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Abstract: Oxygen-isotope-exchange rates were measured between sites in the Lindgvist-type [HNbgO19]2 ¥aq)
polyoxoanion and aqueous solution as a function of pH and temperature. The ion has a central us-O that
is inert to exchange, 12 u,-O(H), and 6 #-O. The potassium salt of this ion is recrystallized in 1’O-enriched
water to Y’O-label the anion, which is then redissolved into isotopically normal water so that the 170 NMR
signals from structural oxygens can be followed as a function of time. Because the central us-O retains its
170 signal throughout the experiments, it is clear that the polyoxoanion remains intact during isotopic
equilibration of the other structural oxygens. At pH conditions where the [HNbgO19]"~ ion predominates,
the u,-O(H) sites isotopically exchange with solution about an order of magnitude more rapidly than the
1-O sites. Yet, we observe that the terminal and bridging oxo sites react at nearly the same rates when the
ion is coordinated to 2—3 protons and possibly when it is unprotonated. On the basis of molecular models
and experimental kinetic data, we propose metastable polymorphs of the hexaniobate structure where
four of the u»,-O(H) and 5-O sites are temporarily equivalent and bonded to a coordinatively unsaturated
Nb(V). This hypothesized intermediate allows facile access to bulk water molecules for exchange but cannot
fully explain the kinetic results and additional experiments on other Lindvist ions are required.

1. Introduction the extent to which a metastable dimer-like transieAt —(uo-
@H)Z—AI < forms that is required for oxygen-isotope exchange.

Oxygen-isotope-exchange reactions in nanometer-size cluster bond to th : | h ; . ‘
are particularly interesting because the reactions are eIementaryA strong bond to the central metal atom enhances formation o

or near elementary and lend themselves to computer simulation, this dimer-like structure, and a weak bond suppresses it. Rates
and thus we can improve our ability to predict reaction dynamics of exchange of bound water molecules, in contrast, are nearly
by coupling experiments and simulation. Information about constant across the se_r%s. . .
oxygen-isotope exchanges are also particularly important for Here we ext_end _th's work_ ki examln;a_ oxygen-lsotope-
understanding aqueous reactions involving minerals and ex- exchaqge reactions mahexamobatel\{blgplg] (a) 10N pfthe
tended structures, such as the dissolution of oxide materials. InLindquist structure that has a cenratO site, 12:,-0 bridges,
these materials, the rates commonly scale with interfacial and 6 terminah-O sites (Figure 1). As with MA ions, there
concentrations, like net proton densities at the surface, but little is an inert 1c70re to the structure that can be identified, and fol-
molecular detail is known. This sort of molecular detail can be lowed, by O NMR in solution so_that it is clear _that th?
obtained from discrete aqueous clusters, like the Lindquistion, 2XY9en-exchanges proceed on an intact molecule |n8_so_lut|on.
in ways that are impossible for more complex materials. The Lindguist structures have the st0|ch|ometryxl\fld(319]( ?
Previous work on aqueous cluster ions has shown that some where M= Nb(V), Ta(V), and 0= x = 3, and [MO,4*” where
pathways for isotope exchange are strikingly counterintuitive, M= 17 W(VI), Mo(VI). Chemists used these i lons in early StUd'e.S
whereas others are relatively simpteThe replacement of of 2O NMR because they are so stable in aqueous solution

; ; itagd—8
bridging hydroxyls in the series @tKeggin MOl 1(OH)ss- a_nd be_cau_se they can be synthesized Within all S|_tes‘! The
(H:0)12”®" (MAI 1) ions provides a good example. The rates Lindqvist ions have also attracted recent attention by compu-

i 13 ion’ i
for isotope exchange at the-OH bridges in these ions span a 'Latlo(r]all mlod.elergs b(lacause Ofl the ion’s symmetry and I'ts
range at least as large a40” depending upon the metal (M road similarity as a polyoxometalate to nanometer-size catalysts.

AI(II), Ga(ll), or Ge(1V)) that is substituted into the inert cofe. (4) English, A. D.; Jesson, J. P.; Klemperer, W. G.; Mamouneas, T.; Messerle,

These central metals control the reaction because they affect L. Shum, W.; Tramontano, Al. Am. Chem. Sod.975 97, 4785.
(5) Filowitz M.; Ho R. K. C.; Klemperer W. G.; Shum Whorg. Chem1979
1

T UmVQrS'ty (_’f California. ) (6) Nyman M.; Bonhomme F.; Alam T. M.; Rodriguez M. A.; Cherry B. R.;
¥ Sandia National Laboratories. Krumhansl J. L.; Nenoff T. M.; Sattler, A. MScience2002 297, 996.
(1) Lindqvist, I. Arkiv for Kemi 1953 5, 247. (7) Pope M. T.NATO Sci. Ser., Il: Math., Phys. Che88 2003 (Polyoxo-
(2) Rustad J. R.; Loring J. S.; Casey W.Geochim. Cosmochim. Ac2004 metalate Molecular Science);-31.
68 (14), 3011. (8) Pope M. T.Comprehensie Coordination Chemistry jlElsevier: New
(3) Casey, W. HChem. Re. 2006 106, 1. York, 2004; Vol. 4, p 635.
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? ur—0 ) Bi are conditional equilibrium constants for protonation of thes[Di®~

A ion with ‘i’ protons to form the [FNbsO14]& )~ ion. In general, the
pH estimates from the calculations are also witki@.15 unit of our
experimental estimates.

2.3. NMR SpectroscopyThe solution-staté’O NMR experiments
were conducted with a Bruker Avance spectrometer located at the UCD
NMR facility. This spectrometer is based on an 11.7 T magne(

""""'"-n—o 67.8 MHz for1’0O) and is fitted with a 10-mm broadband probe. The
Figure 1. [NbgOigl® ion shown in ball-and-stick (left) and polyhedral 70 NMR spectra were taken with single-pulse excnanon using0
(right) representation. The structure has a cenigaD sites that is inert to pulses /2 ~ 40 us) and recycle delays of 6 ms. Depending upon the
exchange, 12.,-O bridges, and 6 termingt-O sites. The centrale-O site sample, 100640 000 acquisitions were required to establish adequate
is shown as a red sphere in the polyhedral representation (right). In the signal-to-noise ratios. The time-domain data were digitized at 100 kHz.
ball-and-stick representation, the oxygens are red and the Nb(V) metals we used only Teflon-lined NMR tubes to prevent corrosion of the glass.
are green. The temperatures were checked by placing a coppenstantan
) o thermocouple into the sample tube and inserting this apparatus into

Oxygen-exchange data on the Lindgvist ions, however, were the spectrometer. The precision and accuracy of the temperature setting
surprisingly sparse until recent measurements of the lifetimesis equal to, or better thar:0.5 K.
for exchange of the various structural oxygens at self-buffering  2.4. 170-Exchange Studies.A series of samples (Table 1) was
pH conditions (11< pH < 12)1415These qualitative studies  prepared to measure the rate of exchange of oxygen sites as a function
showed that the hexaniobate (¥hsO15]® ") ion reacts of concentration, pH, and temperature. An experiment is typically begun
sufficiently slowly, and over a broad enough pH and temperature by dissolving”O-enriched [KNbsO1¢]- 16H,0 crystals into isotopically
range, that detailed’0O NMR investigations of the reaction ~normal water that had been prepared to reach a target pH after
pathways are possible. Here we extend this work by conducting dlSSOl!.J'[IOﬂ and_ hydroly§|s of the fon. Typlcally, a few tens of milligrams
a quantitative study of the rates of oxygen-isotope exchangeOf enriched solid was dlssolvisj |nt9 2 mL_of isotopically normal water.
between sites in the Lindqvist structure and bulk solution. Proton uptake by the [Nig™ @q ion typically causes the solution

h b @9 i d . pH to rise to pH~ 12.4 as the salt dissolves. Higher pH conditions
Because the [NDeO1o] Ion undergoes stepwise protona- yere reached by adding small amounts3oM KOH and lower pH

tions of theu,-O bridges over the pH range of 14 to 9 (Figure  ongitions were reached by adding potassium borate or potassium
2), italso provides the opportunity to investigate the significant carbonate buffers to the solution (Table 1). These anionic buffers were
effect of protonation on exchange rates. chosen because they would presumably interact less with the anionic
niobate ion than cationic buffers, such as amines. The apparent ionic
strength was maintained 8 M by addition of KCI to the solutions.

2. Experimental Methods

2.1. SynthesisA 16-gram sample of [KNbsO1¢]-16H,0 salt was Immediately upon dissolution of the niobate salt into isotopically
synthesized using a previously developed metfiddhis solid was-’O- normal solution, conspicuous peaks are evident near 630 ppm, near
enriched by hydrothermal treatment ofL..2 g of solid in~1 mL of 375 ppm, near 35 ppm, and near 0 ppm (Figure 3). Before the relative

H,70, followed by heating at 95C for 2 days in the sealed Teflon  intensities change by reaction, the integrated areas of the peaks vary
cup of a Parr reaction vessel. The crystals were then slowly recrystal- in an approximate ratio of 6:12:1, consistent with the assignment of
lized from the HO solution by cooling and then physically separated the peak near 630 ppm to the six equivalepO sites in the
from the1’O-enriched water using a vacuum line. [HxNbsO15] 9~ ion, the peak near 375 ppm to the twepueO sites,

2.2. pH Measurements.The pH of each experimental solution and the peak near 35 ppm to the singdeO site?~614715 The location
(Table 1) was estimated in two ways. First, the pH was measured on of these peaks, and the line widths, vary with pH (Figure 4), but at a
the concentration scale using a glass combination electrode that hadconstant pH, the peak widths and positions do not change with elevated
been calibrated by Gran titration using a standard acid at the appropriatetemperatures from 5 to 58C. The peak near 0 ppm is assignable to
temperature. The ionic strength and composition of this solution was bulk water.
matched to the samples as closely as possible. The accuracy of these The 70 NMR signals for the bridges and terminal sites decrease
pH estimates was checked by comparing the measured pH to those ofwith time as they exchange oxygen isotopes with bulk solution (Figure
standards with known hydroxide-ion concentration and no hexaniobate 3) 1415 yet the intensity of thé’O NMR signal from the centrals-O
ion in the background electrolyte. In general, these pH estimates weresite remains constant, indicating that the/f#4s015]3 () @anion does
within ~0.15 unit of one another. The pH values were also calculated not dissociate as the other structural oxygens equilibrate. At pH
using the excess hydroxide ion concentrations in samples where excesgonditions where a fraction of the-O sites are protonated to form
KOH was added to adjust the pH (Table 1). Calculations at our u,-OH, protons exchange so rapidly betweenth®© andu,-OH sites
experimental conditions (3 M KCI) were possible because the condi- that only a singlé’O NMR peak is observed. Because fieO and
tional association constants for the protonation of the hexaniobate ion 4,-OH sites are in rapid-exchange equilibrium and cannot be distin-
(B1= K1 =13.63,8, = 23.55, an¢3; = 32.90 at 298 Kn 3 M KCI)® guished, in subsequent discussion we refer to them#3(H) sites,
and dissociation of wat&rare also reported for these conditions. The since the largest fraction of bridging oxygens on the anion remain
unprotonated. The decline in intensity of tH® peaks as a function

(ig)) Br i%Q‘jmg&vs'f‘éﬂgcicz%‘ggz'i?gs%zghmg- Chem2002 41, 1761. of time yields rates of isotopic exchange for i anduz-O(H) sites
(11) Poblet, J. M.; Lopez, X.: Carles, Bhem. Soc. Re 2003 32, 297. and, at ambient conditions, the-O is inert to exchange.

(12) Rohmer, M.-M.; Marc, BDalton Trans.2003 18, 3587.

(13) Lopez, X.; Weinstock, I. A.; Bo, Carles, Sarasa, J. P.; Poblet, Indig. 3. Results

Chem.2006 45, 6467.

) ﬁlﬁf”éJéx'sﬂérSSZ’l“ﬁé ggfcr)r.y B. R Segall J. M.; Lybarger, L..E. 3.1. Rates of Isotopic Equilibration. In all cases, thé’O

(15) Nyman M.; Alam T. M.; Bonhomme F.; Rodriquez M. A.; Frazer C. S.;  NMR signals from then-O and u,-O(H) sites decrease
Welk M. E. J. Cluster Sci2006 17, 197.

(16) Etxebarria N.; Fernandez L. A.; Madariaga J.Dlton Trans.1994 20,
3055

. (18) Goiffon, A.; Granger, R.; Bockel, C.; Spinner, Bev. Chim. Min.1973
(17) Rozantsev G. M.; Dotsenko O. |.; Taradina G.RUss. J. Coord. Chem. 10, 487.
(Translation of Koord. Khim.p00Q 26, 247. (19) Harned, H. S.; Hamer, W. J. Am. Chem. S0d 933 55, 2194.
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Figure 2. (Left) Speciation of the [kNbsO10] 8~ ion at 298 K and 3.0 M KCI aENb(V) = 0.12 M16-18 The conditional equilibrium constants correspond
to 3.0 M KCI.16 (Right) Proton positions have been determined in crystals by X-ray and MAS NMR methods. FNiss@Hg]¢~ cluster is taken from a
RbsH2NbeO16-19(H0) crystal from Nyman et &R In solution at room temperature, the-OH andu-O bridges interconvert rapidly on the NMR time scale
and the two sites would not be distinguishablé"i® NMR. In the ball-and-stick representation, the oxygens are red and the Nb(V) metals are green.

Table 1. Sample Compositions and Rate Data?

temp, measured calculated [HNbsO 1]~ [OH] K1 [CI] [COsT] [BOz%] log(7) log(7)

sample °C pH pH mM M M M M M Uz-O(H) 7-0
46_100 4.1 10.38 20.0 3.16 2.96 0 0.086 3.22 3.15
46_101 4.1 10.65 20.2 3.16 2.97 0 0.062 3.68 3.60
46_102 4.1 11.34 19.2 3.11 2.12 0.415 0 4.71 4.77
46_105 4.1 10.34 131 3.11 2.98 0 0.043 3.64 3.25
46_30 15.9 14.29 14.36 20.5 0.940 3.16 1.99 0 0 5.06 5.49
46_38 15.9 11.06 20.8 3.12 2.12 0.415 0 4.13 4.26
46_39 15.9 12.40 21.0 3.17 3.00 0 0 4.65 5.49
46_49 15.9 11.36 20.7 3.16 2.50 0.250 0 4.39 477
46_54 15.9 10.13 21.4 3.17 2.96 0 0.086 2.74 2.72
46_55 15.9 10.25 20.7 3.17 2.97 0 0.068 2.99 2.94
46_56 15.9 10.36 21.3 3.17 2.97 0 0.068 2.94 2.96
46_71 15.9 13.33 13.38 21.0 0.098 3.17 2.89 0 0 4.69 5.58
46_75 15.9 12.96 12.93 20.7 0.035 3.16 2.96 0 0 4.69 5.62
48 66 15.9 14.72 14.83 20.4 2.806 3.16 0.00 0 0 5.53 5.54
46_82 24.4 12.25 20.8 3.17 3.00 0 0 4.13 5.09
46_83 24.4 13.12 13.04 21.1 0.098 3.17 2.89 0 0 4.21 5.14
46_85 24.4 13.99 14.02 20.3 0.940 3.16 1.99 0 0 4.54 5.06
46_86 24.4 12.64 12.49 20.8 0.028 3.17 2.97 0 0 4.18 5.15
46_87 24.4 13.53 13.37 20.5 0.211 3.16 2.77 0 0 4.31 5.08
46_88 24.4 13.68 13.67 20.3 0.421 3.16 2.55 0 0 4.36 5.06
46_93 24.4 14.44 14.49 20.0 2.806 3.16 0.00 0 0 4.93 5.03
46_94 24.4 11.12 20.5 3.12 2.12 0.415 0 3.84 411
46_95 24.4 11.23 21.0 3.16 2.50 0.250 0 3.90 4.29
46_107 24.4 11.74 10.2 3.16 3.00 0.038 0 4.05 4.90
46_108 24.4 10.43 14.0 3.11 2.98 0 0.033 2.78 2.77
46_111 24.4 13.06 13.04 13.6 0.098 3.11 2.89 0 0 4.23 5.17
46_112 24.4 13.04 13.04 34 0.098 3.03 2.89 0 0 4.24 5.22
46_113 24.4 13.05 13.04 6.9 0.098 3.06 2.89 0 0 4.21 5.18
46_96 30.3 12.92 12.82 20.7 0.098 3.16 2.89 0 0 3.89 4.86
48 68 30.3 14.21 14.11 20.1 2.806 3.16 0.00 0 0 4.59 4.70
46_106 35.5 12.75 12.71 9.2 0.112 3.07 2.88 0 0 3.65 452
48_67 35.5 14.05 14.28 20.0 2.806 3.16 0.00 0 0 4.31 4.44
46_115 24.4 13.04 20.6 0.098 3.16 2.89 0 0

46_119 24.4 14.53 14.4 5.20 2.03 0 0

46_116 24.4 13.04 20.4 0.098 3.16 2.89 0 0

46_116 24.4 10.80 20.4 4.05 2.89 0.495 0

aTher values are in seconds, and the precision of the pH measuremei@slS unit based upon measured and calculated values. Uncertainties in the
concentrations aré-1 percent? pH estimated from dummy sampleSample composition before pH adjustmehfample composition after decay of the
signal from theu,-O(H) and further adjustment of pH.

exponentially with time (e.g., Figure 5). These variations in the (seconds) for isotopic exchange and elimination of-fttieNMR
Lorentzian peak areas as a function of time were fit to eq 1 to signal. The values of for of the 5-O andu,-O(H) sites vary
estimate the characteristic timeg for reaction: considerably with pH and temperature, although we observe
I =1, ot 1) no dependence of va_luesot_m the total niobate concentration
(Table 1). The chemical shifts of theO, u>-O(H), andus-O
wherelg is the initial intensity, which is treated as an adjustable peaks vary as a function of pH (Figure 4). As the pH increases
parametert is time in seconds, andis a characteristic time  from 10 to 14.5, signals from the O andue-O sites shift upfield
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Figure 3. Different oxygen sites in the [#NbsO1g] ¢~ ion yield distinct
peaks in thel’lO NMR spectra. The structure, shown in ball-and-stick
representation, was initially enriched O so the intensity of the peaks
decrease with time as structural oxygens exchange with bulk solution. The
peak labels aren-0, ue-0, t2-O(H).4~614-15 The ue-O site (top), 12u2-O
bridges, and 6 terminaj-O sites (bottom) have the approximate intensity
ratio of 1:12:6, as expected from the stoichiometry.
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Figure 4. Variation in1’0 NMR peak positions with pH at 277 K (black
symbols), 298 K (grey symbols), and 303 K (hollow symbols) forijh@
(top), u>-O(H) (middle), andus-O (bottom).

by ~40 ppm and~20 ppm, respectively, whereas the signal
from the u,-O(H) site shifts downfield~20 ppm.

The variation of rates with pH is complicated, and three
regions (labeledA, B, and C in Figure 6) are discussed
separately. In the region labeléd at pH < 11 and constant
temperature, the rates of exchange ofijh@ andu,-O(H) sites
are virtually identical and—log(r) decreases linearly with

Area x109

A

A

T T T T
60 80 1030 120 140
Time (seconds) x10

40

Figure 5. Variation in the’0O NMR peak intensity (integrated area) for
sample 46_1113¥Nb(V) = 0.082 M at pH= 13.06 and 297.53 K. The
signals for theu,-O(H) and then-O decrease exponentially with time as
the intensity of the signal from the;-O is constant, indicating that the ion
remains intact as the structural oxygens exchange isotopes with bulk
solution.
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Figure 6. Rates of oxygen-isotope exchange, expressegfasm then-O

(®) andux-O(H) (m) sites of the [HNbgO1g] >~ ion as a function of pH.

The solid lines represent fits of a rate law to the data (see Section 4.1 in
text). Note that the values afbecome equal for the two sites at very high
pH and at pH< 11 and that there is no distinct pH dependence for exchange
of oxygen at they-O sites @) in the pH range 12< pH < 14.4, but the
rates of exchange of oxygens in theO(H) sites exhibit a slow, but distinct
variation with pH. The regions labelek B, andC are discussed separately

in the text.

15

exchange rate on the total concentration ofNBO;g]© 9~

ion at 24.4°C and pH 13 (log,—0 = 5.184+ 0.07; logz,2—o)
=4.22+0.03, see samples 46_83,46 111,46 112, and46_113
in Table 1).

In the pH region 11< pH < 14 (labeledB in Figure 6), the
characteristic times for isotopic exchange of #€© and .-
O(H) sites differ considerably from one another, and the mono-
protonated [HNBO1¢]’~ ion predominates in solution (Figure
2). Then-O site is about an order of magnitude less reactive
than theu,-O(H) site at a fixed pH and temperature. Ti®©
site exhibits small dependence on pH, wheresaalues for the
u2-O(H) site decrease slowly with pH until the rates become

decreasing pH. We observe no dependence of the oxygenequal to they-O site at pH= 14.4 (labeledC in Figure 6).

J. AM. CHEM. SOC. = VOL. 128, NO. 45, 2006 14715
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Table 2. Activation Enthalpies and Entropies for Oxygen
Exchange from Water with the #-O and u2-O(H) Sites of the
Hexaniobate lon as a Function of pH

-0 uz-O(H)
AH £ 20 AS £ 20 AH £ 20 AS £ 20
pH (kJ mol™4) (I moltK™?) (kJ mol™t) (ImoltK™?)
~13 91.9+ 4.8 210+ 16 90.5+ 2.8 224+ 9.3
~14.5 96.3+ 2.0 227+ 6.7 107+ 7.4 263+ 25
\ Time 262 min. « d
30 2 20 .
x
£ .
§ 18 .
o 25 & .
- © 16 .
_g 204 g 144 .o
'E' = 12 a T T T T
8 15 100 150 200 250
< Time (minutes)
£
o
2
< 10
©
[=]
=
5 -~
0 _I T T T T 1
200 220 240 260 280 300

Wavelength (nm)

Figure 7. UV —vis spectra over time of the hexaniobate ion (0.02 M)
buffered with potassium borate (0.5 M) to pH 8.5. (Inset) Exponential
increase in the absorbance at 230 nm with time.

The rate coefficients from the variable-temperature experi-
ments yield the activation enthalpyAK*) and entropy AS)
via the Eyring equation (eq 2).

1_ E o [(AHE-TASYRT

- h &)

The termkg is Boltzmann’s constanf] is the experimental
temperature in Kelvini is Planck’s constant, aridis the gas

constant. Table 2 summarizes the calculated activation enthalpie

to indicate that the [[NbsO1¢® >~ ion is oligomerizing and
that the reaction is sensitive to pH. Larger oligomers are evident
in a capillary-electrophoresis scan of the solutions. Although
we could not assign firm stoichiometries, we suspect that the
changes indicate nearly intact condensation of tweN[bd-
O19)® ™~ ions to form a larger dimer-like structures, perhaps
similar to the [NR¢Og]®~ moiety?? or the recently reported
[Nb2oOs4]®~ moiety synthesized using nonaqueous solvéhts.
This oligomerization does not affect our rate measurements,
most of which are at much higher pH conditions where
oligomerization occurs on a negligible time scale.

4. Discussion

There are key points to summarize from the results. First,
rates of isotopic exchange of theO andu,-O(H) sites with
bulk solution become virtually equal to one another at low pH
(<11) and possibly at high pH~14.4) (regionsA andC in
Figure 6), although we do not have extensive rate measurements
at pH>14 to confirm this point. At the highest pH, the
hexaniobate ion is virtually deprotonated and at the lower pH
conditions, it has 23 protons, which are probably on the
bridging oxygens. Second, in the intermediate pH-regi®im(
Figure 6), where the [HNiD10]"~ ion predominates, the rates
of isotopic exchange of the-O and u>-O(H) sites differ
considerably, with they-O sites reacting more slowly than the
u2-O(H) sites. Reaction of the-O site exhibits virtually no pH
dependence in this pH region whereas the rates of exchange of
the u,-O(H) sites, a fraction of which are protonated, decrease
steadily with pH.

These kinetic data are consistent with our understanding of
protonation of the hexaniobate ion. The sites of protonation of
the hexaniobate anion in solution are most likely pheO
bridges and not the terminal oxygens, consistent with protonation
observed in the solid state via X-ray structural stutfigsand
MAS NMR2 of the salts. In some cases for thesfhO1¢]6~
ion theu,-OH bridges lie trans to one another across the central
4t6-O in the crystaP? In other cases, the,-OH bridges can also

and entropies from least-squares fits of the data to eq 2 at pHform adjacent to one another (e.g.[E&NbsO19]-9(H,0) and
~ 13 and 14.5. Because a fraction of the bridges are protonatedRPslH2NDsO14]-19(H,0) salts)® Bridge protonation is found

(pPKaz = 13.63; Figure 2), there is a small contribution to the
experimental activation energy from the enthalpy of protonation

in other polyoxometalate ions where theO sites have bond
orders of two or higher. The [\O2g]®~ anion, for example, is

of bridging oxygens on the anion. Correspondingly, the values Structurally similar to the niobate Lindqvist ion and protonates

of AH* are virtually constant with pH for the unprotonate®
site (96.3+ 2.0 kd/mol at pH= 14.4; 91.94 2.8 kJ/mol at pH
= 13; Table 2), but decrease slightly with pH for the O(H)
sites (107+ 7.4 kJ/mol at pH= 14.4 to 90.5+ 2.8 at pH=

at the bridging oxo sites rather than terminal oxygerg>26

4.1. Rates of Isotopic ExchangeThe simplest rate model
is that the pH dependency of rate reflects changes in the
protonation state of the [MbgO19)® ™~ ion and not changes

13). The contribution must be small, because these activationin concentrations of OH or H;O*. Thus, exchange probably
parameters are typical for unenhanced bond ruptures in oxideinvolves an isotopically normal water molecule. Such a rate law

ions20

3.2. Evidence for Oligomerization of the [HNbgO10] X~
lon at Low pH. We observe slow transformation of the
Lindqvist [HxNbgO10] 8=~ ion in the UV-vis spectra at low

pH, which is evident as the decay of the hexaniobate peak (230

nm, Time 0, Figure 7) and the formation of a broad absorption
shoulder (Time 262 min, Figure 7). This growth was originally
identified and was later interpreted to indicate slow linkage of
[HxNbsO1g] 89~ ions1821We, too, interpret these observations

(20) Richens, D. TThe Chemistry of Aqua lond. Wiley: New York, 1997.
(21) Goiffon A.; Spinner BTalanta1977, 24, 130.
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would have a form like:

1 3
-= (H,0D"S KX....

®)

(22) Graeber, E. J.; Morosin, B\cta Crystallogr.1977, B33 2137.
(23) Maekawa, M.; Ozawa, Y.; Yagasaki, lhorg. Chem2006 doi: 10.1021/
ic0601788.
(24) Ozeki T.; Yamase T.; Naruke H.; SasakiBull. Chem. Soc. JpriL994
67, 3249.
(25) Day, V. W.; Klemperer W. G.; Maltbie, D. J. Am. Chem. Sod 987,
| 109 2991.

(26) Evans H. T.; Pope M. Tinorg. Chem.1984 23, 501.
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Table 3. Optimized Rate Coefficients for the Rate Law Presented as Eq 42

n-0 uO(H)

temp, °C K K K I K K K K residual®
24.4

1 9.695x 1076 6.670x 1076 1.597x 104 0.0617 1.046x 1076 8.106x 10°° 1.804x 10718 0.0831 0.12

2 9.627x 1075 7.101x 1076 6.605x 10°° 0.0777 1.04% 1076 8.106x 10°° 8.323x 10714 0.0777 0.14

3 9.626x 1076 7.113x 1076 2.375x 1075 0.0877 6.488< 107 8.370x 1075 3.922x 1074 0.0438 0.26

4 1.047x 10°° 4.763x 10°6 0.001 0 2.330< 1076 7.272x 107° 0.0013 0 2.79
15.9

5 2.957x 1076 2.379x 1076 1.853x 104 0.0306 1.023« 1076 2.639x 10°° 1.611x 104 0.0294 0.42

aThe superscripts refer to the protonation states of the hexaniobate ionkfesg.NbsO10®~, k¥ = H3aNbgO1¢°~, etc). In Fits 1 and 5, separate rate
coefficients were calculated for the terminal and bridging oxygens, and all protonated forms of the structure were included. InEit&etieeefficient
for the terminal and bridging oxygens was required to be equal, and all protonated forms of the structure were included. InkEita8etheefficient for
the terminal oxo sites was forced to be twice that of the bridging oxo sites, and all protonated forms of the structure were included. IrkFiedmthas

set to zero. In Fit 5, thek, valued® are not adjusted for the lower temperatir®esidual= 3 [log(Rat@pseved — l0g(Ratacuiated]’, oy + ¥
[log(Rat@bserved — l0g(Rateaicuiated]’ o

whereki are the rate coefficients for the various protonated forms that resembles somewhat the rate laws for dissolution of oxide
of the hexaniobate ion (i.6.= 0—3), andX; is the mole fraction solid surfaceg?

of total niobate in the various protonated forms; e.g., This rate law was fit to the rate data at 24.4 and P&%&nd
the results for various assumptions are compiled in Table 3.
[NbO,4™ The best fits were obtained by including all forms of the
Xo= [HxNbgO1g] &~ jon (i = 0—3) and by optimizing rate coef-
Z [HXNbeolg(B_x)_] ficients for both they-O andu,-O(H) sites separately. The
results of these fits are shown on Figure 6 as solid lines fitting
[HNbsO;6 ] the observed rate data. Although the;fHs01¢]5~ ion has not
X, = been identified by X-ray structural analysis of crystals, removal
Z [H,NbO, 7] of the term in eq 4 that corresponds to this ion produces a poor
o fit to the data in the pH< 11 region (Fit 4, Table 3).
[H2NbBsO,g™ ] The analysis raises two interesting points. First, the reactivity
X = can be adequately explained by appealing only to changes in
z [H NbO, 7] the protonation state of the hexaniobate oxide anion. We

recognize that other interpretations are possible, but this
where the subscripts refer to the number of protons on the interpretation links the isotope-exchange rates on this poly-
[HxNbgO1¢] €~ ion. These mole fractions can be calculated oxoanion to the rate laws for dissolving oxide solids, where
from conditional equilibrium constanté: the entire pH dependence arises from changes in the protonation

state of the surfac€:281t is a simple model that increases the

X o o = KarKazKas rates of bond rupture by reasonable extents with protonation.
N0 TR 4 H 1Ky + HIK 1Ko + KKK Second, the fact that the rate coefficient for thgNHsO14]>~
N ion is so similar for both thg-O andu,-O(H) sites (Fit 1, Table
« _ KaKaolH '] 3) suggests that they react equivalently in regioand, possibly,
HNbgO, g~ [H+]3 + [H+]2Kal + [H+] K K., + K KK in regionC, although data at pH 14 are sparse. In fact, a fit
ataz a3 to eq 4 that requires that the rate coefficietds,for the 5-O
K[H +]2 andu,-O(H) sites are equal (Fit 2, Table 3) gives residual errors
XHNbOLS~ — 7 113 2 T that are virtually indistinguishable from the case where these
S [HT7+ [H T Ka + [H 1Kz + KKK sites are fit separately to yield two separate values (Fit 1, Table
[H+]3 3).In contra;t, if, for reasons discus_,sed below, the valud of
XH DO — 113 > - for the 5-O site are forced to be twice the value k5ffor uy-
[HT]"+ [H] Ky + [H 1K Kap + KyiKaoKag O(H), the residual errors double (Fit 3 in Table 3). The most
reasonable conclusion is that the terminal and bridging oxygens
where react at identical rates at low-pH conditions and, possibly, at
8 the highest-pH conditions. Below we suggest that the molecule
. [H,NbgO, g ] periodically undergoes a structural transition that makeg@e
ax [H+][H xleb6019(9_X)_] and u,-O(H) sites transiently equivalent during the exchange

events. First, however, we evaluate whether the oxygen

If we assume further that the rate orders are all unity and exchanges could arise from an intrastructural rearrangement.
ignore the concentration of water, an even simpler expression 4.2. Test for Equivalence of the Bridging and Terminal
results: Oxygens at Exchange. 4.2.1. Intramolecular Scrambling
That Is More Rapid Than Isotopic Exchange. There is no

= Zklxi"' (4) (27) Casey, W. H.; Sposito, Geochim. Cosmochim. Act992 56, 3825.
1= (28) Casey, W. H.; Ludwig, ChiNature 1996 86, 506.
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evidence for rapid intrastructural scrambling of oxygens within L L L

3+
L

Time (minutes)

pH=13

pH=145

iaddiaa;

the hexaniobate ion even though theD andu,-O(H) sites HOH) puik 'OH,
exchange oxygen isotopes at the same rates at some pH
conditions. We tested for such scrambling in two ways. First, 10
we conducted variable-temperati® NMR experiments to )
look for evidence that th#O NMR peaks assigned to theO
and u>-O(H) sites were coalescing on the NMR time scale. 7
Coalescence of thFO NMR peaks would be observed if the I
characteristic time for exchange between these two sites were
TR [\/E/n](v,?,o — v,-0), wherev, o andv,—o correspond to 951 —tj
the frequencies in Hz of th€O NMR peaks that correspond to 1498 |
the terminal and bridging oxygens, respectiv&lyn our case,
then-O andu,-O(H) must interconvert at a time scale-olL0*
Hz or greater for us to observe incipient coalescence. We see o —t—
no evidence for such rapid interconversion in our variable- 393 . ﬁ&_}
temperature experiment and, once pH is rigorously controlled, 764 A
we see no movement of tAéO NMR peaks toward one another M
as temperature (and rates of any interconversion) is increased 600 400 200 0 -200
to 55°C. ppm
Similarly, we see no evidence for slow transfer-& from Figure 8. 170 NMR spectra of a solution (46_115, Table 1) to check for
17 . . . . . . transfer of!’O from the labeled;-O sites to the unlabeleg,-O(H) sites.
the 1/O-enrichedy-O sites to unenrichedz-O sites in experi- The first step is to allow tha,-O(H) sites to isotopically equilibrate with
ments over hours. To prepare samples whereyteandus-O solution at pH= 13, leaving a large signal frofffO-labeleds,-O sites.
sites, but not tthz-O(H) sites, contairi”O, we enriched a When the signal frorr_l the,-O(H) sites is virtually gone, the _pH_ is adjusted
sample unforly 0 then dissolved the saltinto sotopicaly 52159908 orC Fgure ) where he oygens react ot smilr s, e
normal water. This solution was adjusted to a pHL3 using u>-O(H) sites. The peak intensities are normalized to that of a Fin€ért
KOH and allowed to react with isotopically normal water for (~—100 ppm) to account for differences in the number of acquisitions and
several hours. The difference in reactivity of the andu.- fluctuations in power.
O(H) sites is profound at this pH, so that tH®©-taggedu,-O
sites react away, leaving both theO andue-O sites with!’O
enrichment. This solution was then adjusted to a target pH (pH
< 11; pH=~ 14.4; regionsA andC in Figure 6) where thg-O
andu,-O(H) sites react at approximately equal rates and spectra
were collected to see #O was transferred to the unenriched
u>-O(H) sites from thel’O-enrichedy-O. These experiments
were run with a TbGlinternal standard so that changes in peak

intensity of a few percent could be reliably measured. ® ®
In neither experiment did we observe an increase in intensity 6T g Lo P
of the 170 NMR signal from the isotopically normal,-O(H) (-2 g - P }—o \
sites but, instead, observed only steady decline itfBesignal : 0—:1 5 ee
for the »-O sites (Figure 8). From these experiments we ® ® © o
conclude that there is no steady internal exchangg-0fand Figure 9. Two alternative structures of the [MB1¢]® ion, determined by

u2-O(H) sites. In other words, the fact that the rates of isotopic ab initio methods (B3LYP/DGDZVP/DFT/COSMO; see S2 in Supporting

; ; ; ; ; Information). The conventional Lindgvist structure is shown at the top, with
exchange are equal in regign (and possibly in regiorC of the structure rotated 9@bout they andx axes in the middle and rightmost

Figure 6) suggests that the sites are probably becoming cojumns, respectively. Our proposed metastable structure is shown on the
equivalent during the isotope-exchange event and not before.bottom. This structure has one of the orthogonak(MpO)(n-O)s rings

. . . opened up (bottom, right) such that tlhe-O and #-O sites become
4.2.2. E_XChange_ Ina _Tra_n3|ent Metastable Structgre. A temporarily equivalent and the coordination number of the Nb(V) tempo-
Hypothesis. The Lindqvist ion structure does not dissociate rarily decreases from six to four or five. A metastable intermediate such as
during isotopic equilibration or we would obser¥&® signal this, if it were a precursor, could explain why the rates of isotopic exchange

. . C : of theu,-O andy-O sites are equivalent at low-pH conditions and, possibly
loss from theus-O site, which is unequivocally constant. Any at pH> 14. The oxygens are shown in red and the Nb(V) metals in green.

change in the structure that leads to equivalence ofyt@ Similar structures can be identified with variously protonated oxygens.
and u,-O(H) sites must involve a concerted motion of many

atoms because the structure is so compact and symmetricl0 replace one another. After exchange, we suggest that this
However, the Lindgvist ion structure can be viewed as consisting Metastable structure collapses back into the stable Lindqvist ion
of three mutually orthogonal rings of four Nb(V) linked by four ~ Structure. o
12-O(H) (Figure 1). We suggest that one of these rings opens One proposed metastable structure, where bridging and

to form a metastable structure where #© andu,-O rotate terminal oxygen sites become equivalent, is shown in Figure 9
: as a fully deprotonated ion, along with the stable Lindqvist ion

(29) Harris, R. K.Nuclear Magnetic Resonance Spectroscopgngman structure, with both structures rotated to show the displacements.
Scientific: New York, 1986. The Lindqvist ion structure, of course, is cubically symmetric
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and such rotations produce equivalent structures. Rotation of There are two types of coincidence to discuss. First, the data in
the metastable structure, which is partly opened, shows that twoTable 2 correspond to two different pH conditions and may
of the three orthogonal Nf2-O(H))4(1-O)4 rings remain intact. include contributions from different protonated forms of the
The remaining Nl{u2-O(H))4(7-O)4 ring partly opens to make  molecule, as discussed above. Second, and more importantly,
the u,-O andy-O sites temporarily equivalent. At this point, the AH* values should be the same if the exchange pathway
the coordination number of each Nb(V) in the opening ring that we suggest, an intermediate with temporary chemical
temporarily decreases from six to four or five (Figure 9) and equivalency of the two oxygens, accounts for the rate equiva-
isotopic exchange can be accomplished by reaction with a bulk lency. Clearly theAH* values for the two oxygens are virtually
water molecule. Note that this open structure is not centrosym- identical AH* ~ 90 kJ/mol) at one condition (pk= 13) but
metric—the ue-O is ~3.6 A from two of the Nb(V) and only are different at high pH (pH= 14.5; AH* ~ 96 and 107 kJ/
~2.1 A from the remaining four Nb(V), to which it remains  mol). It is unfortunate that the molecule is so basic that a wider
relatively tightly bound. This hypothesized opening of the range of measurements at higher pH conditions are not possible.
Lindqvist structure must take place as a concerted motion The large entropies are consistent with the separation of charges
involving all four sets of Nb(V) in a ring; exchange events at to make this expanded intermediate and the associated changes
single metal sites were not computationally stable. This open in solvation.
metastable structure (Figure 9, bottom) is higher in energy by  Any pathway wherg,-O(H) andy-O sites become equivalent
several tens of kJ/mol than the stable Lindqvist structure, as s obviously superseded in the region 4IpH < 14 where the
indicated by ab initio calculations at the B3LYP/DGDZVPI/DFT  rates of exchange of theO andu,-O(H) sites differ consider-
level of theory using the COSMO continuum model for aply. At these conditions, the dominant aqueous form is the
solvation (Different energies result from different overall monoprotonated [HNiD1¢)7~ ion (Figure 2), with the proton
stoichiometries and the assumed positions of the protons on thepn a bridge, and the-O sites react more slowly by a factor of
molecules.) ~10 than theu,-O(H) sites. Although the;-O sites react at

We hypothesize that a metastable form of the molecule, per- rates that are virtually independent of pH in this region, there
haps resembling in some fashion the structure in Figure 9, allowsis a slight, but distinct, pH dependence to the rates of isotopic
the#-O andu,-O(H) sites to become temporarily equivalent. At equilibration of theu,-O(H) that is particularly evident as pH
this point, the Nb(V) sites are coordinatively unsaturated and exceeds Ka; (pH > 13.6) and as it approache&p (pH <
can easily accept an incoming water molecule. Once exchangell). At these pH conditions, one can see that the dominant
is accomplished, it is irrelevant whether the rotation continues speciation alters so that there is an appreciable fraction of
to completely interchange thgeO anduz-O(H) oxygens, or if [NbeO1g]8~ and [HiNbgO16]®~ ions, respectively. We do not
the open structure reverses and collapses back into the originaknow why the metastable opening of the Lindgvist ion (Figure
configuration. The important points are that this structure is 9) should be slow relative to another pathway when there is a
present at low concentrations as a metastable fluctuation of thesingle bridgingu,-O(H), but this problem is well poised for
stable structure, that the oxygens become equivalent, and thasimulation.
the Nb(V) becomes temporarily coordinatively unsaturated and
able to accept an incoming oxygen from® Formation of 5. Conclusions
the metastable intermediate obviously reflects changes in
reactivity with protonation, as indicated by the rate law (eq 4). h

A mechanism that makes the two types of exchanging
oxygens temporarily equivalent cannot fully explain the kinetic
data, regardless of which structure is chosen as an intermediate

b_ecause there are tw|ce as many bridging tha_n tgrmmal 0Xo(aq) is necessary. We find evidence for at least two conspicuous
sites. In the hypothetical open structure shown in Figure 9, for pathways for oxygen-isotopic exchange betw@e® andy,-

example, .there is a higher proport.ion of termi.nal OXygens in O(H) sites in the hexaniobate anion and bulk solution. When
the opemng [\IWZ_O(H))“(”'O)“ rings than in thg bulk the dominant form of the molecule is a singly protonated
[HNbsO1g] ™" structure. The bulk structure has aratioof( [HNbgO1g) 7~ ion, the reactivities of thg-O andu-O(H) sites
O(H))/(#-0) = 2 and the Ni(uz-O(H))a(17-O)a rings have fo- are distinctly different and the exchange rates ofiH@ sites,
O(H))/(y-O) = 1. Thus, the fraction of terminal oxygens inthe  , ; ¢ theu,-O(H) sites, are virtually independent of pH. More

stable Lindqvist ion would be observed to exchange twice as interesting is a second pathway where isotopic exchange varies

fast as bridges, even if the two sites are periodically made with : :
. : . ) pH and they-O andu»-O(H) sites react at approximately
equivalent by forming this Nifuz-O(H))(y-O)a structure. This equal rates, for reasons that we do not fully understand.

hypothesis that the Lindqvist ion forms a metastable structure, . L
although inadequate to explain all of the data, is consistent with we sugggst that a metastaple form Of. thg Lindquist ion
i structure exists where the terminal and bridging oxygens are
other work on polyoxometalates that indicates pathways can . .
. 22 temporarily equivalent, but such a structure can only partly
involve more open metastable forms of the ¥ - -
Th tivation parameters (Table 2) are not full nsistent account for the kinetic results. Such a structure can be optimized
with ericd ?V\?h fatr? eXe Sr(1 ab € %aeh rc:ﬂ u”y co isvslent ab initio as one of the Nffu,-O(H))a(17-O)4 rings opens. We
amodel where the oxygens become chemically equivale " hypothesize that, when the two oxygen sites become equivalent
(30) Frisch, M. J.; et alGaussian 03revision C.02; Gaussian, Inc.: Wallingford, n thIS' me,taStable structure, water reacts ,Wlth the temporarily
CT, 2004. coordinatively undersaturated Nb(V). Equivalence of #h®

The rates of exchange of-O and u,-O(H) sites in the
exaniobate anion with bulk solution differ considerably with
pH. The pH dependency can be explained by appealing to
changes in the protonation state of the molecule as a function
of pH; no involvement of isotopically normal Otfaqg) or HO™-

(31) Comba, P.; Helm, LHely. Chim. Actal988 71, 1406. ~ f ; B ; ; ;
(32) Hill, C. T.Comprehensie Coordination Chemistry-lElsevier: New York, anduz-O(H) sites durlng IS_OtOpIC exchange is most evident when
2004 Vol. 4, p 679. the [HNbsO10]® ¥~ ion is protonated by 23 protons. A
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metastable structure with equivalent oxygens may also be activethat are more complicated than this simple polyoxoanion, where
when the ion is fully deprotonated as well, but we have too reactions at individual oxygens can be followed explicitly.
few data at the highest pH to conclude that the oxygens remain
similarly reactive as the molecule becomes fully deprotonated. Acknowledgment. We thank Prof. Jim Rustad for stimulating
Our experience with the aluminum polyoxocations in the discussions. This research was supported by the U.S. DOE
e-Keggin structuréis that little can be learned without data on  Office of Basic Energy Sciences via grant DE-FG03-02ER15325
isostructural versions of the molecule and, fortunately, the to W.H.C. and the US NSF via EAR 0515600. Support for M.N.
Lindqvist ion structure allows for a wide range of such \as from Sandia National Laboratories LDRD program. Sandia
substitutions. National Laboratories is a multiprogram laboratory operated by
The fact that the entire pH variation in rates could be gangia Corporation, A Lockheed Martin Company, for the U.S.
accounted for by changes in protonation state of the hexaniobatey e \nder contract DE-AC04-94AI85000. Spectrometers at the

ion, without appealing to reaction with isotopically normal OH U.C. Davis NMR facility were purchased using funds from NSF
" : :
or H3O™, suggests that work on the polyoxometalate ions might grant OSTI 97-24412.

be of considerable help to geochemists trying to understand
similar reactions at oxide mineral surfaces. If we were to treat
the hexaniobate ion as an oxide surface in water, we would
find a rate law that shows bond ruptures to the proton-charge
density, as is commonly observed for oxides in wateXone

of the molecular detail, however, would be apparent in structures JA065529W

Supporting Information Available: Complete ref 30 and table
of energies for optimized structures. This material is available
free of charge via the Internet at http://pubs.acs.org.

14720 J. AM. CHEM. SOC. = VOL. 128, NO. 45, 2006





