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Nano-Confinement inside Molecular Metal Oxide Clusters:
Dynamics and Modified Encapsulation Behavior
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Abstract: Encapsulation behavior, as well as the presence of
internal catalytically-active sites, has been spurring the applications
of a 3 nm hollow spherical metal oxide cluster {Mois;} as an
encapsulation host and a nano-reactor. Due to its well-defined and
tunable cluster structures, and nano-scaled internal void space
comparable to the volumes of small molecules, this cluster provides
a good model to study the dynamics of materials under Nano-
confinement. Neutron scattering studies suggest that bulky internal
ligands inside the cluster show slower and limited dynamics
compared to their counterparts in the bulk state, revealing the rigid
nature of the skeleton of the internal ligands. NMR studies indicate
that the rigid internal ligands that partially cover the interfacial pore
on the molybdenum oxide shells are able to block some large guest
molecules from going inside the capsule cluster, which provides a
convincing protocol for size-selective encapsulation and separation.

Thanks to recent developments in the design and construction of
framework materials across multiple dimensions and length
scales, the field of “materials under confinement” has been
challenging and updating our knowledge in physics, chemistry,
biology, and materials sciences.™ Due to their close contact and
nano-scaled/sub-nano-scaled sizes, the molecules under
confinement show different dynamics in physical properties and
higher reactivity and selectivity in their chemical properties
compared to their counterparts in the bulk state.™ ¢ 2 Such
concepts have been applied by chemists to build cage-shape
clusters to catalyze chemical reactions with high reactivity, size
selectivity, and region-selectivity.®! In particular, molecular metal
oxide clusters can provide both nano-confinement and
catalytically-active centers for highly efficient and size-selective
hydrolysis reactions.® *! Due to the labile coordination of the
bidentate ligands to metal centers on the internal surface of the
clusters, the sizes of confinement, as well as the nature of
internal surface, can be tuned by altering the internal surface
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ligands.’® ¥ These modifications provide adaptability of the
clusters to broad types of encapsulations and reactions.®™ When
the size of the internal ligand becomes large, saturated
occupation of the internal surface can be achieved through
almost direct contact with their neighbors.*® ® These ligands
form a network that defines the pathway for the entrance of
guest molecule.”™ & The ligands could play decisive roles in
regulating the entering/exiting of guest molecules besides the
gating effect of the interfacial pores defined by metal oxide
framework.1“"" ! Therefore, the understanding of the dynamics of
these ligands is critical both for cluster design, and for optimizing
the ligand properties for target encapsulation and reactions.
Additionally, under the nano-confinement with size comparable
to common molecules, limited numbers of molecules are
encapsulated, and they are forced into close contact with their
neighbors.®! At the same time, the interfacial areas of the
confined materials are high and therefore the interaction
between these materials and the internal surface of the clusters
would become a non-negligible factor in studying their
properties.” The dynamics and chemical properties of 3D nano-
confined materials are expected to be a new topic in
fundamental physical and materials sciences.’® Herein,
guasielastic neutron scattering (QENS) and inelastic neutron
scattering (INS) spectroscopies are applied to quantitatively
probe the motions of internal ligands inside metal oxide clusters.
Moreover, confirmed by NMR studies, the quantitative
understanding of the dynamics of the confined ligand renders us
the ability to modify the encapsulation behaviors of the clusters
for hard size selection rules against guest molecules.

A typical structure of the metal oxide clusters can be described
as a molybdenum oxide cluster (formula:
[M0""72M0"600372(Ligand)sox(H20)72:2: 42 abbreviation,
{Mo13,}) with outside and inside diameter as 3 and 2 nm,
respectively.®® The internal surface can be functionalized
maximally with 30 ligands via the coordination between ligands
and the {Mo"5} units (red polyhedron in Figure 1).%¥¥ The clusters

with butyric acid (formula:
[M0"'75M0"600372(CsH7CO0)4(H20)ea**; abbreviation,
{CsM0132}) and valeric acid (formula:

[MOVI72MOV500372(C4H9COO)24(H20)84]36-; abbreviation,
{CsMo13;}) as internal ligands, respectively, are selected as
models based on the following considerations: 1) the ligands are
bulky and in close contact with their neighbors, as determined
from structural analysis; and 2) the internal area has void space
for possible encapsulation of guest molecules.“* © There are a
total of 20 hexagonal pores with a diameter of ~ 0.8 nm on the
cluster surface, which are partially covered by the internal
ligands from the inside view. The entering of guest molecules
through the pores into the center void space of the clusters
would be highly dependent on their sizes and the flexibility of the
alkane fragments of the internal ligands, as well as the
expandability of the sizes of the inorganic pores.®



Figure 1. Polyhedron representation of the molecular structure of {C4Mo013,}: @)
the complete view and b) cross-sectional view (part of the structure is shown
in space filling style in order to display the close contact of the internal ligands
proportional to real atomic sizes). Color code for polyhedron: blue, Mo"'Og or
Mo"'0-; red, Mo"Os. Color code for spheres: black, C; grey, H.

QENS spectroscopy measurements were carried out to
investigate the slow dynamics of the confined bulky ligands. In
this technique, neutrons have a wavelength (4 to 12 A) that is
comparable to the inter-molecular distance of the materials.
Therefore, QENS experiments are capable of providing a way
for the measurement of the dynamic processes on a molecular
length scale (ca. 1~20 A) and microscopic time scale (ca. 1~10*
ps).* Similar to the mechanism of dynamic light scattering, in a
QENS experiment, momentum transfer Q = k; — k; and energy
transfer hw = Ef — E; of the neutron are measured. Here k¢ and
k; are the wave vectors and E; and E; are energies of the
scattered (final) and incident (initial) neutrons, respectively.
Notice that the H atom has an exceptionally large incoherent
scattering cross section compared to other elements, including
Mo and O, the major elements comprising the cluster shell.
Consequently, for materials containing a large number of H
atoms, the neutron scattering spectrum is dominated by the
incoherent scattering from H atoms.® In this study, the
measured spectrum is mainly contributed by the incoherent
scattering from the H atoms on the internal ligands and thus

reflects the individual motions of these confined alkane
fragments.
A model that combines classical models of molecular

translational, rotational and vibrational motions was used to
interpret the QENS data. The model analysis will be able to
provide the time and spatial parameters for each of these
motions. By comparison with regular dynamics of non-confined
molecules, the nano-confinement effect on the ligands can be
clearly revealed from the analysis of the three motions. The
details of the model fitting, and discussion of the QENS data, are
listed as follows.

The QENS spectrum, Sy(Q,w) , Iis
transform:**3

$#(Q @) = 5- [ Fu(Q e~ tdt, (1)
The subscript “H” denotes that the QENS spectrum is a
measurement of the incoherent scattering from the H atoms in

the ligands. Fy;(Q,t) is called intermediate scattering function
and is expressed as:*@

1 i0- .
Fy(Q,t) = E(Z?J:Hlelq ©-m(l)  (2)

in a form of Fourier
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where Ny is the number of H atoms in the system, r;(t) is the
position vector of the Ith H atom at time t, and (...) represents
the ensemble average of the system. From Egs. (1) and (2) one
can find that the functional form of S;(Q, w) is determined by the
individual motion of the H atom (r;(t) — r;(0)). Thus it can give
the dynamics of the ligands explicitly.

For our system, F4(Q,t) is modeled as a product of three
contributions, namely, the vibrational part F,(Q,t) , the
translational part F;(Q,t), and the rotational part Fz(Q,t), by
assuming that these three motions are not significantly
coupled:*?

Fy(Q,0) = F,(Q, Fr(Q, Fr(Q,0). (3)

The vibrational part F,(Q,t) can be represented by the Debye-
Waller factor exp(—Q?(u?)/3), where (u?) is the mean square
displacement (msd) of the H atom.**® The translational motion
of H atoms here is highly constrained in the hard inorganic
cluster shell. The motion is also depressed by the coordination
of ligands to the internal surface since the coordination bonds
are statically and dynamically stable under the experimental
conditions (295 K). Such kind of translational motion in a limited
space is commonly modeled by a stretched exponential function
plus a constant:*®

Fr (0.0 = 4@ + [1- A@lexp |- (=) ], @

where 7:(Q) is the Q-dependent relaxation time of the
translational motion and p is the stretching exponent. The
constant A(Q) can be used to evaluate the extent to what the
translational motion is confined. It is equal to O for an unlimited
translation and to 1 for the fixed particle.

Basically, Fr(Q, t) represents the translational motion of skeleton
of the alkyl chains, while Fz(Q,t) reflects the rotation of the H
atoms with respect to the corresponding C atom. We model
Fr(Q,t) as a rotational diffusion:™¥

Fr(Q,0) = ¥,_, (21 + 1)j,(Qb)2e 1+t (5)

where j;(x) is the Ith-order spherical Bessel function, b is the
radius of rotation, and D, is the rotational diffusion coefficient
defining how fast the rotational relaxation is. In this study, the
first 4 terms in the right-hand-side of Eq. 5 are sufficient to
describe the rotation. Notice that other models have been used
to describe the rotations of H atoms in methyl groups and
methylene group at high temperatures.” All these models have
a form of exponential decay, and thus represent a stochastic
process.

The measured QENS spectrum, Sy ,,(Q,w), is fitted by the
theoretical spectrum Sy(Q,w) convolved with the resolution
function of the spectrometer to extract the 4 fitting parameters:
A(Q), 77(Q), B and D,. The fitting quality is excellent for all
measured spectra, as can be examined in Figure 2.

The QENS results for the {CsMo132} sample are shown in Figure
3. Panel (a) gives a cartoon for the physical meanings of some
important quantities in QENS analysis. Panel (b) gives the msd
(u?) as a function of temperature (T). At T < 150 K, msd is
proportional to T, which is the feature of the harmonic solid. It
shows that motion of the atoms at T < 150 K is no more than a
vibration around equilibrium position. The msd undergoes a
transition at T, = 150 K. In previous studies on protein, a similar
transition was observed at about 100 K and was ascribed to the
activation of the methyl group rotation.”® A higher T. in our



sample indicates a stronger confinement effect compared with
protein, which is usually considered as a densely packed liquid
or glass. In addition, the deviation of msd from the linear
extrapolation of the low-T data at T > T, is found to be quite
weak. It suggests that at T > T¢, even some freedoms of motion
are activated, but the overall motion of the ligand is still very
constrained.
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Figure 2. QENS spectra of {C;Mo,3,} at 295 K for all the measured Q values.
The measured spectra are represented by symbols and the fit curves are
denoted by solid lines. Panel (a) shows the overall fitting quality and panel (b)
examines the details of the fitting.

The parameter A(Q) of the {C4sMo0132} sample is shown in Figure
3c. At first glance, all the values are close to 1, which suggests
that the translational motion of the ligands is very restricted in
space. For a translation in an impermeable sphere with a radius
of a, A(Q) has the following Q-dependence:*”!

AQ) = [3/1(Qa)/Qal*. (6)
This equation allows a quantitative characterization of the
confinement effect on the ligands. We fit A(Q) of the {CsMo013,}
sample with Eq. (6) with the result also graphically presented in
Figure 3c (the solid line). It gives a = 0.508 + 0.021 A. This
extremely small value directly shows the strong confinement
effect on the ligands. Notice that, if we extrapolate the low-T (T <
150 K) data of the msd to the room temperature (denoted by a
dashed line in Figure 3b), the extrapolated value at 295 K,
(u2,(295 K)), is 0.27 A2, It indicates a partial displacement of H
atom of ~,/(u2,(295 K)) = 0.52 A. This part of the displacement
is due to the vibration of the H atom around its equilibrium
position, and is related to the displacement of the corresponding
C atom. Its value is close to the confinement radius a, which
shows that the major motion of the C atom in the skeleton is just
the vibration around the equilibrium position. The conformational
motions of the skeleton, such as the diffusion-like motion or the
large-scale random walk, are substantially hindered in the
equilibrium state. An alternative fit of the measured A(Q) aimed
at improving the fit quality is represented by the dashed line in
Figure 3c. It can be obtained using the following equation:

_ 3j, Q)]
A(Q) = Cim + (1 = Cipn) [T] -
Here C, represents the contribution from the particles that do
not participate in the spatially constrained translational motion.
Such a fit gives a value of 0.90 for C;,,,, which indicates that the
skeleton of the ligand is immobile. Thus, regardless of the model
chosen, we can conclude that the conformation flexibility of the
ligands is severely restricted.
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Notice that, not all the nano-confining materials can exhibit such
strong confinement effect on the translational motion of the
confined ligand. Kintzel et al. found that, for the ligands confined
in a nanoporous materials MCM-41 with diameter of several
nanometers, effective diffusive motion can still be detected.®
We assign the strong confinement effect in this study to the 3D
confining geometry. In our case, both the head and the end of
the confined ligand are restricted. The translational motion of the
end is prohibited by the coordination bond to the shell, and the
translational motion of the head is substantially constrained by
the very close pack of the heads of all the ligands.

The total msd at 295 K, (u2(295 K)), is 0.49 A?, which indicates
a displacement of H atom of ~,/(u2(295 K)) = 0.7 A. The excess
part in (u?(295K)) compared with (u2,(295K)) is due to the
rotation of H atom with respect to its corresponding C atom. The
rotational diffusion coefficient D, of the H atom in {CsMo0132},
extracted from the fit, is 1.1 + 0.4 (10% s™). It corresponds to a
time scale of 1/2D, = 5 ns. This time scale is larger than the
typical time scale of the methyl group rotation in protein by at
least one order of magnitude.’® The slowing down of the
rotation for the confined ligand is probably due to the strong
interaction between the neighboring ligands. In fact, as shown in
Figure 1b, the crowded distribution of the ligands inside the
cluster and the curvature of the sphere lead to a significant
interaction between the terminal methyl groups.“*©
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Figure 3. a) A cartoon for the physical meanings of the important quantities in
the QENS analysis. (u?) shows the displacement of the H atom in the time
window of the QENS instrument, a gives the spatial range of the translational
motion of the C atom, and D, characterizes how fast the rotational relaxation
of the methyl or methylene group; b) Mean square displacement (msd) of
{C4Mo13,} as a function of T; c) A(Q) for {C4sMo132} at 295 K (solid squares) and
the curve fitted with Eq. (6) (solid line). A(Q) = 0.9 shows a very strong
confinement effect on the translational motion of the constituent C atoms of
the ligands. The dashed line represents another fit with Eq. (7).

The {CsMoi3;} sample was also studied under same
experimental conditions in order to explore the possible effect of
chain length to the dynamics of nano-confined ligands (see
Figures S1 and S2 in supporting information). Given the fact that
the confined space is defined by the rigid inorganic shell and
these two clusters have an identical number of ligands inside
them, the degree of close packing of the ligands is only
determined by the sizes of their alkyl chain fragments.l® &
Therefore, it is expected that the ligands (valeric acid) with
longer backbones in {CsMo1s2} are more confined than that of



{C4Mo13,} and thus their dynamics should be even slower. This
is confirmed by a higher T, and a slower rotational relaxation in
the QENS results of {CsMoa13,}: the transition temperature T is
around 160 K and the rotational diffusion coefficient D, is
0.5 + 0.2 (10% s, which corresponds to a time scale of 1/2D, =
10 ns.
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Figure 4. INS spectrum of {C;Mo13;} at 10K and three different types of
vibration modes of the butyric acid fragment.

INS measurements on these two samples were carried out in
order to further explore the vibrational dynamics of confined
ligands at high energy scales up to 400 meV. Compared to optic
vibrational spectroscopic techniques, e.g., IR and Raman
spectroscopies, INS allows study of low-energy vibrations below
~25 meV and the detection of vibrations modes without hard
selection rules.”® More importantly, the neutron-proton
incoherent scattering is dominant in the overall scattering signal,
which greatly decreases the interference from the molybdenum
oxide shell."® The peaks at energy lower than ~50 meV are
ascribed as the torsion band of methyl and methylene groups.
Specifically, based on theoretical simulation results, the two
peaks at 30.7 and 39.3 meV originate from the torsion motion of
terminal methyl groups of the internal ligands (vibrational mode
(a) in Figure 4, see supporting information for more details). The
peaks at higher energy correspond to bending modes of methyl
groups or the coupling of bending modes and torsion modes.
The sharp signal at 109.7 meV represents the coupling of
bending mode and torsion mode (vibrational mode (b)) while the
broad peak at 180.0 meV is contributed by a series of pure
bending modes of the alkyl chain with tiny energy differences
(vibrational mode (c)). The comparatively sharp appearance of
most of the peaks is a strong confirmation of hindered vibration
modes of the internal ligands and the confinement effect.

The encapsulation of a large guest molecule requires the
collective thermal motion of the metal oxide pore structure and
cooperative translational motion of the internal organic ligands.
4454 |t js suggested from the above neutron studies that these
bulky ligands are comparatively stiff with limited translational
motion. It is, therefore, expected that some large molecules
could be blocked out of the internal space of the cluster by the
rigid ligands even though they can pass through the inorganic
pores (Figure 5). In order to examine this scenario, *H-NMR was
used to monitor the possible encapsulation of n-hexane and
cyclohexane inside the {Mois;} clusters with acetic acid as

3a,
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internal ligands (formula: [Mo"'7:2M0"500372(CHsCO0)a0(H20)72]*
; abbreviation, {C:Mo0i32}) and {CiMoi3} in their aqueous
solutions, respectively. It was indicated by the NMR results that
both n-hexane and cyclohexane can be encapsulated inside
{C:Mo132}, suggesting that the inorganic pores allow the
entrance of these two alkanes (see Figure S3 in supporting
information). However, only n-hexane can be encapsulated
inside {C4Mo13,} while no appearance of cyclohexane inside the
cluster can be observed although the ca. 1 nm void spherical
space at the center of {CsMo135} is large enough for possible
hosting of cyclohexane (Figure 5 and Figure S5 in supporting
information). These studies imply that cyclohexane, with a larger
cross section size as compared to n-hexane, is probably blocked
out of the cluster by the butyric acid fragment matrix on the
internal surface of the clusters. The NMR experiments confirm
our assumption that the bulky internal ligands under nano-
confinements have low tolerance of the sizes of the guest
molecules.

Figure 5. a) Polyhedron representation (view from outside of the cluster) and
(b) space-filling model (view from inside the cluster) of the interfacial pore with
internal ligands. Color code for polyhedron: blue, Mo"'Os or Mo"'O7; red,
Mo"0s. Color code for spheres: blue, Mo; black, C; grey, H.

The dynamics of internal bulky ligands inside {Mois.} clusters
has been explored by QENS and INS at different energy and
time scales for the first time. Different from the soft nature of
regular alkyl tails, the ligands under nano-confinement are found
to be quite rigid, as suggested from their slow dynamics and
limited diffusive motions and vibrations. The stiffness of these
ligands modifies the encapsulation properties by displaying hard
selection against the sizes of guest molecules. This work is
instructive for the design of metal oxide clusters for
encapsulation and catalysis purposes by revealing the
importance of internal ligands. It also initiates the research on
the materials properties under nano-confinement.
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The dynamics of alkyl chains under
nano-confinement inside a 3-nm
nano-scaled molecular cluster was,
for the first time, fully explored with
neutron scattering techniques at
different time- and energy- scales.
The rigid nature of alkyl chains was
revealed to be originated from their
constrained motion under nano-
confinement and further applied to
tune the size-selective encapsulation
behavior.
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