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Ni,, tetracubane cores with slow relaxation of
magnetization and efficient charge utilization for
photocatalytic hydrogen evolution

Two Ni;, - multicubane topologies were encapsulated

in the polyanions {Ni;,Wz.} and {Ni,,W,,}. SMM behavior
arising from excited spin states as well as high quantum
yields (>10%) clearly distinguish {Ni,W} and {Ni,W,,}
magnetically and photocatalytically as hydrogen evolution
catalysts (HECs) from conventional Ni, cubanes. These
findings pave the way towards advanced spintronics and
photovoltaic devices. Cover design by Elias Tanuhadi and
Stephen Myakala.
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We report two Nij, multicubane topologies enclosed in the polyanions
[Nig2(OH)o(WO4)5(PO,)(B-0-PWoO34)512~  {NizWso} and  [Niga(OH)g
(HPO,)3(PO4)(B-6-PW5O34)(A-0-PWO34),12~ {NijsW,7} that magneti-
cally behave as Nij, units clearly distinguishing them from typical Nig
cubanes as shown by magnetic studies together with high field and
frequency electron paramagnetic resonance (HFEPR). Beyond the
unprecedented static properties, {Ni;;W3o} shows the unusual coex-
istence of slow relaxation of the magnetization and a diamagnetic
ground state (S = 0), providing the unique opportunity of studying the
essentially elusive magnetic relaxation behavior in excited states. The
cubane-topology dependent activity of {Ni;2W30} and {Ni;zW,7} as
homogeneous HER photocatalysts unveils the structural key features
significant for the design of photocatalysts with efficient charge
utilization exemplified by high quantum yields (QY) of 10.42% and
8.36% for {Ni;2W30} and {Ni;oW,;}, respectively.

The compound class of transition metal (TM) based cubane
clusters with the general formulation {TM,L,} (TM = Co", Ni",
Fe'", Mn""™" and L = 0, S, N)* exhibits unique structural and
electronic properties. Consequently, cubane-based materials
have been subjected to magnetic studies.> In solution, the
structural reminiscence of enzyme active sites such as the
oxygen evolving complex (OEC) {Mn,0;Ca}® in photosystem II
(PS ID*® and the {Fe,S,} cubane cluster in hydrogenases®
encouraged studies on cubane-based metal oxide nanoparticle
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catalysts.” From a synthetic point of view, recent attention has
been given to lacunary polyoxometalates (POMs).>° Being gen-
erated upon the removal of one or several MOg (M = Mo"", W"")
units from their parental architectures such as the Keggin'® or
Wells-Dawson types'’, lacunary POMs can act as strong inor-
ganic, diamagnetic, multidentate O-donor ligands towards
electrophiles. This multidentate nature allows the construction
of mono- or multinuclear transition metal substituted POMs."?
Considering the lacunary POMs’ rigidity, bulkiness, and dia-
magnetic nature, cubane-motif incorporating POM representa-
tives were shown to exhibit interesting magnetic properties
such as single molecule magnet (SMM) behavior as a result of
large spin ground state (S) values."** POMs generally exhibit a
facile photoexcitation via near-visible or UV-light generating photo-
excited species with enhanced oxidizing (higher electron affinity
E.,) and reducing (lower ionization energy E;) properties.**” Their
multicentered nature allows POMs to undergo multi-redox events.
In addition to their versatile redox properties, the inherent water
solubility of POMs and stability encouraged researchers to employ
cubane-motif incorporating POMs as homogeneous photocatalysts
for the water reduction catalysis (WRC)™* and oxidation catalysis
(WOC)™ reactions, respectively.

Despite the variety of existing POM-stabilized cubane motifs
(Fig. S2, ESIT) that have been subjected to magnetic and/or (photo)-
catalytic studies (Table S1, ESIT), there are no studies exploring the
correlation between a (multi)cubane-topology and its magnetic
properties. Hence, advanced magnetic studies of, e.g., magnetic
relaxation arising from excited states that might pave the way
towards advanced spintronics remain widely elusive. While signifi-
cant advances have been made in studying the cubane-dependent
HER photocatalytic activity of POMs'* (Fig. S3 and Table S2, ESIt),
the underlying structural features that may grant taking full advan-
tage of photogenerated charge carriers as a key for improving the
activity of photocatalysts remain essentially unexplored.'®

Herein, we employ phosphotungstates as rigid, all-inorganic
multidentate ligands together with the simple inorganic tem-
plates PO,*> or CO,>~ for the template-dependent stabilization

This journal is © The Royal Society of Chemistry 2022
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of two tetracubane Ni;, topologies enclosed in the polyanions
[Nio(OH)o(WO,)3(PO,)(B-a-PWgOs4)s '~ {NipsWaop and [Ni;o(OH)g
(HPO,)3(PO,)(B-0-PWs034)(A0-PWsO3, '~ {NijsW,,}. Given the
identical number of incorporated Ni metal centers and their same
net charge, {Ni;;Wso} and {Ni;,W,;} only differ in the type of POM-
stabilized multicubane topology, thereby representing ideal candi-
dates to study the topology dependent magnetic and photocatalytic
behavior in the solid and solution states, respectively.

{Ni;,W3;,} and {Ni;,W,,;} were prepared employing a tem-
plate dependent synthetic approach.’’ To an aqueous reaction
mixture containing the K;4[P,W;4060(H,0)]-24H,0"7” {P,W,,}
lacunary precursor, three equivalents of NiCl, were added
following the adjustment of the pH value to 9.1 via CO;>~ or
PO,*” and subsequent heating of the reaction mixture at 80 °C
for 10 min. Depending on the inorganic template used for the
solution’s basification, {Ni;;W3o} (CO5>7) or {Ni;,W,,} (PO,*")
is obtained (Fig. 1, ESIt) upon slow evaporation of the solution
for two weeks at 25 °C leading to yellow-plate shaped crystals of
{Ni;,W,,} or light-green rod-shaped crystals of {Ni;,Ws,},
respectively. When this paper was under preparation, a crystal
structure with the identical anion of {Ni;;W3o} was reported.'”®
Note that for the synthesis of {Ni;,Ws,}, different routes have
been used by Lian et al. and our group (see Synthesis
proceduref). The template dependent synthetic system
reported in this work ultimately leads to the isolation of the
novel polyanion {Ni;,W,}.

Single crystal X-ray diffraction (SXRD) was performed
(Tables S5-S9, ESIY) revealing that {Ni;,W,;} and {Ni;,W3o}
both incorporate a Ni;, metal-oxo core that differs in the type of
connectivity, and resulting in multicubane topology (Fig. 1)
leading to the stabilization of three full {Ni,O,} cubane units in
{Ni;,W3,} while {Ni;,W,,} comprises one full {Ni,O,} and two
defect {Ni,Os} cubane motifs (Fig. 1, Fig. S14 and Tables S10,
S11, ESIT). The compound’s elemental composition and homo-
geneity were determined in the solid state by elemental analy-
sis, IR spectroscopy (Fig. S4-S9 and Table S3, ESIY),
thermogravimetric analyses (TGA) (Fig. S10-S13 and Table $4,
ESIT), diffuse reflectance spectroscopy (DRS) (Fig. S17-S22,
ESIT), and powder X-ray diffraction (PXRD) (Fig. S15 and S16,

(N0, (NLOHNi 0,

Fig.1 Schematic representation showing the template-dependent
stabilization of the multicubane scaffolds {NizO4}s (in {Ni;,W3o} via
CO35%7) and {NizO4XNizOs}, (in {NigW,7} via PO,*~. Color code, poly-
hedra: turquoise for {WO,} and purple for {PO,}. Balls: red for oxygen lime
green for Ni' and sky-blue for OH™ ions, respectively.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry C

16
§'14-
3
£12
L
g ¢ 20K °
10 - + 25K * 70K
& ¢ 30K * 80K
5 * 40K ¢ 9.0K
8 * 50K ¢ 10.0K|

15 20 25

6
HT[T K"]
T T T T T T T
0 50 100 150 200 250 300
T [K]
12
10 . 25K
8 . 30K
— 16 § o 40K
x =6 * 50K
5 s . 60K
£ 15 4 * 70K
)
2] | 8.0K
E | . 9.0K
~ 14 04 . " . - ]
= 00 05 10 15 20 25 3.0
=
H/T [T K]
13
12 T ¥ T T T T T T
o 50 100 150 200 250 300
T [K]

Fig. 2 Temperature dependence of ymT and reduced magnetization
curves (inset) for (A) {Ni;2W3z0} and (B) {Ni;2W57}. Solid lines are the best-
fit curve and a guide to the eye for ymT and M.

ESIt) as well as in solution by UV/vis spectroscopy (Fig. S31,
ESIt) and cyclic voltammetry (Fig. S26-S30, ESIt).

The magnetic properties of {Ni;;W3o} and {Ni,;,W,,} were
studied in the solid state (Fig. 2) and solution (Fig. S42, ESIT).
Plots of ;T (ya being the magnetic susceptibility per Ni;, unit)
vs. T for {Ni;,W3o} and {Ni;,W,,} are displayed in Fig. 2. At
300 K, after removing the temperature-independent
paramagnetism in subsequent fits (TIP = 4211 x 10 ® and
2756 x 10°° ecm® mol ™ for {Ni;;W;0} and {Ni;,W,,}, respec-
tively), their yuT values are ca. 15.6 ({Ni;uWs3o}) and
13.6 cm® mol ' K ({Ni;;W,,}). These values are larger and
smaller, respectively, than the spin-only value expected
(ca. 14.5 cm® mol™" K, with g = 2.2) for twelve magnetically
non-interacting high-spin Ni" ions (§ = 1). Hence, ferromag-
netic (F) interactions are suggested to be predominant in
{Ni;,W3;,} as supported by the continuous increase of the
compound’s yy7T upon lowering the temperature. In contrast
to {Ni;zW3o}, a continuous decrease of y\T starting at room
temperature (300 K) and reaching a minimum at 95 K accom-
panied by a subsequent increase is observed for {Ni;;W,,}.

J. Mater. Chem. C, 2022,10, 17048-17052 | 17049
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These features support the coexistence of F and antiferromag-
netic (AF) interactions, with the latter being predominant. At
31 K ({Ni;,Ws0}, Fig. 2A) and 17 K ({Ni;;W,}, Fig. 2B), ymT
shows maxima followed by an abrupt downturn to reach values
of 5.7 and 15.0 cm® mol " K at 2.0 K, respectively. Usually, zero-
field splitting (zfs) could be the responsible factor for the
observed decrease, as shown by the values of the local axial
and rhombic zfs parameters (Table S14, see ESI,} Magnetism).
The sharp downturn observed for {Ni;»W;o} (Fig. 2A) and
{Ni;,W,,} (Fig. 2B) suggests additional factors apart from
conventional zfs to be related to the AF inter- or intramolecular
interactions. The shapes of the magnetization (M) vs. H plot at
2.0 K for both compounds (see insets of Fig. 2) show values
largely below that expected for a ferromagnetic S = 12 spin
ground state (26.4 Nf3, with g = 2.2). In the case of {Ni;uW,},
weak or moderate H cancel the intermolecular magnetic inter-
action between two Ni,;, units, and M tends to a saturation
value of ca 12 Nf, which is close to that expected for an S = 6
ground state. In contrast, a gentle increase of M for {Ni;,W3,} is
observed at low fields without any trend for reaching satura-
tion, supporting the close presence of many excited states of
higher spin multiplicity that are partially populated upon
increasing the magnetic field or the temperature. An estimation
of the coupling constants (J; values) obtained from DFT calcu-
lations guides the analysis of the observed magnetic behavior of
both compounds suggesting a diamagnetic spin ground state
S = 0 for {Ni;,W3,} with an energetically close excited state S =1
(0.4 cm™") and a ground state S = 6 with close excited states
S=5and S=4at2.0and 10.1 cm ™' for {Ni;,W,} (Fig. $32-537
and Tables S12, S13, ESI,T see Magnetism).

Alternating current (ac) magnetic susceptibility studies of
{Ni;,W3,} and {Ni,;,W,,} were performed to explore their mag-
netic relaxation properties. Out-of-phase (,{;\;l) signals were
observed both in the absence and under applied dc magnetic
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Fig. 3 H, evolution profiles for {Ni;oWse}, {Ni12W27}, and the benchmark
{NigW4g} obtained using 20 uM catalyst concentrations. Data points
represent average values obtained from multiple measurements, and
colored areas indicate standard deviations for each compound and data
point. Each measurement was conducted for 60 min until H, saturation
was reached (point x).
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fields (Hqc) (Fig. S38 and S39, ESIt), typical for SMMs with
energy barriers (E,) risen from a D < 0 for low rhombicity
(E/ID = 0).**' The occurrence of only incipient y,; signals
without maxima in the yy — 7' plots in both compounds
precludes a correct treatment of the experimental data. Hence,
a semiquantitative estimation of the E, values was extracted
from the In(yy/7y) vs. 1/T plots for each frequency.'® Accord-
ing to the relationship In(yy/xy) = In(2nvtg) + Eu/kT valid
for a system with a single relaxation process, a collection of
parallel straight lines is expected (Fig. S40 and S41, ESIf)."®"°
The value of E, would be obtained from their slope, giving E,
values of 18.1(7) and 25.0(3) ecm ™" for {Niy, W30} and {Ni;, Wy},
respectively, with the E, value for {Ni;;W3,} being close to that
estimated (17.3 cm ™", the largest value between the round-trip
paths) from the values of D (—15.2 cm™ ') and E (0.14) proposed
from the theoretical study for the first excited state S = 1. Since
the negative sign of D enables a magnetic energy barrier and
the good agreement between experimental and theoretical
values of E,, it can be concluded that a two-phonon Orbach
mechanism governs the relaxation of the magnetization. The
magnetization relaxation in {Ni;,W,;} occurs in the S = 6
ground state and is controlled through the energy barrier
promoted by the zfs, whereas the diamagnetic singlet ground
state S = 0 in {Ni;, W30} suggests the observed slow relaxation of
magnetization to arise from the close first excited state (S = 1,
0.4 cm™*, Fig. $36, ESIT).>°“” This excited triplet state S = 1 is
only partially populated at the lowest experimental temperature
being the cause of the weak z,; signals and precluding the data
analysis in the absence of Hg.. These assumptions are addi-
tionally reinforced by high-frequency and high-field electron
paramagnetic resonance (HFEPR) studies, which show an EPR-
silent spectrum for {Ni;;W3,} in accordance with the proposed
singlet ground state S = 0 (Fig. S43, ESIT), whereas HFEPR
studies on {Ni;,W,,} reveal a weak signal at 6.6 T (Fig. S44 and
S45, ESIT) further supporting the presence of a paramagnetic
ground state and dipolar AF interactions arising from the
{Ni;,W,-}, supradimers, according to the DFT study and the
crystal structure (Fig. S46, ESLi DFT studies. Section 10.1).
The observed topology-dependent magnetic behaviour and
electronic properties distinguish the isolated Ni;, scaffolds
from typical {Ni,O4} single-cubane motifs.

A careful inspection of the 236 GHz EPR spectrum of
{Ni;,W3,} allows for identifying of two almost muted signals
at 4.0 and 6.9 T resulting from a very close excited state
(Fig. S43, ESIT). These signals do not change as the temperature
increases, and their intensity decreases when using a frequency
of 400 GHz. This surprising result must be attributed to several
excited states very close to the ground one, as shown in
Figure S36 (ESIT) from the theoretical study. A triplet spin state
and a D value comparable to that proposed by CASSCF calcula-
tions (& —15 cm ') could reproduce the signal at 6.9 T. How-
ever, the low-field signal must appear due to a notable
rhombicity in the zfs tensor (E/D # 0), which agrees well with
the theoretical study (0.14) and the weakness of these signals
(page 59 in the ESIY).

This journal is © The Royal Society of Chemistry 2022
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The EPR spectrum at 236 GHz of {Ni;,W,;} shows five
attenuated signals at 3.6, 6.2, 6.6, 7.0 and 8.0 T, which move
to higher fields when increasing the frequency to 388 GHz but
do not substantially modify their intensity (Fig. S45, ESIT). This
pattern resembles that observed in a previous double-cubane
Ni; cluster,?* which, like {Ni;,W,,}, exhibits an S = 6 ground
state, supporting our conclusions. The analysis of the EPR
spectra of Ni, required a nearby S = 7 excited state. However,
according to our theoretical study, an analogous procedure in
{Ni;,W,,} should consider an S = 5 rather than an § = 7 excited
state. Unfortunately, the weakness of the signals on {Ni;sW,}
prevents further investigation.

Following earlier reports on structurally relevant Ni-
containing POM hydrogen evolution catalysts (HECs)*' the
TBA salts of {Ni;,W30} and {Ni,,W,,} were evaluated towards
the visible-light-driven hydrogen evolution reaction (HER)
employing [Ir(dtbbpy)(ppy).]’ (dtbbpy = 4,4'-di-tert-butyl-2,2’-
dipyridyl, ppy = 2-phenylpyridine) as the photosensitizer (PS),
triethanolamine (TEOA) as an electron donor and 11:33:4
vol% CH;CN/DMF/H,0 as a solvent mixture (see Hydrogen
evolution (HER) experiments, Fig. S47 and S48, ESI). A com-
positionally relevant tetra-nickel polyoxotungstate reported by
Hill et al.>** referred to as {Ni,W,g} was prepared, characterized
(Fig. S1, ESIT), and tested under identical experimental condi-
tions as a benchmark HEC following a comprehensive set of
pre-catalytic studies employing time-dependent UV/vis studies
(Fig. S31, ESIt) that demonstrated pre-catalytic stability of
{Ni;, W30} and {Ni;,W,,} as shown by the compounds’ virtually
unchanged spectra over a time period of 60 min relevant to the
catalytic experiment (see Section S12.1, ESIt).

Table 1 contains the values of the turnover frequencies
(TOFs) calculated after 10 minutes of each HER experiment.
Depending on the concentrations of {Ni;oW30} and {Ni;,W},
their HER TOFs lie in the range between 19.8 and 145.7
(expressed in 107 s~ ). To allow for a valid comparison to
relevant catalysts, the HER quantum yields (QYs, see General
informationt) were calculated (Table 1) and amount to 10.42
and 8.36% for {Ni;,W;,} and {Ni;,W,}, respectively. These QYs
greatly surpass values previously reported for Ni-containing

Table 1 Average values (standard deviations 3—-6%) of turnover number
(TON) and turnover frequency (TOF) values towards H, generation for
{Ni2W30}, {Nij2W55}, the benchmark {NizW;g} and Ni(NO3), along with
quantum yields (QYs) (2-20 uM). TONs were extracted after H, evolution
saturation point (point x at 60 min), initial TOFs and QYs were extracted
after 10 min (Fig. 3)

Ni-POT c/JuM  Hp/umol  TON TOF/10 > s+ QY/%

{Ni;,W;} 2 0.56 1409  145.7 6.15

5 0.82 81.6 84.4 8.90

10 1.11 55.4 39.2 8.26

20 1.47 36.7 24.7 10.42

{Niy,W,,} 2 0.52 130.0  106.3 4.49

5 0.81 81.0 56.1 5.92

10 1.12 56.2 37.4 7.89

20 1.55 38.8 19.8 8.36

{Ni,W,5} 20 0.45 11.4 8.8 3.72
Ni(NO3), 20 0.35 8.7 6.9

This journal is © The Royal Society of Chemistry 2022
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POMs'#'® (Table S2, ESIf) and - considering that HER QY
values already include absorption and recombination losses
(e.g., contributions by PS-POM charge transfer) - they indicate
extremely high efficiency of charge utilization for {Ni;,W,} and
{Ni;,W,-} suggesting {Ni;,W30} and {Ni;,W,,} to be the fastest
Ni-PT based HECs reported so far (Table S2, ESIt).

Post-catalytic studies (see the ESIt section Post-catalytic
studies) featuring IR-spectroscopy demonstrated the post-
catalytic bulk stability of {Ni;sW3o} and {Ni,,W,,} (Fig. S49,
ESIT), which was subsequently assessed quantitatively employ-
ing X-ray fluorescence (XRF) (Table S15, ESIf). A series of
reloading experiments demonstrated the recyclability of
{Ni;, W30} and {Ni;,W,,} as homogeneous HECs (Fig. S50, ESIt).

A careful analysis of the TOF values allows for structure-
activity relationship (SAR) correlations between {Ni;;W30} and
{Ni;,W,,} that both feature {NijO,} quasi-cubanes. While
higher catalyst concentrations (10 and 20 puM) yield similar
TOFs, a significantly higher HER performance of {Ni;,W3,} over
{Ni;,W,,} can be observed for 2 and 5 pM catalyst solutions at
which the catalytic role of the elsewise isostructural Ni-PTs -
that both display the same net charge of —21 - is more
pronounced. One contribution to the superior activity of
{Ni;,W3,} over {Ni;,W,-} can be related to the higher number
of {NifO(OH);} cubanes incorporated in the POT framework as
compared to {Ni;,W,}, which is in accordance with the find-
ings reported by Wang and co-workers (Fig. 3, ESIt)."

To further explore the origin of the higher HER activity of
{Ni;, W30}, photoluminescence (PL) emission studies (Fig. S52
and S53, Section S14, ESIt) elucidating the HEC mechanism were
conducted. Both steady-state and time-resolved data propose
reductive quenching to dominate under the turnover conditions
(Scheme S1, ESIT), which suggests that the reversible reduction of
the corresponding Ni-PT (Scheme S2, ESLt step III) - which
consecutively reduces H" upon H, formation may represent a
rate-limiting step in the HER. Based on CV studies on {Ni;,W,,}
(Fig. S25, ESI+), {Ni;sW30} (Fig. S24, ESIt), and {Ni,W,g} (Fig. 523,
ESIt), the onset reduction of the Ni-PTs occurs at more
positive potentials in the order {NiyW,g} (—0.66 V) < {Ni;zW,,}
(—0.25 V) < {Ni;,W30} (—0.12 V). Hence, the observed activity
trend can be explained by the increased tendency of {Ni;, W3} to
be reduced, which is additionally reflected by a substantially
higher (50%) quenching rate K, for {Ni;;W30} (Kq = 13.2 X
10° M s7") compared to that of {Ni,;W,7} (K, = 89 x 10°M ' s
(Fig. S53, ESI¥) illustrating its more efficient redox shuttling. A
template-dependent change in the topology of the Ni;, metal-
oxo core resulted in an increased number of {NifO(OH);}
cubanes present in {Ni;;W3o} and provided this Ni-PT with an
enhanced charge-utilization expressed by the tuned redox-
activity and increased photocatalytic HER performance as com-
pared to {Ni;,W,,} and {Ni;Wg}.

Conclusions

Our results highlight that a diamagnetic ground state does not
necessarily preclude SMM behavior in compounds that exhibit

J. Mater. Chem. C, 2022, 10, 17048-17052 | 17051
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energetically closely located paramagnetic excited spin states.
Moreover, incorporating a tandem ground and nearby excited
states, behaving both as SMMs or qubits, allows for envisaging
advanced spintronics and quantum computing. Structure—
activity studies on {Ni;;W3o} and {Ni;,W,;} probing their
photocatalytic HEC activity revealed high charge utilization
for {Ni;, W30} and {Ni;,W,,}. The topology modulation of the
tetracubane scaffold employing simple inorganic anionic tem-
plates represents a key to tuning their functional HEC
properties upon modulating the corresponding Ni-PT’s redox
properties as exemplified by the high quantum yield of
{NiIZWSO}-
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