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Porous Capsules Allow Pore Opening and Closing
That Results in Cation Uptake**
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Structurally well-defined spherical porous molybdenum oxide
based nanocapsules of the type {Pentagon}),,{Linker};, % can
be described as artificial cells as they allow the modeling—in
solution studies—of passive biological ion transport?®*®!
as well as cell response to stimuli®! (see also ref. [4]);
for biochemically related literature, see ref. [Sa]. Specifically
we refer herein to spherical, nanoscale, porous
capsules/artificial cells of the type [{(Mo)MosO,,
(H,0)4}12{M0,0,(ligand)}5,]"","? the overall charges and
internal surfaces of which can be fine-tuned by changing the
ligands, thus allowing the type and structure of encapsulates
to be influenced.” Most important, the 20 {Mo,O,}-type pores
have crown-ether-like function and can be opened and closed
with noncovalently bonded guests in a supramolecular fash-
ion.® Herein we will refer to the special situation of
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(protonated) urea molecules as guest species,® which are
found in all 20 of the capsule pores. Interestingly, after
exposition of a solution of this type of capsule to Ca** ions the
Ca”" ions are incorporated, however, in the final precipitated
product all 20 pores are again closed with the urea-type
guests. This situation is not only of some interest regarding
modeling of cell environment interactions but fundamentally
shows in an example that supramolecular chemistry is,
according to J-M. Lehn,® a “dynamic chemistry/science”:
the interaction between the parts, that is, the capsule pores
and the “corks”/guests, is based on lability, which allows an
easy exchange corresponding to the reversibility of non-
covalent interactions. Furthermore, we should note that
“calcium probably fulfills a greater variety of biological
functions than any other cation”;* this includes for instance
the special role of Ca** ions in information mediation in
connection with the ubiquitous presence of Ca’* channels in
excitable cells.’™ In the present case, the up-taken Ca’* ions
influence/direct the structure of the capsule encapsulates, that
is, of the water-molecule-based assembly.

Exposition of an aqueous solution of 1 —where the
20 pores are closed with protonated urea molecules—to Ca**
ions leads finally to the precipitation of 2 which was
characterized by elemental analysis, thermogravimetry (to
determine the number of crystal water molecules), redox
titration (to determine the number of Mo" centers), bond
valence sum (BVS) calculations,”” spectroscopic methods (IR,
Raman), and single-crystal X-ray structure analysis.[*")

(H+ ) OC(NH2)2)23(NH4)29%[{(H+ ) OC(NHZ)Z)Z() + (Hzo)xpn
+(NH,),} € {(Mo"")M0"'50, (H,0)s}12{M0",0,(SO,)} 3]
~ 100H,0 = (H* - OC(NH,),),;(NH,)_,1a- ~ 100H,0 11

(H" - OC(NH,)3)15(NHy) a1 [{ (H" - OC(NH,), )0 + Cag + (H,0)e0
+(NH,),} C {(Mo"") Mo""50, (H,0)s}1,{Mo0",0,(SO,)}5]-
~ 150H,0 = (H' - OC(NH,),);5(NH,),,_,2a- ~ 150H,0 2

According to the X-ray crystallographic results, the
capsule 2a (Figure 1) shows the characteristic basic polyoxo-
molybdate skeleton!"?—the artificial cell’s “inorganic mem-
brane”*—that is present in 1a,!”! and which also occurs in
other spherical capsules.">? However, in 2a there are
additionally 20 protonated wurea guests closing the
20 {MoyOo} pores/rings through noncovalent (that is, hydro-
gen-bond) interactions®”, and, encapsulated Ca®* ions;
furthermore, the structure of the encapsulated water-mole-
cule assembly is different in 2a from that of 1a. (The presence
of Ca" can also be demonstrated by IR spectroscopy by the
shift of a specific sulfate band from 1036 in 1to 1057 cm ™' in 2;
see ref. [3a].) The eight calcium cations found in 2a are
disordered over 20 equivalent positions below the {Mo,O,}
pore openings at the end of the channels (Figure 1), that is, on
the C; axes, and exhibit the expected octahedral coordination
environment which is formed by three oxygen atoms of three
sulfate ligands and three oxygen atoms belonging to the
encapsulated water shell/assembly (see below and ref. [4]).
Whereas 1a shows the known structure of the NH,7/H,O
assembly within a capsule containing SO,*~ ligands,*" in 2a a

T IWILEY

) InterScience’

Chemie

7935



Zuschriften

7936

Figure 1. a) Structure of the capsule 2a with the skeleton in ball-and-
stick representation (Mo blue, O red), sulfate ligands (yellow tetrahe-
dra), Ca®" ions in the octahedral coordination of oxygen atoms (pink
octahedra), the rhombicosidodecahedral (H,0)4, water assembly
inside the capsule (yellow wire-frame representation, solid and dotted
lines), and the protonated urea corks (space-filling representation,

C dark green, N/O (urea) green). b) For clarity one segment of 2a is
shown separately (same color code as in (a)).

pure, well-defined water assembly/shell {H,O} =~ 12{H,0}s
(radius 6.81-7.12 A; occupation factor 1 for the O atoms)
acting as ligand to the Ca* ions is observed,'% the formation
and positioning of which is directed by the abundance of the
fixed Ca** ions. (Though the exact NH,* and H,O positions in
1a cannot be distinguished by X-ray crystallography because
of a related disorder, there is clear evidence that NH,* ions
are involved in the formation of the central {X,,} dodecahe-
dron."®) The (H,0)q, shell of 2a corresponds to a distorted
rhombicosidodecahedron which might be regarded as an
unprecedented polydentate/macrocyclic ligand for the cal-
cium ions or other cations.

Recall that we start with a capsule 1a closed by the
protonated urea “corks” and detect Ca’* ions afterwards in
the capsule 2a, the pores of which are again closed by the
same corks. The inorganic membrane pores are definitely not

www.angewandte.de

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

permanently closed, and in solution only a fraction of the
pores is always (statistically) open (Figure 2). This problem
related to the “behavior” of the corks in solution cannot of

Figure 2. Space-filling representation demonstrating a simplified view
of the Ca®" ion uptake based on the capsule 1a. In the anions of 1 the
pores are closed. Treating a solution of 1 with Ca®* ions leads to
cation uptake (left) while in the final product 2 the pores again are
closed (right; Mo blue, O red, C black, N/O(urea) green, Ca’* pink,
yellow arrows indicate direction of motion).

course be solved by an X-ray crystallography study. On the
other hand, preliminary 'H NMR spectra of solutions of 2 in
DMF at room temperature clearly indicate the abundance of
oxygen-protonated urea species in the pores."™ (Oxygen
protonation would agree with earlier results for the proto-
nation sites of urea determined by IR and "O NMR
spectroscopy.®™) In this case, the peak-intensity analysis
reveals that approximately a third of the capsule pores are
occupied.' Interesting, in this context, is the possibility of
stabilizing the OH-type protonated urea species by integra-
tion into the pores. Furthermore, a well-defined temperature-
dependent equilibrium can—in the case of guest cations
exhibiting a much higher affinity!® for the pores than
protonated urea—be easily studied by NMR spectroscopy
in different solvents."') With such guests the remarkable
situation arises in which all the 20 pores are completely closed
at lower temperatures and can be (reversibly) opened on
heating with the consequence that uptake of different types of
cations only occurs at higher temperatures (temperature
gating). This process can be demonstrated nicely by "H- and
metal-NMR spectroscopy studies including EXSY data.¥
Under the conditions employed the Ca®" ions cannot pass
through the pores with their hydrate coat: for an effective
trafficking the comparably large Ca’* complexes must release
their water ligands and some of these ligands are “taken up”
again inside the artificial cell. (Note: the inorganic membrane
pores are semipermeable allowing uptake and release of
water but not of organic solvents such as DMF or
DMSO.P*!14) A condition for the uptake is therefore that
the affinity of Ca** ions for the H,O ligands is not too strong.
This condition is met in this case as the water ligand “mean
residence time” is of the order around 107%s at room
temperature,'” which is comparable to the published water
exchange rate constant of 6-9-10° s1.I3 4 Ag [Ca(H,0)4]**
shows a much greater lability compared to the related Be**
and Mg?" hydrate complexes, Be** and Mg?* should therefore
both show a different behavior with respect to their inter-
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actions with the capsule(s)."¥) In this context there is another
attractive aspect which is related to the possibility of trapping
complete hydrate complexes above the capsules’ pores based
on hydrogen-bond interactions between the O atoms of the
{MoyOo} pores/rings and the H,O ligands. But this type of
trapping only occurs for the present type of hydrate complex,
which has a low stability-constant value, with less negatively
charged capsules, for example, those with linkers containing
less negatively charged ligands, such as acetates (instead of
sulfates), where the capsule—cation interaction is weaker.'"!
Interesting in this context is that the coordination environ-
ment of calcium ions in water is not very well defined, and
correspondingly different coordination numbers for Ca’* ions
are reported in the literature.'* This gives, in principle, the
option to trap different hydrate complexes in this or in related
metal complexes at the capsule surface sites under different
conditions,™ including different capsule charges (so called
“Sphere Surface Chemistry”).

An aspect of more general interest in this context is the
chance to carry out systematic studies on the interaction
between the capsules/artificial cells—the pores of which are
partially or temporarily closed with different kinds of
complementary guests—and a series of different hydrated
cations present in solution; this would allow information to be
obtained on the properties and behavior of hydrate com-
plexes. The entrance of appropriate cations can nicely be
studied in solution with NMR spectroscopy.**®! Importantly,
most of the biological ion pores/channels are not continuously
open (note: the K* ion leak channels are) they are gated, that
is, they can open and then close again.’" The opening is due to
a response to specific stimuli, for example, corresponding to a
change in the voltage across the membrane (leading to the
channel protein conformational changes), a mechanical stress,
or binding of a ligand.”® Referring to the present situation,
the abundance of a large number of added cations, such as
Ca®*, in the vicinity or at the surface of the highly charged
capsule decreases the capsule’s charge, that is, diminishes the
formal electrochemical gradient.® This can 1) facilitate the
release of guests such as protonated (even comparably
strongly bonded) organic bases complementary to the
{MoyOy} pores, and 2)allow subsequent entering of the
cations (voltage gating of channels®™). In the case of more
strongly bonded guests (see above and ref. [6]), this leads to
complete pore closing at lower temperatures and cation
uptake is observed only at higher temperatures (temperature
gating (see above)). Once the cations are encapsulated the
charge distribution changes, which might again influence the
gating of the pores.

In the present system cation entrance is interesting
because of the following facts: Voltage-gated calcium chan-
nels—ubiquitous in excitable cells in which Ca®* functions as
the ubiquitous intracellular messenger—play a key role in
various physiological processes, such as muscle contraction,
hormone and neurotransmitter secretion, and neuronal
excitability. Several extracellular signals can induce an
increase in the cytosolic Ca** ion concentration by 10-20-
fold, which triggers the response.’!*!7! An interesting result
of the present study is also that the uptake of Ca®" ions leads
to a “response in the cavity” in the form of a change in the
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structure of the encapsulates, that is, of the water/electrolyte
based assembly.

Experimental Section

Synthesis of 1 (see also ref. [10]): A mixture of (NH,),,[{(Mo)MosO,,
(H,O0)6}12 {Mo0,0,(CH3;COO)}3]- = [10 CH;COONH, + 300 H,0]
(1.0 g, 0.04 mmol),* ammonium sulfate (4.0 g, 30 mmol), urea
(3.0 g, 50 mmol), and water (100 mL) was acidified with 16 % HCI
(8 mL) in a 250-mL conical flask (covered with a watch-glass) and
stirred for 45 min at room temperature. The solution was kept in an
open 250-mL beaker at around 23°C for 10 days. Then the precipi-
tated brown rhombohedral crystals of 1 were collected by filtration
and dried in air. Yield: 0.35 g (35 % based on Mo); elemental analyses
(%) caled N 5.69, H 2.62, C 1.82; found: N 5.6, H2.7, C 1.8.

Characteristic IR bands: (KBr pellet, some characteristic bands
for the range 1700-500 cm™): #=1703 [w, o(ureaH")], 1622 [s,
O0(H,0)], 1555 [w, d(ureaH*)], 1402 [m, 6(NH,)], 1196 (w), 1140 (m),
1036 (w) [all v,(SO,)], 972 [s, v(M0=0)], 852 (m), 795 (s), 723 (s), 630
(W), 569 cm™ (s). (The ureaH* bands are influenced by the hydrogen
bonds in the pores and are rather different from those of urea itself.)

Characteristic Raman bands: (solid state, KBr dilution, A,
~ 1064 nm): 7 =950 [m, »(M0=0)], 880 [v5 (Opyigeine breathing/Ay,)],
372 (m), 303 cm™! (w).

2: A mixture of 1 (2.0g, 0.07mmol), CaCL,2H,0 (0.5g,
3.40 mmol), and water (50 mL; pH <2) was stirred for 2 h at room
temperature. The solution was then kept in an open 250-mL beaker at
about 23°C and after one week the precipitated brown rhombohedral
crystals were collected by filtration through a glass frit (D2) and dried
in air. Yield: 0.6 g (30 % based on Mo); elemental analyses (% ) calcd
N 4.47, C 1.47, H 2.55, Ca 1.12; found: N 4.5, C 1.5, H 2.4, Ca 1.1.

Characteristic IR bands: (KBr pellet, some characteristic bands
for the range 1700-500 cm™'): #=1703 [w, d(ureaH")], 1624 [s,
0(H,0)], 1555 [w, d(ureaH™)], 1402 [s, 6(NH,)], ~1200 (sh), 1143
(m-s), 1057 (w) [all v,,(SOy4)], 976 (s), 947 (w) [both v(Mo=0)], 854
(m), 796 (s), 725 (s), 632 (w), 573 cm ™' (s).

Characteristic Raman bands: (solid state, KBr dilution, A,
~ 1064 nm): 7 =950 [m, ¥(M0=0)], 879 [¥s (Opyigeine breathing/Ay,)],
372 (m), 302 cm ™! (w).

The chemical formulae of 1 and 2 refer to the maximum possible
number of crystal water molecules which correspond to the related
volume calculated from the cell volume and the sum of volumes of all
cell ingredients excluding those of the crystal water molecules. The
given calculated values for C, N, Ca are related to a formula with
50 crystal water molecules less than given (note: 1 and 2 as all similar
compounds show slow weathering, that is, loss of crystal water).
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