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Abstract

In the present study the reactivity of OH with Ni(X,C,H,), and Ni(X,C,H,),” (where X =S or Se)
was investigated. From the thermodynamics, it found that the OH radical attacks a backbone C-
atom of the Ni(S,C,H;), complex. For the Ni(Se,C,H,), complex, the OH is predicted to target the
ligating chalcogen atom. The significance of this is that with the attack of OH to a backbone C-
atom, the thermodynamic cost to lose a proton or hydrogen atom ranges from exergonic to
marginally endergonic depending on the oxidation state of the complex. Notably, such a process
results in a rearrangement of the complex, likely leading to deactivation of the catalyst. Where OH
has attacked a ligating chalcogenide atom, the thermodynamic cost to lose a proton or hydrogen is
endergonic regardless of oxidation state of the complex.

Where OH attacks a coordinating chalcogenide atom, the thermodynamics for the addition of a
proton was considered. At the present level of theory, it was found that for the dithiolene and
diselenolene monoanionic complexes, the addition of a proton is marginally endergonic. However,
following protonation, the loss of water is significantly exergonic and results in the regeneration
of the neutral non-oxidized Ni-complex. Given the greater tendency for OH to attack Se versus S
it may be speculated that the use of diselenolene ligands may offer a means to protect the Ni-
complex from damaging OH radicals due to the thermodynamic tendency for OH to attack Se atom

of the diselenolene complexes not seen in the dithiolene complexes.

Keywords: Nickel-bis(dithiolene), Nickel-bis(diselenolene), Density Functional Theory, Reactive

Oxygen Species, Hydroxyl radical.
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Introduction

Modern science requires finding new, eco-friendly alternative energy sources due to the threat
of climate change.!* Among the renewable energy sources, the most significant and most
exploitable option available to humankind is solar energy with a potential of 60 terawatts of usable
energy.>® However, for us to depend on solar energy as an alternative energy source, we must be
able to store it for later use during cloudy days and nights. One approach to storing solar energy is
in the form of converting solar energy to chemical energy. For instance, the photocatalytic-
production of molecular hydrogen gas (Hx(g)) via transition metal catalysts.’ In comparison to
other methods of hydrogen production, such as the electrolysis of coals to produce molecular
hydrogen from water,!%-!3 the use of solar energy to produce H,(g) is environmentally friendly.

Recent work into the generation of hydrogen gas involves the use of transition metal dithiolene
complexes.'* In the work of Das et al.,'” Ni-bis(dithiolene) complexes and analogs were
investigated for their ability to reduce H* to H,. The complexes investigated were Ni(S,(bdt)),,
Ni(SNH(bdt)),, Ni(SO(bdt)),, and Ni((NH),(bdt)),.!> From the experimental evidence, it was
concluded that the catalysts formed H,(g) with high activity and exhibited notable durability.!>

Thus, hydrogen production via dithiolene-metal complexes seems promising, but there are
limitations to using these catalysts for the production of H,. Specifically, the presence of impurities
such as Cu(II) and other reactive species in homogeneous solution cause the catalysts to have poor
durability.” It has been proposed that the poor durability comes from the high reactiveness of the
dithiolene ligands with metal ions like Cu?*, Fe’*, and from reactive oxygen species in the
solution.’ Notably, free Cu?* and Fe3" ions produce radical oxygen species (ROS) in water.!¢ ROS,
such as superoxide anion (O;"), hydrogen peroxide (H,O,), and hydroxyl radicals (OH") have the
potential to inhibit catalytic activities when bound onto a catalyst.!”!8 For instance, ROSs have
been shown to inactivate enzymatic activity of bacterial enzymes containing Fe-S clusters, such as
aconitase.!” In addition, to free metal ions, sunlight can also produce ROS as a result of ionizing

radiation.!” Notably, the superoxide anion and hydrogen peroxide are able to generate the very
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reactive oxidant OH radical. OH radicals, despite their short life span of nanoseconds, are capable
of dealing with considerable oxidative damage.

Unlike metal-dithiolene complexes, which have been investigated thoroughly, diselenolene-
containing complexes have not been investigated intensively.!” Recent work has revealed that
dithiolene and diselenolene complexes are very similar in their geometrical and chemical
properties.?®-?2 However, despite the similarities between the two analogous complexes,
diselenolene complexes are found to have a smaller HOMO-LUMO energy gap, suggesting higher
reactivity of the molecule to electron transfer. A recent computational study?® has compared the
thermodynamics for H, production between Ni-bis(dithiolene) and -bis(diselenolene) complexes.
From the work, it was predicted that in a dilute aqueous environment Ni(Se,C,(NH,),), and
Ni(Se,C,(CN),), are able to catalyze the formation of H,(g) with overall reaction Gibbs reaction
energies of 8.7 kJ mol™! and 8.4 kJ mol! (relative to the SHE), respectively. In another
computational study,?* the Ni(SNHC,(CN),), and Ni(SeNHC,(CN),), complexes were
investigated using density functional theory to determine the thermodynamics associated with the
electrocatalytic formation of H,(g). From the work the two complexes are indeed able to catalyze
the production of H, gas under mildly reducing conditions relative to the SHE.?* Notably, the
thermodynamics for H, production are better for Ni(SeNHC,(CN),), than the analogous
Ni(SNHC,(CN),), complex. It is noted that Ni(SNHC,(CN),), has been experimentally found to
catalyze the formation of H, in aqueous solution.?* Experimentally diselenolene complexes show
significant improvement in durability under the prolonged reductive acidic situation, and recently,
changing S atom to Se atom showed an improvement in the hydrogen evolution reaction (HER).?

Given the likely presence of OH radicals in a solution for the conversion of solar energy to
chemical energy, the reactivity between the hydroxyl radical and Ni(S,C,H,),was investigated
using density functional theory (DFT). In addition, the chemistry of OH with Ni(Se,C,H,), was

studied.
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Methods

Optimized geometries, harmonic frequencies, and single-point energies of all compounds
discussed herein were obtained with the Gaussian 09 computing suite.?® The M06/def2-SVP level
of theory was used for all geometry optimizations and the calculation of harmonic frequencies.
The optimized geometries of all molecules investigated are given in the Supporting Information.
Single point energies were obtained at the IEFPCM-MO06/aug-cc-pVTZ//M06/def2-SVP level of
theory and corrected to Gibbs energies by adding the Gibbs corrections obtained from the
harmonic frequencies calculations at the M06/def2-SVP level of theory.?’-3¥ The M06 functional
was chosen due to past work, which found that reduction potentials of several diselenolene
complexes were in good agreement with those calculated at the CCSD level of theory.?7-28, 39-42
The MO06 functional is a meta-hybrid GGA functional for general-purpose applications and is
appropriate for use in transition metal chemistry.?’-?%-3° The IEFPCM approach was used to model
the presence of solvent on the reaction with water chosen as the solvent.30-33.36.43 [n the calculation
process, we tried to find transition structures for the attack of OH to the Ni, chalcogen atom, or
backbone C atom. Specifically, we ran rigid scans where OH was moved closer to the complexes
in 0.02 A increments. However, the results for all scans at the present level of theory showed that
no barriers in the electronic PES existed.

The reactions investigated herein involve a series of electron-transfer and proton-transfer steps.
To calculate the Gibbs reaction energies (A,G;°) for the proton transfer steps in a dilute aqueous
environment, a chemical potential of -1124.2 kJ mol! was used for a proton.** To calculate the
Gibbs reaction energies (A,;G;°) at 298 K for the electron-transfer steps, the chemical potential of
-418.5 kJ mol! for the electron was used.** Such a value allows the Gibbs reaction energies for
the electron-transfer steps to be made relative to the standard hydrogen electrode (SHE) Using E°
= -A,G°/F the relative Gibbs energies for the electron-transfer steps were converted to reduction

potentials.
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Using the density functions calculated at the IEFPCM-MO06/aug-cc-pVTZ//M06/def2-SVP

level of theory the Mutiwfn program was used to carry out the orbital analysis.*

Results and Discussion

In past studies of the Ni(X,C,(CN),),, Ni(X,C,(NH»),), and Ni(XNHC,(CN),), (where X = S
or Se) complexes it was found that prior to the reduction of H" to form H, the complexes must
undergo two one-electron reductions.?3->* Therefore, for the complexes investigated herein, the
reduction potentials of the (Ni(X,C,H;),/Ni(X,CoH,),"") and (Ni(X,C,H,),!/Ni(X,CoH,),%)
(where X =S or Se) redox couples relative to the SHE were calculated. At the [IEFPCM-MO06/aug-
cc-pVTZ//M06/def2-SVP  level of theory, the reduction potentials for the
(Ni(S,C,H,),/Ni(S,C,H,),"") and (Ni(S,C,H,),!/Ni(S,C,H,),%) redox couples were calculated to
be 0.35 V, and -0.08 V, respectively. Regarding the Ni(Se,C,H;),/Ni(Se,C,H,),!") and
(Ni(Se,C,H»),!/Ni(Se,C,H,),%) redox couples the values were calculated to be 0.34 V, and -0.08
V, respectively. It is noted that all reduction potentials were made relative to the SHE (see Methods
section for details). Therefore, given the endergonicity of the second reduction relative to the SHE,
the reaction of S0, S-1, Se0, and Se-1 with the OH radical was only considered herein.

The frontier molecular orbitals involved in the reaction were considered to predict the location
where the hydroxyl radical attacks the Ni(S,C,H,), and Ni(Se,C,H,), complexes. The SOMO and
HOMO of the reduced and neutral forms of Ni-bis(dithiolene) and -bis(diselenolene), and the

SOMO of OH are shown in Figure 1.

C

S/Se-1 S/Se0 OH

Figure 1 The SOMO and HOMO of the reduced (S/Se-1)and neutral (S/Se0) forms of Ni-
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bis(dithiolene) and -bis(diselenolene) complexes and hydroxyl radical.

For a better understanding of the potential difference in the HOMO/SOMO contributions
caused by the change in coordinating chalcogen atom, a Mulliken orbital composition analysis was
done on the HOMO of S0, Se0, and the SOMO of S-1 and Se-1. From the analysis, it found that
the nickel atom, sulfur atoms and carbon atoms contribute 6.8%, 51.2%, and 41.6% to the HOMO.
For Se0, the HOMO is constructed by 6.4% nickel atom, and the contribution of sulfur atoms and
carbon atoms are 58.0% and 35.0%, respectively. Regarding the SOMO of S-1, the nickel atom,
the sulfur atoms, and backbone carbon atoms contribute 8.0%, 67.2%, and 20.5%, respectively.
For Se-1, the respective values are 8.2%, 70.6%, and 21.0%. Therefore, it is expected that the
hydroxyl radical has three possible binding sites to the Ni(S,C,H;), and Ni(Se,C,;H;), complexes,
the Ni-center, a coordinating chalcogen atom, and a ligand backbone C-atom

In the case of SO-Ni and S-1-Ni, the planar coordination geometry around the Ni-center has
been lost due to the formation of a new coordination bond between the nickel and the OH. The
attack of the OH to a sulfur atom results in the formation of SO-S, and S-1-S. With the attack of
the OH to a backbone C-atom the products SO-C and S-1-C are formed. Regarding SO-S, S-1-S,
S0-C, and S-1-C, the planar coordination geometry around the Ni-center is maintained, and the
coordination geometry of the metal center is marginally affected by the attack of OH. However,
regarding the attack on the C-atom, the ligand m-electron system is destroyed. Specifically, with
the attack by OH, it was found that the S-atom vicinal to the OH group no longer contributes to
the redox-active MO resulting in the loss of the fully delocalized redox-active MO over the entire
Ni-complex for SO-C and S-1-C (Figures S1 and S3). In the case of SO-S and S-1-S, this was not
the case, and we can see continued delocalization of the redox-active MO over the entire
complexes (Figures S2 and S4). Thus, the chemistry of the complexes is expected to be negatively
affected by the attack of the OH to the backbone carbon atom. For SO-C and S-1-C, changes in the

ligand geometry are observed as a result of oxidation. Specifically, the S-C-C-S dihedral angle has
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become 18.26°, and 34.14°, for SO-C, and S-1-C, respectively. While structural changes are
observed for all OH products, no bond cleavages are observed in the complexes, which would
immediately lead to the deactivation of the complexes.

For the Ni(Se,C,H,), complex, the optimization of the three possible products was done for
both oxidation states. Regarding the attack of the OH to the Ni center, it was found that during the
optimization, a Ni-OH coordination bond did not form. Rather, the OH group migrated to a
coordinating Se-atom. A possible reason for this is because the valence electrons of selenium
occupy larger space than sulfur and thus shield the nickel d-orbitals more effectively. Therefore,
in the optimization of the diselenolene complexes, only two possible products were formed.
Depending on the oxidation state of the complex, with the attack of the OH to a coordinating Se
atom, the products Se0-Se, and Se-1-Se are formed. With the attack of the OH to a C-atom in the
ligand backbone, Se0-C and Se-1-C are formed. Like that seen for the dithiolene complexes, the
products formed to maintain a planar coordination geometry around the Ni-center. Moreover, like
the dithiolene complexes with the formation of Se0-C, and Se-1-C, the ligand n-electron system is
destroyed. Specifically, with the attack by OH, it was found that the Se-atom vicinal to the OH
group no longer contributes to the redox-active MO resulting in the loss of the fully delocalized
redox-active MO over the entire Ni-complex. In the case of the Se0-Se and Se-1-Se, this was not
the case, and we see continued delocalization of the redox-active MO over the entire complexes.
For all OH products, no bond cleavages are observed, which would immediately lead to the
deactivation of the complexes. However, for Se0-C and Se-1-C, the Se-C-C-Se dihedral angles
were calculated to be 17.66° and 20.19°, respectively. Thus, from the dihedral angles calculated,
the diselenolene complexes appear to have a better ability to resist structural changes when
hydroxyl radicals attack the backbone C-atoms.

The Gibbs energies for OH attack of the neutral and reduced Ni-complexes are given in Figures

2 and 3.
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Figure 2 Gibbs reaction energies for the attack of OH to a) SO and b) SO.
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Figure 3 Gibbs reaction energies for the attack of OH to a) S-1 and b) Se-1.

From Figure 2, the attack of OH to the Ni-atom of the SO complex occurs with a Gibbs reaction
energy (A,G°) of -30.6 kJ mol-!. With the attack of the OH to the S-atom, A,G° is calculated to be
-120.7kJ mol-!. The most exergonic process is the attack of OH to a backbone carbon atom with a

calculated Gibbs reaction energy of -145.5 kJ mol-!, resulting in the formation of SO-C. For Se0,
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the Gibbs reaction energy of the hydroxyl radical binding to the selenium-atom is -144.3 kJ mol!,
whereas the Gibbs reaction energy for the binding to a carbon atom is -144.8kJ mol-!.

For the reduced S-1 and Se-1 species, the attack of OH remains exergonic (Figure 3). However,
from the calculated Gibbs reaction energies, the attack of OH to the reduced complexes is, on
average, 26 kJ mol! less exergonic. Regardless, it is expected that in the presence of OH radicals,
the SO, Se0, S-1, and Se-1 will readily bind to the OH.

From the energies provided in Figures 2 and 3, the attack of OH to SO and Se0 has the effect
of reducing the oxidizing power of the Ni-complexes. As noted above, the reduction potentials for
the (Ni(S,C,H,),/Ni(S,C,H,),!") and Ni(Se,C,H,),/Ni(Se,C,H,),!") were calculated to be 0.35 V,
and 0.34 V, respectively. For the (S0-S/S-1-S) and (Se0-Se/Se-1-Se) redox couples, the calculated
reduction potentials were 0.21 V and 0.25 V, respectively. For the case where the OH attacks the
carbon atom, the (S0-C/S-1-C) and (Se0-C/Se-1-C) redox couples were calculated to have
reduction potentials of 0.18 V and 0.10 V, respectively. However, regardless, it is possible that
OH may readily attack the neutral complexes, and in the presence of a reducing agent, become
quickly reduced relative to the SHE.

From the energies given in Figures 2 and 3, the presence of the selenium atoms confers greater
reactivity of the OH to the chalcogen atom when compared to the S-atom. To estimate the relative
amounts of species present, the Boltzmann probability distribution equation was used on the Gibbs
reaction energies provided in Figures 2 and 3. Following the OH attack, the most likely
distribution is the SO-C product is 100%. However, with the attack of OH to Se0, it is expected to
exist as Se0-Se 45.2% and Se0-C 54.8%. If Se0 is reduced first, the proportion of Se-1-Se products
expands to 99.0%, whereas the proportion of Se-1-C decreases to 1.0%. For the dithiolene
complexes, the S-1-C ratio is still 100%. Thus, the substitution of selenium atoms for sulfur atoms
significantly increased the proportion of free radicals bonding to the chalcogen atom.

To identify if a possible rearrangement of the Ni-complex is thermodynamically feasible. The

possibility of losing a proton (H") or H-atom (H") from the OH moiety was considered for all
10
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oxidized complexes. Such rearrangement may lead to irreversible deactivation of the catalyst. The
Gibbs reaction energies for the loss of H* or H® are given in Figures 4 - 7. The first treatment is
the removal of an H* from the OH group. This creates a negative charge for possible rearrangement.
The second treatment is the removal of a hydrogen atom (H") from the OH group via a proton-
coupled electron transfer. In other words, the proton may originate from the OH group, whereas
the electron may leave from the dithiolene complex or OH group. With H" or H" loss r a sulfoxide
or selenoxide functional group is formed (Figures 4 and 5). In the structure comparison, the
products formed after loss of H" or H" maintain their coordination to the Ni-atom. For the case
where OH attacked the sulfur atom (S0-S), the Gibbs reaction energy for the loss of an H* is 31.2
kJ mol-!, whereas the loss of a hydrogen atom is twice as endergonic (Figure 4). For the same
changes in the Se0-Se analog, the Gibbs reaction energies were 69.6 kJ mol-! and 126.6 kJ mol-!,
respectively (Figure 4). For S-1-S and Se-1-Se, the loss of a proton is considerably endergonic
with calculated Gibbs reaction energies of 79.3 kJ/mol and 111.9 kJ mol-! (Figure 5), respectively.
Regarding the loss of a hydrogen atom, the Gibbs reaction energies are 50.9 kJ mol! and 94.0 kJ
mol!, respectively. Thus, for the complexes investigated, the loss of a proton or hydrogen atom is
endergonic and is not expected to happen spontaneously from S0-S, S-1-S, Se0-Se, and Se-1-Se

in a dilute aqueous environment relative to the SHE.

- e
HIS\N' S H H:ESe\Ni _Se__H
o m TS e o T
-S-H* Se0-Se-H*
Heo S /Z H 31.2 kJ mol" S0-SH H-Se_ _Se -H 69.6 kJ mol”
1) PN
Hs” s H H 86 sé H
s S_H s H
63.8 kJ mol" M~ SN 126.6 kJ mol’ H e\N_/S i
| N L AN
H 8" 8" H H se sé H
S0-S-H Se0-Se-H
a) b)

Figure 4 Gibbs reaction energies for the loss of H* and H* from S0-S and Se0-Se.
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Figure 5 Gibbs reaction energies for the loss of H" and H® from S-1-S and Se-1-Se.

Where OH has attacked a backbone carbon atom, considerable rearrangement in the complex
occurs with the removal of an H* (Figure 6). For SO-C, it was found that hydrogen from the carbon
bound to the OH migrates to the adjacent carbon atom (Figure 6). This rearrangement was also
observed when an H' is removed from Se0-C. As seen in Figure 6, this rearrangement is a
considerably exergonic process that releases 117 kJ mol! and 119.4 kJ mol"! for SO-C, and Se0-
C, respectively. For the reduced complexes (i.e., S-1-C and Se-1-C), the loss of proton results in
the formation of an epoxide functional group (Figure 7).

With the removal of a hydrogen atom, considerable structural changes to the molecules is
observed. For SO-C, when H" is removed, hydrogen migrates from the carbon bound to the OH to
the adjacent S-atom (Figure 6). For the SO-C-H complex, with the transfer of the hydrogen atom,
a considerable lengthening (A, = 0.084A) in the C-S bond is observed, indicating a weakening in
the S-Ni coordination. A similar observation was seen for Se0-C-H, where lengthening of 0.082A
was observed in the C-Se bond. In terms of Gibbs energy, this change is a marginally endergonic
reaction requiring 11 kJ mol! and 6.6 kJ mol-!, for SO-C and Se0-C respectively (Figure 6) With
the removal of a hydrogen atom from S-1-C and Se-1-C the complexes rearrange to form an
epoxide which occurs with Gibbs reaction energies of 50.9 kJ mol-! and 24.5 kJ mol-!, respectively

(Figure 7).

12
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Figure 6 The Gibbs reaction energies for the loss of H" and H* from SO-C and Se0-C.
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Figure 7 The Gibbs reaction energies for the loss of H* and H* from S-1-C and Se-1-C.

In the case of SO-Ni and S-1-Ni, the energies for loss of H" and H® are given in Figure 8. From
the energies provided, the only process that is expected to happen spontaneously in a dilute
aqueous environment is the loss of a proton from S0-Ni to form SO-Ni-H+. However, as shown in
Figure 8 to go from SX-Ni to SX-S (X=0 or -1) occurs with a low Gibbs activation energy.
Therefore, it is expected that SO-Ni and S-1-Ni will quickly rearrange to form SO-S and S-1-S,

respectively.

13
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Figure 8 Gibbs reaction energies for the rearrangement between SX-Ni and SX-S (where X =0

or -1) and for the loss of H+ and He from SX-Ni.

As mentioned above, the two molecules, SX-C/SeX-C (where X = 0 or -1), are prone to
rearrangement at neutral valence, where the rearrangement of SO-C-H+ and Se0-C-H+ can form a
thermodynamically stable molecule. From the previous discussion, SO-C is the main product of
OH radical attack, whereas, for the Se-containing catalysts, a large fraction of the Se0-Se complex
is expected to form. However, with the formation of SO-C and Se0-C, the calculated reduction
potentials suggest that in a dilute aqueous environment, the S-C and Se0-C will be reduced. From
the values presented in Figures 4 — 7, if the complexes are reduced, it is unlikely that they will
lose a proton or hydrogen atom to rearrange spontaneously under standard conditions.

According to the catalytic mechanism proposed by Zarkadouls et al. .*?, hydrogen gas is
generated after two hydrogen ions (H) are added to different coordinating chalcogen atoms of the
metal complex. Thus, we considered the Gibbs reaction energies for the addition of the proton to
the oxidized and reduced complexes (Figures 9 — 11). For the resulting SX-S+H+ and SeX-Se+H+
complexes, we also considered the Gibbs reaction energies for further reduction to determine the
energetic cost to regenerate the Ni-complex prior to OH attack. Also shown in Figures 9 - 11 is

the Gibbs energy cost to form water molecules and recycle the catalyst.
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Figure 9 Gibbs reaction energies for the recovery of the SO and Se0 catalysts from S0-S and Se0-

Se, respectively.
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Figure 10 Gibbs reaction energies for the recovery of the S-1 and Se-1 catalysts from S-1-S and

Se-1-Se, respectively.
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Figure 11 Gibbs reaction energies for the recovery of the SO and Se0 catalysts from S-1-S and Se-
1-Se, respectively.
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From Figures 9 and 10, the Gibbs reaction energies to recover the catalyst is
thermodynamically unlikely to happen under the two valence states. When the complexes are
neutral, the addition of the proton to the SO-S and the Se0-Se complexes, is considerably
endergonic, where A;G° is found to be 117 kJ mol-! and 95.9 kJ mol!, respectively. However, the
addition of an electron following protonation is considerably exergonic (Figure 9). With the
formation of S-1-S+H+ and Se-1-Se+H+, the loss of H,O to regenerate the SO and Se0 catalysts,
respectively, is considerable exergonic (Figure 9). In the case of S-1-S and Se-1-Se, protonation
is only marginally endergonic; however, further reduction to form S-2-S+H+ and Se-2-Se+H+ is
not thermodynamically favorable relative to the SHE (Figure 10) However, if S-2-S+H+ and Se-
2-Se+H+ are formed, the loss of H,O to reform S-1 and Se-1, respectively, is considerably
exergonic. But an alternative reaction path exists, as shown in Figure 11. As seen in Figure 11,
the thermodynamic cost to generate H,O from S-1-S and Se-1-Se to form SO and Se0, respectively,
is thermodynamically feasible in a dilute aqueous environment. Importantly, while the recovery of
S0 and Se0 from S-1-S and Se-1-Se, respectively, appears thermodynamically favorable, from the
relative energies provided in Figure 3, only Se-1-Se is likely to exist in great concentrations in a

dilute aqueous environment.

Conclusion

In the present investigation, the reactivity of the OH radical with Ni-bis(dithiolene) and Ni-
bis(diselenolene) was studied. Regarding the neutral and monoanionic dithiolene complexes, the
attack of OH to the C-atom is, on average, 23.3 kJ mol-! more exergonic than the attack to a ligating
chalcogen atom. However, in the case of the diselenolene complexes, the attack of OH to a
backbone C-atom is, on average, only 4.0 kJ mol"! more endergonic than attack to a ligating Se-
atom. Thus, for the dithiolene complexes, the product formed is essentially the oxidized C-atom

product for both the neutral and monoanionic complex, whereas, for the diselenolene complexes,
16
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the oxidized C-atom product makes up only 55% and 5% for the oxidized neutral and monoanionic
complexes, respectively.

In the case where the OH has attacked a ligating chalcogen atom, the thermodynamic cost to
lose a proton or hydrogen ranges from +31.2 kJ mol-! to +126.6 kJ mol-! under standard conditions.
However, with an attack of OH to a backbone C-atom, the thermodynamic cost to lose a proton or
hydrogen atom ranges from -117.0 kJ mol'! to +79.3 kJ mol-! under standard conditions, depending
on the oxidation state of the complex. Notably, the loss of proton or hydrogen atom from the OH
moiety when bound to a backbone C-atom results in a rearrangement of the complex that likely
leads to the deactivation of the catalyst. Therefore, the dithiolene complexes are expected to have
a greater thermodynamic tendency to be deactivated, whereas the diselenolene complexes are less
likely due to the greater formation of the oxidized chalcogen-atom product.

Given the greater tendency for OH to attack the ligating Se-atom versus the S-atom, the
thermodynamic cost for the addition of a proton to the oxidized complexes was considered. It was
found that for the dithiolene and diselenolene monoanionic complexes, the addition of a proton is
marginally endergonic with Gibbs reaction energies of +15.5 kJ mol! and +21.5 kJ mol-,
respectively. However, following protonation, the loss of water is significantly exergonic with
Gibbs reaction energies of -136.8 kJ mol-! and -122.8 kJ mol-!, respectively. Notably, with the loss
of water, the neutral non-oxidized Ni-complex is regenerated. Therefore, given the greater
tendency for OH to attack Se versus S it may be speculated that the use of diselenolene ligands
may offer a means to protect the Ni-complex from damaging OH radicals due to the
thermodynamic tendency for OH to attack Se atom of the diselenolene complexes not seen in the

dithiolene complexes.

Supporting information
Table S1 contains all XYZ coordinates of optimized structures. Figure S1 —S4 show the SOMO

and HOMO of S0-C/S0-S and S-1-C/S-1-S, respectively.
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Figure 1 The SOMO and HOMO of the reduced (S/Se-1) and neutral (S/Se0) forms of Ni-
bis(dithiolene) and -bis(diselenolene) complexes and hydroxyl radical.

Figure 2 Gibbs reaction energies for the attack of OH to a) SO and b) SO.

Figure 3 Gibbs reaction energies for the attack of OH to a) S-1 and b) Se-1.

Figure 4 Gibbs reaction energies for the loss of H+ and He from SO-S and Se0-Se.
Figure 5 Gibbs reaction energies for the loss of H+ and He from S-1-S and Se-1-Se.
Figure 6 The Gibbs reaction energies for the loss of H+ and He from S0-C and Se0-C.
Figure 7 The Gibbs reaction energies for the loss of H+ and He from S-1-C and Se-1-C.

Figure 8 Gibbs reaction energies for the rearrangement between SX-Ni and SX-S and for the
loss of H+ and He from SX-Ni. Where X =0 or -1.

Figure 9 Gibbs reaction energies for the recovery of the SO and Se0 catalysts from S0-S and
Se0-Se, respectively.

Figure 10 Gibbs reaction energies for the recovery of the S-1 and Se-1 catalysts from S-1-S and
Se-1-Se, respectively.

Figure 11 Gibbs reaction energies for the recovery of the SO and Se0 catalysts from S-1-S and Se-

1-Se, respectively.
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