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S.1 Synthesis  

A 3.5 g sample of [N(CH3)4]OH•5H2O and 1.3 g of 17OH2 (40% 17O) were added to 50 

mL of anhydrous ethanol; the mixture was stirred until a clear solution was obtained, and then 

6.35 g of Nb(OCH2CH3)5 was added in approximately ~0.8 mL aliquots with vigorous 

stirring.  The mixture was refluxed for 10 h, cooled to room temperature, and filtered.  The 

resulting product was washed with 50 mL of ethanol.  The solid was redissolved by adding it 

in small aliquots to 15 mL of warm methanol.  The solution was filtered warm through a 0.45 

µm syringe filter, and 1.93 g of crystalline [N(CH3)4]6[Nb10O28]•6H2O was obtained by slow 

evaporation of the solution contained in a 125 mL Erlenmeyer flask at 0°C over several days 

(50% yield based on Nb).  

To make the [(CH3)4N]8Nb6O19 for ESI-MS, a 0.94 g sample of 

[(CH3)4N]6Nb10O28•6H2O was dissolved in 8 mL of H2O and 0.87 g of (CH3)4N(OH)•5H2O 

was added with vigorous stirring for 1 h.  The solution was added to 200 mL of CH3CN in a 

500 mL beaker and manually stirred with a metal spatula for several minutes.  The liquid was 

decanted, leaving a viscous residue on the sides of the beaker.  An additional 200 mL of 

CH3CN was added and the process was repeated several times until a white powder was 

Figure S.1.1  Infrared spectrum of the 
crystalline [(CH3)4N]6Nb10O28•6 H2O used 
in this study.  The purity of the compound 
was confirmed by a band-for-band match 
with the spectrum reported by Graeber 
and Morosin [5]. 
 



obtained.  The hygroscopic solid is dried under vacuum for 24 h.  Both ESI-MS and 17O-NMR 

indicate that the compound is pure. 

S.2 NMR Spectroscopy and Rate Measurements  

The solution-state 17O-NMR experiments were conducted with a Bruker Avance 

spectrometer located at the UCD NMR facility.  This spectrometer is based on an 11.7T 

magnet (νo=67.8 MHz for 17O) and is fitted with a 10-mm broadband probe.  The 17O-NMR 

spectra were taken with single-pulse excitation using 20 µs pulses ( sµπ  40 
2

≈ ) and recycle 

delays of 6 ms.  Depending upon the sample concentration and rate of reaction, 1,000-15,000 

acquisitions were required to establish an adequate signal-to-noise ratio.  The time-domain 

data were digitized at 100 kHz.  We employed a 0.3 M TbCl3 solution as an external intensity 

standard, which was included in the 10 mm NMR tube as a coaxial insert.  The temperature 

was measured by replacing the sample with a copper-constantan thermocouple fitted into an 

NMR tube. The accuracy of the measured temperature was about ±0.1oC.   Peak positions are 

reported relative to the bulk water peak, which was assigned to 0 ppm.   

Assignment of 17O NMR signals is straightforward.  These assignments were based on 

the work of Marek [1] which in turn is based on similar work on [V10O28]6- and other 

isopolyoxometalate ions[2].  These studies show that the 17O signals are shifted up field with 

increased coordination number. The three types of µ2-O in the decaniobate ion could be 

distinguished by signal area, as they represent 2, 4 and 8 oxygens, respectively. Integration 

could not be used to assign the two types of η-O, so DFT calculations were used instead as 

discussed in Section S.3, below. 

 



Table S-2-1: Buffers used to control pH in the oxygen-isotope-exchange experiments.  The 
final pH was reached by dropwise addition of [N(CH3)4]OH and/or HCl.  All buffers were 
prepared with a 0.1 M [N(CH3)4]Cl background electrolyte. 
 
 

pH Buffer composition 

5. 5, 6.0, 6.6 
7.1, 7.5 
8.0, 8.5 
8.7, 8.8 

9.3 

10 mM MES: 2-(N-morpholino)ethanesulfonic acid 
10 mM PIPES: Piperazine-1,4-bis(2-ethanesulfonic acid) 
10 mM HEPES: N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) 
10 mM TRIS: 2-Amino-2-hydroxymethyl-1,3-propanediol 
100 mM H3BO3
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S.3 Density Functional (DFT) Calculations  

Electronic-structure calculations were conducted using the Gaussian 03 code [3] 

and a 20-processor home-built parallel-processing computer.  The all-electron DGDZVP 

basis set was employed.  In all cases we used the B3LYP hybrid functional and the PCM  

solvent model, which ensured electronic stability [4].  Unless otherwise noted, all 

structures are fully stable in normal-mode vibrational analysis, which employed 

analytical second derivatives of energy. 

 

Table S-3-1: DFT-calculated total free energies in solution using the PCM model for a 
dielectric medium, including all non-electrostatic terms, and an all-electron basis set 
(DGDZVP/B3LYP/PCM).     

 
Molecule Energy 

Hartrees 
Proton Affinities 

kJ⋅mol-1 
Zero-Point 

Energies; kJ⋅mol-1 

Nb10O28
6-  -39662.388505 0 252. 

OB-HNb10O28
5- -39662.837522 -1151. 279.5 

1OC-HNb10O28
5- -39662.837546 -1154. 277. 

OD-HNb10O28
5- -39662.836635 -1152. 277. 

OE-HNb10O28
5- -39662.827663 -1128. 277. 

OF-HNb10O28
5- -39662.841856 -1166. 276. 

1OG-HNb10O28
5- -39662.830960 -1139. 274. 

    
V10O28

6-  -11548.052825 0 277. 
OB-HV10O28

5- -11548.520033 -1194. 309. 
1OC-HV10O28

5- -11548.514283 -1181. 308. 
OD-HV10O28

5- -11548.508339 -1164. 308. 
OE-HV10O28

5- -11548.505815 -1157. 309. 
OF-HV10O28

5- -11548.504804 -1157. 306. 
OG-HV10O28

5- -11548.497320 -1139. 305. 
1Imaginary frequencies exist in the optimized structures.  For Sites C and G in the 
HNb10O28

5- ion the imaginary frequencies are -373 cm-1 and -202 cm-1, respectively.  
These are sufficiently high to probably be a real manifestations of the potential-energy 
surface and not an artefacts of optimization.  For Site C in the HV10O28

5- ion the 
imaginary frequency is -90 cm-1 and it is not clear if this is significant.   
 

 



S.4: ESI-MS and 17O-NMR Identification of Dissociation Products   

We present negative-ion electrospray ionization mass spectra (ESI-MS) and 17O-NMR 

data in this section.  Positive-ion ESI-MS spectra were also collected, but were not 

helpful. 

 
 
Figure S-4-1: The appearance of 17O-NMR signals unrelated to sites in the 
[HxNb10O28](6-x)- corresponds to the formation of 17O-enriched dissociation products.  
This is so because we dissolve 17O-enriched [HxNb10O28](6-x)- salt into isotopically normal 
water. (A) Dissociation creates a heptaniobate fragment.  Dissociation of 17O-enriched 
decaniobate (50 mg) in 2 mL of isotopically normal water at pH~12.5 and 308.5 K as a 
function of time.  The circled peaks correspond to µ2-, µ3-, and µ6-oxygens in a 
heptaniobate ion.  Hexaniobate η=O, µ2-O, and µ6-oxygens are identified. The times 
correspond to 650, 2600, 4550, 6900 and 1.82⋅106 s.  For reasons of clarity, the spectrum 
of the solution before addition of base, which showed the [Nb10O28]6- ion, was omitted.   
 

 
 
 
 
 



Figure S-4-2: Stacked plots of the 400-500 m/z region of the ESI-MS spectra taken with 
3 minute intervals (0-70 min.). Insets show the effect of 18O-enrichment (blue) on the 
peak patterns. Acquired using 75 µM [N(CH3)4]6[Nb10O28] at pH 11.15. 

 
 
 
 
 



 
Figure S-4-3: Expansion of the ESI-MS data in the 520-600 m/z region, showing peaks 
assigned to different heptaniobate ions. Inset shows isotope pattern for isotopically 
normal (black) and 18O-enriched (blue) ions. Acquired using 75 µM [N(CH3)4]6[Nb10O28] 
at pH 11.15 

 
 
 
 
 
 
 



 
Figure S-4-4: Variation in abundance of selected ESI-MS peaks as a function of time. 
The disruption at 40 minutes are due to change of syringes. 

 
 
 
 
 



 
Figure S-4-5: ESI-MS spectra of [N(CH3)4]8[Nb6O19] in a borate buffer (pH 7.82, 
[[Nb6O19]8-]=28 mM, [B(OH)3]=888 mM, [N(CH3)4]=185 mM) after 1 minute (bottom) 
and 20 hours (top). Samples were diluted 100-fold before analysis. %RA stands for 
percentage relative abundance.  
 
 
 
 
 
 
 
 
 
 



   Fi
gu

re
 S

-5
-1

: X
-r

ay
 st

ru
ct

ur
al

 in
fo

rm
at

io
n 

ab
ou

t t
he

 [N
b 1

0O
28

6-
] i

on
 fr

om
 M

or
os

in
 a

nd
 G

ra
eb

er
 (1

97
7)

, w
ho

 c
ry

st
al

liz
ed

 th
e 

te
tra

m
et

hy
la

m
m

on
iu

m
 sa

lt.
 

     



     Fi
gu

re
 S

-5
-2

: X
-r

ay
 st

ru
ct

ur
al

 in
fo

rm
at

io
n 

ab
ou

t t
he

 [N
b 1

0O
28

6-
] i

on
 fr

om
 M

or
os

in
 a

nd
 G

ra
eb

er
[5

]  fr
om

 th
e 

so
di

um
 

te
tra

m
et

hy
la

m
m

on
iu

m
 sa

lt.
 

  



   Fi
gu

re
 S

-5
-C

: S
tru

ct
ur

al
 d

et
ai

ls
 fr

om
 th

e 
[N

(C
H

3)
4]

6N
b 1

0O
28

⋅1
4H

2O
 sa

lt 
cr

ys
ta

ls
.  

Th
e 

st
ru

ct
ur

e 
is

 d
ep

os
ite

d 
w

ith
 th

e 
Fa

ch
in

fo
rm

at
io

ns
ze

nt
ru

m
 K

ar
ls

ru
he

 (F
IZ

, 7
63

44
 E

gg
en

st
ei

n-
Le

op
ol

ds
ha

fe
n,

 G
er

m
an

y)
 u

nd
er

 C
SD

 #
41

92
66

.



Fi
gu

re
 S

-5
-D

.  
Th

e 
di

st
rib

ut
io

n 
of

 h
yd

ro
ge

n-
bo

nd
ed

 w
at

er
s i

n 
th

e 
cr

ys
ta

lli
ze

d 
[N

(C
H

3)
4]

6N
b 1

0O
28

⋅1
4H

2O
 sa

lt.
   

 T
he

 st
ru

ct
ur

e 
is

 
de

po
si

te
d 

w
ith

 th
e 

Fa
ch

in
fo

rm
at

io
ns

ze
nt

ru
m

 K
ar

ls
ru

he
 (F

IZ
, 7

63
44

 E
gg

en
st

ei
n-

Le
op

ol
ds

ha
fe

n,
 G

er
m

an
y)

 u
nd

er
 C

SD
 #

41
92

66
. 



References Cited: 
 
[1] K. A. Marek, University of Illinois (Champaign-Urbana), 2001. 
[2] E. Heath, O. W. Howarth, J. C. S. Dalton 1981, 1105. 
[3] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 

Cheeseman, J. Montgomery, J. A.; , T. Vreven, K. N. Kudin, J. C. Burant, J. M. 
Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci, M. Cossi, G. 
Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, 
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, 
M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, 
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, 
C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, 
J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. 
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. 
Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. 
Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, 
W. Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wallingford 
CT, 2004., 2004. 

[4] X. Lopez, J. A. Fernandez, S. Romo, J. F. Paul, L. Kazansky, J. M. Poblet, 
Journal of Computational Chemistry 2004, 25, 1542. 

[5] E. J. Graeber, B. Morosin, Acta Crystallographica B 1977, 33, 2137. 
 
 


