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A highly Mn"-centered
[HoMn"YNb,,03,]1%~ was synthesized via hydrothermal methods as
a soluble tetramethylammonium salt. The structure is similar to
decatungstate structure [W,003,]*~, except for the central hetero-

symmetric polyoxoniobate

atom. The cluster is stable between 4 < pH < 10, as was
characterized with ESI-MS and UV-Vis spectroscopy.

Polyoxometalates (POMs) comprise a class of metal-oxide ions
that are widely used in catalysis and material science." The
most familiar compounds are oxides of group 5 or 6 metals,
such as vanadates, tungstates and molybdates. Unsubstituted
POMs are usually diamagnetic in their most oxidized form and
transition-metal-substituted POMs find use via their magnetic,
electrochemical, and optical properties.>

Polyoxoniobates (POND) are relatively less explored due to
the synthetic challenge, although hexaniobate and decanio-
bate ions have been studied for many decades,’ in part from
the pioneering work by Spinner’ and in spite of recent
advances.” Numbers of PONb substituted with main-group
element have been synthesized by Nyman and coworkers.®
Transition-metal-substituted PONb have appeared in the
literature more recently.” As one of the earliest reported hetero-
polyoxoniobate compounds, Pope et al. and Stucky et al.
reported two hexaniobate ions linked by Mn"™ or Ni", ie.
Nay,[MnNb;,034]-50H,0 (MnNby,, Scheme 1A).° Here, the hexa-
niobate ions cap and ligate the heteroatom in a sandwich-like
geometry, but the heteroatom is not completely trapped in the
PONb cage.” This sandwich compound resembles the
Weakley-Yamase type tungstate structure, ([Ln(WsOq4),]"",
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Scheme 1 Polyhedral drawing of MnNb5 (A), [Ln(W501g)>]"~ (B) and MnNbyq (C).

Scheme 1B) where two W50, units are linked by a central
lanthanide ion.'® Pope et al. synthesized a [Mn(CO);]"-capped
hexaniobate more recently."' However, complete encapsulation
of manganese within the PONb framework has not yet been
achieved. Echoing the goals of the Pope et al.,'' manganese
substitution in PONb might benefit attempts to sequester
dangerous nuclides, such as **Tc, in nuclear waste as niobates
are generally stable at basic-pH conditions.

Herein we report a new type of Mn"-substituted PONb
cluster, [H,Mn"Nb,(03,]®~ [MnNb,,, Scheme 1C], as a tetra-
methylammonium (TMA) salt, TMAg[H,Mn"VNb;,05,]-22H,0
(1). This cluster ion can be viewed as two MnNbs Lindqvist
motifs condensed by bridging oxygen atoms and sharing a
Mn" site. We note that the structure of this cluster is similar
to decatungstate ion,"” [Wy,05,]*", which is used for photo-
catalyst in organic reactions.”® Structurally similar vanadates
like [MV5055]"~ (M = Mn", Ni") are known,"* with additional
vanadates surrounding the center site of the cluster shown in
Scheme 1C. Decatungstate is unstable in aqueous solution and
the vanadate derivative is only stable at 3 < pH < 5.

The compound 1 was synthesized by hydrothermal reaction
of the mixture of hydrous niobium oxide, KMnO,, TMAOH at
110 °C for 3 days. We note that higher reaction temperatures
lead to decomposition of the cluster over increased reaction
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times. The resulting brown solution after reaction was washed
with isopropanol and extracted with ethanol. Purification to
get analytically pure compound of 1 was challenging due to
the similar solubility of 1 and dark colored impurity. The crys-
tals of 1 were obtained as olive-gold colored crystals in the
dark-brown viscous oily product. The dark, oily product was
carefully washed with minimal amounts of ethanol to isolate
crystals, since the dark colored impurity was only slightly more
soluble in ethanol than 1. We note that the previously reported
reaction condition to obtain MnNb,, sandwich complex®
involved lower temperature (~90 °C) and shorter reaction
times (less than an hour) compared to the conditions used to
synthesize 1. We suspect that the Mn" encapsulated by the
niobates results from a solution driven to a thermodynamically
more stable end point by longer reaction times and higher
temperatures.

The structure of 1 was determined by single crystal X-ray
crystallography.t The cluster in 1 has manganese at the center
surrounded by ten oxo-niobate frameworks, possessing ideal-
ized D,, symmetry [Scheme 1C, Fig. 1]. Eight TMA ions are
found in the structure of 1, suggesting the charge of the
cluster as —8. Bond valence sum (BVS) calculation (4.059) indi-
cates the manganese oxidation state of Mn". Two protons on
the surface of the cluster are found in the electron-density
map, thus the formula of the cluster can be expressed as
[H,Mn"Nb;,0;,]%". These protons are bound to two 1,-O at the
opposite sides of the cluster [Fig. 1]. Central site in the cluster
shows regular MnOg octahedron, with Mn-O lengths ranging
between 1.875(3) and 1.916(3) A and nearly orthogonal O-Mn-O
angles from 89.46(12)° to 90.55(12)°. The Mn-u,-O-Nb
angles (103°-105°) are smaller than Nb-p,-O-Nb angles (113°-
120°), because of the significantly short Mn-j15-O (1.876(3) A)
compared to Nb-pg-O (2.475(3) and 2.484(3) A) in trans
position.

We note that the cluster MnNb,, has similar, but more
regular, Mn-O lengths of 1.863(26), 1.865(25) and 1.878(24) A
than MnNb,,. However, the MnOgs in MnNb,, is elongated
between the two hexaniobates, with two distinct O-Mn-O
angles around 83° and 96°. This elongation is explained by
Flynn and Stucky as being caused by the electrostatic repulsion
of two hexaniobate units, which results in the axial stretching
of the MnO; octahedron.®® The coordination to Mn' in
MnNb;, causes distortion within the hexaniobate ions, with
the three oxygen atoms of the hexaniobates coordinating to

Fig. 1 Ball-and-stick model of [HoMn"VNb;003,]%~ (yellow: Mn, large grey: Nb,
red: O, small grey: H).
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Mn" being closer to each other, with O---O distances within
2.45-2.50 A in the MnNb,, cluster, while the distances are nor-
mally 2.75-2.80 A for uncoordinated K>-O in the same hexanio-
bate units.

MnNb,, cluster is structurally similar to decatungstate
except the existence of central Mn'". W-O bonds in decatung-
state range 1.69-2.34 A, while Nb-O bonds in 1 are slightly
longer within a large 1.75-2.48 A range due to the less posi-
tively charged Nb" compared to W'". POND usually have higher
negative charges than polyoxotungstates for the same reason.
For example, a [Nb,;0;,] cluster without heteroatoms reducing
the charge would have high charge of —14, compared to
[W1003,]*". Thus, incorporation of the central Mn"™ and two
surface protons lowers the overall cluster charge to —8, thereby
stabilizing it.

Electrospray-ionization mass spectrometry (ESI-MS) con-
firmed the identity of the cluster in the solution [Fig. 2]. The
mass spectrum of 1 shows series of peaks for —4, —3 and -2
charged ions. The series of —4 ion peaks can be explained as
due to fragmentation of the relatively highly charged
H,[H,MnNb;,03,]* ion during ionization in the ESI-MS. The
mass spectrum of 1 also exhibits multiple peaks for —3 and —2
ions in higher m/z ranges, in addition to the TMA,H,-
[H2Man10032]‘(8_"_y) ions. These are commonly observed
in the ESI-MS of the TMA salts of other PONb, but in much
smaller intensities.”””* These additional multiple peaks are
interpreted as CH;" adduct of the cluster ions, as the peak
positions and shapes match well with calculations [Fig. S1f].
Thus the [H,MnNb,,05,]°" cluster exhibits a somewhat unique
behaviour in ESI-MS compared to other polyoxoniobates.
Some methylated Anderson-type heteropolyoxomolybdates
have been synthesized by ligand exchange with methanol.'?
However, 1 exhibits the same ESI-MS spectra without contact
with methanol. Thus actual existence of methylated cluster in
our system is unlikely and we believe that the peaks corres-
ponding to CH;" adduct originated from the fragmentation of
TMA during ionization.

The color of the aqueous solution of 1 is yellow and dis-
tinctly different from the reported orange color of MnNb;,,
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Fig. 2 ESI-MS of 1 with peak assignments. [1] = [H,Mn"VNb;4035] (0.2 mM
solution of 1, pH 7.7).
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Fig. 3 ESI-MS of 2 mM solution of 1 during titration in different pH. The solu-
tion concentration change for each pH was minimized by using 1 M acid or 2.75 M
base in titration. Each spectrum is an averaged signal for acquisitions of 1 min
duration. The peak at 196 m/z in basic condition corresponds to TMAOH.

probably due to the slightly different Mn-O environment.
UV-Vis absorption spectrum of 1 is also different from that
reported for the MnNb,,, which has absorbances at 238, 300,
450 and 480 nm,® while 1 shows absorption near 250, 300, 350
and 450 nm [Fig. S2-S47].

The stability of the cluster was examined by using
both UV-Vis and ESI-MS titration experiments. When dis-
solved into solution at 2 mM concentrations, the solution
reaches a natural pH of 8.7. Adding acid or base to this solu-
tion leads to decomposition of the cluster, as is evident in the
decreased abundance of peaks assignable to clusters in
ESI-MS of 2 mM and 0.2 mM solutions [Fig. 3 and Fig. S5,
respectively]. When titrating with base, peaks assignable to the
clusters significantly decrease in abundance at pH > 11 for a
2 mM solution of 1 and pH > 9 for 0.2 mM solution of 1.
ESI-MS spectra taken during an acid titration of 1 indicates
that the cluster is stable until pH ~ 5, however, the initial
golden yellow color of the solution started to fade at pH < 7
and changed to orange-pink color near pH ~ 4 during the titra-
tion of a 2 mM solution of 1 with acid, while the yellow solu-
tion color did not change with base addition until pH ~ 13. In
addition to decomposition, we suspect that protonation of
structural oxygens is affecting the color.

ESI-MS of the acidified solution indicated an increase in
peaks assignable to H' adducts of 1, with a decrease of the
CH;"-adduct peak. The increase in CH;" adduct peaks during
base addition is expected and attributable to the increased
TMA concentration, added to the solution as a TMAOH base
and then fragmented in the ionization step of ESI-MS [Fig. 3
and Fig. S5T].

Among the UV-Vis absorption bands of 0.02 mM solution
of 1, the strongest ligand-metal charge-transfer (LMCT) band
at 250 nm was the most sensitive to decomposition of the
cluster [Fig. S2T]. When 1 was titrated with base, the band at
250 nm decreased as pH increased, with two new bands
appearing near 240 nm and 260 nm above pH 9 [Fig. S2t].
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We suspect that these indicate decomposition of the cluster,
in agreement with the ESI-MS results. The absorption spectra
did not change significantly until acidified to pH 4.4. Below
this pH, overall absorption gradually increased until the com-
pound finally decomposed to form a colored precipitate that
we assume is hydrous, manganese-niobium oxide. The behav-
ior is similar in the higher concentration solutions, but the
2 mM solution begins to flocculate as early as pH 6.5, reflect-
ing the higher sample concentration and existence of background
salt (0.1 M TMACI), which was not used in ESI-MS titration
experiment.

In summary, we report a new Mn'-substituted POND,
[H,Mn'"Nb,;(,03,]* as a soluble TMA salt. It has a relatively
wide stability between 4 < pH < 10 in aqueous solutions,
suggesting a robust use in applications, possibly complementing
the decatungstate ion.

This work was supported by an NSF CCI grant through
the Center for Sustainable Materials Chemistry, number
CHE-1102637.
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a =13.9537(6), b = 34.0884(14), ¢ = 18.0134(7) A, # = 92.907(1)°, U = 8557.2(6) A°,
T = 88 K, space group P2,/n (no. 14), Z = 4, 125 508 reflections measured, 17 489
unique (Rjy = 0.0391) which were used in all calculations. The final wR(F*) was
0.0937 (all data).
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