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Nanometer-Sized Molybdenum-Iron Oxide Capsule-
Surface Modifications: External and Internal

Achim Miiller,* Hartmut Bogge, Filipa L. Sousa, Marc Schmidtmann,
Dirk G. Kurth, Dirk Volkmer, Joris van Slageren, Martin Dressel,
Melissa L. Kistler, and Tianbo Liu*

The cluster {(Mo)Mos} ,Fe™;, 1a present in compound 1 (cluster diameter

~ 2.3 nm), which belongs to the family of nanoscale spherical porous Keywo.rds P

. . - magnetic properties
{(Mo)Mos},,{ Linker}, capsules that allow a new type of nanochemistry . metal oxides
inside their cavities as well as unprecedented aggregation processes under - molybdenum

gaseous, solution, and solid-state conditions, is the starting material for the
present investigation. In solution it reacts with LnCl;nH,O (Ln=Ce, Pr)
thereby replacing six Fe" ions with Ln" ions to form compounds 2 (Ce)
and 3 (Pr). During metal-cation exchange, some of the pentagonal
{(Mo)Mos0,,(H,0)s°" units, which are connected to the Fe'" centers in
1a, decompose, thus leading to a temporary capsule opening and uptake
of the formed smaller molybdate units into the capsule cavities. In 2 and 3,
the pentagonal units are connected via 24 Fe'" and six Ln""-type linkers/
spacers representing together the capsule skeletons, which are structurally
well-defined in contrast to the capsule contents. The new capsules self-
associate into single-layer blackberry-type structures, thus extending the
variety of these types of assemblies; the assembly process, that is, the size
of the final species, can be controlled by the pH, which allows the genera-
tion of differently sized nanoparticles. Magnetic properties of the two new
nanomaterials 2 and 3 are also determined.

- nanomanipulation
- self-assembly
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The intentional synthesis of nanoscopic multifunctional
materials that combine porosity with other desired proper-
ties reveals a challenge of contemporary chemistry and
nanoscience.'! Though in numerous studies porous three-di-
mensional inorganic networks have been successfully inves-
tigated,!'") the related research on discrete porous nanoma-
terials, especially those with structurally well-defined exter-
nal and internal surfaces, is very limited. An exception to
this are the nanosized spherical capsules with pentagonal
molybdenum-oxide-based units, that is, of the type
{Pentagon},{Linker}s;,, which show the construction princi-
ples of a football; the linkers can be either mononuclear
(M} or dinuclear metal-cation-type units {M,}.'! In the
case of M=Fe™ (the starting material for the present reac-
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tions) — exhibiting a nanosized cavity and a hydrophilic
surface with a variety of structural features — the surface
functionalities can be varied in a well-defined way. The cor-



responding clusters behave as weak nanoacids due to the
presence of H,O ligands coordinated to Fe™ ions. While
they exist in the form of discrete, neutral molecules in aque-
ous solution at lower pH values, they become deprotonated
at higher pH values, which leads to a new type of assembly
process. Remarkably, the process can be controlled simply
by varying the pH values, which allows the deliberate gener-
ation of differently sized nanoparticles, a long-term goal in
nanoscience;” see also Ref.[5], which refers to unusual
magnetic properties.

Herein we report on the partial substitution of some of
the Fe' linkers by Ln'™ (=Ce™, Pr'") cations.”! This ap-
proach can be discussed in the sense that 30 exchangeable
metal cations {M} are trapped in a spherical matrix built up
by 12 pentagonal molybdenum-oxide-based units of the type
{(Mo)Mos}, while the central (Mo) atoms span an icosa-
hedron and the 30 {M] centers form an icosidodecahedron.”
Due to the partial metal-metal cation replacements, which
can easily be performed and lead in the present case to
well-defined spherical skeletons of the type {(Mo)Mos};,M,
a temporary capsule opening occurs. The process allows
uptake of quite a number of “molybdate units” and Ln™
ions from the capsule exterior into the capsule interior.

2. Results and Discus-
sion

After adding aqueous sol-
utions of CeCl;7H,0 or
PrCl;-:6H,O to an aqueous
solution of 1 (containing the
cluster 1a; see formula),
compounds 2 and 3 exhibit-
ing the above-mentioned
metal-cation  replacements
precipitate in a crystalline
form (see Experimental Sec-
tion). Both were character-
ized by analyses (including
ESCA and ICP-MS for the
metals), thermogravimetry
(to determine the actual crys-
tal water content and the
thermal stability), spectrosco-
py (IR, Raman, UV/Vis, and
’Fe Mossbauer) and single-
crystal X-ray structure analy-
ses!'”  (including bond va-
lence sum (BVS) calcula-

[Capsule content - {Mo;,Fe,,Ln,O,s,-
(H,0),0s}]-ca. 200H,0=2 (Ln=Ce), 3 (Ln=Pr); capsule
content: ca. Mo;sO¢Ln,(H,0),;'" see Figure 2, and Exper-
imental Section.

Compounds 2 and 3 crystallize in the space group R3c
and contain besides crystallized water the discrete spherical
clusters 2a and 3a (2 and 3 without crystal water; see
Figure 1, top left). These are — as with 1a (Figure 1, top
right) — built up by 12 pentagonal units of the type
{(Mo)Mos0,,(H,0))*~ exhibiting a central bipyramidal
{MoO,} group linked to five edge-sharing {MoQOg} octahe-
dra. Due to the partial metal-linker replacements the pen-
tagonal units in 2a and 3a are connected via 24 Fe™ and six
Ln"-type linkers/spacers. Whereas in compounds 2 and 3
the structure of the skeleton is well defined (Figure 1, top
left), this is not the case for the capsule contents (Figure 2).
While the Fe' centers in 2a and 3a occupy the same type
of sites as in 1a (Figure 1) the six Ln™ centers — positioned
at 12 sites with an occupancy of 50 % - lie slightly above the
pore area (Figure 2, bottom) and are coordinated by O
atoms in form of a tricapped trigonal prism, which includes
five H,O ligands. Both types of linker ions are also connect-
ed to four oxygen atoms of two {MoOg} octahedra belonging

tions).

[Mo;,Fe;0,5,(CH;COO),,
{Mo,0,(H,0)},

{H,Mo0,04(H,0)} (H,0)q ] =1 a;

1a-ca. 150 H,0 = 11

Figure 1. Top left: Combined polyhedral and ball-and-stick representation of the well-defined skeletal
surface structures of 2a and 3a (viewed in the direction of the C; axis) emphasizing besides the
basic pentagonal units {(Mo)Mos} (in blue, central MoO, unit in turquoise) and the Fe(H,0)> linkers

(Fe: yellow, O: red), the hydrated Ln" (green polyhedra). As the six Ln" are positioned disordered on

12 positions with 50 % occupation, all 12 LnO, polyhedra are shown. Top right: Structure of (only)
the skeleton of the initial spherical capsules 1a highlighting the basic pentagonal units in a poly-
hedral representation and the 30 Fe"" linker-type centers in octahedral environments with two bonds
to water ligands (or to one external H,O and one to an internal acetate) and four bonds to two differ-
ent pentagonal units (internal ligands are not shown; color code as above). Bottom: Demonstration
of the Fe" substitutions by Ln"; one pore of 2a or 3a is shown according to 50% Ln" and 50 % Fe"
occupancy (color code as above).
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Figure 2. The capsule interior of 2a and 3a contains 18 molybde-
num-—oxide-based units (disordered probably because of the short
opening time). Top: Combined ball-and-stick and wireframe represen-
tation of a segment highlighting two {(Mo)Mos} units (dark grey
sticks), the mononuclear MoO,?~ units (Mo: orange), as well as three
different additional types of mono/dinuclear molybdenum—oxide
units (Mo: pink, turquoise (both with larger spheres according to
larger occupancies) and blue) coordinated to certain parts of the
inner cavity shell (other color codes as in Figure 1). Bottom: Com-
bined ball-and-stick/wireframe representation of a part of the skele-
tal structure of 2a and 3a emphasizing especially the hydrated Ln"
(green) of a pore area where Fe" cannot reside. Additionally shown

is one of the above-mentioned “Mo-type units” (turquoise; only posi-
tioned there in case of the presence of Ln" and not of Fe").

to two neighboring pentagonal units (Figure 1, top left and
right).

Remarkably, the partial exchange of Fe™ by Ln™ ions
leads to a decomposition of some of the {(Mo)MosO,;-
(H,0),}®" units, which are connected to the Fe'™ centers and
are subsequently replaced. The decomposition occurs be-
cause the pentagonal units are — due to their relatively high
negative charge — not stable as discrete entities and only if
they are embedded in a protecting, that is, charge-reducing
environment, as for example in 1a. All observations infer
that a partial opening of the initial cluster capsule 1la
occurs, which leads not only to a practically complete re-
lease of acetate ligands but also to the incorporation of sev-
eral “new molybdate-type” species — formed from the pen-
tagonal units — into the cavity. The reason for the preferred
incorporation of these units is that the capsule skeletons of

the clusters 1a, 2a, 3a, as well as 4a (with a discrete encap-
sulated guest) and 5al'? are positively charged: the total
skeletal charge of 4 18 results from that of all the pentago-
nal units (12x(—6)=-—72) and that of the spacers (30x
(+3)=+90). The positive charge in 1a is partially neutral-
ized by the weakly bound acetate ligands, but these ligands
are nearly completely released during capsule opening and
are therefore absent in 2 and 3. In the latter two compounds
the skeletal charge is compensated essentially by the encap-
sulated molybdate-type units, which possess negative
charges.'"* The fact that analyses showed (within the error
limit) no additional cations in the crystal lattice of 2 and 3
proves the neutrality of the clusters while taking into ac-
count the two additional encapsulated Ln™ cations (see for-
mula). An interesting variant of clusters 1a, 2a, and 3a
exists in case of 4a, which shows an encapsulated well-de-
fined discrete {MogsO,o}*" cluster, that is, an encapsulated
species not interacting with the skeleton, as is the case with
2 and 3.

Na,[[M0ogO1s]*" C {Moz,Fes 055 (CH;COO) 5 (H,0)n }] = 4;

4a-ca. 120H,0 = 4%

[HsMo,,Fe500,54(CH; COO),p{Mo,0,(H,0)}
-{H,Mo0,04(H,0)}3(H,0)4;] = 5a;

5a-ca. 80H,0 = 5%

What does the capsule cavity interior of 2a and 3a look
like? The following description is simplified because of the
complicated disorder of the molybdenum atoms inside the
related capsules together with the corresponding low occu-
pancies, a scenario that does not allow a straightforward po-
sitioning of the related O atoms by X-ray crystallography.
Approximately three Mo atoms in the form of mono/di-
nuclear oxide units are found below the positions occupied
by the linker-type lanthanide cations (due to the disorder
and low occupancy it is difficult to distinguish the two differ-
ent (i.e., mono/dinuclear) types; see Figure 2). Furthermore,
six mononuclear {MoO,*"} units — sharing two oxygen atoms
with the metal centers of the hexagonal {Mo;LnFe,Og}
pores — are present, as well as approximately nine further
molybdenum atoms also in form of mono/dinuclear oxide
units (see remarks above and Figure 2). Whereas all of the
Mo-based units are attached to the inner shell of the posi-
tively charged skeletons of 2a and 3a this is not the case for
the two further disordered Ln™ cations found in the more
central part of the cavities (see formulas). These cations
contain water ligands as well as four bridging oxygen atoms
shared with the above-mentioned molybdenum-oxide-type
units. The rest of the cavity is filled with disordered H,O
molecules, the exact number of which cannot be deter-
mined. The different types of water molecules of 2 and 3
show different “behavior” upon heating, as expected.
Whereas the crystallized water is released at around 105°C
(~17% weight loss), which does not influence the stability



of capsules 2a and 3a, this is, as expected, different for the
release of coordinated (constitutional) water molecules ap-
pearing in a first step at ~300°C (weight loss ~6 %; for sta-
bilization options see below).

The solid-state Raman spectra of 2 and 3 show a split-
ting of the band corresponding to the symmetric breathing
vibration of the Mo=0 bonds, which is observed at 950 cm™!
in 1. The splitting of this band results from the lower capsu-
le symmetry of 2a and 3a. In addition, the “Fe Mdssbauer
spectrum of 2 measured at 293 K also shows symmetry low-
ering, and correspondingly the presence of Fe™ centers in
two different types of sites (6=0.37(4) mms™, AEq=
0.996(11) mms~! and 6=0.39(2) mms', AEq,=
0.564(12) mms~") with a relative contribution of approxi-
mately 25% and 75%, respectively. This is explained by
considering that the coordination sites/environments of the
Fe centers at the linker positions are not equal in 2, which is
the case for 1 (6=0.52(1) mms™', AE,=0.72(1) mms™" at
42 K131y,

To characterize the magnetic properties of 2 and 3, the
magnetic susceptibility versus temperature as well as the
magnetization as a function of field was measured
(Figure 3). Rare-earth ions are different from most first-row
transition-metal ions in that the orbital angular momentum
is not quenched, leading, for example, to g values that are
widely different from the free-electron value of g=2. In
fact, the f' Ce™ ion has a °Fs, ground state with g=6/7, and
an expected room-temperature y7 value of 0.80 cm*Kmol ™,
while the f* Pr' jon has a *H, ground state with g=4/5 and
an expected xT value of 1.60 cm®>Kmol™."! Due to the low
molar x7T values compared to typical values for Fe™ (yT=
4.375 cm®*Kmol ™), the rare-earth ions are expected to con-
tribute only weakly to the overall magnetic susceptibility of
2 and 3, as shown in Figure 3 where the susceptibility curves
look very similar for both complexes: The room tempera-
ture 47 values (117.17 and 123.65 cm®Kmol ™!, for 2 and 3
respectively) are very close to the values calculated for 24
noninteracting Fe" ions and eight rare-earth ions (111.4 and
117.8 cm*Kmol ! for 2 and 3, respectively). With decreasing
temperature the 7T product drops monotonously indicating
antiferromagnetic interactions, as also evidenced by the
Weiss temperatures of §=—27 and § =—24 K obtained from
fitting data at 7>100 K for 2 and 3, respectively. The Weiss
temperatures are slightly higher, but very similar to that of
the parent compound 1 (6=-22 K), which shows that the
exchange interactions involving the rare-earth ions are not
much stronger than the Fe...Fe couplings. The magnetiza-
tion versus field curves (Figure 3, bottom) show an almost
linear increase due to occupation of the spin states with pro-
gressively larger spin, again similar to 1. Interestingly, the
numerical derivative of the magnetization curve does not
show the characteristic minimum observed in 1 within the
accessible field range, indicating that the replacement of
Fe™ by rare-earth ions has influenced the magnetic proper-
ties.

The discrete spherical cluster 1a of the starting com-
pound 1, which has been shown to be stable in aqueous so-
lution for months,* possesses 30 {Fe(H,O)** units at the
external surface, which can undergo deprotonation similar
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Figure 3. xT as a function of temperature (top) for 2 (@) and 3 (0)
and the magnetization as a function of the field (bottom) measured
on powder samples.

to the classical complex [Fe(H,0)s**, especially if the pH
value is increased. It has been proven that deprotonation is
a requirement for the assembly process of the 1a species
into vesicles to take place.*!! It can now be shown that
aqueous solutions of 2 are acidic, due to the deprotonation
of the H,O ligands attached to Fe™ centers; for a
0.5 mgmL ™ solution of 2 the pH is 3.9, that is, an average
of 5.3 protons are released from each cluster. But the
degree of deprotonation is slightly lower than that of 1a.[*!
In the light-scattering (DLS) experiment at pH 3.9 (see Ex-
perimental Section) it was found that the macroions 2a self-
assemble into spherical, single-layer, vesicle-like “black-
berry-type” structures in dilute solution, with an average hy-
drodynamic radius R, of around 40 nm (Figure 4), which is
slightly larger than those obtained for 1a under comparable
conditions (see, for example, Ref. [4a]). The R, values mea-
sured at different scattering angles show little angular de-
pendence, suggesting that the supramolecular structure must
be isotropic, that is, close to spherical. The R, value of 2a
compared to that of 1a is reasonable since the size of the
present blackberry-type structure is found to be related to
the charge of the macroions: larger structures are formed
when the macroions carry fewer charges. As the scanning
electron microscopy (SEM) images of the blackberry-type
structures formed in aqueous solution of 2a are very similar

989



990

0.3

0.25

0.2

TG

0.15

0.1

0.05

1 10 100 1000

10000
Ry (nm)

Figure 4. CONTIN analysis of the DLS measurement of a 0.5 mgmL™
solution of 2a. The measurement was performed at a 90° scattering
angle. The inserted cartoon shows the supramolecular structure of
the self-assembled macroions 2a, which is in agreement with the
preliminary results and that of 1a/* based on sophisticated experi-
ments.

to those of 1a reported by us recently,® we decided to
refer to solvent conditions where 2a has a lower degree of
deprotonation, that is, in 50 vol. % water/acetone, which
also allows better images to be taken. As a result, larger
blackberry-type structures — as expected — were found, in
agreement with DLS measurements (100-500-nm radius,
that is, with a broad size distribution). One SEM image of
two vesicles is shown (Figure 5) (&300-350-nm radius). The
fact that the new macroions 2a also self-assemble further
infers that the observed unprecedented self-assembly in
polar solvents is a universal phenomenon of these types of
metal-oxide-based macroions."!

3. Conclusions

Aqueous solutions of 1 contain unique monodisperse
nanoparticles/capsules with identical mass, shape, size, tuna-

Det WD ——1 500 nm
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Figure 5. SEM image showing spherical supramolecular structures
with radii of ~#300-350 nm formed from 2a in ~ 50 vol. % water/
acetone.

ble charges, and well-defined internal/external surface struc-
tures. The structure consists of open-shell metal centers that
are “trapped” in a spherical matrix built up by 12 pentago-
nal {(Mo)Mos}-type units, which are not stable as discrete
entities because of their relatively large negative charge.
This has the consequence that decomposition of the pentag-
onal units attached to the replaced metal centers occurs
during the exchange of the Fe' centers with cations such as
Ln™, while smaller molybdate units such as {MoO,}*" are
formed. The intermediate/temporary opening of the spheri-
cal particles leads to, apart from a release of acetate groups,
the uptake of the formed “molybdate” units. An interesting
aspect is that the extremely complex structure in the capsule
cavity of 2 and 3 is the same, which proves the high forma-
tion tendency. These results show perspectives for new syn-
thetic routes in the sense that different types of metal cation
replacements can be studied, which can lead to different
uptake processes in the presence of other negatively charg-
ed ions than the molybdates shown in the present case. The
corresponding compounds should also show different assem-
bly processes in solution mainly depending on the deproto-
nations/charges on their external surfaces, which can accord-
ing to the present result be widely varied. It will be interest-
ing to see how the uptake of species into the interior of
POMs will proliferate new concepts in encapsulation
chemistry, a major task of our research,*"7! and special as-
pects of catalysis, where molybdenum-oxide systems play a
major role,™ especially those with pentagonal building
blocks referred to here. The present results allow an exten-
sion to a variety of other scenarios including those that are
of interest for materials science. The uptake of special Ln
ions into the M—O framework could lead to interesting fluo-
rescent properties. The well-defined size, the pH- and size-
dependent features, and the ability to incorporate the pres-
ent giant POMs into device architectures,”>'"! together with
their characteristic optical properties makes them potential
candidates for various applications including biosensing."”!
There is the option to stabilize these special hollow clusters
in silica matrices, even with an option to generate channels
to the embedded clusters.”® In addition, the above-men-
tioned assembly process of this type of POM into larger su-
perstructures may give rise to unexpected collective proper-
ties. In this context it should be noted that the presently in-
vestigated (neutral) spherical species like 1a show aggrega-
tion processes not only in solution but also under gaseous
and solid-state conditions.!'")

4. Experimental Section

Magnetic susceptibility and magnetization measurements:
These were performed on powder samples of 2 and 3 using a
Quantum Design MPMS XL7 SQUID magnetometer. The data
were corrected for diamagnetic contributions to the molar mag-
netic susceptibility using Pascal’s constants.

DLS measurements: A commercial Brookhaven Instrument
LLS spectrometer equipped with a solid-state laser operating at



532 nm was used.?” The data, analyzed by the CONTIN
method,”" can be used to determine the average hydrodynamic
radius R, of the particles. The particle-size distribution in solu-
tion is obtained from a plot of IG(I) versus R, with I;G(I) propor-
tional to the angular-dependent scattered intensity of particle /
having an apparent hydrodynamic radius R,;. Detailed descrip-
tions of the DLS technique can be found in an earlier publica-
tion.”? An aqueous solution of 2 was heated at 50°C for two
days before the measurement.

Scanning electron microscopy (SEM): A Philips XL30 ESEM
was used for SEM studies of the sample solutions. The ESEM
was used in SEM mode with a SE detector and set to an acceler-
ating voltage of 20 kV with a spot size of 3.0 nm, under high-
vacuum conditions. Droplets of solutions of 2 were placed onto
SEM stubs, dried, and then analyzed.

Synthesis of 2: A solution of CeCl;.7H,0 (1.48 g, 4 mmol) in
H,0 (25 mL) was added dropwise to a solution of 1 (0.5g,
0.027 mmol) in water (75 mL) at 40°C under stirring. The result-
ing mixture was stirred for 15 min, then the slight precipitate
was removed by filtration and the solution was left undisturbed
in an open flask. After three weeks, yellow crystals were filtered
off and washed with ice-cold water. Yield: 0.15 g. Characteristic
IR bands in cm™® (KBr disk): 3421 (vs), 1624 (m) [8(H,0)], 960
W) [v(Mo=0)], 862 (m), 781 (vs) [v(Mo-0-Mo)], 617 (w), 567 (s),
426 (m). Characteristic Raman bands (solid state, KBr dilution,
A 1064 nm; v/cm ™ Y): 968 (vs), 946 (vs) [v(Mo=0)], 837 (),
763 (m; not present in 1) 576 (W), 510 (m), 439 (w), 365 (m),
236 (m). Elemental analysis (%) calcd: Mo 39.8; Fe 6.2; Ce 5.2;
found: Mo 40.5; Fe 7.0; Ce 4.8. Furthermore, there are extremely
weak bands at 1531 [v,(COO)] and 1408 cm™* [v.(CO0)] present
also in the reactant 1, which correspond to a C value of ~0.3 %.
This has not been considered above because the acetates are
not found in the two crystal structures 2 and 3, and due to the
related error limit of the carbon analyses (small possible impuri-
ties) as well as because of the incomplete overall structure infor-
mation of the capsules interior.

Synthesis of 3: A solution of PrCl;-6H,0 (1.42 g, 4 mmol) in
H,0 (25 mL) was added dropwise to a solution of 1 (0.5¢g,
0.027 mmol) in water (75 mL) at 40°C under stirring. The result-
ing mixture was stirred for 15 min, then the slight precipitate
was removed by filtration and the solution was left undisturbed
in an open flask. After three weeks, yellow crystals were filtered
off and washed with ice-cold water. Yield: 0.13 g. Characteristic
IR bands (KBr pellet): 3421 (vs), 1624 (m) [8(H,0)], 964 (s—m),
[v(Mo=0)], 860 (s—m), 783 (vs) [v(Mo-O-Mo)], 617 (w), 565 (s),
430 (w). Characteristic Raman bands (solid state, KBr dilution, A,
~1064 nm; v/em™): 964 (vs), 949 (vs) [v(Mo=0)], 840 (s), 760
(m; not present in 1) 576 (w), 511 (m), 441 (w), 360 (m), 234
(m). Elemental analysis (%) calcd: Mo 39.8; Fe 6.2; Pr 5.2;
found: Mo 40.5; Fe 7.0; Pr 4.8 (see also above for the synthesis
of 2).
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