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Abstract

The family of uranyl peroxide polyoxometalates with capsule topology are fascinating from
several perspectives, including their behavior as ‘nano-containers’. The core of the capsule
contains counterions and other small molecular species that can be exchanged with free ions and
molecules present in solution. We obtained a kerosene-soluble form of the lithium salt [UO2(O,)
(OH)2]24 phase (Li-U24), simply by adding cetyltrimethylammonium bromide (CTAB) surfactant
to aqueous Li-U4. In nonpolar solvents, the encapsulated Li becomes less mobile and yields an
opportunity to investigate dynamic behavior in the confined space of the Us capsules.
Interestingly, the variable-temperature solution "Li NMR spectroscopy of the CTAB precipitate in
kerosene resolves two narrowly spaced, highly shielded resonances down to approximately -10 °C,
which shift upfield with increasing temperature, and finally coalesce at temperatures > 85 °C.
These results demonstrate that the Li dynamics in the Li-U24-CTA phase involves only exchange
between different local encapsulated environments. This behavior is distinct from the rapid Li
exchange dynamics observed between encapsulated and external Li environments for Li-U24 in
both the aqueous and the solid-state phases that contain abundant external lattice water. Density
functional theory (DFT) calculations were performed on different cluster models of Li cations
interacting with the U.4 cage with the aim of elucidating the Li cation’s binding in this particular
environment. The calculations suggest that the two experimental NMR chemical shifts observed
result from encapsulated Li cations coordinated to the square and hexagon faces of the U4 cage.
Moreover, in the confined space of the Uz4 capsule the Li ions can undergo local exchange between

adjacent environments leading to a subtle “breathing” dynamics.



1. Introduction

Uranyl peroxide capsules® have received considerable attention since their discovery in
2005, as a new family of polyoxometalates (POMs) that are aesthetically beautiful with rich
topological diversity. Moreover, they provide opportunity to understand uranyl speciation in alkali
peroxide solutions and solids, which are exploited in cradle to grave processes of the nuclear fuel
cycle (e.g., separation enrichment and fuel fabrication).>® In aqueous solution, uranyl UO2%*, with
its two trans “yI” oxygen atoms, can self-assemble into unique hollow capsule topologies through
peroxide and hydroxide bridges, in the presence of proper counterions (mainly alkali metal cations)
and in certain pH environments.”® Within the past decade, more than 60 capsule topologies
containing up to 124 uranyl units have been characterized.” Most studies focused on the aqueous
behaviors of uranyl capsules, including growth mechanism,®*° supramolecular assembly,!2
alkali cation templating,>** and exchange of encapsulated species between solution and
capsules.™® Only recently uranyl POMs were extracted into an organic solution from water by ion

exchange,® enabling new solution studies beyond the aqueous media.

When dissolved in water, uranyl POMs exchange encapsulated alkali cations, which pass
through the square, pentagonal and hexagonal faces of the cage.!” Moreover, recent magic-angle-
spinning nuclear magnetic resonance (MAS NMR) studies revealed a high-rate solid-state
exchange of Li* and aqua species between the uranyl capsule of solid Uz4 ([UO2(02)(OH)]24%*),*>
18 and Uso (JUO2(02)(OH)160°®)* clusters, and the external lattice containing hydrated alkalis. In
a prior study,’ we obtained a Li-Ux-surfacant precipitate by adding aqueous
cetyltrimethylammonium bromide (CTAB) to aqueous Li-U24, where the positively-charged CTA"
cation becomes exterior counterions to the anionic capsule. We denoted this surfactant precipitate
as Li-U24-CTA. Surprisingly, solution ‘Li NMR spectroscopy of this precipitate dissolved in
kerosene suggested an unprecedented reduction in cation mobility, featuring two distinct
encapsulated Li resonances with chemical shifts around 6 = -11 ppm. This observation provided
opportunity to probe the coordination environment of Li cations within the U.s capsule, and to

achieve a better understanding of the Li dynamics in a confined space.

U24 is one of the most studied uranyl POMs, because its synthesis is well-documented and
reproducible, and it is readily soluble in water, as a lithium salt.2® The capsule has six square faces,

formed of four uranyl units bridged by peroxide, and eight hexagonal faces, formed of six uranyl



units which are alternatively bridged by peroxide and hydroxide units (Figure 1). Each hydroxide
edge is shared by two hexagonal faces and each peroxide edge is shared by one square and one
hexagonal face. X-ray structures have shown that alkalis tend to bind under the faces, coordinated
to the yl-oxygens that point inwards toward the center of the capsule; not unlike coordination of
alkalis in crown ethers.? 182024 This inspired computational studies®® that confirmed the preferred
coordination environment of alkali cations is commensurate with the size of the capsule face.
While smaller alkali species like Li* and Na*, prefer to coordinate to the square faces, K* favors
the pentagonal faces, and larger alkali cations like Rb*™ and Cs* coordinate to the hexagonal faces.

Herein, we performed a combined quantum chemical and experimental study to investigate
the encapsulated Li species within Li-U2s-CTA in the solid-state, and dissolved in nonpolar
solvent. We describe the dynamics of encapsulated Li utilizing variable temperature (VT) liquid
phase NMR experiments while solid state “Li NMR is used to probe the interactions of the cationic
CTA headgroups with the encapsulated Li through the capsule faces. Computationally we
employed cluster fragment models and full Uz4 cage models to explore different Li binding sites,
which offered insights into the Li coordination and dynamics, when it is confined within the

capsule.
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Figure 1. Polyhedral (A), skeleton (B), and ball-and-stick (C-F) representations of the topology
of U4, and fragments thereof. The cluster is composed of six square (C) and eight hexagon (D)
building blocks. The side view of square (E) and hexagon (F) motif shows the convex (external)

and concave (internal) side. Color scheme: U, yellow; O, red; H, white.

2. Methods
2.1 Experimental Methods

Caution: Although isotopically depleted uranium was used in this study, precautions for handling
toxic and radioactive materials should be followed.

Preparation of LiU2s was described previously.?! Briefly, the lithium salt of the uranyl
triperoxide monomer unit is prepared by combining aqueous uranyl nitrate (0.5 g in 6 mL of water),
3 mL of 30% hydrogen peroxide, and 4 mL of 4M LiOH. The monomer is isolated by rapid
precipitation using excess ethanol, vacuum filtration and drying. The monomer powder is
redissolved in water and 100 uM Cu(NO3)2 is added to catalyze the self-assembly of U24 within
36 hours. The cluster self-assembly process is monitored by Raman spectroscopy and Small Angle
X-ray Scattering (SAXS).



Li-U24-CTA is synthesized by the addition of aqueous 25 mM cetyltrimethylammonium
bromide surfactant in excess to the Li-U24 solution and then dried. The resulting solid is washed
with water to remove remaining surfactant and non-encapsulated Li, and then air-dried.
Purification by washing was required for accurate compositional analysis measurements. All
measurements are phase separate. There is no contact between water/organic phases, merely

precipitation of solid with surfactant then redissolution of solid into organic solvent.

Solutions of Li-U2-CTA (approximate concentrations of 50mM by uranium) were
analyzed by Small Angle X-ray Scattering (SAXS), collected on an Anton Paar SAXSess
instrument utilizing Cu-Ko radiation (1.54 A) and line collimation. Samples and appropriate
background solutions were sealed in 1.5 mm diameter glass capillaries and measured using a 30-
minute exposure time over a g = 0.018-2.5 A range. All SAXS analyses to determine radius of
gyration (Rg), size, shape, size distribution, core-shell modeling, and PDDF (pair distance
distribution function) were carried out utilizing the IRENAZ macros within IgorPro 6.3
(Wavemetrics) software. SolX?® software was used to simulate x-ray scattering data from solid-
state crystal structure files. Samples described as aqueous were prepared in and referenced to
background of 18MQ water. Li-U24-CTA samples were prepared in and referenced to background

of a kerosene/hexanol co-solvent system in 9:1 volume ratio respectively.

Compositional chemical analysis (U and Li) of were obtained on Li-U24-CTA that was
digested in 5% (v/v) HNOs and diluted in 18 MQ water to contain approximately 0.06M of Li
followed by an additional dilution with 5% (v/v) HNOs to produce 10 mL samples containing ~20
ppm U and ~5 ppm Li, the optimal concentrations for quantitative detection. The resulting
solutions were introduced into a PerkinElmer Optima 8000 inductively coupled plasma optical
emission spectrometer (ICP-OES) for chemical analysis. Elemental uranium was analyzed using
a GemCone cyclonic nebulizer/spray chamber and alumina torch set up. Standard manufacturer-
suggested flow and power rates were used during analysis. Wavelengths used for quantification
were 385 and 610 nm for U and Li, respectively, with Winlab 32 software being used for data

acquisition and processing.

Solution ‘Li NMR spectra were collected on a Bruker 500 MHz DPX 500 spectrometer
with a 5 mm probe, tuned to a frequency of 194.4 MHz for "Li using a secondary saturated LiCl

10% D20/H,0 external standard for chemical shift reference (6 = 0.0 ppm). Organic solutions



were run in a 9:1 kerosene/hexanol co-solvent system with a 10% (vol) benzene-d® lock solvent
utilizing 512 scan averages and a spectral width of 7764 Hz (50 ppm). The VTNMR spectra were
simulated with WINDNMR?’ to estimate coalescence temperature and exchange rate. The solid-
state MAS NMR spectra were obtained on a Bruker Avance-I11 600 at 233.2 and 600.1 MHz for
Li and *H, respectively, using a 2.5 mm probe spinning between 20 and 25 kHz. A rotor
synchronized Hahn echo was used for the *H NMR, while a single pulse Bloch decay with high
power 'H decoupling was used to obtain the ‘Li MAS NMR spectra. For the solid state
experiments the *H NMR chemical shifts was referenced to the secondary external reference
adamantane (5 = + 1.63 ppm) with respect to TMS (8 = 0.0 ppm), while the ‘Li chemical shifts
was referenced to a secondary 1M LiCl (6 = 0.0 ppm) standard.

2.2 Computational Methods

We employed both truncated cluster and full-cage models to investigate the interaction
between Li* ions and the U4 capsule. We extracted three truncated cluster models from the fully
optimized Uz4 cage, including a square, a hexagon, and a square-hexagon model. Both square and
hexagon models are neutral and the square-hexagon model has a total charge of -2. According to
experiment, when the Li-U24-CTA precipitate is dissolved in kerosene, an estimation of 11 Li*
cations and numerous H>O molecules are encapsulated in each U.4 cage. We first investigated non-
hydrated Li* cations interacting with the three cluster models and then hydrated Li* ions, by
including explicit water molecules in the model, to capture the hydration effect. To maintain the
symmetry and the structure of the building blocks, we performed constrained geometry
optimizations of the various models. The U and O atoms of the different building blocks were kept
fixed, while the positions of the H on te hexagon, Li atoms and H>O molecules could relax. For
the truncated clusters we performed density functional theory (DFT) calculations using the hybrid
functional B3LYP?% with the 6-31G(d,p)*!-32 basis sets on H, O, and Li and the Stuttgart/Dresden
(SDD)*- Dpasis set and corresponding pseudo potential for U, denoted as the B3LYP/6-
31G(d,p)&SDD method. In all the cluster model calculations we employed the implicit solvent
model based on density (SMD)? model to account for the solvent effect by using water as solvent.
The full-cage structures were fully optimized without any constraints using Perdew-Bruke-
Ernzerhof (PBE)® functional in the Amsterdam density functional package (ADF2014).%
Relativistic corrections were introduced by the scalar-relativistic zero-order regular approximation

(ZORA).®" A triple- plus one polarization function basis set®® was used on all atoms. For non-



hydrogen atoms, a small relativistic frozen-core potential was used. Solvent effects were
introduced using the continuous solvent model (COSMO) with Allinger radii and with water as
the solvent.3®#2 Vibrational frequencies were calculated to confirm the nature of the optimized
stationary points. The reason for using a different approach for the full cluster optimizations
(different code and different density functional) is because these calculations are very expensive

and the PBE calculations are less computationally demanding than the B3LYP calculations.

'Li NMR chemical shift calculations were performed on both the optimized truncated
clusters and the full cage models, using B3LYP/6-31G(d,p)&SDD method with SMD water
solvent model, using the Gaussian 09 software,*® and the Gauge-Independent Atomic Orbital
(GIAO) method.* The chemical shift § is calculated by taking the difference of the chemical
shielding of a reference sample (oref) and the shielding of the cluster under study (o). For these
calculations, the reference chemical shielding (orer) of 91.0 ppm is used for Li* in water solution,

as computed with ab initio molecular dynamics by Alam et. al. 4

3. Results and Discussion

3.1 NMR and SAXS Characterization

Solid-state 'Li MAS NMR spectrum of the Li-U24-CTA (Figure 2A) show both a resonance close
to 6 =0 ppm consistent with hydrated lattice lithium, and a resonance near 6= -10 ppm, consistent
with encapsulated Li environment.'® The appearance of both internal and external Li environments
for these Li-CTA precipitates suggests that during the precipitation process, there is incomplete
exchange of Li for the surfactants. However, this Li was removed by extensive washing, prior to
compositional analysis and solution NMR studies. The*H-"Li CP (cross polarization) NMR spectra
(Figure 2A) selectively enhances the encapsulated Li environment (5 ~ -10 ppm) as expected for
a Li inside the U4 capsule with reduce mobility and correspondingly increased dipolar coupling
to nearby protons. While subtle, differences in the CP contact time resulted in chemical shifts of
the broad resonance for the encapsulated species shifting from & ~ -12 ppm at shorter contact times
to ~ -10 ppm at CP > 1 ms. This result reveals that the encapsulated ‘Li NMR resonance is
produced by a distribution of different unresolved Li environments, and supports the NMR
computational results described below (Section 3.2). There is a very minor (~2%) unidentified Li
environment at & = -5 ppm, and it is enhanced during CP. One interpretation is it indicates there

is a separate, more hydrated impurity phase. In fact, -5 ppm is a similar chemical shift as the



average of lattice Li exchanging with encapsulated lithium in the solid state ‘Li MAS NMR Li-
U24, previously reported. 8 The 2D *H-Li NMR heteronuclear (HETCOR) correlation spectrum
(Figure 2B) shows a small correlation (due to the reduced dipolar coupling from dynamic
averaging the external Li ‘Li ~0 ppm) associated with bridging hydroxyls (*H~+9.8 ppm) of the
U24 capsule. This is expected, because the hydroxyls point outside the capsules, per computational
studies.® Additionally, in the *H-"Li 2D HETCOR experiment the low frequency encapsulated Li
resonance is actually the overlap of two different Li environments; one in contact with the
N(CHs)s" headgroup of the surfactant (5(’Li) = -9.8 ppm, §(*H) = 4.1 ppm) and the Li coordinated
with encapsulated water (5('Li) = -9.4 ppm, 5(*H) = 9.5 ppm). The hydrated Li environment at
3("Li) ~ 0 ppm does not reveal any correlation peaks in the 2D HETCOR consistent with the

reduced *H-’Li dipolar coupling as previously noted.8

Recent computational and experimental studies of interactions of alkylammoniums with
Mo-keplerates (also with a capsule topology) showed that alkylammoniums “plug’ the pores of the
capsule by sitting in the middle of the face.*® We expect the cationic surfactants (CTA") to
associate in a similar way for Uzs, creating a hydrophobic shell and preventing Li from escaping
the capsule. Compositional analysis (ICP-OES) of digested Li-U2s-CTA following extensive
washing with water, gave concentrations of [Li] mM = 358.146 mM +/- 3.820 (as standard error);
and [U] mM = 1553.796 mM +/- 36.062 (as standard error). Comparing results we find a U:Li
ratio of 4.338 or about 11 Li ions per U4 cluster. Reported Ua4 cluster structures with all alkalis
located are rare; Liig[KsLis(OH)s][UO2(02)(OH)]24-76H20 is one such example containing
twelve encapsulated alkalis and a total of 18 encapsulated species (including the hydroxyls).
Therefore, 11 Li-cations plus 5-10 water molecules encapsulated in U4 is consistent with prior
structural information. We would expect the Li-cations that show correlation with ammonium
methyl groups of the surfactant molecules in the HETCOR experiment are closest to the square
and/or hexagonal windows, almost exiting the capsule. Conversely, we expect the Li-cations that
correlate with encapsulated water are further inside the capsule, with some bonded water
molecules. As an initial approximation based on the HETCOR experiments, we argue that the two
different, approximately equal concentration, solid state ‘Li MAS NMR resonances observed can
be assigned to Li environments associated with the square face (6 =-9.4 ppm) and the hexagonal

face with CTA" plugging the pore (3 = -9.8 ppm).



We also note that two distinct resonances in the solid state ‘Li MAS NMR (encapsulated
and external lattice) at room temperature differs from previously reported analysis of the inorganic
Li-U24.18 In the inorganic phase, the encapsulated Li could only be distinguished from the lattice
Li below 308K with a reduced exchange rate (<8000 kHz). In the current Li-U24-CTA phase, we
can conclude the following: 1) There remains a hydrated Li environment, exterior to the U4
capsule, suggesting that replacement by cationic surfactants was not complete during this rapid
precipitation method. 2) The exchange rate between encapsulated and free lithium in Li-U22-CTA
is significant slowed in comparison to the inorganic Li-Uzs, likely due to the trimethyl ammonium
surfactant heads blocking the capsule faces, as suggested by the HETCOR experiment.
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Figure 2. A. Solid state ‘Li MAS and CPMAS NMR spectra for the U2s-CTA precipitate. B. 2D
'H-7Li HETCOR correlation experiment.

We exploit the cluster’s open cage geometry and strong uranium scattering with small-
angle X-ray scattering (SAXS) to determine size and shape information of clusters in various
solvent media. Comparison of X-ray scattering curves of the aqueous solution to those simulated
from the solid-state structures show excellent agreement out to three oscillations, indicating
monodisperse solutions (Figure S1). The distinct oscillations arise from the core-shell structure,
small differences in intensity in the oscillatory region (q > 1.0 A) arises from imperfect scaling
and background subtraction of solvent scattering that is dominant in this region. Figure 3 shows
the SAXS of Li-Uz4 clusters in aqueous solution and Li-U24-CTA in kerosene-hexanol solution,
before and after excess washing. Comparing experimental SAXS data, it is shown that the Li-U24
is retained in the precipitated CTA-encapsulated species when dissolved in organic solvents. Size
distribution analysis (Figure S1) of the various Li-U24 species shows Gaussian curves representing
specific particle sizes, attributed to the scattering profiles of each SAXS curve. From the initial
scattering data and size distribution analysis, we can see the crude Li-U2s-CTA has some
polydispersity, showing multiple-sized species in the solution. These populations probably
represent dimers and trimers of surfactant encapsulated capsules, associated by interdigitation of



the surfactant tails. The presence of larger species is visually evident in the scattering curve
(Figure 3) by the shift of the Guinier region to lower-q, relative to the pristine aqueous solution.
With washing these contaminant populations are no longer present. This suggests it is the presence
of excess surfactant that promotes aggregation. Pair distance distribution function (PDDF) model
fits of Li-U24 and Li-U24-CTA after the washing steps (Figure 3) both are consistent with a core-
shell geometry with lower electron density in the core, indicated by the shoulder on the left.
Notably, this shoulder is more prominent for the aqueous phase, indicating a less dense core. This
is consistent with the high mobility of the Li and aqua species that exchange between the solvent
and capsule in the aqueous solution. The aqueous Li-U,4 is modeled to fit a radius of gyration (rg)
of 6.541A with a maximum linear extent (maxex) of 16.250A, matching what we would expect for
a Uyq capsule with a diameter of 16.2 A.2 The Li-U24-CTA washed sample is modeled to fit a
radius of gyration (rg) of 7.187A with a maximum linear extent (maxex) of 22.167A. Moreover,
there is a shoulder to the right, indicating a shell of lesser density. This shell, as well as the
expanded size is due to surfactant heads associated closely with the uranyl capsule. On the other
hand, we do not observe surfactant tails in the SAXS analysis, because they have poorer contrast
with the solvent, and are less densely packed, further from the capsule.
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Figure 3. Comparing experimental SAXS data of aqueous Li-U24 and Li-U24-CTA (A). Pair
distance distribution function (B) of the SAXS data shows the average radius of gyration (rg) of
(Li-U24 aqueous (red) rg= 6.541A; Li-U24-CTA washed (black) ry= 7.817A) and maximum linear
extent(maxext) in solution (Li-Uz4 aqueous (red) maxex: = 16.250A; Li-U24-CTA washed (black)
Maxext = 22.167A) of particles . The obliteration of the second oscillation for Li-U2s-CTA-
washed is owed to interference by a peak from the surfactant molecules, and the imperfect
background subtraction that results from this.

In contrast to the solid-state NMR, the solution ‘Li NMR spectrum of Li-U24-CTAB
dissolved in kerosene-hexanol (Figure 4A) shows no evidence for the resonance for a hydrated Li
environment (5 ~ 0 ppm), or the Li in exchange between encapsulation and a un-encapsulated
hydration sphere (6 ~ -5 ppm). Instead, two distinct sharp resonances at 6 =-10.7 and -11.5 ppm
are observed, and are both assigned to U»s—encapsulated Li environments, consistent with the solid
state *H-Li NMR HETCOR experiments described above. The narrow (FWHM = 40.60 Hz) and
well-resolved peaks was a surprising result, unprecedented for encapsulated alkalis that are usually
broadened due to exchange with free species in solution, and/or reduced dynamics in the confined
capsule space. Prior studies*” of surfactant-encapsulated polyoxometalates or clusters suggest their
state in solution is as represented in Figure 4B with the cationic surfactant heads surrounding the

anionic clusters.

Assessing these data described above, we tentatively offer the following explanations for
the origin of the two narrow solution ’Li NMR resonances observed. First, the trimethylammonium
headgroups and hydrophobic-surrounding organic media keep the Li from escaping the U
capsule. Since there are ~11 Li* inside each cage, inter-cation electrostatic repulsion probably
reduces the exchange rate between these different encapsulated environments which was found to
be < 150 Hz (i.e. the NMR time scale of the resonance separation). Finally, we do not expect the
entire Li-U24-CTA assembly to undergo rapid tumbling in solution that would lead to the line
narrowing. However, we can envision the U4 capsule with its encapsulated species rotating rapidly
within the hydrophobic shell. Moreover, electrostatic repulsion between Li* and CTA™ might drive

this rotational motion.

Variable temperature solution “Li NMR experiments of Li-U2s-CTA dissolved in kerosene
(Figure 4B) confirmed that one origin of the extremely narrow peaks at room temperature is the

lack of exchange between the two observed Li-positions within the capsule that leads to exchange



broadening. Increasing the sample temperature increases the exchange rate between these two Li
environments leading to dynamic averaging and peak coalescence at 85°C. Upon further inspection
of the data, peak integration at temperatures below coalescence shows a consistent 1:1 ratio of Li
ions at each peak position. Plotting the averaged peak position along the temperature range (Figure
S2) shows a linear trend consistent with a pure dynamic change coalescence system with no
preferred binding site. Simulated ’Li NMR data and Eyring plots (Figure S2) reveal an exchange
rate of ~ 250 Hz and a AGzesk Of exchange equal to 64.9 (kJ mol™).

Further experimentation was done by contacting the Li-U22-CTA organic solution with
pure water and aqueous LiCl solutions (0.05M and 0.1M) to see the effect on the NMR spectra
(Figure S3). Pure water contact is a way to remove/wash Li ions out of the system, resulting in a
single narrow peak at 6 = -11.4 ppm, suggesting experimentally that the most shielded Li-peak
corresponds to a more sterically isolated environment similar to a Li-U24 cluster square face.
Introduction of excess Li into the system with LiCl solution contact reveals a single broadened Li-
peak shifted downfield, increasing LiCl concentration shifts further downfield (80.0sm = -10.6ppm
and 6o.1m = -9.75ppm) towards the standard exterior/aqueous Li-peak at 6 = 0. Computational
investigations were also pursued to help understand these experimental observations as detailed
below.
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3.2 Computational results
3.2.1. Cluster Model

We initially explored the possible interaction sites by utilizing the square, hexagon, and
square-hexagon models, which have been truncated from the optimized Uz4 cluster structure. The
concave side of the models is the inside of the cage and the convex side is the outside of the cage
(Fig. 5.E).

The constrained optimization of the Li*-square model resulted in three possible binding
sites, Fig 5. In Site 1 (Fig. 5.A), the internal Li* is below the center of the square face (sq-1, 3(Li)
=-10.9 ppm). In Site 2, (Fig. 5.B) the external Li" is located above the square face center (sg-2,
d(Li) =+4.5 ppm). In Site 3, (Fig. 5.C) the external Li* is bonded to the bridging peroxides (sq-3,
d(Li) =-1.5 ppm). In the sg-4 structure (Fig. 5.D), two Li* ions interact with the square model, one
above (external) and the other under (internal) the square face, with respective chemical shift of
3.5 ppm and -12.4 ppm. We noticed that, in terms of the square models, when Li* coordinates at
the concave side of the square building block, (i.e. inside the cage, site 1), the chemical shift of the
Li* cations 8(Li) tends to be more negative; however, Li* cations at the convex side (outside the
cage, site 2 and 3) give more positive chemical shifts. Experimentally the dominant ‘Li NMR
chemical shifts in both solution and in the solid state are between 6 -10 and -12 ppm, such that the
square-model calculations support the assignment of these Li environments as encapsulated and
not outside or at the surface of the U»4 cage. The sg-4 structure also suggests that multiple Li
interactions can determine the final cluster structures and the corresponding ‘Li chemical shifts.
By simply adding to our cluster model a second Li ion produced a Ad of -1.5 ppm for the
encapsulated Li and a Ad of -1.0 for the external Li environment. The complexity of the multiple
interactions and structural changes certainly affect the observed 'Li NMR values.

Studies on hexagon models also support that the Li* cations are encapsulated inside the U4
cage. The constraint optimization of one Li* in the hexagon model resulted in five different
possible binding sites, shown in figure 5.E-H Site 1 and 2 are inside the cage, that is Li* ion binds
to the uranyl-O atoms that under the peroxide bridge (hex-1, (Li) = -8.5 ppm, Fig. 5.E) and that
under the hydroxide bridge (hex-2, &(Li) =-8.7 ppm, Fig. 5.F). Sites 3 and 4 are outside the U4
cage, respectively on top of peroxide bridge (hex-3, 6(Li) =-1.6 ppm, Fig. 5.G) and on top of the
hydroxide bridge (hex-4, 5(Li) = -5.5 ppm, Fig. 5.H). Site 5 is on the surface of the cage, where
Li* coordination bridges one peroxide-O atom and one hydroxide-O atom (hex-5, §(Li) =-2.2 ppm,



Fig. 5.1). Among the five binding sites, only Li* ion located inside the cage (site 1 and 2) have Li

NMR chemical shifts consistent with the experimentally observed values.
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Figure 5. Structures of cluster models with different Li* cation coordination environments to the
square (A-E) to the hexagon (E-I; see also figure S7 for sideview), and to the square-hexagon
model (J-L).

Table 1. ‘Li NMR chemical shift 6 (ppm) and relative energy E (kcal/mol) of the different cluster

models

Square Model

Label sg-1 sg-2 sg-3 sg-4
OLi -10.9 45 -1.5 -12.4,35
Erel® 0.0 18.2 22.6

Hexagon Model

Index hex-1 hex-2 hex-3 hex-4 hex-5
OLi -8.5 -8.7 2.2 -1.6 -5.5

Erel 33 3.5 0.0 10.7 15.1

Square-Hexagon Model

Index sg-hex-1 sg-hex-2  sg-hex-3

17



OLi -10.6 -9.3 -8.8
Erel 0.0 13.4 16.4
¥The relative electronic energies are compared among the same type of model.

Among the possible binding models discussed above, in three cases the Li* ion is inside
the cage, namely in the Li@sg-1, Li@hex-1, and Li@hex-2 cases. To determine the binding
preference among these three sites, we considered a square-hexagon model with Li at the three
different sites (Fig.5.J-L), and performed a constrained geometry optimization for the three cases.
The sq-hex-1 structure, with a single Li* located under the square face center, is the lowest in
energy, compared to the sg-hex-2 and sg-hex-3 structures, with Li* coordinated under the
peroxide- and hydroxide-bridge of the hexagon motif, respectively, which are about 13.4 and 16.4
kcal/mol higher in energy, respectively. This result is consistent with earlier studies that showed
that the square is the preferred coordination site for a single Li cation.? 13

In going from the square or hexagon model to the square-hexagon model, the chemical
shift of Li* changes for each binding site. For example, Li@hex-1 has a chemical shift of -8.5 ppm,
in comparison to Li@sq-hex-2, with a chemical shift of -9.3 ppm. Both binding sites are under the
peroxide bridge. We attribute the differential chemical shifts to the structural change as well as the
differential model size and the differential charge of the models. The bare square building block is
neutral, whereas the bare square-hexagon model carries a (-2) charge. Therefore, a full cage model
seems necessary. We will discuss it in Section 3.2.2.

Table S1 lists the chemical shifts obtained using other functionals besides B3LYP, namely
PBEO, M06, M06-2X, HSE, CAM-B3LYP. For all functionals the relative chemical shifts of Li
are similar. We also noticed that the 6Li values decrease as the percentage of HF exchange in the
functional increases. (Table S1, Figure S5) Based on these tests and earlier studies,* the B3LYP
functional shows sufficient accuracy and is selected for further calculations. In the NMR chemical
shifts calculations, the implicit solvent model SMD was used to account for indirect solvent effects.
Since the organic solvent kerosene was used in the experiment, we performed NMR calculations
using various organic solvent, including hexane, hexanol, cyclohexane, and benzene, on the
“SMD=water”-optimized structures, and it showed that all these solvent gave similar chemical
shift as using water as solvent. (Table S2, Fig. S6) To further test the effect of different solvent
models on the position of the Li cations, we optimized the cluster models in hexane and

cyclohexanol and calculated the corresponding Li chemical shifts. Structure comparisons show



that in the square-models the solvent type has a minor effect. In the hex-model and sg-hex-model,
on the other hand, where both Li and H can relax, the solvent has a larger effect on the Li position
and chemical shifts. (Table S3) Considering that when Li-U24-CTA is dissolved in kerosene, the
organic solvent molecules are likely outside the cage and the water molecules inside the cage, we

decided to use water as a solvent in this study to mimic the solution environment.

3.2.2. Full U24 cage model

As discussed in above and in early studies,? '3 the initial Li cations prefer the square face,
giving a total of six Li" inside the U.4 cage, denoted as 6Li@U24 and structure A, for the sake of
discussion. A single point ‘Li NMR calculation of 6Li@U2a4 structure gives a single chemical shift
of -13.8 ppm, corresponding with these six identical environments. This is significantly different
than the sg-1 partial square cluster model which predicted a “Li shift of § = -10.9 ppm. This first
binding site for 6Li@U24 is the inner side of square face center, denoted as in-Sg. Since the
experimental ‘Li NMR spectrum at room temperature shows two resonances, another binding site
is expected besides the square face center. Therefore, we tested four more structures, Figure 6, B-
E, in addition to the in-Sq site (1), namely (2) outer side of square-face-center (out-Sq), (3) cage
center (Cc), (4) inner side of hexagon-face-center (in-Hex), and (5) outer side of hexagon-face-

center (out-Hex).

In structure B, one more Li cation is placed at the center of the Uz4 cage (Cc) and its
chemical shift is -18.9 ppm, whereas the other six in-Sq Li cations have a chemical shift of -12.5
ppm. Note that a A =+ 1.3 ppm is predicted for the in-Sq Li environments when a single Cc Li
is added to the cluster. In structure C, six more Li cations bind to the outside surface of the square
(out-Sq) and their predicted chemical shifts are +2.6 ppm. In comparison, the chemical shift of the
six in-Sq Li cations is -15.8 ppm, corresponding to a Ad = -2.0 ppm change from the 6LI@U24
structure A. In structure D, eight more Li cations were initially placed inside the U4 cage and
coordinated to the hexagon face and optimized. Instead of remaining inside the U4 cage, the eight
Li cations prefer to bind to the outside surface of the hexagon face. In this case, the chemical shift
for the eight hexagon-face-coordinated (out-Hex) Li* is -1.65 ppm and for the six in-Sq Li* is -
16.8 ppm (AS = -3.0 ppm with respect to 6Li@U-4). We noticed that, in structures B, C, and D,

the chemical shift differences between the two types of Li* environments are 6.4, 18.5, and 15.1



ppm, respectively, which differ greatly from the small experimental difference of 0.86 ppm.
Therefore, the simple Li arrangements proposed in structures B, C and D were not sufficient to
explain the experimental ‘Li NMR results. These results also demonstrate that the inclusion of
additional Li cations within the U,4 capsule have a significant effect on the predicted ‘Li NMR
( Ad +1.5 to -3.0 ppm), and reflect how subtle differences in the coordination environments are
reflected in the chemical shifts. There is a general and consistent correlation of increasingly
negative shift as the Li cations move towards the center of the capsule. The calculated 5-values
most consistent with the experimental chemical shifts correspond with Li+-cations bonded to the

inside of the capsule.
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Figure 6. Optimized structures of full-cage models, B — E, and the respective Li cluster structure.
Bottom row: chemical shifts of Li cations and their distances from the U4 cage origin. Sq is square,
Cc is cage center, and Hex is hexagon. Color code: Li, purple; U, yellow; O, red. Hydrogen atoms

are omitted for clarity.

In the experiment, the U4 cage is surrounded by cation surfactants, so in structure D the
eight out-Hex Li* cations may be replaced by the CTA*. Then, we placed eight more Li* cations

under the hexagon face in addition to the 14 Li" cations in structure D, whereas this new structure



is denoted as E. Optimization of structure E gave three d-values corresponding with three Li
coordination environments: in-Sq (dLi= -10.5 ppm), in-Hex (éLi= -9.2 ppm), and out-Hex ((dLi= -
0.2 ppm), where the last binding site is anticipated to be occupied by surfactant. The remaining
two types of binding site, in-Sg and in-Hex, give rise to a Ad of ~ 1.3 ppm, in moderate agreement
with the experimental Ad of 0.86 ppm.

In structure A-E, we considered five types of binding sites: in-Sq, out-Sq, Cc, in-Hex, and
out-Hex. To estimate the preference of these binding sites, we calculated the average contribution
of Li* cation to the formation reaction, i.e. AEa, via dividing the formation energy (AE) by the
number of Li* cations in each structure, with more negative AE,. indicates stronger binding. In
Table 2, we estimate that the binding preference order is in-Sq > out-Sq > out-Hex > in-Hex, and
Cc < out-Sg. Between the in-Sq and in-Hex binding sites in structure E, in-Sq is more favored.
This suggests that, with increasing temperature, the Li@in-Sq environment will be able to gain
sufficient energy to exchange with to the Li@in-Hex site leading to the coalescence at higher

temperatures.

To summarize, the full-cage-model results suggest that the square-face-center and
hexagon-face-center are two possible binding sites inside the U.4 cage, and that the differential Li
NMR can be attributed to these two types of binding sites. Below, we show how a minor
perturbation can affect the Li NMR chemical shifts.

Table 2. Formation energy (AE) and average contribution (AEa) Of structure A — E. Energies are
in kcal/mol.

Formation Reactions AE AEave
A 6 Li* + Ux® — [6Li@U]*® -180.2 -30.0
B 7 Li* + Uz — [TLi@U2]'" -131.0 -18.7
C 12 Li* + Uz®* — [12Li@U2]** -241.8 -20.1
D 14 Li* + U®* — [14Li@U]'™ -105.9 -6.6
E 22 Li* + Uz* — [22Li@U4]* -115.0 -5.2

To confirm the hypothesis that ‘Li chemical shift is affected by depth of the cation within the
capsule, displacement perpendicular to the square face or the hexagon face, (i.e. z-direction,
Figure.7) was investigated by performing single point NMR calculations as Li cation moves from
U24 cage center to the surface of the square or hexagon. Figure 7.B (blue line) shows the Li



chemical shift changes as a function of the z-displacement towards the square face. As the Li*
cation moves from 0 to 3 A, the Li chemical shift decreases from § = -7.5 ppm to the minimum at

= -16 ppm, and then increases to & = +5 ppm when Li* is at 6 A. The single point energy
calculation (Fig. 7.B) shows that a single Li* at 4 A is the energy minimum for the square model,
with & =-11.9 ppm. We noticed that, from the minimum point, if we reduce the displacement of
the Li* by -0.25 A, the Li is further shielded by 2 ppm and the relative energy increases by 1
kcal/mol. Meanwhile, if the Li is displaced by +0.25 A, the Li becomes deshielded by 2.5 ppm and
the relative energy increases by 1.7 kcal/mol. In short, subtle movement of the Li cation can lead
to significant changes in the chemical shift.

The trend between the Li chemical shift and the displacement of Li along the z-coordinate
is similar for the hexagon as for the square face (Figure 7D). For the hexagon face a minimum 6 =
-12.1 ppm is found at 2.34 A, with the Li continue to become deshielded with increasing
displacement from the cluster center. The relative energy curve (Figure. 7D) for hexagon-face-
scan indicates that the energy minimum is at 6.24 A, which is slightly higher than the plane of six
U atoms. This result confirms our earlier finding that Li* prefers the out-Hex site over the in-Hex
site, unless the out-Hex site is anticipated to be occupied by cation surfactant. A remarkable feature
of the relative energy profile of hexagon-face scan is that the energy only changes slightly between
3 and 5 A from the cage center along the z-direction. Recalling that we located the second preferred
binding site is the in-Hex site at 3.9 A from the cage center, it is expected that this binding site is

more labile than the in-Sq site.
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Figure 7. Square model (A) and hexagon model (C). The respective Li* cation chemical shift as a
function of z coordinate and relative single point energy (kcal/mol) as a function of z coordinate
for square model (B) and hexagon model (D).

Note: Z-coordinate is in Angstrom. In sub-figure 2 and 4, vertical lines a and b denote the experimental
solution "Li NMR signals of -10.7 and -11.5 ppm, A = 0.86 ppm. | represents the plane of four U atoms in
the square model (5.70 A). 11 represents the plane of lower layer uranyl O atoms in the square model (4.16
A). 111 denotes the plane of 6 U in the hexagon model (4.94 A). 1V denotes the plane of lower layer uranyl
O atom in the hexagon model (3.47 A). Planes | — IV are labeled in figure 2 and 4 to guide the eye.

3.3.3. Explicit Water Molecules Studies
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The dynamics of the water molecules is also of interest and has been investigated in
previous studies of U4 in either aqueous solution or in the solid-state.!® In the preparation of Li-
U24-CTA, water molecules are likely trapped in the U4 cage along with the Li cations to complete
their coordination sphere. Additionally, the Li cation has the highest hydration energy among alkali
cations.*® Above we identified association of Li with encapsulated water in the HETCOR
experiment. Below, we discuss the effect of including explicit water molecules in the
computational models.

The internal cavity has a diameter 9.2 A and a volume 0f408 A3. We consider each non-
hydrogen atom occupies 17 A% (an empirical ‘rule of thumb’ from crystallographic studies) then
~24 combined Li-cations and water molecules can fit inside the capsule. For this reason, in addition
to the fact that the Li-cations are under-coordinated in all the models described above, we
investigated the effect of coordinating water molecules to Li on the calculated chemical shift values.
Unfortunately, quantification of water molecules is greatly complicated by the presence of
surfactant molecules. Since the inclusion of explicit water molecules adds considerable complexity,
we limited our study to square cluster model and five water molecules.

We built two sets of structures, as shown in Fig. 8. In the top structures, one water molecule
lies above the Li cation and below the plane of four U atoms. In the bottom set, all water molecules
lie below the Li cation. Although the top water molecule forms hydrogen bonds with the peroxide-
bridge oxygen atoms, due to the steric effect, the top set is about 100 kcal/mol higher in energy
than the bottom set (Table S6). The energy differences indicate that when Li cation binds to the
square center, it is more likely that water molecules are coordinated internally (i.e. closer to the
cage center) rather than from the top. Therefore, we will consider the coordination motif the bottom
set (fig. 8) in the following discussion.

In the square model, with coordination by different numbers of water molecules, the
optimal position of Li* persists in the center of square face, with the water molecules pulling the
Li towards the cage center. (The only exception is 2b where the Li cation is below one peroxide
bridge.) The distance between the Li cation and the cage center slightly decreases from 4.0 to ~3.6
A as the number of water molecules (n) changes from 0 to 5. Correspondingly, the “Li NMR
chemical shift changes from -10.9 ppm (n = 0) to -12.5 (h = 1), -12.3 (h = 3), and -12.1 (n = 4)
ppm, respectively. The effects of H.O molecules are two-fold: they change the position of Li*

within the cluster, and they also impact the Li chemical shift directly. For these different models,



the Li chemical shift difference between non-hydrated (n = 0) and hydrated (n > 1) Li* ranges from
1.2 to 1.6 ppm, which is comparable to the experimentally observed solution ‘Li NMR chemical
shift difference of 0.86 ppm at room temperature. Changes in the Li hydration with temperature
may also help explain the dynamics observed in the VT NMR experiments (see earlier discussion).
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Figure 8. Structures of square model with solvated Li* ion.

4. Conclusion

The surfactant-encapsulated uranyl capsules prepared here provide opportunity to study
the behavior of spatially-confined hydrophilic species such as lithium and water, surrounded by a
hydrophobic medium. Two distinct coordination environments for lithium inside of the 16 A
diameter U,4 cage are observed by both solid-state and solution ‘Li NMR. The barrier for
exchange of these sites is quite high, as indicated by the large, positive exchange energy. We
hypothesize the cations have minimal space to move within the capsule, and there is likely great
repulsion between the ~11 encapsulated Li-cations per cage. Computation of possible Li-
coordination sites within the capsule and their corresponding ‘Li chemical shifts all showed that
the chemical shift becomes more negative as the Li-cation moves from the edge to center of the
uranyl capsule. The chemical shift calculations and calculated energies of the possible coordination
sites indicated the Li-cations preferably bond to the inwardly-pointing capsule oxo ligands; and
coordination under the square face is favored over coordination under the hexagonal face. Finally
we still do not understand the origin of the unusually sharp “Li NMR peaks, which will be probed

by future computational studies. One plausible explanation that we will explore is rapid rotation



of the entire capsule within the surfactant shell, which may be driven by repulsion between the

surfactant cationic-heads and the Li* cations in the open faces of the capsule.
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