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Metal-metal bonded complexes are promising candidates for catalyzing redox transformations. Of particular interest is the

oxidation of ammonia to dinitrogen, an important half reaction for the potential utilization of ammonia as a fuel or hydrogen
carrier. This work computationally explores 30 different metal-metal bonded dimers (5 different metal centers and 6
different benzoate ligand derivatives) to explore the tunability of the redox potential when ammonia is bound to the
complexes as an axial ligand, modeling the first step in ammonia oxidation electrocatalysis. We calculate the redox potentials
of these compounds, making reference to experimental data when appropriate, identifying two degrees of tunability: a
coarse adjustment, changing the metal center, allows for a wide range of redox potentials to be accessed (from +1.0 to 2.0
V vs ferrocene/ferrocenium in acetonitrile solution) and a fine adjustment, the para-substituent of the benzoate derivative,
which affects the redox potential in a smaller range based on the electron donating/withdrawing effects of the substituent.
Ruthenium and osmium tetrabenzoate catalysts are prime candidates for next generation ammonia oxidation catalysts
because their redox potentials fall within the direct ammonia fuel cell “viability zone” bracketed by the thermodynamic
potentials of oxygen reduction (ORR) and nitrogen reduction (NRR). Rhodium tetrabenzoate species fall above the ORR
potential, suggesting ammonia oxidation promoted by Rh, catalysts could instead be used to facillitate hydrogen production
through coupling to hydrogen evolution at a cathode. The redox potentials of rhenium and iridium tetrabenzoate catalysts
fall below the NRR potential suggesting that these compounds could be further investigated in the context of
electrochemical ammonia synthesis. Each redox event studied involves electron transfer from the M—M &* orbital regardless
of choice of metal or benzoate ligand derivative; this leads us to believe that the chemical reactivity of the various studied
compounds will be similar in the context of ammonia oxidation.

Introduction

Development of alternative fuels from renewable sources is required
to achieve carbon-neutrality,®® and the “Nitrogen Economy” has
emerged as a potential solution to this existential problem,*>
motivating fundamental research in electrochemical ammonia
synthesis and the utilization of ammonia as an energy source, ideally
in direct ammonia fuel cells (DAFCs). There are currently a small, but
rapidly growing number of molecular catalysts capable of performing
the ammonia oxidation reaction (AOR),®-15 and the search for more
viable catalysts is an important fundamental research goal. By
coupling electrocatalytic AOR to a cathode process, ammonia may
either be used as a “hydrogen carrier” or directly as a chemical fuel.
The viability of these processes, outlined in Chart 1, depends on the
applied potentials at which a catalyst promotes ammonia oxidation.
Many AOR catalysts promote reactivity only at larger overpotentials,
and thus require applied potentials higher than the thermodynamic
potential for the oxygen reduction reaction (ORR). Catalysts that
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operate in this thermodynamic regime have been used for the in-situ
electrochemical decomposition of ammonia into nitrogen and
hydrogen at a mild applied potential (top of Chart 1), 14 effectively
using ammonia as a hydrogen carrier rather than a primary fuel. We
recently discovered a metal-metal bonded Ru, complex,
Ruy(chp)a(NHs)* (1, chp = 2-chloro-6-hydroxypyridinate), that
promotes electrocatalytic ammonia oxidation at sufficiently low

Ammonia as a Hydrogen Carrier:

Anode: N, (g) + 6 H" (ag) + 6 e — 2 NHj; (aqg) Egn =+0.092 V

Cathode: 2 H' (aq) + 2" — H, (g) EZy = 0.000 V

ECei = Egat - Ean = 0.092V
Ammonia as a Fuel:
Anode: N (g) + 6 H (aq) + 6 e— 2NHj (ag) Eg,=+0.092V
Cathode: O, (g) + 4 H* (ag) + 4e—>= 2 H,0(l) Eé’m =+1.229V
Egell = Egat 2 Egﬂ = +1137 V
Chart 1. Thermodynamic analysis of electrochemical ammonia utilization with

potentials in V vs NHE. Half reactions are written as reductions by convention
with the associated thermodynamic potentials.
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overpotentials, such that this process can be coupled with oxygen
reduction to give a net exergonic reaction, as is needed for a
productive fuel cell (bottom of Chart 1).° We are currently working
to understand the mechanism of ammonia oxidation by 1,6 and to
identify new bimetallic catalysts that improve on both
Fig. 1. 1 and the survey of bimetallic tetrabenzoate paddlewheel complexes considered

in this work with varying metal center and para-substitution of the equatorial benzoate

ligand. Para substituents, R, are listed in order of most positive to most negative
Hammett parameter. *Re,5*/6* is analyzed in this study, instead of Re,**/5*.

thermodynamic and kinetic issues.

Our previous study of 1 indicated that electrocatalytic ammonia
oxidation operates at the Ru,*"/>* redox potential, where facile one-
electron oxidation of Ru,** at the working electrode is followed by a
spontaneous redox reaction between Ru,>* and exogenous
ammonia, yielding dinitrogen and ammonium products while
regenerating the reduced Ru,** electrocatalyst species. This work
also included a preliminary computational analysis highlighting the
importance of metal-metal antibonding orbitals in facilitating both
processes. The reduced Ru,* and oxidized Ru,>* electrocatalyst
species respectively possess full and half-filled Ru—Ru &§orbitals, the
energies of which dictate the operating potential of electrocatalysis.
Delocalization of a i orbital across the Ru—Ru—N axis of a crucial Ru—
Ru—-NH, intermediate was proposed to enable N-N bond formation
via nucleophilic attack of ammonia.® However, the impact of
substituting ruthenium with other second and third row transition
metals within this bimetallic design has yet to be determined, and
insights into how equatorial ligand electronics influence the redox
behaviour of these bimetallic cores is also desirable. By increasing
the breadth of our computational study to include different
combinations of bimetallic core and equatorial ligand identities, we
connect periodic trends with the predicted overpotentials of
candidate second-generation electrocatalysts and thus establish
design principles for ammonia oxidation electrocatalysts based on
this unique bimetallic paddlewheel motif.

2| J. Name., 2012, 00, 1-3
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In this work, we describe a broad computational investigation
examining the predicted redox potentials of bimetallic tetrabenzoate
paddlewheel complexes [M;(Bz)s(NHs)]*, where Bz = a para-
substituted benzoate. These compounds are respectively labelled as
2 - 6 for M = Ru, Os, Rh, Re, Ir, with letters a — f denoting the para
substituents of Bz: Br, Cl, F, H, Me, NMe, (Fig. 1). These bimetallic
cores are investigated due to their prevalence in previously reported
systems!? and their similarity to 1 in terms of general electronic
structure. Notably, tetracarboxylate complexes are known for all of
these bimetallic cores except Ir,, though only Ru, and Rh, carboxylate
complexes are reported in both the M,** and M,°* oxidation states.
Several of the species considered in this work are thus predicted
compounds that expand upon a familiar structural motif. Homoleptic
Ru, tetrabenzoate complexes have recently been explored in
coordination polymers,'8-52 liquid crystals,®®* charge-transfer
complexes,#55 as oxidation catalysts,56-58 and the redox properties
of several Ru, benzoate derivatives have been studied.?®-%¢ Rh,
benzoate-derived complexes have been examined for their host-
guest,®775 structural,’6-84 light absorbing,35-87 catalytic,®2° kinetic,°
and hydrogen evolution properties.®® Dirhenium tetrabenzoate is
known in the Re,®* oxidation state with two chloride axial ligands.??
Similarly, Os,%" tetrabenzoate derivatives are known as bis-axial Cl
complexes.?3:94

The functionalization of benzoate equatorial ligands enables further
tunability and finer control over the redox potentials of candidate
electrocatalyst structures beyond leveraging bimetallic core
identities. Focusing on para-substituted benzoates, we investigate a
range of electron-withdrawing and electron-donating groups to
better understand and quantify the influence of ligand electronics on
these redox potentials. Additionally, the use of para-substituted
benzoate ligands permits axial binding of ammonia at two potential
active sites as opposed to only one in 1, which we anticipate may
improve the kinetics of electrocatalysis.

Methods

Geometry optimization and vibrational frequency calculations were
performed by density functional theory using the ORCA
computational platform (version 4.2.1) for 30 different bimetallic
tetrabenzoate compounds with one axially bound ammonia ligand.%>
Compounds in the [M,]* and [M,]*>* oxidation states are considered
for series 2-5. For series 6, compounds in the [Re,]>* and [Re,]%*
oxidation states were examined instead due to convergence issues
in the calculation of [Re,]** species. The most energetically favorable
spin states were considered in each case: ruthenium and osmium
complexes were studied in the high spin S = 1 configuration for [M,]**
and in the high spin S = 3/2 spin state configuration for [M,]>*;°
rhodium, iridium, and rhenium complexes were studied in the low
spin state configuration regardless of oxidation state: S = 0 for Re,%",
Rhy*, and Ir,**; S = 1/2 for M,>* complexes. Initial geometries were
originally obtained by altering coordinates from previous geometry
data of 1 and were subsequently optimized to a very tight
convergence criterion (ETol = 1.0 x 10™° Ha). Calculations were
performed using the BP86 functional, which has been shown to give
as good accuracy as hybrid functionals for the calculation of redox
potentials in 1 and other transition metal systems (see

This journal is © The Royal Society of Chemistry 20xx
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Supplementary Information).?6-%8 The ZORA-def2-SVP basis set
combined with a SARC/J auxiliary basis set was used to model the
complexes, and a larger SARC-ZORA-TZVP basis set was used for the
metal atoms to more accurately model the unique electronic
structure of the metal-metal bond, including relativistic effects.99-102
The solvent environment was modeled with the conductor-like
polarizable continuum model (CPCM) to account for solvation effects
of acetonitrile.293 Choice of functional, basis set, and modeling
parameters were made after the results of preliminary tests on the
performance of different DFT functionals with respect to the
energetic properties, structural properties, and computing time for
these molecular systems of up to 90 atoms.

(Gmg+ + Gpe+) —(Gmz+ + Gre)
F-n

Eipp=—

Equation 1. Equation describing the calculation of an MZ‘W5+ redox potential, Em, Vs
Fc/Fc from the change in Gibbs free energy at 298 K (AG), using Faraday’s constant (F)
and number of electrons (n).

The redox potential of the M,*/5* couple (or M,5*/6* for M = Re) was
evaluated by calculating the Gibbs free energy (G) of each species
with respect to the ferrocene/ferrocenium redox couple (Fc/Fc*)
using Equation 1,294 then cathodically shifted by 346 mV to account
for the difference between the resulting computed redox potential
and the measured redox potential of model compound 1 (see
Supplementary Information). Within each series of compounds, the
predicted redox potentials were plotted against Hammett
parameters of the substituted benzoate derivatives, which quantify
the degree of ligand electron-donating or electron-withdrawing
character arising from the substituent in the para position.10%

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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MZ+_M 2+ M2+_M 3+ M24+_N H3 M25+_N H3 . .
M M,*-0 (A) | M—0 (A M,* 0, (° M,5* 8, (° M,* 8, (° M, 8, (°
& &) " & #-0(A) | MA-0(A) | M*8.() | M#6:() | M8 () | M8, ()
Ru 2.292 2.286 2.244 2.209 2.067 2.024 0.037 0.029 0.032 0.018
Os 2.362 2.346 2.256 2.229 2.082 2.040 0.040 0.019 0.037 0.038
Rh 2.412 2.398 2.169 2.136 2.049 2.017 0.041 0.059 0.028 0.106
Ir 2.468 2.442 2.180 2.154 2.066 2.032 0.046 0.173 0.040 0.797
MZ+_M3+ M3+_M3+ M25+_NH3 M26+—NH3
M . . . ; M0 (A) | M~0(A) | M6, (° M5 8, (° My> 8, (° M,% 6, (°
) " A A -0 (A) | MS-0(A) | M 8.() | M8 () | M#0,() | M6, ()
Re 2.208 2.209 2.326 2.291 2.057 2.010 0.034 0.042 0.018 0.041

Table 1. Key bond lengths and angles for the optimized benzoate (d) structures in series 2-6. A complete table of all complexes analyzed can be found in the Supplementary
Information. For the purpose of distinguishing between the metal atoms in the table below, “M?*” refers to the metal atom that is not bonded to the NH; ligand and “M3*” refers to
the metal atom bonded to the NH; ligand. It should be noted though that these assignments of oxidation number are artificial, since the mixed-valent species are necessarily fully
delocalized due to the metal-metal bond. 0-M-M-0 torsion angles (6;) were measured by averaging the four dihedral angles of the metal center coordinated to each carboxylate.
Ligand torsion angles (6,) were measured by averaging the four dihedral angles between the phenyl ring plane and the carboxylate plane on each benzoate ligand (see Fig. 2). R
groups are organized from largest positive para-effect to largest negative para-effect (a-f).

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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M—N Bond Length
s |\|—O Bond Length

M—M Bond Length

% 4

Plane 1 Plane 2

©, is the O-M-M—-O torsion angle

©,is the torsion angle
between Plane 1 and Flane 2

Fig 2. lllustration of key bond lengths and angles analyzed in Table 1.
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Results

Geometry information for the mono-ammine complexes is shown in
Table 1. M—M bond distances in 2, 4, and 6 align with previous
crystallographic data of M,** carboxylates.196-18 For Re, only few
Re,®* carboxylate complexes are known, which typically contain
halide or other X-type axial ligands; nevertheless the Re—Re distances
in the calculated Re,5 and Re,5* structures are only ~0.03 A shorter
than those of the known Re,®* compounds.92:109:110 Qs,4 and Os,*
carboxylate complexes are not known, though Os,®* carboxylates
are. The calculated Os—Os distances for Os,** and Os,>* species are
consistently greater than those of reported Os,®* complexes,
consistent with a lower Os—0s bond order of the reduced Os, core.?
Comparison with experiment is difficult in the case of Ir since Ir,
tetracarboxylate complexes are unknown. However, the fact that the
Ir—Ir distances calculated here are the longest reported in our series
agrees well with structural comparisons of metal-metal bonded
complexes supported by formamidinate ligands.*** Ir,
tetraformamidinate complexes are known in both the Ir,** and Ir,>*
oxidation states,*1%%12 and show an increase in Ir—Ir distance upon
oxidation that is not reproduced here, but this discrepancy could be
due to the fact that the known Ir,** compounds do not contain axial
ligands and the Ir,>* complexes do. Decrease in M—M bond lengths of
2-5 upon oxidation from M,* to M,°* indicates that the electron
being removed in each case originates from an M—M antibonding
orbital; bond contraction occurs despite an increase in electrostatic
repulsion between the more positively charged metal centers.'!3 The
lack of change in M—M bond lengths upon oxidation of 6 from Re,**
to Re,®* shows that in this case both the electrostatic effect and the
change in metal-metal bond order equally balance.

The M—M and M—-NHj; bond lengths correlate with periodic trends in
an interesting way, as highlighted in Figure 3. For any given metal,
species in higher oxidation states display a shortened axial M—NH;
bond, and equatorial M—O bond lengths are shortened to a similar
degree. M—M bond distances lengthen and M—NH; bonds contract
with the increased of period and group number of M. If only atomic

2.5

2.45

N
~
Py
=
N
~
T

2.35

M-M Distance, A
N
w

N
N
(3

2.2

size were considered, then only a contraction of distances around
each metal with increasing group number would be expected. This
effect of increasing effective nuclear charge is best seen in the trend
in M—0 distances to the equatorial ligands across compounds 2 — 6.
Comparing M,>* species, the average M—0 equatorial bond distances
contract from 2.05 A for Re, species in series 6 to distances of 2.03 A
and 2.04 A in Rh, (series 4) and Ir, (series 5) species, respectively. M-
NH; axial bond distances display a similar trend but with more
pronounced contraction due to the trans influence of the M—-M
multiple bond. Clearly, bonding to an axial NH; ligand requires the
metals to share their o-symmetry orbitals between M—M vs M—NH;
bonding; the stronger the M—M multiple bond, the stronger the trans
influence, and the longer the M—NH3 bond. Notably, the M—M bond
order changes from 3 to 2 to 1 for the M,** complexes in groups 7, 8,
and 9, respectively.

Fine-tuning of the equatorial ligands a — f yields minor geometric
changes; increasing electron donating character in the equatorial
carboxylates consistently decreases the M—M bond distances and
increases the M—N bond distances. Across all examined metal and
equatorial ligand identities, the torsion angle of the complexes
around the metal-metal bonds 6, (Fig. 2) remains consistently small.
The small torsion angles anticipate the presence of M—M 6 orbital
interactions between the metal centers of these compounds.
Similarly, the small torsion angles within the benzoate ligands (6, <1°,
Fig. 2) allow good orbital overlap between benzoate n-systems and
the M, 6-symmetry orbitals.

Predicted redox potentials of 30 different bimetallic paddlewheel
complexes, each bearing an axially coordinated ammonia ligand, are
plotted versus the sum of Hammett parameters o, for their
respective para-substituted benzoate equatorial ligands in Figure 4.
Data are grouped and analyzed according to metal identity, with
linear regression statistics summarized in Table 2. We chose to
analyze redox potentials of the mono-ammine adducts due to their
similarity to 1 and for

Os 24+

Ru o+

Re 25+

2.1 2.15 22

2.25 23 2.35

M-N Distance, A

Fig. 3. Plot of the optimized M—M versus M—NH3 distance for all of the compounds examined here.

6 | J. Name., 2012, 00, 1-3
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Fig. 4. Computationally-predicted redox potentials versus the sum of para-substituent Hammett parameters for benzoate equatorial ligands. Each point is shifted 346 mV cathodic
to account for the offset between experimental and computational results (see SI). Data points and lines of best fit are coloured according to the identity of the bimetallic core in
each complex. The light green region between potentials 0.233 V and -0.942 V vs Fc”* represents the DAFC Viability Zone.

computational expedience; calculation of selected redox potentials
of bis-ammine adducts indicated that their redox potentials are
within £ 0.4 V of the mono-ammine adducts (see Supplementary
Information). In Figure 4, we see that changing the metal center is
predicted to drastically shift the redox potential of the complex,
while benzoate substitution provides a means of fine-tuning the
redox potentials of these complexes for a given metal center.

This journal is © The Royal Society of Chemistry 20xx

It is instructive to compare the slopes in Figure 4 to those of
substituted  My(form);  complexes (form = N,N’-diaryl-
formamidinate) compiled by T. Ren,''® and for the series of
Ru,0:626466 henzoate complexes that has been experimentally
analyzed. Our computed Ru, redox potentials consistently predict a
higher impact of para substitution with a larger slope than
experimental studies (2 p = 111.4 mV vs Miyasaka 2018 p = 81.3 mV
and Miyasaka 2015 p = 91.5 mV).5456 This larger slope could be
explained by our computations predicting both ligand (6,) and metal
(6,) torsion angles for all complexes to be <1°, whereas
crystallographic data of Ru, and Rh, tetrabenzoates show larger
ligand torsion angles from 1-2° and metal torsion angles from 5-
15°,6062,66,7582 \which hinder the aryl-m-to-metal-6 interaction.
Computationally, slopes with optimal correlation coefficients in
series 2-6 exhibit larger reaction constant (p) values than the
tetraformamidinate series studied by Ren. Direct comparison of 2
and 4 to Ren’s Ru, and Rh, tetraformamidinate series, respectfully,
show that both carboxylate series have significantly greater redox
potential tunability with a larger slope (2 p = 111.4 mV, Ru,(form),Cl
p=70mV; 4 p = 130.3 mV, Rhy(form), p = 98 mV).124 The rigid twist
angle and relative benzoate planarity in the geometry of these
complexes allows for optimal overlap of benzoate i conjugation into
the & and &* orbitals of the metal centers, which allows for variation
in the functional group of the para-substituted site of the benzoate
ligand to affect the redox event more than for other types of ligands.
This effect is also apparent in complexes in series 3, 5, and 6, as their
p values range close to that of series 2 and 4.

The choice of metal center is predicted to greatly affect the redox
potentials of compounds investigated in this study. To assess the
viability of these compounds as candidate electrocatalysts for

J. Name., 2013, 00, 1-3 | 7

Please do not adjust margins




DPalton Transactions

Re,
5+/6+

c GG

Ru,/Os; Rhy/lry
4+/5+ 4+/5+
1 R :
I o*

Fig. 5. Energy level visualization of redox couples within the metal-metal interactions of 5 different metal centers. Red half arrow represents the electron that is being removed

during oxidation (M,* to M,%* or M,>* to M,%*). Energy levels are not shown to scale.

ammonia oxidation, their predicted redox potentials are presented
in the context of the thermodynamic standard potentials for ORR and
NRR processes (DAFC viability zone in Figure 4), which bracket the
range of potentials at which the electrocatalytic oxidation of
ammonia must be facilitated in order to yield a productive fuel cell
when coupled to oxygen reduction at a cathode. Thermodynamic
ORR and NRR potentials are calculated for the conditions used in our
previous work with 1, using acetonitrile solvent with ammonium and
ammonia acting as the conjugate acid/base pair involved in
facilitating proton transfer. With the exception of 3f, we observe that
Ru, and Os, tetrabenzoates (series 2 and 3, respectively) are the
most promising AOR electrocatalyst candidates for fuel cell
applications, as the M,**/5* redox couples for both sets of compounds
lie within the DAFC viability zone. The Rh,*/5* potentials for series 4
are predicted to exceed the upper boundary of the DAFC viability
zone as dictated by the thermodynamic ORR potential, but are in line
with the operating potentials of other reported ammonia oxidation
Rather than enabling a DAFC, electrocatalytic
ammonia oxidation in this thermodynamic regime could instead be

catalysts.11,115

coupled to hydrogen evolution at a cathode and thus split ammonia
into its constituent elements with mild applied potentials, as was first
reported by Hamman, Smith, and coworkers.** Both the Re, and Ir,
complexes as well as one Os complex (series 5, 6, and complex 3f,
respectively) possess redox potentials below the lower bound for
DAFC viability as dictated by thermodynamic NRR potential, and
investigated as possible catalysts for
electrochemical ammonia synthesis from nitrogen or hydrazine (the
microscopic reverse of ammonia oxidation).

could therefore be

To better understand the trends in redox potentials for series 2 - 6,
we examine the electronic structures of the neutral and cationic
species involved in each redox couple. Given the data in Figure 4,
there are two key questions we seek to answer: First, what is the
origin of the similar Hammett slope in series 2-67? A second question
arises upon examining the redox potentials of second-row and third-

8| J. Name., 2012, 00, 1-3

row transition metal analogues. Going from Ru, to Os, species, we
predict a shift in redox potentials of approximately 0.7 V between
analogous structures, consistent with trends reported for similar
compounds.116-118 However, the drop in potential between Rh, and
Ir, species is approximately 2 V, posing the question of why Ir,**
compounds are predicted to be especially reducing relative to their
Rh, congeners.

To address the first of these questions, we find from electronic
structure analysis that, no matter the metal identity, each redox
couple considered in this study involves an electron occupying an M—
M &%* orbital, as shown in Figure 5. This result is consistent with
previous electronic structure analysis of 1, and is a reflection of the
fact that the exact ordering of the metal-metal n* and 6* orbitals
changes as the metal effective nuclear charge is increased. For Re,
there is a significant splitting between the 6* and nt* orbitals, as has
been established for triply-bonded Re,** compounds.11%120 For
Ru,/0s,, the 6* and m* orbitals are nearly degenerate, consistent
with the “high spin” S = 3/2 ground states observed for Ru,®* and
0s,>* compounds.!” For Rh,, EPR studies of simple Rh,>* carboxylates
such as acetate have indicated an orbitally-degenerate n*3 ground
state.121122 However, the Rh,>* complex supported by the more
complicated esp bridging dicarboxylate ligand has been shown to
have a 6*! ground state due to interactions between the esp ligand
orbitals and the Rh, &* orbital.12®> We may attribute the §*! ground
state in series 4 to the m-conjugation between the nearly-planar
benzoate groups with the Rh, &* orbital. The inversion of 6* and rt*
upon going from Re, to Ru,/Os, to Rh,/Ir, comes from the increase
in effective nuclear charge of the metal centers that increases the
energetic matching between later transition metals and ligand
orbitals, in this case the 6* orbitals with the benzoate m system.

Addressing the second issue, studies by Ren and coworkers show
that Rh,(form), derivatives possess redox potentials approximately 1
V higher than the analogous Ru,(form), complexes, consistent with
our predictions for carboxylates considered in this study. However,

This journal is © The Royal Society of Chemistry 20xx
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the lack of experimental data for Ir, complexes hinders our
understanding of the large disparity in redox potentials between Ir,
and Rh, complexes, and further study of this phenomenon and Ir,
complexes in general is necessary. The unusually large difference in
redox potentials predicted for Rh, versus Ir, compounds could
underlie the lack of synthetic access to Ir, tetracarboxylates, as we
note that at the time of this report, Ir3* carboxylate compounds are
exclusively known to adopt the oxo-centered trimetallic “basic”
carboxylate structure. 124125

We also find that altering the electron-donating versus electron-
withdrawing nature of equatorial benzoate ligands offers an
additional degree of tunability over redox potentials. Consistently
positive Hammett slopes across all metal identities show that more
strongly electron-donating functional groups can be used to increase
the electron density of the bimetallic core, and thus decrease the
redox potential of the overall complex. Moreover, the magnitude of
this effect is quite similar regardless of metal identity. This similarity
arises from the universal involvement of an M—M 6* orbital in every
redox event of the compounds considered in this study. When
combined with the observation that M—M &-symmetry orbitals
overlap with the m-systems of equatorial benzoate ligands, the
functionalization of these benzoate ligands provides a highly
generalizable and systematic means of finely tuning redox potentials
across this platform. Furthermore, the fact that each redox process
involves the same M—-M &% orbital that is rigorously non-bonding
with respect to the axial NHs ligand leads us to believe that the
process of ammonia oxidation will be mechanistically similar across
the different types of bimetallic cores described in this work.
Collectively, these findings have profound implications for the future
design of ammonia oxidation electrocatalysts.

This study of redox potentials was inspired from prior work in our
research group on the Ru,-based AOR electrocatalyst 1, where the
minimum applied potential required for promoting electrocatalytic
ammonia oxidation from the reduced Ru,* form of 1 closely
matched the measured potential of its Ru,*/5* redox couple.
However, we note that this initial one-electron oxidation may or may
not be proton-coupled in other systems and thus impact the
conditions required for achieving electrocatalysis. Future studies will
thus address the possibility of proton-coupled electron transfer
(PCET) events relevant to ammonia oxidation catalyzed by these
systems and assess their impact on DAFC viability.

Conclusion

30 different bimetallic tetrabenzoate compounds, each bearing an
axially coordinated ammonia ligand, were investigated by DFT as
candidates for ammonia oxidation electrocatalysts. Based on
predicted redox potentials, shown to be highly tunable according to
metal and ligand identity, compounds were found to align with one
of three thermodynamic regimes relevant to the future utilization of
ammonia in an energy context. The redox potentials of Ru, and Os,
complexes fall between the thermodynamic potentials for ORR and
NRR processes, which bracket the operating potentials of ammonia
oxidation catalysts viable for use in direct ammonia fuel cells. Rh,
complexes possess redox potentials above the thermodynamic ORR
potential, but may enable ammonia’s use as a hydrogen carrier by

This journal is © The Royal Society of Chemistry 20xx
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electrochemical means via the coupling of electrocatalytic ammonia
oxidation at an anode to hydrogen evolution at a cathode. Redox
potentials of Re, and Ir, complexes are predicted to lie below the
thermodynamic NRR potential, suggesting that these compounds
could be further investigated in the context of electrochemical
ammonia synthesis. The one-electron redox couples of all 30
complexes studied in this work involve an M—M &* orbital, a finding
that is consistent with the previously reported Ru, complex and
known ammonia oxidation electrocatalyst 1. Benzoate ligands with
electron-donating substituents are predicted to provide fine control
over these redox potentials in an array of bimetallic compounds and
could enable electrocatalytic ammonia oxidation at reduced
overpotentials, warranting further investigation. These findings
illustrate the utility of computational methods in aiding the rational
design of electrocatalysts for ammonia oxidation and motivate
additional investigations of other reported AOR catalyst platforms.
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