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Using incoherent quasi-elastic and inelastic neutron scattering, we have investigated the hydrogen
relaxational dynamics and hydrogen vibrational modes in the polyoxomolybdate specie [Mo72Fe30O252-
(CH3COO)12[Mo2O7(H2O)]2[H2Mo2O8(H2O)](H2O)91]� � 150 H2O. The translational dynamics of the water
molecules in the compound is profoundly different from that of bulk water at the same temperature
showing a non-Debye relaxation behavior. The temperature dependence of the relaxation time can be
described in terms of an Arrhenius law, indicating that the dynamics is triggered by the breaking of
the bonds connecting the crystal water molecules with the hydrophilic nanocapsule surfaces. Inelastic
neutron scattering spectra confirm the attenuation of water translational modes with respect to the bulk
water case due to the strong destructuring effect imposed by the nanocage interface and the enhance-
ment of the highest frequency librational mode as already found in hydrated Vycor or Gelsil matrix. Small
angle X-ray scattering on freshly prepared aqueous solution evidences the presence of nanocapsule struc-
tures proper of the monomer (2.6 nm in diameter) that coexist with a small amount of oligomers. After
1 month the polyoxomolibdate specie self-assembles in a supramolecular structure with a polydisperse
distribution of dimensions spanning from the monomer to the ‘‘blackberry” vesicular structure already
reported in literature.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Polyoxometalate (POM) clusters represent a class of inorganic
compounds showing unique properties and a wide range of appli-
cations having relevance to catalysis, materials science and medi-
cine [1]. Their molecular properties such as composition, size,
shape, charge density, acidity, and solubility can be extensively
tailored in order to match different requirements. As an example,
the icosahedral cluster [Mo72Fe30O252(CH3COO)12[Mo2O7(H2O)]2-
[H2Mo2O8(H2O)](H2O)91]� � 150H2O is attractive because it has a
peculiar hydrophilic surface and is a novel polyprotic nanoacid
[2,3]. The cluster thereinafter shortly referred as {Mo72Fe30}� �
150H2O or simply {Mo72Fe30}, exhibits a nanometer-sized cavity
and 20 pores equivalent to 20 Mo3Fe3O6 rings. It can be considered
as a nanocapsule with a diameter of about 2.5 nm. The icosahedral
cluster contains 91 water ligands coordinated to the Fe and Mo
atoms (40 outside and 51 inside). In addition, about 150 discrete
H2O molecules are present, 25 inside the nanocavity and the rest
in the voids between the clusters. On the other hand, the
{Mo72Fe30} cluster has unique solution properties: its acid nature,
FeIII(H2O) groups are weakly acidic, results in the formation of
ll rights reserved.
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discrete spherical macroanions. These macroanions self-assemble
into ‘‘blackberry”-type structures where as an example their
dimension can be controlled by the pH value [2–6]. In this paper,
we report on the single particle dynamics of both, water molecules
located inside and attached to the {Mo72Fe30} nanocapsule by inco-
herent Quasi-Elastic Neutron Scattering (QENS). Moreover, we
show data on water low-frequency modes as accessed by Inelastic
Neutron Scattering (INS). In the last section of the paper, we
address solution structure and self-assembly properties of such
macroanions using Small Angle X-ray Scattering (SAXS).
2. Experimental

2.1. Materials

The investigated sample was prepared according to a published
preparation method [7].
2.2. QENS measurements

QENS measurements of {Mo72Fe30} nanocapsules have been
performed at the National Institute of Standards and Technology
(NIST) Center for Neutron Research (NCNR), using the disk chopper
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spectrometer (DCS) [8] and the high-flux backscattering spectrom-
eter (HFBS) [9]. A detailed description of the instrumental set-up
can be found elsewhere [10]. DCS was operated in the ‘‘low resolu-
tion” configuration using neutrons with 9 Å incoming wavelength.
Thus, the instrumental resolution function was a Gaussian Func-
tion with �20 leV Full Width at Half Maximum (FWHM), as mea-
sured using both a vanadium standard and a measurement of the
sample itself at �20 K, a temperature at which the hydrogen atoms
dynamics in the sample is frozen. Data were collected from 300 K
to 250 K, with 10 K intervals. The backscattering spectrometer
was operated with a Doppler frequency of 50 Hz which gives an
energy resolution of �1 leV and an accessible energy window of
±36 leV. Data were collected at 250 K, 240 K, and 230 K.

2.3. INS measurements

INS data were obtained using the Filter Analyzer Neutron
Spectrometer (FANS) on BT-4 [11] at the NCNR. The sample was ar-
ranged in an annular geometry and contained in an aluminum can.
The temperature was controlled using a closed cycle refrigerator
with an accuracy better than 0.1 K. Two different monochromators
were used in order to access energy transfers between 4 meV and
140 meV: pyrolytic graphite PG(0 0 2) that covers from 4 meV to
45 meV and Cu(2 2 0) in the range from 25 meV to 250 meV. Sam-
ples prepared identically to those used in the QENS experiment
were analyzed. Data were collected over the energy range from
5 meV to 140 meV at 200 K and 270 K.

The INS spectra collected on FANS for each sample are represen-
tative, within certain approximations, of the density of states of the
sample [12]. DAVE1 was used for the data reduction of the INS data.
The spectrum for the hydrogen density of state in {Mo72Fe30} nano-
capsules was modeled using 8 Gaussian lineshapes as detailed in the
text (see Fig. 3).

2.4. SAXS measurements

SAXS measurements were carried out with a HECUS SWAX-
camera (Kratky),2 detailed explanation of the experimental set-up
can be found elsewhere [13]. The Kratky camera was calibrated in
the small angle region using silver behenate (d = 58.38 Å) [14] Scat-
tering curves were obtained in the Q-range between 0.009 Å�1 and
0.55 Å�1, Q being the scattering vector Q = (4p sinh)/k, 2h the scatter-
ing angle, and k is the wavelength of the incoming photons (or neu-
trons). Aqueous solution of (0.5 mg/mL) {Mo72Fe30} nanocapsules
was filled into a 1 mm quartz capillary and kept at 25 �C. This con-
centration has been chosen in order to stay above the reported crit-
ical association concentration (CAC) [5], reduce the counting time
and to avoid any unwanted inter-monomer interference. SAXS
experiment was performed both on the freshly prepared and on
the 1 month old solution. During the measurement the temperature
(25 �C) was controlled by a Peltier element, with an accuracy of
±0.1 �C. In order to reduce the noise on the scattering curves the total
counting time has been fixed to 9 h as repetition of three consecutive
acquisitions of 3 h. The averaging was acceptable since consecutive
acquisitions on the same sample presented the same scattering
trend. For this reason SAXS curve for the fresh sample are represen-
tative of a 3 h old sample. All scattering curves were corrected for the
empty cell/solvent contribution considering the relative transmis-
sion factor. SAXS curves were iteratively desmeared using the proce-
dure reported by Lake [15].
1 DAVE, National Institute of Standards and Technology Center for Neutron
Research.

2 Identification of a commercial product does not imply recommendation or
endorsement by the National Institute of Standards and Technology, nor does it imply
that the product is necessarily the best for the stated purpose.
3. Results and discussion

3.1. Hydrogen relaxational dynamics and vibrational modes

The QENS spectra were fitted, in the range from Q � 0.2 Å�1 to
Q � 1.3 Å�1 where the spectra are mostly determined by the center
of mass dynamics of the water molecules, using the sum of a delta
function and of the Fourier transform of a stretched exponential
function, plus an instrumental background. The fitting formula
was:

SðQ ;xÞ ¼ Amp xdðxÞ þ ð1� xÞFT exp � t
s

� �b
" #( )( )

þ bkg ð1Þ

The delta function was identified as the contribution of the 91
water molecules which are part of the nanocage. In fact, x is Q inde-
pendent indicating that the delta is not related to a rotational or
confined process. At the same time, the value of x � 0.40 is in
agreement with the amount of scattering originating from the
water molecules within the {Mo72Fe30} nanocluster. Finally, x is
temperature independent [10]. The QENS results indicate that this
population of water molecules has a dynamics much slower than
1 ns (corresponding to the energy resolution of the spectrometers)
at the length scales (of the order of the Å) investigated in the
experiment.

The value of the stretching exponent b � 0.46, was found to be
with good accuracy both Q and T independent [10]. In Fig. 1 we re-
port the value of the average relaxation time, hsi ¼ s (Q)b�1C(1/b),
at Q � 1 Å�1, C(u) being the Gamma function. The data can be well
fitted according to an Arrhenius law, hsi = P � exp[�EA/RT] with the
prefactor P = 5.9 � 10�7 ps ± 1.5 � 10�7 ps, and an activation of EA

= 46.8 kJ/mol ± 0.6 kJ/mol.
The Q dependence of the average relaxation time indicates a dif-

fusive type of relaxation process. Therefore from the whole of the
data obtained in the QENS region, we can conclude that the ligand
water molecules in the nanocage are strongly bounded to the clus-
ter and do not show any translational dynamics. On the other hand,
the crystal water hydrating the nanocage show a diffusive process
which is thermally activated by the breaking of one or more hydro-
gen bonds. The spectra indicate a broad distribution of relaxation
Fig. 1. Temperature dependence of the average relaxation time measured at
Q � 1 Å�1. The continuous line is a fit to an Arrhenius law. Error bars represent the
standard deviation.



Fig. 3. Semi-log representation of {Mo72Fe30} nanocapsules INS spectra registered
at 270 K and 200 K showing the eight Gaussian components used in the fitting. The
dotted lines refer to the four individual components ascribed to methyl groups
present in the acetate ligand, while the solid filled components are connected to the
water molecule modes and the continuous lines represent the overall fit. The scatter
of the data point is an indication of the experimental uncertainty.
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times, likely related to the variety of microscopic environments
sampled by the water molecules around the cage.

According to the literature on bulk, supercooled and confined
water [16–19] the low-frequency portion of INS spectra for water
molecules (E < 150 meV) can be considered as the sum of two
translational (at about 8 meV and about 20 meV) and three high-
er-frequency librational bands [20] (from 40 meV to 150 meV). It
is common that the librational bands, resulting in a broad feature
centered below 150 meV, are enhanced with respect to the trans-
lational ones. In the present case of water confined in {Mo72Fe30}
nanocapsules, four components need to be added in order to con-
sider the contribution coming from the methyl group present in
the acetate ligand stabilizing the spherical ‘‘Keplerate”: these
Gaussians are used to fit the region from 10 meV to 40 meV [21].
The presence of the acetate ligands renders the determination of
the second translational contribution coming from the water mol-
ecules unfeasible so that only the other four components (one for
the low-frequency translation and three for rotations/librations)
have been used. For this reason the component at 20 meV will
not be commented as well as the four methyl bands between
10 meV and 40 meV are outside the scope of this investigation.

In Fig. 2 the evolution of low-frequency INS concerning water in
{Mo72Fe30} samples is shown as a function of temperature and the
relative fitting curve using eight Gaussian components is reported.
If we exclude the methyl contribution the incoherent neutron
spectrum of water bonded to the {Mo72Fe30} nanocage is domi-
nated by rotational dynamics as already reported in hydrated sys-
tems like Vycor [22] or Gelsil [18] where the water is confined in
the matrix nanopores. As temperature decreases, the high fre-
quency component of the broad band centered at about 90 meV
is enhanced in amplitude.

In order to have a detailed description of the fine structure of
the low-frequency vibrational density of states, the INS spectra
have been fitted according to the equation:

INSðEÞ ¼
X8

n¼1

Anffiffiffiffiffiffiffi
2p
p

rn

exp
ðE� EnÞ2

2r2
n

ð2Þ
Fig. 2. Inelastic neutron scattering spectra for {Mo72Fe30} nanocapsules at 270 K
and 200 K. The continuous lines represent the overall fit using eight Gaussian
components as analytically expresses by Eq. (2). The scatter of the data point is an
indication of the experimental uncertainty.
Fig. 3 shows the eight deconvoluted Gaussian bands at 270 K as
well as their change when the sample temperature is decreased
down to 200 K. The extracted parameters are listed in Table 1.
The translational mode at 7.7 meV (see Table 1) is present in both
spectra. This band is reminiscent of the two-peak structure already
reported in supercooled water as obtained by molecular dynamic
simulations [17]. As already anticipated the presence of the acetate
ligand makes the extraction of the second translational band at
Table 1
Fitting parameters (amplitudes An, center frequency En, and rn) as extracted by the
best fit using the eight components Gaussian deconvolution of the INS spectra of
water contained in {Mo72Fe30} nanocapsules at 270 K and 200 K. Parameters for
components from 2 to 5 are not reported since they are not relevant for the present
discussion.

270 K 200 K

A1 1.35 1.91
E1 (meV) 7.8 7.7
r1 (meV) 0.47 0.72
A6 205 209
E6 (meV) 61 62
r6 (meV) 12.8 12.4
A7 254 270
E7 (meV) 89 87
r7 (meV) 17.1 18.4
A8 350 600
E8 (meV) 128 119
r8 (meV) 27.3 28.1



Fig. 4. Scattering curve of 0.5 mg/mL {Mo72Fe30} nanocapsules water solution at
25 �C. Lower panel: (s) freshly prepared. Upper panel: (D) 1 month old. Continuous
lines are the best fit according to the model described by Eq. (3).
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about 20 meV impractical. The region between 40 meV and
140 meV can be well fitted using three Gaussians related to the
three rotational modes (librations), as already shown by Crupi
et al. [18]. In this region the contribution of the methyl group is
nearly negligible. In case of Gelsil matrix the librations are cen-
tered at about 52 meV, 70 meV and 91 meV while in the present
case the librations are shifted to slightly higher frequencies (from
10 meV to 35 meV, see Table 1). This prominent shift is due to
the higher confinement imposed by the interaction between the
water molecules and the {Mo72Fe30} core.

3.2. Self-assembly in aqueous solution

The self-assembly of {Mo72Fe30} macroanions in vesicle-like
‘‘blackberry” structures in solution has been revealed and exten-
sively monitored using static and dynamic laser light scattering
techniques varying the initial concentration, pH, ionic strength
and polarity of the solvent [2–6]. The blackberry formation of
{Mo72Fe30} in water is unusually slow: it takes months to reach
thermodynamic equilibrium at room temperature, and can be
accelerated increasing temperature [3–5]. It has been recently
hypothesized that this aggregation process passes through a slow
formation of oligomers and the presence of salts can increase the
lag period of monomer to vesicle transition [6]. Due to the high
X-ray contrast between the nanocapsule and water, SAXS is the
perfect technique to study this transition and can even reveal the
presence of oligomers in the presence of monomers/vesicles.
Fig. 4 shows the SAXS intensity distribution for a 0.5 mg/mL
{Mo72Fe30} aqueous solution after: preparation (lower panel) and
one month of aging at 25 �C (upper panel). As time passes the
low-Q SAXS intensity increases as in the case of light scattering
techniques giving evidence of the presence of large aggregates. It
is important to stress that within the given Q range (from
0.09 nm�1 to 5.5 nm�1) we are able to perceive scattering objects
with a total dimension from about (p/5.5) 0.5 nm to about (p/
0.09) 35 nm, hence we can distinguish both nanocapsule with a
diameter of 2.5 nm [1] and blackberry-like aggregate with total
dimension in the range from 20 nm to 40 nm. Adopting a model
independent approach, the radius of gyration (Rg)3 can be experi-
mentally extracted from the scattering curve of a pure form factor
using the well-know Guinier plot [23], ln I(Q) vs. Q2. When the Gui-
nier approximation I(Q) = K expð�Q2R2

g=3Þ holds (RgQmax < 1.3) the
Rg can be directly calculated by the slope of the linear regions pres-
ent in the Guinier representation. The Guinier plots of the scatter-
ing curves reported in Fig. 4 are shown in Fig. 5 in the region from 0
up to 0.008 Å�2. Both curves present two linear regions according
to the facts that the monomers and aggregates coexists in solution
even in freshly prepared samples. The Rg values are obtained by
linear fit of corresponding regions as evidenced in the Fig. 5. The
highest Q used in the fitting does not satisfy the empirical criterion
for Guinier fit, RgQ < 1.3 only in the cases of the 1 month old solu-
tion so that the extracted Rg value will be referred to as ‘apparent’.
The first important point is the obvious evidence of two different
linear regions in the Guinier plot of the freshly prepared
{Mo72Fe30} aqueous solution. The Rg associated with the two lines
are respectively, 1.1 nm and 3.1 nm. It is worthwhile to remember
that a sphere of radius, R, results in an R2

g ¼ 3R2=5. Considering that
the {Mo72Fe30} has a global diameter of 2.5 nm [1] its Rg would be
about 1 nm which is in complete agreement with the extracted va-
lue of 1.1 nm. Hence, the greater Rg of 3.1 nm corresponds to the
coexistence of an oligomer of the investigated macroanions. If we
repeat the same treatment on the aged sample the apparent Rg
3 In small angle X-ray scattering the radius of gyration is defined as the mean
square distance from the center of gravity of the scattering object where the role o
‘‘mass” is played by the electrons.

4 The radius of gyration associated to a hollow sphere is: R2
g ¼ ð3=5

ðr5
o � r5

i Þ=ðr3
o � r3

i Þ.

f

as extracted by the Guinier plot is about 13 nm close to the theo-
retical value of about 18.8 nm calculated assuming a 40 nm black-
berry-like hollow structure with a 2.5 nm wall thickness.4

In order to access the fine structure of the species present in
solution and have a more exhaustive description, the scattering
curves have been reconstructed using the following analytical ap-
proach. In both cases a spherical core–shell model has been imple-
mented considering a polydispersity on the inner radius as
described by a Schulz distribution, G (r, Z):

IðQÞ ¼ 1
V

Z 1

0
Gðrc; ZÞF2ðQrc; t; SLDiÞdrc þ bkg ð3Þ

The fitting parameters are: inner radius of the capsule (rc), poly-
dispersity of inner radius (p = 1/

p
(Z + 1)), thickness of the capsule

(t), X-ray scattering length densities (SLDi) [24] of the inner vol-
ume, of the capsule shell, and of the solvent and an instrumental
background (bkg). Further details on Eq. (3) can be found in the lit-
erature [25]. This model is able to analytically describe a hollow
structure when the SLD proper of the inner volume of the object
is equal to the value proper of the solvent (SLDwater =
9.4 � 10�6 Å�2). Extracted fitting parameters for both samples are
reported in table 2 and the fitting curves are represented by the so-
lid lines shown in Fig. 4.

In the case of the fresh sample the scattering curve has been
modeled considering only the monomer as the representative
specie (polydispersity fixed to 0). In particular, the oligomer
Þ



Fig. 5. Guinier plot of scattering curves reported in Fig. 4. Lower panel: (s) freshly
prepared. Upper Panel: (D) 1 month old. Dashed line is the best fit according to the
Guinier approximation for {Mo72Fe30} monomers. Dotted lines are the best fit
according to the Guinier approximation for aggregates.

Table 2
Fitting parameters used to best fit the SAXS curves of: fresh {Mo72Fe30} aqueous
solution using the core shell form factor and the 1 month old sample using a Schulz
distribution of core shell spherical objects.

Fresh 1 Month

Inner radius (nm) 0.4 ± 0.1 4.6 ± 0.1
Polydispersity (p) 0a 0.8
Shell thickness (nm) 0.9±0.1 2.6b

Inner volume SLD (10�6 Å�2) 9.4a 19
Shell SLD (10�6 Å�2) 61.5 61.5b

Water SLD (10�6 Å�2) 9.4a 9.4b

bkg 0.13 0.13

a These parameters have been fixed during the fitting procedure.
b These parameters have been fixed to the values as extracted by the fitting on

the fresh sample.
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contribution is responsible for the excess of scattering at Q lower
than 0.03 Å�1 confirming our starting assumption. {Mo72Fe30}
nanocapsule in solution is ‘‘seen” by X-ray as a hollow structure
with an inner radius of 0.4 nm and a thickness of 0.9 nm. The total
diameter of 2(0.4 nm + 0.9 nm) = 2.6 nm is in excellent agreement
with the reported dimension of 2.5 nm [1].

In order to fit the aged sample two requirements need to be
satisfied: the polydispersity need to be different from 0 (this
means that the aggregates have a broad distribution of dimen-
sions) and the inner volume SLD must have a value greater that
the value proper of the solvent in order to take into account that
some monomer can be trapped inside the final blackberry-like
aggregates. Final average size of the aggregates results in
2 � (4.6 nm + 2.7 nm) = 14.6 nm which is much smaller than the
value of 40 nm reported by Liu [3,4]. This is not surprising since
this dimension has to be weighted with a Schulz distribution hav-
ing p = 0.8 that results in a collection of object starting from few
nanometers and vanishing for dimension bigger than about
60 nm.
4. Conclusions

Incoherent QENS and INS have been demonstrated as compli-
mentary tools for the study of the water coordinated in voids
between and inside the rather complex spherical {Mo72Fe30}
nanocapsule. This study has shown that the translational dynam-
ics of the water molecules in the compound follows a non-Debye
relaxation in contrast with that of bulk water at the same tem-
perature. The temperature dependence of the relaxation time fol-
lows an Arrhenius law, indicating that the dynamics is triggered
mainly by the breaking of the bonds connecting the crystal water
molecules with the hydrophilic {Mo72Fe30} surfaces. Inelastic
neutron scattering spectra show an attenuation of water transla-
tional modes as compared to bulk water due to the strong
destructuring effect imposed by the nanocage interface. Small
angle X-ray scattering on freshly prepared aqueous solution
(3 h) evidences the presence of the monomers (2.6 nm in diame-
ter) that coexist with a small amount of oligomers (about 7 nm in
diameter). After 1 month the polyoxomoibdate specie self-
assembles in a supramolecular structure with a polydisperse
distribution of dimensions spanning from the monomer (few
nm) to the ‘‘blackberry” vesicular structure (up to 60 nm) already
reported in Ref. [5].
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