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Discovery of Heteroatom-“Embedded” TeC{W;05,} Nanofunctional
Polyoxometalates by Use of Cryospray Mass Spectrometry™**

Jun Yan, De-Liang Long,* Elizabeth F. Wilson, and Leroy Cronin*

Polyoxometalates (POMs) are fascinating metal oxide cluster
compounds with applications in many fields, from medicine to
nanotechnology."® In POM chemistry, countless new struc-
tural types have been synthesized and characterized,[*'"! but
there is a need to develop new synthetic routes to allow the
development of tunable and functional cluster systems.['"!?!
We have been targeting cluster cage template systems
whereby new guest species, such as WO~ and 10>, are
inserted into a {M;sOs,} cage.'® The {M,;0s,} cluster cage
(M =Mo or W) has many versatile features, such as electronic
configurability or use as a synthetic platform, which should
allow the design of novel functional nano-objects. Although
the crystallization-based approach to cluster discovery has
transformed the field, the direct unambiguous discovery of
new clusters in a given reaction system is difficult. This
difficulty arises because of the need to correlate the synthetic
parameters with the cluster structure, requiring cycles of
synthesis, crystallization, and structural characterization.

Herein we present a new approach to the discovery of
cage-template nanoclusters, which utilizes cryospray mass
spectrometry (CSI-MS)'¥ to directly probe the reaction
solution, thereby allowing the process to be accomplished
much more quickly and facilitating the discovery of new
guests inside nanocluster cage architectures (Scheme 1).

We targeted the encapsulation of {TeOg)*” units within
{W130s,} cluster shells to give the tellurate-based Dawson-like
anion because, although this process should be straightfor-
ward according to our previous work,” we found that it was

cluster synthesis —= crystallization —= structural analysis
& purification

: v

reaction system —m= cryospray mass —m= cluster discovery
scanning spectrometry

Scheme 1. The three steps for conventional cluster discovery compared
to the one-step approach using cryospray mass spectrometry.
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not possible to synthesize these new clusters using the
conventional approach. However, by probing the reaction
mixture with CSI-MS, we were able to screen different cation
systems. Of the cations screened, dimethylammonium
(DMAHY") and tetrabutylammonium (TBA™) were success-
ful, yielding [H;W;s05(TeO¢)]’~ (1a; Figure 1) as Na-
(DMAH)([H;W O5(Te"'Og)]-'14H,0 1 and (TBA),-
[H;W,5054(TeV'0¢)]-4 CH;CN 1, 151 respectively. Further-
more, the activation of the cluster cage by the Te heteroanion
is demonstrated by the reduction of the tellurate {Te“'Og)
within 1a to tellurite {Te’VO,}, thereby transforming 1a, to

Figure 1. Structures of 1a [H;Te"'W,30¢,]" (left) and 2a
[H3Te"W,5060]°~ (right). The {W,s} cages are shown as stick models
and the central {TeO,} group is shown in space-filling mode, as are the
two oxo ligands which are lost from the oxidized structure (1a) upon
reduction. O red; Te green; W blue. H atoms are omitted for clarity.

[H;W,505,(Te™0,)]*, (2a; Figure 1) without decomposition
of the cluster cage. Cluster 2a has also been isolated in the
solid state as (TBA)s[H;W3Os,(Te™O;)] 2, in which the
pyramidal tellurite anion [Te™YO;]*~ acts as a template
supporting the {W 3Oy} cage. This redox reaction, which
transforms 1a into 2a, can be monitored in situ by use of CSI-
MS. Finally, the inclusion of the Te-based heteroanion
activates the surface of the {W30s,} cluster cage, facilitating
the assembly of the cluster to nanoscale structures without the
introduction of other transition metal electrophiles, with two
{WsTe""} units linked together by two {W;;} units to give
[H, TeY,Ws0,55]°~ 3a, which was isolated as Nag-
(DMAH)§[H;,Te",Ws50,45]-35H,0 3 in the solid state.
Compounds 1-3 were fully characterized by use of elemental
analysis and single-crystal structure determination, and com-
pounds 1 and 2 were detected by use of CSI-MS.

The participation of tellurate and tellurite as heteroanions
in POM chemistry is reasonably well known: tellurate is
employed in the formation of the Anderson-type cluster
[TeV'M}(M=Mo or W)!'*'7l and tellurite in the {Te'VW,}
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building blocks that form a variety of metal complexes, such
as [Te,WisCusOg(Hy0)3]", [Fey(Hy0),9(TeWyO53),]*, and
[M3(H,0)g(WO,)(TeWs035),]" (M=V", Co", Zn", or
Ni")." I However, to our knowledge, compounds 1, 1’, 2,
and 3 represent the first examples of tellurate and tellurite
embedded within the Dawson-type {W;40s,} matrix, and thus
offer the potential to develop new chemical and physical
properties derived from the well-known conventional
Dawson cluster structure type.

Cluster 1 was discovered in a reaction system containing
Na,WO, and Te(OH), at pH 0.8 in the presence of DMA. The
presence of DMA is crucial since its absence leads exclusively
to the formation of the Anderson-type cluster [TeWO,,]*",
which reiterates the pivotal effect of employing organic
cations for the assembly of new POMs.'"?l X_ray crystallo-
graphic structure analysis of 1 revealed a Dawson-type D,
symmetric {W3Os,} cluster shell enclosing a D;,-symmetric
{TeO4} unit with an average Te—O distance of 1.98(2) A and
an average TeO—W distance of 2.34(2) A. The two additional
interior oxygen positions each bridge one of the capping {W5}
groups of the clusters, with an average W—O distance of
2.24(2) A. The cluster represents a y*-isomer in the family of
{W,s} Dawson-type structures (Figure 1).1%

The structure of the cluster y*-[H;W,5055(Te"'O¢)]" 1a is
similar to that of the P*-[H;W,305,(104)]°", with Te or 1
located at the cluster centers (Figure 1). For conventional
Dawson heteropolyanions, each of the two tetrahedral
cavities are normally occupied by a heteroatom, but in the
{WsX] systems, wherein there is only one central heteroatom,
structural and bond valence sum analyses suggest that these
tetrahedral positions are occupied instead by protons.' The
Te-containing structure (Figure 1) adopts a y* conformation,
whereas the I-containing structure has a p* conformation.
One major difference between the two isomers is the
orientation of the three capping W metal centers, and in the
B* isomer the {W3Os,} cluster shell is D,-symmetric.’¥ In
this work we were only able to discover the correct synthetic
route to the TeC{W30s,} compound type by use of CSI-MS,
which then allowed isolation and crystallographic analysis of
the pure compound. This analysis was important also because
the heteroatom was located on a crystallographic threefold
axis, and the CSI-MS data allowed us to rule out the
possibility that the central template could be {WOg}, which
would have implied the cluster could be formulated as
{H,W,,04,}.222 CSI mass spectra of compound 1’ showed
four characteristic peaks at m/z 2822.5
([(TBA)sH;TeV'W 304, ]* ), 2701.4 ([(TBA),H,Te""
Wi30,]"), 30654 ([(TBA),HsTeV'W sOq,]*"), and 3186.0
([(TBA)sH,TeV'W 504,]*"). In contrast, the mass spectrum
of the TBA salt of the [H,W,,0,]°" anion showed quite
different peaks at m/z2729.9 ([(TBA),H,W,Ox]*") and
2850.6 ([(TBA)sH;W,04,]>).

We examined the reduction of cluster 1a, to test whether
we could access a Te'™-based species.””! On addition of solid
Na,S,0, to the acidified solution of compound 1, the solution
initially turned blue, owing to the reduction of the {Wig}-
based cluster shell, and then became pale yellow within
seconds. We postulated that the central Te was reduced in this
process from Te"! to Te'. This reduction was confirmed by
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isolation of 2a, by precipitation with TBA*, and this material
was subsequently crystallized from acetonitrile to yield 2.
Single-crystal X-ray diffraction analysis of 2 revealed that the
Te'" center had shifted by 1.10 A towards one end of the
cluster to form a pyramidal tellurite ion. Upon formal two-
electron reduction, the central octahedral {Te¥'O4}°~ unit was
transformed into a pyramidal {Te'VO,}*~ unit with the break-
ing of three W—O bonds. The two interior “capping” oxo
ligands were also lost in this reduction process. The resulting
cluster that contained the Te'V center had pseudo D,
symmetry, with the sole Te atom disordered over two possible
positions, approximately 2.20 A apart, an average Te—O
distance of 1.90 A, and an average TeO—W distance of
231 A (Figure 1).Cluster 2a had a similar structure to its Sb
analogue [H,W,505,(Sb™0;)]"~.[2

The composition of cluster 2a, was confirmed by use of
high-resolution CSI-MS experiments, which gave rise to
peaks corresponding the cluster {WTe'v}: m/z (expected
values and anion composition in parentheses): 2573.9 (2574.3;
[Na(TBA);H,W Te'VOg]*), 2563.0 (2563.3; [(TBA),
HyW  Te™Og]*), 2433.8 (2433.7; [(TBA),H,W 3 Te™ 05 ]*),
2684.5 (2684.4; [(TBA)H,WsTe™VOy]*), 1708.6 (1708.5;
[(TBA)3H2W18TGIVOGO]37)'

Further investigation of the tungstate—tellurate reaction-
parameter space revealed that, by adjusting the solution to
approximately pH 2, it was possible to form a nanosized
crown-like tetrameric heteropolytungstate cluster 3a, approx-
imately 1.9 x 2.9 nm in size, which was isolated as a crystalline
product. Single-crystal X-ray diffraction analysis of 3 shows
the cluster is composed of two {TeW,30q,} and two {W;;O;}
subunits that are linked together by corner-sharing WOq
octahedra (Figure 2).

The structure of the {W,;,O3} unit in 3a is similar to the
known cluster [H,W,;055]*"*! and the {W,} building blocks
found in the isopolyoxotungstate clusters [H,W,,0,]'*" and
[H,W3,0,,6]'"® . To allow the linkage from the {W,,} unit,
two adjacent belt W centers on each of the {TeW} clusters
are shifted towards the outside of the cluster from normal
positions found in a conventional “closed” Dawson-type
{W 3054} cage, whereby the belt W-O-W bridge is missing and
the Dawson-type clusters are pried apart (i.e. the W-O-W
bond is broken) and distorted to give a window (Figure 2).
The two metal centers across the window are 5.1 A apart,
which is much longer than the normal belt W-—W distance of
3.4 A in the normal Wi cage. The heteroanion TeOg "
remains at the center of the distorted {W,g} cage in a non-
ideal octahedral geometry with Te—O distances in the range
1.90-2.00 A. Compound 3a represents a rare, if not the first
ever nonlacunary polyoxotungstate to be linked without the
need for additional electrophilic linkers, which has great
potential for the future design and assembly of large POM
nanostructures.

By utilizing high resolution CSI-MS for the real-time
examination of the reactivity of the clusters, we were even
able to monitor the transformation process from 1a to 2a,
which involves the structural and electronic rearrangement of
the Te-based template within the {Ws}-based cage, from
[TeY'O4]°" in 1a to [Te™O,]*" in 2a. In this experiment, an
acetonitrile solution of compound 1’ was infused into the mass
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Figure 2. Top: The {W,sTe} precursor in 1 (left) and that in 3a (right).
In both representations, the W octahedra which fold out to form links
to the {W;;} units are shown as light blue polyhedra. Bottom:
Structure of 3a [H;oTe"',Ws30445]° . The structures are shown as stick
models with the linking {WOg} units as light blue polyhedra, and the
embedded {TeOg} groups as space-filling models. O red; Te green;

W blue. H atoms are omitted for clarity.

spectrometer along with stream of highly diluted Na,S,0,
solution in acetonitrile/water (95:5 v/v) with concurrent CSI-
MS measurements. We were able to observe the reduction by
changes in the mass spectrum from that of 1 to that of 2
(Figure 3), with no additional fragmentation associated with
decomposed cluster cages, such as {W,}, or other species.
These results point to an intramolecular redox transformation
that does not require the decomposition and reassembly of
the cluster cage. Such decomposition/reassembly is unlikely to
happen in acetonitrile solution at such a high rate and no
fragments that relate to cluster decomposition are detected.!
However, the loss of the two interior oxo ligands accompany-

{Ts[HsW150s5(Te"' 061
28220

15 {Ta[H2W150s7( Tewo
] 2684.5

| +2&
-HY, T, 202
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Figure 3. Characteristic peaks measured before (right) and after (left)
the reduction of Te"' to Te'¥, monitored by in situ mass spectrometry.
(T=TBA"). Inset structures of the oxidized and reduced species are
shown.
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ing the fast reduction process is unprecedented (see the
Supporting Information).

The CSI-MS studies also showed that the cluster {WTe""}
is present as both three- and fourfold protonated forms in
acetonitrile solution. Furthermore, this information, when
combined with the crystallographic and elemental analysis
data, allows us to unambiguously assign the protonation state
of the clusters in the solid state; for 1a this is [H;W;3Os4-
(Te'Oq)]”". This state is not unusual and a similar pattern is
seen for 2a, which is both two- and threefold protonated in
solution, but [H;WOs;,(Te™VO;)]’" is the major solid-state
form, as confirmed by elemental and crystallographic analy-
ses. Notably, in the mass spectrum of 1’, some shoulder peaks,
for example, that at m/z2692.9 (corresponding to
{(TBA),[H,Te"'"W ;O ]}*") are observed beside the major
peaks, for example that at m/z 2701.4 (corresponding to
{(TBA),[H, Te""W,;O]}*"). The m/z difference of nine
clearly indicates the loss of one H,O molecule from the
cluster cage. We have detected such behavior before in ESI-
MS studies for protonated POM clusters, such as
[H,W406]° and [H;W,3Os4(104)]°.[% 14

In summary, we have discovered a new type of tungsta-
totellurate compound by use of solution-state CSI-MS, which
allowed us to isolate y*-[H;W 30ss(TeV'O4)]"~, with a tellurate
anion embedded within the {W;;Os,} Dawson-type shell.
Selective  reduction of the heteroatom yielded
[H;W,sTe™Og]’~, which resulted in both electronic and
structural reorganizations of the Te-based ion within the
cluster shell. Control of the solution pH allowed us to
assemble a nanosized high nuclearity POM heteropolytung-
state [H; Te",Ws0,45]*° ", based on {TeV'W 4} cluster cages,
without the need to incorporate additional electrophilic
linkers. The incorporation of Te gave access to clusters with
significantly different chemical and physical properties com-
pared to conventional heteropolyoxometalate clusters, as well
as allowing us to monitor, by use of mass spectrometry, a
redox reaction involving the transformation of the templating
heteroanion from [TeY'O4]*" to [Te™O;]*". The polarization
that results from the movement of the Te atom from the
center of cluster 1a closer to one end of cluster 2a gives the
cluster an asymmetric charge distribution that is manifested
directly in the crystallization of 2, in which 2ais arranged in a
polar chiral space group, /,, which demonstrates potential for
use as a polar material. In the future we are looking to
develop the cryospray cluster-discovery process further, as
well as exploiting the novel properties arising from the
incorporation of heteroanions within polyoxometalate nano-
cages, for the design of nanoscale devices, materials, and new
types of redox reagents.

Experimental Section

1: Na,WO,-2H,0 (20.0 g, 60.6 mmol) and dimethylamine hydrochlo-
ride (8.1 g, 100 mmol) were dissolved in water (50 mL) and Te(OH),
(1.0 g, 4.35 mmol) was added and dissolved. The pH was adjusted to
0.8 by addition of aqueous 6 M HCI. The solution was heated at reflux
for 2 h and then allowed to cool to room temperature, before the
solvent was allowed to evaporate slowly. Compound 1 appeared as
light yellow block crystals within one week (3.8 g, 0.76 mmol, 23.7 %
based on W). IR (KBr disk): 7 =3449, 3143, 2791, 1622, 1464, 1402,
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1019, 949, 799cm~'. Elemental analysis caled (%) for
NaC,HNsW sTeOy,: C3.05, H1.11, N 1.78, Na0.49, Te?2.70,
W 69.9; found C3.27, H 1.26, N 1.88, Na 0.56, Te 2.66, W 70.9.

1: (DMAH)(Na[H;W 4054(Te"'O4)] (1.8 g, 0.36 mmol) was dis-
solved in water (20 mL). Tetrabutylammonium bromide (5.0 g,
20.6 mmol) dissolved in water (20 mL) was added with stirring. The
resultant precipitate was centrifuged and washed with water, ethanol,
and ether, and dried under reduced pressure. Recrystallization from
acetonitrile afforded the pure product 1’ (1.0 g, 0.15 mmol, 49.8%
based on W). IR (KBr disk): 7 =3412, 2961, 2933, 2871, 1636, 1483,
1379, 1016, 947.8, 812cm™'. Elemental analysis calcd (%) for
Ci1.Hy5sN;W s TeOg,: C 21.95, H 4.19, N 1.60; found C 21.54, H 4.29,
N 1.70.

2: (DMAH)(Na[H;W O5(Te"'O;)] (2.0 g, 0.40 mmol) was dis-
solved in 0.1m aqueous HCI (50 mL), and Na,S,0, (0.1 g, 0.58 mmol)
was added with stirring. Tetrabutylammonium bromide (5.0 g,
20.6 mmol) dissolved in water (20 mL) was added. The resultant
precipitate was centrifuged and washed with water, ethanol, and
ether, and dried under vacuum. Dissolution of the solid in acetonitrile
led to two crystal morphologies. Colorless star-shaped crystals were
separated from the pale yellow needle-like crystals of (TBA);-
[H;W,5054(Te""Og)], and were then purified by a second recrystalli-
zation from acetonitrile to yield 2 as colorless block crystals (0.5 g,
0.088 mmol, 24.5%). IR (KBr disk): 7 = 3446, 2961, 2932, 2873, 1636,
1483, 1379, 1152, 977, 900, 807 cm . Elemental analysis calcd (% ) for
CgoH 5sNsW s TeOg: C 17.12, H 3.29, N 1.25 %; found C 17.47, H 3.25,
N1.31%.

3:Na,WO,-2H,0 (20.0 g, 60.6 mmol) and dimethylamine hydro-
chloride (8.1 g, 100 mmol) were dissolved in water (50 mL) and
Te(OH); (1.0 g 4.35 mmol) was added and dissolved. The pH was
adjusted to 2.0 by addition of 37 % HCI and the solution was heated
until it began to turn yellow. The solution was then allowed to cool to
room temperature and the solvent was allowed to evaporate slowly.
Pure compound 3 appeared within one week as colorless branch-like
crystals (0.6 g, 0.038 mmol, 3.8% based on W). IR (KBr disk): 7=
3424, 3132, 2776, 2427, 1609, 1462, 1411, 1248, 1018, 950, 799,
737 cm~. Elemental analysis calcd (% ) for NagCsgH,;5,N s WssTe, O g4
C2.86, H1.03, N1.67, Na1.22, Te 1.69, W 70.6%; found C 3.02,
H 1.50, N 1.87, Na 1.08, Te 1.56, W 70.9%.
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Crystal data and structure refinement: 1: C;,H;iNsNaO;sTe, W q;

M,=4983.70; crystal size 0.23x0.19x0.11 mm; T=150(2) K;

trigonal; space group R3m;a =20.7816(5), c =17.0359(5) A; V=

6371.7(3) A%, Z=3; p=3.896 gcm>; u(Moy,)=24.712 mm*;

F(000) =6588; 10289 reflections measured, 1514 unique reflec-

tions (R;,, =0.0291); 134 refined parameters; R, = 0.0223; wR2 =

0.0568. Half of the cluster is well defined in the asymmetric unit,

DMAH" cations and a few solvent water sites were refined in

the disorder model. 1": C,)H,;;N;; O, TeW 55 M, = 6293.35; crys-

tal size 0.20x0.15x0.04 mm; 7=150(2) K; triclinic; space
group P1; a=15.7634(6), b=17.8793(9), ¢ =19.2987(6) A; o=

106.357(4) B=103.255(3), y=107.717(4)°; V=4666.9(3) A’;

Z=1; p=2.239 gcm*; u(Moy,) = 11.265 mm'; F(000) =2944;

60913 reflections measured, 17289 unique reflections (R;, =

0.0436); 811 refined parameters; R; =0.035; wR2=0.091. One

cluster is well defined in the asymmetric unit, 7TBA* cations

and several CH;CN sites were refined in the disorder model.

2: CyoH gsNeOgoTe;Wig; M, =5653.27; crystal size 0.13 x0.09 x

0.09mm; T=150(2)K; tetragonal; space groupl,; a=

41.9907(4), ¢=15.8445(3) A; V=279373(6) A>; Z=8; p=

2.688 gem™; u(Moy,) =15.036 mm™'; F(000) =20672; 97746

reflections measured; 27014 unique reflections (R;, =0.804);

1224 refined parameters; R; =0.0413; wR2 =0.664. One cluster

is well defined in the asymmetric unit, STBA"' cations and

several CH;CN sites were refined in the disorder model. Crystal
data were measured on an Oxford Diffraction Gemini CCD

diffractometer using Moy, radiation (A=0. 71073 A).

3: NagCaH,ouN g Wi Te, 0,335 M, =15740.75; crystal size 0.16 x

0.10x0.05 mm; T=150(2) K; monoclinic; space group C2/c;

a=25.8374(3), b=27.945(2), ¢=37.9571(14) A; B=93.680(5);

V=273493) A>; Z=4; p=3823gem>; u(Moy,)=

24.608 mm~!; F(000)=27656; 47611 reflections measured;

18889 unique reflections (R;, =0.0813); 1289 refined parame-

ters; R; =0.0496; wR2 =0.0999. Half cluster is well defined in

the asymmetric unit, DMAH™ cations, Na*, and several solvent

water sites were refined in the disorder model. CCDC 713593

(1), 713594 (1), 713596 (2), and 713595 (3) contain the

supplementary crystallographic data for this paper. These data
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