Open Access Article. Published on 11 August 2025. Downloaded on 10/6/2025 10:41:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
14150

Received 28th April 2025,
Accepted 7th July 2025

DOI: 10.1039/d5dt01000d

rsc.li/dalton

1. Introduction
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Synthesis, characterization, and electrocatalytic water oxidation studies of the cubane-type complexes
[(u*-L*0)CoCl(MeOH)l, (1) and [(u*-L20)CoCl(MeOH)l4 (2) are herein reported. Cubanes 1 and 2 were
obtained in high yields under mild conditions by self-assembly of the ligands LYOH = 1-H-2-benzimida-
zolylmethanol and L2OH = 1-methyl-2-benzimidazolylmethanol with CoCl,-6H,O in basic methanolic
solution. Both compounds feature a cubane-type structure in which the central {Co404} units are built by
four Co'" centers coordinated by alkoxide-bridged oxygen and nitrogen atoms from the deprotonated
L"OH ligands and stabilized by MeOH molecules and chloride ions. Magnetic studies allowed the deter-
mination of g = 2.42 and g = 2.57 values for 1 and 2, respectively. At low temperatures, 1 shows antiferro-
magnetic behavior, while 2 shows ferromagnetic coupling. DFT analyses support the antiferromagnetic
behavior of 1. Unfortunately, the same method was not effective at explaining the ferromagnetic character
of 2. Such inconsistency was explained through an exhaustive ac-susceptibility study by considering the
single molecular magnet (SMM) behavior of 2. Cyclic voltammetry of 1 and 2 in phosphate buffer solution
(pH = 7.4) displayed catalytic currents at 1.65 and 1.68 V vs. Standard Hydrogen Electrode (SHE), corres-
ponding to water oxidation, with TOF values of 1.04 and 1.99 s™%, overpotentials of 710 and 680 mV, fara-
daic efficiencies of 88% and 90%, and TON values of 2.8 and 3.5 for 1 and 2, respectively.
Electrochemical Quartz Microbalance (EQCM) analysis showed the robustness of 1 and 2 since only
around 0.05% of their mass was deposited on the electrode surface. Subsequent SEM-EDX microanalysis
demonstrated that although 1 converts to CoO, during electrolysis, it also changes into an undetermined
form of the original catalyst, containing C, O, and Co. In the case of 2, analysis of the electrode after
WOC did not allow the detection of Co, C, or O, establishing 2 as a more stable catalyst than 1.

direction,>® mainly since electrocatalytic processes usually

occur at room temperature and pressure. In the long run,

There is an urgent need to develop viable alternatives to fossil
fuels." However, renewable energy technologies remain
unaffordable and insufficient on a global scale. Emulating
nature to harness the sun’s energy appears to be the ideal solu-
tion, but artificial photosynthesis is still a developing field.
Nonetheless, addressing the multielectron reactions involved
in photosynthesis through electrocatalysis is crucial in that
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solar-powered galvanostatic reactions may ideally replace the
need for fossil fuels. In this context, water splitting constitutes
one of the most promising alternatives to this end.* During
this process, water is converted into dioxygen, four protons
and four electrons, according to eqn (1):
2H,0 — O, +4H" +4e~ E°=1.23 V vs. SHE (1)
The main obstacle is the sluggishness of the anodic reac-
tion due to kinetics involving four protons and four electrons,
thus resulting in a high overpotential for the electrochemical
oxidation of water. The archetypal ruthenium blue dimer was
the first homogeneous electrocatalyst employed successfully in
this process.® After its discovery, iridium analogs were devel-
oped with similar results, with the main disadvantage of their
prohibitively high cost. This is the main incentive to search
and design a new generation of catalysts based on the abun-
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dant first-row transition metals capable of efficiently perform-
ing the water oxidation reaction. The challenge involves the
ease of synthesis and systems with low overpotentials that do
not require drastic conditions that may be energetically and
environmentally taxing.®™®

In the case of cobalt complexes, initial attempts to explore
water oxidation involved mononuclear systems coordinated
with nitrogen-based ligands. Among these, neutral pentaden-
tate pyridine-derived ligands (PY5),'”'! tetra-amide macro-
cyclic ligands (TAML),">"® porphyrins,'*'> and corroles have
been employed.'®'” The above compounds split water success-
fully without decomposition to cobalt oxides of the general
formula CoO,, with turnover numbers (TON) between 50 and
130 and turnover frequencies (TOF) in the range of one order
of magnitude. In all cases, either neutral or basic pH con-
ditions were used in buffered solutions.

Usually, the overpotential values () of these systems are
about 300-550 mV. An alternative to improve -catalytic
efficiency relies on high-nuclearity complexes so that the
charge buildup may delocalize between two or more metal
centers in the high-valent species crucial to oxidize water. The
best example of multimetallic cooperative effects is the Oxygen
Evolving Complex (OEC) of Photosystem II (PSII), which con-
tains the Mn,CaOj cluster (TOF = 400 s~ and 7 < 300 mvV).?
Inspired by PSII, the design of polynuclear complexes based
on first-row transition metals to mimic the catalytic activity of
PSII has grown dramatically. Manganese polymetallic com-
plexes were naturally among the first tested; a 12-nuclear
manganese compound reported by Maayan and coworkers'®
displayed good electrocatalytic activity for water oxidation at
pH = 6, with TOF = 22 s" and = 74 mV. Iron is another versa-
tile metal employed in water splitting and an attractive option
as the most abundant transition metal. In 2016, a pentanuc-
lear iron compound'® was reported with reasonable perform-
ance at pH = 5 and a remarkable TOF = 1900 s™*, but a high
overpotential at n = 889 mV. In the case of cobalt, Dismukes
et al. reported in 2011 the first cobalt cubane-type complex
that showed activity for water oxidation catalysis (WOC), with
TON and TOF values of 40 + 2 and 0.02 s™*, respectively.*°

Analogous complexes of the latter system were synthesized
by Berardi et al. In this case, para-substituted pyridine ligands
were introduced into the Co40O,4 unit, improving photoinduced
electron transfer.”’ TOF values for these cubane-type com-
plexes lie between 510 and 550 s~ . More recently, Nguyen and
coworkers reported mechanistic studies of a related cobalt
cubane,”® evidencing that mixed Co'Co" species afford dioxy-
gen quantitatively. These insights illustrate the principles
behind designing robust molecular scaffolds to stabilize high
oxidation states while simultaneously exploiting metal-metal
cooperativity. In this context, we focused on cubane-type com-
plexes [(u3-L'0)CoCl(MeOH)], (1) and [(u3-L*0)CoCl(MeOH)],
(2) (L'OH = 1-H-2-benzimidazolylmethanol and L?0OH =
1-methyl-2-benzimidazolylmethanol), based on the self-assem-
bly observed for such ligands and Ni" that affords the corres-
ponding Ni,O, cubanes under mild conditions.>® In contrast,
the corresponding Br-containing analogs [(j;-L"O)CoBr
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(ROH)], were previously obtained under harsh conditions, but
their electrochemical and electrocatalytic properties were not
reported.”* Thus, we present the facile synthesis, solid-state
and electrochemical characterization, and WOC assessment of
1 and 2.

2. Results and discussion

2.1 Synthesis and structural description

Ligands L'OH and L’0OH react with CoCl,-6H,O and two
equivalents of triethylamine in methanol to afford 1 and 2 in
high yields as purple and dark pink powders through a self-
assembly process depicted in Scheme 1. Compounds 1 and 2
were subsequently crystallized by slow vapor diffusion of
1,1,2,2-tetrachloroethane into methanolic solutions. Pink
needle- and prism-type crystals of 1 and 2 were thus obtained
after several days. Single crystal X-ray diffraction reveals that 1
crystallizes in the triclinic space group P1. As shown in Fig. 1,
the compound has a central [Co,(3-OR)4]*" core consisting of
four alkoxo-bridged cobalt ions in a distorted cubane-type
structure, with the oxygen atoms from the deprotonated L'O~
ligands and the Co" ions in alternate corners of the cube.

Each octahedral Co" ion has the same coordination
environment, with four oxygen atoms, three of which are p*-
bridges and one terminal MeOH. The octahedral positions are
completed by a potentially labile chloride ligand and a benzi-
midazole N-donor from L'O~. Thus, each ligand acts in
w’m*n' fashion.”* Two lattice MeOH molecules placed in
general positions complete the asymmetric unit of 1. As is
evident from the crystallographic data, distortion of the
cubane {Co,0,} is caused by the differences in the Co-O dis-
tances and the variation between the Co-O-Co and O-Co-O
bond angles relative to an ideal structure with Ty symmetry,
see Table 1.

In this context, the Co-O and Co-N bond lengths are in the
range of 2.046(4)-2.170(4) A and 2.070(5)-2.126(5) A, respect-
ively, which are comparable to those reported for similar
cubane-type clusters assembled with heterocyclic aromatic
systems.”**® On the other hand, the smallest angle within
{C040,} is 78.94(15)° for O(3)-Co(4)-O(1), while the largest one
is 99.63(16)° for Co(1)-O(3)-Co(4). The distorted tetrahedron
defined by the Co™ centers has four different Co---Co distances
in the range of 3.148(1)-3.256(1) A, indicating that 1 has a low
symmetry cubane core, resulting in six different {Co,0,} faces.
This complex is isostructural with the tetranuclear Ni"" cubane

R N
N s=meoH L1/ & /]

C[ ,>—\ + CoCly6H0 —> Co—3 O"S/ R
N

OH NEt; /l Co— _O, .
RT N N
R=H, Me R -0—gCo™
SlI

Scheme 1 Self-assembly of [(u®-L"O)CoCL(S)l,.
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Fig.1 ORTEP view of 1 with atom-labeling scheme. Displacement
ellipsoids at a 60% probability level; H atoms and lattice MeOH mole-
cules are omitted for clarity.

Table 1 Selected bond lengths and angles for 1 and 2

1 2
Co-Cl (A) 2.3770(16)-2.4822(15) 2.3737(15)

Co-O (A) 2.046(4)-2.158(4) 2.078(4)-2.155(4)
Co-N (A) 2.070(5)-2.126(5) 2.091(5)

Co-+-Co (&) 3.148(1)-3.256(1) 3.169(1)-3.257(1)
Co-Opeon (A) 2.113(4)-2.170(4) 2.155(4)

0-Co-0 (A) 78.94(15)-82.12(16) 80.15(15)-81.39(15)
0-Co-N (°) 77.47(16)-105.48(17) 77.94(17)-99.51(17)
Co-0-Co (°) 95.74(15)-99.75(17) 97.81(15)-99.51(15)

reported recently by our group as a robust electrocatalyst for
water oxidation (CSD Refcode: OYOLOG).** Thus, comparing
the catalytic performance of these structurally related com-
plexes should provide insight into the effect of transition
metal substitution in these clusters.

Complex 1 is stabilized by intra- and intermolecular con-
tacts (Fig. 2). The chloride ligands are involved in intra-
molecular H-bonds with the coordinated MeOH molecules on
four faces of the cubane via O-H:--Cl contacts with distances
in the range of 2.20(5)-2.30(6) A, and D-H---A angles ranging

N7 2
!

“

s

Fig. 2 Extended crystal structure of 1 with n—rn contacts, intra- and
intermolecular C—H---Cl hydrogen bonds represented by dotted cyan
and orange lines, respectively. The inset displays the packing, highlight-
ing the C—H---Cl interactions between adjacent molecules.

14152 | Dalton Trans., 2025, 54, 14150-14160

View Article Online

Dalton Transactions

from 149(3) to 160(7)°. The benzimidazole groups of the L'O~
ligands extend outward from opposite faces of the cubane in a
parallel arrangement that favors intramolecular n-m inter-
actions between the imidazole moieties, characterized by cen-
troid-to-centroid distances of 3.43(4) and 3.48(5) A between the
N1/N3 and the N5/N7 rings, respectively (Fig. 2).>**° Such
interactions may confer stability to 1 and direct the self-assem-
bly of {M,0,} clusters.*** In addition, a lattice MeOH mole-
cule forms an intermolecular H-bond with one of the chloride
ligands with an O(9)-H(9)---CI(2) distance of 2.32(4) A. In a
supramolecular context, the molecules are packed within the
crystal perpendicular to the crystallographic c-axis and interact
with each other via short intermolecular C-H---Cl contacts
(Fig. 2, inset).

As detailed in the Experimental section, compound 2 was
obtained similarly to 1, except that the N-methylated L?0OH
replaces L'OH. The complex crystallizes in the tetragonal
system of the P42,c space group with a quarter of [(u3-L?0)
CoCl(MeOH)], in the asymmetric unit (Fig. S1), so that 2 is
characterized by S, molecular symmetry. As in the previous
structure, the four cobalt(n) octahedral ions are located at
alternate corners of a distorted cubane in which the p*-brid-
ging O-atoms of the four deprotonated L?0OH ligands occupy
the remaining four vertices. The Co' centers have the same
octahedral coordination pattern as in 1, with Co-O distances
in the range of 2.078(4)-2.155(4) A and a single bond length of
2.091(5) A for the four Co-N bonds. The Co---Co distances in
the central {Co,0,} core are in the range of 3.169(1)-3.257(1) A.

An overlay of both solid-state structures using OLEX2 soft-
ware reveals that the central [Co,(i3-OR),]** units do not show
significant structural differences® (Fig. S2). This is the case
for both the organic and chloride ligands, which are almost
aligned. However, changes in the rotational orientation of the
—-CH; groups of the coordinated methanol molecules are
observed; these can be explained by packing effects and the
presence of the N-Me substituent on the benzimidazole back-
bone, causing the methoxy groups to move away. In addition,
the -CH; groups from the coordinated MeOH molecules of 1
are involved in weak C-H:.-O and C-H:--Cl intermolecular
hydrogen bonds. In contrast, no intermolecular interactions
for the coordinated MeOH molecules are observed in 2. The
same behavior is observed with isostructural cubane-type com-
plexes with MeOH as coordinating molecules.*® It is worth
noting that the Co---Co distances in both {Co,0,} central cores
are comparable to the Mn---Mn distances observed for the
natural [Mn,CaOs] cubane found in PSII, which fall in the
range of 2.8-3.0 A.***> While the Mn and Ca ions coordinate
water molecules potentially involved in the oxygen evolution
reaction (OER), in complexes 1 and 2, the MeOH molecules
and chloride ligands can be replaced by substrate water mole-
cules via ligand exchange. Our group has already studied the
feasibility of this process in related Ni cubanes by experi-
mental and theoretical methods.?®

In 2, the organic moieties are also paired face-to-face on the
opposite sides of the cube, allowing the MeOH molecules and
chloride atoms to coordinate in a plane perpendicular to the

This journal is © The Royal Society of Chemistry 2025
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L’0" ligands. Therefore, the coordinated methanol molecules
of 2 are also involved in intramolecular interactions with the
Cl™ ions, characterized by an O-H---Cl distance of 2.23(16) A
and a D-H--A angle of 165.7(3)°. The imidazole moieties
establish symmetrically equivalent = stacking interactions with
a centroid-to-centroid separation of 3.41(5) A. Intermolecular
n-7 interactions between the six-member aromatic groups are
not observed in either of the two structures. The packing of 2
is stabilized by short intermolecular C-H---Cl interactions, as
observed in the inset of Fig. S3. In related work, Zeng and co-
workers reported an isostructural complex in 2017 (CSD
refcode: NENYIR), where the [Co(OR)], cubane consisted of
octahedral Co(u) centers chelated by the alkoxide oxygen and
imidazole N atom from the same L?0~ ligand but coordinated
by bromides instead of chlorides.>* However, the complex was
studied purely from a magnetic perspective without exploring
its electrochemical properties.

2.2 Mass spectrometry

For the complexes with the formula [(u*-L"0)CoBr(ROH)],,
structural rearrangements were observed in MeOH under mass
spectrometry conditions involving the reorganization of the
cubane structure to low-nuclearity species such as Co,, Co, or
Cog, but also oligomerization of these to produce higher nucle-
arity fragments.>* Interestingly, ESI-MS and FAB" spectra of 1
and 2 confirmed this type of behavior via low-intensity peaks
at m/z 558.5 (calc. 559.3) and 601.0 (calc. 601.4) corresponding
to [(1*-L'0);C0,]" and [(1*-L?0);Co,]", respectively (Fig. S4 and
S5). Thus, the cubane system is stable at room temperature
and pressure but can undergo transformations under harsher
conditions, like those present in the ionization chamber.*®?”
Nonetheless, for 1 the most intense peak at m/z 930.2 (calc.
930.7) corresponds to the cubane structure [(u*-L'0),Co,Cl;]"
following the loss of all MeOH molecules and a chloride ion.
For 2, the species [(1*-1.°0),Co,Cl;]" was observed with low
intensity at m/z 987 (calc. 986.8). Since the catalytic activity of 1
and 2 was examined in phosphate buffer solutions (KPi, pH =
7.4), their stability was analyzed after one week in KPi solu-
tions. MALDI-TOF MS of 1 displayed a low-intensity peak at
m/z 875.0 (calc. 875.4) corresponding to the [(1*-L'0),Co,(OH);]"
fragment, resulting from the loss of MeOH and the substi-
tution of the CI™ ions by hydroxy groups. In the case of 2, the
analogous fragment was not observed, but the base peak at
mj/z 584.9 (calc. 585.1) is consistent with the peculiar arrange-
ment [(u*L*0),Co,(n>-OH)(MeOH),]" (Fig. $6 and S7).

2.3 Magnetic properties

The magnetic susceptibilities of 1 and 2 were measured from
300 K to 1.8 K with a field of 1 T. The ¥~ vs. T curves presented
in Fig. 3 show two different temperature behaviors. We fitted
the experimental data using the Curie-Weiss mean field sus-

s o . .
ceptibility, y,, = r—t and we obtained Curie constants, C, of

10.98 cm® mol ™" K and 12.39 cm® mol™" K for 1 and 2, respect-
ively, which are indicative of a non-negligible orbital contri-
bution from the Co(u) centers. Using the Curie formula in CGS
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1 Data

—— 1Fit: C=10.98cm®mol ~1.K, 6=-8.16K
2 Data
—— 2 Fit: C=12.39cm®mol ~1.K, 6=22.51K

25 A

20

15 A

10 +

x~ 1 (mol~1 cm?3)

T T T T T T
0 50 100 150 200 250

Temperature (K)

300

Fig. 3 ymT vs. T plot for 1 and 2 (H = 1000 Oe) showing the best-fitting
in the 2-300 K range.

oo 1 .
units, ie. C = e 2% x S(S+1) x n, and considering n = 4 for

a high spin Co" cubane, we obtain g = 2.42 and 2.57 for 1 and
2, respectively. These two values are comparable to previously
reported data for the bromo analogues at room temperature.>
The main difference between 1 and 2 appears to be low-temp-
erature behavior. Indeed, the mean-field Curie-Weiss constant
Q is negative for 1 (Q = —8.16 K), indicative of antiferro-
magnetic coupling, while for 2 we obtain Q = +22.51 K, a value
suggesting a dominant ferromagnetic coupling.

Density Functional Theory (DFT) calculations using the
Broken-Symmetry (BS) framework®*™*° were performed to get
further insight into the magnetic behavior of 1 and 2. Following
the same approach we employed in previous works,>*! the
systems were considered as magnetically coupled and treated as
N spin sites interacting through N(N — 1)/2 exchange couplings
Ji» using the isotropic Heisenberg-Dirac-van Vleck (HDwV)
Hamiltonian, i.e. H = —2 x > J;S:5;. ™%

i<y

BS-DFT calculations determined six possible pairwise
exchange coupling constants for the four magnetically coupled
Co" ions in 1 and 2. We computed the eight possible spin con-
figurations for the two complexes: a S = 6 high spin (HS) con-
figuration, four Mg = 3 BS solutions, and three Mg = 0 BS solu-
tions (Fig. S8). The energy of each spin configuration was
expressed as a linear combination of the local spin of each
cobalt center and the individual exchange coupling constant;
we generated a series of eight equations, which is solved using
singular value decomposition (SVD). Using this methodology,
the following J; values were obtained: J;, = +2.35, J;3 = +2.33,
Jia = —2.85, Jp3 = —2.84, J54 = +2.34 and J;, = +2.32 cm™* for 1
and Jy, = +1.26, J13 = +1.26, J14 = —=1.24, J,3 = =1.22, J,, = +1.18
and J;, = +1.18 cm™" for 2. Direct diagonalization of the HDvV
Hamiltonian provided the magnetic sublevel spectra for both
complexes (Tables S1 and S2), showing that 1 and 2 feature a
singlet ground spin state (S = 0).

The computed exchange coupling constants in 1 thus
support an antiferromagnetic interaction between the cobalt
centers and are in good agreement with the experimental data.
The simulated magnetic susceptibility curve (y,,-T vs. T) for 1

Dalton Trans., 2025, 54,14150-14160 | 14153


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt01000d

Open Access Article. Published on 11 August 2025. Downloaded on 10/6/2025 10:41:48 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

30

XmT (cm3mol~1.K)

10 4
5'Kr 1

—— simulation

2

T I T T
0 50 100 150 200 250

Temperature (K)

300

Fig. 4 Temperature dependence of the product y.,-T of 1 and 2. The
red and green circles correspond to the experimental data for the two
complexes. The solid blue line was calculated using the theoretical
values Jip = +2.35, Ji3 = +2.33, J14 = —2.85, Jx3 = —2.84, Jo4 = +2.34, J34
= 4232 cm™, and D = 33 cm™. Inset: Schematic view of relevant
exchange pathways in 1.

using the computed set of J; is shown in Fig. 4 (blue curve)
together with the experimental data (red circles) and high-
lights the good correlation between theory and experiment.
However, our calculations fail to reproduce the ferromagnetic
interaction experimentally observed for 2. We tentatively
assign this discrepancy to a probable single molecular magnet
(SMM) behavior of 2, preventing computations from providing
meaningful predictions of the exchange interactions.

To investigate the SMM behavior of 2, we conducted a
detailed ac-susceptibility study. We first measured the in-
phase ' and out-phase y” susceptibilities at 7= 1.8 K across a
frequency range spanning from 0.1 to 1450 Hz and applied
various external dc-fields spanning from 0 to 3000 Oe. This
process aimed to determine the optimal external magnetic
field to minimize quantum tunneling. We then measured the
ac-susceptibility as a function of both frequency and tempera-
ture, ranging from 1.8 to 4 K for H, = 0 and 700 Oe (Tables S3,
S4 and Fig. S9-S12).

The evolution of " as a function of frequency was sub-
sequently fitted using the imaginary part of the Cole-Cole
equation to extract the relaxation time t (Fig. 5). The tempera-
ture-dependent relaxation times were then analyzed under the
assumption of a thermally activated process, following the
Arrhenius law: 7, = 7, x e%7*". We obtained U.g¢ = —16.47 K
and 7, = 3.06 x 10~7 s for H, = 0 Oe, and U = —24.67 K and
7o = 2.0 x 1078 s for H, = 700 Oe. The resulting parameters for
2 compare well with previously reported values for other
characterized cubane compounds and support the suggested
SMM behavior.

2.4. Electrochemical analyses

The cubane-type complexes 1 and 2 were analyzed by cyclic vol-
tammetry (CV) from 0 to 1.8 V vs. the Standard Hydrogen
Electrode (SHE) under an Ar atmosphere. The experiments
revealed an irreversible anodic peak E,;, = 1.68 for 1 and E,, =

14154 | Dalton Trans., 2025, 54, 14150-14160
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Magnetic dynamic of 2 - H = 0 Oe Magnetic dynamic of 2 - H = 700 Oe

o
sccee

X'm (cm?mol=1-K)

T T T
10° 10! 102 10°
Frequency (Hz)

() d)
6 ® Data — Fit: Uo=-16.40K To=3.40e.075.

Frequency (Hz)

@ Data — Fit:U=24.67K, 4=2.01e.085

In(7)

74

0.375 0.400 0.425 0.450 0475 0.500 0.525
UT (K1)

0.375 0.400 0.425 0.450 0.475 0.500 0.525 0.550
UT (K)

Fig. 5 Frequency dependence of the imaginary part of the ac-suscepti-
bility of 2 recorded as a function of the temperature from 1.8 to 2.7 K
and under a bias field of 0 Oe (a) and 700 Oe (b). Arrhenius law pre-
sented as logarithmic dependence of r as function of 1/T for 0 Oe (c)
and 700 Oe (d). Symbols give extracted times, and lines give least-
squares fits.

1.65 V for 2, Fig. S13. CV of fresh 0.01 M KPi solution shows
no faradaic current in the working potential range. The
observed E,p; > Eqpy can be explained in terms of inductive
effects from the ligand to the Co" center; in complex 2
N-methyl groups on the benzimidazole moiety are stronger
electron donors than hydrogen atoms, making the metal
centers in 2 slightly more electron-rich than those in 1.
Current measurements at different sweep rates (plot of iy, vs.
v*"?) demonstrate that the current is limited by diffusion of the
analyte to the electrode surface, with diffusion coefficients D =
1.83 x 107" and 2.41 x 10> ecm® s™! for 1 and 2, respectively
(Fig. 6 and S15).

When the current is normalized (i/v
the process is catalytic since i.,; decreases when the sweep rate
increases (Fig. S16). The overpotential () value for 1 and 2 is
710 and 680 mV, respectively, and it was determined using the
equation n = |Ey,0/0, — Ecay2| and calculating the water oxi-
dation potential with the relation Ey,0/0,[V vs. NHE] = 1.23 —
0.059 x pH, and E.,, is the potential value at half the intensity
of the catalytic current.*® To dismiss the participation of free
Co" ions in the electrocatalytic water oxidation process, bulk
electrolysis experiments of CoCl,-6H,O in KPi were carried out.
The results show that the charge generated employing the
cobalt complexes is considerably higher than that with
CoCl,-6H,0 at pH = 7.4 (Fig. S14). Indirect proof of dioxygen
formation was obtained through CV identification of the wave
assigned to its reduction to superoxide (E, = —0.66 V, Fig. $17).
Thus, bulk electrolysis (BE) with a 1 mM solution of 2 was set
at 1.68 V for 15 minutes to produce dioxygen, and immedi-
ately, a second BE was set at —1.1 V to produce superoxide for
further 15 min. The charge produced in this experiment was
compared to that generated during BE at —1.1 V of a fresh solu-
tion of 2. As expected, the charge was considerably higher
when the cobalt complex carried out WOC before superoxide
detection (Fig. S18). Direct dioxygen quantification was carried
out through BE experiments at 1.71 and 1.68 V for 1 and 2
(0.1 mM), respectively. After 1 h, the production of O, was
determined with a fluorescent probe, resulting in values of 9.0

Y2) it is evident that

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Top: CV of 1 at different scan rates. Bottom: plot iy, vs. M2,

Conditions: [1] = 1 mM in KPi 0.1 M, pH = 7.4; glassy carbon working
electrode, Ag/AgCl reference electrode, Pt counter electrode.

and 11.4 ppm for 1 and 2, corresponding to 88% and 90%
faradaic efficiencies (Fig. S19), and modest TON values of 2.8
and 3.5.

A critical aspect of WOC is catalyst stability during the
demanding redox process. This was addressed initially
through analysis of the UV-vis spectra of 1 and 2 before and
after electrolysis, with only minor changes observed (Fig. S20).
Subsequently, Electrode Quartz Crystal Microbalance (EQCM)
experiments were used to quantify the material deposited on
the electrode surface. During the experiment, 60 cycles of CV
of 1 were carried out, and at the same time, the EQCM
measured the change in the frequency of the quartz disc
covered with a gold monolayer as the working electrode. A fre-
quency change of 4000 Hz was registered at the end of the
experiment, taking 0 Hz as the initial frequency value.
Considering that a change in 2.25 Hz corresponds to 3.35 ng
of mass deposited on the electrode, 5.95 pg of material derived
from 1 remained at the electrode after WOC. This amount
corresponds to 0.05% of the total mass of the catalyst in solu-
tion, indicating that 1 and 2 are robust under the catalytic con-
ditions (Fig. S21). Additionally, rinse tests were carried out on
1 and 2. The working electrode used in these experiments was
then tested in fresh KPi solutions, and no considerable cata-
lytic current was observed during CV. These results confirm
the predominant homogeneous nature of the WOC, establish-

This journal is © The Royal Society of Chemistry 2025
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ing 1 and 2 as robust catalysts that do not give rise to cobalt
oxide deposits (Fig. $22).

Catalytic currents of complexes 1 and 2 were analyzed at
different concentrations, and a linear correlation was found
for each one, demonstrating that the rate law is first-order for
both catalysts (Fig. S23). Analysis of CV data collected in D,O-
based buffer affords inverse isotope effect values of 0.79 and
0.68 for 1 and 2, respectively (Fig. S24, Tables S8 and S9).
These may correspond to an equilibrium isotope effect (EIE),
rather than a kinetic one, consistent with O-O bond formation
at adjacent cobalt-oxyl sites as the rate-limiting step;*” this can
be envisioned at two cobalt sites on one of the faces in
cubane, in an I2M-type mechanism. This would also result in
a positive shift of the oxidation potential, which in our case
was determined at 55 and 80 mV.*” Based on data analysis and
using the foot-of-the-wave (FOWA) methodology developed by
Savéant and Costentin,*® the calculated TOF values for 1 and 2
are 1.04 and 1.99 s, respectively (Fig. $25). It is worth men-
tioning that the direct comparison of these TOF values with
other cobalt systems reported in the literature can be mislead-
ing due to the diverse experimental conditions employed to
carry out WOC (aqueous or non-aqueous media, type of buffer,
pH values, and the catalyst oxidation method: chemical,
electrochemical or photoinduced).

Comparison of the WOC activity of 1 and 2 relative to other
Co cubanes is difficult since the conditions employed vary sig-
nificantly. For example, Col'0O,(OAc)s(py)s (py = pyridine)
was tested under standard photocatalytic conditions with
Ru"(bpy),>* (bpy = bipyridine) and the sacrificial electron
acceptor Na,$,05.%° Related Cull'0,(OAc),(pyX)s systems (X =
Me, tBu, OMe, Br, COOMe, and CN), were developed to explore
the electronic effects of para-substitution in the pyridine
ligands within the Co4O, unit; a TON value of 140 for all
complexes under similar photocatalytic conditions, but TOF
values were not reported.”’ A cubane-type Co(u) complex [Col!
(hmp)4(p-OAc),(p-OAc),(H,0),]  featuring  2-hydroxymethyl-
pyridine (hmp) was also used for photoinduced WOC, achiev-
ing the best result at pH = 9 in borate buffer solution, with
TOF = 7 s™' and TON = 28.° So far, cobalt cubane-type com-
plexes have been considered relatively stable species during
WOC. Nonetheless, further examination of Co,04(OAc)4(py)a
and its analogue Co0,0,(OAc),(pyCOOMe), by Differential
Electrochemical Mass Spectrometry (DEMS) indicated that
catalytic activity was not inherent to the molecular Co'O,
unit, but instead to a Co" impurity.>® Since then, there has
been a debate about whether cobalt oxides or molecular cobalt
complexes act as true catalysts. The debate continued through
the analysis of the complex Co(HL) (HL = N,N-bis(2,2'-bipyrid-
6-yl)amine) by electrochemical quartz crystal microbalance
(EQCM) and X-ray photoelectron spectroscopy.” These demon-
strated that although the molecular Co(HL) interacts with the
electrode surface, this does not necessarily imply that it trans-
forms into cobalt oxides; our results support this latter obser-
vation. Finally, Co'0,(OAc)4(py), was characterized electroche-
mically, allowing the determination of an overpotential of
728 mV at pH 12, and TOF = 0.2 s~*.?? In contrast, 1 and 2
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have slightly lower overpotentials at neutral pH. The infor-
mation from the above discussion is summarized in Table 2.

Moreover, when the water splitting process is electro-
catalytic, there is an inherent problem related to the TOF cal-
culation due to the need for an accurate normalization of the
Electrochemical Surface Area (ECSA) of the electrode, which is
never equal to the geometrical area. Currently, there is a
debate regarding this topic given that, to date, there are only a
few methods to normalize ECSA.”” In this sense, 1 and 2 show
relatively good activity, considering that until 2022,>® the col-
lected information covered 34 cobalt complexes, from which
only for 22 complexes the TOF values were reported. The
lowest and highest TOF values within these are 6.2 x 107° and
1400 s, respectively. From the total, eight complexes (36%)
possess TOF values under 1 s™; nine (41%) between 1 and 10
s~%; four (18%) between 10 and 100 s~ *; and only one complex
shows a TOF = 1400 s™'. According to this information, most
cobalt catalysts employed in WOC possess activity between 1
and 10 s~ 1 (1.04 s™") and 2 (1.99 s™*) belong to this category
with relatively good activity, considering only their TOF values
(Table S10). Nevertheless, it is hard to compare them directly
since most reports omit overpotential values.

2.5. SEM EDX analyses

The gold electrodes used in ECQM experiments were interro-
gated by scanning electron microscopy (SEM) to analyze the
material deposited after 60 scans of cyclic voltammetry. The
SEM image of 1 at 1 mm reveals needle-like and amorphous
materials (Fig. S25). Energy Dispersive X-ray (EDX) microanaly-
sis further uncovered that these regions are predominantly
carbon-based (Fig. $26). Nevertheless, images at 25 pm showed
zones with different topologies; one of these (zone 12, see
Fig. S27) was observed at 1 pm and 100 nm and exhibited hex-
agonal deposits (Fig. 7), with EDX elemental maps confirming
the presence of Au, C, O, Co, and CI (Fig. S28), as well as three
distinct phases: Co-C, C-0O, and Co-O (Fig. 8) which indicates
that carbon is bound with cobalt and oxygen in the same
regions of the deposited material. Complex 1 may transform
into different species during electrolysis but was not comple-
tely degraded to CoO,.

Note that nitrogen was not detected in any EDX spectrum;
therefore, the Co-N phase does not appreciably form. Cobalt
oxides were also detected by observing the Co-O phase, even

Table 2 TOF and TON values of some Co40,4 systems used as WOC

Complex used as WOC TOF (s™') TON  Ref.

1¢ 1.04 2.8 This work
2¢ 1.99 3.5 This work
C040,4(0ACc)4(py)s” 0.20 40 20 and 22
C0,404(0AC)4(pyX)s*

(X = Me, tBu, OMe, Br, COOMe, CN) - 140 21
[Co¥(hmp),(u-OAc),(12-0AC),(H,0), 7 7 28 49

“KPi buffer 0.1 M, pH = 7.4, electrocatalytic. b Borate buffer 50 mM,
pH = 9. °Borate buffer 10 mM, pH = 8.  Sodium phosphate buffer 0.1
M, pH = 8.
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Fig. 7 SEM images of the ECQM electrode (quartz with a gold mono-
layer) used in water oxidation catalysis using 1 in 0.01 M phosphate
buffer.

Fig. 8 EDS elemental maps of different phases: (A) Co-C, (B) Co-0O,
and (C) C-O.

though the area is considerably smaller than that of the Co-C
and C-O phases. These observations are consistent with the
previously reported partial decomposition of cobalt-based cata-
lysts during WOC in phosphate buffer solutions to cobalt
oxide.>* However, this happens to a small extent in the case of
1. Despite the reported evidence of deposition of cobalt com-
plexes that afford heterogeneous catalysts on electrode sur-
faces, in our case, cyclic voltammetry experiments of 1 and 2
indicate a catalyst deactivation process, with the subtle differ-
ence that it does not lead to a significant amount of cobalt
oxide formation. If that were the case, an increase in the cata-
Iytic current would be expected since cobalt oxides are known
to catalyze the water-splitting process. Instead, the catalytic
current decreases after several cycles. A rinse test of the working
electrodes in fresh buffer solutions provided further evidence of
the homogeneous nature of the catalytic activity of 1.

The electrode used in WOC with 2 revealed polygonal struc-
tures (Fig. 8). Interestingly, EDS analysis showed that this
material is exclusively carbon (Fig. S29). EDS maps of carbon
and gold demonstrate the absence of Co, O, Cl, or other
elements (Fig. S30), leading us to conclude that electrolysis of
2 results in less deposition of cobalt than 1 under the con-
ditions employed. Moreover, a rinse test of the electrode in a
fresh buffer solution showed the absence of catalytic current,
supporting the above observations.

3. Conclusions

The cobalt cubane-type complexes 1 and 2 were successfully
synthesized under mild conditions and demonstrated efficient

This journal is © The Royal Society of Chemistry 2025
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catalytic activity in water oxidation, with turnover frequencies
of 1.04 and 1.99 s~ and overpotentials of 710 and 680 mV,
respectively. Electrochemical studies confirmed that WOC is
predominantly homogeneous, as evidenced by the absence of
catalytic currents after electrode rinse tests. Stability assess-
ments indicated that both complexes exhibit high robustness,
with minimal structural transformation during catalysis.
While 1 undergoes partial conversion into cobalt oxide and
other species, complex 2 remains structurally intact, highlight-
ing its superior stability. Developing such cobalt-based cata-
lysts is crucial for advancing sustainable energy solutions, as
first-row transition metals offer a viable alternative to the more
toxic and scarce precious metals. These findings reinforce the
potential of cobalt cubane-type complexes as promising candi-
dates for efficient and durable water oxidation catalysis.

4. Experimental
4.1 Reagents and measurements

All chemicals have the highest commercially available purity
and were used as received unless noted otherwise. The ligand
1-methyl-2-benzimidazolemethanol (L*0OH) was synthesized
according to reported procedures,> while L'OH was obtained
from commercial suppliers. Elemental analyses were per-
formed with a Thermo Scientific elemental analyzer Flash
2000, at a temperature of 950 °C using an XP6 Mettler Toledo
microbalance; methionine from Thermo Scientific with certifi-
cation number 237031 was used as standard. UV-vis spectra
were obtained with an Agilent 8453 spectrometer at room
temperature. The electrochemical experiments were carried
out in a CH Instruments 1400 potentiostat. A three-cell elec-
trode was employed for Cyclic Voltammetry (CV) and Bulk
Electrolysis (BE) experiments, using Ag/AgCl (0.1 M KCl) as RE,
vitreous carbon (3 mm diameter) as WE, and Pt wire as CE. An
ITO electrode was used for bulk electrolysis. A buffer phos-
phate KPi 0.1 M at pH 7.4 was chosen as electrolyte and
solvent for all electrochemical measurements. Electrode poten-
tial values are reported against the SHE (Standard Hydrogen
Electrode). "H NMR spectra were recorded on a Bruker Avance
300 MHz spectrometer. EPR spectra were obtained with an
Electronic Paramagnetic Resonance Spectrometer Jeol,
JES-TE300. Dioxygen quantification was carried out through
bulk electrolyses at 1.71 and 1.68 V for 1 and 2 for 1 h under
the conditions described above, with an Ocean Optics NeoFox
fluorescent probe. Reported values are the average of two
measurements.

4.2 Synthesis of complexes

[(*-L'0)CoCl(MeOH)], (1). 1-H-2-Benzimidazolmethanol
(LY, 0.06 g, 0.40 mmol) and CoCl,-6H,0 (0.11 g, 0.40 mmol)
were stirred at room temperature for 45 min in methanol, in
the presence of two equivalents of triethylamine (93 pL,
0.80 mmol). A violet solid deposited over this time, and it was
filtered, washed with diethyl ether (3 x 2 mL), and finally dried
under vacuum. M.p. (dec) 195-197 °C; yield 95%. ESI-MS m/z
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930.2 [Cou(L'0),Cl;]". Combustion analysis calc. for
C36H44C1,NgC0,05 C, 39.51; H, 4.05; N, 10.24%. Found C,
39.22.; H, 3.80; N, 10.31%. IR (KBr) 3057 cm™ (Ca~H);
2977 em™' (C-H); 2924 cm™' (C-H); 1570 cm™' (C=N);
1454 cm™'; 1396 cm™; 1277 cm™; 837 cm™. UV-vis (MeOH):
211 nm (¢ = 17180 M~' em™), 243 (6370), 273 (8940), 281
(9160), 296 (1580), 340 (430), 670 (24).

[(1*-L?0)CoCl(MeOH)], (2). 1-Methyl-2-benzimidazolmetha-
nol (L?, 0.06 g, 37 mmol) and CoCl,-6H,0 (0.1 g, 0.37 mmol)
were stirred at room temperature for 45 min in methanol, in
the presence of two equivalents of triethylamine (85 pL,
0.74 mmol). The dark pink precipitate that formed was fil-
tered, washed with diethyl ether (3 x 2 mL), and dried under
vacuum. M.p. (dec.) 220-222 °C, yield 86%. ESI-MS m/z 987
[Co4(L?0)4Cl;]" (Fig. S2). Combustion analysis calc. for
CaoHs»CLLNgC0,054 C, 41.76; H, 4.56; N, 9.74%. Found C, 41.46;
H, 4.25; N, 9.80%. IR (KBr) 3057 cm™" (Cz~H); 2977 cm ™" (C-
H); 2924 cm™' (C-H); 1570 cm ' (C=N); 1454 cm
1396 cm™'; 1277 ecm™"; 837 em ™. UV-vis (MeOH): 211 nm (e =
17180 M~' ecm™), 243 (6370), 273 (8940), 281 (9160), 296
(1580), 340 (430), 670 (24).

4.3 X-Ray crystallography

Suitable single crystals of 1 and 2 were mounted on a glass
fiber and crystallographic data were collected with an Oxford
Diffraction Gemini “A” diffractometer with a CCD area detec-
tor using graphite monochromated Acyxy = 1.54184 A for 1 and
Ivoka = 0.71073 A for 2 at 130 K. Unit cell parameters were
determined with a set of three runs of 15 frames (1° in ). The
double-pass method of scanning was used to exclude any
noise. The collected frames were integrated by using an orien-
tation matrix determined from the narrow frame scans.
CrysAlisPro and CrysAliSRED software packages®® were used
for data collection and integration. Analysis of the integrated
data did not reveal any decay. Collected data were corrected for
absorption effects by an analytical numeric absorption correc-
tion using a multifaceted crystal model based on expressions
of the Laue symmetry with equivalent reflections.”” Structure
solution and refinement were carried out using the
SHELXT-2018°® and SHELXL-2018° programs, respectively.
WinGX v2020°° was used to prepare the material for publi-
cation. Full-matrix least-squares refinement was done by mini-
mizing (F,”> — F.”)*. All non-hydrogen atoms were refined ani-
sotropically. H atoms of the methanol (O-H) and amine (N-H)
groups were located in the difference map and refined isotropi-
cally with Ujso(H) of 1.5U.q and 1.2U.q for H-O and N-H,
respectively. Hydrogen atoms attached to carbon atoms were
placed in geometrically idealized positions and refined as
riding on their parent atoms, with C-H = 0.95-0.99 A with
Uiso(H) = 1.2Ucq(C) for methylene and aromatic groups, and
Uiso(H) = 1.5U,q(C) for methyl groups. Crystal data and experi-
mental details of the structure determination are listed in
Table 3. Crystallographic data have been deposited at the
Cambridge Crystallographic Data Center as ESI CCDC:
2171997-2171998.
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Table 3 Crystallographic data and structural refinement details for 1

and 2

Compound 1 2

Chemical formula C3gHs,Cl,Co4NgO; C,0H;3CICOoN,0,

FW 1157.39 287.60

Temperature 130(2) K 130(2) K

Wavelength 1.54184 A 0.71073 A

Crystal system Triclinic Tetragonal

Space group Pi Pi2,c

Unit cell dimensions  a =10.7873(6) A a=10.9927(4) A
b=14.0178(5) A b=10.9927(4) A

¢=16.3701(8) A

¢=19.6735(19) A

o= 86.686(3)° ® = 90.00°
B =72.875(5)° B=90.00°
¥= 86.271(4)° ¥ =90.00°
Vv (%) 2358.7(2) A° 2377.3(3) A®
zZ 2 8
Deate.(mg m™) 1.630 1.607
Absorption coefficient  13.434 mm™" 1.654 mm™"
F(000) 1182 1176
Theta range for data 4.157 to 68.245° 3.618 to 29.355°
collection
Reflections collected 20 662 13714
Independent 8573 [R(int) = 0.1168] 2945 [R(int) = 0.0761]
reflections
GOF on F° 1.009 1.196
Final R index [T > 26()] R, = 0.0697, WR, = R, = 0.0482, WR, =
0.1759 0.1003
R indices (all data) R, =0.0961, WR, = R, =0.0794, WR, =
0.2001 0.1112

4.4 Magnetic measurements

Magnetic susceptibility measurements were performed using
an MPMS-XL5 Quantum Design SQUID magnetometer. Direct
current (dc) susceptibility measurements were performed at
temperatures ranging from 1.8 to 300 K and performed on
powder samples of 11.1 mg 1 and 13.3 mg 2, wrapped in a
polypropylene pocket and vacuum sealed to remove oxygen.
Alternating current (ac) susceptibility measurements on 2 were
performed on a 33.8 mg sample under an oscillating ac field
of 2.9 Oe and ac frequencies ranging from 0.1 to 1433 Hz. The
magnetic data were corrected for diamagnetic contributions
using Pascal’s constants.

4.5 Computational methods

All theoretical calculations were based on density functional
theory (DFT) and have been performed using the ORCA
program package.®' To facilitate comparisons with experiment,
the X-ray structures of the complexes were optimized while
constraining the positions of all heavy atoms to their experi-
mentally derived coordinates and only the positions of the
hydrogen atoms were relaxed. Geometry optimization was per-
formed for the high-spin (HS) state with the GGA functional
BP86°>%® using the TZVP®! basis set for all atoms and by
taking advantage of the resolution of the identity (RI) approxi-
mation in the Split-RI-J variant®® with the appropriate
Coulomb fitting sets.®® Scalar relativistic effects were included
using ZORA®” with ZORA-def2-TZVP basis sets.®' Increased
integration grids (Grid4 in ORCA convention) and tight SCF
criteria used. Single-point Broken-

convergence were
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Symmetry*®**° DFT calculations were performed with the
hybrid functional B3LYP.®®*®® All spin configurations for
Broken-Symmetry calculations were generated with the
“FlipSpin” feature of ORCA. The diagonalization of the HDvV
Hamiltonian leading to the magnetic sublevel spectrum of the
tetranuclear species was performed by employing the orca_eca
utility of ORCA. The magnetic susceptibility curve was recon-
structed using the Easyspin program’® and the isotropic
Heisenberg-Dirac-Van Vleck (HDwV) exchange
Hamiltonian.*>™*®

4.6 Scanning electron microscopy (SEM)

Scanning electron microscopy measurements were conducted
using a Variable Pressure Scanning Electron Microscope Zeiss
SUPRA 40VP coupled with an EDX Oxford Axtec system at the
Scientific Instrumentation Center of the Granada University in
Spain. The electrodes which contained samples 1 and 2 were
covered by a gold monolayer before running experiments to
protect them from decomposition by ionization.
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