Portland State University

PDXScholar

Chemistry Faculty Publications and

Presentations Chemistry

10-2022

Computational Investigation into Heteroleptic
Photoredox Catalysts Based on Nickel(ll) Tris-
Pyridinethiolate for Water Splitting Reactions

Avik Bhattacharjee
Portland State University, bavik@pdx.edu

Dayalis S.V. Brown
Portland State University

Trent E. Ethridge
Portland State University

Kristine M. Halvorsen
Portland State University

Alejandra C. Acevedo Montano
Portland State University

gg@%}ppﬁyfapggm%hypéb%gﬂtps://pdxschoIar.Iibrary.pdx.edu/chem_fac
b Part of the Chemistry Commons

Let us know how access to this document benefits you.

Citation Details

Bhattacharjee, A., Brown, D. S,, Ethridge, T. E., Halvorsen, K. M., Acevedo Montano, A. C., & McCormick, T.
M. (2022). Computational Investigation into Heteroleptic Photoredox Catalysts Based on Nickel (I1) Tris-
Pyridinethiolate for Water Splitting Reactions. ACS Organic & Inorganic Au, 3(1), 41-50.

This Article is brought to you for free and open access. It has been accepted for inclusion in Chemistry Faculty
Publications and Presentations by an authorized administrator of PDXScholar. Please contact us if we can make
this document more accessible: pdxscholar@pdx.edu.


https://pdxscholar.library.pdx.edu/
https://pdxscholar.library.pdx.edu/chem_fac
https://pdxscholar.library.pdx.edu/chem_fac
https://pdxscholar.library.pdx.edu/chem
https://pdxscholar.library.pdx.edu/chem_fac?utm_source=pdxscholar.library.pdx.edu%2Fchem_fac%2F487&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=pdxscholar.library.pdx.edu%2Fchem_fac%2F487&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.pdx.edu/services/pdxscholar-services/pdxscholar-feedback/?ref=https://pdxscholar.library.pdx.edu/chem_fac/487
mailto:pdxscholar@pdx.edu

Authors

Avik Bhattacharjee, Dayalis S.V. Brown, Trent E. Ethridge, Kristine M. Halvorsen, Alejandra C. Acevedo
Montano, and Theresa M. McCormick

This article is available at PDXScholar: https://pdxscholar.library.pdx.edu/chem_fac/487


https://pdxscholar.library.pdx.edu/chem_fac/487

Downloaded via PORTLAND STATE UNIV on November 30, 2023 at 22:20:16 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Heoo®06

Computational Investigation into Heteroleptic Photoredox Catalysts
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This work demonstrates a strategy to fine-tune the

Hydrogen production Ni(ll) catalysts
efficiency of a photoredox water splitting Ni(II) tris-pyridinethio- | ycrogenp W y |

late catalyst through heteroleptic ligand design using computa- F3C F c Hsc
tional investigation of the catalytic mechanism. Density functional fc s. I L2 3C s. / QHac s. l N P 3C s. I
theory (DFT) calculations, supported by topology analyses using C‘ N NN . N S
quantum theory of atoms in molecules (QTAIM), show that the N L.S L L
introduction of electron donating (ED) —CH, and electron \ 4 CFs \ )CHs A /-CF3 \\}CFg
withdrawing (EW) —CF; groups on the thiopyridyl (PyS™) ligands NiW; NiD, NiDW, NiD,W

of the same complex can tune the pK, and E°, simultaneously. indiv;;’::;:sjiver simultaﬂ:ﬁi:’::ﬁ:over
Computational modeling of two heteroleptic nickel(Il) tris- oK, & E0 oK, & E?

pyridinethiolate complexes with 2:1 and 1:2 ED and EW —CHj,

and —CF; group containing PyS™ ligands, respectively, suggests that the ideal combination of EW to ED groups is 2:1. This work
also outlines the possibility of formation of a large number of isomers after the protonation of one of the pyridyl N atoms and
suggests that to acquire unambiguous computational results it is necessary to carefully account for all possible geometric isomers.

Water splitting, Photoredox catalyst, Heteroleptic catalyst design, DFT, QTAIM, Geometrical isomers,
Intramolecular H-bonding

complexes containing Fe, Co, and Ni have been proven to be
effective for water splitting.”~'® The nickel(II) tris-pyridine-
thiolate, [Ni(PyS);]”, catalyst has shown high efficiency in
both photochemical and electrochemical systems.®"”

We have previously shown that H, production by [Ni-
(PyS);]~ (17) follows a chemical—electrochemical—chemical—
electrochemical (CECE) mechanism (Figure 1)."® In the first
step of the catalytic cycle, one of the three pyridyl N atoms is
protonated and dechelates from the Ni(II) ion to form the
protonated intermediate (1-H). The next step is an electron
transfer to 1-H to form the reduced intermediate (1-H™),
followed by a proton coupled electron transfer (PCET) step to
form a Ni—hydride intermediate (1-H,”). Finally, two H
atoms come close to one another and leave the system as
molecular H, gas to close the catalytic cycle (Figure 1).

In our previous work, we have shown that protonation of
homoleptic 17 leads to the formation of four geometric

Molecular hydrogen (H,) is considered to be the fuel of the
future to address the increasing global energy demand."”
Although H, is a noncondensable gas at ambient temperature—
pressure conditions with low volume energy density, it has the
highest specific energy of combustion of all chemical fuels. The
volume energy density exceeds all batteries, and burning H,
does not lead to carbon emissions. H, can be accessed from
the reductive side of the water splitting reactions through the
reduction of aqueous protons in photochemical or electro-
chemical conditions.” As fascinating and simple as it might
sound, producing molecular H, and O, from water in an
experimental setup is extremely challenging due to the high
overpotential associated with the reaction kinetics. It is for this
reason that the involvement of a suitable catalyst is imperative
to lower the overpotential of water splitting to allow the
utilization of efficient photosensitizers in photoredox reac-

L4
tions.”

Due to lower overpotential for proton reduction, Pt and Pd July 19, 2022 Grean
complexes were most frequently studied as H, generation October 14, 2022 T
redox catalysts.” However, low abundance and higher cost of October 14, 2022

these metals limit the practical implementation of these October 31, 2022

catalysts, and interest has been shifted to the research of noble
metal-free catalyst design for water splitting. Transition metal

© 2022 The Authors. Published b
Ameericl;m %ﬁemlilcaissgcietz https://doi.org/10.1021/acsorginorgau.2c00040
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Figure 1. Catalytic cycle of H, production by heteroleptic Ni(II) tris-
pyridinethiolate catalyst (17), where R, is either a —CH; or —CF,
group, while R, is either a —CF; or —CHj group. The first step of the
catalytic cycle (protonation of one of the three pyridyl N atoms and
dechelation) is controlled by the pK,, and the second step (reduction)
is controlled by E°. The protonation step can be optimized by
introducing electron donating substituents while reduction can be
tuned by installing electron withdrawing groups on the PyS™ ligand.

isomers with different thermodynamic properties and stabilities
due to the different basicities of the three pyridyl N atoms
owing to the difference in the relative position around the Ni
center afforded by a meridional geometry.'” A topology
analysis based on the quantum theory of atoms in molecules
(QTAIM) on 12 homoleptic Ni(II) tris-pyridinethiolate
catalysts supports that an intramolecular hydrogen bonding
(H-bonding) interaction between the H* on the pyridyl N
atom and an S atom from one of the neighboring thiopyridyl
(PyS~) ligands is responsible for the difference in the stabilities
and properties of the isomers of protonated and reduced
intermediates (Figure 1). We demonstrated that the H-
bonding strength overcomes the thermodynamic trans-effect
during the protonation of the catalysts and that these isomers
should be considered in computational investigations of these
types of catalysts.

We can surmise that the catalytic efficiency of 17 is
correlated with the ease of protonation and reduction. From a
thermodynamic standpoint, better catalytic activity can be
achieved by tuning the pK, and E° of the original catalyst.”
This can be attained by ligand modification. The pK, of the
catalyst can be increased by incorporating electron donating
groups (EDGs) on PyS~ ligands, enhancing the ability of the
pyridyl N atoms to be protonated even at a higher pH
conditions, while installing electron withdrawing groups
(EWGs) on the aromatic rings will allow the E° value to be
less negative, signifying the occurrence of a more spontaneous
electrochemical step. Though it is necessary to modify the two
thermodynamic parameters, pK, and E°, to optimize the
catalytic activity of 17, these cannot be tuned simultaneously in
a homoleptic catalyst. In this work, we propose the means to
simultaneously optimize pK, and E° through heteroleptic
ligand modification of 17, meaning installing separate PyS~
ligands with either electron donating (ED) or electron
withdrawing (EW) groups on the same complex. We
hypothesize that the ligands with EDG will tune the pK,
while that with EWG will optimize the E° of the catalysts. To
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investigate this hypothesis, we have computationally consid-
ered the catalytic mechanism of two heteroleptic Ni(II) tris-
pyridinethiolate catalysts with 2:1 and 1:2 ratios of electron
donating —CH; and electron withdrawing —CF; groups
containing PyS™ ligands and compared the results with the
analogous homoleptic complexes (Figure 2).

F4C FiC H,C H,C
S /s S/ S/ S/
FiC s_ [ Nz FiC s_ [ Nz HiC g [ Nz HiC s [ Nz
= SN C SNi” S=CSNIT C “Ni©
= \\S =N \\S =N \\S =N \\S
N= N= N= N=
\ /-CF3 A JFCHs \ -CF3 \ )-CHs
NiW; NiDW, NiD,W NiD,

Figure 2. Heteroleptic catalysts studied in this work (NiDW, and
NiD,W) and the analogous homoleptic catalysts (NiW; and NiD;)
where D and W are the PyS™ ligands containing electron donating
—CH; and electron withdrawing —CF; groups at C-3 positions,
respectively.

While modeling the heteroleptic starting catalysts (NiDW,
and NiD,W), the possibility of isomer formation was
considered on the basis of the location of the unique ligand
(ligand with a stoichiometric ratio of one), and protonation of
the pyridyl N of the D (electron donating) ligands generated a
large number of protonated isomers. When modeling the
reduction step, however, only the most thermodynamically
stable protonated isomers were considered. The Ni—hydride
intermediates formed after the proton-coupled electron
transfer (PCET) step were modeled to gain insight on the
relationship between the metal—hydride bond strength and
electronic properties of the surrounding PyS™ ligands. density
functional theory (DFT) calculations assisted by topology
analyses using QTAIM reveals the ideal configuration for the
water splitting, heteroleptic [Ni(PyS);]™ catalyst, is to have
one D ligand controlling the protonation step while two W
ligands lower the overpotential for reduction. The systematic
approach of fine-tuning the catalytic efficiency of a well-known
proton reduction catalyst through heteroleptic ligand mod-
ification described herein provides a strategy to optimize
photocatalytic system components and can also be extrapo-
lated to other related catalytic systems. The results described
here mark the importance of considering the formation of
isomers to support an explanation for unanticipated results
while performing molecular modeling on structurally similar
molecules in order to understand the mechanism in greater
detail.

The density functional theory (DFT) calculations were performed
using the quantum chemistry package Gaussian 09 suite of
programs.”' The geometry optimization of the catalysts and catalytic
intermediates was done using B3P86 functionals with 6-311+G(d,p)
basis sets employing implicit water and acetonitrile solvation models.
These solvents were chosen to match experimental reports where pK,
values are measured in water and E° values are measured in
acetonitrile. No significant differences were observed using the
different solvents. The frequency calculations were performed on the
stationary points to extract the thermochemical energies. Gibbs
energies for each intermediate were obtained using the sum of thermal
and electronic energies resulted from the normal-mode frequency
analyses. Single-point energy calculations were done using higher level
of theories (M11-L and MP2) and the energies, compared against
B3P86 to validate the method. The initial catalyst and protonated
intermediates are in a triplet state, and the reduced intermediates are

https://doi.org/10.1021/acsorginorgau.2c00040
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d.’®72° Such calculation use

in a doublet state, as previously determine
unrestricted Kohn—Sham formalism.

The pK, values were calculated by eq 1 using standard temperature
and pressure conditions (298.15 K, 1 atm). The parametric value of
the Gibbs energy of a water solvated proton (—264 kcal mol™") was
used to calculate the free energy change of the protonation step as

described by eq 2.27%¢

c - AGY.
P = T R T 10 (1)
AGgm = G[R]l—H - (Gl_ - 264) (2)

The reduction potential (E°) values were calculated using the
principle of isodesmic reactions. The experimental reduction potential
of the parent [Ni(PyS);]H/[Ni(PyS);]H™ couple of —1.62 V vs SCE
was used as a reference (E%;) in eq 3.*°

_AG° o

ref (3)

The relative population (x) of the protonated isomers was
calculated by employing the Boltzmann population distribution
formula (eq 4) at 298.15 K and normalized to unity with respect to
the most stable isomer, assumin%che population was only determined
by the thermodynamic stability.”’

_ eXP(—AG’O/RT)

Zi eXP(—AG‘U/RT) (4)

The structural parameters such as bond lengths and bond angles of
the optimized structures of the catalytic intermediates were
determined using the GaussView 5.0 visualization software.”®

The intramolecular H-bonds were investigated through the
topological analysis of the electron density distribution using quantum
theory of atoms and molecules (QTAIM).”*~*' Wave function files of
the optimized structures generated by Gaussian 09 were analyzed
using Multiwfn 3.7 package.”> The bond energies of the H-bonds
(BEs in kcal mol™") were calculated from the electron densities (p’s)
at the bond critical points (BCPs) employing eq 5.>*** The reported
error on the QTAIM method for determining hydrogen bond
strength is 14.7%.>*

BE ~ —223.08 X p + 0.7423

E' =

+ E

(s)

The unsubstituted homoleptic Ni(II) tris-pyridinethiolate
catalyst adopts a pseudo-octahedral geometry where the
three bidentate PyS™ ligands are oriented in a meridional
(mer) fashion around the Ni(II) center.'” This geometry is
supported by X-ray crystallography.'” The computational
modeling of these compounds in both mer and fac
configurations shows the corresponding mer isomers are
lower in energy. The mer geometry results in different
chemical environments and thus different basicities of the
three pyridyl N atoms owing to the difference in their relative
position. We have developed a scheme and naming convention
to distinguish between the N atoms based on an imaginary
meridional plane containing the three pyridinethiolate S atoms
(Figure 3). The N atom contained by the plane of the S atoms
is N[C], and the N atoms to the right and left side of the plane
are N[R] and N[L], respectively.

DFT calculations on the heteroleptic NiDW, and NiD,W
have revealed that mer orientation of the ligands around the
Ni(II) center is preferred thermodynamically over the fac
isomers, similar to the homoleptic compounds,'®'* but unlike
the homoleptic complexes, three isomers of the starting

43

Right or [R]
PyS ligand

R4 °
) \_|

R2 S
S N=
Left or [L] 7 N\ N I/ Imaginary
prstignd S\ NG 4= Mooy
N atoms
I NRy
X
Central or [C]
PyS ligand

Figure 3. Identifying the different pyridyl N atoms based on their
relative position with respect to the imaginary meridional plane
containing the three S atoms (yellow plane), where R, is either a
—CH; or —CF; group and R, is either a —CF; or —CH; group. The
meridional plane contains a [C] N atom, while [L] and [R] N atoms
are to the left and right side of the plane, respectively. The position of
the unique ligand with respect to the meridional plane determines the
identity of the isomer of the catalyst. The PyS™ ligand containing R,
group is placed on the left side of the meridional plane making it an
[L] isomer.

catalysts are possible for each heteroleptic compound based on
the position of the unique ligand prior to protonation. This is
because the unique ligand can be introduced to any of the
three PyS™ ligand positions. For example, heteroleptic NiDW,
contains W ligands with an EW —CF; group and D ligand with
an ED —CHj; group in a ratio of 2:1. Hence, in case of NiDW,,
D ligand is the unique ligand and the position of D ligand
relative to the meridional plane of S atoms outlined above will
dictate the name of the isomer. If the D ligand is in the center
and contained within the plane of the S atoms, the isomer will
be called [C] NiDW,, and if the D ligand is placed on the right
or left side of the imaginary plane of S atoms, it will be called
[R] NiDW, or [L] NiDW,, respectively (Figure 4a). Similarly,

a.

FiC FiC HaC
s I'\ s f ~ s 4 ~
H,C S. I‘,N 2 F.C S.. I_,N £ F,C S. I.,N Z
N~ \I\S L‘N‘N\'\s N~ ‘\I\S
N= N= N=
\ /) CF3 \ /) CH, v CF3
[L] NiDW, [C] NiDW, [R] NiDW,
bH;;CH;;C .............................. F3C ......
S (= S (= S =
FoG_s [NZ  HG_ s [Nz HiG s [ Nz
7 N~ i a “N- i a ~Ni
— \\s = \\S —~N \\s
N= N= N=
\ -CHs \ /FCF3 \\}CHa
[L] NiD;W [C] NiD,W [R] NiD,W

Figure 4. Possible isomers of the starting catalysts based on the
relative position of the unique ligands in the case of heteroleptic
complexes.

in case of NiD,W, the unique ligand is W (a PyS~ ligand
containing an EW —CF; group); hence, the position of the W
ligand with respect to the meridional plane containing three S
atoms will dictate the names of the isomers, such as [C]
NiD,W, [L] NiD,W, and [R] NiD,W when the W ligand is
placed on, to the left side, and to the right side of the plane,
respectively (Figure 4b).

Boltzmann population distributions of these isomers were
calculated from the optimized geometries using the thermody-
namic energies, and as anticipated, the contribution from each
isomer was ~33% (Table 1). The uniform population

https://doi.org/10.1021/acsorginorgau.2c00040
ACS Org. Inorg. Au 2023, 3, 41-50
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Table 1. Calculated Boltzmann Population Distribution (%
x) and the AG and AH Values Used to Calculate Them for
the Isomers of the Starting Heteroleptic Catalysts at Room
Temperature”

isomer of the Boltzmann
heteroleptic starting AH AG population (%

complex catalyst (kcal mol™)  (kecal mol™") x)
NiDW, [c] 0.004 0.012 33.9

(L] 34.5

[R] 0.043 0.053 316
NiD,W [c] 34.0

[L] 0.004 0.004 337

[R] 0.034 0.030 323

“The most stable isomer was used as the reference.

distribution of these isomers suggest that the thermodynamic
properties and stabilities of these complexes are very similar;
therefore when synthesized, it is reasonable to expect an
equimolar mixture of the three isomers.

To investigate the role of ligand modification on the
protonation of the catalysts, we have modeled all possible
protonated isomers of the heteroleptic NiDW, and NiD,W by
protonating the pyridyl N atoms of the D ligands separately.
We hypothesize that the ED —CH; group containing D ligands
will be preferentially protonated over the EW —CF; group
containing W PyS™ ligands. This was supported by calculating
and comparing the Boltzmann populations of D and W
protonated ligands. The Boltzmann population analysis is
determined on the basis of the calculated thermodynamic
differences in energies of the isomers. Intrinsic error in the
energy calculations is accepted to be 2 kcal/mol for this
method; when one considers this, these values may be off by
up to +2%. However, since the compounds are structurally so
similar, one would expect a similar error in each compound.
Caution should also be taken in interpreting these values since
kinetic factors were not considered. The relative population of
the complexes were negligible when protonation of W ligands
was considered compared to the most stable isomers generated
through the protonation of D ligands (Tables SI and S2). In
our previous work, we have shown that the protonation of the
pyridyl N atoms are guided by the formation of intramolecular
H-bonding with one of the adjacent thlopyrldyl S atoms and
not on the thermodynamic trans effect.'” The stability of the
protonated isomers is directly proportional to the H-bond
strength. The existence of similar intramolecular H-bonding
interactions was also observed for these protonated hetero-
leptic complexes. Hence, to justify the difference and
population of the protonated heteroleptic isomers, the H-
bond strengths were calculated from the topology analyses of
the electron densities using QTAIM.

The heteroleptic NiDW, catalyst has only one protonation site
at D, the unique ligand. Therefore, the D ligands of all the
three isomers of the starting catalysts [C] NiDW,, [L] NiDW,,
and [R] NiDW, were separately protonated. As mentioned
earlier, protonated intermediates involve an intramolecular H-
bonding interaction where the protonated N atom is the H-
bond donor and one of the adjacent thiopyridyl S atoms is the
H-bond acceptor. This leads to the formation of six possible
protonated isomers (Figure 5). We have named these such that
the first letter denotes the location of the unique ligand, the

a4

F,C  Protonation of F3;C F3C
O [C] pyridyl N 0
FsC J N with ED CH,  FiC J NS FC
NG N C‘N’
N N I
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[c1 Nti2 [CCL] NiDHW, [CCR] NiDHW,
Protonation of FiC FiC
0 [L] pyridyl N 5@ @ H‘“S@
J N WihED-CH . S\rli’N 2 u.d S\Ji/N 2
N ¢ N~H--‘h>s L\s
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Figure S. Protonation of the unique D ligands of the three isomers of
NiDW, starting catalysts to generate six possible protonated isomers.
The intramolecular H-bonding interactions between pyridyl N—H
and one of the adjacent thiopyridyl S atoms are shown using red

dashed bonds.

second letter denotes the location of the protonated N, and the
third letter denotes the ligand H-bonding to the proton. For
example, the protonation of [C] NiDW, forms [CCL]
NiDHW,, where the protonated [C] pyridyl N atom is the
H-bond donor and the adjacent [L] thiopyridyl S atom is the
H-bond acceptor, and [CCR] NiDHW,, where the protonated
[C] pyridyl N atom is the H-bond donor and the adjacent [R]
thiopyridyl S atom is the H-bond acceptor, while protonation
of [L] NiDW, leads to [LLC] NiDHW, and [LLR] NiDHW,,
where the [L] pyridyl N atom is the H-bond donor in both
cases but [C] thiopyridyl S and [R] thiopyridyl S atoms act as
H-bond acceptors, respectively. Similarly, in the case of
protonated isomers [RRC] NiDHW, and [RRL] NiDHW,,
protonated [R] pyridyl N is the H-bond donor and [C] and
[L] thiopyridyl S are H-bond acceptors, respectively.

DFT calculations on these six protonated isomers followed
by topology analyses have revealed that [CCL] and [CCR] are
the same molecules with the same thermodynamic energies
and intramolecular H-bond strength, collectively referred to as
[C] NiDHW,. Similarly, protonation of [R] NiDW, leads to
only one protonated intermediate, as [RRC] and [RRL] have
the same thermodynamic energies. Conversely, protonation of
the [L] pyridyl N atom of [L] NiDW, forms two isomers,
[LLC] and [LLR], on the basis of the identity of the H-bond
acceptor thiopyridyl S atoms. This reduces the total number of
the protonated isomers of NiDHW, catalyst to four (Figure 6).
Of these four isomers, [R] NiDW, is the most thermodynami-
cally stable. On the basis of the thermodynamic stabilities, we
calculated the expected population distribution under standard
conditions (Table 2). To investigate the origin of the unequal
relative population distribution of the isomers of the
protonated NiDW, heteroleptic complexes, we used topology
analyses. The electron density distribution of the H-bonded
network in these isomers using QT'AIM enabled us to correlate
the strength of these bonds with the relative thermodynamic
stabilities (Table 2). As anticipated, the most thermodynami-
cally stable [R] isomer of NiDHW, (65.2%) forms the
strongest intramolecular H-bonded network (—6.51 kcal
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Figure 6. Ball and stick structures of the optimized protonated
isomers of NiDHW, where blue, gray, yellow, white, indigo, and cyan
balls represent N, C, S, H, Ni, and F atoms, respectively. The
intramolecular H-bonding interactions (N—H---S) are shown using

dashed bonds.

mol™!), and the least stable [C] isomer (3.8%) forms the
weakest intramolecular H-bond (—5.14 kcal mol™) with the
neighboring thiopyridyl S atom (Figure SI).

The protonation of the heteroleptic NiD,W complex is more
complicated as it contains more than one —CH; group
containing D ligands. We hypothesize that the protonation of
the NiD,W complex could lead to the formation of up to 12
isomers on the basis of the identity of the protonated D ligand
and the identity of the H-bonded S atom from one of the
adjacent PyS~ ligands (Scheme 1). All 12 complexes were
modeled using DFT by separately protonating each of the D
ligands. As observed in the case of protonated isomers of
NiDW,, the isomers of NiD,HW were of different
thermodynamic stabilities. The intramolecular H-bonded
structures were studied using QTAIM based topology analyses
to correlate the strength of H-bonds with the relative
population of the isomers (Figures 7 and S2). When compared
among three different levels of theories, namely, B3P86, M11-
L, and MP2, the trends in the energy differences among the
protonated isomers were found to be consistent. For example,
for NiDHW,, the most stable isomer for all three levels of
theory was found to be the [R] isomer with the Boltzmann
population distribution for this isomer being 72% for B3P86,
70% for M11-L, and 76% for MP2, indicating that the trends
are exclusive of the choice of the functional (Table S3). The
remaining calculations were exclusively done with B3P86 level
of theory to be consistent with previous computational studies
on this class of compounds.'®™*

The DFT studies supported by QTAIM based topology
analyses reveals that protonation of the D ligands of three
isomers of the starting catalysts form eight different isomers
instead of the originally predicted twelve (Scheme 2, Figure
S3). Isomers are formed as pairs with the exact same
thermodynamic stabilities and H-bond strength; e.g, [CRC]
and [LRL] are the same molecules. Similarly, [CRL] and
[LRC], [RCL] and [LCR], and finally, [RCR] and [LCL] are
identical molecules with the same thermodynamic energies.
However, [CLC], [CLR], [RLC], and [RLR] isomers of
NiD,HW are unique isomers with no structural conjugates. In
summary, protonation of the [L] isomer of the starting NiD,W
catalyst leads to four isomers that are structurally identical with
four other isomers formed through protonation of either [C]
or [R]. Hence, only eight isomers formed by protonation of
[C] and [R] isomers of NiD,WH will be discussed and are
referred to as [CLC], [CLR], [CRC], [CRL], [RCL], [RCR],
[RLC], and [RLR]. These isomers vary in terms of their
relative population. The Boltzmann populations were
compared with the intramolecular N—H:---S H-bond strengths
(Table 3). These results deviated somewhat from the original
hypothesis that the unequal population distribution can be
explained solely on the basis of the strength of these
intramolecular H-bonds. For example, the most stable [CRL]
protonated isomer (49.4%) has lower H-bond stabilization
(—6.97 kcal mol™) when compared to the [CRC] isomer
(—7.48 kcal mol™"), which has a lower Boltzmann population
(20.4%). However, when these H-bonds strengths were
plotted against the quantum mechanically derived single
point energies, an overall linear correlation was observed
(Figure S4).

In order to further refine the hypothesis to justify the
unequal Boltzmann distribution of the protonated intermedi-
ates, a closer inspection of the metal—ligand framework was
performed. The penta-coordinated square pyramidal proto-
nated isomers can be broadly classified into two categories: (a)
S atom capped square pyramids and (b) N atom capped square
pyramids. N-capped square pyramids were consistently
thermodynamically more stable when compared with the S-
capped square pyramids (Figure 8). This can possibly be
attributed to a lower steric interaction between the bulky S
atoms in the N-capped square pyramidal configuration. Thus,
the stability trends with the structural differences in these
complexes, which will dictate the calculated pK, values.

The pK, values of all possible isomers of the protonated
complexes were calculated (Table S4). It has been observed
that for a single compound the distribution in the pK, values is
1.3 and 4 pK, units for NiDW, and NiD,W complexes,
respectively. The calculated pK, values of the most stable
protonated isomers of NiDHW, ([R]) and NiD,HW ([CRL])
were compared to the homoleptic analogues NiW; and NiD;

Table 2. Comparison of the Intramolecular H-Bond Stabilization Energy (kcal mol™"') with the Boltzmann Distribution (% x)
and the AG and AH Values Used to Calculate Them for the Isomers of the Protonated Intermediates for NiDW,"

protonated heteroleptic complex isomers AH (kcal mol™)

NiDHW, [C] 1.68
[LLC] 2.01
[LLR] 0.76
[R]

“Isomer [R] is the most stable and was used as the reference.

AG (kcal mol™)
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Boltzmann population (% x) N—H--S BE (kcal mol™)

1.69 3.76 =5.14
1.55 4.73 —5.33
0.54 26.3 —6.44

65.2 —6.51
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Scheme 1. Nomenclature of the Protonated Isomers Generated from the NiD,W Heteroleptic Complexes”
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“Considers the intramolecular H-bonding network where the pyridyl N atom from one of the D ligands acts as a H-bond donor and an S atom
from one of the adjacent PyS™ ligands behaves as the H-bond acceptor.

H5C
Protonation of QN H--s

[L] pyriay! N J @ M J @
with ED -CHj 3c S—| |
—  CONH-

HsC

J‘Q

[CLC] NiD;HW

N
\ /-CF3

\\}Cﬂ

[CLR] NiD;HW

v
C(N’ HiC _r@\c&,
/ H s
e, s N we S/
[C] NiD,W <N~ '\s' NN
Protonation of N= N.s
[R] pyridyl N \ ) CF3 \ /CF3
with ED -CH; [CRC] NiD;HW [CRL] NiD;HW

Figure 7. Four isomers of [C] NiD,HW complexes considering
protonation of both [L] and [R] ligands and intramolecular H-
bonded networks with the adjacent PyS™ ligands through the S atoms
separately. The intramolecular H-bonding interactions are shown
using red dashed bonds.

Scheme 2. Protonation of Three Starting Isomers of NiD,W
Catalysts Produces Eight Isomers Instead of the Originally
Proposed 12 Isomers

— CLC
—» CLR
[C] NiD,W —
—» CRC = LRL ~=—
L—3» CRL = LRC -=—
— [L] NiD,W
— RCL = LCR -&—]
—» RCR = LCL -—
[R] NiD,W —
— RLC
L— RLR

(Table 4). An increase in the pK, of the catalysts is observed
with an increasing the number of electron donating D ligands.
It is possible to achieve better control over the basicity of the
pyridyl N atoms through the incorporation of ED substituents
in the ligand framework as hypothesized earlier. The tunability
ranges from 8.5 to 12.7 pK, units with zero to three D ligands,
respectively, and as anticipated, the pK, values of the
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heteroleptic complexes are intermediate between their
homoleptic analogues.

The reduction step of the most stable protonated isomers was
modeled by adding an extra electron to the system in an
implicit acetonitrile solvation model. The reduction of
NiDHW, leads to the formation of NiDHW, , while the
reduction of NiD,HW generates NiD,HW~ (Figure 9). The
reduction step changes the oxidation state of the central metal
ion from +2 to +1. The ligand coordination around the Ni
center also changes from a square pyramid to a trigonal
bipyramid. The structural changes were investigated by
calculating the structure index parameter (7) value of the
metal—ligand framework as introduced by Addison et al,*
where for an ideal trigonal blpyramld 7is 1 and an ideal square
pyramid 7 is 0 (Figure $5).*° In the case of the reduced
complexes, 7 values are 0.7 and 0.76 for NiDHW, ™ and
NiD,HW™, respectively (Table SS), indicating a trigonal
bipyramid structure. The reduction potential values (E°) were
calculated from the Gibbs energy change of these one-electron
reduction events using the concept of isodesmic reactions
(Table 4). A balanced reaction is created assuming an internal
electron transfer from a reference reduction reaction with a
known reduction potential. The reduction potential of the
unsubstituted ([Ni(PyS);H]~/[Ni(PyS);H]) couple, -1.62V
vs SCE, was used as the reference value (E%).'

In general, more electron withdrawing ligands result in less
negative reduction potentials. When compared with the
homoleptic analogue NiDj;, the E° values of the heteroleptic
catalysts increase to more positive values with the increase in
the number of EW W ligands, accounting for a more
spontaneous reduction process. However, when NiWj is
compared with NiDW,, the latter is slightly easier to reduce
even though the former has more W ligands. This can be
attributed to the difference in the extent of stabilities of the
protonated intermediates of NiW;H and NiDHW,. Since the
method of calculation of E° values using isodesmic reactions
utilizes the free energies of both protonated and reduced
intermediates and further compares it with the reference
reaction of the unsubstituted nickel tris-pyridinethiolate
catalysts, the comparison of the free energy change of the
reaction is more appropriate than comparing the absolute value
of E° calculated by the employment of this method.
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Table 3. Comparison of the Intramolecular H-Bond Stabilization Energy (kcal mol™") with the Boltzmann Distribution (% x)

and the AG and AH Values Used to Calculate Them for the Isomers of the Protonated Intermediates for NiD,W*

protonated heteroleptic complex isomers AH (kcal mol™)

NiD,HW [CLC] 2.76
[CLR] 6.05
[CRC] 0.76
[CRL]
[RCL] 1.62
[RCR] 2.39
[RLC] 1.83
[RLR] 142

“Isomer [CLR] is the most stable and was used as the reference.
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Figure 8. Ball and stick structures of the optimized protonated isomers of NiD,HW including relative Boltzmann populations, classified in two
groups: S-capped and N-capped square pyramidal complexes. The blue, gray, yellow, white, indigo, and cyan balls represent N, C, S, H, Ni, and F
atoms, respectively. The intramolecular H-bonding interactions (N—H---S) are shown using dashed bonds.

Table 4. Calculated pK, of the Thermodynamically Most
Stable Protonated Isomers in an Implicit Water Solvation
Model and the Calculated E° Values in an Implicit
Acetonitrile Solvation Model of the Reduced Isomers of the
Heteroleptic Complexes and Comparison with the
Homoleptic Analogues at Room Temperature

most stable protonated  calculated pK,  calculated E° V vs

catalysts isomer values SCE
NiW, 8.5 —144
NiDW, [R] 95 —1.40
NiD,W [CRL] 11.1 -1.53
NiD; 12.7 —1.69

The final step of the catalytic cycle of water splitting using
nickel(Il) tris-pyridinethiolates is a proton coupled electron
transfer (PCET) resulting in a Ni(0)—hydride intermediate.'®
This is modeled by adding a proton and electron to the
reduced complex. Consequently, the nickel center regains an
octahedral coordination. The hydride attached to Ni(0) and
the proton on the pyridyl N atom are near enough to each
other to allow for a hydrogen molecule to be released,
reforming the original catalyst. The PCET intermediates of the
heteroleptic catalysts NiDH,W,~ and NiD,H,W~ were
modeled in an acetonitrile implicit solvation model (Figure
10). The structural parameters corresponding to H---H
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Figure 9. Ball and stick structures of the optimized reduced
intermediates: NiDHW, ™ and NiD,HW™. The modified PyS™ ligands
are oriented in a trigonal bipyramidal fashion around the Ni(I) metal
cation. The blue, gray, yellow, white, indigo, and cyan balls represent
N, C, S, H, Nij, and F atoms, respectively.

interactions were measured along with the Gibbs energy
change for the hydrogen release reactions for the heteroleptic
complexes along with their homoleptic analogues (Table 5).
The similarities in the structural parameters of the Ni(0)—
hydride intermediates of the homoleptic and heteroleptic
complexes indicate that ligand modification has little to no
effect on the final two steps of the catalytic cycle of hydrogen
production using Ni(II) tris-pyridinethiolates. The free energy
changes of the hydrogen evolution reactions are very similar
for all four compounds. This observation indicates that tuning
the catalytic efficiency of the proton reduction Ni(Il) tris-
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NiDszW'

Figure 10. Ball and stick structures of the optimized metal—hydride
intermediates in the acetonitrile implicit solvation model: NiDH,W,~
and NiD,H,W~. The blue, gray, yellow, white, indigo, and cyan balls
represent N, C, S, H, Ni, and F atoms, respectively. The interactions
between the two H atoms (H--H) trapped between the Ni and a
pyridyl N atom are shown using dashed bonds.

Table 5. Structural Parameters of the PCET Intermediates
of the Heteroleptic and Homoleptic Catalysts and the Free
Energy Change of the Hydrogen Release Step to Regain the
Original Configuration at Room Temperature

N-H H--H
bond Ni—H bond Gibbs energy change
PCET length bond lerfth for H, release

intermediate (i) length (A) (A) (keal mol™")
Niw;H,"~ 1.09 1.64 1.35 —-28.7
NiDH,W,~ 1.07 1.64 141 263
NiD,H,W~ 1.07 1.64 1.40 -25.38
NiD;H,™ 1.07 1.64 1.40 —26.5

pyridinethiolate catalysts are appropriately modeled targeting
the first two steps of the catalytic cycle. The energetics of the
full catalytic cycle were compared for the heteroleptic
complexes in an acetonitrile solvation model at a solution
pH of 12.1 and under an applied electrochemical potential of
—1.62 V vs SCE, which are the experimentally observed pK,
and reduction potential value of the unsubstituted homoleptic
Ni(Il) tris-pyridinethiolate catalyst (Figure 11). The para-
metric values of an acetonitrile solvated proton (—260.2 kcal

mol™!) and electron (—31.9 kcal mol™") were used to calculate
the free energy change (AG), enthalpy change (AH), and
entropy change (AS) of the individual catalytic steps (Table
86).37_40 Protonation of more EDG containing NiD,W is 3.8
kcal mol™ more favorable, while reduction of more EWG
containing NiDW, is more favorable by 2.9 kcal mol™" at room
temperature. From the calculated thermodynamic energies, it is
observed that the Ni(0)—hydride intermediates have similar
energies (within 0.3 kcal mol™'). However, since the reduced
intermediate of NiDW, is more stable than NiD,W, the PCET
step of NiDW, is less energy demanding than NiD,W. Finally,
the hydrogen evolution step requires similar energy for both
heteroleptic complexes. On the basis of these calculations of
the thermodynamic parameters, it can be concluded that the
ideal combination for the heteroleptic catalyst for proton
reduction by Ni(II) tris-pyridinethiolate would be to have one
ligand containing an electron donating group (D) that will
tune the pK, value of the complex and two electron
withdrawing ligands (W) to tune the E° value of the complex
toward a more positive value leading to a more spontaneous
reduction process.

This work provides computational insight into tuning the
catalytic efficiency of proton reduction Ni(Il) tris-pyridine-
thiolate photoredox catalysts through heteroleptic ligand
design. The previously reported catalytic cycle outlines the
role of pK, and E°, which need to be simultaneously optimized
in order to tune the catalytic efliciency. The introduction of
ED groups accounts for a higher pK,; however, a less negative
E° requires EW groups. Since these two properties require two
opposing ligand modifications, a heteroleptic catalyst contain-
ing both ED and EW groups in a single complex can modulate
both the thermodynamic properties. To test the hypothesis,
two heteroleptic complexes NiDW, and NiD,W were studied,
and the calculated thermodynamic parameters were compared
with the corresponding homoleptic analogues (NiW; and
NiD;). DFT calculations along with QTAIM results indicate
that the ideal configuration for the heteroleptic catalyst design
for water splitting reactions is NiDW,, where one ED D ligand

NID,W- + H* NiDHW,
0.0 07
0 . S
NIDW, + H >
0.0 —
5 NIDHW!
Step 1: -3.1
Protonation
§-10 Step 2: "i"-i
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0 S~ ]_222 é Step 4: Hydrogen
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-25 NIDHW, NiDH, W, . .
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Figure 11. Energy profile diagram corresponding to the catalytic steps of proton reduction using NiDW, and NiD,W heteroleptic complexes
calculated at a solution pH of 12.1 and under an applied electrochemical potential of —1.62 V vs SCE. Thermodynamically, most stable geometric
isomers in these conditions are considered for this plot. The free energy changes are reported in kcal mol™'. The presence of more D ligands
accounts for an easier protonation, while more W ligands make the reduction step more spontaneous, characterized by a higher free energy change.
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tunes the pK, to a higher value and two EW W ligands
contribute to a more favorable reduction process.

It was observed previously that the catalytic mechanism of
the homoleptic [Ni(PyS);]~ proceeds through the protonation
of one of the pyridyl N atoms. Due to the asymmetric ligand
environment around the Ni center, protonation leads to the
formation of geometric isomers. The stability of these isomers
is related to the strength of an intramolecular H-bonding
interaction between the pyridyl N—H and one of the adjacent
thiopyridyl S atoms. In the case of heteroleptic complexes,
isomer formation through protonation was also observed, and
due to higher structural complexity in the heteroleptic
complexes, the number of isomers is much higher than that
in the homoleptic analogues. This work demonstrates the
importance of carefully accounting for contributions from all of
the isomers while computationally modeling structurally
intricate systems in order to achieve unambiguous and
meaningful results. In summary, this report shows that the
introduction of the ED —CHj; group in the ligand environment
of the heteroleptic complexes systematically increases the pK,.
Conversely, EW —CF, groups make the E° more positive when
compared with their homoleptic analogues.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsorginorgau.2c00040.
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