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ABSTRACT: Host—guest solution chemistry with a wide range of
organic hosts is an important and established research area, while

Atomic-scale

) Single-site Encapsulation
“Imaging

the use of inorganic hosts is a more nascent area of research. In the o, Q 0. Q 0
recent past in a few cases, Keplerate-type molybdenum oxide-based oY M\o:oﬁllovo
porous, spherical clusters, shorthand notation {Mo,3,}, have been P,

used as hosts for organic guests. Here, we demonstrate the o \O
synthetically controlled encapsulation of first-row transition metals W
(M = Mn, Fe, and Co) within a Keplerate cluster that was lined on _ Sl
the inner core with phosphate anions, {Mo,3,PO,}. The resulting Photoinduced / 1 by

M**,c{Mo,3,PO,} host—guest complexes were characterized by
P NMR and ENDOR spectroscopy that substantiated the
encapsulation of the first-row transition metal guest. Magnetic
susceptibility measurements showed that the encapsulation of up
to 10 equiv showed little magnetic interaction between the encapsulated metals, which indicated that each guest atom occupied a
single site. Visualization of the capsules and differentiation of the Mo atoms of the capsule framework and the encapsulated
transition metal were possible using spherical and chromatic double aberration-corrected electron microscopy combined with
energy-filtered TEM (EFTEM) elemental maps. In addition, use of visible light-induced XPS for chemically resolved electrical
measurements (CREM) confirmed the successful encapsulation of M within {Mo,3,PO,} and furthermore showed photoinduced
electron transfer from M to Mo. In the future, such targeted electron transfer between host {Mo,3,} and a transition metal guest
could be used as photoinitiated switches using inorganic compounds and for single site photocatalytic reactions in confined space.

Electron Transfer—" /- |
Mn, Fe — Moy3, v \

B INTRODUCTION

Ever since Cram coined the term host—guest chemistry and
then further its relevance to enzymes,' the field has naturally
been linked with interactions and reactions in confined space.
Nowadays the classic field of host—guest chemistry is

0.8 nm) size that allow host—guest chemistry. Over the
ensuing years, various analogous compounds were prepared,
for example, by replacing the {Mo",} units with Fe(III),
V(IV)=0, or Cr(lll) to yield similar {M';,Mo,,} com-
pounds.'” It was also shown to be possible to replace the

comprised of a large variety of hosts and occupies a huge
“chemical space” that includes organic compounds such as
crown ethers and cryptands,2 cyclodextrins,3 calix(n)arenes,”
curcubit(n)urils,” pillar(n)arenes,6 coordination assemblies,”
dendrimers, and polymer networks.”” The above-mentioned
host compounds are organic or metal organic, but an
interesting, much smaller, sub-class of host compounds are
inorganic capsules.'"’ The premier example is the so-called
Keplerate polyoxometalate capsules based on molybdenum
oxide that are evolving. In the first of these reported
compounds,’’ a pentagonal bipyramidal Mo"'O, moiety is
linked to 5 Mo"'Og octahedra forming {Mo/Mos} pentagons.
Twelve of these pentagons are linked together by 30 {Mo",}
units with bidentate acetate ligands on the inner surface to
stabilize the structure. The Keplerate, {Mo;s,}, has a
polyanionic outer surface, an icosahedral symmetry, an
aqueous inner core, and 20 pores of sub-nanometric (~0.6—
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acetate ligands with more hydrophilic ligands such as
carbonate, sulfate, or hydrogen phosphate,'> or more hydro-
phobic ones such as butyrate or valerate, although the inner
core remains aqueous.14 The encapsulation of organic
compounds, including very hydrophobic hydrocarbons, was
then demonstrated, with important insight related to enthalpic
and entropic contributions."® In addition, high intrinsic
reaction rates were observed in acid-catalyzed reactions related

to the Lewis acidity of the inner Keplerate surface.'*”'¢
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Considering the large inner volume of {Mo,s,}, it was
observed that the number of organic guests can vary. This
property also led us to examine the possibility of encapsulating
transition metals as a guest with various transition metal (M)-
{Mo,;,} ratios, M,C{Mo;3,}, where x = 1—6. Such a synthetic
ability would enable the preparation of single atom to small
assemblies of transition metals in a confined aqueous space
(Figure 1). This Article describes the synthesis, character-
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Figure 1. Representation of M,CQ{Mo;,} host—guest complexes.

ization, and visualization of such M,C{Mo,;,} host—guest
complexes, where M = Mn>*, Fe?*, and Co?". It also describes
the visible light-induced electron transfer between the guest
and host.

B RESULTS AND DISCUSSION

As described above, {Mo3,} is polyanionic, and such capsules
have been typically prepared as NH," or Na* salts that are very
water-soluble. Addition of polycations typically leads to cation
exchange at the outer surface and formation of insoluble
product. The presence of cations at the pores has been
observed.'*'” These compounds have all been identified by X-
ray crystallography via their isolation in the solid state. In this
previous research, there was no planned synthetic outcome for
the encagsulation of polycations, for example, Ca>* and
Ce**,"*%'” and no control of the number encapsulated ions
because the procedures that were used simply involved
addition of a large excess of polycations and crystallization of
whatever product was formed. However, the reversible uptake
of the small Li* monocation into a Keplerate was observable by
Li NMR spectroscopy; the Keplerate was also “plugged” with
a formamide cation to prevent Li" exchange.18 Therefore, to
successfully encapsulate M*" by design and with controlled
amounts, one must create conditions so that M** will diffuse
into the inner aqueous phase of {Mo,3,}. This was achieved by
combining two approaches: (1) The first is use of a phosphate
internal ligand that can, in addition to its primary function as a
“stabilizer” of the {Mo3,} capsule, electrostatically bind M*".
The encapsulation leads to a change in the ionic charge of the
capsule and may involve proton transfer. (2) The second is use
of hydrophobic quaternary ammonium cations in place of
NH," to obtain a lipophilic Q{Mo,;,} capsule that, as will be
shown, retains its aqueous core. Notably the use of phosphate
is also advantageous, which enables both *'P NMR and
ENDOR M-PO, measurements.

The synthesis of the ammonium salt of the {Mo,3,} capsule
with hydrogen phosphate ligands, Na;o(NH,)s,[{Mo0"(0,;-
(Hzo)é}lz}{M0V204(HPO4)}3o:|'[NazNH4(HPO4)(H20)3oo:
NH,{Mo,;,PO,}, was carried out according to the known

procedure from an acetate precursor.13c From 'H NMR
spectra, there was no evidence of residual acetate. Sixty
equivalents of trioctylmethylammonium chloride (Q =
trioctylmethylammonium) dissolved in CH,Cl, was added to
NH,{Mo,;,PO,}, which leads to the extraction of Q-
{Mo,;,P0O,} into the organic phase. Q{Mo,;,PO,} was
characterized by IR spectroscopy as well as thermogravimetric
analysis to quantify the amount of quaternary ammonium
cation (~40) (Figures S1 and S2), as well as by *'P NMR
spectra (see below). The encapsulation of M>* was carried out
by slow addition of a 0.5 mM solution of the M** salt dissolved
in acetonitrile at a rate of 3 mL/h into an acetonitrile solution
of Q{Mo,3,P0O,}, 45 mg/1S5 mL. After the addition of the M**
salt was completed, the solvent was removed by evaporation to
yield crude M,CQ{Mo,;,PO,}. M,CQ{Mo,;,PO,} was
redissolved again in acetonitrile followed by the addition of
water to precipitate the product and wash away metal salt that
was not encapsulated. In this way, 1—10 equiv of Mn(ClO,),,
Fe(BF,),, and Co(BFE,), were reacted with Q{Mo,;,PO,} to
obtain Mn**,CQ{Mo,3;,P0,}, Fe**,cQ{Mo,;,PO,}, and
Co*",cQ{Mo,;,PO,}, respectively. The actual amount of
M?* that was encapsulated was evaluated by ICP-MS
measurements that overall showed an encapsulation efliciency
typically between 75—90% and varied somewhat between
different preparations. Note that it was not possible to
crystallize such M,CQ{Mo,3,PO,} host—guest complexes.
The M,CQ{Mo,;,PO,} host—guest complexes were first
characterized by NMR spectroscopy. In Figure 2, one can see
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Figure 2. 3P NMR spectrum of 2.1 mM Mn,CQ{Mo;,P0O,} in

CDCl; at rt. Peak (i) is an impurity formed upon addition of
increasing amounts of Mn®*.

—

the *'P NMR spectrum of Q{Mo,3,PO,} with a characteristic
broad peak at 4.7 ppm associated with phosphate anions in the
interior of the capsule. The peak broadening is due to chemical
shift anisotropy and dipolar coupling as a result of the
restricted motion of phosphate ligand. The additional sharp
peak at —5.9 ppm is associated with phosphate on the outside
of the capsule. From peak areas, it can be roughly estimated to
be associated with 1—2 phosphate anions out of 30 total (see
also below on the exchange phenomenon). Upon encapsula-
tion of increasing equivalents of Mn®** to yield Mn,CQ-
{Mo,3,PO,} (x = 1, 3, 6, 10), the peak at 4.7 ppm is further
broadened due to the strong paramagnetic effect of the
encapsulated Mn**. The 3P (heavy atom) chemical shift is
dominated by paramagnetic (Mo", Mn") rather than

https://dx.doi.org/10.1021/jacs.0c05264
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diamagnetic contributions,'” as opposed to the predominantly
deshielding effects observed for 'H nuclei, which reasonably
leads to a downfield shift of the encapsulated phosphate ligand.
Very similar results were obtained upon the encapsulation of
Co’* and Fe?* (Figures S3 and S4). It should also be noted
that the IR spectra did not show any significant changes after
encapsulation of up to 10 guest atoms, which indicates good
stability of the M,CQ{Mo,;,PO,} host guest complexes
(Figure SS).20 Similarly, resonance Raman spectra (Figure
S6) showed only small shifts of the peaks at 961, 873, and 711
cm™' that are attributed to changes associated with the
interaction of the phosphate ligand with the encapsulated guest
transition metal. The spectra overall support very good stability
upon encapsulation of M** to form the M,CQ{Mo;,PO,}
host guest complexes.

Despite the fact that the peak at —5.9 ppm was small in area,
it was of interest to further understand its source. Diffusion
NMR of this peak gave a value of 0.245 X 10™° cm®/s, which is
too low for a small molecule, but not low enough to correlate
with a species inside the capsule.”” The appearance of a sharp
peak, on the one hand, and the associated lower diffusion
coefficient, on the other hand, indicate that this may be a
phosphate species on the surface or at the pore of the capsule.
For verification of this proposition, the interaction between the
interior and surface phosphate species was measured by
saturation transfer difference (STD) NMR and showed that
the surface phosphate species is in exchange with the
phosphate ligands inside the capsule (Figure S7). Interestingly,
the same measurement on Mn;CQ{Mo;;,PO,} with the same
measurement parameters (saturation time and power of the
pulse) shows diminished exchange between the species after
encapsulation of Mn** (Figure S8).

Another topic of interest in the context of encapsulation
chemistry was the identification of the solvent molecules
within the organic capsule, Q{Mo,3,PO,}. Thus, while it is
known that NH,{Mo,;,PO,} contains ~72 H,O molecules
inside the capsule, °° it remains necessary to determine the
solvent inside the Q{Mo;;,PO,} capsule and by corollary the
M,CQ{Mo,5,PO,} capsules. From TGA analysis, between 40
and 50 water molecules (see Experimental Section) are
associated with Q{Mo,;,PO,} and M,CQ{Mo,;,PO,} similar
to the amount found inside Q'{Mo;;;OAc}, where Q’ is
amphiphilic dioctyldimethylammonium.”’ Q{Mo;,PO,} is
insoluble in water but soluble, for example, in acetonitrile
used for M*" encapsulation. Thus, there could be an
expectation that upon exchange of the ammonium cation
with the quaternary ammonium cation to form Q{Mo,;,PO,},
there could also be a solvent exchange within the capsule. To
test this point, (i) Q{Mo,;3,PO,} was prepared from
Na{Mo,;,PO,}, the latter prepared using the protocol
developed for Na{Mo;;,0Ac}">* using CD;CN instead of
CH;CN to purify Q{Mo,5,PO,}, and (ii)) Q{Mo,3,PO,} was
prepared from Na{Mo,;,PO,} where H,O was replaced by
D,0 as solvent; Na{Mo;;,PO,} was used as the starting
compound to prevent formation of ND,". After evaporation of
the solvent and room-temperature vacuum drying of Q-
{Mo,3,PO,}, only molecules that are encapsulated within
Q{Mo;,P0,} should be detectable by *H NMR spectroscopy.
For the preparation of Q{Mo;,PO,} in D,0, a *H NMR
measurement of the sample dissolved in CHCI; with a coaxial
tube containing benzene-d, as external reference shows a broad
peak for D,O at 4.7 ppm (Figure S9). In contrast, for the
preparation of Q{Mo,3,PO,} in CD;CN, no peak associable to

encapsulated CD;CN was observed (Figure S10). Therefore,
while the internal environment inside the capsule is anionic
with no hydrophobic moieties, the encapsulation of water is
expectedly pervasive. However, a polar water miscible solvent
that is not a hydrogen donor is not encapsulated. The synthetic
encapsulation procedure that was performed in acetonitrile
likely also positively affects the transfer of metal cations from
acetonitrile into the anionic polar environment inside the
capsule, although analogous H NMR measurements on
M,CQ{Mo,;,PO,} were not possible due to the strong
paramagnetic effect of M*".

To locate the guest metal cations relative to the known
position of the phosphate anions,"* electron nuclear double
resonance (ENDOR) spectroscopy was used to measure the
interaction between the *'P nuclei and the electron spin of the
paramagnetic guest transition metals. The ENDOR measure-
ment enables one to calculate the distance between the
paramagnetic metal center and the *'P nucleus.

The Q-band pulse EPR of Mn;CQ{Mo;;,PO,} showed the
typical six-line spectrum at g = 1.9977 associated with a Mn(II)
species (Figure 3, inset). The Davis ENDOR spectrum
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- S
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r (Mn-*'P)=2.9A

Figure 3. Davis ENDOR spectrum of Mn;CQ{Mo;,PO,}. Inset:
Mn®" EPR signal at g = 1.9977, T = 10 K, RF range of 10 MHz
centered at the Larmor frequency of *'P.

recorded at 10 K with an RF range of 10 MHz centered at
the Larmor frequency of *'P shows signals for the *'P nuclei
(Figure 3). The interatomic Mn—P distance was calculated to
be 2.9 A, which places the Mn** cation within the core of the
capsule in close average proximity to the phosphate ligands at
the interior surface of Q{Mo,;,PO,} (Figure 1). Analogous
measurements were performed on Fe;CQ{Mo,;,PO,} (Figure
S11) and Coy;CQ{Mo,;,PO,} (Figure S12). For FesCQ-
{Mo,3,PO,}, we observed an EPR spectrum at 10 K associated
with low-spin Fe(IlI) with g; = 1.997, g, = 1.944, and g3 =
1.9235. Fe(1Il) was formed during the encapsulation process
and from XPS measurements was approximately 1/4 of the
total Fe for the specific compound used. It is assumed that the
coordination of Fe** (EPR silent) to phosphate is identical to
that of Fe**. The analysis of the ENDOR spectrum yielded a
calculated interatomic Fe—P distance of 2.55 A. Analogous to
Mn;CQ{Mo;,PO,}, the measurement places the Fe** cation
within the core of the capsule in close average proximity to the
phosphate ligands at the interior surface of Q{Mo,3;,PO,}. For

https://dx.doi.org/10.1021/jacs.0c05264
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Co,CQ{Mo,;,PO,}, a Co(II) EPR spectrum was observed at g
= 1.924. However, the ENDOR results for Co;CQ{Mo,3,PO,}
were different from those of Mn;CQ{Mo,;,PO,} and
Fe,CQ{Mo,;,PO,}. First, the calculated interatomic Co—P
distance was significantly longer, 5.35 A. Second, a weak
ENDOR signal from ''B was also observed. Co;CQ-
{Mo,;,PO,} was prepared using Co(BF,), but from 'F
NMR peak width (Figure S3), and from the diffusion
coefficient —0.56 X 107> cm?/s obtained from diffusion
NMR it is clear that the BF,” anion is not encapsulated or
directly bound to Co(II). Therefore, the long Co—P
interatomic distances combined with the weak interaction
with BF,” place the Co(II) cation at the pore of the capsule in
contrast to the position of the Mn(II) and Fe(III) cations in
the core of the capsule. It should be noted that Fe;CQ-
{Mo,3,P0,}, prepared using Fe(BF,),, did not show a Fe—''B
ENDOR spectrum.

An interesting facet of the guest—host M,CQ{Mo,;,PO,}
complexes relates to the degree of interaction of the
encapsulated species between themselves; that is, does each
transition metal guest occupy a single site or do they tend to
form clusters? The guest ions used here are all intrinsically
paramagnetic, and the magnetic moments localized on these
ions will not experience an exchange interaction if the ions are
located far enough from each other. Therefore, if the ions are
magnetically independent from each other, the magnetic
susceptibility of M,CQ{Mo,;,PO,} should be linearly propor-
tional to the number of encapsulated ions. Magnetic
susceptibility measurements on Mn,CQ{Mo,3,PO,} (Figure
4) and those of Fe,CQ{Mo,;,P0O,} and Co,CQ{Mo,3,PO,}

|—m—Mn3C Q{Mo432,P0,}
|—m—Mng” Q{Mo132P0,}

‘:2 f' |—=—MnCQ{Mo0132PO,4}
f

0 50 100 150 200 250 300
Temperature, K

Figure 4. Temperature dependence of the paramagnetic contribution
to magnetic susceptibility (y) was measured for Mn,CQ{Mo,;;,PO,}
(x =1, 3,6) at 0.5 T using a FCH protocol.

(Figure S13) indeed show paramagnetic behavior. The host,
Q{Mo,3,PO,} (see Figure S13), is diamagnetic, and its
temperature-independent contribution was subtracted.
According to the Curie—Weiss law, y-T = C-T/(T — 6), that
was used to fit the measured data, with increasing temperature,
4T = C, and thus C is directly proportional to the number of
magnetic ions with the same spin in M,CQ{Mo;,PO,}. The
experimental C values were compared to those calculated from
the effective magnetic moment in Bohr magneton units,
N, 2
Ccalc = :f} ;,:; .

(kg is the Boltzmann constant, N, is

Avogadro’s number, and g is Bohr magneton), when we
assume high-spin states for Co**, S = 3/2 and Mn*', S = 5/2
and 75% high-spin Fe**, S = 2 and 25% low-spin Fe**, S = 1/2.
The comparison showed a very good correlation with the
measured number, by ICP-MS, of encapsulated guests in

M,CQ{Mo,;,PO,} (Table 1). Thus, the magnetic suscepti-
bility measurements verified the assumption of magnetically
independent guest ions with high-spin ground states.

Table 1. Number of Guests in M,CQ{Mo;3,PO,}, from the
Magnetic Susceptibility Measurements When We Assume
Independent M** Magnetic Ions and High-Spin Ground
States”

x from yT (ICP-MS)

nominal x Co Mn Fe
1 0.9 (0.8) 0.7 (0.9) 0.75 (0.5)
3 2.7 (2.3) 2.1 (2.5) 2.4 (2.5)
6 6.0 (5.2) 42 (4.1) 5.3 (5.0)

“The values calculated from the measurements for Fe were corrected
for the presence of 25% low-spin Fe** (from XPS).

Visualization of the capsules and even differentiation of the
molybdenum atoms of the capsule framework and the
encapsulated transition metal proved to be possible by electron
microscopy. First, a high angle annular dark-field scanning
transmission electron microscope (HAADF STEM) image
(Figure S, top) showed a very good dispersion of M;CQ-

Figure S. HAADF STEM (top) and HRTEM (bottom) images. (a,b)
CosCQ{Moy;,P0,}, (¢,d) MngCQ{Mo;3,PO,}, (ef) FesCQ-
{Mo,3,PO,}. Exemplary capsules are highlighted by circles.

{Mo,3,PO,} capsules on the EM grid. Additional high-
resolution transmission electron microscope (HR-TEM)
images display the molybdenum skeleton of isolated nano-
capsules (Figure S, bottom).>

Chemical maps with atomic resolution imaging were
obtained using a spherical and chromatic double aberration-
corrected electron microscope. In Figure 6, left, one can see a
zero-loss filtered HRTEM phase contrast image showing the
metal skeleton of a single nanocapsule for Mn,CQ-
{Mo,3,PO,}. In Figure 6, right, one can see the superposition
of energy-filtered TEM (EFTEM) elemental maps for the
molybdenum N,; energy loss (blue) and the manganese M,;
energy loss (yellow) at the same location as the HR-TEM
image on the right. The elemental map shows the presence of
guest Mn atoms near the center of the nanocapsule in
projection.

Using standard X-ray photoelectron spectroscopy (XPS), we
confirmed the expected compositional stoichiometry, which
includes the PO, content and the presence of metal ions, Co,
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Figure 6. Atomic-resolution energy-filtered TEM images of
Mn,,C{Mo;3;,PO,} on graphene support film (left). Zero-loss filtered
HRTEM phase contrast image showing the metal skeleton of a single
nanocapsule (right). Superposition of EFTEM elemental maps for the
molybdenum Mo N,; energy loss (blue) and the manganese MnM,;
energy loss (yellow) is for the same location as on the left. Additional
images and a signal data analysis for the single atom sensitivity can be
found in the Supporting Information for Co,o{Mo,3,PO,}, Figures
S14-S17.

Mn, and Fe in the corresponding samples. The dependence on
nominal “equivalent” values of the actual amounts measured
was also confirmed, in agreement with the ICP-MS measure-
ments that showed encapsulation or ~75% of the nominal
amount of transition metal added. The metal ions in the
various M,;(CQ{Mo,;,PO,} (M = Mn, Fe) samples were
found at two coexisting oxidation states, II and IIL
Representative spectra, manifesting the expected 2p;,, and
2p,;, sections, with two overlapping peaks and a broad
shakeup feature in each are shown in Figures S18-S20.
Because of (slow) beam-induced modifications encountered in
these samples, as described in the Experimental Section, low
exposures to the X-ray were kept, which dictated compromised
signal-to-noise ratios in the metal ion spectra. In turn, repeated
scans on fresh spots were used to confirm the reliability of the
conclusions drawn below.

Independently, XPS has already been exploited as a powerful
probe of charge redistribution under light illumination.”* By
following element-specific line shifts, we could deduce atomic
scale information, combined with the standard analytical
capabilities of XPS. In its general context, the light-induced
XPS is a promising branch of chemically resolved electrical
measurements (CREM), a techmque aimed at probing a
variety of electrical properties.”> So far, information on the
steady state of charge distribution under continuous light
illumination in XPS spectrometers has shown only fractional
changes in the local charge density, which accounts for
macroscopic, nanometer, and even atomic scale variation-
§.24926 To the best of our knowledge, the observation of
discrete electron transfer, hence integer changes in the valence
states of atoms, has not yet been reported.

In this regard, the white-light-induced XPS of Mn,CQ-
{Mo,3,PO,} shown in Figure 7 is remarkable. First, the Mn 2p
spectrum, under dark and white light illumination, exhibits
relative intensity changes between Mn*" and Mn*', such that
an increase in intensity of the Mn*" peaks takes place under
light and an opposite change is seen upon switching the light
off. At the same time, line-shapes of other elements were
measured, among which only the Mo 3d spectrum presented
changes correlated to those of the Mn; that is, increased
intensity of the Mn>* peak was accompanied by an increase in
the lower oxidation state of Mo (Mo>*). These correlated
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Figure 7. XPS of Mn;CQ{Mo,;,PO,} without (black line) and

during illumination with white light (red line). Mn 2p peaks (left) and
Mo 3d peaks (right).

observations reflect a process in which electron transfer from
Mn to Mo atoms takes place under white light illumination,
and, remarkably, as soon as the light is switched off, the reverse
process is stimulated. This behavior was successfully and
reversibly obtained for only 2—3 cycles (Figure S21), because
of the slow, yet irreversible, transformation of Mo®" to Mo*",
an effect always encountered for the {Mo;;,PO,} capsules
under the X-ray irradiation.

As shown in Figure S21, a large quantitative discrepancy is
found between the absolute amounts of Mn and Mo atoms
that take part in this process. We attribute these results to the
photoactivity of the Si substrate. As a p-type semiconductor, it
undergoes band-bending flattening, such that under illumina-
tion, photoexcited electrons are transported from its bulk to
the surface (holes migrate to the back contact grounding).
This response of the substrate is directly measurable by
following the Si line-shifts and the variations in sample current
(not shown).”” Notably, the massive supply of photoexcited
electrons from the Si substrate can indeed accelerate the Mo®"
to Mo>" transformation; however, it does not show up as a
change from Mn** to Mn®'. On the contrary, the Mn signal
presents an opposite photoresponse, which thus supports the
conclusion that electron transfer from Mn?* to Mo®" does take
place. Complementarily, in a test experiment we used red light,
for which the Mn,CQ{Mo,;,PO,} cage is out of resonance,
while the Si response is well preserved. The data yielded no
changes in the ratio of Mn**/Mn**, while the Mo®* to Mo®*
changes in the Mo signal were observable, although smaller.
Similar white light-induced phenomena were observed for
Fe,;,CQ{Mo,;,P0,} (Figure S22), while for Co,,CQ-
{Mo,;,PO,} no such phenomenon was observed. These
results correlate with the oxidation potential of encapsulated
metals, Co**/Co’** > Mn>*/Mn*" > Fe**/Fe*. The position of
the transition metal in the capsule may also play a role.
Consequently, the white light-induced XPS experiments show
that, despite the unavoidable interference of Si substrate,
M;,CQ{Mo;3,PO,} photoactivity, a process of photoinduced
electron transfer between Mn and Mo atoms is resolved. Note
that no effect on the even closer P-atoms could be observed,
and the resultant changes in the corresponding oxidation states
of both, Mn and Mo, are discrete, which indicates an exchange
of charge between single atoms, in contrast to common
observations of delocalized average changes in the electron
density distribution. Hence, this result provides an indication
for photocatalytic applications of such host—guest complexes.
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B CONCLUSIONS

A methodology has been presented whereby first-row
transition metal cations (M** = Mn**, Fe?*, and Co**) can
be encapsulated as guests into a porous inorganic host, a
Keplerate molybdenum oxide capsule. Different from previous
research, the methodology allows control by design of the
average number of guest cations introduced into the capsule, in
the range of 1—10 guest cations per host capsule. The
limitation of 10 guest cations, as observable by the formation
of trace amounts of impurities in the *'P NMR spectra at
higher guest—host ratios, is likely due to the change in the
charge distribution over the Keplerate capsule. The capsule
used herein, Q{Mo;3,PO,}, is lined on the inner core with
phosphate anions that are ligation sites for the encapsulated
guests. The presence of the phosphate anions is critical because
analogous acetate lined capsules, Q{Mo,;;,OAc}, are not
suitable hosts for the first-row transition metal cations. NMR
experiments gave the initial direct indication for the formation
of guest—host complexes, M,CQ{Mo,;,PO,}, via the broad-
ening of the phosphate signal associated the phosphate anions
within the capsule. NMR experiments also allowed the
identification of water inside the capsule. Further verification
of the encapsulation process and formation of M,CQ-
{Mo,3,PO,} were possible using Davies ENDOR spectrosco-
py, which also enabled the calculation of M—PO, interatomic
distances. These measurements indicate that for Mn and Fe,
the guest cations are clearly within the capsule ligated to
phosphate anions either by chelation as suggested from Figure
1 or possibly by coordination to two phosphate ligands,'**
while for Co, the more likely position of the cations is closer to
the pores. Magnetic susceptibility studies show minimal
magnetic coupling interactions at up to the addition of 10
guests (nominally), which indicates that each guest site is
relatively distal to other guest sites.

The combined set of characterization techniques was further
supported by high-resolution electron microscopy, with which
M,,CQ{Mo,3,PO,} capsules could conveniently be visualized.
Atomic resolution imaging was achieved using a spherical and
chromatic double aberration-corrected electron microscopy.
Superposition of energy-filtered TEM elemental maps for the
molybdenum N,; energy loss and the manganese/cobalt M,;
energy loss at the same location as the HRTEM image allowed
one to locate the guest atoms near the center of the
Q{Mo,3,PO,} in projection. Although the atomic resolution
electron microscopy techniques used here are not entirely new,
their application has been sporadic. This is the first example of
the use of this technique in guest—host chemistry and also in
polyoxometalate chemistry. The technique thus presents new
possibilities for the visualization of such complex assemblies.

Finally, the combination of X-ray photoelectron spectrosco-
py and white light irradiation of the M,;,CQ{Mo,;,PO,}
capsules, deposited on B-doped p-type Si, revealed photo-
catalytic capabilities, expressed by the observation of light-
initiated selective electron transfer, from the guest transition
metals (Mn**/Fe?*) to Mo®" atoms in the host capsule. While
previous studies of light-induced XPS demonstrated fractional
changes in the local charge density, here discrete electron
transfer was observed and hence integer changes in the valence
states of atoms. To the best of our knowledge, this
phenomenon has not yet been reported using XPS.
Importantly, these integer changes in the oxidation state of
Mn and Fe exhibited reversibility upon switching the light on

and off. Such photoinitiated switching is rather unique for
inorganic compounds and may present new opportunities in
this field.

Ongoing research is continuing in various directions
including catalytic studies in the confined space/inner core
of these guest/host complexes combined also with encapsu-
lation of transition metals into such capsules in aqueous media.

B EXPERIMENTAL SECTION

Syntheses. NH,{Mo,;,;0OAc} was synthesized according to a
reported procedure'’ and analyzed using IR and 'H NMR
spectroscopy for comparison with the literature reported compound.
NH,{Mo,;,PO,} was synthesized from NH{Mo,;,0Ac} according
to a reported procedure and analyzed using IR, 'H NMR, and *'P
NMR spectroscopy.>* Q{Mo;;,P0,} (Q = CH;(CgH,,);N*) was
prepared by vigorously mixing 0.5 g of NH,{Mo,3,PO,} dissolved in
S mL of DDW with a solution of 0.4 g of methyltrioctylammonium
chloride dissolved in 5 mL of CH,Cl, for 10 min. The two phases
were transferred into a separating funnel, and the Q{Mo;,PO,}
product was extracted three times with CH,Cl,. The organic phases
were combined, and the solvent was evaporated. The crude product
was dissolved in CH;CN, transferred to a Falcon tube, and
precipitated with DDW. The tube was centrifuged for 10 min at
4000 rpm. After centrifugation, the solvents were removed by
filtration, and the powder obtained was dried under vacuum and then
stored under N, in a glovebox. The amount of Q was evaluated by
thermogravimetric analysis (TGA) (Q = 40, Figure S2). TGA on a
SDT Q 600 Instrument was carried out by crushing a dry sample into
a powder that was placed in an alumina crucible. Q{Mo,;,PO,} was
also analyzed by 'H NMR, *'P NMR, IR, X-ray photoelectron, and
Raman spectroscopy. The molecular formula, Na;(NH,),,-
(C25H54N)40[{MOVIsozl(H20)4}12}{M0V204(HPO4)}30]; was ob-
tained using a combination of TGA and CHN analysis for C, H, N,
and H,0, and XPS for C, N, O, Na, P, and Mo. Anal. Calcd for CHN:
C, 33.57; H, 6.77; N, 2.70. Found: C, 33.80; H, 6.81; N, 2.07.

Encapsulation of M cations into Q{Mo,3,PO,} was carried out by
slowly injecting a 0.5 mM solution of M** (Co(BE,),/Mn(ClO,),/
Fe(BF,),) using a syringe pump at a rate of 3 mL/h into a stirred
solution of 45 mg of Q{Mo,3,PO,} in 1S mL of CH;CN (0.085 mM
solution). For the encapsulation of 10 equiv of metal salt, a 1 mM
solution of the transition metal salt solution was used. After the
addition of the M>* solutions, the solvent was removed at rt in a rotor
evaporator. The crude M,CQ{Mo,;,PO,} products were washed to
remove non-encapsulated metal by dissolving the crude in CH;CN,
followed by addition of DDW to precipitate M,CQ{Mo,;,PO,}, and
then centrifuged for 10 min at 4000 rpm. The solvents were removed
by filtration, and the powder obtained was dried under vacuum and
then stored under N, in a glovebox. TGA, ICP-MS, and XPS analyses
(see also below) showed that after encapsulation the capsule retained
the original P:Mo:O ratio and the number of quaternary ammonium
cations was unchanged. A representative elemental analysis for
Mn;,CQ{Mo,;,PO,} gave the approximate molecular formula
MnH4MnIH4C{Na3(NH4)8(C25H54N)40[M01320372(HPO4)30—
(H,0)4]3}(ClO,)s, and representative analysis of Fe ,,CQ-
{Mo,3,PO,} yielded Fe'l;Fe!"',C{Na3(NH,)5(CysHsyN) 40[Mo;3,057,-
(HPO,)50(H,0)2]}(BE, ).

ICP-MS of M,CcQ{Mo0,3,P0,}. ICP-MS analyses were carried out
on an Agilent 7700 Series ICP-MS instrument. A calibration curve for
the different elements (Mo, Co, Mn, Fe) was established by
measuring different concentrations of standard solutions of these
elements. For sample preparation, samples of M,CQ{Mo,;,PO,}
were prepared by weighing the sample into a quartz test tube and
heated at 600 °C in air for 2 h to volatilize and remove all of the
organic component. After the sample was cooled, 2 M NaOH (0.5
mL) was added, followed by DDW and then 0.5 mL of high purity
concentrated HNOj;. The sample was diluted to the desired
concentration and filtered with 0.2 um filter. There was some
variation (£5%) from the preparation of the M,CQ{Mo,;,PO,}
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samples, but overall the encapsulated amount of M** was about 75%
of the nominal amount of transition metal salt that was added.

Vibrational Spectroscopy. IR spectra were measured on a
Nicolet 5700 FTIR instrument; the samples were prepared as KBr
pellets containing ~3 wt % M,CQ{Mo,;3,PO,}. Resonance Raman
spectra were recorded on a Thermo Scientific DRX2 spectrometer
with a 455 nm solid-state laser using aqueous samples prepared in §
mm NMR tubes.

NMR Spectroscopy. All NMR experiments were measured on a
Bruker Avance IITHD 11.7T spectrometer at 298 K and referenced to
the solvent shift. P NMR spectroscopy was referenced to external
85% phosphoric acid. Data manipulations were completed using
MestReNova and TopSpin3.2 software. All measurements were
carried out on 40—50 mg samples dissolved in 0.5 mL of CDCI,.
Saturation transfer difference (STD) experiments were measured with
a saturation time of 2 s and a power of 11.6 yT. *H NMR spectra
were recorded in CHCl; with a capillary tube that contained benzene-
d¢ as an external reference. NMR diffusion measurements were
performed with a gradient system capable of producing magnetic field
pulse gradients in the z-direction of about S0 G cm™'. The "F
diffusion experiments were performed using the longitudinal eddy
current delay diffusion sequence, with a pulsed gradient duration of 4
ms and a pulse gradient separation of 60 ms. The *'P diffusion
experiments were performed using the bipolar longitudinal eddy
current delay sequence; each of the two bipolar gradients was 3 ms
long (total of 6 ms), and the pulse gradient separation was 60 ms.

EPR and ENDOR Spectroscopy. Pulsed EPR measurements
were carried out at 10 K on a Bruker Elexsys ES80 spectrometer
operating at 35 GHz and outfitted with a Q-band resonator (EN-
5107-D2). The temperature was controlled by an Oxford Instruments
CF935 continuous flow cryostat using liquid He. Field-sweep echo-
detected (FS-ED) EPR spectra were recorded using the two-pulse
echo sequence (7/2-7-7-7-echo) where the echo intensity is measured
as a function of the magnetic field. The microwave pulse lengths, /2
and 7, were 10 and 20 ns, respectively, and the time interval between
the pulses, 7, was 160 ns. *'P ENDOR spectra were measured using
the Davies ENDOR pulse sequence, #-T-7/2-7-7-7-echo, with the RF
pulse applied during the time interval T. The experimental conditions
were: t MW 200, 100, 200 ns, 7 S00 ns, and the RF pulse length was
10 ps. The ENDOR spectra were analyzed using the following
equations:

AJ_ = Aiso - TJ_
A=A T 2T,

where A; and A; are the anisotropic hyperfine couplings at the
canonical orientations, A;, is the isotropic hyperfine coupling
constant, and T, is the dipolar interaction between the electron
and it is neighboring nuclei. When the point-dipole approximation is
applied, T is related to the electron—nuclear distance r according to

_ 88,84,
T

where g, is the electron g factor, g, is the nuclear g factor, f, is the
Bohr magneton for electron, f, is the Bohr magneton for nuclei, h is
Planck’s constant, and r is the electron—nuclei distance. Sample
preparation for the EPR measurements was done by the addition of 1
mL of D,O to the solution of Q{Mo,3,PO,} during the addition of
the transition metal salts in the preparation of M,CQ{Mo;;,PO,}.
D,0 was also used to precipitate M,CQ{Mo;,PO,} during workup.
The measurement was done on a solution of approximately 50 mg of
sample dissolved in 1 mL of CDCI; that was stored under molecular
sieves.

Electron Microscopy. Transmission electron microscopy (TEM)
samples were prepared by drop cast preparation from a suspension of
M,,CQ{Mo;,PO,} dissolved in CH;Cl on copper grids, on ultrathin
carbon foil, on lacey carbon (Ted Pella Inc., Redding, U.S.), and on
CVD graphene support grids (Graphene Supermarket, Ronkonoma,
U.S.). Scanning transmission electron microscopy (STEM) images
and electron energy loss (EEL) spectral data were recorded on a

T,

double aberration-corrected Themis-Z transmission electron micro-
scope (Thermo Fisher Scientific Microscopy Solutions, Hillsboro,
U.S.) equipped with a Schottky-type high-brightness electron gun and
CEOS double hexapole aberration correctors at an acceleration
voltage of 80 kV. Annular dark-field (ADF) images were recorded
with a semi-convergence angle of 30 mrad and a probe current of 50
PA on a Fischione model 3000 detector or on a Gatan 807 ADF
detector. EEL spectra were recorded on a Gatan Quantum GIF 966
ERS energy loss spectrometer (Gatan Inc., Pleasanton, U.S.) with an
Ultrascan1000 CCD camera with a STEM probe with a semi-
convergence angle of 30 mrad and a beam current of 160 pA. The
outer semi-collection angle of the spectrometer was set to 45 mrad.

Atomic-resolution imaging was performed using the spherical and
chromatic double aberration-corrected FEI 50-300 Ultimate
(“PICO”) at the Ernst Ruska-Centre, Germany.”® The samples were
imaged at an acceleration voltage of 80 kV to prevent electron beam
damage. Images were acquired with a spherical aberration value of —3
pum and a chromatic aberration value smaller than 1 ym. Optimized
phase contrast for TEM images was achieved at a slight overfocus of
+3 nm, under NCSI conditions, with a point resolution better than
0.8 A. Energy-filtered TEM (EFTEM) images were recorded with a
Gatan Quantum GIF 966ERS energy loss spectrometer (Gatan Inc.,
Pleasanton, U.S.) on an Ultrascan1000 CCD camera. Chromatic
aberration first order, dispersion, and astigmatism were corrected to a
chromatic delocalization of better than 1 A for an energy selection
window as large as 50 eV to ensure atomic resolution for elemental
mapping.”” EFTEM spectroscopic image series were recorded from
high to low energy loss with a beam current of approximately 3 nA
and an exposure time of 5 s per energy loss for a 10—20 eV energy
window. Images were aligned and background-subtracted pixel-wise
using custom-written program code.

X-ray Photoelectron Spectroscopy. Measurements were
performed on a Kratos AXIS-Ultra DLD spectrometer, using a
monochromatic Al Ka source at low power, 15—75 W, and detection
pass energies of 20—80 eV. The base pressure in the analysis chamber
was kept below 1 X 1077 Torr. Samples of Q{Mo;,PO,} and
M,,CQ{Mo,;,PO,} were dissolved in CH;CN and then deposited by
spin coating on B-doped p-type Si wafers that were pretreated with
2% HF. A conductive carbon tape was used to improve the electrical
contact of the top surface to ground. Two external LED sources were
used for light illumination, red (630 nm) and white (700—400 nm),
operated at 1 mW, with about 50% loss along the optical path. The
illuminated spot at the sample surface was intentionally set to be large,
about S mm in diameter, such that uniform intensity could be verified
across the analysis area. Depending on the measurement conditions,
limited surface charging was encountered, which slowly accumulated
up to about 0.5 eV peak shifts. Real-time follow-up of these effects was
provided by repeated measurements of the sample’s work function
under a source power of 0.3 W.>**° Dedicated tests of beam-induced
damage were also conducted, which included repeated scans on a
given spot and subsequent comparisons with scans on fresh spots.
Thus, consistent evolution in the Mo® /Mo®* ratio was revealed, an
effect of particular relevance to the present study. As a consequence,
most of our spectra were collected at low exposures to the beam,
while compromising on the signal-to-noise ratios of single spectra. In
turn, repeated scans were used to achieve improved reliability of the
reversible components in the photoinduced mechanisms, to be
distinguished from the irreversible radiation-induced sample damage.

Magnetic Susceptibility. Magnetic measurements were carried
out on a SQUID-magnetometer MPMS3 (LOT-Quantum Design)
using the VSM mode (peak amplitude 6 mm, frequency 13 Hz,
averaging time S s). Measurements of magnetic moments versus
magnetic field strength (H) in the interval, =6 T < H < +6 T, in both
directions were performed at constant temperature values of T = 5
and 300 K. Temperature dependences of the magnetic moment
between 2 and 300 K were obtained at constant magnetic fields of H
= 0.5 and 6 T. Data analysis was done using Origin software.
Corrections for the residual field in the magnet were carried out by
using measurements of a standard Pd sample. The molecular magnetic
moment M = M-MW/m and the magnetic susceptibility y = M/H,
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where M; is the magnetic moment of the sample, m is the mass of the
sample, and MW is the molecular weight (Q{Mo,3,PO,} = 38 380).
The error in measuring the sample mass was not accounted for in the
calculations. y(T) was fit by the Curie—Weiss equation y = C/(T — 6)
+ Yo, where C is the Curie constant, 6 [K] is the Weiss parameter, and
Xo is the temperature-independent parameter (TIP), which can be
related to diamagnetic contribution of the orbital electrons” motion
(calculated from Pascal’s constants) but also can contain contribu-
tions from the sample holder and from sample impurities.
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