an electrochemical application is limited
and rare. We have recently reported a series of complexes
as electrocatalysts for HER, wherein the effectiveness of
these complexes in electrochemical hydrogen evolution
has been examined. The possibilities and scope of
gold(I)-NHC complexes have yet to be fully ascertained,
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particularly while using these complexes as heteroge-
neous electrocatalysts rather than the homogeneous
counterparts. The homogeneous electrocatalysts with
NHC-based complexes have up to an extent been
explored for CO, and proton reduction reactions.!?*32
We believe that this work will offer new insights into
gold(I)-NHC chemistry as heterogeneous electrocatalysts
and their future in electrocatalysis.

2.1 | Synthesis and characterisation of
pyridyl and aryl substituted 1,2,4-
triazolium salts (4-7) and their binuclear
gold(I) complexes (8 and 9)

In this present study, two sterically tuned bis-NHC coor-
dinated binuclear gold(I), 8 and 9, complexes with varied
substituents were synthesised. A pyridyl ring was
anchored on two different aryl substituted 1,2,4-triazole
ring systems through a simple quaternization reaction.**!
The triazolium bromide salts 4 and 5 were prepared in
excellent yields by the reaction of 2-(bromomethyl)pyri-
dine hydrobromide (1) with 4-(2,6-diethylphenyl)-4H-
1,2,4-triazole (2)/4-(2,4,6-trimethylphenyl)-1,2,4-triazole
(3), respectively, in 1,4-dioxane at reflux reaction condi-
tion for 48 h. Further, these bromide salts, 4 and 5, were
treated with KPFg in methanol and water mixture to
yield pyridyl and aryl substituted 1,2,4-triazolium hexa-
fluorophosphate salts 6 and 7 as depicted in Scheme 1 fol-
lowing salt metathesis protocol.

Further, the hexafluorophosphate salts 6 and 7 were
initially treated with Ag,O in 2:1 molar ratio in acetoni-
trile at 45°C under dark for 24 h to afford bis-NHC
coordinated binuclear silver(I) hexafluorophosphate com-
plexes through in situ deprotonation pathway. After the
stipulated time, the reaction mixture was passed through
a bed of celite, and the silver complexes in acetonitrile
solution were collected. To the solution of silver com-
plexes of 6 and 7 were treated with [AuCl (SMe,)] in

Chemistry

acetonitrile and stirred at room temperature for 4 h in
dark to yield pyridine-functionalized NHC binuclear
gold(I) complexes 8 and 9, respectively, through transme-
tallation reaction protocol’**! as depicted in Scheme 2.

Initially, it was thought that pyridine nitrogen atoms
would involve in coordination with the gold atom that is
coordinated by the same carbene carbon to provide addi-
tional stability; however, binuclear gold(I)-bis (NHC)
metallacycles were resulted in good yields. The orienta-
tion of the dimer complex follows a head-to-tail trend
with the methylene of pyridine as the spacer. Each gold
atom is coordinated to the carbene carbon of one of the
two participating ligands, the pyridine of the other ligand
with an aurophilic interaction as illustrated in Scheme 2.
Both the complexes are soluble in polar solvents and
insoluble in non-polar ones.

The '"H NMR spectra of the synthesised triazolium
salts 6 and 7 in dg-DMSO exhibited two characteristic sin-
glet peaks observed at approx. 6 10.78 and 9.55 ppm cor-
responding to the resonances of C5 and C3 protons of
1,2,4-triazole, respectively.!'®*! In the case of salt 6, a
triplet and a quartet peaks appeared at & 1.05 and
2.32 ppm corresponding to the resonances of methyl and
methylene protons of phenyl substitution, respectively.
The presence of the slightly downfield shifted singlet
peak in the region 8 5.95 ppm is attributed to the reso-
nance of protons of methylene module that connects the
1,2,4-triazole core with pyridine ring. The presence of
peaks from between 6 7.40 and 8.49 ppm is attributed to
the resonance of the aromatic protons of pyridyl and phe-
nyl rings. A similar trend was observed in the 'H NMR
spectrum of the triazolium salt 7, where the peaks at
2.09 and 2.32 ppm are attributed to the resonance of
ortho- and para-methyl protons of the
2,4,6-trimethylphenenyl substitution. The singlet peak at
8 5.95 ppm corresponds to the resonance of N-CH, pro-
tons that connects the pyridyl ring to aryl 1,2,4-triazole.
The aromatic protons exhibited similar resonances as
that of salt 6 and similar reports./**! The '"H NMR spectra
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of the pyridine-functionalized NHC binuclear gold(I)
complexes 8 and 9 displayed no resonance peak at
approx. 8 10.78 ppm indicating the successful deprotona-
tion of C5 proton of the corresponding salt followed by
coordination of the carbene carbon to the metal centre,
which is a characteristic evidence for the formation of
desired NHC coordinated complexes.*”-**! The remaining
proton resonance peaks of the complexes resembled the
resonance peaks observed for the corresponding salts and
complex reports in the literature. There arises another
coordination from the nitrogen of pyridine pendant of
adjacent NHC unit to the metal centre and aurophilic
interactions; these coordination's however show very lit-
tle influence in the complex spectra.

In the *C NMR spectrum of salt 6 in d-DMSO, three
distinguished carbon resonance peaks appeared at 5 11.8,
15.6, and 51.0 ppm attributed to the resonances of
methyl, methylene carbon nuclei of phenyl substitution,
and pyridyl methylene carbon, respectively. In the region
8 124-151 ppm, the peaks observed are ascribed to the
resonances of phenyl and pyridyl aromatic carbon nuclei.
A set of distinct aromatic peaks appeared at § 145.9 and
146.2 ppm corresponding to the resonances of C3 and C5
carbon nuclei of triazole, respectively. Similarly, the *C
NMR spectrum of 7 in dg-DMSO exhibited three distin-
guished carbons resonance peaks at § 17.6, 21.1 and
56.5 ppm attributed to the resonances of ortho- and para-
methyl and pyridyl methylene carbon nuclei, respec-
tively. The aromatic carbon resonance peaks were similar
to that of salt 6 including aromatic peaks at 6 145.5 and
145.9 ppm correspond to the resonances of C3 and C5
carbon nuclei of triazole, respectively.

The *C NMR spectrum of binuclear gold(I) complex
8 bearing pyridyl-functionalized NHC ligand displayed a
carbon resonance peak at & 186.8 ppm, corresponding to
the resonance of carbene carbon atom bound to the gold
atom."'®**! This huge downfield shift of C5 carbon of
1,2,4-triazole core indicates the successful formation of
pyridine-functionalized NHC binuclear gold(I) com-
plexes. Similarly, in the >’C NMR spectrum of binuclear
gold(I) complex 9, the resonance peak at § 168.8 ppm is
attributed to C5 carbon of 1,2,4-triazole. This downfield

of the C5 triazole when compared with the salt spectrum
evidences the successful deprotonation of the proton at
C5 followed by coordination to the gold atom.”*°! The
peaks corresponding to the aliphatic and aromatic car-
bons resembled the spectra of the salts. It may be noted
that the complexes 8 and 9 exhibit counter peaks for the
resonance of carbon nuclei, which is a common behav-
iour in a complex that exhibit rotamerism.24"!

Congruently, ATR-IR spectra of the salts and binuc-
lear gold(I) complexes were recorded over 500-3600 cm ™'
range. The salts and complexes displayed distinct strong
band with high intensity at ~2900, 1615, and 1019 cm '
attributed to the stretching vibrations of C-H, C=N, and
C=C/C-N module of pyridine/triazole, respectively,*'!
which were found almost unaffected in the complex spec-
tra except the C=N stretching bands. The C=N/C-N
module of pyridine shows a slight shift to higher wave-
number, which undoubtedly confirms the involvement of
pyridine heterocyclic nitrogen atom in coordination with
the gold atom.

2.2 | Single crystal XRD analysis

The molecular structure of a triazolium salt bearing a
bromide counterion (4) and a binuclear gold complex (9)
was elucidated by single crystal X-ray diffraction method.
The single crystals of salt suitable for analysis were
grown from slow evaporation of its methanolic solution
over a period of 7 days, while complex crystals were col-
lected from slow diffusion of diethyl ether into
dichloromethane-acetonitrile (1:1 v/v) solution of the
complex at room temperature. The structure refinement
and crystallographic data for 4 and 9 are tabulated in
Table S1. The bond distances and bond angles of the salt
are provided in Tables S2 and S3, respectively. The salt
4 (Figure 1a) crystallised in the monoclinic crystal system
with a space group P2;/c having two bromide anions, a
triazolium cation, and a co-crystallised water molecule in
an asymmetric unit. In the triazolium core, the internal
ring angles at C3 and C5 carbons N3-C1-N1 and N3-C2-
N2 were 107.5(3) and 111.8(3)°, respectively. The
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FIGURE 1 Crystal structure of °
1,2,4-triazolium salt 4 bearing pyridyl and (a)

2,6-diethylphenyl substitutions (a) and binuclear
gold(T) metallacycle 9 (b). Hydrogen atoms,
hexafluorophosphate anions, and co-crystallised
water molecule are excluded for clarity. The
ellipsoids are drawn with 30% probability levels.

methylene arm that tethered the triazole to the pyridyl
ring (C4-C3-N1) was at an angle of 111.1(3)°. The
observed bond distances were all in the range of 1.294
(5)-1.508(5). The bond distances and bond angles of the
molecules were found to be in agreement with the analo-
gous salts that have been reported earlier.®!
Surprisingly, the pyridine nitrogen atom is protonated to
form pyridinium appendant whose charge is counterba-
lanced by a bromide anion. It is evident from the X-ray
analysis that this structure is precipitated in the form of
1:2 electrolyte, with two counter bromide anions and a
triazolium cation. In the comprehensive structure of the
salt, two different n-n stacking interactions are found
between pyridine-phenyl and phenyl-pyridine rings of
adjacent molecules (Figure 2a) with a centroid-centroid
distance of 3.862 and 3.885 A bearing a shift distance of
1.112 and 1.475 A, respectively. Alongside, several types

of hydrogen bonding interactions found operating
between bromide counterions and C-H modules of tria-
zolium cation with the interaction distance in the range
2.224-2.926 A in the crystal diagram (Figure 2b) along
with several hanging contacts.

The molecular structure of the dimeric, pyridine-
functionalized NHC binuclear gold(I) complex 9 bearing
hexafluorophosphate  counterions is depicted in
Figure 1b, and the important bond distances and angles
are tabulated in Tables S4 and S5, respectively. Com-
plex 9 crystalized in the monoclinic crystal system with
a P2,/c space group bearing two hexafluorophosphate
counterions and a complex cation in a unit cell. The
introduction of gold cations into the NHC system
results in the formation of a pyridine-functionalized
NHC binuclear gold(I) complex. The complex consists
of two gold atoms each bridged to a NHC donor and a



plied

Appli
60f13 Wl LEY O'r)galr?ometallic

YHOBU ET AL.

~ Chemistry

pyridine nitrogen in a “head-to-tail” arrangement.!*!!
The ligand supported aurophilic interaction, that is,
Aul-Au2 was found to have a bond distance of 3.250
(4) A, which is slightly higher than the distance
between two gold atoms in the elemental gold (2.88 A),
while is in well agreement with the similar interaction
found in the literature.*’! The Aul-C1 (1.964(6) A) and
Au2-C18 (1.971(6) A) bond distances are almost the
same, and similarly, Aul-N8 (2.063(6) A) and Au2-N4
(2.070(5) A) are also comparable with each other.
Both the gold atoms possess distorted linear coordina-
tion geometry by the involvement of carbene carbon
and the pyridine nitrogen atoms with the bond angle
170.8(2)° for C1-Aul-N8 and 171.6(2)° for N4-Au2-
C18. This deviation from linearity is probably due to
the strong interactions operating between gold atoms
and the fluorine atoms of hexafluorophosphate counter-
ions (Aul-F10: 3.251 A and Au2-F2: 4.813 A) along
with aurophilic interactions. Alongside, the internal
bond angle at carbene carbon atom found to be 103.4
(5)° for N3-C1-N1 and 103.0(5)° for N5-C18-N7, which
are in well agreement with the earlier similar
reports.[*°! The differences in the bond distances and
angles of both the NHC units may be attributed to the
twisting of the methylene bridge between the triazole
core and the pyridine pendant. In the crystal packing of
the complex, several types of hydrogen bonding
interactions are found operating between hexafluoro-
phosphate counterions and binuclear gold complex
cations in the range 2.225-2.917 A as shown in
Figure 2c.

FIGURE 2
(a) and packing (b) diagrams of

Molecular stacking

triazolium bromide salt 4 and packing
diagram (c) of complex 9. Counter
bromide/hexafluorophosphate anions,
hydrogen atoms, and co-crystallised
water molecule are excluded for clarity.

2.3 | Morphological studies of pyridine-
functionalized NHC binuclear gold(I)
complexes

Understanding the morphology of the thin film that is
drop-casted on the surface of the glassy carbon electrode
(GCE) is crucial in attaining the intrinsic electrocatalytic
activity. In this regard, we have investigated the morphol-
ogy of both the binuclear gold metallacycle complexes by
field emission scanning electron microscope (FE-SEM).
The gold complexes were dissolved in dichloromethane
(0.003 M) by sonication for about 10 min, and 3 pl aliquot
complex solutions were drop-casted on a silicon wafer.
The stark difference in the morphology despite the com-
plexes bearing identical molecular structure is attributed
to the difference in alkyl arms on the phenyl ring of com-
plexes. The uneven, irregular, and rough morphology on
complex 8 in Figure 3a is presumably due to the longer
alkyl arms on the phenyl ring, which may result in hin-
dering the supramolecular assembly of the complex cat-
ions and anions. This affects the film formation resulting
in uneven, improper orientation and inefficient distribu-
tion and exposure of the active sites during the electro-
chemical OER process. Complex 9 bears comparatively
shorter alkyl arms on the phenyl ring and as a result
exhibits well-defined grain boundaries and distinct mor-
phology shown in Figure 3b, which presumably results in
better and more efficient exposure of its active sites for
electrochemical adsorption of intermediate oxygen spe-
cies which ensues in the formation and evolution of

oxygen gas.
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FIGURE 3 FE-SEM images of the
films formed by the evaporation of
dichloromethane solution of binuclear
gold metallacycles 8 (a) and 9 (b)

x10,000 5.0kV LED
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FIGURE 4 (a) LSV for complexes
8and9atascanrateof 5mVs tin1M
KOH. (b) Tafel plots of complexes 8 and
9 calculated from LSV curves
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2.4 | Electrocatalytic oxygen evolution
activity and stability studies

Design and development of promising OER electrocata-
lysts that can be performed in neutral electrolytes such as
untreated water is highly difficult and interesting due to
their low conductivities and relatively slow OER kinetics.
Electrocatalysts for OER may suffer from lack of conduc-
tivity and corrosion or leaching of the catalyst from the
electrode surface, and hence to make them corrosion
resistant and to increase the conductivity, the carbon sup-
port materials such as carbon blacks, reduced graphene
oxide, carbon nanoribbons, or carbon nanotubes have
been used. In this context, in the present work, we have
used graphitic mesoporous carbon black as conductive
material that also provides corrosion resistance property
to the electrocatalysts. To a suspension of 0.003 M gold(I)
metallacycles (8 or 9) solution in dichloromethane was
added 10 wt% of graphitic mesoporous carbon black and
sonicated to prepare a suspension, of which 3 pl was used
to drop-cast the electrodes. The gold complex/carbon
modified working electrodes were investigated for elec-
trochemical oxygen evolution performance in an alkaline
medium, that is, 1 M KOH solution. The OER activity
was measured using linear sweep voltammetry (LSV)
technique at a scan rate of 5 mV s~ '. All potentials were
documented by using Standard Calomel Electrode (SCE)

2.55
(b) —
2.50 ° 9
& 2.454
=
» 2.404
>
>
< 2.351
=
£ 2.30-
g
2.254
: ; : 2.20 T T T T T
22 24 26 26 24 22 20 R ‘18 L6
log(j/A cm™)

(3.5 M KClI) as reference electrode, and later converted to
reversible hydrogen electrode (RHE) with appropriate
conversion factor.

The OER performance of complexes 8 and 9 with
mesoporous carbon is shown in Figure 4a. The complex
8 modified glassy carbon electrode displayed an on-set
potential of 2.02 V versus RHE and a relatively high over-
potential of 1.192 V versus RHE to achieve the bench
mark current density of 10 mA cm 2 However, the com-
plex 9 modified electrode evidenced slightly improved
OER activity with an on-set potential of 1.75 V versus
RHE bearing an overpotential of 1.140 V versus RHE to
acquire the same current density of 10 mA cm 2, which
is an important parameter for the consideration of the
development water splitting device.[*?! The difference in
the on-set and overpotentials obtained for both the binuc-
lear gold complexes are presumably attributed to the dif-
ferent alkyl substituents present on phenyl rings of NHC
ligands. Alongside, in the case of complex 9, the
increased activity may probably due to the evenly distrib-
uted nanogranular structures over the electrode surface
that might adsorb more OH ions or water molecules,
which in turn react with metal atoms and eventually pro-
duces O, species. The trend in oxygen evolution is similar
to that of bulk gold and gold electrodes.!*>**!

The Tafel slope, an important parameter for deter-
mining the reaction kinetics, was calculated from LSV
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FIGURE 5 (a) Cyclic
voltammograms of complex 8 displaying
cyclic stability for 300 cycles in 1 M
KOH at a scan rate of 5mV s . (b) LSV
of complex 8 before cyclic stability and
after cycling for 300 cycles in 1 M KOH
at a scan rate of 5mV s~ (c) LSV of
complex 9 before cyclic stability and
after cycling for 300 cycles in 1 M KOH

~29mv

Potential (V vs RHE)
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(d) Chronoamperometric stability test of
complexes 8 and 9 at their respective
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polarisation curves of complexes using the Tafel equation

given in Equation 1.
J
=bl 1
n=blog (J O) 1)

where 7 is the overpotential; b, j, and jo denote the Tafel
slope, current density, and exchange current density,
respectively. The Tafel plots are shown in the Figure 4b
that are derived from Figure 4a for both the gold com-
plexes. Complexes 8 and 9 possess Tafel slope value of
40.9 and 30.4 mV dec !, respectively. A lower Tafel slope
value in the case of complex 9 modified electrode reflects
the better electrocatalytic activity and the overpotential.
From the Tafel slopes, the mechanism for OER in alka-
line media can be expressed with the Equations 2, 3, 4,
and 5. By virtue of the Tafel slope values, the rate
determining step of OER in these cases is attributed to
the Equation 5.27%*7! Here, M is the metal active
surface site.

M+OH —MOH+e" (2)
MOH + OH™ — MO~ + H,0 (3)
MO~ —MO+e" (4)

2MO — 2M + 0, (5)

4000 6000

Time/s

The electrochemical cyclic stability of the electrocata-
lysts 8 and 9 was investigated by performing the cyclic
voltammetry in the potential range 1.6 to 2.8 V versus
RHE for 300 cycles (Figure 5a for complex 8). Figure 5b,c
shows the LSVs obtained by the electrocatalysts 8 and
9 modified glassy carbon electrodes before and after
cyclic stability for 300 cycles at a scan rate of 5 mV s .
Complex 9 showed minimal loss in its efficiency after
300 CV cycles; the overpotential shifted from 2.370 to
2.409 V versus RHE with a potential shift of ~39 mV ver-
sus RHE as shown in Figure 5c. Conversely, complex
8 displayed increased efficiency with subsequent cycling,
the overpotential to achieve a current of 10 mA cm 2
decreased from 2.422 to 2.393 V versus RHE indicating a
shift of ~29 mV versus RHE. The change in the efficiency
was further investigated by chronoamperometric tech-
nique at the individual overpotentials of the two electro-
catalysts, and the results are shown in Figure 5d. The
chronoamperometric test of complex 8 at a fixed potential
of 2.422'V versus RHE displayed a current density of
9.8 mA cm™? initially, but with the increased duration,
there was an increase in the current density and at 7200 s
(2 h) the current density was 10.6 mA cm 2, this result is
in agreement with polarisation curve depicted in
Figure 4a, wherein with subsequent cycling the overpo-
tential has been decreased. The complex 9 showed simi-
lar characteristic in the cyclic stability studies, the
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chronoamperometric test at a fixed potential of 2.370 V
versus RHE exhibited a current density of ~7.7 mA cm ™2
initially, and the current density, however, started to
increase with the increase in duration. The current den-
sity at the end of the stability test had increased to
~8.7mA cm 2, but it was unable to reach the bench-
mark current density. The chronoamperometric studies
of complex 8 after 2 h demonstrated increased electroca-
talytic potential which could be presumably due to the
reorientation of complex molecules on the electrode sur-
face in such a way that more metal atoms can interact
with the OER intermediates.

OER electrocatalysis by sterically varied gold com-
plexes 8 and 9 can be concluded that the superior perfor-
mance of the latter catalyst in terms of on-set and
overpotential compared with the former catalyst is attrib-
uted to the change in the steric environment around the
gold atom, while the increased stability of complex 8 after
2 h is ascribed to the reorientation of the catalyst mole-
cules on the electrode surface.

The electrochemical OER overpotential displayed by
the two electrocatalysts (i.e., 8=1192mV and
9 = 1140 mV vs. RHE) compared with commercial OER
catalyst like Ru/C@390mV versus RHE and
Ir/C@380 mV versus RHE are indicative that the devel-
oped electrocatalysts requires a lot of tuning and further
investigation.[48] Other than the commercial catalysts,
there have been efforts in developing catalysts for OER
from materials like Au-nano particles,**! covalent
organic frameworks,*”! transition metal oxides/
chalcogenides,'*” and so forth. It may be noted that this
work like many others is also aimed at developing effi-
cient, environmentally benign, abundant, economical
electrocatalysts for OER. While other materials have been
already established and developed as potential OER cata-
lysts, this is the first work highlighting the possibilities of
employing NHC complexes as OER electrocatalysts,
and there is still lots of improvement and combinations
that can be explored for efficient NHC-based OER
electrocatalysts.

3 | CONCLUSIONS

Two pyridine-functionalized NHC binuclear gold(I)
metallacycles 8 and 9 have been prepared and employed
as electrocatalysts for OER in an alkaline medium. The
complexes were prepared following the transmetallation
protocols using corresponding binuclear silver(I) NHC
complexes, which were prepared in situ from the NHC
precursor salts through deprotonation pathway. Both
sterically varied salts and binuclear gold(I) complexes
were characterised by various spectral and analytical

S WILEY-L 2
techniques. These complexes are the first gold NHC
examples that have been studied for heterogeneous OER
electrocatalysis. The complexes with graphitic mesopor-
ous carbon composites were employed in the OER
electrocatalysis, which displayed slightly higher overpo-
tentials, that is, 1.192 and 1.140V versus RHE for
complexes 8 and 9, respectively. The evaluation of these
complexes for OER indicated good electrochemical stabil-
ity from the cyclic voltametric and chronoamperometric
tests. The Tafel slope values are indicative of mechanisms
that are in agreement with other similar electrocatalysts.
The results displayed by the complexes in electrochemi-
cal OER is suggestive that with efficient tuning of the
ligands around the metal centre and the right combina-
tion of a conductive material that compliments the
gold(I) complexes can be explored in the future as
electrocatalysts for OER.

4 | EXPERIMENTAL SECTION
4.1 | General considerations: Synthesis
and characterisation

All synthetic experiments were conducted in aerobic con-
ditions using oven dried glassware without dry box,
except the preparation of starting materials, aryl triazoles,
which were done by employing standard Schlenk tech-
nique. Both the aryl triazoles were prepared by a reported
method*! with slight modifications. All chemicals and
solvents were procured from commercial sources and
used without further purification. Reactions were moni-
tored using thin layer chromatography (TLC) performed
on 0.25 mm Merck TLC silica gel plates and UV light was
used as a visualising agent. Volatile solvents were
removed using rotary evaporator equipped with a dry dia-
phragm pump (10-15 mmHg) followed by pumping to a
constant weight with an oil pump (<300 m Torr). 'H
NMR spectra were recorded on Bruker AVANCE III
400 MHz spectrometer and are reported relative to
DMSO-ds (8 2.50 ppm). Coupling constants (J) in 'H
NMR are reported in Hertz (Hz), and multiplicities are
designated as singlet (s), doublet (d), triplet (t), and mul-
tiplet (m). Proton-decoupled *C NMR spectra were
recorded at 100 MHz and reported relative to DMSO-d,
(8 39.5 ppm). Infrared spectra were recorded on a Bruker
ECO-ATR spectrophotometer in the range 600-
4000 cm ™ *. The melting on-sets/points were evaluated by
a Stuart Scientific (UK) instrument with an accuracy of
+0.3°C. Elemental analyses were carried out by a Perkin
Elmer 2400 Series II CHN/S microanalyser. The electron
microscopic images of the complexes were captured using
a JEOL JSM-7100F FESEM instrument.
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4.2 | Single crystal X-ray crystallography
The crystals were mounted in turn, on a Gemini A Ultra
Oxford Diffraction automatic diffractometer equipped
with a CCD detector, and used for data collection. X-ray
intensity data were collected with graphite monochro-
mated MoKa radiation (A = 0.71073 A) at a temperature
of 295(2) K, with o scan mode. Lorentz, polarisation, and
empirical absorption correction using spherical har-
monics implemented in SCALE3 ABSPACK scaling algo-
rithm (CrysAlis RED, Oxford Diffraction Ltd., Version
1.171.37.46) were applied. All the non-hydrogen atoms
were refined anisotropically using full-matrix, least-
squares technique. All the hydrogen atoms were found
from difference Fourier synthesis after four cycles of
anisotropic refinement, and refined as “riding” on the
adjacent carbon atom with individual isotropic tempera-
ture factor equal 1.2 times the value of equivalent tem-
perature factor of the parent atom. Olex2 and SHELXS
programs were used for all the calculations. The geomet-
rical calculations were carried out using the PLATON
program. The molecular graphic designs and packing dia-
gram for publication were performed using Olex2 and
MERCURY software packages.

4.3 | Synthesis of starting materials
43.1 | Synthesis of 4-(2,6 diethylphenyl)-4H-
1,2,4-triazole (2)

This synthesis involves the methods developed by Holm
et al.l*¥! This is a neat reaction carried out with Schlenk
technique. 2,6-Diethyl aniline (11.65 ml, 0.069 M) was
added to N,N-dimethylformamide azine dihydrochloride
(15 g, 0.069 M), and the mixture was stirred at 130°C for
72 h. The resulting melt was dissolved in toluene (50 ml),
and the solution was basified with 1 M aq. NaOH. The
aqueous layer was extracted with toluene (3 x 15 ml).
The residue was washed with small amounts of
diethyl ether and hexane, and the resulting reddish
crude product was purified through column purification
to give a light green solid of 2; Yield: 4.5 g (30%); MP:
150-151°C.

4.3.2 | Synthesis of 4-(2,4,6
trimethylphenyl)-4H-1,2,4 triazole (3)

This compound was prepared in an analogous method
used for 2. Here, 2,4,6-mesityl aniline (10.0 mM, 1.35 g)
was added to N,N-dimethylformamide azine dihy-
drochloride (3) (10.0 mM, 2.15g) under nitrogen

atmosphere, and the mixture was stirred at 130°C for
72 h. The resulting melt was dissolved in toluene (50 ml),
and the solution was basified with 1 M aq NaOH. The
aqueous layer was extracted with toluene (3 x 15 ml).
The residue was washed with small amounts of diethyl
ether, and the resulting light yellow crude product was
purified through column purification to give a colourless
solid of 3; Yield: 1.04 g (56%); M.P.: 233°C.

4.4 | Synthesis of aryl 1,2,4-triazolium
salts
44.1 | Synthesis of 4-(2,6-diethylphenyl)-

1-(pyridin-2-ylmethyl)-4H-1,2,4-triazol-1-ium
hexafluorophosphate (6)

A solution of 4-(2,6-diethylphenyl)-4H-1,2,4-triazole (2)
(2.099 mM) in 1,4-dioxane was added a solution of
2-(bromomethyl)pyridine hydrobromide (1) (2.099 mM)
in 1,4-dioxane. The reaction mixture was stirred for 48 h
at 100°C. The reaction mixture resulted in the formation
of yellowish brown precipitate after stipulated time,
which was filtered under reduced pressure and dried to
yield the bromide salt 4 as off-white solid. The bromide
salt was translated into its hexafluorophosphate counter-
part by the addition of potassium hexafluorophosphate in
water methanol mixture (1:9 v/v) at room temperature
for 4 h. A white precipitate was obtained, filtered,
washed, and dried. Yield: 85%, M.P.: 212-215°C. 'H NMR
(400 MHz, DMSO-d,, 298 K): & 1.05 (6H, t, CH,-diethyl
phenyl), 2.32 (4H, quart, CH,-diethyl phenyl), 5.95 (2H,
s, CH,-pyridyl), 7.40 (3H™, t, pyridyl), 7.57 (2H?', m,
phenyl), 7.90 (1H*, m, phenyl), 8.48 (1H"", d, pyridyl),
9.63 (1H, s, C3-triazole), 10.83 (1H, s, C5-triazole). *C
{'"H} NMR (100 MHz, ds-DMSO, 298K): & 15.0
(CHs-diethyl phenyl), 23.9 (CH,-diethyl phenyl), 55.6
(N-CH, pyridyl), 124.5, 125.2, 127.7 (ArC-pyridyl),
129.5, 132.3, 140.3, 141.0 (ArC-phenyl), 145.8, 146.2
(C3/C5 of triazole), 148.4, 151.0 (ArC-pyridyl). ATR-IR
(in cm™'): ~2978 V(C-H), 1627 u(C=N, pyridine/tria-
zole), 1085 v(C-N, pyridine/triazole). Anal. Calcd. for
C1H1 F6N4P (in %): C, 49.3; H, 4.8; N, 12.8. Found: C,
49.8; H, 4.7; N, 13.1.

4.4.2 | Synthesis of 4-mesityl-1-(pyridin-
2-ylmethyl)-4H-1,2,4-triazol-1-ium
hexafluorophosphate (7)

Salt 7 was prepared in manner analogous to that of salt 6.
Yield: 81%. M.P.. 242-243°C. 'H NMR (400 MHz,
DMSO-dg, 298 K): & 2.09 (6H, s, 0-CH; mesityl), 2.36
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(3H, s, p-CH; mesityl), 5.95 (2H, s, CH,-pyridyl), 7.22
(2H™, br. s, phenyl), 7.47 (1H™, br. s, pyridyl), 7.69
(1H™, br. s, pyridyl), 7.98 (1H™', br. s, pyridyl), 8.57
(1H™, br. s, pyridyl), 9.55 (1H, s, C3-triazole), 10.78 (1H,
s, C5-triazole). '*C{*H} NMR (100 MHz, DMSO-d,
298 K): & 17.6 (0-CH; mesityl), 21.1 (p-CH, mesityl), 56.5
(N-CH, pyridyl), 123.5, 124.5, 128.5 (ArC-pyridyl), 130.0,
134.9, 138.4, 141.6 (ArC-mesityl), 145.5, 146.0 (C3/C5
triazole), 149.8, 152.3 (ArC-pyridyl). ATR-IR (in cm %)
~2993 1(C-H), 1615 u(C=N, pyridine/triazole), ~1046
Y(C-N, pyridine/triazole).

4.5 | Synthesis of pyridine-
functionalized NHC binuclear gold(I)
complexes

4.5.1 | Synthesis of binuclear gold(I)
complex (8)

Salt 5, 4-(2,6-diethylphenyl)-1-(pyridin-2-ylmethyl)-4H-
1,2,4-triazol-1-ium hexafluorophosphate, (0.25 mM) was
dissolved in acetonitrile (15 ml) followed by the addition
of silver(I) oxide (0.12 mM), and the mixture was stirred
at 45°C for 24 h in dark. After which, the reaction mix-
ture was filtered through a celite bed to yield a pale-
yellow filtrate. The in situ obtained silver(I) complex
solution was converted into gold(I) complex by treating
with [AuCl (SMe),] (0.12mM) in 15ml of dichloro-
methane solution and stirred in room temperature for
4 h in dark. Further, the reaction mixture was passed
through a bed of celite to discard silver chloride
precipitate, and the filtrate obtained was concentrated
to half of its volume under reduced pressure to which
was added diethyl ether to yield the gold(I) complex
8 as white solid. Yield: 40.32%. M.P. on-set: 178-182°C.
'H NMR (400 MHz, DMSO-d,, 298 K): & 1.01 (6H, s,
CHs;-diethyl phenyl), 2.09 (4H, s, CH,-diethyl phenyl),
6.39 (2H, s, CH,-pyridyl), 7.17 (1H™', s, pyridyl), 7.41
(2H™, br. s, phenyl), 7.59 (1H", br. s, pyridyl), 7.87
(1H, br. s, pyridyl), 8.17 (1H*, br. s, phenyl), 8.27
QH”, br. s, pyridyl), 8.45 (1H*, br. s, pyridyl),
9.46 (1H, s, C3-triazole). '*C{*H} NMR (100 MHz,
DMSO-ds, 298 K): & 15.0 (CHj-diethyl phenyl), 24.1
(CH,-diethyl phenyl), 57.2 (N-CH, pyridyl), 127.5,
131.2, 132.1 (ArC-pyridyl), 140.7, 140.9, 143.4, 145.9
(ArC-phenyl), 149.9 (C3 triazole), 152.4, 154.5 (ArC-pyr-
idyl), 186.8 (C5 triazole). ATR-IR (in cm ') ~3054
uW(C-H), 1635 (C=N, pyridine/triazole), 1028 v(C-N,
pyridine/triazole). Anal Calcd for CsgHsoAu,F;,NgP,
(in %): C, 34.1; H, 3.2; N, 8.8. Found: C, 34.3; H,
3.3; N, 8.8.

Chemistry

4.52 | Synthesis of binuclear gold(I)
complex (9)

Complex 9 was prepared in manner analogous to that of
complex 8, using salt 7. Yield: 30.43%. M.P. on-set: 184-
186°C. 'H NMR (400 MHz, DMSO-d,, 298 K): § 2.09 (6H,
s, 0-CH; mesityl), 2.35 (3H, s, p-CH; mesityl), 6.39 (2H, s,
CH,-pyridyl), 7.00 (1H”", br. s, pyridyl), 7.21 (2H™", br. s,
phenyl), 7.89 (1H™", br. s, pyridyl), 8.32 (1H™", d, pyridyl),
8.50 (2H™", br. s, pyridyl), 9.20 (1H, s, C3-triazole). *C
{'"H} NMR (100 MHz, DMSO-d,, 298 K): & 18.4 (0-CH;
diethyl phenyl), 21.2 (p-CH, diethyl phenyl), 57.6 (N-CH,
pyridyl), 127.8, 129.5, 130.0 (ArC pyridyl), 130.6, 131.0,
135.0, 140.8 (ArC mesityl), 143.5 (C3 of triazole), 147.3,
153.6 (ArC pyridyl), 168.8 (C5 triazole). ATR-IR
(in cm™Y): ~3030, 2856 Y(C-H), 1653 Y(C=N, pyridine/
triazole), ~1019 v(C-N, pyridine/triazole).

4.6 | Modified electrode preparation
with gold complex-carbon composites

The glassy carbon electrode (GCE) with 3 mm diameter
was polished with alumina slurry of assorted sizes, that
is, 1.0, 0.3, and 0.05 pm alumina, respectively, and
washed with distilled water to obtain a mirror like carbon
surface. The electrodes were sonicated in ethanol and
water mixture. The gold(I) complexes (0.003 M) with
10 weight % of graphitic mesoporous carbon was dis-
persed in dichloromethane by sonication for 10 min.
Later, 3 pl prepared complex—carbon suspension was
drop-casted on the electrode surface and then dried at
room temperature overnight.

4.7 | Electrochemical measurements

All electrochemical measurements were carried out
using Potentiostat/Galvanostat Model 263A from EG&G
Instruments, Princeton Applied Research at room
temperature. The electrochemical measurements were
carried out in three electrode assembly comprising of
SCE (3.5 M KCl) as a reference electrode, platinum
wire as a counter electrode, and the gold complex-
carbon composite modified GCE as a working electrode
in 1 M KOH electrolyte medium. The OER tests were
conducted by using linear sweep voltammetry (LSV),
the current density was normalised to the geometric
surface area of the GCE (0.07 cm ™ ?) and the potential
measured versus SCE was converted to reversible
hydrogen electrode (RHE) according to the standard
Nernst equation.
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