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Abstract: By the deliberate choice of
the internal ligands of the porous nano-
capsules [{(Mo)Mo5}12 ACHTUNGTRENNUNG{Mo2-ACHTUNGTRENNUNG(ligand)}30]

n�, the respective cavities�
shells can be differently sized/function-
alized. This allows one to trap the
same large number of water molecules,
that is, 100 in a capsule cavity with for-
mate ligands having a larger space
available, as well as in a cavity contain-
ing sulfates and hypophosphites, that is,
with less space. Whereas the 100 mole-
cules fill the space completely in the
second case in which they are organ-
ized in three shells, a four-shell system
with underoccupation and broken hy-
drogen bonds is observed in the other
case. This is an unprecedented result in
terms of the structurally well defined

special forms of “higher and lower den-
sity” water molecule assemblies. Pre-
cisely, by replacing the larger ligands in
the mentioned nanocapsule type by
formates, voids in the capsule cavity of
(HC ACHTUNGTRENNUNG(NH2)2)22[{(HC ACHTUNGTRENNUNG(NH2)2)20 +

(H2O)100}�{(Mo)Mo5O21ACHTUNGTRENNUNG(H2O)6}12-ACHTUNGTRENNUNG{Mo2O4ACHTUNGTRENNUNG(HCO2)}30]·ca. 200 H2O are gen-
erated that get filled with water mole-
cules concomitant with an expansion of
the three to four shell {H2O}100 cluster.
The water shells in both capsules con-
taining different ligands are organized
in the form of dodecahedra (partly

with underoccupation) and a strongly
distorted rhombicosidodecahedron
spanned by a {H2O}60 = {(H2O)5}12 ag-
gregate. The well-defined water shells
only emerge if cations cannot enter
into the capsules, which is achieved by
closing the pores with plugs/guests such
as formamidinium cations. The work is
based on the syntheses of two new
compounds, related single-crystal X-ray
diffraction studies, and molecular dy-
namics simulations, which show re-
markably that water molecule shell
structuring occurs in the capsules due
to the confined conditions even in the
case of open pores and at room tem-
perature if cation uptake is prevented.

Keywords: capsules · confinement ·
nanostructures · polyoxometalates ·
self-assembly · water structures
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Introduction

Chemical studies based on confined conditions involve inter-
esting interdisciplinary aspects.[1] The use of nanosized
carbon tubes[2]or metal oxide based capsules (as in the pres-
ent investigation) has advantages as it allows one to work
under a variety of experimental conditions. In this context
encapsulated water molecule assemblies are of special inter-
est because they are of relevance for several aspects of mo-
lecular biology, for example, protein folding and activity.[3,4]

Regarding the problem of understanding the structure of
bulk liquid water[5–7] so-called two-structure models were de-
veloped[7a,j–l] (see also reference [3d]), while with reference
to biological scenarios it is assumed in the literature that the
liquid consists of rapidly exchanging high density water
(HDW) and low density water (LDW) microdomains differ-
ing in their physical and chemical properties because of
their different strength of hydrogen bonds;[8,9] a correspond-
ing paper related to biological aspects is entitled “Life de-
pends upon two kinds of water”.[9] In this context we can
read: “[…] protein conformations demanding greater hydra-
tion are favored by more (re-)active water (for example,
high density water containing many weak bent and/or
broken hydrogen bonds) and �drier� conformations are rela-
tively favored by lower activity water (for example, low-den-
sity water containing many strong intra-molecular aqueous
hydrogen bonds)”.[9b] In any case it is generally accepted
that networks of hydrogen-bonded water assemblies (espe-
cially the “high density” ones!) control protein folding,
structures, and activities; see for instance reference [4b].

In recent years the effect of confinement on properties of
“materials” has been investigated including general as-
pects,[10] but of course also considering liquids[11] and these
especially in context with con-
fined water properties.[12–15] One
possible way to investigate con-
fined water molecule assem-
blies systematically is by trap-
ping them in structurally well
defined and differently sized as
well as functionalized nanosized
capsule cavities. This is possible
with soluble spherical porous
capsules of the type [{pentag-
onal unit}12{metal linker
unit}30]

n�� [{(MoVI)MoVI
5O21-ACHTUNGTRENNUNG(H2O)6}12 {MoV

2O4-ACHTUNGTRENNUNG(ligand)}30]
n�,[16a,b] which are

stable in solution under well-
defined conditions, while the
pores can, as an important
aspect, be closed in a stepwise
manner.[16c] (They have—be-
cause of their properties—been
described as artificial cells.[16d])
These capsules, which can be
considered as coordination

polymers with spherical periodicity—the pentagonal units
acting as ligands[16e]—can be constructed with differently
sized cavities based on the choice of internal ligands. After
it was possible to fill completely the cavity of a {Mo132}-type
capsule containing SO4

2� and H2PO2
� ligands with 100 water

molecules,[16f,g] it was a challenge to study the water assem-
bly in a capsule cavity with enlarged space. This could now
be achieved by the incorporation of the smallest appropriate
bidentate ligands, namely formates. (The related types of
compounds are accessible by facile syntheses[16h] and their
properties are now studied by many groups.[16i]) The fact
that in this context structurally well-defined “higher and
lower density” forms of water molecule assemblies can be
studied seems to show the route for further investigations.
The obtained experimental results can be compared with in-
formation obtained from computational studies. After mo-
lecular dynamics simulations were applied recently for the
study of water encapsulated in nanotubes,[17] in reverse mi-
celles,[18] and that confined in nanospaces between solid
layers,[19] we applied these well-established computational
methods now for the present cases.

Results and Discussion

Syntheses and structures : Compound 1, which contains the
{Mo132}-type capsules with the largest possible cavity, was
prepared by replacing acetate ligands[16a,b,h] in the corre-
sponding compound by formates[20] (for the formula of the
starting material see the Experimental Section). Compound
1 was characterized analytically, spectroscopically (IR,
Raman), and by complete single-crystal X-ray structure
analysis (see Table 1 and the Experimental Section). The

Table 1. Crystallographic data for 1, 2, and 3

Compound 1 2 3

formula C30H1002Mo132N42O834 C72H984Mo132N84O804 C216H3576Mo528N648O2892P72S48

crystal size [mm] 0.30 � 0.30 � 0.22 0.40 � 0.40 � 0.20 0.30 � 0.20 � 0.20
Fw [g mol�1] 27966.8 28561.5 115 970.9
space group R3̄ R3̄ R3̄m
a [�] 32.6385(13) 32.7062(11) 62.865(2)
c [�] 73.416(4) 74.393(4) 76.470(4)
V [�3] 67730(5) 68917(5) 261 720(13)
Z 3 3 3
T [K] 188(2) 183(2) 188(2)
F (000) 41076 41940 169 704
1calcd [gcm�3] 2.057 2.065 2.207
m ACHTUNGTRENNUNG(MoKa) [mm�1] 1.882 1.851 2.01
reflections collected 133 931 114 231 454 502
V range (1.82<V<26.998) (1.81<V<26.988) (0.65<V< 25.038)
unique reflections 32721 32149 52923
obs. refl. (I>2s(I)) 25404 23769 35303
R ACHTUNGTRENNUNG(int) 0.0363 0.0388 0.0911
R1[a] ACHTUNGTRENNUNG(I>2s(I))/R1(all reflections) 0.0491/0.0709 0.0569/0.0867 0.0820/0.1381
wR2[b] ACHTUNGTRENNUNG(I>2s(I)) 0.1303 0.1441 0.1884
GooF[c] 1.107 1.145 1.158
max/min residual electron density
[e��3]

2.045/�1.107 1.727/�0.906 3.336/�2.227

[a] R1=S j jF0 j� jFc j j /� jF0 j . [b] wR2= [�[w ACHTUNGTRENNUNG(F0
2�Fc

2)2]/�[w(F0)
2]]0.5 where w=1/s2 ACHTUNGTRENNUNG(F0

2)+(aP)2+bP, P =

(F0
2+2Fc

2)/3. [c] GooF = [�[w ACHTUNGTRENNUNG(F0
2�Fc

2)2]/ ACHTUNGTRENNUNG(n�p)]0.5.
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anionic capsule 1 a contains, as that of the starting material
with acetate ligands,[16a,b,g] 12 pentagonal units {(Mo)Mo5O21-ACHTUNGTRENNUNG(H2O)6}

6� placed at the 12 vertices of an icosahedron and
linked by 30 dinuclear {MoV

2O4 ACHTUNGTRENNUNG(HCO2)}+ units. The con-
struction principle automatically leads to capsules with 20
{Mo9O9} pores[16f] (see Figure 1, top-left). As these have
crown ether function they can all be closed with comple-
mentary guests/plugs like formamidinium cations in agree-
ment with the principles of supramolecular chemistry.[16d,f]

(This allows one to prepare compound 2 with closed capsule
pores as mentioned below.) The interior of the cavity of 1 a
should be briefly discussed; see also the Conclusions and
Outlook. It hosts a well-defined water {H2O}80 cluster con-
sisting of a {H2O}60 shell that is embedded into a peripheral
dodecahedral {H2O}20 shell (Figure 1, top right), while the
two shells interact via hydrogen bonds. (The {H2O}80 is also
found in the corresponding {Mo132}-type capsule with

H2P2O2
� ligands.[16g]) However the cavity of 1 a should not

be completely free of NH4
+ ions (see formula), since the 20

pores remained open during the synthesis with the conse-
quence that this influences the structure of the disordered
encapsulate {nNH4

+ + mH2O} in the central part of the
cavity; for the related problem of positioning crystallograph-
ically NH4

+ ions disordered with H2O molecules, see below.
The complete encapsulate can in principle be considered as
a nanosized water-electrolyte assembly (see ref. [16g]).

ðNH4Þ42�n ½fðNH4ÞnþðH2OÞ80þmg �
fðMoÞMo5O21ðH2OÞ6g12fMo2O4ðHCO2Þg30�
�ca: 250H2O�ðNH4Þ42�n � 1 a � ca: 250 H2O � 1½21�

To study the nature of a pure encapsulated water mole-
cule assembly in the cavity of 1 a, that is, in the absence of
inorganic cations[22] (these would decrease the number of
uptaken water molecules) compound 2 was prepared from 1
by replacing the ammonium by formamidinium cations (see
Experimental Section). Compound 2 was characterized with
the same methods as 1; see above as well as the Experimen-
tal Section and Table 1. Compound 2 a has the same skele-
ton as 1 a but closed pores due to the presence of the new
cations. Formamidinium cations are too large to pass
through the 20 {Mo9O9} pores/gates but can close them as
mentioned above (see Figure 1, top left). The new scenario
shows as expected a cation-free water cluster integrated in
the capsule cavity. As regards pore closing it should be men-
tioned that in solutions of compounds such as 2, the affinity
of the capsule pores to cationic plugs depends strongly on
the type of solvent or solvent mixture.[16d] In organic sol-
vent–water mixtures the tendency for complete closure de-
creases with increasing concentration of H2O. On the other
hand the precipitation of compounds such as 2 from aque-
ous solution in water in the form of salts is favored, as pore
closing with the positively charged plugs (present in excess)
leads to a decrease of the anionic charges of the capsules
and therefore to a decrease of the solubility.[16d]

ðHCðNH2Þ2Þ22 ½fðHCðNH2Þ2Þ20þðH2OÞ100g
� fðMoÞMo5O21ðH2OÞ6g12fMo2O4ðHCO2Þg30�
�ca: 200 H2O � ðHCðNH2Þ2Þ22 � 2 a

�ca: 200 H2O � 2 ðsee Table 1Þ

The encapsulated water molecules in 2 a are found ar-
ranged in a well-defined and unprecedented structure that
can be described by a four concentric shell arrangement
with radii of 3.92–4.13, 6.72–6.78, 7.59–7.78, and 8.31–
8.70 �. The shells have the following composition/structures
in the same sequence: {H2O}20/dodecahedral, {H2O}20/2/do-
decahedral type, {H2O}60/distorted rhombicosidodecahedral,
and {H2O}20/2/dodecahedral type (Figure 1 and Figure 2),
while the two {H2O}20/2 shells are not separated enough from
each other (related O···O distances on the C3 axes <2 �) to
allow a complete occupation. As a consequence of this, the

Figure 1. Structure of the different water molecule assemblies (in wire-
frame representation showing only the O atoms) occurring within the
cavities of the three different spherical porous {Mo132}-type polyoxo-
molybdates 1 a, 2 a, and 3 a, while hydrogen bonds between the shells are
not shown. Top right: Scenario in open 1a showing the peripheral
{H2O}20 (red) and the inner {H2O}60 shell, while highlighting the
12 (H2O)5 pentagons (yellow, like for 2a and 3a). Bottom left: The situa-
tion in 2a (underoccupation not shown) showing the three dodecahedra,
that is, one fully occupied (light blue) and the two underoccupied
{H2O}20/2 types (red and green), as well as the (H2O)60 shell (yellow).
Bottom right: Shown is the three-shell water assembly in 3a on the crys-
tallographic site 2/m ; the central (blue) and the peripheral (yellow) shells
correspond to those in 2 a. Additionally shown (top left) is the structure
of the present capsule type, that is, that of 2 a highlighting one pore (in
polyhedral representation with the pentagonal units in blue and dinuclear
linkers in red) and showing the noncovalently bonded formamidinium
cations/plugs (C black, N/H green; because of the disorder a threefold
axis in the central pore is visible). The small formate ligands lying below
the dinuclear linkers are difficult to identify. The large blue sphere high-
lights the cavity in which the water molecules are encapsulated (remain-
ing color codes for the atoms of the ball-and-stick part: Mo blue, O red).

www.chemeurj.org 
 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 1844 – 18521846

C. Bo, A. M�ller et al.

www.chemeurj.org


water molecules are distributed statistically at the vertices of
the two dodecahedra, while both show occupancies of 50 %.
If a H2O molecule occurs in one of the two dodecahedra the
position of the second dodecahedron on the same C3 axis is
vacant.

Remarkably, the same number of 100 water molecules as
in 2 a was also found in the earlier published capsule anion
3 a, the cavity of which is completely filled[16f, 23] (see also Ex-
perimental Section and Table 1 with the whole formula of
3[23]). But in that case three concentric fully occupied
shells—interacting via hydrogen bonds -are present, which
are organized in the form of two {H2O}20 dodecahedra and
one strongly distorted {H2O}60 = {(H2O)5}12 rhombicosidode-
cahedron (radii of the shells are 3.84–4.04, 6.51–6.83, and
7.56–7.88 �, respectively; see Figure 1 and 2 showing the
basic {H2O}100 structure with approximate icosahedral sym-
metry).

½fðCðNH2Þ3Þ20þðH2OÞ100g � fðMoÞMo5O21ðH2OÞ6g12

fMo2O4ðH2PO2Þg20fMo2O4ðSO4Þg10�32� 3 a½16f, 22�

The important comparison of 2 a and 3 a[16f, 23] reveals that
the larger ligands, H2PO2

� and SO4
2�, of 3 a block the avail-

able space in the internal cavity relatively to that of 2 a,
which contains formate ligands. The difference is (mostly)
responsible for the different structures of the two {H2O}100

assemblies, a result which will be discussed in the section
Conclusions and Outlook, too. This scenario can be de-
scribed as “high and low density” water molecule assem-
blies, while the terms HDW/LDW are considered relative(!)
to each other, that is, related to the present system and not
in a general consideration! Important in this context is that
the present “low density” case shows more broken hydrogen
bonds, which is reverse to the bulk scenario (discussed in
the Introduction).

Molecular dynamics simulations : To gain more insight into
the nature and formation of the water assemblies, as well as
the uptake of cations at room temperature, a series of classi-

cal molecular dynamics simulations (see Experimental Sec-
tion) on models of 1 a, 2 a, and 3 a (with only 30 sulfate and
no hypophosphite ligands) in water as solvent were carried
out. Our goal was to investigate computationally different
configurations of water clusters inside the different capsules,
and to get hints about whether water molecules inside the
capsules self-assemble spontaneously or not. In these sort of
“numerical experiments”, starting from a randomly generat-
ed configuration, solvent water molecules and counterions
(Na+ in the case of 1 a and 3 a, and guanidinium cations in
the case of 2 a) were allowed to diffuse freely in the simula-
tion box, while the geometry of the capsule including that of
the normally flexible ligands was kept frozen. Assumed cap-
sule rigidity causes the channel diameters to be too small to
allow the entrance of (hydrated) Na+ into capsule 3 a, in
contrast to the situation for the real 3 a in solution.[16d] Thus,
in our simulations 3 a behaves in that respect as a closed
capsule. However, when the sulfate ligands were (formally)
substituted by formate ligands, that is, referring to 1 a, the
related enlarged channels allowed Na+ ions to pass through.
Therefore, plugs had to be present in 2 a to avoid cation
uptake. Initially, counterions were distributed around the
capsule, which was filled and surrounded by water. Follow-
ing a standard protocol, a large number of configurations
(see the Supporting Information) were collected and ana-
lyzed. Then, the radial (RDF) and spatial (SDF) distribution
functions of the centers of the capsule-oxygen water atoms
were computed.

For capsule 3 a the computed RDFs showed three signifi-
cant peaks (besides a shallow inner peak not counted in
Table 2), signalling a three-shell structure. An agreement of

the main features with the experimentally determined dis-
tances between the capsule center and the capsule–water
oxygen atoms was found. As Figure 3 (top) and Table 2
show, the three main peaks in the RDF were located at 4.4,
6.7, and 7.4 �. This result means that although during the
simulations water molecules can diffuse inside the capsule
continuously, a layered shell type structure is obtained
caused by the (“templating”) confinement. In other words
the dynamic structure matches the static experimental data
reasonably well. However, note that the calculation of the
number of water molecules in each shell, which were com-
puted by integrating the radial distribution function, g(r),
can only be approximate (see Figure 3, top).

When the space distribution function was plotted it re-
vealed a clear polyhedral-type structure. The highest proba-

Figure 2. The distance histograms related to capsules 2 a (top) and 3a
(bottom): Shown are the distributions of oxygen atoms of the water mol-
ecules at the different distances from the center of the cavities. Com-
pound 3a lacks, because of the large sulfates (see text), enough space to
place the 4th shell present in 2a (color code as in Figure 1). (The distan-
ces to the terminal O atoms of the sulfate ligands are given for 3a, too.)

Table 2. Experimental versus computed distances from the center of the
capsule to oxygen atoms of water molecules. All values are given in �
(the peaks related to the capsule centers are not considered).

3a 2a
experimental calculated experimental calculated

Peak 1 3.84–4.04 4.4 4.02–4.08 4.4
Peak 2 6.51–6.83 6.7 6.62–6.72 6.9
Peak 3 7.56–7.88 7.4 7.66–7.78 7.9
Peak 4 – – 8.52–8.79 8.8

Chem. Eur. J. 2009, 15, 1844 – 1852 
 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1847

FULL PAPERFunctionalized Porous Capsules

www.chemeurj.org


bility regions of finding water molecules inside the capsule
(red areas in Figure 4) correspond to water ligands coordi-
nated to the metal atoms of the 12 {(Mo)Mo5} moieties, that
is, to the 12 {(H2O) ACHTUNGTRENNUNG(H2O)5} type pentagons. These ligand-
type water molecules remain, as expected, fixed at their lo-
cations of maximum probability. (The related shell, located
at about 10 � from the center of the capsule, is not shown
in the RDF profile in Figure 3.) The two shells at 7.4 and
6.7 � (Table 2 and Figure 3) form the same polyhedra as
were found crystallographically, that is, a strongly distorted
{H2O}60� {(H2O)5}12 rhombicosidodecahedron and a {H2O}20

dodecahedron. In these nodes, the grey isosurface extends
towards the edges that connect the vertices of the poly-
hedra, thus suggesting that water molecules in these shells
are rather mobile and can exchange their locations. The ex-
change seems to occur through the edges and not through
the faces of the polyhedra. This phenomenon was of course
not observed in the crystals since they were measured at low
temperatures. Visual inspection of the trajectories indicates

a stepwise motion with molecules frequently switching be-
tween the shells and in a synchronous way, like a dynamical
hydrogen-bonded gear. The result corresponds especially to
the non-negligible overlap between the peaks at 6.7 and
7.4 � in the RDF in Figure 3, top. Furthermore, the blue
isosurface depicted in Figure 4 (peak at 4.4 � in Figure 3) is
not connected with the second and third shells, as a result of
the zero overlap between the corresponding peaks in the
RDF. In this inner layer, water molecules are much more
mobile than those in the two outer layers, and consequently,
no regions of high probability (red regions in Figure 4) are
found. Although water behaves more liquid-like in this
inner part, the polyhedral shape of the SDF blue isosurface
suggests a constrained motion imposed by the symmetry of
the capsule.

When a model for 2 a was considered, the RDF plot, as
shown in Figure 3 (bottom), displayed a rather different be-
havior. Instead of the three main peaks found for 3 a a
fourth peak appeared at 8.8 �, in agreement with the ex-
periment (see Table 2). But the additional space available
inside the capsule allowed water molecules to be more
mobile, and consequently, the RDF peaks strongly overlap.
In this case, integration of the peaks is not straightforward.
Contrary to the case of 3 a, the SDF function for 2 a did not
reveal any clear image since the diffusion during the simula-
tion was rather high due to the large pores (Figure 5) not

Figure 3. Radial distribution functions (blue lines) showing the distribu-
tion of water oxygen atoms from the center of the capsule for different
water assemblies formed within the cavities of 3 a (top; the peak at ca.
2 � corresponds to a small number of water molecules in the capsule
center) and 2a (bottom). Each peak describes the most probable location
of water molecules. The number of water molecules obtained by integra-
tion of the peak areas are only referred to in the top figure (see text).

Figure 4. Isosurfaces of the spatial distribution function (SDF) for water
oxygen atoms inside capsule 3 a. Two isosurfaces are shown: one colored
red and the other colored either gray-transparent or blue, for clarity. The
red isosurface corresponds to the regions of maximum probability of
finding water oxygen atoms. We found 152 red nodes, which are located
precisely at the same positions that we found in the X-ray structure: the
dodecahedral second layer (20), the distorted rhombicosidodecahedron
third layer (60), and the twelve centered-pentagons of the coordinated
water molecules (72). The gray-transparent isosurface corresponds to a
probability one order of magnitude lower than the red isosurface, and in-
dicates exchange between the second and third layer. The blue isosurface
(same SDF value as the gray one) shows the inner shell.
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closed by guanidinium cations under the present conditions
(water as solvent and the comparably low charged capsule)
and the occurrence of the formate ligands.

To summarize: In the case of 2 a and 3 a, our simulations
showed that encapsulated water molecules self-assemble dy-
namically in shell structures, which are strongly affected by
(slightly) increasing the volume of the capsule. In the case
of 2 a, the calculations were done in the presence of guanidi-
nium cations, which close the pores to prevent the uptake of
small cations.

To simulate correspondingly the behavior of capsule 1 a,
we ran a simulation in the presence of 42 Na+ ions while
leaving the pores open. (Na+ ions were used in the simula-
tions as they are easily taken up because of their size and
the large pores (Figure 5). This allows us to nicely investi-
gate how this affects the encapsulated water structure.) In
this case, three cations were detected inside the capsule at
the end of the trajectory. The presence of the cations strong-
ly affected the structure of the encapsulated water locally,
that is, the shell structure was partly disrupted, although its
reminiscence was still observed (see the Supporting Infor-
mation). Therefore, these results support the scenarios
found based on several related single-crystal X-ray studies
(see above); small variations in the composition of the cap-
sule and/or the presence of cations being able to enter
through the pores, alter significantly the structures of the en-
capsulated water assemblies.

Conclusions and Outlook

We have investigated two porous spherical {pentagon}12-ACHTUNGTRENNUNG{linker}30-type capsules having different space available for
encapsulates in their cavities. The capsules can, for instance,
host, in the absence of small inorganic cations, a maximum
number of 100 water molecules. This allows us to refer to
“higher and lower density” water molecule assemblies as
the same number of molecules can be trapped in the two
capsule scenarios; the three-shell {H2O}100 water cluster of
3 a expands to a four-shell type with underoccupation in the
cavity of 2 a. These observations, based on single-crystal X-
ray diffraction data, are in reasonable agreement with those
from our molecular simulations referring mostly to 3 a. Fur-
thermore, the related spatial distribution function—obtained
at room temperature!—reflects the selective mobility of the
water molecules confined in the cavities, that is, not all
water molecules exhibit the same dynamical behavior. It
was also found in this context that the water molecule shells
lying close to the internal capsule surface where the impor-
tant template functions of the coordinated water ligands act
(see, for example, ref. [25]) are (highly) ordered, that is, in
contrast to the molecules in the central part of the capsule.

The present capsules can—generally speaking—function
as templates for “materials” fabrication, for instance, to con-
struct different structurally well-defined types of water clus-
ter aggregates (but not only these[24b]) with and without
broken hydrogen bonds. In the latter situation—also called

the “tetrahedral type of water” (tetrahedral four-donor
motif[3d])—each water molecule is bonded to four others.
This is the case for molecules of the intermediate dodecahe-
dral {H2O}20 shell of 3 a (Figure 3, bottom right).

Structurally well-defined water shells can also be observed
in the {Mo102}� {(MoVI)MoVI

5}12 ACHTUNGTRENNUNG{MoV}30-type cluster with a
smaller cavity and containing acetate ligands.[16g,22] The
much smaller cavity size only allows one to encapsulate a
small {H2O}40 assembly consisting of two dodecahedral
{H2O}20 shells, which corresponds practically to the two first
shells in the cation-free {Mo132} capsule 3 a[16g] (see above).
Generally speaking we can refer to a type of Aufbau princi-
ple (see for example, ref. [16g]) which is mainly based on
the fact that the structures of water molecule assemblies are
directed by the template influence of the five internal H2O
ligands coordinated to the five equivalent Mo atoms present
in each of the 12 pentagonal {(Mo)Mo5}-type units, like in
1 a, 2 a, and 3 a. This template effect leads especially to the
generation of the (H2O)60� {(H2O)5}12 shell (see for instance
ref. [25]). In the case of the presence of “larger” hydropho-
bic internal ligands such as acetates (not considered here),
this template effect in the present type of capsule does not
occur, as in the small {Mo102} cavity scenario.[22]

The influence of the internal bidentate ligands on the en-
capsulates can be nicely visualized by the following: Replac-
ing, for instance, the 30 sulfate ligands in the corresponding
{Mo132} Keplerate capsule by 30 small formate ligands—that
is, getting 2 a—leads to the generation of 20 voids within the
internal cavity shell surface (Figure 5, top) with the conse-
quence that at these places an additional H2O dodecahedron

Figure 5. Demonstration of the influence of the replacement of SO4
2�

(left) by PO2H2
�[16g] (middle) and HCOO� ligands (right; change gener-

ates voids for 20 H2O in 1a like in the PO2H2
� case) on the available

space in the cavities, on the channel openings (bottom row), as well as on
the internal shell structures (top row) of the related {Mo132} capsules. The
pentagonal units with the different ligands (top row) as well as the relat-
ed pores/channels (bottom row; in wireframe representation) in the cor-
responding clusters are shown in a view from the cluster center in direc-
tion of the C5 and C3 axes, respectively. The distances (�) between the
capsule center (turquoise sphere) of the narrowest channel area, and the
O or H atoms of the ligands SO4

2�, PO2H2
�, and HCOO� groups are

given (color code for the top row: O (skeleton) orange, O (ligands) red,
S green, P violet, H yellow, C black).

Chem. Eur. J. 2009, 15, 1844 – 1852 
 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1849

FULL PAPERFunctionalized Porous Capsules

www.chemeurj.org


can be integrated with its 20 corners positioned at the C3

axes.[16g] (The change to 30 hypophosphites instead has a
similar effect.[16g]) But whereas in 1 a the related dodecahe-
dral shell is completely filled it is only half-filled in the case
of 2 a (reasons are given above).

One may ask general questions, such as: what is it like for
molecules/ions to “house” inside a nanosized molecular con-
tainer with respect to the interactions between them? In
this context we can refer to two scenarios: 1) the interac-
tions take place almost independently from the cavity-interi-
or shell-functionalities (i.e. as in a nano-test-tube) or 2) they
are influenced by the shell functionalities (see for instance
ref. [24b]). In the present cases the latter scenario seems to
be dominant due to an influence of the mentioned tem-
plates, that is, in agreement with the capsule symmetry.

“Water structures” are generally speaking typically affect-
ed by a surface/substrate which is lying not more than about
2 nm apart from them. In the context of the present work it
is worthwhile mentioning that properties and activities(!) of
interfacial water can be studied nicely on the surfaces of
nanosized polyoxometalates, similar to the present ones,
that is, also containing pentagonal units,[25] and that the ex-
change of H2O ligands on mineral surfaces can be modeled
by the present type of Keplerates.[26a] Note, the reactivity of
water at mineral surfaces is important, for example, for
sorption processes, the formation of soils, and the removal
of CO2 from the atmosphere (see, for example, ref. [26b]).

The following aspects might be interesting: Simulations
have predicted that confined ice can have two symmetrically
different phases which become deformed and indistinguisha-
ble when put under pressure.[27a] In this context a theoreti-
cian working in the field expected[27b] that one type of ice
should easily transform into the other through collective
motion of its hydrogen bonds, that “confined liquid water
[···] will undergo similar structural rearrangements” and that
this type of molecular mechanisms should also “ACHTUNGTRENNUNG[···] cause
large changes to the network structure of water trapped in
proteins or at membrane surfaces”. (Reference to confined
ice is in spite of the observed approximate icosahedral struc-
tures formally relevant here because the structures of 2 and
3 refer to measurements done at about 180 K.) The same
author expected that these studies could help us “ACHTUNGTRENNUNG[···] to un-
derstand another intimate relationship—the relationship be-
tween water and life”. (See in context the titles of two re-
cently published reviews “Water as an active constituent in
cell biology”[3b] and “Do we underestimate the importance
of water in cell biology?”.[4b]) In any case it is generally ac-
cepted that surface water and localized water clusters inside
proteins—which are to some extent comparable to the pres-
ent encapsulated water clusters with respect to their sizes—
have a tremendous influence on the type of protein actions;
see for example, references [4b, 28].

The present type of studies based on a variety of capsule
scenarios can give in the future more basic information
about confined water and water electrolyte systems, about
related (nano) fluid dynamics, and phase transitions if tem-
perature-dependent investigations will be done as intended.

(It is also intended in this context to synthesize a compound
3 type not containing 3 b.) This could lead to a better under-
standing of some related special topics of geo- and soil-sci-
ences, as confined water plays, for example, a role in pro-
cesses such as hydration and reactivity of mineral surfaces in
natural environments (see for example, ref. [15, 26]).
Anyhow, we should accept that we are still a long way from
a deeper understanding of the role of nearly ubiquitous
“water” in all the mentioned scenarios.

Experimental Section

Synthesis of 1: HCOOH (60 mL, 10% in water) was added to
a solution of (NH4)42[({Mo}Mo5O21ACHTUNGTRENNUNG{H2O}6)12 ACHTUNGTRENNUNG(Mo2O4 ACHTUNGTRENNUNG{CH3COO})30]·ca.
[300 H2O+10CH3COONH4]

[16h] (3.00 g, 0.10 mmol) in water (55 mL).
After the solution was stirred for 16 h at 80 8C and NH4Cl (4.00 g,
74.80 mmol) was added, it was cooled to room temperature. The solution
was left undisturbed for 10 days. The brownish rhombohedral precipitat-
ed crystals were collected by filtration over a glass frit, washed with ice
cold water, ethanol, and diethyl ether, and dried in air over CaCl2. Yield
2.3 g. After the compound had been dissolved at 60 8C for recrystalliza-
tion in water (75 mL) containing NH4Cl (3.00 g, 56.07 mmol), the solu-
tion was cooled to room temperature and left undisturbed for three days.
The precipitated crystals of 1 were collected by filtration over a glass frit,
washed with ice cold water, and dried over CaCl2. Yield: 1.5 g; IR (KBr
pellet): ñ=1620 (m, d ACHTUNGTRENNUNG(H2O)) 1560 (m, nas ACHTUNGTRENNUNG(COO)), 1400 (m, d ACHTUNGTRENNUNG([NH4

+])/ns-ACHTUNGTRENNUNG(COO)), 1350 (w), 972 (m), 941 (w) (both n ACHTUNGTRENNUNG(Mo=O)), 858 (w), 802 (s),
727 (s), 633 (w), 573 (s), 473 cm�1 (w); Raman (KBr dilution, le =

1064 nm): ñ=945 (m, n ACHTUNGTRENNUNG(Mo=O)), 878 (vs, Obri-breathing), 850 (sh), 476
(w), 376 (m), 316 (w), 256 cm�1 (w) (preparation by Adrian–Raul
Tomsa); elemental analysis calcd (%): C 1.31, H 3.46, N 2.14; found: C
1.3, H 3.2, N 2.2.

Synthesis of 2 : A solution of 1 (0.50 g, 0.02 mmol) and formamidinium
hydrochloride (0.38 g, 4.72 mmol) in water (20 mL) was heated to 65 8C
for 15 min and then slowly cooled to room temperature. After six days
the precipitated brown rhombohedral crystals of 2 were filtered over a
glass frit, washed with ice cold water, ethanol, and diethyl ether, and
dried over CaCl2. Yield: 0.35 g; IR (KBr pellet): ñ =1718 (s, nas ACHTUNGTRENNUNG(CPN)),
1620 (m, d ACHTUNGTRENNUNG(H2O)) 1560 (m, nas ACHTUNGTRENNUNG(COO)), 1387 (w), 1344 (w), 975 (m), 943
(w) (both (Mo=O)), 856 (w), 798 (s), 725 (s), 632 (w), 570 (s), 472 cm�1

(m); Raman (KBr dilution, le =1064 nm): ñ=946 (m, n ACHTUNGTRENNUNG(Mo=O)), 879 (vs,
Obri-breathing), 850 (sh), 474 (w), 432 (w) 372 (s), 313 (m), 254 cm�1 (w)
(preparation by Tamoghna Mitra); elemental analysis calcd (%): C, 3.19;
H, 3.51; N, 4.54; found: C, 3.2; H, 3.2; N, 4.6.

Synthesis of 3 :[23a] The compound was isolated from an aqueous solution
of (NH4)42ACHTUNGTRENNUNG[{(MoVI)MoVI

5O21ACHTUNGTRENNUNG(H2O)6}12 ACHTUNGTRENNUNG{MoV
2O4 ACHTUNGTRENNUNG(H2PO2)}30]·300 H2O and

[(NH2)3C]2SO4 after heating (details in ref. [16g]); elemental analysis
calcd (%): C 2.23, H 3.11, N 7.80, P 1.92, S 1.32; found: C 2.5, H 2.9, N
7.2, P 1.9, S 1.1.

It should be mentioned that compounds containing formamidinium cat-
ions crystallize much better than those with guanidinium cations.

X-ray crystallographic data collection and refinement of the structure :
Crystals of 1, 2, and 3[16f] were removed from the mother liquor and im-
mediately cooled on a Bruker AXS SMART diffractometer (three-circle
goniometer with 1 K CCD detector, MoKa radiation, graphite monochro-
mator; hemisphere data collection in w at 0.38 scan width in three runs
with 606, 435, and 230 frames (f =0, 88 and 1808) at a detector distance
of 5 cm). An empirical absorption correction using equivalent reflections
was performed with the program SADABS 2.03. The structure was
solved with the program SHELXS-97 and refined by using SHELXL-97
(SHELXS/L, SADABS from G. M. Sheldrick, University of Gçttingen
1997/2001; structure graphics with DIAMOND 2.1, DIAMOND 3.1 from
K. Brandenburg, Crystal Impact GbR, 2001 and 2008). CCDC-680565 (1)
and CCDC-680566 (2) contain supplementary crystallographic data for
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this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif. Further details of the crystal structure determination of 3 may
be obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+49)7247–808–666; e-mail : crysda-
ta@fiz-karlsruhe.de) on quoting the depository number CSD-412658.

Computational details : Classical molecular dynamics simulations were
carried out on models of 1 a, 2 a, and 3a in water as solvent. The geome-
try of the capsules was taken as in the corresponding single-crystal X-ray
structures and kept frozen during the simulations. In the case of 1 a, the
negative charge (�42) was neutralized with the corresponding number of
sodium instead of ammonium cations. According to the disorder in the
coordinates of 2 obtained crystallographically, the formamidinium cations
in 2 were simulated by guanidinium cations for the sake of simplicity. For
3a a fully substituted sulfate open capsule was considered instead of that
with the mixed H2PO2

�/SO4
2� ligand system. The overall charge of �72

was neutralized with the corresponding number of hydrated Na+ ions.
Free motion of the cations and water molecules inside and outside the
capsules was allowed under electrostatic and van der Waals interactions
dictated by Lennard–Jones (LJ) potentials.

For the capsules, atomic charges were generated by using the QEq
method[29] as implemented in the Materials Studio 4.0 Package. For water
molecules, electrostatic and LJ parameters corresponded to those of the
SPC/E model.[30] For the capsules, the LJ parameters were taken from
previous work by our group.[31] For sulfur, oxygen, carbon, and hydrogen
atoms the OPLS-AA parameters were used. The LJ parameters for mon-
ovalent cations were taken from Lee et al.[32] For the guanidinium cations,
both the atomic charges and the LJ parameters were taken from the
work of Weerasinghe et al.[33] Table S1 in the Supporting Information col-
lects all the LJ parameters used.

All simulations were carried out using the DL_POLY2 program devel-
oped in the Daresbury Laboratory by W. Smith and T. R. Forester.[34]

The trajectories of the systems along the simulations were analyzed in
two ways. The radial distribution functions (RDFs) were computed and
integrated with the Visual Molecular Dynamics 1.8.6. program, using a
grid of 0.05 �. Spatial distribution functions were computed in a grid
with 231 � 231 � 231 points, spaced 0.1 �, based on a code written by the
authors. A series of simulations using different conditions were consid-
ered, as indicated in Tables S2, S3, and S4 in the Supporting Information.
Initially we considered capsule 3 a and checked whether the RDF profile
was dependent on different factors or not. We found that the results
were not dependent on the cation, that is, Na+ , nor on the temperature,
nor on the presence or not of external solvent either. Therefore, simula-
tions on capsule 2a were run without external solvent, that is, in closed
form. However, in this case it was necessary to reduce the temperature
to obtain resolved peaks in the RDF profile.
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