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ABSTRACT: We report '*Xe NMR experiments show-
ing that a Fe,Ls metallosupramolecular cage can
encapsulate xenon in water with a binding constant of
16 M™'. The observations pave the way for exploiting
metallosupramolecular cages as economical means to
extract rare gases as well as 129%e NMR-based bio-, pH,
and temperature sensors. Xe in the Fe,L, cage has an
unusual chemical shift downfield from free Xe in water.
The exchange rate between the encapsulated and free Xe
was determined to be about 10 Hz, potentially allowing
signal amplification via chemical exchange saturation
transfer. Computational treatment showed that dynamical
effects of Xe motion as well as relativistic effects have
significant contributions to the chemical shift of Xe in the
cage and enabled the replication of the observed linear
temperature dependence of the shift.

he understanding of the self-assembly properties,

structures, and functionalities of metallosupramolecular
cage structures is one of the major challenges of supramolecular
chemistry. The most recent area in metallosupramolecular
chemistry" is the utilization of subcomponent self-assembly, in
which structures are generated in situ from their, often simple,
subcomponents.” This growing line of research enables the
construction of complex 3D structures® through spontaneous
and hierarchical assembly utilizing chemical reactions and
reversible noncovalent intermolecular interactions. When metal
ions are essential components of the self-assembly, the
molecular architecture of these self-assembled 3D objects
heavily depends on the coordination geometry of the metal ion
used.”

The metal ion-assisted subcomponent self-assembly of an
aromatic linear rigid bis-amine, 2-formylpyridine and Fe(II)
ions resulting in a tetrahedral M L cage in aqueous media
reported jointly by Nitschke and Rissanen opened a new route
to molecular tetrahedral complexes.* Later, the host—guest
chemistry of the same tetrahedral cage was explored,
demonstrating its potential as a container molecule for white
phosphorus.” Recently, we have expanded the same method-
ology to Co(II) and Ni(Il) ions resulting in analogous
tetrahedral ML, cage complexes with similar host—guest
properties.® Selecting very small subcomponents and using the
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same methodology it was possible to construct the smallest
possible tetrahedral M,Lg cage.”

Xenon (Xe) is a noble gas occurring naturally in the
atmosphere at 0.087 ppm by volume (ppmv). The nuclear
magnetic resonance (NMR) sensitivity of '“’Xe (spin-1/2
nucleus) can be increased by 4—5 orders of magnitude by spin
exchange optical pumping (SEOP) hyperpolarization method,
and due to the large, polarizable electron cloud, the chemical
shift of '?Xe is extremely sensitive to its local environment.®
Consequently, Xe has been widely used as an inert probe, e.g,
in magnetic resonance imaging (MRI) of lungs,” microfluidic
flow imaging,10 investigation of liquid crystals,11 and polymers12
as well as determination of pore sizes of porous media."> The
strong, linear temperature dependence of the chemical shift of
1Xe dissolved in a liquid (typical slope about —0.4 ppm/K)
has also been exploited for accurate NMR monitoring of
sample temperature.'* A recent, very exciting application of
12Xe NMR is so-called xenon biosensor, in which Xe is trapped
in cryptophane cages functionalized to bind to a specific
analyte.'® The binding is observed through the changes in the
129Xe chemical shift, and the spatial distribution of the binding
sites is determined through MRI data.'® Cryptophane
encapsulated Xe can also be used as temperature sensor due
to the linear temperature dependence of its chemical shift
(slope from 0.08 to 0.3 ppm/K)"” and even local pH sensors.'®

It is uncommon for metallosupramolecular cages to bind
gases in solution, and a preliminary observation reports that
Fe L cages have no affinity for Xe.'” Herein, we describe '*Xe
NMR experiments and computational modeling that unambig-
uously show (contrary to ref 19) the encapsulation of Xe by
Fe,Ls in water, demonstrating the potential of metal-
losupramolecular cages, e.g., as more economical means to
extract rare gases as compared to cryogenic methods®® and
alternative, low cost cages in the above-mentioned 129%e NMR
applications.

The anionic iron(II) tetrahedral [Fe,L¢]* cage 1 (Figure 1a)
was synthesized in D,0 through subcomponent self-assembly
as described elsewhere.* The metal centers are located at the
vertices of the tetrahedron, and the ligands bridging them form
the six edges. The 12 sulfonate groups (two on each ligand),
located on the exterior of the cage, provide good water
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Figure 1. (a) The synthesis of the Fe L cage 1 with a Xe atom in its
cavity. Only one of tetrahedron edges is shown for clarity. (b) '*Xe
NMR spectra of Xe in D,0 (top) and in 1/D,0 solution (bottom)
measured at 298 K. (c) 2D '®Xe EXSY spectrum measured with
mixing time 7,, of 100 ms at 298 K. (d) Intensities of the EXSY peaks
as a function of mixing time. Solid lines represent the two-site
exchange model fit>s

solubility (34 g/L), while the aromatic rings provide a
hydrophobic interior and thus the encapsulation of several
guests due to hydrophobic effects.* The average Fe—Fe
separation is 12.9 A, and the cage possesses a volume of 141
A3 suggesting that Xe atom (van der Waals diameter 4.32 A,
corresponding volume 42.2 A%) fits well in the cage.

After the synthesis, about 4.9 bar Xe gas atmosphere was
added to the sample tube. '*?Xe NMR spectrum (Figure 1b, see
experimental details in Supporting Information (SI)) shows the
encapsulation of Xe in 1/D,0 solution due to the hydrophobic
effects.”® The spectrum includes two signals at 187.7 and 204.3
ppm (with respect to the chemical shift of Xe gas), the former
arising from Xe dissolved in D,O (see the comparison with the
12Xe spectrum of Xe in pure D,O in Figure 1b) and the latter
from the encapsulated Xe. We note that the latter signal cannot
arise from an interaction between Xe and some subcomponent
(or exterior of the cage), because such an interaction should
result in an unrealistically long-living Xe-subcomponent pair to
be observed as a separate, sharp NMR signal. Considering the
molarity of the cage (8.9 mM) and the Xe solubility (20 mM)?!
in H,O at 298 K and 4.9 bar, an intensity ratio of 1.0:9.1 of the
two signals suggests only 24% of the cages contain Xe atoms
(assuming that one cage can encapsulate only one Xe, as a
single cage signal implies). The amount of dissolved and
encapsulated Xe could be increased by bubbling Xe through the
solution.”” Xe binding constant for 1 estimated through the
intensities of the peaks in the '**Xe spectrum is about 16 M/,
which is much lower than in the case of SF (1.3 x 10* M™"),*
likely due to the less optimal ratio of the volume of the atom to
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the volume enclosed by the cage (30% for Xe vs 53% for SF).
Xe@]1 resonates at 16.6 ppm higher chemical shift than free Xe
in D,0, whereas usually in the cryptophane cages the shift is
lower.'® Fairchild et al.”* have also reported a high chemical
shift of '*’Xe in cryptophane functionalized with six cationic
[Cp*Ru] moieties, highlighting both electron-withdrawing and
relativistic effects of the metals on the chemical shift, later
explained in detail by first-principles modeling.**

Appearance of cross peaks (signals C in Figure lc) in 2D
12Xe exchange spectroscopy (EXSY)*® spectrum at the mixing
time of 100 ms reveals that the Xe in 1 undergoes chemical
exchange with the Xe in D,0. Least-squares fits of two site
exchange model® to the intensities of the diagonal and cross
peaks measured as a function of the mixing time yielded the
rate constant of 10 Hz. Consequently, the exchange is slow in
the NMR time-scale (resulting in separated, narrow signals
from each site)®® and fast in the relaxation time-scale
(according to the fit, T, relaxation time in the cage is about
11 s and much longer in the solution), which provides the
opportunity to boost significantly the sensitivity by means of
chemical exchange saturation transfer of hyperpolarized xenon
(HYPER-CEST)'*® approach in potential '>Xe NMR
applications. The molar fractions of Xe in the cage and solvent
resulting from the fit are 9.4% and 91.6%, respectively, being
consistent with the peak intensities obtained by integrating the
signals in Figure 1b. The observed exchange rate is an
additional proof that that the downfield signal really arises from
Xe inside the cage; an interaction with a subcomponent or
exterior of the cage cannot result in such a slow exchange rate.

12Xe NMR spectra measured at variable temperature (Figure
2a) provide additional insight into the dynamics of the system.
Typically, the chemical shift of '*Xe dissolved in a liquid
decreases linearly with increasing temperature due to the linear
decrease of the liquid density,”” but the chemical shift of Xe
dissolved in D,O shows a surprising, nonlinear behavior, first
increasing with increasing temperature, reaching a maximum
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Figure 2. (a) '*?Xe NMR spectra as a function of temperature of Xe in
1/D,0 solution. (b) **Xe chemical shifts as a function of temperature
of Xe in 1/D,0 solution (black square: cage signal; red circle: solution
signal) and in D,O (green triangle). Red line represents the linear fit
to the cage signal data points. Calculated (c) potential energy and (d)
chemical shift surfaces of Xe in the cage in a plane defined by the
geometric center (at r = 0) and two corners (symmetrically upward) of
the cage.
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value at 319.0 K (46.0 °C) and then decreasing with further
increasing of the temperature (Figure 2b). Exactly the same
trend was observed for the sample of Xe in pure D,O (Figure
2b). This unusual behavior will be analyzed and explained in
detail in a separate study. In contrast, the chemical shift of "**Xe
in cage 1 increases linearly with increasing temperature, like in
the case of cryptophane cages.'”® The slope and y intercept of
the line fitted to the data points (Figure 2b) are (0.0422 =+
0.0006) ppm/K and (191.8 = 0.2) ppm, respectively. The slope
is smaller than in the case of Xe in cryptophanes, where it varies
from 0.08 to 0.3 ppm/K.'”" The line widths of both the
solution and cage signals increase with increasing temperature,
indicating significantly faster chemical exchange at higher
temperatures. '"H NMR spectra (Figure S1) indicate that the
expansion of Fe,L4 cage is smaller due to encapsulation of Xe
than cyclohexane and the cages are expanding more at higher
temperatures.

Quantum chemical density functional theory (DFT)
calculations of potential energy and NMR shielding of Xe
were performed with a fixed-geometry Fe,Lg cage,® without
solvent, using Turbomole*® and Dalton?® codes. We used all-
electron co-r/def2-SVP° basis sets (Table S2) for the Xe/ cage
atoms and BHandHLYP?' functional benchmarked against ab
initio calculations in earlier studies of Xe chemical shift,>*>
yielding the smallest, i.e., least overestimated Xe chemical shift
of the tested functionals (see Table S3 in SI), to be
supplemented with relativistic and dynamical contributions.
DFT-D3 dispersion correction®® for potential energy was
needed for the attraction between Xe and the cage when
moving away from the geometric center, shown in Figure 2c.
Xenon experiences shallow potential energy minima regions
localized ~1.0—1.3 A from the geometric center of the cage
toward the corners of the cavity, reflecting its structural
symmetry. The low local potential maximum at the center only
slightly hinders the free movement of Xe around the cage.

The reference point for the Xe chemical shift (with respect to
free Xe atom) calculations was chosen to be 1.3 A from the
geometric center toward a corner Fe ion. As displayed in
Figure 2d, the nonrelativistic (NR) '*Xe chemical shift at the
reference point in the minimum energy region is about 100
ppm larger than at the center of the cage. Its monotonic and
rapid increase toward the cage walls and, especially, corner
metal ions combined with the location of the energy minima
explain most of the experimentally observed large deshielding.
The local potential energy maximum reduces the sampling of
small chemical shift values in the center of the cage, and hence,
Xe gains large chemical shift contributions when probing
mainly the fringes of the cage in finite temperatures. Therefore,
the cage signal exists downfield from the water signal. At the
same time, the center potential maximum associated with the
chemical shift minimum produces an opposite contribution to
the temperature dependence compared to the wall potential,
lowering the temperature derivative of the Xe shift.

The NR theory, giving the largest, +196.0 ppm, contribution
to the Xe shift at the reference point, is expected to provide the
overall shapes of the potential energy and NMR hypersurface.
Hence, the main role of relativity is to provide the third largest
additive contribution, +18.9 ppm, computed with Breit—Pauli
perturbation theory (BPPT).>* Only the five main terms
(BPPT-S, see Table S3) were included that practically
encompass the relativistic correction for atomistic> and
molecular®® Xe as well as other heavy elements.*®
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The second largest contribution to the '*Xe shift comes
from the Xe dynamics within the cage,32 yielding a negative
dynamical correction of —35.7 ppm at T = 300 K. It was
obtained using canonical (NVT) Metropolis Monte Carlo
simulations at various temperatures, where the Xe atom
sampled the above-mentioned fixed potential energy and Xe
shift 3D-hypersurfaces, of which 2D slices are displayed in
Figure 2¢,d. The Xe dynamics also explains most (0.0398 ppm/
K) of the experimentally detected positive temperature
derivative (0.0422 ppm/K) of '**Xe shift (Table S4 and Figure
S3). Relativistic Xe shift surface would probably cover most of
the small residual deviation, as the relativity makes surface
steeper close to the metal ion. Also the average Xe shift would
be larger and, hence, closer to the experiments.

The best computational Xe NMR shift estimate (T = 300 K),
+179.1 ppm, is ~25 ppm lower than the experimental one. In
addition to the missing relativistic effect on the chemical shift
hypersurface discussed above, it mainly arises from the other
neglected effects due to the size and complexity of the present
Fe,Ls cage, such as cage dynamics and explicit dynamical
solvent.*>*”

In summary, the '*Xe NMR experiments described in this
paper prove that Fe,Ls metallosupramolecular cages have
affinity for xenon, and the binding constant measured by *Xe
NMR is 16 M™%, "®Xe in Fe,Lg has an unusual chemical shift
downfield from free '*’Xe in water, explained by ab initio
modeling to be a result of the large contributions in close
contact with the cage. Also, the effects of Xe motion as well as
relativistic corrections were computed to have significant
contributions to the chemical shift. The slope of the linear
temperature dependence of '*’Xe shift in cage, practically
reproduced with NR motional averaging of Xe movement
alone, was ~0.042 ppm/K, and the chemical exchange rate
between encapsulated and free Xe determined by 2D '*’Xe
EXSY was 10 Hz. The results demonstrate the potential of
metallosupramolecular cages in various applications, after
optimizing essential properties such as cage dimensions,
binding constant, and exchange rate, e.g, by changing the
metals® or ligands.>® The potential applications might include
collecting rare gases,”® temperature sensors based on the linear
temperature dependence of the chemical shift of encapsulated
Xe,"*!7 129Xe NMR-based biosensors (requiring, however, a
different kind, “non-self-assembled” cage which can be
functionalized),'® and even local pH sensors.'®
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