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After the metal oxide clusters {Mo,,M;,} (M = VY, Cr'™, Fe'™,
Mo"), (Mo} (Keplerate-type), (Mo}, {Moysg), {Moys)
(wheel type), and also the {Mosg} (hedgehog type) and
some tungsten analogues were discovered,!! they were
recognized as nanomaterials that allow a variety of research
options in several disciplines. The corresponding results
obtained from several groups refer to unusual chemical
reactions (especially the work of Aida etal.?) as well as
electronic and magnetic properties,*! but also different
aspects of materials science,'®***! including catalysis.*! In
particular, the spherical nanocapsules/Keplerates of the
(pentagon);y(linker);) = {(Mo)Mos}i,{Moy}s = {Moys}  type
containing 20 well-defined pores have been extensively
investigated because of their unique structures and the
related properties. This refers in particular to the option of
tuning the internal capsule functionalities (including impor-
tant hydrophobic types), which reveals several interesting
features especially regarding interactions of the capsules with
the environment. If the capsules are transferred, for example,
to solutions containing different constituents at their dispo-
sition, they exchange their interior correspondingly. One
example is the extremely fast exchange of 30 lower-charged
acetate ligands coordinated to the 30 {Mo",0,}*" linkers of the
capsule [{(Mo"")Mo"'50,,(H,0)g}1» {M0*;04(CH;CO0)}5]
1aP! by the corresponding number of more highly charged
sulfate ions present in the new environment.!

Herein we refer to a scenario based on the aqueous
solution of 1a into which CO, is bubbled, leading to the fast
exchange of acetate by carbonate ligands inside the capsule
while CO, can also react directly with the H,O ligands of the
{Mo",0,(H,0),}*" linkers. Acidification of solutions of the
carbonate-containing capsules leads easily to CO, release
while CO, is also completely removed from the related solid
upon standing and especially upon mild heating. The three
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different types of CO, integration into MOFs as promising
materials** have been recently shortly summarized:"¥) One
refers to binding CO, to vacant coordination sites on metal
atoms, another to physisorption of CO, by means of dipole
interactions, while the authors themselves’ in their work
refer to covalent bonding. In this context, the present results
should be of interest.

The problem that had to be solved was to find the optimal,
that is, limited pH range for the CO, uptake reaction because
the (necessary) formation of the intermediate product HCO;~
as well as the stability of 1a in solution, like of each
polyoxometalate, are strongly pH-dependent.’! But after
CO, was bubbled through an aqueous solution containing
1a with a pH value of about 7, the capsule 2a is quickly
formed as the CO5*~ ligands have a much higher affinity to the
{Mo",0,}*" linkers than the less negatively charged acetate
ligands. The resulting compound 2 could be isolated in
crystalline form and was characterized spectroscopically by
IR (based on the *C-"2C isotope shifts) and Raman spectra’”!
and also by X-ray crystallography.'®™ The corresponding
compound 3 was prepared using isotopically pure *CO, and
characterized by IR and C NMR spectra (see below), while
compound 4 was obtained in the same way as 2, but in absence
of formamidinium cations in the reaction mixture to inves-
tigate the pore-closing influence of the organic cations on the
stability. Compound 4 was characterized by elemental anal-
ysis, spectroscopically, and the measurement of the unit-cell
dimensions which are as expected practically identical to
those of 2, as the pore closing does not change the size of the
spherical capsules.'®!

(NH, )5 {HC(NH,)5 }9[{ (M0")Mo0"'505, (H,0)s }1»
{Mo0",04(CO5)}3] - L = (NH,)5,{HC(NH,), }5 - 2a- L (2)
L = lattice components (ca. 250H,0 + 2 MoO; - H,0) that are

disordered because of the large voids between the giant capsules.

Compound 3 corresponds to 2 but contains *CO,*~
ligands.

(NH,)7[{(Mo"")Mo"'50, (H,0) }12{Mo",0,4(CO;) }5] - ca. 260H,0
= (NH,), - 4a-ca. 260H,0 (4)

As the Raman spectrum of the aqueous solution contain-
ing 2 (Figure 1) shows, owing to the almost high icosahedral
symmetry of its metal oxide skeleton, only very few character-
istic lines this can be considered as an easy proof for the
identification.”! The TR spectra of 2 and 3 confirm the
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Figure 1. The extremely simple characteristic Raman spectrum (see
text) of an aqueous solution of 2 (4., =785 nm) does not change over
several hours. For the spectra of a solution of 4 and their time
dependence, see the Supporting Information, Figure S2.

presence of CO,*~ ions coordinated as bridging ligands to the
{MoY,0,}*" linkers as they show the expected *C-"C isotope
shifts of about 30 cm™" of the v,(CO) stretching vibrations
(but not of the symmetric one) (Supporting Information,
Figure S1); the isotope shifts are comparable to that of the
v,s(CO) stretching mode of >CO, and BCO,."! The single-
crystal X-ray structure analysis of 2,1%! which crystallizes in
the cubic space group Fm3, confirms the presence of 30 CO,*~
anions coordinated as bridging ligands to the 30 linkers
(Figure 2a), while the carbon atoms form the unique icosi-
dodecahedron with all edges equal (Figure 2b). In the solid
compound 2 the 20 pores are closed by 20 formamidinium
cations, which interact with the {Moy,O,} pores by hydrogen
bonds (Figure2c; for a corresponding example, see
Ref. [12a]).

Figure 2. a) The structure of 2a mostly in ball-and-stick representation,
b) the icosidodecahedron spanned by the 30 carbonate C atoms, and
c) one integrated (disordered) formamidinium cation as guest in

a pore (O red, Mo blue, C black, N green).
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The important results with respect to the chemical
pathway and the stability of the new compound type in
context with the release of CO, are as follows:

1) The fixation of CO, can occur either by fast exchange of
the acetate ligands of 1a by the more highy charged CO,*
ligands (primarily HCO;™ is formed at pH 7) or by direct
reaction of CO, with the H,O ligands of the {Mo",0,-
(H,0),}*" linkers. The latter argument is due to the fact
that there is a pH dependent equilibrium between acetate
and H,0 ligands in the capsule interior of 1a.[#120:13]

2) Aqueous solutions of 2a are remarkably stable for several
hours at pH 7, as confirmed by the characteristic Raman
spectrum (as proof for the intact capsule skeleton; see
Figure 1; regarding the comparatively less-stable 4a, see
the Supporting Information Figure S2) and *C NMR
spectra (as confirmation of the presence of integrated
CO;*" ligands; see below). The 30CO;*" ions can, by
formation of CO,, be easily removed from the capsule
upon addition of different acids/ligands to the solution.
This allows compounds to be easily prepared with the
related anions as ligands coordinated to the 30 linkers/
receptors of the capsule. For the present relevant example,
upon addition of acetic acid to the solution containing 4a,
the easily prepared compound 1,”) which is often used in
materials science!'! and the synthesis is reported even in
a student textbook,™ is formed (for details, see the
Supporting Information, Section S1). Of special interest in
the context are the encapsulations of very weakly coordi-
nating ligands, such as F~, CI", and BF,” ions but also
H,0."1 Generally speaking the capsule 2a with the CO,>~
ligands is highly reactive with respect to the exchange of
the interior.

3) Solid 2 is stable at about 0°C for a couple of days and at
about —10°C for at least two weeks; it releases CO, slowly
but completely at room temperature (Supporting Infor-
mation, Table 1). The capsules decompose because no
ligands are present for the stabilization of the {MoY,0,}*"
linkers after the carbonate decomposition, as in case of
aqueous solution. Compound 4 decomposes more easily
than 2 owing to the missing stabilization effect by pore
closing (Supporting Information, Figure S2 and Table S1).

The C NMR spectrum of a solution of 3 in water shows
the expected signals in the relevant region™ (Figure 3); that
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Figure 3. *C NMR spectrum of an aqueous solution of 3 (FA: forma-
midinium cation). The characteristic broad signal (for an explanation,
see the Supporting Information, Figure S3) is also observed after
bubbling CO, for only a short time into the solution (pH ca. 7)
containing 1a.
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is, for HCO;™(aq), CO,(aq), the formamidinium cation, and
for the coordinated carbonate ligands as a broad signal. The
latter signal is shifted compared to that of HCO;™ to higher
frequencies, comparable to scenarios with other anions
coordinated to the positively charged linkers (see the
Supporting Information, Figures S3 and S4 for further details,
especially regarding the characteristic broad peak for inte-
grated ligands). The latter peak (overall linewidth ca. 80 Hz)
has a very weak shoulder that can be assigned to a small
number of protonated carbonate ligands weakly interacting
with the capsule by hydrogen bonds. The stability of the
compound in water at a well-defined pH value of about 7 is
remarkable: after several hours, even days, the decrease of the
signal intensity of the carbonate ligands is practically not
visible, while the intensity of the HCO; (aq) signal is nearly
constant and that of the CO,(aq) increases very slowly, which
is obviously accompanied by a small change in the pH that
results in a very small low-frequency shift of the signal for the
coordinated carbonate ligands. Importantly, the formation of
2a is very fast, as the signal of the coordinated CO5*~ ligands
is observed after bubbling CO, for minutes through the
aqueous solution (pH ~ 7) containing 1a.

A long-term “C EXSY spectrum does not show cross-
peaks, which leads to the conclusion that there are practically
no carbonate-based exchange equilibria between the capsule
interior and the outside. The more highly charged CO,’" ions
are more strongly attracted by the positively charged linkers
than, for example, the less-charged acetate ligands for which
correspondingly exchange is observed (for the related EXSY
spectra, see Ref. [13]). Further evidence for the existence of
3a in solution is given by the C DOSY NMR spectrum
(Figure 4; for related spectra of macroions with comparable
sizes, see Ref. [15]).

In summary, apart from the option of picking up 30CO,
molecules in only one capsule, it is also noteworthy that the
related cluster 2a is comparably rather stable in solution over
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Figure 4. ">C DOSY NMR spectrum of a solution of 3 in D,O with the
characteristic peak of the CO,”~ ions integrated in the capsule. Inset:
Spectrum with lower intensity levels to show the less intense signals
of the smaller components; the signal of the formamidinium cation
("*C only in natural abundance) is not detected owing to the lack of
sensitivity.
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a well-defined pH range, while 2a, because of the easy
decomposition of the CO4*~ ligands upon lowering the pH
value of the corresponding solution, is a powerful highly
reactive and unique starting material for the syntheses of
capsules exhibiting other interiors, and especially those with
weakly coordinating ligands, such as ClI~ or H,0.['")

Experimental Section

All chemicals were of reagent grade and used as supplied. *CO, (99
atom % °C) was supplied by Campro Scientific GmbH. Compound
1 was prepared according to a well-known preparation method™ and
characterized by IR and Raman spectroscopy.

2: CO, gas was bubbled rapidly (at least 3—4 bubbles per second)
into a solution of 1 (2 g, 0.068 mmol) in water (100 mL) in a two-
necked round-bottom flask for 10 min. After an ammonia solution
(ca.2.5mL, 12.5% in water) was added dropwise over a period of 1 h
(while maintaining a continuous flow of CO,) to keep the pH value
constant at 7.0 for 1 h, formamidinium chloride (0.3 g, 3.72 mmol)
was added and the solution was stirred, keeping the CO, bubbling
constant for a further 10-15 min. The solution was then kept tightly
closed by a rubber stopper (and parafilm to keep the rubber stopper
fixed against the pressure generated from the dissolved CO,). After
5-7 days, the (distorted) octahedrally shaped brown crystals that had
precipitated were filtered through a glass frit and then washed with
a small amount of ethanol and diethyl ether. The compound was dried
for 2 min under suction and then quickly stored at —10°C. Yield: 0.5 g
(25 % based on Mo). Anal calcd (%) for Mo,3,07,0Ng,CsoHgs,: C 2.19,
H3.13, N4.70, Mo"20.98; found: C2.5, H3.6, N5.0, Mo"21.6
(cerimetric titration). The smaller number of H,O crystal water
molecules found here (namely 200) corresponds to the weathering
process, while the formula for 2 corresponds to the results of the X-ray
crystallographic study as for example also described in Ref. [13]; for
the stability, see the text; for the IR spectrum, see the Supporting
Information, Figure S1. Using more formamidinium chloride (0.5 g)
increases the yield (1.2 g/60% based on Mo) but because of faster
crystallization only gives a microcrystalline solid with the same
spectroscopic data.

3: The compound was obtained in the same manner as 2, but on
a reduced scale, starting from a solution of 1 (0.2 g, 0.0068 mmol) in
water (15 mL), using isotopically pure *CO, and comparatively more
formamidinium chloride (0.1 g, 1.25 mmol). The (distorted) octahe-
drally shaped deep-brown crystals separated after 3-5 days. The
compound was dried for 2 min under suction and then quickly stored
at —10°C. Yield: 0.1 g (50 % based on Mo); for the IR spectrum, see
the Supporting Information, Figure S1.

4: The compound was obtained in the same manner as 2, but by
adding NH,Cl (0.25 g, 4.7 mmol) instead of formamidinium chloride.
Elongated deep-brown octahedrally shaped crystals separated after
2-3 days. The compound was dried for 1 min under suction and then
quickly stored at —10°C. Yield: 0.5 g (25 % based on Mo). Anal calcd
(%) for Mo,30.3,N;,CyHgs: C 1.36, H3.15, N3.78, Mo" 21.63;
found: C 1.6, H3.5, N 3.6, Mo" 22.0; for the IR spectrum, see the
Supporting Information, Figure S1.

The ®C NMR spectra in D,0O were measured at 100 MHz on
a BRUKER AVANCE spectrometer using standard parameters. For
a possible degradation study, the experiment time for each spectrum
was four hours. The *C DOSY NMR spectrum was recorded using
a standard BRUKER pulse sequence (stebpgpls) with a relaxation
time of 10 s, a gradient pulse of 6 ms, and a diffusion delay of 150 ms.
32 experiments were measured with a linear gradient ramp from 2 to
95% and 640 scans each; total experiment time ca. 60 h.
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