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In previous contributions we have demonstrated that the
anionic porous molybdenum oxide based capsule(s) [Li,C
{(M0")Mo0"50,,(H,0)4}12{M0",04(SO,)}s0]* " (125 n~5) of
the compound [(CH;),NH,]yuLis ,1a-~250H,0 (1;
Figure 1) can be considered as models for cellular cation
transport,!l in particular with respect to the exchange of
lithium ions between the interior of the capsules and the
surrounding solution.>* Additionally, we could show that
appropriate cationic organic species, such as formamidinium
cations (FA-H™), can act as “corks”/guests; that is, they are
able to close, in a supramolecular fashion, the pores exhibit-
ing crown-ether function, and separate the interior from the
exterior.”! From Li NMR spectra it has been deduced that
separate signals can be observed for the various lithium spe-
cies present. However, the characteristics of the internal
lithium cations (Li* confined in the cavity of the capsule)
were only deduced indirectly, because Li* ions are involved
in exchange processes (Figure 1, bottom). Here, we present
an NMR study that allows for a precise interpretation of the
processes associated with the exchange and confinement of
capsule associated lithium cations. In particular we show
that stepwise re-opening of the pores (partial release of the
formamidinium plugs) is possible by addition of defined
amounts of water, an incident which models ligand-gated
ion channels.

A first indication of the differentiation between external
and internal lithium cations arises from the study of the dif-
fusion behaviour of the system as depicted by the 'Li NMR
signals. If a solution of 1 (preparation according to refer-
ence [1]) in dimethyl sulfoxide (DMSO) and treated with
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Figure 1. Top: Schematic space-filling representation of the uptake and
release of cations (counterion transport) through the pores of the highly
charged anionic capsule 1a (Mo blue, O red). Bottom: View of two of
the 20 pores of 1a (MoOy octahedra of the pentagonal units blue and of
the {Mo,} type linker groups red; for details see reference [1]). The disor-
der of the sulfates observed by X-ray crystallography (S yellow, O red)
comes about by the (not directly observable) Li* ions.!)

FA-HCI is investigated in a Li DOSY experiment,’! a sub-
stantial difference in the diffusion coefficients of encapsulat-
ed lithium cations moving with the capsule (LitCla) as
compared to solvated Li* ([Li(dmso),(H,0),_,]*) is to be
expected. This is in fact observed (Figure 2). The Stokes
("hydrodynamic™) radius obtained for 1a from the diffusion
coefficient (9.3x107" m?s™") is ~1.2 nm. Keeping in mind
the ambiguities with the calibration of the diffusion experi-
ments, the determined value is in reasonable agreement to
r=1.5nm obtained from the single-crystal X-ray structure
analysis of 1.l!
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Figure 2. 'Li DOSY spectrum of dried compound 1 dissolved in dry
DMSO plus 16 uL of water and FA-HCl. Concentrations: c¢(1)=1 mwm,
c¢(H,0)=09m, ¢(FA-HCl)=15 mm. The encapsulated Li* (trace at the
upper right) moves more slowly than solvated Li* (trace at lower left).

Although this spectrum clearly shows that the diffusion of
Li* ions confined to the capsule is dominated by the mobili-
ty of the capsule, the exact location of the Li* ions with re-
spect to the capsule cannot be extracted from this experi-
ment. This information is obtained from the ’Li NMR spec-
tra of solutions of 1 in DMSO with an added lanthanide
shift reagent. In biochemical studies, [Dy(PPP),]’”~ (PPP=
triphosphate(5—)) is commonly employed to distinguish be-
tween intracellular and extracellular sodium! and lithium
ions.®! We have performed a corresponding experiment with
1 dissolved in DMSO with and without FA-HCI (Figure 3).
The results can be summarised as follows: After treatment
of solutions of 1 in DMSO with [Dy(PPP),]”", the high-fre-
quency signal for external Lit ([Li(dmso),(H,0), ,]") and
the low-frequency signals for Li*Cla are shifted to higher
frequency and are evidently broadened. If this solution is
treated with the formamidinium plugs, followed by addition
of the shift reagent, the signal for [Li(dmso),(H,0),_,]" still
moves downfield, but the low-frequency signal(s) corre-
sponding to Li* ions associated with the capsule are not af-
fected by further addition of [Dy(PPP),]"". Thus, the low
frequency signal(s) have to be due to Li* ions, which are
physically separated from the shift reagent by the plugs.
This insensitivity to the shift reagent also excludes that, in
the plugged capsule, the low-frequency signals correspond
to Lit in close contact with the surface of the capsule; that
is, there is no competition between Li* and FA* for binding
to the pores’ outside opening. Consequently, all of the Li*
ions confined to the capsule are located in its interior. In
this context it is also of interest to note that there is just one
(though broad) characteristic signal for Litcla for the
plugged capsule at about —3.1 ppm (slightly concentration
and solvent dependent), the highest ’Li shielding so far ob-
served in these systems.

Additional information has been obtained from 7| relaxa-
tion measurements.” In a standard solution (1 dissolved in
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Figure 3. 'Li NMR spectra of 1 dissolved in DMSO (c(1)=1 mm). The
sharp signal at 0 ppm is an external reference (aqueous LiCl), the signal
at about —0.8 ppm corresponds to “free” Lit of 1, that is, [Li(dmso),-
(H,0),_,]", and the broad low-frequency signal(s) to Li* associated with
the capsule. The bottom trace represents the situation prior to addition
of the shift reagent [Dy(PPP),]”", the three successive traces correspond
to the scenarios due to the addition of increasing amounts of [Dy-
(PPP),]"". The four upper traces describe the situation in the presence of
the formamidinium plugs.

untreated DMSO; with a small amount of water intrinsically
supplied by the solvent, and water of crystallisation of 1),
the T values for the various types of Li* sites in the system
do not differ substantially, reflecting an intermediate status
corresponding to the exchange of Li* at external and inter-
nal capsule sites. If 1 is dissolved in dried DMSO, and this
solution treated with a defined amount of water (16 pL per
1 mL of DMSO solution, corresponding to ¢(H,0)=0.9m),
the low-frequency signal for Li*Ccapsule at approximately
—3.1 ppm exhibits a relaxation time clearly shorter than that
for externally solvated Li* ions. In this medium with low
water contents, Lit is dislocated from internal to external
sites by slow exchange; thus, several of the Li* ions remain
associated with the capsule, experiencing fast relaxation
(Figure 4). Adding more water increases the mobility of
these Li* ions. The T, values for external and internal Li™*
consequently approach each other until the exchange is ac-
celerated to the extent at which the relaxation behaviour is
equilibrated. Addition of formamidinium cations blocks the
pores, leaving behind internal Li™ sites with even shorter re-
laxation times than in the partially open system, in which re-
sidual water acts as a mediator of transport. These short T}
values correspond to Lit bonded to sulfate groups at the
inner surface of the capsule. This site in the completely
blocked system, characterised by the broad 6=-3.1 ppm
signal, should be considered the genuine site of location of
Lit ions within the capsule.
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Figure 4. Dependence of T, values of the 'Li resonances with respect to
increasing amounts of water (20 uL of water correspond to a concentra-
tion ¢(H,0)~1.1M) added to a solution of 1 in DMSO (1 mm) before
and after the addition of formamidinium hydrochloride (c(FA)=60 mm,
¢(H,0)~ 6.6Mm for the last three data points). At low ¢(H,0), the differ-
ent Li™ still have well-defined 7} values, while these values equilibrate at
higher ¢(H,O) due to increasing exchange.

On stepwise addition of [Cr(acac);] (acac=acetylaceto-
nate(1—)), as an alternative relaxation agent, to a solution
of the plugged capsule an efficient reduction in 7 for exter-
nal Lit is observed (Figure 5), but almost no influence upon
internal Li™, just supporting the above statements, according
to which the internal Li* ions are “protected” from the in-
fluence exerted by the relaxation additive. This result also
represents a nice proof for the stability of the capsule.

After this demonstration of the efficacy of the encapsula-
tion process, the question arises if it is possible to open the
pores again and make the internal cations available for new
“events”, for example, for the subsequent exchange with
Na*.B!l This can in fact be achieved by adding water to the
solution (Figure 6). With the first amounts of water added,
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Figure 5. Influence of the relaxation reagent [Cr(acac);] on the 7, values
of DMSO solutions of 1. Vertical bars indicate the starting points for the
addition of formamidinium hydrochloride (full line) and the relaxation
reagent (broken line). The running numbers at the abscissa refer to suc-
cessive experiments: 1: original solution, ¢(1)=1 mwm; 2: after addition of
FA-HCI (c(FA)=15 mm); 3-9: addition of increasing pg amounts of [Cr-
(acac);].
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Figure 6. T variations on addition of water to solutions of 1 in DMSO
plugged with formamidinium, showing that with increasing amounts of
water, T, values for external Li* (upper line) and internal Li* (lower
line) approach each other. ¢(1)=1mm (c(Li*)=28 mm); 20 pL of H,O
correspond to ¢(H,0)~1.1m.

the T, of the internal Li* remain unaffected, while with in-
creasing amounts of water 7, increases and more or less
ends up at the T, of the external Li, indicating an increasing
exchange between internal and external Li*; that is, increas-
ing release of the formamidinium plugs from the outer pore
openings of the capsule.

In conclusion, we have shown that, under conditions for
which exchange between internal and external Li* is pre-
vented by plugging the capsule’s 20 pores with formamidini-
um cations on the basis of supramolecular chemistry, inter-
nal Li* is defined by one broad NMR signal at low frequen-
cy (high magnetic field). The complete confinement of Li™,
that is, the positioning (with no option for exchange) at an
internal site, is convincingly supported by the fact that nei-
ther its chemical shift nor its relaxation are influenced by
paramagnetic reagents added to the solution. However,
opening the pores by addition of water changes the scenario
completely and leads again to an exchange of LiT ions.
Hence, the spin-lattice relaxation time 7 is a very sensitive
parameter to study ion-exchange phenomena in this type of
porous capsule systems. Potential applications lie in the use
of the plugged capsules with Li* incorporated as a contrast
agent for imaging intracellular situations and cellular sur-
roundings by 7Li magnetic resonance imaging.!”! The results
also prove nicely the stability of the investigated capsule
under well-defined conditions.

Keywords: ion transport - nanocapsules - NMR
spectroscopy - polyoxometalates - supramolecular chemistry

[1] A. Miiller, D. Rehder, E. T. K. Haupt, A. Merca, H. Bogge, M.
Schmidtmann, G. Heinze-Briickner, Angew. Chem. 2004, 116, 4566—
4570; Angew. Chem. Int. Ed. 2004, 43, 4466—4470; corrigendum: A.
Miiller, D. Rehder, E. T. K. Haupt, A. Merca, H. Bogge, M. Schmidt-

Chem. Eur. J. 2008, 14, 83808 —8811


http://dx.doi.org/10.1002/ange.200453762
http://dx.doi.org/10.1002/ange.200453762
http://dx.doi.org/10.1002/ange.200453762
http://dx.doi.org/10.1002/anie.200453762
http://dx.doi.org/10.1002/anie.200453762
http://dx.doi.org/10.1002/anie.200453762
www.chemeurj.org

Polyoxometalates

mann, G. Heinze-Briickner, Angew. Chem. 2004, 116, 5225; Angew.
Chem. Int. Ed. 2004, 43, 5115.
[2] E. T. K. Haupt, C. Wontorra, D. Rehder, A. Miiller, Chem. Commun.
2005, 3912-3914.
[3] D. Rehder, E. T. K. Haupt, H. Bogge, A. Miiller, Chem. Asian J.
2006, 1, 76-81.
[4] a) A. Merca, E. T.K. Haupt, T. Mitra, H. Bogge, D. Rehder, A.
Miiller, Chem. Eur. J. 2007, 13, 7650-7658; b) L. Cronin, Angew.
Chem. 2006, 118, 3656-3658; Angew. Chem. Int. Ed. 2006, 45, 3576—
3578; ¢) D.-L. Long, E. Burkholder, L. Cronin, Chem. Soc. Rev. 2007,
36, 105-121; d) N. Hall, Chem. Commun. 2003, 803-806; e) A.
Miiller, S. Roy in The Chemistry of Nanomaterials: Synthesis Proper-
ties and Applications (Eds.: C.N.R. Rao, A. Miiller, A. K. Chee-
tham), Wiley-VCH, Weinheim, 2004, pp. 452-475.
a) S. K. Miller, W.-J. Chu, G.M. Pohost, G. A. Elgavish, Magn.
Reson. Med. 1991, 20, 184-195; b) S. Nagata, K. Adachi, H. Sano,
Appl. Environ. Microbiol. 1998, 64, 3641-3647; c) A. M. Delort, G.

&

[6

[7

8

— =

=

COMMUNICATION

Gaudet, E. Forano, Methods Biotechnol. 2004, 16, 389-405; d) A. M.
Babsky, S. Topper, H. Zhang, Y. Gao, J. R. James, S. K. Hekmatyar,
N. Bansal, Magn. Reson. Chem. 2008, 59, 485—-491.

S. Ramaprasad, Prog. Nucl. Magn. Reson. Spectrosc. 2005, 47, 111-
121.

The ’Li-DOSY experiment was performed on a Bruker AVANCE-
400 spectrometer by using a standard BBO-probehead with a Z-gra-
dient. The ledbpgp2s-pulse-sequence!® was applied. The T, measure-
ments were performed on a VARIAN-GEMINI-2000 spectrometer
by using the standard VARIAN pulse sequence and 7) calculation
software. The mean error was less than 0.2 s throughout all of the
measurements.
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