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Reaction pathway to the only open-shell transition-metal Keggin

ion without organic ligation

Wei Wang™*, Mehran Amiri?®9, Karoly Kozma!®, Jian Lu®™, Lev N. Zakharov®®, May Nyman!®*

Abstract: Aqueous metal-oxo clusters without organic ligands
(including polyoxometalates and group 13 polycations) are useful for
energy, environmental and biomolecular applications. While ligands
stabilize clusters of different elements, such as open-shell transition
metals, they inhibit reactivity and solubility. Therefore a grand
challenge is to conceive and execute synthetic strategies to isolate
metal-oxo clusters of any composition, without ligation. Here we
crystallize and structurally characterize a Cr** dodecamer Keggin ion
without organic ligation. Detailed characterization of its formation
leads to understanding its reaction pathway, which may translate to
isolation of other open-shell transition metal-oxo clusters. We
employed electrospray ionization mass spectrometry, Raman
spectroscopy and X-ray scattering (small-angle and total) to identify
important reaction intermediates and processes. The aqueous
synthesis presented here is simple to implement and scalable,
producing pure phase materials in gram quantities.

Introduction

Metal-oxo clusters are soluble metal oxides, useful as
homogeneous or interfacial catalysts for energy production,™
degradation or sequestration of hazardous materials,”? and
organic synthesis.®”! Metal-oxo clusters are employed to
selectively cleave proteins®™ and elucidate protein structures.®
They are used for solution-based deposition of thin films® and
nanolithography.™ These functions are ascribed to clusters that
assemble in water, without organic ligands. Organic ligands
stabilize clusters used as structural models for aqueous
species,® and for single-molecule magnets.' However, organic
ligands hinder catalytic function, water solubility, or clean
conversion to metal oxides. Ligand-free metal-oxo clusters
include d° transition metal polyoxometalates (POMs) and Group
4 & 13 polyoxocations. The geometry ubiquitous to most of
these cluster chemistries (and also a metal oxide structural
unit®) is the Keggin ion: a tridecamer consisting of a central
tetrahedron surrounded by 4 trimers of edge-sharing octahedra.

Open-shell transition metals (i.e. Cr**, Fe***, Ni**, Co**,
Mn?**, Cu™®"), despite their vast importance as metal oxides and
clusters (i.e. the Mn-tetramer of Photosystem II), cannot readily
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be isolated as unligated, soluble metal-oxo clusters. The
presence of multiple d-electrons in bonding orbitals weaken
metal-O?/OH7/H,0 bonds and promotes uncontrolled hydrolysis
reactions. Identifying reaction pathways and designing synthetic
strategies to isolate unligated, open-shell transition metal-oxo
clusters will expand utility of these technologically-useful
species.

Trivalent chromium is a good target for this endeavor since
small Cr® oligomers (dimers, trimers and tetramers) were
inferred in aqueous solutions by pH measurements and optical
spectroscopy,™ and more recently by X-ray techniques.*? Yet
they have not been isolated without ligands,® nor converted to
larger cluster forms. Aqueous Cr**-clusters mediate glucose
metabolism;™ while excess Cr* damages DNA.'® Different

3" clusters exhibit different oxidization rates to biotoxic Cr®*.12!
Thus Cr¥(aq) speciation underpins understanding its
biochemical role, and its fate and transport in the environment.
Additionally, the Cr-trimer node endows metal-organic
frameworks (MOFs) with excellent chemical and thermal
stability,*”! exploited in gas storage, drug delivery, and catalytic
supports.™® Discovering new Cr** cluster-nodes could expand
the library of highly stable MOFs.

We recently isolated a Zn-centered Al/Cr** Keggin
polycation;*® but it is unknown if its assembly and isolation was
promoted by A**, which readily forms stable Aly; Keggin ions.®
Here, we isolate a Zn-capped, Zn-centered Cr &-Keggin
polycation, (8-ZnCri2, shown on far right of figure 1), which
requires a different reaction pathway than the mixed Al/Cr
cluster. Whereas careful pH increase to drive hydrolysis is
imperative for assembly of Al-polycations,”” &-ZnCry, is
obtained simply by dehydrating a solution of Cr/Zn nitrate and
redissolving the retrieved solids to crystallize 8-ZnCr1,. Both the
dissolution of zn° and the drying process reduces nitrate
concentration, forcing linkage to maintain charge-balance. Zn-Cr
dimers are identified key intermediates; which can only form by

dissociating the very stable trimer form that comprises
Spiccia’s™'? ‘active hydroxide’.
Cr** (aq)
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J
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Figure 1. Schematic of reaction pathway to 8-ZnCr,. Species identified by ESI-
MS in aqueous reaction solutions (green polyhedra =Cr, blue ponhedra Zn, blue
and red molecules nitrate). Left; Cr(NOs)s. Middle; Cr(NOs); plus zn° or Zn(NOs),.
Both zn° dissolution and heating solution to dryness removes HNOgz. Top right:
Redissolution of dry solid yields 8=ZnCr;,. Bottom: Adding base to Cr(NO3); to
drive hydrolysis yields oxyhydroxide precipitates.

Academy of Sciences,
155 Yanggiao Road West
Fuzhou, Fujian 350002, People’s Republic of China

wangwei@fjirsm.ac.cn

[c] these two authors contributed equally

Supporting information for this article is given via a link at the end of
the document. CCDC 1856093 contains the supplementary
crystallographic data for this paper. These data can be obtained free
of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html

This article is protected by copyright. All rights reserved



Prior-reported self-assembly pathway of W and Mo POM
Keggin ions®?Y and a ligated Fe-Keggin ion,? along with the
current study of 8=ZnCr,, suggest similar reaction intermediates.
These studies taken together assert that Keggin ions from
across the periodic table do not assemble from the most obvious
units of edge-sharing trimers. Instead, they are built from
heterometal fragments composed of: 1) The central tetrahedral
metal plus one or more octahedral metals, or 2) A metal cation
that stabilizes the cluster on the outside, linked to one or more
octahedral metals (i.e. the Bi that caps the iron Keggin ion®! or
Zn that caps 8-ZnCri;, reported here). Despite the similar
reaction pathways of these Keggin anions and cations of
different compositions, they require vastly different reaction
conditions.

Results and Discussion

6—ZnCr12, [(Zn(H20)3)ZnO4Cf12(OH)24(H20)12](NOg)g-XHzO
(figure 1), crystallizes in the trigonal space group R-3m (Table
S1; CCDC-1856093). Powder X-ray diffraction of &-ZnCry,
affirms the single-crystal is representative of the bulk (figure
S1). In the d—Keggin isomer, three trimers are linked by edge-
sharing, while the fourth trimer links to the others via corner
sharing; Zn(H.0). caps the latter trimer. The Zn-O bonds of
central ZnO, are ~1.97 A (Zn bond valence sum (BVS)=1.93;
Table S2-4). For the Zn®* octahedral cap, Zn-O= 2.0-2.1 A (Zn
BVS=2.12). Cr-O = 1.96-2.03 A (Cr BVS =2.93-2.95, confirming
trivalent oxidation state). None of the H-atoms of the OH/H,O
ligands could be located, but absolute identification was made
by BVS. Like the Al;3 Keggin polycation, all bridging oxygens in
the cluster are £6-OH" (BVS=0.97-1.25); all terminal oxygens are
H>O (BVS=0.41-0.48) and the central oxygens of ZnO, are fi-
0% (BVS=1.99-2.01). The nitrates and solvent (water) molecules
were completely disordered in the unit cell, refinement details
are described in the SI, and figure S2. Since 8-ZnCry; is
isostructural with the prior-reported mixed Cr/Al analogue with
only a slightly larger unit cell (V=9623.1(7) A% vs. 9513(2) A®),
we estimate a similar number of water molecules; 18-20 per
cluster. Thermogravimetry to determine this is challenged by
oxidation of Cr®* to Cr®* by the nitrate counterions.

Four simple steps (three solution compositions) yield
8-ZnCry,: 1) Dissolve Cr(NOs)s in water (1 molar; pH=1.5); 2)
dissolve either Zn® metal or Zn(NOs); in the same solution (0.5
M; pH=2.5 for Zn°, pH=1.6 for Zn**), 3) evaporate the solution to
dryness in vacuo (65 °C) 4) redissolve the powder and
evaporate to obtain 8-ZnCr; crystals ([Cr+Zn]=1.5 M pH=2.8;
details in Sl). We quantified the nitrate concentration by its
Raman peak at 1049 cm™ (figure S3, Table S5-6). Nitrate is
removed, perhaps by both reduction to NOy(g) via oxidative
dissolution of Zn° in step 2, and as HNO;3 during the evaporation
process in step 3. Although Zn° and Zn®* precursors ultimately
yield 8-ZnCri,, the studies described henceforth are for zn°.
Upon dissolving Zn® in Cr nitrate, the bulk formula is
Cr2Zn(Ox(OH)y)(NOs)4.0, Which is a mixture of species as shown
by mass spectroscopy (below), and x and y must provide a total
charge of -3.1. Hydrolysis (formation of oxo and hydroxyl
ligands) retains charge-balance in response to nitrate loss. After
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Figure 2. Summary of ESI-MS analysis of 8=ZnCr;, a) (+)-mode spectra of
aqueous species of the reaction steps and 8-ZnCr;, crystals (Identified
species in Cr(NOs)s, (Cr2Zn(Ox(OH),)(NOs)s7) and CraZn(Ox(OH),)(NOs)a.
reaction solutions are summarized in Tables S7-9). b) Experimental and
simulated spectra of dissolved 8-ZnCr, crystals (expanded view in fig. S4
and species summarized in Table S10). c) Bar graph summary of change in
Cr-Zn (heterometal) speciation in reaction solutions, as a function of nitrate
concentration. Note: figure 2c provides a visual graphic for change in
species, but is only semi-quantitative.

evaporating CroZn(Ox(OH),)(NOs)so (ag) to dryness, there is
additional reduction of nitrate observed by Raman, yielding a
bulk formula of Cr.Zn(Ox(OH),)(NOs)s7 (also a mixture of
species, discussed below), where x and y must provide a total
charge of -4.3. The combined steps result in ~40% reduction in
nitrate. The amount of remaining nitrate, after heating to
dryness, is consistent regardless of the Zn reactant (zn° or
Zn(NOs3)2). Upon crystallization of &-ZnCri; by solution
evaporation, the nitrate is considerably reduced with a ‘bulk
formula‘ of Cr,Zn(O,(OH)y)(NOs)oe, and x and y providing a
charge-balance of -7.1. Thus the driving force of hydrolysis
(formation of oxo and hydroxyl ligands linking metal cations),
leading to oligomer formation is maintaining charge-balance, in
response to the loss of nitrate counter-anions.

In figure 2a, we track the qualitative evolution of Cr/Zn
aqueous species via electrospray ionization mass spectrometry
(ESI MS), and peak assignments are compiled in Tables S7-10.
Cr and Zn have 4 stable isotopes each, aiding absolute
assignment of broad peak envelopes for polynuclear species.
Visually (fig. 2a), there is a shift to higher m/z and broadening
peak envelopes with the progressive reaction steps, indicating
increasing polymerization with each step.

The Cr(NOg)s (ag) solution contains mostly monomers, and
dimers with minor amounts of trimers and tetramers, as
determined by ESI MS (Table S7, fig. 2a). Since >65% of the
species are Cr oxyhydroxide oligomers, we and others®¥
hypothesized adding hydroxide would drive the oligomerization
further, yielding larger clusters such as the Keggin ion. Instead,
only precipitates of Cr(O,0H)y are obtained, consistent with prior
studies.™*® Upon dissolution of zn® or Zn®*, mixed Zn-Cr
oligomers form. The more nitrate deficient solid
(Cr2Zn(Ox(OH),)(NO3)s.7) contains more Zn-Cr oligomers than
does Cr,Zn(Ox(OH)y)(NO3)a.9, which is shown semiquantitatively
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in figure 2c. Both mixtures comprise nuclearities ranging from
dimers to heptamers; with the most notable difference between
bulk Cr,Zn(Ox(OH)y)(NO3)s.e and Cr,Zn(Ox(OH),)(NO3)s 7 being a
8x increase in the dimer population (formulae include
{Crzn(H20)2(NO3)s}** and {Crzn(H,0)4(NOs)s}*"), thus we
consider the dimer to be a key building block preceding
8-ZnCri; assembly. Notably, both the solutions contain Cr-
hexamers, consistent with the base of &=ZnCry,. The ESI-MS
data of both Cr,Zn(Ox(OH)y)(NO3)s.9 and Cr.Zn(Ox(OH)y)(NOz)s.7
is dominated by Zn monomers because Zn is always in excess
by 3x relative to the ©-ZnCry;; formula (Tables S8-9).
Stoichiometric reaction with Cr:Zn=6:1 which showed the same
mass spectral signature provided a low vyield of crystalline
8-ZnCry2, so it was not pursued further.

The ESI-MS of redissolved 8-ZnCr;, shows a range of
formulae consistent with the fully formed cluster with a 3+ or 2+
charge (Table S10, fig. 2b & S3). Surprisingly, the majority of
identified formulae are without the Zn-cap; i.e. the highest
intensity peaks have formulae of {ZnO4Cri2(OH)7(H20)7}** and
{Zn0O,Cr1, (OH)27(H20)8}*". This illustrates the lability of the Zn-
cap in solution. Cap lability provides a segue to develop a family
of Cr-polycations via cap exchange and further linking of
clusters.

Small-angle X-ray scattering and pair distribution function
from total X-ray total scattering (respectively SAXS and PDF;
figures 3 and 4) enhanced our understanding of the reaction
pathway to &-ZnCri,. SAXS of the progressive reaction
solutions; CT(N03)3, CrZZn(OX(OH)y)(N03)4,g,
CrZn(Ox(OH)y)(NOs)s 7, and redissolved crystals of 8-ZnCry,
illustrate increasingly larger species with each step, consistent
with the ESI-MS. This is indicated by the shift of the Guinier
elbow to lower-gq with increasing polymerization, in addition to
the increasing lo (intensity at lowest g-value; lo is proportional to
(radius)®). The Guinier region (q=0.1-0.35 A™) of redissolved
crystals of 8-ZnCr,, matches precisely with that of the simulated

5
é ® Cr(NO;); (aq) ':
S | @ ZnCry(0,(0H),)(NO;),s it
® ZnCry(0,(OH),)(NO;); ; 14
® 38-ZnCry, crystals (aq)
—— 3-ZnCr,, simulated
— a1l a1 aal 1
2 3 45678 2 3 45678 2
0.1 1

Figure 3. SAXS curves, comparing the three step-wise reaction composition
solutions, along with dissolved 8-ZnCr,, crystals plus simulated scattering
curve for 8=ZnCr,.
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scattering curve. Below q=0.1 A there is a descent in scattering
intensity for 8-ZnCry,, indicating repulsion between cationic
clusters, inadequately shielded by counterions. The slope
between q=0.15-0.70 A for Cr,Zn(Ox(OH),)(NO3)s7 is shallower
than for 8-ZnCr, indicating greater polydispersity; and this is
likewise evident in the size distribution analyses of the two
phases (figure S5). Interestingly, Cr.Zn(Ox(OH)y)(NOs3)sz7
contains a minor population of clusters larger than the Keggin
ion, indicated by the size distribution analysis and the radius of
gyration (Rg, average of square of center of mass distances in
the scattering species, Table S11). However, ESI-MS did not
reveal the presence of bigger species. Recall, cluster formulae
identified by ESI-MS do not possess the Zn-cap. In Al-polycation
chemistry, analogous Al-capped clusters dimerize via the cap to
form ‘Alsy’.?® Therefore we deduce the larger species observed
by SAXS are a small population of clusters dimerized through
the Zn-cap, in equilibrium with the monomer-cluster forms. The
ionization-promoted loss of the Zn-cap during ESI MS analysis
suppresses dimer formation. These putative dimers may be
isolated in the future with optimization of reaction conditions.
While SAXS of the reaction solutions shows progression of
size and size-distribution of the scattering species, PDF (pair
distribution function) analysis shows pair correlations of atoms
within the scattering species (figure 4). We use the simulated
PDF for 8-ZnCr1,, as well the experimental PDF of redissolved
8-ZnCry, crystals to identify metal-metal and metal-oxygen pair
correlations in the reaction solutions. All the PDFs exhibit a peak
at ~2.0 A, which is the Zn-O or Cr-O bond. This is present
regardless of speciation. In  Cr.Zn(Ox(OH),)(NOs)ss and
Cr2Zn(Ox(OH)y)(NO3)3 7 solutions, there is also a strong peak at
~3.0 A (peak a), consistent with the M-M (Cr-Cr, Zn-Cr) distance
of edge-sharing polyhedra. The relative intensity of this peak in
the two spectra is similar; meaning the number of edge-sharing
polyhedra does not change considerably, with the removal of

A,
= ZnCr;(O4(OH),)(NO;), o
= ZnCr,(0,(OH),)(NO;); 7
—— 8-ZnCr,, crystals (aq)
= 3-ZnCr,, simulated

4 6 ' 8
r(A)

Intensity [A.U.]

Figure 4. PDF comparing the two step-wise reaction composition solutions,
along with dissolved 8-ZnCr,, crystals plus simulated PDF for 8=ZnCry,.
The peak at 2 A (Cr/zn-O bond) is normalized for Cr,Zn(Ox(OH)y)(NO3)4.
and Cr,Zn(Ox(OH),)(NOs)s 7, so intensity of the M-M peaks (a & b, M=Zn/Cr)
can be compared. The strong negative dip around the 2 A is due to
background subtraction of the water peak at 2.7 A.
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nitrate, forcing condensation. The third major peak at ~3.5
(labeled b), is the M-M correlation of corner-sharing polyhedra.
Interestingly, this peak grows with the removal of nitrate,
progressing from Cr2Zn(Ox(OH)y)(NO3)a.9 and
Cr2Zn(Ox(OH)y)(NOs)s 7. The biggest correlated change noted in
the ESI-MS with nitrate removal is increase in population of Zn-
Cr dimers. The combined PDF and ESI MS results suggest that
the crucial step of 8=ZnCr,, formation is the assembly of the Cr-
octahedra around the Zn-center via corner linking, promoted by
removing nitrate from the solution.

Since polycation (Al % & f-elements®®) self-assembly is
most commonly driven by pH increase leading to hydrolysis and
condensation, we performed control experiments to clarify if Cr-
polycations could be obtained by adding base, instead of by
removing nitrate. We also investigated the effect of heat, and
these results are compiled in a SAXS spectrum, figure S6. The
scattering curve for Cr.Zn(Ox(OH),)(NOs)ss solution (pH=2.8)
that is subsequently hydrothermally treated five days at 65 °C or
refluxed at 65 °C for 24 hrs is identical to that of
Cr2Zn(Ox(OH)y)(NOs)as; meaning neither heating nor pH
increase (by Zn° addition) promotes cluster formation in absence
of nitrate removal. In an additional experiment, Cr(NOs); was
hydrolyzed to pH-2.8 via NaOH addition, then dried in-vacuo to
remove nitrate. The scattering curve of this solid redissolved is
likewise nearly identical to the prior two; meaning no clusters
form in the absence of Zn. Thus the key parameters to obtain
larger polycations such as 8-ZnCry, are 1) nitrate removal to
drive hydrolysis, and 2) Zn?* to form heterometal oligomers and
template assembly of the polycations.

Conclusions

Concluding, we return to the question of how this detailed
understanding of the synthetic pathway of 8-ZnCr;; can be
applied more broadly to unveil, study and exploit other ligand-
free, transition metal polyoxocation clusters. Removing
counterions such as nitrate to force hydrolysis is an elegantly
simple approach that should be explored more broadly.
Moreover, Zn-metal will oxidatively dissolve in any acidic metal
salt solution, also releasing nitrate. However challenge lies in
optimizing processes to isolate metal-oxo clusters for each
unique metal-system.

The role of Zn®* in this study is reminiscent to that of
Bi®* ¥ driving condensation irregardless of pH; despite their
substantially different radius and aqueous solubility (Bi** larger
with poorer solubility). Consistent with the behavior observed
here, Zn®* has a strong tendency towards dehydration; (i.e.
2Zn(0OH); — Zn-O-Zn + H,0) Zn(OH), dehydrates at <200 °C
compared to ~600 °C for many oxyhydroxides. Also, it forms
ZnO instead of Zn(OH); in highly alkaline conditions, despite the
abundance of OH.” While these phenomena are poorly
understood, the behavior of bulk Zn oxyhydroxides is consistent
with the currently observed Zn?*-promoted nucleation of small
oligomers, leading to molecular metal oxide clusters. This too
should be more broadly exploited to harness and stabilize
transition metal polyoxocations from water.
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Reaction pathway to the only open-
shell transition-metal Keggin ion
without organic ligation

Activated by zinc. Discovering and
isolating open-shell, first-row transition
metal-oxo clusters without organic
ligands is desired for energy
applications. The Cr** Keggin polycation
reported here is the inaugural cluster of
this type. The simple reaction pathway
includes Zn-promoted hydrolysis to
dissociate the very stable chromium
trimers, while nitrate evaporation forces
condensation reactions.
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