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ABSTRACT: The redox-controlled driven oscillatory
template exchange between phosphate (P) and vanadate
(V) anions enclosed in an {X,M;g} cluster is reported.
Extensive investigations using a range of techniques,
including correlated ESI-MS, EPR, and UV-—vis as a
function of reaction time, showed that six complete
oscillations interconverting the capsule species present in
solution from {P,M,s} to {V,M,,} were possible, provided
that a sufficient concentration of the TEA reducing agent

was present in solution.

P olyoxometalates (POMs) are anionic metal oxides

constructed from transition metals (usually vanadium,
molybdenum, tungsten or niobium) in their higher oxidation
states and are formed through a self-assembled condensation
process." Polyoxometalates have attracted the attention of
researchers because of their aesthetically appealing and complex
architectures.” In addition, they have also attracted interest
because of their nanoscale size ranging from 1 to 6 nm (the size
of small proteins)® as well as their diverse electronic properties
with applications in the field of catalysis, medicine, and
electronics.* Recently many advances in the understanding and
control of the self-assembly processes that govern the
architectures of POM-based chemical systems have been
made utilizing X-ray diffraction and high-resolution electrospray
ionization (ESI) and cryospray ionization (CSI) mass
spectrometry (MS).> Consequently, this has allowed a more
sophisticated synthetic approach and designed synthetic
procedures® to be employed, which have given rise to the
discovery of unprecedented archetypes and the emergence of
novel functionalities.”

Herein we describe a redox-driven oscillatory template
exchange that causes the exchange of the two XO,*~
heteroatom guests (denoted as “P” and “V” for X = PV and
VY, respectively) contained within the {M;O,(X0,),}*"
capsule for two complete oscillation cycles (P, — V, — P,
— V, = P,) before being “chemically” damped. We also show
that the oscillations can be restarted by “resetting” the process,
allowing up to four further complete cycles as shown by
preliminary in situ UV—vis spectroscopy experiments. We
postulate that the process proceeds via opening and closing of
the cluster capsule and show that this process is driven by a
competition between reductive and oxidative processes. The
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discovery was made by the combined use of electron
paramagnetic resonance (EPR) spectroscopy and MS. In
addition, the MS studies allowed us to follow the whole
process in real time by stopping and sampling the system at
given time intervals, giving preliminary mechanistic information
regarding the intermediate molecular fragments that take part
in the process.

The diphosphate molybdenum Dawson capsule
[Mo,04,(PO,),]% = {P,Mo,} has been known for decades®
and used as a secondary building unit for the construction of
larger architectures, while numerous studies have revealed its
use as a redox-active material and catalyst because of its acidic
properties.” It is well-established that the {P,Mo,s} capsule
retains its integrity in an acidic environment while it can store
electrons with minimum structural rearrangement.'’ Further-
more, we recently reported examples of polyoxometalate cluster
cages where transition metals can be trapped within the metallic
cage under specific experimental conditions, such as the
encapsulation of {WOg} octahedra within {W,} cages'' and
{VO,} tetrahedra within {M,s} (M = Mo, W) cages (Figure
1)."> On the basis of the above observations, we envisaged the
possibility of preferential inclusion or exchange of the template
by another transition metal with the appropriate geometry
within the {P,Mo,s} Dawson capsule and of observing this by
ESI-MS (Figure 1).

Experimentally, the procedure allowing the template—guest
exchange involves heating an aqueous solution of {P,Mo g} in
the presence of ammonium vanadate and triethanolamine
(TEA) under acidic conditions in air. The mixture was
monitored in real time utilizing ESI-MS by collecting and
measuring aliquots from the reaction mixture at specific time
intervals. The aliquots were collected and treated by ion
exchange in an identical manner, thereby aiding the rapid and
accurate assignment of the species present in the reaction
aliquots. The same acetonitrile solutions prepared as described
above [see the Supporting Information (SI) for details] were
studied by ESI-MS and EPR spectroscopy. Initially, the ESI-MS
studies revealed that after the solution was heated for 0.5 h, the
oscillation was initiated with guest exchange where the two
PO, anion templates were replaced by two VO,*~ units, and
the color of the mixture changed from yellow to green.
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Figure 1. Negative-ion mass spectrum of the reaction mixture at ¢ =
0.5 h in acetonitrile after counterion exchange with TBABr, showing
the typical species [Mo"";,Mo",(VO,),0:,(TBA),(H,0)]*"
{V,Moyg} and [H,V'YMo"'3M0",(VO,),05,(TBA),(TEA),]*~
{V;Mo,,} at m/z 1511.96 and 1591.04, respectively. Left inset:
negative ion mass spectrum of the parent molecule
{P,Mo,30,(TBA),}*~ = {P,Mos} with its envelope centered at m/
z 1875.53. Right inset: polyhedral representation of the parent POM-
based capsule {Mo,304,(X0,),}°" (Mo = blue polyhedra), which
interconverts between {P,Mos} (Mo = orange polyhedron, PO, =
yellow polyhedra) and {V;Mo,,} (framework V" = orange
polyhedron, VO, = yellow polyhedra).

Assignment of species detected by ESI-MS showed that two
similar molybdenum-based capsules were present:
[Mo,305,(VO,),]®” = {V,Mos} and [H,V"YMo,,Os,-
(VO,),] = {V3Mo,,} respectively (Figure 1).

On the basis of the fact that the {V;Mo,;} cluster capsule,
which oscillates in a parallel fashion with the parent molecule
{P,Moy;}, carries a reduced vanadium center on the cluster
cage, we decided to utilize EPR spectroscopy in conjunction
with the ESI-MS studies to follow the oscillatory guest
exchange process. The series of samples isolated from the
reaction mixture for the ESI-MS studies were transferred
directly, and their EPR spectra were recorded at 298 K. The
only species detected was {V;Mo;,}. Quantitative analysis of
the spectral intensity (per unit mass) as a function of reaction
time (see the SI) followed an oscillatory pattern that was in
excellent agreement with the ESI-MS studies, providing the
opportunity to follow the formation of the {V;Mo;;} capsule
with time. The bottom panel of Figure 2 clearly shows that the
spectral intensity increased and reached a maximum during the
first hour of the experiment and then decreased before reaching
a second maximum value after the mixture was heated for 8 h.

Even though the vanadium-templated capsules were the
major product in the reaction mixture, low-intensity envelopes
of species with smaller m/z values were detected and assigned
mainly to the half part of the Dawson architecture (e.g,
{MyX}) along with some smaller fragments. A series of low-
intensity envelopes were assigned to the {PMoO4}",
{PMosO,,H,}”, {V,Mo0,0;,TBA,(H,0)H }*",
{Mo3O,sTBAH,}~, {V,Mo0,0;,TEA(H,0),H,,}",
{V,Mo0,0,,TBA(H,0);H}", and {MocO,,TBA,TEA(H,0)-
H,}™, indicating that the template exchange reaction occurs via
capsule opening or dissociation into {MyX}-type units. Thus,
upon heating, the pale-yellow suspension turned green,
indicating the presence of reduced vanadium centers.
Reduction of the vanadium centers in the presence of TEA
upon heating triggered the “opening” of the Dawson capsule
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Figure 2. Top: Representation of the amounts of the {P,Mo g} (red
line) and {V;Mo,,} (blue line) capsules in the reaction mixture as a
function of the time, based on their relevant observed intensities.
Bottom: Double integral (DI) of the EPR spectrum weighted by the
sample mass for the sample series isolated from the reaction mixture at
different time intervals. The samples were recorded at 0.5, 1, 2, 4, 6, 8,
18, and 24 h.

with a minimum amount of fragmentation. It is worth noting
that the template exchange process did not occur in the absence
of a reducing environment following similar experimental
conditions (i.e., in the absence of TEA). The final step involved
the exchange of the phosphates by vanadates followed by the
reorganization of the two lobes to form the V-templated
Dawson-like cluster.

Further time-dependent measurements showed that as the
reaction continued, reoxidation of the reduced species occurred
after 3 h, and the solution turned from green to pale-yellowish-
green. After 8 h of heating, the solution turned green again
because of the abundance of reducing agent in solution. On the
basis of the above observations we followed the reaction using
ESI-MS to identify the species in solution during the redox
process. Interestingly, we discovered that after 2—4 h of
heating, the vanadium-templated cluster capsule reopened,
expelled the vanadium centers, and captured the phosphate
anions again, consequently reforming the parent molecule. The
whole process took place all over again from the beginning,
provided that we supplied the system with small amount of
TEA to initiate the oscillation again (Figure 3). When the
amount of TEA was not sufficient, the exchange process
gradually stopped (see Figure S3 in the SI), no matter how long
we kept heating the solution. Plotting the relevant intensities of
the detected species obtained from the ESI-MS studies clearly
showed the oscillatory guest exchange process that occurs. Here
the intensity of the parent molecule {P,Mo,s} decreased rapidly
at the beginning, while at the same time the formation of the
{V3Mo,,} capsule was observed.

During the real-time monitoring of the reaction mixture, the
major “intermediate” species prevailing in solution were
detected and identified. Analysis of the MS data showed that
the reaction solution had a high concentration of the half-
Dawson fragments implicated in the reaction mechanism,
which were templated either by phosphorus or vanadium
atoms. As such the MS data gave an indication that the
exchange process proceeds via a redox-promoted ogening of
the capsule with minimum additional fragmentation."> Another
interesting observation is that the template exchange process
seems to be much faster than the “closing” process of the
molecular capsule, since only cages encapsulating the same type
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Figure 3. The reaction cycle described here, showing the redox-driven
guest exchange reaction. Color scheme: PO,*~ templated cluster, gray;
VO, templated cluster, blue; PO,*~ purple; VO,>~ template, yellow;
reduced V, orange. The data point to the dissociation of the {M;¢X,}
cluster into two {MyX} halves.

of template were detected (this means that each exchange
process, driven by the redox state of the components, can
proceed fully to completion). If it had been the case that the
above rates were comparable, we should have detected a
statistical mixture of capsules encapsulating either PO,
VO,*, or both of the anions within the Dawson-type capsules
at the same time.

Although the oscillation could be “reset” and oscillate for
longer than two cycles (Figure 3), the system did become
damped in the end, presumably because of the formation of the
Keggin ion. Therefore, to suppress the formation of the Keggin
ion, we tried to reset the reaction not only by adding extra TEA
reducing agent but also by temporally increasing the pH
through the addition of ammonia (see the SI), and we
employed in situ UV—vis measurements using a dip probe to
follow the yellow < green (low < high absorbance at 650 nm)
oscillation associated with the switch between the P, and V,
clusters. To our surprise, the system oscillated for a further four
cycles (Figure 4), highlighting this system as a redox-powered
dynamically oscillating host—guest system.

0.2 N /
l—.J AENYAVAVAN

Time (h)

Figure 4. Time-dependent UV—vis monitoring at 650 nm for 80 h
showing oscillations in the absorbance mirroring those observed by
ESI-MS and EPR spectroscopy in the 0—20 h period. The reaction was
reset after ca. 10 h (arrow) by adding ammonia to reset the pH and
also by supplying more TEA reducing agent. The absorbance values
approaching 0.1—0.15 signal a change in the solution color from
yellow to green, indicating the presence of the {V,}-centered Dawson
capsule. The period of the oscillations is erratic, ranging from 6.75 to
16 h in length. ESI-MS measurements after 80 h confirmed the
presence of the oscillating clusters in the proportions indicated by the
UV—vis data.
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In conclusion, we have reported the observation of an
oscillatory guest exchange process driven by competing redox
processes in a POM-based capsule system. Moreover, we have
demonstrated the application of EPR spectroscopy and MS to
follow the oscillatory template exchange reactions, while the
chemical reset and UV—vis experiments highlight the potential
of this system as a new type of host—guest chemical oscillator.
The findings presented here show the potential of POM cluster
capsules for the design of “smart” molecules and responsive
materials. In the future, we will investigate whether the
oscillation process can be extended toward tens or even
hundreds of cycles and use it to explore complex chemical
processes involving coupled structural rearrangements driven
away from equilibrium using a “redox-metabolism”. In future
work, we will explore the damping and activation of the
oscillator, including the temporal dynamics of the system, as
well as the nature of the “competition” between the capsules for
templates and see whether this can be extended to membranes
containing these clusters.
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