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Iron- and nickel-substituted decaniobates, [H,Fe"'"Nby0O»51®~ and
[HzNi"Nbo022]%~ were hydrothermally synthesized as tetramethyl-
ammonium salts and the structures were determined by X-ray
crystallography. The highly soluble title compounds were charac-
terized by ESI-MS, FT-IR and UV-Vis titration.

Polyoxometalates are a unique class of molecular ions which
find importance in fields such as catalysis, medicine and
materials science." Many kinds of tungsten-, molybdenum-
and vanadium-based polyoxometalates are known, and their
large structural diversity arises from the inclusion of hetero-
atoms.” In contrast, only a small number of substituted poly-
oxoniobates have been isolated, partly because [Nb;q0,5]°~
(decaniobate, Nby,) and [NbgO;5]°” (hexaniobate) ions
dominate under their hydrothermal synthesis conditions.®
A limited number of main-group element substituted polyo-
xoniobates has been synthesized during mainly the last decade.”
In particular, few examples of transition metal substituted
polyoxoniobate ions have been reported so far, with Ti'-
substituted polyoxoniobates including [Ti;NbgO,s]*~, [TiNbgO,s]
and [Ti;)Nbg0,44]'°".> More recently vanadium-substituted
niobates such as [VNb;,0,44(V0O),]°", [NbyoV4040(0H),]">",
and [HgV4NbgO30]'~ have been characterized.® In
addition, copper- and chromium-substituted polyoxoniobates
such as [CuNb;;0;5H,]°" and [Cr,(OH);Nb;,03,]°~ were also
reported.”

Iron and nickel containing polyoxotungstates and -molyb-
dates have been extensively studied for their catalytic,
electrochemical, and magnetic properties.® Analogously, poly-
oxoniobates containing iron or nickel would be of interest in
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many fields, but they are not known to date due to the syn-
thetic challenges. Herein we report the first synthesis and
characterization of iron- and nickel-substituted decaniobates
as soluble tetramethylammonium (TMA) salts; TMAg[H,Fe™-
NbgO,5]-14H,0 (1) and TMA[H;Ni"NbsO,5]-17H,0 (2).

The syntheses were carried out by hydrothermal reaction of
a mixture of niobic acid (hydrous niobium oxide), TMAOH and
a metal salt; K,FeO, or FeCl;-6H,0 for 1 and NiCl,-6H,O for 2
were used. The same cluster [H,Fe"NbyO,4]®~ formed regard-
less of whether we chose K,FeO, or FeCl;-6H,O as an iron
source, as confirmed by X-ray crystallography and electrospray-
ionization mass spectrometry (ESI-MS), suggesting that the
Fe! in K,FeO, was reduced. This is understandable since
K,FeO, is a strong oxidizing agent and the reaction was carried
out under hydrothermal conditions under which the TMA
cation can undergo thermal decomposition and cause
reduction. It was important to optimize the reaction con-
ditions due to the concurrent formation of decaniobate or hex-
aniobate, which hampered purification and resulted in the
easy formation of co-crystals of decaniobate and transition
metal-substituted decaniobate due to their nearly identical
shapes and charges.

The identity of Fe'™- and Ni"-substituted decaniobates was
confirmed by using ESI-MS (Fig. 1). The ESI-MS spectra of 1
and 2 are similar but distinguishable, having slightly different
peak positions due to the similar masses of *°Fe (55.935 amu;
92% abundance) and *®Ni (57.935 amu; 68% abundance), and
the peaks are at lower m/z values than the corresponding
peaks of the TMA salt of Nby,,’ due to the substitution of
lighter, early transition metals in place of niobium (Fig. 1).
Ions with a charge of —2 were found in the 400 and 500 m/z
range, and z = —3 ions appeared in the 700-800 m/z range.
Both Ni and Fe have several naturally occurring isotopes, and
the isotopic fingerprint confirmed the inclusion of the corres-
ponding transition metal in the cluster (Fig. S1,T ESI).

The crystal structures indicate that the substitution occurs
at the central metal site of the decaniobate ion, which is the
only site without a terminal oxygen group. In the crystal struc-
ture of 1%, the iron atom is disordered among the two central
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Fig. 2 The structures of [HyFe"'NbgO4g]°~ (left) and [H3Ni'"NbgO4g]°~ (right) in
1 and 2, respectively, drawn with polyhedral (top, Nb: white, Fe: orange, Ni:
green and H: gray) and thermal ellipsoid model (bottom). Thermal ellipsoids are
drawn at 50% probability level.

sites due to the symmetry of the molecule (Fig. 2). Structure
refinement with a partial occupancy model indicates that the
iron occupancies in the Fe2/Nb2 and Fe9/Nb9 sites are 0.7 and
0.3, respectively. Thus the stoichiometry of metals in the
cluster is one iron and nine niobium atoms, which agrees with
the ESI-MS data. The Fe2 site shows different M-O lengths
due to the higher iron character, e.g. longer Fe—u,-O lengths
(1.908(2) and 1.922(2) A) and shorter Fe-j,-O lengths (2.131(2)
and 2.154(2) A), compared to the corresponding Nb-O lengths
in Nby, with Nb—1,-O of 1.8365(26) and 1.8373(19) A, and
Nb-16-O of 2.2109(25) and 2.2307(18) A. Overall, the central
Fe-O octahedron in FeNbyO,g is more symmetric than that in
Nb,, (Table 1). The Fe9 site, where 0.3 parts of iron is located,
has only slightly longer Fe—p,-O lengths (1.860(2) and 1.863(2)
A) and shorter Fe—ug-O lengths (2.187(2) and 2.208(2) A)
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Table 1 Comparison of M-O bond lengths at the central sites in decaniobate,®
Ti-substituted decaniobate® with 1 and 2. Numbers indicate bond lengths in A

Bond  [Nb;oO,5]°” [TiNboOyns]”™ [HyFeNboO,s]®” [H3NiNbgO,s]®~
M-11,-O 1.8365(26) 1.8138(42)  1.9078(21) 1.9827(33)
1.8373(19)  1.8241(42)  1.9221(25) 2.0194(34)
M-j3-O  2.0055(19)  2.0029(30)  2.0016(24) 2.0996(25)
2.0248(20) 2.0192(31)  2.0748(23) 2.1841(24)
M-jg-O  2.2109(25)  2.1825(44)  2.1307(24) 2.1242(31)
2.2307(18)  2.2086(43)  2.1544(22) 2.1246(30)

compared to those in Nb,, because of the smaller iron portion
in this site than Fe2 site. The bond valence sum (BVS) calcu-
lation™ indicates that the iron has an oxidation state of +3
(2.969 for Fe2 and 3.095 for Fe9). This calculation suggests
that the cluster should carry a charge of -8 with a
stoichiometry of [Fe""NbyO,,]®”. However, only 6 TMA counter-
cations are found in the crystal structure, suggesting the
cluster ion is probably protonated. Although no protons were
found in the electron density map because of disorder, BVS
calculations of the oxygen atoms indicate that the two bridging
K, oxygen atoms between the Fe2 and equatorial Nb sites are
protonated. BVS calculation of the bridging oxygen atoms
shows that the two p,-O bonded to Fe2 are most probable sites
for protonation (1.212 for O2 and for 1.271 for 06) as their
values are significantly smaller than the corresponding BVS
values for the other structural oxygen atoms which are closer
to 2. Similarly, the two p,-O bonded to Fe9 are also partly
protonated, with bond valence sums of 1.352 and 1.361 for
021 and 027, respectively. Thus the empirical formula of the
cluster is expressed as [HZFeHINbgozg]G*.

In the crystal structure of the nickel-substituted
decaniobate 2, the nickel site is not disordered in the two
central metal sites as was the case in 1, thus allowing for
clearer M-O length comparisons of the substituted site than in
1 (Fig. 2). The Ni-p,-O bonds (1.983(3) and 2.019(3) A) in 2 are
even much longer than the Fe-u,-O bonds in 1. The Ni-ps-O
lengths (2.124(3) A) are slightly shorter than the Fe-p4-O
bond lengths in 1. It is noted that Ni-j13-O bond lengths (2.100(3)
and 2.184(3) A) in 2 are asymmetric and significantly longer
than corresponding bonds in both 1 and Nby, (Table 1). In
nickel-substituted decaniobate, three hydrogen atoms were
found on the cluster from the electron density map during the
final crystal structure refinements. Two protons are located on
the two W,-O (02 and O6) between Ni and Nb, and another
proton is found on one of the p;-O (07), which has longer
Ni-p3-O length (2.184(3) A) than the other ;-O in the trans
position (013, 2.100(3) A). In addition, O7 has much longer
Nb-O lengths (2.175(3) and 2.200(3) A) than 013 (2.016(3) and
2.017(3) A), supporting the protonation of O7. The BVS
calculations of 02 (1.158), 06 (1.033) and O7 (1.201) agree with
the suggested protonation configuration, which is much closer
to unity than that of the unprotonated oxygen site 013 (1.821).
The BVS calculation indicates an oxidation state of Ni'* (1.994).

This journal is © The Royal Society of Chemistry 2013
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The cluster as it is found in the solid state, [H3Ni"NbyO,5]°",
has the same —6 charge as [Nb;,0,3]®” and [H,Fe"™NbyO,,]%",
and we found about six charge-compensating TMA counter-
cations; among these, one TMA is highly disordered in
two different locations with nearby crystallization water
molecules.

In solid-state structure, 1 and 2 have different packing
motifs. The clusters [H,Fe"'NbyO,5]°" are fairly isolated from
each other in the crystal structure of 1 with closest Fe:--Fe
distance of 10.1 A, while the [H;Ni"NbyO,5]°” clusters form
hydrogen-bonded dimers in 2 with Ni---Ni distance of 6.1 A.
Six hydrogen bonds are found in the dimeric assembly
(Fig. S2,T ESI). The [H3Ni"NbyO,]°~ clusters form hydrogen
bonds to each other via their surface protons, as has been pre-
viously demonstrated from the analogously Pt-substituted
decavanadate, [H,PtVo0,5]>"."" We also note that substituted
decavanadates such as [H,MoVyO,5]*7, [HTeVoOy]"~ and
[IVo0,5]*~ have been reported, but these clusters do not form
hydrogen-bonded dimers in their solid-state structure.'” Corre-
lated with the solid-state structures, we have observed slightly
different solubility of 1 and 2. Both 1 and 2 are very soluble
in water, soluble in methanol. In ethanol, however, 1 is
moderately soluble but 2 is poorly soluble, which we attribute
to the different solid-state packings. This might be because
hydrogen-bonded dimeric clusters in 2 are more difficult to be
solvated in ethanol than the isolated clusters in 1.

The solubility of the compounds in water is on the order
of a gram per milliliter. The compounds are also soluble in
methanol (1 ¢ mL™" for 1 and 0.13 ¢ mL™" for 2) and spar-
ingly soluble in ethanol (4 mg mL™" for 1 and 1 mg mL ™" for
2). There are several advantages associated with increased
solubility since it makes it possible to dissolve enough com-
pounds for analysis, as well as chemistry. In particular, appli-
cations that involve deposition or homogeneous photo- or
electrochemistry benefit from improved solubility.

FT-IR spectra of 1 and 2 show similar features but differ
from the spectrum of the TMA salt of Nb,, (Fig. 3), probably
owing to the lower symmetries in the monosubstituted deca-
metalate structures. The IR spectrum of TMA salt of Nby,
matches well with the reported spectra of TMA or tetrabutyl-
ammonium salt of Nby,.'* In the spectra of 1 and 2, the
stretching bands of Nb=O, bond appear near 955 and
900 cm™', partly overlapped with the band of TMA ion. The
bands near 800 and 740 cm™ ' are assigned as Nb-O asym-
metric stretching modes. A weaker band at 675 cm™ in the
spectra of 1 and 2 could be from v,((M-OH) stretching, based
on the band assignment from the protonated decavanadate,
where the v,(V-OH) vibration appeared at 630 cm™'.'*
Three symmetric stretching Nb-O bands at 584, 534, and
502 cm™' in Nby, are indistinguishable in the spectra of
1 and 2 by showing single broad band centered at 527 and
533 cm™ ', respectively. The Nb-O bending mode appears near
430 cm ™.

UV-Vis spectra of 1 and 2 were collected during the titration
with either TMAOH or HCI solution to check the acid-base be-
havior of the substituted niobate clusters (Fig. 4, Fig. S4-6,T
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Fig. 3 FT-IR spectra of 1 (orange), 2 (green) and TMA salt of [Nb;oO2]°~
(black).

0.1
(@) (b)

0.1 4

pH7.9t0 12.4

pH7.5t0 121

Absorbance
Absorbance

0.0 0.0

T T T T 1 T T T T 1
400 500 600 700 800 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Fig. 4 Overlain UV-Vis spectra of (a) 1 (15 spectra) and (b) 2 (18 spectra)
during the titration with TMAOH solution. The spectra show little changes in
these pH ranges (sample concentration 5 mM in 0.1 M TMACI as a background
salt).

ESI). The initial pH values of 5 mM solutions of 1 and 2 with
0.1 M TMACI as a background salt were 7.9 and 7.5, respect-
ively, and these solutions were used as the starting solutions
for UV-Vis titration experiments. These higher concentration
solutions were necessary to observe the change in the visible
region by the incorporation of the Fe or Ni, since the com-
pounds are very weakly absorbing in the visible region, consist-
ent with the fact that only one tenth of the metal sites are
colour-inducing atoms in 1 and 2. The UV-Vis spectrum of 1
shows an absorption from Fe™ at ca. 480 nm from the
2(°A;) — 2('T,) transition in 5 mM solution."”> The UV-Vis
spectrum of 2 shows two characteristic absorptions at 410 and
700 nm from the hexa-coordinate oxo Ni" in the cluster which
are from A, — °T4(P) and A, — °T4,(F) transitions, respect-
ively.'® Neither of the UV-Vis spectra of 1 and 2 changed
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significantly until ca. pH 12 when titrating with TMAOH, indi-
cating that the clusters are stable under moderately strong
basic conditions (Fig. 4). The ESI-MS spectra of the solution
after the titration experiment after months showed peaks cor-
responding to 1 and 2 as the main components of the spectra
with a relatively much smaller abundance of hexaniobate
peaks, which may have formed due to the strongly basic con-
ditions during the titration (Fig. S3,f ESI). Thus both UV-Vis
and ESI-MS data indicate that 1 and 2 are stable in basic
solutions.

When titrating the 5 mM solutions of 1 and 2 from their
natural pH in the acidic direction, precipitate formed immedi-
ately upon each addition of dilute HCI before mixing. The
colloids are apparently polydisperse, and settle out from solution
over several hours. The formation of hydrous niobium oxide in
acidic condition is a common phenomenon, which is reported
in the preceding literatures.'”” We interpret the cause as
irreversible proton-induced condensation as each drop of HCI
solution mixed into solution; these colloids causes an increase
in absorbance over the entire spectral range (Fig. S4,T ESI).
Thus determining the stability in the acidic condition was not
possible using 5 mM solutions. When more dilute 0.027 mM
solutions were titrated with HCI, the absorbance in the UV
range started to increase below pH 4.8 for 1 and pH 5.1 for 2,
indicating the condensation into colloids at low pH (Fig. S5,T
ESI). The Tyndall effect was observed at these low pH con-
ditions and both solutions of 1 and 2 conspicuously formed
precipitate below pH 4, where the overall absorption started
to decrease. During the titration of the 0.027 mM solutions of
1 and 2 with TMAOH, the LMCT bands in the UV region at
240 nm and 310 nm in 1 and 230 nm in 2 only slightly
increased until pH 12.5, supporting the stability in the basic
region as determined from the UV-Vis titration results of the
5 mM solutions (Fig. S6,T ESI).

Overall, the UV-Vis titration data showed only monotonous
changes, suggesting either that deprotonation of the cluster is
not occurring even in the highly basic condition (Fig. S7,T ESI)
or that deprotonation was not associated with changes
in absorbance. Increased absorbance at 200 nm in strong
basic condition is due to increased concentration of TMAOH.
No pK, value could be confidently assigned from the
potentiometric titration curve (Fig. S8,f ESI) or from the
UV-Vis data, although attempts were made using nonlinear
regression analysis.

In summary, we report the isolation and characterization of
the unprecedented iron- and nickel-substituted polyoxonio-
bates as highly soluble TMA salt, with the new clusters being
stable between 6 < pH < 12. These new compounds will be of
interest in their catalytic, electrochemical, magnetic and
photochemical studies due to their inclusion of single
transition metal site in the decaniobate framework. The fact
that both divalent and trivalent metals can be substituted
into the decaniobate framework extends our attempts to under-
stand the relation between overall molecular charge in this
decametalate structural class and reactivity to oxygen-isotope
exchanges.
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