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Extreme Confinement of Xenon by Cryptophane-111 in the Solid

State™**
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Abstract: Solids that sorb, capture and/or store the heavier
noble gases are of interest because of their potential for
transformative rare gas separation/production, storage, or
recovery technologies. Herein, we report the isolation, crystal
structures, and thermal stabilities of a series of xenon and
krypton clathrates of (£)-cryptophane-111 (111). One trigonal
crystal form, Xe@I11-y(solvent), is exceptionally stable,
retaining xenon at temperatures of up to about 300°C. The
high kinetic stability is attributable not only to the high xenon
affinity and cage-like nature of the host, but also to the crystal
packing of the clathrate, wherein each window of the molecular
container is blocked by the bridges of adjacent containers,
effectively imprisoning the noble gas in the solid state. The
results highlight the potential of discrete molecule materials
exhibiting intrinsic microcavities or zero-dimensional pores.

The development of molecule-derived porous materials for
the selective inclusion of the heavier noble gases is a growing
area of research driven by the potential for transformative
rare gas production or separation,'™ probe®! sensing(®’]
recovery,l and/or storage technologies. Xenon, in particular,
is an expensive gas owing to its broad utility (such as in
lighting, lasers, spacecraft propulsion, silicon etching (as
XeF,), anaesthesia, and NMR probes) and its low concen-
tration in the atmosphere (87 ppb), requiring production by
energy-intensive cryogenic distillation of large volumes of air.
The cryogenic separation of Xe/Kr mixtures in rare gas
production streams remains a critical stage of the production
process that could perhaps be improved by sorption-based
separation technologies. Moreover, mixtures of Xe/Kr (long-
lived **Kr: 1, = 10.8 year, and short lived Xe isotopes) are also
encountered in nuclear fuel reprocessing, and it has been
proposed that the xenon recovered from spent nuclear fuel
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could constitute a commercial source of the gas.' Relatedly,
there are as of yet no generally accepted waste forms for
storage of ¥Kr, though sequestration in a stable solid form
would be advantageous, as highlighted by recent efforts
focusing on capture of gaseous iodine.””! Finally, the recovery
of xenon from waste air streams is a recently commercialized
swing sorption technology (Xecovery) that may benefit from
improved sorbents.®!

Concurrent with materials research aimed at rare gas
inclusion are efforts toward optimizing xenon complexation
in solution. Molecules that bind xenon hold promise for as-
low-as picomolar detection limit hyperpolarized (HP)
12Xe NMR based sensing technologies.”! To this end, the
cryptophane-nmm family of molecular containers (Figure 1)

R
R

Figure 1. a) Cryptophanes 111 and 222. b—d) Ellipsoid plots of the
H,O@111, Kr@111, and Xe@111 complexes, respectively, from single-
crystal structures of the triclinic clathrates x(guest)@111-1.5 DCE (x-
(guest) =Xe, 0.80 Kr, 0.50H,0).*"

are the most actively studied hosts, owing to their unprece-
dented xenon affinities."*"”! Pioneered by Collet and co-
workers, cryptophanes are cage-like molecules comprised of
two cyclotribenzylene cups that are connected so as to enforce
lipophilic cavities of tunable volumes."” The (+)-crypto-
phane-222 (222) core structure has served as the platform for
most cryptophane derivatives employed to date in sensing
applications, with certain derivatives exhibiting room temper-
ature xenon binding constants (K,) approaching 10° in
aqueous solutions.'"'? The smaller (=)-cryptophane-111
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(111), however, exhibits a higher xenon affinity."* The room
temperature xenon binding constant of 111 in non-compet-
itive (CDCl,), (K,~10*Lmol™") is over twice that of 222
(K, ~3000 Lmol").'"l Derivatives of 111 for possible sensing
applications are forthcoming;!*'! the first reported water-
soluble derivative of 111 binds xenon with K,=2.9(2) x
10* Lmol™" (298 K) in D,O, as established by 'Xe NMR
spectroscopy.['¥]

Surprisingly, despite the high gas affinity of cryptophane
hosts, and a figurative call-to-arms for the study of intrinsi-
cally porous cage-like molecular materials,' the materials
properties of empty cryptophanes or gas-filled cryptophane
clathrates have not been much studied,"” particularly in the
context of their potential for rare gas sorption/desorption or
storage. Dmochowski and co-workers reported the crystal
structures of members of the Xe@222 family of complexes,['*!
but no gas clathrates of 111 have yet been reported. A handful
of other organic molecule complexes/clathrates of xenon (and
a few of krypton) have been structurally characterized.:>!®!
We describe herein the isolation, crystal structures, and
thermal stabilities of a series of racemic (+)-cryptohane-111
(111) clathrates of xenon and krypton, one of which retains its
xenon to temperatures of about 400 °C above the boiling point
of the gas (—108°C). The extreme, seemingly unprecedented,
kinetic stability of the clathrate is attributable as much to the
crystal packing as to the cage-like structure and xenon-
complementarity of the host.

The only known crystal structures of 111 or its derivatives
(xH,O@111-2CHCl; and its empty, metalated derivative
[((n>-CsMes)Ru)s111][CF;S0;],xNO,Me) were reported by
our group.™ The water complex and empty forms exhibit
very different cryptophane conformations. In the empty,
metalated form, the 111 core adopts a contracted conforma-
tion, characterized by a large twist of one orthocyclophane
cup relative to the other (6 =61(3)°), resulting in a short end-
to-end length (I=7.4 A, defined by the methylene carbons of
the cyclotribenzylenes), and a minimized cavity volume (V,=
32 A% Figure1). In contrast, the partial water complex,
xH,0@111-2 CHCl,, exhibits a less-twisted (6 = 18(1)°), fully
expanded (/~8.4 A) conformation with a cavity measuring
about 68 A°. Twisting of the 111 host is accomplished mainly
by variations in the C,,-C,-O-CH, dihedral angles (t;
Figure 1), the closed form arising from an all antiperiplanar
conformation (z(avg.)=177(2)°) and the open form arising
from an all syn periplanar (z(avg.) =4(4)°) conformation. The
OCH,O methylenic carbons maintain planarity with the
arene ring, optimizing conjugation with the oxygen non-
bonded electrons. Notably, the expanded 68 A® cavity volume
of H,0@111 compares favorably to that of Xe (42 A®).

Crystals of x H,0@111-2 CHCL," were prepared by cool-
ing a warm solution of 111 in CHCIl;. We now report that an
isostructural xenon complex, x Xe@111-2CHCI; (0.5 <x < 1),
can similarly be obtained from xenon-treated CHCI; solu-
tions. Single-crystal X-ray diffraction (SCXRD) revealed that
the structure of x Xe@111-2 CHCL,""™ is indistinguishable from
xH,0@111-2 CHCI;, except that xenon is found in place of
encapsulated water. Unfortunately, poor crystal quality
resulted in a poor structure refinement. Crystals of
xXe@111-2 CHCI; stored in CHCl; also seemed to convert

www.angewandte.org

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

into a more stable phase. Difficulties in isolating and
characterizing the above crystalline phases prompted us to
explore alternative solvents and, ultimately, 1,2-dichloro-
ethane (DCE) was chosen; 111 is more soluble in DCE and its
higher boiling point allows for a greater differential solubility
on heating/cooling.

Slow evaporation of a DCE solution of 111 yielded single
crystals of a triclinic crystal form, 0.5H,0@111-1.5DCE.
SCXRD analysis at 100 K revealed that the 111 host exhibits
near-D; symmetry and an open conformation nearly identical
to that observed in x H,O@111-2 CHCl;, with t(avg.) =5(3)°,
6=19(1)°, 1=83A and V,=69 A3, Like
xH,0@111-2CHCI;, a single electron density peak in the
cavity of the cryptophane was attributed to a partial occu-
pancy water molecule. Apparently, in the absence of a more
appropriate guest (DCE is too large for 111),*! 111, like
222" scavenges water. Tandem thermogravimetric analysis
mass spectrometry (TGA-MS, Figure 2a) of
0.5H,0@111-1.5DCE indicated loss of DCE (18.0%; m/z =
63 for vinyl chloride fragment) onsetting around 98°C,
followed by a nearly insignificant step at about 340°C and
sublimation/decomposition over 400 °C.
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Figure 2. Tandem TGA-MS analysis of phase-pure crystal forms of 111:
a) triclinic 0.5H,0@111-1.5DCE, b) isostructural

0.73Xe@111-1.5 DCE, c) isostructural 0.80 Kr@111-1.5 DCE, and

d) trigonal Xe@111-0.2 DCE. TGA curves are in black, whereas the
curves with markers represent the MS ion current (arbitrary units) of
guests (vinyl chloride, m/z=63; xenon, m/z=129; krypton m/z=284).

Single crystals of a triclinic xenon-containing phase,
Xe@111-1.5DCE, were prepared by evaporation of a DCE
solution of 111 within a closed vessel charged with xenon
(Supporting Information, Figure S2). Xe@111-1.5DCE is
structurally nearly identical to 0.5H,0@111-1.5DCE, except
that xenon is found in the 111 cavity instead of water
(Supporting Information, Figure S13). The Xe@111 complex
(Figure 1d) exhibits an identical host conformation to the
water complex, with 7(avg.) =4(2)°, /=84 A. 6=19(1), and
V.=70 A®. The relative indifference in 111 conformations
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between the Xe@111l and H,O0@111 complexes may be
indicative of a steep barrier to conformational contraction
of the host near the local energy minimum of the expanded
conformation. The Xe atom is found perfectly centered in the
111 cavity and the 36 closest atoms to the xenon are the 36
arene carbon atoms of the host. Xe--C(arene) distances
average 4.01(9) A (3.86-4.20 A), with the closest contacts
being exactly at the sum of the van der Waals radii (3.86 A)
and the Xe--centroid(arene) distances measuring 3.77(3) A.
The Xe--centroid distances compare favorably to that of the
XeCgH, complex (3.77 A) studied by microwave spectros-
copy,?"! suggesting nearly optimal Xe--arene interactions in
Xe@111. In comparison, the known Xe@222 complex (143 K)
exhibits significantly longer Xe--C(arene) contacts, averaging
431(17) A (4.03-4.77 A), and Xe--centroid(arene) distances
averaging 4.08(7) A (Supporting Information, Tables S1,3,
Figures S10,12). Perhaps counterintuitively, however, the
Xe--H distances (important for xenon spin depolarization)
involving the 36 protons of the Xe@111 complex (4.35-
6.19 A) are greater than those involving the closest 36 protons
of the Xe@222 complex (3.65-5.76 A), which is largely due to
the conformation of the alkyldioxy linkers and the presence of
methoxy groups in the latter (Supporting Information, Table
S7.,8). This contrasts with the somewhat longer 7 relaxation
time for xenon within 222 as compared to 111.1%

The xenon exhibits a packing coefficient within the 111
cavity of Vy./V,.~0.62, which is somewhat high for container
complexes governed principally by dispersion interactions,*!
and particularly for complexes of gases. The known Xe@222
complex, on the other hand, exhibits a packing coefficient of
Vi/V.=42/8920.47, which is low for such complexes.
Notably, the Xe@111 complex appears to adopt nearly the
most expanded achievable 111 conformation, yet the Xe--C
contacts do not intrude on the van der Waals radii. This
suggests the 111 cavity, in its most open conformation, is
a near perfect fit for xenon. On the other hand, the Xe@222
complex, with V,=88 A3 adopts approximately the most
contracted possible conformation of all known 222-core
complexes, wherein V, varies widely from 84-119 A3 1222
The data suggest that the 222 cavity is perhaps a bit large to
optimize interactions with xenon.

The method of preparing crystals of Xe@111-1.5DCE
concomitantly produced a fine powder of composition
Xe@111-yDCE (y <'4); this material was later confirmed
to be a trigonal crystalline phase of the Xe@111 complex (see
below). Phase-pure triclinic xXe@111-1.5DCE (Supporting
Information, Figure S15) could only be obtained by carefully
limiting the amount of available xenon, though this limitation
led to crystals with x <1. TGA-MS analysis of a sample of
phase-pure triclinic 0.73 Xe@111-1.5DCE (Figure 2b) illus-
trates behavior similar to that of 0.5H,0@111-1.5DCE,
except that the onset of DCE loss (ca. 98°C) is accompanied
also by loss of some xenon. The rate of xenon and DCE loss
diminishes to almost baseline levels by 140°C, once the bulk
of the DCE is lost, but then increases as the sample is heated
through to about 350°C, at which point an abrupt and final
step-wise loss of the remaining xenon and a small amount of
residual DCE occurs. The behavior can be explained as
follows. The first DCE loss from 0.73Xe@111-1.5DCE
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instigates a process of structural rearrangement, the dynamics
of which allow for rapid evolution of some xenon. According
to powder diffraction (PXRD; Supporting Information, Fig-
ure S17), the material that results from heating
0.73Xe@111-1.5DCE to 140°C is a mixture of crystalline
phases, possibly including the aforementioned trigonal phase.
During structural rearrangement, however, some of the
xenon is retained and one or more of the new crystalline
phases apparently also confine some of the remaining DCE
within interstitial sites, the new phases retaining both xenon
and DCE at higher temperatures. All of the remaining DCE
and xenon are lost in final phase change around 350 °C, which
is eventually followed by sublimation, with partial decom-
position. '"H NMR spectroscopy reveals that there is little to
no decomposition of 111 under TGA conditions below 375°C
(Supporting Information, Figure S8).

The aforementioned trigonal Xe@111:yDCE (y<'4)
phase precipitates, in phase-pure form, when a saturated
solution of 111 in DCE is treated with xenon gas and left
overnight at 80°C. It precipitates as a fine powder of thin
plates and single crystals of sufficient size for SCXRD
analysis could not be obtained. A batch, of composition
Xe@111-:0.2DCE prepared in this way was analyzed by
"H NMR spectroscopy (Supporting Information, Figure S5),
TGA-MS, and by PXRD (Supporting Information,
Figures S14,S16). NMR spectroscopy revealed a 0.2:1 DCE/
111 ratio; TGA-MS allowed estimation of the xenon content
(17.9%, or 0.97Xe@111-0.2DCE). The profile shows mass
loss in two nearly separate stages. From about 240-290°C, the
mass loss amounting to about 2.9 % is almost exclusively DCE
(2.4 % calc. for Xe@111-0.2 DCE). From about 290-305 °C, an
abrupt, steep mass loss occurs (15.0% obs. vs. 15.5% calc. for
the Xe of 0.97Xe@111-0.2DCE) concomitant with a solid—
solid phase change. MS analysis of the off-gasses shows that
a majority of the DCE is lost by the time the MS registers any
signal for xenon. Also, heating of Xe@111-0.2DCE at 240°C
for one hour under TGA conditions gave a trigonal material
completely lacking DCE, but retaining about 0.77 equivalents
of xenon (Supporting Information, Figure S7).

Thus, it is clear that trigonal Xe@111-y DCE exhibits very
high, perhaps unprecedented, kinetic stability. Xenon is
retained indefinitely at room temperature, lost only slowly
at 240°C, and the clathrate undergoes rapid decomposition
only at temperatures exceeding 290°C, about 400°C above
the boiling point of xenon. Moreover, the ability of 111 to
retain xenon in the solid state is highly structure-dependent;
the triclinic phase begins to abruptly lose some xenon at
temperatures about 200°C lower than the trigonal phase. By
comparison, f-hydroquinone-x Xe and Xe@Cd-RHO zeolite,
both known stable xenon clathrates, begin to abruptly release
entrapped xenon at about and 132°C and 200 °C, respective-
ly.%:24 Importantly, despite the high temperatures required
to remove xenon from the trigonal solid, the 111 host is easily
recovered and recycled. Moreover, the xenon can also be
released by simple dissolution of the compound.

To explore the structural factors influencing stability, we
determined the structure of trigonal Xe@111-0.2DCE by
synchrotron PXRD (Supporting Information, Figure S14).
The PXRD pattern indexed to a trigonal R3c unit cell: a =
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9.975 A, c=62.321 A, V=5370.2 A’. Structural solution and
Rietveld refinement revealed packing of the expanded-
conformation Xe@111 complexes in homochiral layers with
the complexes residing on D; positions. The structure is akin
to the (ABC),, stacking of cubic close-packed (CCP) spheres
(cryptophanes). Adjacent layers of the racemic crystals
alternate their Xe@111 stereochemistry (MM,PP), such that
six layers are required before the structure repeats, giving
along c-axis (Figure 3). Partial occupancy DCE molecules are

Figure 3. a) Representation of the homochiral, CCP-like (ABC), layered
packing of trigonal Xe@111-0.2DCE. 111 molecules are represented as
large spheres, with stereochemistry indicated. Trapped, partial-occu-
pancy DCE molecules are indicated as smaller spheres. b) Identical
view as in (a), but illustrating only the Xe@111 complexes. c) One
homochiral layer of Xe@111 complexes, as viewed down [001],
illustrating the nesting of the ~OCH,O— bridges in the windows of
adjacent Xe@111 complexes.

disordered in the Oy, holes on some of the 3 bar positions. The
remarkable stability of the clathrate can be attributed to the
high melting point of the solid and the specific high density
layer packing, wherein each of the windows of each Xe@111
complex is completely blocked by the —OCH,O— bridges of
adjacent Xe@111 complexes of the same chirality (Figure 3c¢).
Thus, the potential avenue of escape for Xe is blocked by
a conformationally rigid and relatively massive Xe@111
complex. Interestingly, triclinic Xe@111-1.5DCE and
xXe@111:2 CHCl, also adopt layered packing arrangements.
In Xe@111-1.5DCE, however, the layers are racemic and the
complexes pack with a lower density window-to-window
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arrangement (Supporting Information, Figure S18). The
layers of xXe@111-2CHCI;, on the other hand, are very
similar to that of trigonal Xe@111-0.2DCE, but they are
racemic.  Notably, trigonal Xe@111-0.2DCE and
xXe@111-2CHCI; exhibit approximately the same layer
density, suggesting racemic and homochiral layers of similar
stability.

To probe Xe/Kr selectivity, attempts were made to
synthesize the corresponding krypton clathrates. Interest-
ingly, crystals of triclinic 0.80 Kr@111-1.5DCE were easily
isolated, but we were unable to synthesize a krypton-con-
taining trigonal phase. No precipitate formed from saturated
111 solutions treated with krypton at 80°C, implying that
selective crystallization of trigonal Xe@111 may provide
a means to separate xenon and krypton. Crystals of
0.80 Kr@111-1.5 DCE are structurally indistinguishable from
Xe@111-1.5DCE, including the Kr---C(arene) distances (Sup-
porting Information, Tables S2,S6, Figures S11,S13), though
the thermal displacement of krypton is slightly larger than the
xenon complex. 0.80 Kr@111-1.5DCE gives a very similar
TGA-MS profile (Figure 2¢) as Xe@111-1.5DCE except that
krypton is more easily lost in the first step.

Finally, sublimation of 111 gave guest-free single crystals,
one of which was analyzed by SCXRD. Surprisingly, empty
111 retains its open (and non-collapsed') conformation (7 =
6(4)°, 0=19(1)°, [=8.4 A), with a conformation negligibly
different from the H,O, Kr, and Xe complexes. Therefore, 111
can be regarded as an intrinsically porous material, exhibiting
so-called zero-dimensional pores. We suggest that under
appropriate conditions (for example, mechanochemical,
nanoparticulate, high temperature) these pores may be
kinetically accessible to gases and that 111 may be used as
a sorbent. Notably, the calculated PXRD pattern of this
structure does not match that of the guest-free material
obtained after thermally emptying 0.5H,0@111-1.5DCE,
indicating that guest-free 111 is polymorphic (Supporting
Information, Figure S17).

In conclusion, the discovery of a Xe@111 crystalline phase
of unprecedented stability demonstrates the potential of
container molecule materials in the context of gas capture/
storage and highlights a need to further study discrete
molecule materials exhibiting zero-dimensional pores. In
a sense, the 111 pores sit at the opposite end of the pore-
accessibility spectrum as compared to, for example, more
kinetically accessible xenon-sorbing cage compounds.” It is
becoming clear that materials exhibiting empty cryptophanes/
cages (for example, polymers,'”! porous solutions/liquids®!)
are promising sorbents and/or storage media for various
applications involving gas inclusion.
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