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Abstract: 

Polyoxometalates can serve as versatile catalysts in aqueous media.  Solvation of these 

compounds is critical to their catalytic properties. In the studies reported here, we employ 51V 

NMR spectroscopy, dynamic light scattering and continuous shape analysis to probe the 

solvation of two polyoxometalates, decavanadate and monomolybdononavanadate, encapsulated 

in reverse micelles.  The 51V NMR chemical shift reports on the protonation state of the 

oxometalate while its linewidth reveals the local environment sensed by the oxometalate in the 

reverse micelle. We have shown that placement of decavanadate in several protonation states in a 

microemulsion results in spectroscopic observation of the deprotonated [V10O28]
6- (V10) molecule 

(Baruah et al. J. Am. Chem. Soc., 2006 128 (39):12758-65).  Previous studies have shown that 

the oxometalate requires at least 2-3 layers of water to stabilize it in the reverse micelles and 

present work shows that no differences are observed whether oxometalate has a charge of -5 or -
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6.  The dynamic light scattering studies demonstrate that the size of the reverse micelles 

containing polyoxometalate does not change significantly upon loading. Finally, continuous 

shape measure (CShM) further describes the structural perturbation of V10 as one of the V-atoms 

is replaced with a heteroatom.  CShM analysis shows minor structural perturbation of the 

oxovanadate core with heteroatom replacements even though the charge and thus overall polarity 

of the anion changes. Similarly, the continuous shape measure analysis of protonated forms of 

V10 show that the variation related to protonation of the V10 anion does not significantly change 

the shapes of the different classes of vanadium atoms within the compact oxoanion even though 

the charge and thus overall polarity of the anion changes. Thus, the change in shape and steric 

interactions are very minor because any change in geometry is counteracted by changes 

elsewhere in the structure. This study represents the first application of shape measures to 

oxometalates. Because size and shape could both be critical for interaction with interfaces, two 

differently charged oxometalates are placed in a nanosized water droplet to investigate how they 

are solvated. Because little change was observed in the 51VNMR spectra and smaller changes 

were found in the size, we conclude that the shape was most important for this interaction and 

that changes in charge appeared to have a smaller impact on the system.   

 

corresponding author: email Debbie.Crans@ColoState.edu 

 

20 words for TOC text 

Using 51V NMR spectroscopy, dynamic light scattering and continuous shape analysis to 

characterize two polyoxometalate-encapsulation in reverse micelles.   
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I. Introduction 

Polyoxometalates (POMs) are large inorganic anionic species with many useful 

properties in synthesis, catalysis and biology.1-9 POMs are generally compact large structures, 

and they have a wide range of shapes resulting in many different materials.  Some fundamental 

classes of POMs such as Keggin and Dawson anions are important building blocks with similar 

shapes; however, replacing individual atoms in these POMs causes local distortions and result in 

molecules with similar shapes but with different symmetry that influence their overall properties 

such as charge and polarity.  For example, POMs are versatile catalysts for many reactions in 

water and other media however the specific composition determines their properties as 

catalysts.10-12 The interaction of polyoxometalates with the environment solvating them critically 

influences their catalytic properties.13-15 Here, we explore the impact of decavanadate (Fig. 1a), a 

class of polyoxometalates and modified decavanadate (Fig. 1b-1c) in a confined nanosized water 

droplet.  

Reverse micelles (RMs) are generally very flexible and dynamic nanoscale droplets of 

water sequestered near a layer of a surfactant such as sodium bis(2-ethylhexyl)sulfosuccinate 

(AOT, Fig. 1d), which separates the aqueous phase from a bulk nonpolar liquid phase.16, 17  

When solvated in nanosized aqueous pools, polyoxometalates in RMs will interact with the 

solvating water and affect the properties of this water dramatically presumably because of their 

high charge.  Many different experiments and simulations have probed the micellar environment, 

and much is known about the water molecules inside the RM and their different behavior 

comparing it to in bulk solution.18-38 For example, hydrogen bonding interactions between water 

molecules differs for water at the surfactant interface from water from at the core, bulk-like 

water in the RMs.39  How molecules such as the large polyoxometalates are encapsuled in RMs 
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is of general interest because of the applications of RMs systems for templating-synthesis of 

nanoparticles.   

In this work we measure the spectroscopic signatures of two simple POMs, decavanadate 

(V10) and monomolybdononavanadate (V9Mo) (see Fig. 1) when confined in nanosized water 

droplets defined in RM structures. We expect that the confinement of POMs will be different if 

charges and sizes of the POM varies, and that such difference can be measured., Observable 

differences may be particularly likely if the POM interacts with water sequestered near the 

surfactant layer of the aqueous phase and distinct from a bulk aqueous phase in the interior of the 

RM. We have determined that the presence of these two different polyoxoanions, decavanadate 

(V10) and a molybdenum-containing V10 (V9Mo) using dynamic light scattering to measure RM 

size. In addition, we evaluated potential changes by 51V NMR spectroscopy and in the structure 

of the oxometalates using the continuous shape measure (CShM) analysis. However, as 

described below because of the stringent requirements of the quality of the X-ray structures used 

in CShM analysis, the only substituted decavanadate currently suitable for this analysis is the 

structure shown in Fig. 1c (see discussion below). Together, the experimental studies with these 

complex anions of -5 and -6 charge in RMs are compared with the CShM analysis to examine 

the importance of charge and size, respectively, by confinement in a nanoscale space. 

 Recently, we have reported on studies using vanadium oxometalates to probe the interior 

of RMs.40-42 The substantial charge found on the oxometalates leads them to solubilize in the RM 

interior.  In the work reported here, we have used two different decametalates, decavanadate in 

two different protonation states, ([HV10O28]
5- and [V10O28]

6- abbreviated HV10 and V10), and 

monomolybdononavanadate, [V9MoO28]
5- (abbreviated V9Mo) 43, whose structures are shown in 

Fig. 1.  V10 is thermodynamically stable in aqueous solutions from pH 3 to 6 44  and although not 
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the thermodynamically preferred form, can persist above pH 6 for a few days because the 

kinetics of its hydrolysis to form other vanadate oligomers is so slow.45 Three geometrically 

different vanadium atoms comprise each V10 molecule: two equatorial VA, four equatorial VB 

and four axial VC. Each vanadium atom is bound to six oxygen atoms in a slightly distorted 

octahedral environment (Fig. 1a). Protonation of the V10 change the overall charge and polarity 

of the anion.  Although the bridging oxygen atoms are most basic the protons are not likely to 

remain in one location and as such the protonation will change the polarity of the anions.  V9Mo 

43 presents an analog of V10 in which one VC is replaced with a Mo atom, as depicted in Fig. 1b. 

The overall charge on this polyanion is -5.  Although reasonably large, the decametalate 

dimensions (shown in Fig. 1) allow them to sit comfortably in the interior of mid-sized RMs, w0 

≥ 6 (where w0 = [H2O]/[surfactant] 17). Studies with the structurally related POM anion allowed 

further exploration that the results obtained with the V10 anion and it is likely that both structure 

and charge of the anion are important. 
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Fig. 1. Structures of (a) [V10O28]
6- (V10), (b) [V9MoO28]

5- (V9Mo) (c) [H2PtV9O28]
5-  and 

(d) AOT.  

The CShM analysis allows us to focus on the molecular shape and evaluate distortions in 

the bioctahedral V10 / V9Mo core as well as in the coordination polyhedron surrounding each 

specific metal atom within the polyoxometalate. This analysis is based on the comparison 

between the deformed anion and the pure decavanadate anion and allows us to compare the 

distortion of different molecules from the same ideal shape on the same scale, as well as 

distortions of the same molecule from different reference geometries.46 Specifically, the CShM 

analysis calculates a distance in 3N-6-dimensional space between the structure to be analyzed 

and a reference shape, that is independent of size and orientation.47  We use the method to 

examine distortions in a regular VO6 octahedron (OC-6) as well as the edge-sharing V10 

bioctahedron (eshbOC-10). The resulting shape measures, abbreviated S(OC-6) and S(eshbOC-
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10), respectively provide us with simple ways to distinguish different types of distortion.  A 

measure of the distortion of an MO6 octahedron, however, describes the degree of distortion but 

not the distortion mode. Differentiating distortion modes can be done by examining the deviation 

from another ideal structure, such as the trigonal prism (TPR-6) in the case of octahedral six-

coordinated metal ions. Because X-ray crystallographic data of sufficient high resolution does 

not exist for the MoV9 anion, we carried out the analysis on the only mono-substituted V10 

suitable for the CShM analysis, a Pt-substituted V10 shown in Fig. 1c.  

In the work reported here, we present results from experiments probing V10 and V9Mo 

encapsulated in the aqueous pools of sodium bis(2-ethylhexyl)sulfosuccinate (AOT) RMs and 

the effects that these provides additional exploration into the results obtained with the V10 anion, 

in particular, related to structure or charge of the anion. The AOT RMs used in this study are 

formed in isooctane by self-assembly; we vary the size of the water pool by changing w0.
48 Using 

51V NMR, we follow chemical shifts and line broadening for the two poly oxometalates placed in 

the RMs. We compare the experimental results for these POMs with predictions from CShM to 

understand RM size measurements. Using the combined approach we are able to probe if the 

structural and charge perturbation affects the solvation of the POM in the RMs. 

 

II. Experimental Methods 

II. A. Materials. Sodium metavanadate, NaVO3 (99.9%), AOT (sodium bis(2-

ethylhexyl)sulfosuccinate or docusate sodium salt) (99%) were purchased from Sigma-Aldrich. 

Sodium molybdate dihydrate, Na2MoO4•2H2O (99.9%) was purchased from Strem Chemicals 

and used as received. AOT was purified by dissolving in methanol and stirring overnight in the 

presence of activated charcoal.49 Then filtration and removal of methanol by distillation under 
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vacuum follows resulting in AOT suitable for use. Doubly distilled deionized water with a 

specific resistivity of > 18 MΩcm (Barnstead E-pure system) was used throughout this work.  

II. B. Decavanadate and Monomolybdononavanadate solution preparation. A series of 

decavanadate, V10O28
6- (V10) stock solutions were prepared at 24.4, 16.3 and 6.5 and 0.7 mM 

concentration in order to be able to prepare solutions with 0.7 mM V10 at different w0 sizes. First 

NaVO3 was dissolved in doubly distilled deionized water to about 90% of the desired volume in 

a volumetric flask and then the pH was adjusted to 3 using 6 M HCl resulting in V10.  Finally, the 

pH was raised back to the desired pH (5.0) using 1 M NaOH and doubly distilled deionized 

water was added to reach the final volume.  We prepared samples with these concentrations to 

enable preparation of RM samples containing the V10 with overall V10 concentrations of 0.7 mM 

and spectra are shown in Fig. 2.  

Similar to the V10 solutions, a series of monomolybdononavanadate, V9MoO28
5- (V9Mo) 

stock solutions were prepared following published methods 43 at 32.5, 16.3, 9.75, 6.5 and 0.7 

mM concentrations.  We dissolve NaVO3 and Na2MoO4.2H2O in a 9:1 ratio in doubly distilled 

deionized water in a volumetric flask, adjust the pH to 5.0 using 6 M HCl and then add doubly 

distilled deionized water to generate the required volume. This preparation results in solutions 

containing primarily V9Mo with some V10
 and insignificant amounts of VxMoy, where x<9, y>1, 

and x+y=10. The spectra shown in Fig. 3 have the contribution of V10 subtracted in the spectra.  

That is the signals from VA, VB and VC were subtracted according to the ratio 1:2:2.  

Specifically, the VC signal resolved from the other signals in V9Mo would be integrated and 

compared to the resolved signals from the V9Mo cluster (VA, VB, VC or VF) to determine the 

ratio of the V10 and the V9Mo species, respectively.  The calculation of the samples showed that 

the V10 to V9Mo ratio for the aqueous solution was 44%.  This changed in the RMs samples 
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with 28% for w0 = 30, 24% for w0 = 20, and 27% for w0 = 12 (for w0 = 6 the resolution is to poor 

for accurate determination of the oxometalate). 

All RMs solutions were prepared within an hour prior spectral analysis. The pH values of 

the aqueous solutions were measured before and after measurement at 25°C using a calibrated 

Orion 420A pH meter. The pH values were adjusted to within 0.05 and pH variability between 

samples was within 0.1 pH unit unless otherwise noted.   

II. C. AOT Reverse Micelle Preparation.  A 0.2 M AOT stock solution was prepared at 

ambient temperatures by dissolving AOT in isooctane.  The V10 and V9Mo stock solutions 

described above were used to make AOT RMs by pipetting stock solutions of aqueous V10 or 

V9Mo into the AOT stock solution. All samples were mixed by vortexing 2-3 min and then 

submitted for 51V NMR spectroscopic analysis. The resulting solutions were clear indicating 

microemulsions formation and yellow because of the presence of the decametalates.  The overall 

concentration of POM in the RMs was 0.7 mM. For V10 containing RMs, we prepared w0 = 8, 

12, and 20. This protocol yields RMs with fewer than one V10 per RM for w0 = 8 and 12; for w0 = 

20 there are 1.1 V10 per RM, as shown in Table 1. These numbers were calculated using 

published values for the aggregation number of AOT molecules (nagg) that assemble to form the 

RMs,[39] the AOT concentration and the POM.  The numbers of POM molecules were obtained 

by dividing the overall POM concentration by the number of RMs in solution, which can be 

obtained from the AOT concentration and the nagg for a particular size of RMs.  For V9Mo 

containing RMs, we prepared w0 = 6, 12, 20 and 30 in which the overall V9Mo concentration was 

0. 7 mM, with an overall V-atom concentration of 6.3 mM.43  The V10 (w0 values of 8, 12 and 

20) or V9Mo loaded RMs (w0 = 6, 12, 20, and 30) were prepared  
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II.D Reverse Micelle Characterization. Experiments were carried out to assure that RMs 

form in solution using dynamic light scattering (DLS) and conductivity. DLS experiments 

measured RM size and polydispersity (Wyatt DynaPro Titan) of samples containing 0.1 M 

AOT.50  Prior to data acquisition, samples were equilibrated in the DLS instrument for 10 min at 

25 °C. Each measurement consisted of a minimum of 12 runs each, each of which is a set 

number of scans. Scans were performed in a rate of 10 acquisitions for 100 s. The DLS 

instrument generated correlation functions from scattering of particles in solution. On the basis 

of our exponential fits to the data, we obtain RMs size with a 10% instrument error. The 

reproducibilities of the experiments are reported with standard deviation. Sizes measured of the 

RMs without any probe using DLS were similar to those reported in the literature.39, 51-54   

RM samples were also characterized by their conductivity using a conductivity meter 

(Orion 150A) equipped with a glass cell with two rectangular Pt electrodes (15 mm x 10 mm) 

with cell constant 0.1. The conductivity cell was calibrated with a standard 100 µS/cm solution.  

II. E. 
51
V NMR Spectroscopy of AOT RMs samples. 

51V NMR spectra were recorded 

using both a Varian INOVA-300 MHz and INOVA-500 MHz spectrometer at 78.9 MHz and 

131.5 MHz, respectively. Spectra were acquired using routine parameters such as a 83.6 kHz 

spectral window, a 60˚ pulse angle, and a 0.096 s acquisition time with no relaxation delay for 

the 300 MHz. For the 500 MHz spectrometer, the spectra were acquired with no relaxation delay 

using a 39.2 kHz spectral window, a 60˚ pulse angle, and a 0.2 s acquisition time.  51V chemical 

shifts were referenced against an external sample of VO4
3-, which had been referenced against a 

sample of VOCl3.
55, 56 For spectral work-up, a 15 Hz exponential line broadening was applied 

before Fourier transformation. Longitudinal relaxation time (T1) measurements were performed 

using the inversion-recovery method and for these studies a spectral width of 6 kHz and tau 
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values up to 2.7 s were used.  The T1 times were at the mS time-scale as reported previously.[56] 

The relative intensities and integration of the vanadium signals could therefore be used to 

calculate the concentrations of V10, V9Mo and potential other oligomeric species.56  

II. F. Spectral Analysis and Curve Fitting of RM Spectra. The NMR FIDs collected were 

Fourier transformed and subjected to phase correction (MestReC V. 4.5.9.1 NMR data 

processing software for Windows).  Resulting spectral peaks were fitted to determine peak 

heights, shifts and linewidths (OriginPro 7.0 and IgorPro, version 4.01).41 The samples were 

referenced against a sample of VOCl3 (0 ppm) using aqueous vanadate in alkaline solution (pH 

12) as reported previously.41 As V10 and V9Mo species are inseparable in solution the 51V NMR 

signals overlap with each other. A spectrum reflecting V9Mo alone can be achieved by 

subtracting the spectrum of 100 % V10 at pH 5.0 from the spectrum of 90% vanadium and 10 % 

Mo at pH 5.0 at 294 K.43 

II. G. Continuous Shape Measure Analysis. The continuous shape measure analysis of a 

specific structure X is performed in comparison relative to an ideal shape of object A.  First, we 

identify a molecule with the ideal shape A as the structure that is closest to structure X.  This 

search requires optimization with respect to size, orientation in space and pairing of vertices of 

the two structures as described by Avnir and coworkers. 46, 47, 57  Using this reference shape, we 

calculate the distances between the equivalent atomic sites from the position vectors  and  

of the reference and target molecule, respectively, and then calculate the shape measure 

according to equation 1.  Importantly, the denominator in equation 1 is a normalization factor 

that makes the continuous shape measures (CShM) size independent.  By definition, SX(A) must 

be minimized with respect to size, orientation and vertex pairing.  
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 (1) 

 

All shape parameters have been calculated with the SHAPE 2.1 program 58, which can be 

obtained from the authors upon request.58  To disregard the deviations from ideal geometries due 

to important bond distance distortions associated to the coexistence of V-O single and V=O 

double bonds, we have used normalized versions of the X-ray coordination polyhedral 

throughout.  The calculation therefore indicates only the angular distortions, as discussed 

elsewhere.46 We retrieved the structural data for V10 and V9Mo that we analyzed from the 

Cambridge Structural Database (CSD), version 5.36 59 and from the Karlsruhe Inorganic Crystal 

Structure Database (ICSD).60  

 

III. Results and Discussion 

The study presented here uses three different methods to explore how the environment 

inside RMs affects the POMs encapsulated therein. Through DLS measurements, we observe the 

size characteristics for POM containing RMs. Comparisons between different POMs informs us 

about the interactions that dominate the size of the RMs. 51V NMR spectroscopy informs us 

about the state of the POM inside the RMs.  Finally, shape analysis points to similarities and 

differences between the POM structure, and ties the DLS and 51V NMR data leading to a 

comprehensive picture of the POMs in the RMs.   

III. A. 
51
V NMR Measures of V10 and V9Mo in Aqueous Stock Solution and in AOT RMs.  
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Fig. 2 shows 51V NMR spectra collected for V10 in aqueous stock solution at pH 5.0 and 

in the series of RM solutions with w0 = 8, 12, and 20, prepared as described in sections II.B and 

II.C. We have shown the utility of 51V NMR spectroscopy for characterizing the interior of RMs 

in previous studies.40, 61, 62 Similar to our previous reports, the spectra in Fig. 2 show that the V10 

signals peak at different chemical shifts when they are in the RM compared to bulk aqueous 

solution.40 As the RM water pool grows with increasing w0 value, we observe slight shifting of 

the V10 peaks downfield toward the peak positions for the V10 in bulk aqueous solution. We have 

previously noted that even though other measures of water in AOT RMs indicate that most of the 

water in a w0=20 RM behaves like bulk water,63 the environment sensed by the V10 cluster 

differs significantly from bulk aqueous solution; the V10 NMR peaks never come close to the 

chemical shifts observed for V10 in bulk aqueous solution at pH 5.0.  

The 51V NMR spectra are consistent with deprotonation of the HV10 species that 

dominates at pH 5 to form V10, the -6 species. This is readily understood considering that V10 is 

involved in the following proton equilibria shown in equations (2) – (4).  However, this 

deprotonation although consistent with previous studies countered our attempt to study both the 

HV10 and the V9Mo whose charge are identical and gave us a system in which the charge differs 

by -1. 

 pK1 = 5.5-6.0 44  (2) 

 pK2 = 3.1-3.7 44  (3) 

 pK3 ~ 2.0 44  (4) 

 

 
V10O28

6−
+ H + � ��� �� HV10O28

5−

 
HV10O28

5− + H + � ��� �� H2V10O28
4−

 
H2V10O28

4−
+ H + � ��� �� H 3V10O28

3−
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Fig. 2. Representative 51V NMR spectra of V10 aqueous stock solution (0.7 mM at pH 5.0), and 

in AOT reverse micelles with w0 = 8, 12 and 20 prepared with pH 5.0 solutions of V10. Vertical 

dashed line indicates the position of the VC peak in aqueous solution and is included as a guide to 

the eye (see Fig. 1 for key to VA, VB and VC).  

 

In addition to changes in chemical shifts, the 51V NMR spectral linewidths for V10 in 

RMs are also broader than for V10 in aqueous stock solution. The spectra in Fig. 2 show that the 

linewidths increase with decreasing RM size suggesting an increasingly confined environment as 

the RM water pool size decreases. Overall, the spectra observed for V10 inside the RMs 

demonstrate differences in the environment compared to those in aqueous solution consistent 

with our previous reports.40, 61, 62  

To test whether V10 represents an isolated case of an anionic POM in confined 

environment, we investigated V9Mo in the same RM environments. The V9Mo analog of V10, 

where one of the V10 axial vanadium atoms (VC) has been replaced by a Mo atom, (Fig. 1b) is 

stable at pH 5.0.43  V9Mo has a similar structure and the same charge as the monoprotonated 
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form of V10, that is, HV10O28
5- versus V9MoO28

5-.  The major difference between V10 and V9Mo 

is the asymmetry Mo induces when it replaces one of the VC atoms of V10.  

Fig. 3 shows the 51V NMR spectra of aqueous stock solution at pH 5.0 and the series RM 

solutions containing V9Mo.  Six separate 51V NMR signals appear for V9Mo in a 2:2:2:1:1:1 

ratio 43 in contrast to the three signals in 1:2:2 ratio observed for V10. The presence of V10 in the 

solutions with V9Mo is evident in the resulting NMR spectra by observation of the additional 

peaks attributable to V10. To simplify the analysis of changes in V9Mo signals as the RM 

environment changes, we show spectra in which we have subtracted the V10 signal allowing us to 

focus on the signals from the V9Mo.  The V9Mo cluster is an analog of V10 (Fig. 3), but the 

single Mo substitution breaks the symmetry seen in V10 leading to six separate 51V NMR signals 

in contrast to three for V10. As described in the experimental the signals from V10 is subtracted 

by using the integration of the VC signal from V10 that does not significantly overlap with any 

signals from V9Mo. For bulk aqueous solution at pH 5.0, the V10 signal represents 44% of the 

complexes in solution. In the RM solutions, we observe different amounts of V10 depending on 

the size of the RM.  The following amounts of V10 was subtracted from each of the samples 

shown in Fig. 3; 28% for w0 = 30, 24% for w0 = 20, 27% for w0 = 12 and 41% for w0 = 6 of the 

oxometalate. The more complex 51V NMR spectrum for V9Mo provides us an opportunity to 

probe the environment around the V-atoms and potentially providing more information as we 

vary the RM sizes. 

Page 15 of 40 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



Revised 09012015- 2015 POM V10 MoV9 Shape Analysis 

 16

                    

Fig. 3. Representative 51V NMR spectra of V9Mo aqueous stock solution (0.7 mM at pH 

5.0; 7.0 mM metal ions), w0 = 6, 12, 20 and 30. Spectra have had the pure V10 contribution 

subtracted (28% for w0 = 30, 24% for w0 = 20, 27% for w0 = 12 and 41% for w0 = 6 of the 

oxometalate).  The vertical dashed line indicates the position of the VF peak in aqueous solution 

and is included as a guide to the eye (see Fig. 1 for key to VA, VB, VC, VD, VE, and VF). 

 

The method used to prepare V9Mo 43 arises from an equilibrium between the V9Mo 

isomer shown in Fig. 1b and V10. Because the V9Mo complexes are somewhat labile, it is 

noteworthy that we observe signals for V9Mo even in the smallest RMs where the average 

number of V atoms per RM is two, far less than the nine or ten that comprise the POM clusters. 

This demonstrates that the V9Mo complexes remain intact inside the RMs even for the smallest 
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RMs (w0 = 6) investigated, documenting that the V9Mo is stable even in this environment. 

Because the V9Mo and V10 are equilibrating, the change in the V10-V9Mo ratio reflects subtle 

changes in the environment of the RMs nanosized water droplet.  Although the change in the 

V10-V9Mo ratio is a modest 6% from w0 = 30 to w0 = 20 the change is more dramatic from w0 = 

12 to w0 = 6 where the increase of 14% corresponding to a 50% increase in V10 contribution. The 

latter change in V10V9Mo ratio is significant and point to V10 being more stable than V9Mo in 

the smaller RMs despite its higher charge. 

Similar to results for V10, the linewidths for V9Mo 51V NMR spectra shown in Fig. 3 

gradually increase as the RMs shrink from w0=30 to w0=6.  In RMs with w0=30, the linewidth 

values approach those of the bulk solution, which suggests that the water pool is large enough for 

the V9Mo molecule to tumble as if it were in bulk water. The significant increase in linewidth for 

V9Mo in w0=6 RMs indicates that the environment confines the V9Mo molecules enough so that 

their motion is restricted. We observe different linewidth increases for specific peaks. For 

example, the VA peak broadens significantly as observed for the V10 cluster.  For the signals for 

VB and VC more linebroadening is observed compared to signals VD, VE and VF as the w0 size of 

the RMs approach w0=6. The broadening for VB and VC is consistent with hindered motion 

around several molecular axes as anticipated when the V9Mo molecule is rotating but is 

encountering resistance due to a lack of space in the RM water pool. In contrast, the VE and VF 

peaks remain almost the same width in bulk solution and w0=6. These differences indicate that 

the RM introduces an increasingly constricted environment that precludes regular motion by 

these large POMs on the wide axis but not on the smaller axis.  

Studies have shown that some fraction of the intramicellar water interacts strongly with 

surfactant headgroups at the interface.64 For RMs with w0 > 10 encapsulating only water, more 
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than half of the water forms a core away from the interface.64 The pH = 5.0 value of the aqueous 

vanadate stock solution introduces the V10 and V9Mo into the solution as highly charged anions.  

This should result in significant Coulomb repulsion between the AOT headgroups and the 

oxometalate probe molecules. The dramatic linebroadening of these signals suggests that the 

oxometalate resides at the intramicellar interface. We have previously observed immobilization 

of the negatively charged V10 molecule in RMs created with a cationic surfactant, CTAB/1-

pentanol reverse micelle regardless of the RM size, most likely from strong Coulomb attraction 

of V10 with the positively charged interface.61 The narrow linewidths observed for spectral 

signals of V10 and V9Mo when w0 > 10 indicate that these POM molecules stay away from the 

interface, residing in the “bulk” intramicellar water pool.40 In the larger RMs, such as w0 = 20, 

the internal diameter is ~70 Å.64  Excluding a shell of 5 Å from both sides leaves ~ 60 Å inside 

the RM.64 In this environment the V10 and V9Mo can tumble almost as freely as they can in bulk 

water. Thus, for w0 = 20, the linewidths for V10 signals are comparable to aqueous bulk solution, 

see Fig. 2.  

One additional observation adds to our understanding of how the RM affects the 

solubilized POMs, that is, there is a lower limit to the size RM that can encapsulate a POM.  

Previously, we have observed that below w0=6 we cannot stabilize RM solutions containing V10. 

62 We observe the same limit for V9Mo in AOT RMs.  This suggests that RMs smaller than w0=6 

are too small to stabilize V10 or V9Mo in their interiors. We explain this on the basis of hydration 

of both the AOT surfactant headgroups and hydration of the POMs.  We have previously 

observed that the smallest AOT RMs we could prepare that encapsulate V10 was w0=6.62 For this 

size RM, there is sufficient water to form a water layer at the AOT surface and a layer at the 

POM surface.  At lower values of w0, there is not enough water to both hydrate the AOT 
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headgroup and POM simultaneously.  In w0=6 RMs, all the water present interacts strongly with 

either the inner surface of the RM or the surface of the POM.  This interfacial water has been 

observed to relax more slowly than bulk water 38, 39 and can lead to the broadening we observe 

for the 51V NMR spectra of both V10 and V9Mo (Figs. 2 and 3).65, 66   

Although the linewidths observed for 51V NMR spectra of V9Mo and V10 in RMs follow 

similar trends, their chemical shifts do not. RM encapsulated V9Mo shows virtually no change in 

chemical shift from the peak positions in bulk aqueous solution, regardless of w0 value. We have 

attributed the chemical shift changes for V10 encapsulated in the RMs due to deprotonation of the 

V10 species.40 thus producing the POM with a -6 charge in place of the -5 charge for the V9Mo  

Replacement of one V atom with a Mo in the V10 molecule leads to a oxometalate that is much 

more acidic with a pKa of 2.77 compared to the 5.5 for V10, see equation (3) an (5): 

 pKa =  2.77 43  (5) 

As a result, for all practical purposes, the V9Mo solutions created at pH 5.0 for these studies have 

only one V9Mo species in solution and that is V9MoO28
5-. The dynamic equilibrium between V10 

and V9Mo in solution leads the 51V NMR spectra of V9Mo solutions also to include some V10 

(subtracted from spectra shown in Fig. 3). The V10 signals appearing in V9Mo solutions display 

the same shifts associated we observe for pure unprotonated V10 in the RMs reported here and 

previously.40 The absence of chemical shift changes for V9Mo in RMs confirms the 

interpretation that chemical shifts seen for V10 arise from variations in protonation equilibrium 

and are not due to other effects arising from the confined RM environment.   

We observe similar linebroadening for both V10 and V9Mo in the AOT RM environment 

despite the higher charge on V10. The trends in the linewidth thus appear the same regardless of 

the net charge on the POMs. 

 
V9MoO28

5− + H + � ��� �� HV9MoO28
4−
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III. B. DLS Measurements of POMs in AOT RMs.  Table 1 lists hydrodynamic radii of 

AOT/isooctane RMs containing only water, aqueous V10 solution and the aqueous solution 

containing the V10 / V9Mo mixture as well as the polydispersity of those measurements. DLS 

polydispersity is a measure of how uniform the particles are.  We also include size data from the 

literature for comparison in Table 1. Our results for AOT/isooctane RMs with only water (no 

POM) agree very well with previously reported measures.61, 62 The AOT/isooctane RMs 

containing V10 were similar in size to experiments we have previously reported and, within the 

uncertainty of the measurements, were no different than the RMs containing only water.61, 62  

The AOT/isooctane RMs containing the V10/V9Mo solution will contain either a V10 or a 

V9Mo or if they are sufficiently large one of each.  We calculate that RMs with w0≤12 contain 

fewer than one POM per RM; larger RMs contain, on average, about one POM per RM.  Thus, 

DLS measurements of these solutions of RMs will, include three different types of interiors: pure 

water, water and V10, or water and the V9Mo/V10 mixture. Our results for RMs containing either 

water or water and V10 yield essentially the same size. If the V9Mo leads to RMs with a 

significantly different size, then we would expect - at a minimum - to see larger polydispersity, 

and if the effect is large, potentially different hydrodynamic radii.  The charge on the V10 inside 

the RM is -6 while the V9Mo carries a charge of -5. If the overall POM charge affects the 

packing of the RMs and thus the size of the RM, then we might expect to see a difference in size.  

The data presented in Table 1 show that, within our ability to measure the size found for the 

combined V9Mo/V10 mixture was experimentally indistinguishable from that observed for V10 

and RMs containing only water. Importantly similar behavior is observed between V10 and V9Mo 

in the AOT RMs’ even through they carry different in charge. This suggests that the similarity in 

shape and size is probably more important for determining the nature of the RMs.   
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Table 1. The sizes of 0.1M AOT/isooctane RMs that contain water, V10 and V9Mo as 

determined by DLS. Radii for reverse micelles in nma. 

w0 H2O
b H2O V10 V9Mo 

6 2.8 3.1 (0.2) 3.6 (0.2) 

3.6 (0.2)c 

3.8 (0.2) 

8 3.2 3.40 (0.2) 3.7 (0.3) 4.5 (0.1) 

10 3.4  4.4 (0.2)c  

12 3.7 3.80 (0.2) 4.6 (0.1) 4.9 (0.1) 

20 4.4 4.45 (0.1) 5.0 (0.4) 5.0 (0.3) 

aThe number in parenthesis is the standard deviation for 15-30 acquisitions. bRef 61. cRef 

67. 

 

III. C.  Continuous shape measures (CShM) analysis of the V10 and modified V10. The 

CShM analysis allows us to explore the how the POM geometry changes upon substitution of 

one V atom in the V10 cluster.  Coupling the information on structural changes with 51V NMR 

studies in RMs describing the environment of two POMs combined with DLS studies 

determining the size of the RMs containing POMs lead to information on the environments in the 

RMs.  Specifically, we can compare the effect of size (similar for both PMs) and charge (one 

POM is -4 and the other -5/-6). To carry out a CShM analysis between two similar species 

requires structural knowledge usually obtained from x-ray diffraction measurements.  Although 

excellent x-ray crystal structures exist for V10, x-ray crystal structures that have been solved for 

the V9Mo show significant disorder attributed to the variation in the Mo occupancy.68 
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Unfortunately, this limits the utility of CShM applied to V9Mo and V10. Because, the V9Mo x-ray 

structures are unsuitable for CShM analysis to explore the effect of the Mo heteroatom on the 

V10 geometry we explored the possibility of using alternative V9M derivatives where M would 

be a different metal ion.  

A number x-ray structures exist for POMs in which one V-atom has been replaced with 

an alternative atom. 69, 70, HTeV9O28
4- 71, H2TeV9O28

3- 72, HIV9O28
3- and IV9O28

4- 73.  We searched 

the crystal structure database (CSD) to identify other monosubstituted POMs that could serve as 

a good proxy for the V9Mo complexes and provide atomic coordinates for comparison.  Several 

potential structures emerged from this search including H2PtV9O28
5- 69, 70, HTeV9O28

4- 71, 

H2TeV9O28
3- 72, HIV9O28

3- and IV9O28
4- 73. Because of the stringent and precise atomic location 

requirement needed for CShM analysis, the only the x-ray structure with sufficiently high 

resolution to carry out the CShM analysis was H2PtV9O28
5- (PtV9).

69 Because this structure was 

doubly protonated, it was important that we also explore the impact of protonation equilibria on 

the structure of the decametalates.  

Before performing the CShM analysis on the monosubstituted V10, we first analyzed the 

shapes of the homometallic V10 atoms found in the CSD.  We chose a ten vertex edge-sharing 

bioctahedron (eshbOC-10) formed by two fused regular octahedral, shown in Scheme 1, as a 

reference shape against which we compared the metal core of the V10 anions found in the CSD.  

 

eshbOC-10  
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Subsequently we characterize the coordination polyhedra of the V-atoms with a threefold 

purpose: (a) To characterize the distortions of the three types VO6 octahedra (VA, VB and VC in 

Fig. 1); (b) to verify if different degrees and patterns of protonation have structural influence on 

those octahedra; and (c) to study the effect of metal substitution on the shape of the MO6 

octahedra (M = V, Pt). 

The CShM analysis first focused on 74 unprotonated decavanadate structures 74-135 

yielded rather small shape measures relative to the reference geometry, with an average 

S(eshbOC-10) = 0.05(2) and a maximum value of 0.14.  Single protonation of decavanadate does 

not significantly alter the geometry of the metal skeletons; their shape measures relative to the 

eshbOC-10 are on average 0.05(1).  However this value is based on only five structures.  Higher 

degrees of protonation, in HnV10O28
-(6-n), have only a minor effect on the geometry of the V10 

core, with average S(eshbOC-10) values of 0.10(4), 0.11(2), 0.09(3) for n = 2, 3 and 4, 

respectively.  If the 83 structures including all degrees of protonation are considered together 102, 

103, 136-184, the average measure is S(eshbOC-10) = 0.10(3), indicative of only minor structural 

variability.  We have also considered the possibility of structural influence by hydrogen bonding 

between decavanadate and the cations, but neither the shortest hydrogen-bonded distance nor the 

number of hydrogen bonds seem to correlate with the small changes observed in the bioctahedral 

shape measures.   

Replacing a vanadium atom in the V10 complex by Pt to generate the PtV9 anion does not 

affect the overall shape of the metal core. The CShM value is 0.03.  We therefore established that 

the shape of the decametallate core is quite robust and suffers little distortions from ideality, 

regardless of the nature of the metal ions. 
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After establishing that the shape of the decametalate core suffers little distortions from 

ideality, we turn our attention to the individual positions of the oxygen atoms that constitute the 

outer envelope of the polyoxometalate.  To that end we have carried out a shape analysis of the 

coordination polyhedra of the three types of vanadium atoms, first for the unprotonated anions 

and then for the protonated ones, to ascertain any stereochemical effects associated to 

protonation.  Two types of terminal unbridged oxo ligands (Of and Og illustrated in Table 2) have 

V=O double bond character. The CShM analysis reveals significant distortion of the 

coordination sphere due to bond distance differences. To minimize effects of bond distance 

distortions, we configured the analysis by distance-normalizing the coordination polyhedra so 

that the resulting shape measures are sensitive only to angular distortions.  In addition, we have 

repeated the analyses with the experimental coordination bond distances distortions to make sure 

that our conclusions are not biased by the use of normalized distances.  

We first present analysis of the bare, unprotonated, V10 anion structures calculating the 

shape measures of the VO6 groups for the three types of vanadium atoms, VA, VB and VC, 

relative to the octahedron and the trigonal prism. These shape measures are plotted in a shape 

map (Fig. 4a).  Although these structures are far from the Bailar interconversion pathway 

between the octahedron and the trigonal prism, the TPR-6 shape measure allows us to 

discriminate the different distortions undergone by the VB and VC atoms.  In that map the VA, 

VB and VC atoms occupy each well defined regions.  The VA atoms, that have only single V-O 

bonds, appear closer to the ideal octahedron than VB and VC, each having a V=O double bond.  
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Fig. 4.  Position of the normalized polyhedra of the three types of VO6 groups in (a) 

unprotonated and (b) protonated decavanadates on a shape map relative to the regular octahedron 

(OC-6) and the trigonal prism (TPR-6). 

We have also analyzed the structures of V10 anions crystallized with several degrees of 

protonation, including the unprotonated V10O28
6- form, as well as the structures of HV10O28

5-, 

H2V10O28
4-, H3V10O28

3-, and H4V10O28
2-. We also considered H5V10O28

- and the neutral H6V10O28 

even though we could not locate crystal structures for them and their protonation positions are 

either unassigned or assigned arbitrarily. All the VO6-n(OH)n polyhedra in the protonated anions, 

regardless of their degree of protonation (Fig. 4b), occupy the same regions of the shape map.  

We observed insignificant dispersion for VA and VC.  However, as anticipated, some dispersion 

was observed for VB because the oxygen atoms associated with these sites correspond to 

protonation sites.  It was surprising that such a modest dispersion was calculated for the 

corresponding shape measures.  

Table 2.  Protonated oxygen sites and affected vanadium coordination spheres for different 
degrees of protonation (n) of decavanadates.  Key for the oxygen atoms are shown in Fig. 1a. 

 n Site Modified coordination spheres 
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 1 Oc VBO5(OcH), VCO5(OcH) 

 2 Ob, Ob VAO5(ObH), VCO5(ObH) 

  Ob, Oc VAO5(ObH), VBO5(OcH), VCO4(ObH)(OcH)   

  Oc, Oc VBO5(OcH), VCO5(OcH) 

  Of, Of VCO5(OfH) 

 3 Ob, Oc, Oc  VAO5(ObH), VBO5(OcH), VCO4(ObH)(OcH)  

  Oc, Oc, Oe  VAO5(OeH), VBO5(OcH), VBO4(OcH)(OeH), VBO5(OcH) 

 4 Ob, Ob, Ob, Ob  VAO4(ObH)2, VCO4(ObH)2  

  Ob, Ob, Oc, Oc VAO5(ObH), VBO5(OcH), VCO4(ObH)(OcH) 

  Ob, Ob, Of, Of VAO5(ObH), VCO4(ObH)(OfH), VCO5(ObH) 

  Oc, Oc, Oc, Oc VCO5(OcH), VBO4(OcH)2 

  Oc, Oc, Oe, Oe VAO5(OeH), VBO4(OcH)(OeH), VCO5(OcH) 

 6† Ob, Ob, Oc, Oc, Oe, Oe VAO2(ObH)2(OeH)2, VBO5(OeH), VBO4(OcH)2, VCO5(OeH),  

   VCO4(OcH)(OeH) 

† The assignment of the protonated sites in this case has been made arbitrarily. 

The variety of protonation states available (from 0 to 6) and types of oxo ligands (seven 

different types, Table 2, 3 and Fig. 1) ) and vanadium atoms (three types, Fig. 1) results in a large 

number of possibilities, preventing a full analysis of the effect of protonation of different oxygen 

sites on the local geometry of the VO6 groups.  However, some common features of the 

protonation events have been found among the 83 structures of V10 with different protonation 

states (Table 2).  The most common motifs that were submitted to a shape analysis are: 

VAO5(ObH), VBO5(OcH), VCO5(ObH), VCO5(OcH) and VCO4(ObH)(OcH), Table 3.  The 

results for the cases where Ob and Oc are protonated are shown in Fig. 5, where the distribution 

of the octahedral shape measures of those vanadium centers are compared to those of the 

corresponding unprotonated VO6 groups.  Fig. 5 shows that only in the case of VC does the 

protonation of the Ob site promote a significant additional distortion of the coordination 
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octahedral.  The fact that a significant change is observed for the VC site is to be expected 

because it contains a V=O. However, at this position little change was observed with the 

normalized polyhedral when comparing deprotonated and protonated structural data, Fig. 4.  

Even the protonation of the Of site that converts an oxo into a hydroxo group does not have a 

significant effect on the angular arrangement of the VC-O bonds, except for a bond distance 

elongation, Fig. 5.  This observation is remarkable, because in general the V10 / V9Mo anions are 

viewed as pretty inflexible and in such case one would have anticipated that significant effects 

on the angular arrangement would have resulted.  However, comparison of the structural 

parameters of different V10 anions show that the system is actually pretty flexible, because for 

example the protonation will be countered by changes on the other side of the cluster. That is the 

overall structure is distorted but maintaining its overall structure.  As a result these structural 

changes observed upon replacement of a V-atom appear to be much more fluid and gradual and 

thus can explain the lack of response upon any change observed for VA and VB.   

 

Fig. 5.  Comparison of the distribution of the octahedral shape measures (S(OC-6)) for the 

unprotonated VA (blue bins), VB (red bins) and VC (green bins) centers with those of the most 

common protonated centers (grey, purple and pink bins). 
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Table 3.  Average geometric parameters for the VA, VB and VC atoms in bare decavanadate 

structures in the CSD (standard deviation in parentheses), in VC with Ob protonated, and for the 

PtA and VA atoms in PtV9. 

The occupation of different regions of the shape map by the three types of V atoms in V10 

indicate different distortions for each of them, schematically shown in Table 3 together with 

averages of the relevant bond angles.  The VA atom presents a significant bending of the two 

axial Ob atoms, together with a strong asymmetry of the equatorial bond angles.  The VB and VC 

atoms, on the other side, present a practically linear O=V-O fragment and a strong 

pyramidalization towards the doubly bonded oxygen atom (Og and Of, respectively), and a 
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significantly higher asymmetry in the equatorial bond angles in VC than in VB.  The shift of the 

octahedral shape measures of the VC atoms upon protonation of their Ob ligands (Fig. 5c) seems 

to reflect relatively small variations (of about 2°) in the bond angles, according to the data in 

Table 3. 

Finally, we analyze the effect of substituting a Pt for a V atom on the geometries of the 

coordination polyhedra in V10 as a representative sample for a polyoxometalate with a 

heteroatom in the lattice, Fig. 1c.  The Pt atom is larger than the Mo-atom, but the placement of 

the Pt in the cluster replacing the center V-atoms is likely to be less disruptive in the shape of the 

molecule.  The CShM analysis allows us to assess the distortions and  Fig. 6 plots the shape 

measures for the PtV9 compound in a shape map together with the V10 atoms.  The results 

revealing how drastic changes occur in the metal coordination spheres, particularly in the Pt and 

V centers at the VA sites, Fig. 6a.  The PtO6 core is much closer to a perfect octahedron than the 

V atoms in the VA site in V10, and this results in substantially more distortion for the remaining 

VA atom compared to the parent V10 atoms.  The other V atoms in neighboring positions to Pt 

(two VB and four VC atoms) present also different coordination geometries than in the V10 anion, 

Fig. 6b and 6c. The two VB atoms adjacent to VA essentially retain the shape they have in the 

unsubstituted V10. That is, the Pt atom in PtV9 has a coordination geometry much closer to the 

octahedron, and the V atom at the other VA position, is more severely distorted than in the bare 

or protonated V10 anions. 
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Fig. 6.  Position of the MO6 octahedra of the H2PtV9O28
5- anion in an octahedron-trigonal prism 

shape map.  Circles (blue) correspond to the Pt and VA centers, triangles (red) to the VB, and 

diamonds (green) to the VC ones.  The colored areas mark the position of the three types of 

unprotonated metals. 

 

In summary, the studies of V10 and V9Mo encapsulated by the self assembling AOT into 

small water droplets was carried out at pH 5.0 where the V10 was monoprotonated and the 

overall charge on the V10 was -5.  These conditions were selected in order to have two similar 

oxometalates monoprotonated V10 and V9Mo with the same charge.  DLS size measures of POM 

encapsulating RMs showed insignificant differences. Because the V10 deprotonate in smaller 

AOT RMs rendering charges different, we sought other ways to explore the effect of Mo 

substitution into the V10.  We therefore considered the effect of protonation of the shapes of the 

V10 structures using CShM analysis.  Because of the different types of V-atoms, some which 

have a V=O and others that do not, differences are anticipated, however surprisingly small 

difference were observed experimentally of a large oxometalate upon dissolution into a 

nanosized water droplet even upon changes in charges.  We therefore examined the system using 

using CShM analysis and then subtle differences can be identified.  
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Perhaps the greatest surprise in this work is how little effects protonation and substitution 

of V-atoms in the oxometalate core have on the overall shape of the molecule.  Indeed, even the 

deprotonation of the V10 in smaller AOT RMs have little impact of the size and solubilization of 

the oxometalate.  Overall we conclude that the most important property of the oxometalate in 

solubilization in the AOT RM is the shape and size of the species. 

 

V. Conclusions 

This work explores the question whether a different response is observed when placing 

large (8.3 Å x 7.7 Å x 5.4 Å) decametalates that have different charges and polarities in a 

nanoscale water droplet environment of reverse micelles. Upon placement in the small AOT 

reverse micelles, solutions originally containing protonated HV10 result in spectra consistent with 

deprotonation of the V10 thus limiting the comparison of species with similar charges. The space 

needed for accommodation of the decavanadate and molybdenum-substituted decavanadate was 

also characterized.  Below w0 = 6, reverse micelles do not form, whereas they readily form 

containing aqueous solutions without oxometalate. These findings suggest that certain minimum 

hydration shell is needed to form the reverse micelles containing polyoxometalates.  When the 

reverse micelle size precludes formation of a hydration shell around the oxometalate probe and 

hydration of the reverse micellar inner interface, the solution either phase separates or the 

oxometalate precipitates out from the solution.  

The long axis of the V10 molecule along with its hydration shell fits snugly in AOT 

reverse micelles of w0 = 8 and even down to w0 = 6. In this situation the motion of decavanadate 

molecules is perturbed significantly as reflected in the 51V NMR linewidths. In contrast to larger 

reverse micelles, e.g., w0 = 30, where the linewidths are very similar to those in bulk water. 
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Similar behavior has been observed for the structurally very similar molybdenum-substituted 

decavanadate. In order to determine exactly how similar the oxovanadates were structurally, we 

embarked on a shape measures analysis. This is the first time the shape measures method has 

been applied to the family of polyoxometalates.  This method allowed us to determine that 

despite the differences in charge and polarity, the structures and shapes were very similar.  We 

conclude that these two systems show indistinguisable hydration of both oxometalate and 

micellar surface groups and this was observed even though significant differences exist in 

charges.  Combined these studies demonstrate that studies of reactions in reverse micelles will be 

greatly sensitive to the compounds solubilized and its location.  Importantly, these 

polyoxometalates need hydration spheres around them and for the case of decavanadates 

molecular size and shape is more important than charge on oxometalate. 
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V NMR spectroscopy, dynamic light scattering and continuous shape analysis to 

characterize encapsulation of two polyoxometalate in reverse micelles.   
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