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Cuj6—Cus; Cu(i)-oxo-carboxylate clusters are reported, including
those with condensed 1.5 nm Cu-0O cores supported exclusively by
O-donor ligands. A size—colour correlation is observed due to a
red-shift of the charge transfer absorption band on increasing size;
hence these clusters sit between small molecules and (black) CuO
nanostructures.

Metal-oxo clusters are fascinating molecular analogues of metal
oxide materials, with recent discoveries described as ‘molecular
nanoparticles’." They have well-defined and tuneable structures
making them excellent options as photocatalysts,>* molecules
for energy conversion or storage,® molecular magnets,®> or
soluble precursors to semiconducting oxide materials.®”
Metal-oxo clusters may absorb light in a similar manner to
their bulk oxide counterparts, however, as most are smaller than
the exciton Bohr radius of the parent material, quantum con-
finement theory predicts a size-dependent blue-shift of their
absorption onset relative to the bulk oxide.® This allows tune-
ability of optical properties which may be further optimised by
adjusting surface interactions for efficient photochemical
applications.

Cupric oxide (CuO) is an important semiconducting oxide
material with applications in electrocatalysis (e.g. water
splitting®'® or biomass volarisation'"), heterogeneous catalysis, ">
and in photovoltaic cells."* Cupric oxide is a black p-type (strongly
correlated) semiconductor with a small band gap (reported values
range from ~1 - 2.1 eV)"*'® attributed to {O + Cu(3de_,2)} —
Cu(3d,2_,2) transitions with significant oxygen to metal charge
transfer character.">'® CuO has a moderately large exciton Bohr
radius (~6 nm)."” Therefore it is logical that quantum size effects
should bring the absorption onset of small Cu(u)-oxo clusters into
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the mid-visible region (e.g: 2-2.8 €V), potentially providing appro-
priate photovoltage for challenging photocatalytic processes driven
by sunlight, such as water oxidation.

Despite potential uses in photocatalysis or as precursors for
the deposit of ultrasmall copper or copper-oxide-based particles,
Cu(u)-oxo clusters with a condensed Cu(u) + O/OH core remain
remarkably rare,>'®° contrasting with the rich chemistry
known for other metal-oxo clusters. Some interesting Cu-oxo
structures have been reported with internal templates,”®>"*
multidentate ligands,>'®?"?*® or with mixed-metal systems;>’
however, in these structures the incorporation of halides, het-
eroatom donors, or heterometals, will inherently change the
electronic properties and alter the relationship with CuO.
Pioneering work by Christou et al. reported the structure of
Cujgoxo  clusters  [Cuye04(OH),(OR)s(0,C'Bu)1,(ROH)], 1,
R = "Pr and 2, R = "Bu, as rare examples of Cu-oxo clusters
with exclusively O-donor ligands.’® The use of multidentate
carboxylate ligands has also led to the discovery of the Cu-
hydroxo nanodisc [Cu;s(dhs)s(OH)s(H,0)10](H20)no (Hadhs =
2,3-dihydroxysuccinic acid),”* and the 1D metal-organic chain
[(CO3)@Cu,g(suc)s(OH),6(H20)1,-18H,0], (suc = succinate) com-
prising of Cu cages with the (8-capped) Keggin structure encap-
sulating a carbonate anion.*®

In previous reports,"®*® Cu-oxo clusters are synthesised
from Cu(NO;), and ligands in alcohol solutions, using a base
to activate the Cu salt into more reactive species. We hypothe-
sised that the base initiates Cu(u)-OR formation which is then
susceptible to hydrolysis and condensation reactions to build
Cu-O-Cu connectivity, leading to clusters, but which may
retain some surface alkoxides (Scheme 1). Therefore, the alco-
hol solvent plays an important role in the assembly of clusters,
affecting solubility and also providing a steric influence on the
cluster surface during growth. Furthermore, as water is neces-
sary for hydrolysis and cluster growth, the amount of water in
solution is also a critical factor, with uncontrolled hydrolysis
likely leading to extended CuO materials.

Using this approach with pivalic acid (‘BuCO,H) as a sup-
porting ligand and sterically unencumbered primary alcohols
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Scheme 1 Proposed reaction scheme for the growth of Cu—oxo clusters
via hydrolysis and condensation of a ‘pre-hydrolysis intermediate’.

(R = Et, "Pr, "Bu) leads to previously reported green Cuy,
clusters 1 and 2 (Fig. S1-S3, ESIt),"® or similarly structured
ethoxide derivative 3, [Cu;s04(OH)4(OEt)s(0,C'Bu)1,(H,0)]
which contains a symmetrically bound water molecule in its
central pocket (Fig. 1 and Fig. S4, S5, ESIT). These structures all
crystallise directly from alcohol solutions (or more rapidly from
pentane, see ESIT), and have a degree of condensation (d.),
defined as ({n(0*") + 1/2n(OH)}/n(Cu®")), of 0.375, some way
from that of CuO (d. = 1), indicating that their structures are
mostly ‘surface’.

By switching to bulkier secondary alcohols (R = "Pr or Cyp
(CsHy,)) grass-green crystals of larger clusters form after two
weeks (in powdered form, or when dissolved, these compounds
appear yellow/green). Isostructural forms were identified by
X-ray crystallography, supported by bond-valence sum calcula-
tions, as [Cus;01,(0OH);5(0,CBu);5(NO;),(ROH)sn(ROH)]
(R="Pr, n =6, 4; R = Cyp, n = 12, 5) (Fig. 2 and Fig. $6-S8,
ESIYt). This structure has a pseudo-spherical Cu-O core (with 12
14-0%, 12 pu3-OH ™~ and 6 p,-OH ) with a maximum (Cu-O) core
diameter of 1.5 nm and can thus be described as a ‘molecular
nanoparticle’. However, the Cu-O core is not a clear represen-
tation of the repeating structure in CuO. In CuO the copper
centres coordinate to four oxygens in a close to square planar
geometry (Cu-O bond lengths = 1.91-2.02 A),* with
longer distances (2.78 A) to axially positioned oxygens. Similar

Fig. 1 Solid-state structure of ethoxide capped Cu;g-oxo cluster 3. Ellip-
soids displayed at 50% probability, hydrogen atoms (except OH or H,O)
omitted for clarity. Cu = green, O = red, C = grey, H = very pale blue.
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Fig. 2 Solid-state structure of Cusz;-oxo cluster 4. Cu = green, O = red,
C = grey, N = blue, H = very pale blue (non-coordinated/H-bonded 'PrOH
Cs = yellow, coordinated 'PrOH Cs = orange). Ellipsoids displayed at 50%
and hydrogen atoms (except OH) omitted.

coordination modes are found in 4 and 5 with comparable Cu-
O bond lengths to the four nearest oxygens (range 1.88-2.28 A)
and most sites having a fifth oxygen occupying an apical site
(range 2.29-2.89 A, Supporting note 1, Fig $9, 10 and Table S1,
ESIT). In contrast, the central Cu atom in 4 or 5 has a tilted
octahedral geometry (Cu-O bond lengths: 2.05 to 2.22 A). The
cluster lies on a pseudo-C; symmetry axis passing through the
centrosymmetric octahedral Cu and the N atoms of the two
nitrates (Fig. 2) with overall pseudo-D;4 symmetry. The d. of 4
and 5 is 0.68, showing a much more condensed core and thus
greater resemblance to CuO@carboxylate nanoparticles than
the smaller clusters 1-3. The surface of 4 and 5, which can be
considered a model for CuO@carboxylate nanoparticles,*® is
capped by 18 anionic (p, or p3) pivalate ligands, 18 hydroxides,
six neutral ROH ligands and two loosely coordinated pi,-nitrate
anions (Cu-ONO, bond lengths 2.6-2.8 A), which have disor-
dered coordination geometries in the crystal structure and are
each surrounded by the three coordinated and a further three
non-coordinated ROH ligands (which likely engage in H-
bonding interactions to the cluster surface, Fig. 2, Fig. S6 and
S8, ESIt). Crucially these clusters have no remaining alkoxide
groups (confirmed by bond valence sum calculations, Table S3,
ESIt) which may provide enhanced stability to further hydro-
lysis and condensation reactions. The greater steric bulk of
secondary alcohols appears to support condensation and enlar-
gement of the core compared to less bulky primary alcohols.
The synthesis of 4 and 5 is very condition-dependent, with
brown precipitates containing CuO@pivalate nanoparticles
(~8-15 nm by Scherrer analysis) and Cu,(OH);(NO;) (Fig S11
and S12, ESIt) alongside solutions containing the paddlewheel
[Cu,(0,C'Bu),(NEt;),] able to form as by-products if the reac-
tion is conducted at higher concentrations; left open to ambi-
ent atmosphere; or allowed to sit for longer times. The
by-products likely form due to uncontrolled hydrolysis. It
appears essential to maintain good solubility of intermediates

This journal is © The Royal Society of Chemistry 2023
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to allow 4/5 to self-assemble without the formation of insoluble
by-products.

Based on our observations and hypothesised reaction
mechanism (Scheme 1), moisture plays a crucial role in cluster
synthesis. However, the copper source Cu(NOj3),-3H,0 contains
three equivalents of water per copper atom, thus always pro-
vides an excess of water for hydrolysis and condensation
reactions. Therefore, selective cluster formation is likely
defined by crystallisation of the growing clusters from the
reaction medium (for example when 3 is dissolved in dichloro-
methane or isolated as a powder it is susceptible to further
hydrolysis when exposed to moisture). To test these concepts,
the synthesis of clusters using anhydrous precursors was
explored. Cu(OEt), was reacted with 1 equiv. of pivalic acid in
dry toluene at 70 °C to produce previously reported loop-shaped
[Cug(OEt)s(0,C'Bu)g), 6,'%*! (Fig. S13, ESIT). This cluster is a
‘pre-hydrolysis’ structure as it contains no oxo or hydroxide
groups (d. = 0), and could potentially form at the beginning of
the reaction between Cu(NOs),-3H,0, pivalic acid and NEt; in
ethanol, i.e. before any hydrolysis (Scheme 1).>> The reaction of
6 with 2.7 equivalents of water in EtOH induces a slow colour
change from blue-green to green, and a precipitate of 3 forms
after two weeks (confirmed by diffraction after recrystallisa-
tion), demonstrating that water promotes cluster growth.*>

Considering that water plays a crucial role in cluster formation,
the reaction conditions to produce 4 were repeated, but, after
30 minutes of reaction (under air), the solution was degassed and
placed under N, over activated 3 A molecular sieves. The flask was
kept under air-free conditions and after one month, crystals of a
new structure, 7, [Cuy;05(0OH)g(OPr)s(0,C'Bu);0(NO;),]-((NEt;H]
[NO3]),, reproducibly form. 7 has a d. of 0.47 (> 1-3 but < 4-5)
indicating that this structure has formed under partial hydrolysis
conditions, i.e. before 4 forms (Fig. 3 and Fig. S14-S16, ESIt). This
also indicates that hydrolysis and cluster growth is a relatively slow
process as it can be arrested by removing moisture from the
reaction solution after 30 minutes of reaction. The structure of 7
maintains some Cu-O'Pr functionality, suggesting that it may be
susceptible to further reaction with water. 7 is a C-shaped cluster
with an intriguing pocket which could act as a sterically

Fig. 3 Solid-state structure of 7. Ellipsoids displayed at 50% probability,
hydrogen atoms (except OH groups) and [NEtzH]* cations omitted for
clarity. Cu = green, O =red, C = grey, N = blue, H = very pale blue. The
base of the structure (within the pocket) has disordered O'Pr and OH
groups.
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encumbered reactive site. 7 contains 17 5-coordinate Cu centres
which are supported by eight p,-briging pivalate anions and two
unusually coordinated pivalates that each coordinate to seven
Cu centres (Fig. S17, ESIt). Two chelating nitrates (Cu-O = 2.02—
2.65 A) and four bridging isopropoxide groups coordinate around
the edges of the cluster, whilst a combination of two isopropoxides
and two hydroxides occupy the internal cleft of the C-shape in a
disordered manner (Fig. S18, ESIt). Two further nitrate anions are
connected via H-bonding to four Cu-OH sites which sit in a square
on the top of the cluster.

The relatively asymmetric shapes and range of different Cu
carboxylate coordination geometries in these clusters high-
lights the flexibility of the Cu(u) centre and the unpredictability
of the structures that it can form. This implies that many
further possible cluster structures can be obtained by variation
of the supporting ligands and degree of condensation.

The colours of these Cu-oxo clusters suggests a relationship
with size (Fig. 4 and Fig. S19, S20, ESIt), as the compounds change
from blue through green to yellow/green with increasing size,
eventually reaching dark brown/black CuO nanoparticles (Fig.
S21, ESIt). The UV/visible absorption spectra of 1-4, 6, the small
Cu, ‘paddlewheel’ [Cu,(0,CBu),(HOR),] (R = 'Pr or H), 8 (Fig. S22,
ESIt), and Cu(NOj3), were recorded (Fig. 4 and Fig. S23-S31, ESIf).
All display Beer-Lambert behaviour. The well-known paddlewheel
structure (with two carboxylates per Cu) is blue in solution (Fig. 4)
and has a high energy carboxylate (O) to metal (d,.2) charge
transfer (LMCT) band in the UV region®?* (8: Ay = 262 nm;
¢ ~ 10300 M~ " em ") with a shoulder (“dimer band”) arising
from the bridging carboxylate coordination mode at slightly lower
energy, and weaker d-d transitions (to d,.) in the visible region
(imax = 615 nm; & ~ 300 M~ ' em ') which cause the blue colour.
Compound 6 is blue/green in solution and shows a similar LMCT
peak Zmax = 261 nm, and a shoulder which now extends into the
visible region, possibly from added contributions of alkoxide to Cu
LMCT,® and a weaker d-d absorption per Cu (Fig. 4). Upon growth
of the cluster to (green) Cuye (2) and (yellow/green) Cugs; (4), the

—38(Cu,) A
60000 [ | 6 (Cug)
©r 1(Cuyg)
——2(Cuyg)
- 4 (Cuy,)
Fg 40000
. " 500
~ (5]
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Fig. 4 UV/vis spectra of 2, 4, 6 & 8 reported as molar extinction coeffi-
cients. Spectra recorded at 0.1-0.4 mM[Cu] in CH,Cl, (or pentane for 2),
inset shows magnified visible region as ‘per copper’ normalised extinction
coefficients, spectra recorded at 1.7-3.3 mM[Cu]). Photos of solutions
(with [Cu] = ~0.24 mM).
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shoulder region becomes increasingly significant, extending into
the visible region (and hence absorbing blue photons), and
beginning to resemble the spectrum of ~4.4 nm brown CuO@
carboxylate particles (Fig. S31, ESI).*® The carboxylate based
LMCT peak remains in 2 and 4 with similar maxima (253 &
256 nm respectively) in the UV region, but with diminishing
maximum extinction coefficient, when defined per copper, as
the clusters grow (and the Cu:ligand ratio decreases, Fig. S32,
ESIT). In 4 the shoulder region merges with the d-d excitations
causing absorption across the visible region. The exact nature of
excitations in the 350-550 nm region remain unknown and will be
the focus of future study, but it is interesting to speculate that 4
contains the same surface ligands (pivalate and ‘PrOH) as 8 (+ two
weakly bound nitrates in 4), yet absorbs broadly across the visible
region (N.B. Cu(NOs), dissolved in 'PrOH only absorbs UV light,
Fig. S30, ESIt), hence the extra absorption may be due to charge
transfer excitations within the cluster core (e.g. with O to Cu
character) rather than surface effects. Such excitations would be
akin to the band-gap transitions that are responsible for the black
colour in bulk CuO. Therefore, it is intriguing to consider these
well-defined ~1.5 nm clusters, with condensed Cu + O cores, as a
bridge between small Cu-carboxylate molecules and larger CuO@
carboxylate nanostructures.

The size-colour correlation is consistent with the concept of
quantum confinement, or considered from a molecular per-
spective, that as an increasing number of atomic orbitals
closely interact the resulting HOMO-LUMO energy gap of the
system becomes smaller and can absorb lower energies of light.
This excitingly demonstrates the tuneability of the charge
transfer absorption onset of Cu-oxo clusters across the visible
region and the possibilities for manipulating frontier orbital
energies and redox capability for useful photoredox reactivity.

In summary, new Cu-oxo clusters are reported, including Cus;
structures 4 and 5, which, to the best of our knowledge, are the largest
and most condensed molecular Cu-oxo clusters discovered with only
O-donor ligands. The high degree of condensation (0.68) and their size
(1.5 nm Cu-O core) relates these well-defined clusters to CuO nano-
particles. Synthesis of these clusters operates via hydrolysis and
condensation reactions, therefore, the amount of water influences
products, and uncontrolled hydrolysis leads to CuO. By creating
conditions which allow for a greater amount of hydrolysis to occur,
ie. maintaining cluster solubility with controlled water content, larger
Cu-oxo clusters can be synthesised, and this will be explored in future
studies. The colour of these clusters is influenced by their size, with the
charge transfer absorption band becoming red-shifted on increasing
size, consistent with concepts of quantum confinement and suggesting
that Cu-oxo clusters and ultrasmall CuO nanoparticles have potential
as highly tuneable systems for visible light driven photoreactivity.
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