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ble molecular capsule: sequential
photoinduced processes†

Manjiri Choudhari,a Jingjing Xu,ab Alasdair I. McKay, a Clément Guerrin, c

Craig Forsyth, a Howard Z. Ma,d Lars Goerigk, d Richard A. J. O'Hair, d

Antoine Bonnefont,e Laurent Ruhlmann, e Stephane Aloisec and Chris Ritchie *a

The metastable trilacunary heteropolyoxomolybdate [PMo9O31(py)3]
3− – {PMo9}; py = pyridine) and the

ditopic pyridyl bearing diarylethene (DAE) (C25H16N2F6S2) self-assemble via a facile ligand replacement

methodology to yield the photo-active molecular capsule [(PMo9O31)2(DAE)3]
6−. The spatial arrangement

and conformation of the three DAE ligands are directed by the surface chemistry of the molecular metal

oxide precursor with exclusive ligation of the photo-active antiparallel rotamer to the polyoxometalate

(POM) while the integrity of the assembly in solution has been verified by a suite of spectroscopic

techniques. Electrocyclisation of the three DAEs occurs sequentially and has been investigated using

a combination of steady-state and time-resolved spectroscopies with the discovery of a photochemical

cascade whereby rapid photoinduced ring closure is followed by electron transfer from the ring-closed

DAE to the POM in the latent donor–acceptor system on subsequent excitation. This interpretation is

also supported by computational and detailed spectroelectrochemical analysis. Ring-closing quantum

yields were also determined using a custom quantum yield determination setup (QYDS), providing insight

into the impact of POM coordination on these processes.
Introduction

Photostimulated changes in molecular and electronic structure
are ubiquitous in nature with the underlying processes
intriguing and mystifying scientists to the present day. The
design and realisation of chemical systems that mimic or
replicate these complex stimuli-responsive functions remain
a signicant challenge.1,2 Photochromic compounds i.e.,
compounds that display a reversible change in colouration in
response to electromagnetic radiation, are particularly impor-
tant in this research area and are also increasingly nding
utility in technologically relevant applications.3–5 Amongst the
various classes of photochromes are the diarylethenes (DAEs),
molecules that can be chemically tuned to yield species with
exceptional thermal stability observed for both photoisomers,
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desirable ground, and excited-state properties alongside high
photochemical yields.6,7 The incorporation of these chromo-
phores into materials, including polymers, nanomaterials, and
self-assembled coordination complexes, has led to the report of
complex light-driven solution-state dynamics, changes in
mechanical strength, actuation, and even the control of
organisms' motor function through the perturbation of molec-
ular and electronic structure in response to light.8–11

Polyoxometalates (POMs) are molecular metal oxides
composed of predominantly early transition metals in high
oxidation states, however, there are now numerous excep-
tions.12,13 The remarkable structural, compositional, and result-
ing electronic diversity of POMs is undeniable and is responsible
for these compounds attracting general interest across the
sciences from phasing agents in protein crystallography to elec-
troactive components in photovoltaic and electrochromic
devices.14,15 They are, however,most well-known for their catalytic
activity due to their rich acid–base and redox chemistry, with an
increased emphasis on their utility as photo-catalysts due to their
effective redox mediation.16–19 Until recently, the underlying
photophysics associated with this behaviour had been somewhat
neglected with time-resolved spectroscopic studies on the (fs-ns)
time domains being scarcely reported. Signicant steps to
address this deciency have been made by the groups of Izzet,
Gibson, Proust, Streb andDietzek amongst others.20–23 In contrast
the photochemical dynamics of diarylethenes (DAEs) are well-
documented,24,25 however, the absence of hybrid DAE-POM
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 General scheme of the rotational isomerism observed for DAEs
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materials in the literature has to date precluded their study,
except for our prior report and a recent solid-state investigation
by Dessapt et al. Prior studies conducted on photochromic spi-
ropyran POM hybrids and the report that [PMo9O31(py)3]

3− –

{PMo9} can be utilised as a precursor for the preparation of
organically functionalised lacunary phosphomolybdates served
as inspiration for this work.26–28

Intrigued by the opportunity that the combination of DAEs
and POMs in a molecular assembly would present to investigate
this balance of photochemical processes, we designed and
prepared the photochromic molecular capsule [(PMo9O31)2(-
DAE)3]

6− – (1) reported herein (Fig. 1 and 2). In this article, we
rationalise our experimental ndings in terms of the stability of
(1) and the photochemical behaviour of the capsule (1) following
UV excitation. Due to the complexity of the molecular assembly,
the nomenclature (1(OA)x(OP)y(C)z; x + y + z = 3) will be used
throughout to describe the various potential states which are
dened in (Fig. 2), while (1) will be used in general discussion.

Results and discussion

In this study, we have utilised the precise surface chemistry and
ligand exchange properties of {PMo9} 26 to yield the
Fig. 1 Graphical representation of the chiral molecular capsule
(1(OA)3) with dimensions obtained from single crystal X-ray diffraction
structure determination.

(top) and the ditopic (DAE) used in this study (bottom left). (L1 –
bottom right) was used in the transient absorption investigation as the
closest non-DAE model compound to identify the intersystem
crossing S1 / T1 spectral signature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
photochromic molecular capsule (1) through the exchange of
the pyridyl ligands on the precursor polyanion with the ditopic
ligand (DAE) (Fig. 1 and 2). (1) can be isolated as a crystalline
product using either tetrabutylammonium (TBA) or tetraphe-
nylphosphonium (TPP) cations to yield (TBA)6(1) and (TPP)6(1)
in 62% and 43% yield, respectively. Synthetic details are
provided in the ESI.† Crystals suitable for structure determi-
nation using single-crystal X-ray diffraction were obtained for
both samples. However, the (TPP)6(1) sample was of superior
quality with the structure of this compound reported and dis-
cussed herein (CCDC 2173175).

Uncoordinated diarylethene based ligands such as (DAE) in
their ring-open form exist as a mixture of three rapidly inter-
converting isomers in solution, namely, a pair of enantiomers
Ra, Ra and Sa, Sa that adopt the antiparallel conformation (OA)
and the meso Ra, Sa isomer that adopts the parallel (OP)
conformation.29 Only (OA) can undergo light-driven conrotatory
electrocyclisation to yield a racemic mix of R, R and S, S ring
closed forms with extended conjugation (Fig. 2). Molecular
capsule (1) is constructed by bridging two trilacunary {PMo9}
polyanions with three molecules of (OA). Formation of (1)
utilises the lability of theMoVI–N coordination bonds in {PMo9},
with the saturation of the polyanion coordination sites by (DAE)
only being feasible when the ligands adopt the (OA) conforma-
tion due to steric implications imposed by the polyanions if
coordinated as the (OP) conformer. Fascinatingly, each inde-
pendent molecular capsule contains a single enantiomer of
Chem. Sci., 2022, 13, 13732–13740 | 13733
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Fig. 3 The high resolution isotopic envelope of (1) as the trianionic
{TBA3[(PMo9O31)2(DAE)3]}

3− (exp. (top) vs. calc. (bottom)).
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(OA), resulting in helical molecular chirality, while single-crystal
diffraction studies conrm a racemic mixture of capsules in the
crystalline state with no evidence of ligand disorder within each
molecular assembly.

Structural analysis

The molecular metal oxide {PMo9} component of (1) contains
a capping {Mo3O14} triad connected with three {Mo2O9(Npy)}
dimeric fragments with alternating terminal oxido and pyridyl
ligands located on the hexagonal face of the polyanion dening
the lacunary sites. This surface chemistry supports the ordering
of the ligands in the assembly via directional intramolecular
contacts between the ortho hydrogen atoms of the pyridyl
groups of (DAE) and the adjacent terminal oxido ligands (O28–
H35, 2.446 Å; O24–H5, 2.568 Å; O31–H11, 2.624 Å). Notably, all
ligands within each assembly are a single enantiomer, repre-
senting an exquisite example of self-sorting and resulting in
molecular capsules that possess either (P) or (M) helical
chirality (Fig. 1).

In terms of molecular design, the principle objective was to
mitigate coordination of the photochemically inactive (OP)
isomer, which was achieved due to steric implications imposed
by the polyanions, akin to our previous report using a simpler
POM scaffold with only one point of coordination.28 The intra-
molecular separation between reactive carbon atoms in the
crystalline state is C9–C19, 3.43(2) Å, and C39–C39,30 3.47(2)) for
the two crystallographically independent ligands (See CCDC
2173175). These values are within the limits required for solid-
state photochromism,31 with the expected colour change from
colourless to dark blue observed on illumination (Fig. S6†).
Unfortunately, while single crystals, bulk crystalline powder,
and pelletised samples of (1(OA)3) display photochromism on
appropriate illumination, we have been unsuccessful in
obtaining the crystallographically determined structure of
(1(C)3). Finally, located within the internal cavity of the capsule
are acetonitrile solvent molecules, two of which ll the void
between the pyridyl ligands while the others serve as spacers
between ligands, with charge balancing cations forming 2D
sheets along the crystallographic a and b axes.

Solution-state stability and spectroscopy

Our investigation of the solution-state stability of (1(OA)3) in
a selection of solvent systems produced varying results, with our
full dataset to be published elsewhere. Herein we report that
(1(OA)3) is observed to be stable in anhydrous solvents such as
acetonitrile, acetonitrile/dioxane mixtures, and dichloro-
methane. Consequently, analyses were conducted using one or
a combination of these solvent systems. Unless explicitly stated,
the tetrabutylammonium salt was used due to higher solubility,
while the absence of additional aromatic protons and electronic
transitions in the UV region aided data analysis that is
complicated by the TPP derivative. The integrity of the complex
in solution is veried by ESI-MS in the negative ion mode with
(1(OA)3) as either the tetrabutylammonium or tetraphenyl-
phosphonium salts being fragile under typical conditions of the
mass spectrometer irrespective of the charge balancing cation
13734 | Chem. Sci., 2022, 13, 13732–13740
(See Fig. 3 and S8–10†). The molecular capsules, based upon the
unique isotopic envelope and high-resolution accurate mass
measurements, were formulated as the trianionic (3−) ion pairs
{TBA3[(PMo9O31)2(DAE)3]}

3− and {TPP3[(PMo9O31)2(DAE)3]}
3−

centred at 1691.9955 and 1788.8402 m/z, respectively (Fig. S9
and S10†), where three counter cations remain associated with
the assembly during electrospray ionisation. 1H and 31P NMR
were then correlated with steady-state UV-vis spectroscopy to
identify a spectroscopic signature that can be used to verify
solution-state integrity. In the dark, at room temperature
(approx. 25 °C), we have conrmed that (1(OA)3) is stable over an
extended period (21 days) with negligible spectroscopic changes
observed (Fig. S1–S3†), while the integrals of the DAE ligands
and tetrabutylammonium cations agree with the formulation of
(TBA)6(1(OA)3).

1H–1H COSY and NOESY experiments facilitated
the assignment of the pyridyl and thiophene protons (See
Fig. S13 and 14†).

As expected, the pyridyl alpha protons are de-shielded on
coordination due to their proximity to the electron-withdrawing
MoIV ions (Dd = ∼0.2 ppm). The sign of the NOESY cross-peaks
are indicative of a large molecular assembly (>1200 MW)
meanwhile 1H DOSY experiments are supportive of hydrody-
namic radii for (1(OA)3) and (1(C)3) of 1.36 nm and 1.15 nm
respectively (Fig. S15–17 and Table S3†). These values are in
good agreement with the crystallographically determined 2.76
× 1.85 nm cross-section of (1(OA)3) and the anticipated reduc-
tion in molecular cross-section on ring closure. Absorption
spectra of {PMo9} and (DAE),32 the molecular components of (1)
absorb strongly in the UV region due to their respective elec-
tronic ligand-to-metal charge transfer (LMCT) O2p / Mo4d
(l325nm, 3 = 8.5 × 103 L$M−1 cm−1) and p–p* (l325nm, 3 = 1.5 ×

104 L$M−1 cm−1) transitions. Having conrmed the solution-
state stability of (1(OA)3), we investigated its photochemistry
using NMR, steady-state UV-vis spectroscopy, transient
absorption spectroscopy, and spectroelectrochemistry.

Irradiation of both acetonitrile and dichloromethane solu-
tions of (1) using 325 nm LEDs with known optical power results
in the complete conversion of (1(OA)3) to (1(C)3) with a clean
isosbestic point noted at 352 nm throughout the quantum yield
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Time-dependent UV-vis spectroscopy showing the photochemical conversion from (1(OA)3) to (1(C)3) in response to 0.21 mW of 325 nm
light (upper panel) in dichloromethane with the corresponding 1H NMR spectroscopy study (bottom), where x + z = 3.
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determination experiments (Fig. 4). As the steady-state UV-vis
for the intermediate states, i.e., one and two rings closed
ligands, are indistinguishable from a mixture of (1(OA)3) and
(1(C)3), the extraction of a speciation diagram was not possible.
1H NMR spectra were also acquired at commensurate time-
points used for QYDS measurements to mirror the photo-
chemical conversion in an attempt to obtain spectra that could
be attributed to the intermediate species with one or two DAEs
in the closed-form (Fig. 4). The signicant overlap of resonances
in the aromatic region precluded clear assignment, however,
the disappearance of the thiophene singlet at 7.92 ppm of (1)
and the absence of uncoordinated (DAE) resonances on illu-
mination were supportive of complete conversion. Two sets of
complex multiplets at (6.92 ppm) and (6.90 ppm) appeared
upon irradiation which are attributed to the aromatic protons of
the ring-closed molecular capsule.

The evolution of the methyl region of the 1H NMR spectra
was more informative, with the diminishment of the single
methyl resonance of (DAE) in (1(OA)3) at (1.94 ppm) accompa-
nied by the appearance of multiple resonances in the 2.22–
2.32 ppm range following 50 seconds of illumination and circa
17% photochemical conversion. This observation indicates the
formation of a mixture of species that includes all possible
combinations of open and closed ligands. On monitoring, the
© 2022 The Author(s). Published by the Royal Society of Chemistry
spectra evolved with further illumination (538 seconds, z 88%
photochemical conversion). Signals at 2.24 and 2.26 ppm were
no longer evident and are retrospectively assigned as
(1(OA)2(C)1), with the spectra now dominated by signals at 2.23
and 2.32 ppm, which are assigned as the two methyl groups in
(1(C)3). While being chemically equivalent, these methyl groups
are magnetically inequivalent where the ligands remain caged
by the {PMo9} blocking groups (Fig. S7†).
Quantum-yield determination

A solution of (1(OA)3) is colourless, with exposure to UV light
resulting in the rise of a broad and intense absorptive feature
in the visible region (lmax = 595 nm, 3 = 4.47 × 104 L mol−1

cm−1). The molar absorptivity is calculated as 2.65 times that
of the uncoordinated ring-closed DAE (lmax = 593 nm,
3 = 1.69 × 104 L mol−1 cm−1). A (7.5 mM) solution of (1(OA)3)
with O.D. of 1 was illuminated using (325 nm) light from
a LED which was imaged onto the sample using best form
lenses with 0.213 mW of power photometrically measured at
the sample (Fig. 4). The photochemical quantum yield for the
ring closure starting from (1(OA)3) in dichloromethane as
9.10% using a custom QYDS setup (Fig. S18†).33
Chem. Sci., 2022, 13, 13732–13740 | 13735
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Time-resolved spectroscopy and spectroelectrochemistry

Time-resolved spectroscopies are the most suitable suite of
techniques to investigate the photochemistry and physics of
DAEs and rationalise the impact of the steric constraint of these
molecules on their ultrafast photocyclisation dynamics. We
have previously reported such studies for bridged DAEs and
DAEs incorporated within supramolecular assemblies.25 Ultra-
fast time-resolved spectroscopic studies of POM-based
systems remain uncommon, however, they are integral to the
understanding of the photochemical processes that ensue
following the excitation of complex molecules such as (1(OA)3).
To the best of our knowledge, this is the rst such study on
a POM-DAE molecular hybrid, with the model compound
{PMo9} also being investigated in addition to the organic
ligands (L1) and (DAE) to support our conclusions (Fig. 2 and 5).

To better understand the transient data of (1(OA)3), we will
begin the discussion by reviewing (DAE) and (L1) with the (DAE)
Fig. 5 (A) Femtosecond absorption data for DAE in dry acetonitrile fo
windows [0.95–1.2 ps] (top) [1.3–8 ps] (middle) and [15–2000 ps] (bottom
line) for comparison (top left). (B) Femtosecond absorption data for L1 in
[50–2000 ps]. In the lower panel, stationary absorption and emission
absorption data for (1(OA)3) in dry acetonitrile for a laser excitation of 330
[2–8 ps] (middle) and [12–1000 ps] (bottom). The absorption spectra fo

13736 | Chem. Sci., 2022, 13, 13732–13740
transient data presented in three distinct temporal windows
(Fig. S19†). The rst temporal window (0.95–1.2 ps) displays
a decreasing band in the blue edge with the rise of a band in the
visible peaking at (590 nm), which coincides with the (DAE(C))
lmax but with a broader peak width. Two isosbestic points are
observed at 520 and 670 nm that will be referred to in the
discussion of (1(OA)3) (Fig. 5). This rst process is related to
photocyclisation, with the photochemical transformation
occurring from the (DAE(OA)) singlet state via (DAE(OA)(S1) to
the hot (DAE(C) species denoted as (DAE(C)(v*)) probably
through a conical intersection.24 As expected, the photo-
cyclisation process OA(S1) / C(v*) is ultrafast with a character-
istic time of around 500 fs. The evolution of the transient band
(rise of the bandmaximum with concomitant lateral narrowing)
on the second temporal window [1.3–8 ps] is consistent with the
well-known vibrational relaxation of (DAE(C)(v*) / (DAE(C))
with a characteristic time of 40 ps. Finally, within the third
temporal window, the decay of the small band peaking at
r a laser excitation of 330 nm displayed as three separated temporal
). The absorption spectra for the PPS solution is appended (gray dashed
dry acetonitrile for a laser excitation of 300 nm and temporal window
spectra (300 nm excitation) are indicated as well. (C) Femtosecond
nm displayed as three separated temporal windows [0.7–1.5 ps] (top)

r the PPS solution is appended (gray dashed line) for comparison.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 UV-vis-NIR spectroelectrochemistry of ((1(OA)x(C)z)), (c = 1.72
× 10−4 M, 20 °C) upon electrochemical oxidation in 0.1 M n-Bu4NPF6
in acetonitrile/1,4-dioxane (1/1) solution at a scan rate of 20 mV.s−1. (A)
Evolution of the UV-vis-NIR spectra recorded during oxidation. Optical
path length = 0.02 cm. (B) CV at a scan rate of 20 mV s−1 recorded
during the spectroelectrochemistry measurement. Note that the start
of the recording (blue curve) is done when the equilibrium from closed
to open form is reached under UV-visible illumination.
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440 nm is attributed to the (OP) molecular dynamics S1 / S0
internal conversion. Note that the unexpectedly small transient
bands, when compared with other DAEs,24,25 are probably due to
a negligible parallel conformer population. Finally, focusing on
the 2000 ps trace, the visible region of the DAE(C) spectra is
completely recovered, meaning that no other competitive or
slower photophysical processes are observed. The (L1) transient
data following 300 nm excitation between 50 and 2000 ps delay
times are easily interpreted (Fig. 5B). The stimulated emission
band SE (S1 / S0; lmax – 360 nm) is readily assigned by
comparison with stationary data, while the depletion of bands
on either side of the SE band gave rise to a new transient band
near 570 nm (see 2000 ps trace) with two clear isosbestic points
evident at 343 and 366 nm. This process is assigned as the
intersystem crossing between singlet and triplet species, i.e.,
S1 / T1 with a characteristic time of z 1 ns. The analysis of
transient data acquired (See Fig. 5) for a sample of (1(OA)3) is
supported by the prior discussion regarding the two organic
species.

Firstly, the locking of the three DAE ligands in (1(OA)3)
removes any spectral contribution from the (OP) conformer
which simplies the analysis. A sample of (1(OA)3) in dry
acetonitrile was excited at 330 nm with transient data displayed
for three temporal windows [0.7–1.5 ps], [2–8 ps], and [12–1000
ps] within the full-time range of 0.7–1000 ps. Global t analysis
was conducted at ve independent wavelengths with an excel-
lent t achieved using a triple exponential model with charac-
teristic time constants of 500 fs, 6 ps, and 60 ps (See Fig. S21†).
The rst process observed for (1(OA)3) is comparable to that of
(DAE) which is assigned as the photocyclisation of at least one
DAE with similar spectral evolution (with comparable isosbestic
points – 520 and 670 nm) and a comparable process time of 500
fs. This observation indicates that the structural constraint of
the DAE by the POM doesn't impact the ring-closing process. In
the second temporal window, it is clear that the vibrational
relaxation of (1(OA)2(C)1) is accelerated signicantly compared
to the DAE (6 ps vs. 40 ps), strongly supporting the ongoing
operation of the caging effect and integrity of the molecular
capsule. Finally, in the third temporal window, we note two key
observations: (i) the absence of a transient band relating to the
parallel conformer; (ii) the rise of a new signal peaking at
560 nmwith shoulders at 520 and 640 nm. Further, the intensity
of the 1000 ps trace at 560 nm is substantially larger than
observed for DAE. Interpretation of the new spectral features
unique to (1) are supported by spectroelectrochemical analysis
and theoretical calculations and are attributed to charge sepa-
ration following the photocyclisation process to yield DAE based
radical cations and commensurate reduction of the {PMo9}
capping groups as discussed in the following sections (See
Fig. 6, 7, S30, Tables S5 and S6†). Cyclic voltammetry was used
to elucidate changes in the redox behaviour of (1) and DAE
before and aer irradiation as well as for the model POM system
(Table S4†). Cyclic voltammetry conducted on (1(OA)3) when
cycling toward positive potentials reveals an irreversible two-
electron oxidation at ca. 1.26 V vs. SCE (Fig. 6), while a quasi-
reversible reduction peak is noted at 0.77 V and an ill-dened
peak with low intensity is evident at ca −0.50 V.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The wave at 1.26 V is attributed to the oxidation of the open
form of the DAE subunits to yield the radical cation (OA)2(c+)
form of the ligand within the complex. The radical cation can be
reduced at 0.77 V, returning the species to the starting state
(1(OA)3) or can be converted via radical coupling to (C2+). The
reduction of this oxidised species is achieved at ca −0.50 V.
Thus, for potential well below 1.26 V and under UV-visible
illumination, the solution is in the steady-state composed of
a mixture of ((1(OA)x(C)z); x + z = 3) driven by the equilibrium
between the open and the closed form of the DAE subunits
(blue-curve, Fig. 6A). Note that under illumination, the
consumption of (OA) by the oxidation process favors the shi of
the equilibrium from the open to the closed form leading to
complete conversion to (1(C2+)3). This interpretation agrees
with the spectroelectrochemical results. Upon the irreversible
oxidation of the mixture above 1.26 V, UV-visible absorption
spectroelectrochemistry showed the decrease of the band at
600 nm (blue curve, Fig. 6), followed by the appearance of a new
absorption band shied into the red at 650 nm (pink curve,
Chem. Sci., 2022, 13, 13732–13740 | 13737
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Fig. 6) if the applied potential reached 1.60 V. This result is
attributed to the oxidation of ((1(OA)x(C)z); x + z = 3) with two-
electron oxidation per open-DAE subunit yielding
((1(OA)2(c

+))x(C)z); x + z = 3) (green curve, radical cation state,
Fig. 6) followed by the formation of the ring closed species
((1(C2+)x(C)z); x + z = 3) which will be converted into (1(C2+)3)
under illumination at the potential of 1.26 V (pink curve, Fig. 6).
The reduction of the (1(C2+)3) is observed at ca −0.50 V (irre-
versible process), giving the formation of the initial mixture as
conrmed by the full recovery of the initial band at 600 nm.
Thus, under electrochemical oxidation, the open-closed equi-
librium is quantitatively displaced to the oxidised closed-form.
Similar results are obtained for (DAE) when considering elec-
trochemical oxidation (Fig. S24–S25†).

In the cathodic domain, the cyclic voltammetry of (1(OA)3)
reveals several reduction processes at ca. −0.69 V, −1.15 V, and
−1.99 V (see Table S4)†) when acquired in the dark or under
visible illumination (Fig. S32–S33†). Following UV illumination,
two additional irreversible reduction peaks were detected at
−1.35 V and −1.52 V which are attributed to the reduction of
closed form (C). When potential reaches ca −1.15 V and
−1.95 V, the reduction of the POM components of (1(OA)x(C)z)
were observed in accordance with the evolution of intense broad
absorption bands between 400 and 900 nm. These features are
characteristic of reduced POMs and attributed to d–d and
charge transfer (CT), (MoV–MoVI) transitions (Fig. S30–S31†).
Furthermore, these assignments are supported by CV and UV-
visible absorption spectroelectrochemistry conducted on the
model compound {PMo9} (Table S4†) and Fig. S26–S29,† for
which two successive reduction steps were observed. One slow
electron transfer with Epc = −1.15 V (and Epa = +0.02 V) vs. Ag/
AgCl and a second at −1.87 V which is irreversible. Interpreta-
tion of spectral features observed in the transient data in
conjunction with spectroelectrochemical analysis indicates that
the 560 nm band along with the lateral shoulder at 520 nm is
related to the triplet spectra obtained for (L1) discussed earlier.

Furthermore, we can assign the second broad band at
640 nm as the DAE radical cation (DAE)+c, which we suggest
coincides with the absorption band of the reduced POM iden-
tied during the spectroelectrochemical analysis. Using a linear
combination of normalised (DAE(C)), (L1) normalised triplet,
(DAE(C))+c, and reduced (POM)− spectra, we have attempted to
reconstruct the normalised transient trace at 1000 ps, with the
results reported in Fig. S21.† In summary, when the molecular
capsule (1) is excited with UV light within 60 ps the photo-
chromic process is completed for one DAE unit, followed by
charge separation and electronic decoupling of the thiophene
moieties. We propose that this rst electrocyclisation and the
resulting asymmetrisation of the assembly induces stretching
of the remaining two DAE ligands and electronic decoupling of
the DAE, resulting in the characteristic thiophene photophysics
described for (L1) and charge separation yielding (DAE+ and
POM−). Note that, under continuous illumination, we postulate
that (1(C)3) is obtained due to the sequential ring-closure of
each DAE (1(OA)3) / (1(OA)2(C)1) / (1(OA)1(C)2) / (1(C)3)
rather than via simultaneous ring-closure.
13738 | Chem. Sci., 2022, 13, 13732–13740
We have also investigated the stability of the charge-
separated state within the m-second regime, with the transient
spectra presented in (Fig. S20†). While the triplet signature has
completely decayed, the (DAE(C)) spectra remain overlapped by
contributions from both (1(O)x(C)z)

+c and reduced (POM)–.
Within the limit of our laser/pulse Xe lamp setup (200 ms) we
were not able to recover the full spectrum of the DAE(C) species
(as we did for DAE alone), suggesting that the charge-separated
state is stable in the m-second regime.

Computational study. To gain qualitative insights concern-
ing the interpretation of the acquired experimental data,
molecular quantum-chemistry calculations were conducted on
(1(OA)3) and (1(OA)2(C)1). Starting structures for those investi-
gations were the crystallographically determined structure of
(1(OA)3), and amodel for (1(OA)2(C)1)with one DAE in the closed
form. Both structures were geometry36 optimised (ESI –

Computational methods†) prior to further calculations, without
cations and with two encapsulated acetonitrile molecules.
Coordinates for the optimised structures are provided as inde-
pendent les. Highly negatively charged systems are chal-
lenging to treat with Density Functional Theory (DFT)34,35

methods. Therefore, implicit continuum solvation models were
applied in all calculations to ensure that all electrons were
bound.37,38 Suchmodels can therefore be seen as a technical tool
to ensure chemically reasonable results. An implicit dichloro-
methane (DCM) model was found to be the most appropriate
and was used for all calculations.

The distinct features of the experimental UV-vis absorption
spectra could be qualitatively reproduced with the sTDA39-
CAMB3LYP40 calculations. While (1(OA)3) does not show any
absorption in the visible or near UV, the rst electronic transi-
tion for (1(OA)2(C)1) occurs at 550 nm, an acceptable blueshi
(45 nm) when compared to the experiment given the various
approximations made to be able to treat this system computa-
tionally. The relevant highest occupied and lowest unoccupied
molecular orbitals (HOMO and LUMO) for this transition are
localised on the closed diarylethene, as expected (Fig. 7, Tables
S6 and S37†). Signicantly, on closing a single DAE within the
(Table S6†).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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molecular capsule, the number of excited states within the 0–
5 eV energy window dramatically increased. While only ve
transitions were calculated for (1(OA)3) (shown in Table S5†),
ranging from about 251 to 280 nm, the calculation for
(1(OA)2(C)1) revealed a total of 30 excitations ranging from 249
to about 550 nm. Table S6† contains the eleven lowest-lying
transitions. Qualitative trends can be drawn from these values
in conjunction with the acquired transient data and spec-
troelectrochemical analyses, whereby the rst photophysical
process following excitation of (1(OA)3) is the ring closure of at
least one DAE, with subsequent processes including charge
transfer from the open and closed DAEs. Qualitative trends can
be drawn from these values in conjunction with the acquired
transient data and spectroelectrochemical analyses, whereby
the rst photophysical process following excitation of (1(OA)3) is
the ring closure of at least one DAE, with subsequent processes
including charge transfer from the open and closed DAEs to the
POMs.

This hypothesis is supported by calculations, with a notice-
able high oscillator strength transition at around 327 nm being
identied as a CT transition from the closed ligand into both
POM units (Fig.7, Tables S6 and S37†). All remaining transitions
in the (1(OA)2(C)1) system appear at 300 nm and below and lie
very close to one another, which ts well with the experimen-
tally observed broad featureless absorption spectrum. On close
analysis of excitations between 300 and 280 nm (Table S6†), we
see that they all also show CT from the closed ligand to the POM
units, which precludes the requirement for extensive discussion
as the density of these states prevents experimental interroga-
tion. Contrary to that, all calculated transitions in the open
system (1(OA)3) involve transitions from any of the three open
ligands to the entire capsule (Table S5 and Fig. S36†).

Conclusions

The photochromic molecular capsule (1) was prepared, crys-
tallised, structurally characterised, and studied using a suite of
spectroscopic techniques. Constructed from three diarylethene
ligands and two polyoxomolybdates, the assembly represents
the rst structurally characterised POM-based assembly con-
taining multiple DAE ligands. The molecule is stable in anhy-
drous acetonitrile and dichloromethane, with the DAE ligands
undergoing sequential electrocyclisation following illumination
with UV (F – 0.091) as conrmed by NMR and transient data via
the classical pathway (OF** / OF*(S1 state) / Conical inter-
section / CF(v*) / CF) within the characteristic time of ∼500
fs that is comparable to regular DAEs, where OF and CF repre-
sent the open and closed form of the DAE respectively.24 Aer
the appearance of the CF species, additional photoproducts are
observed: (i) the triplet species of pyridine-thiophene with
a lifetime shorter than hundreds of nanoseconds and (ii) the
charge-separated electron–hole pair of DAE+c and POM-with
a lifetime of longer than 200 m-seconds. The assignment of
these spectral signatures is supported by a spectroelec-
trochemistry study that identied the nature of the oxidised and
reduced species. These conclusions are supported by theoretical
calculations. Collectively these ndings lay the foundation for
© 2022 The Author(s). Published by the Royal Society of Chemistry
an expansive study that aims to elucidate the compositional and
structural combinations of POM and DAE that will provide
access to latent long-lived charge-separated states and there-
aer, photocatalytic performance amongst other applications.
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2012”. R. A. J. O. acknowledges funding from the ARC Discovery
scheme (ARC DP180101187). L. G. is grateful for the generous
allocation of computational resources from the National
Computational Infrastructure (NCI) Facility within the National
Computational Merit Allocation Scheme (project5). S. A. HZM
thanks the Australian government for a Research Training
Program (RTP) scholarship. Ms. Henrieta Derondeau is thanked
for the discussion concerning the QYDS measurements.

Notes and references

1 D. M. Kaschak, J. T. Lean, C. C. Waraksa, G. B. Saupe,
H. Usami and T. E. Mallouk, J. Am. Chem. Soc., 1999, 121,
3435–3445.

2 H. Zhou, X. Li, T. Fan, F. E. Osterloh, J. Ding, E. M. Sabio,
D. Zhang and Q. Guo, Adv. Mater., 2010, 22, 951–956.

3 Y. Wang, E. L. Runnerstrom and D. J. Milliron, Annu. Rev.
Chem. Biomol. Eng., 2016, 7, 283–304.

4 Y. Ke, J. Chen, G. Lin, S. Wang, Y. Zhou, J. Yin, P. S. Lee and
Y. Long, Adv. Energy Mater., 2019, 9, 1902066.
Chem. Sci., 2022, 13, 13732–13740 | 13739

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04613j


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 5
:2

4:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
5 A. Abdollahi, H. Roghani-Mamaqani, B. Razavi and
M. Salami-Kalajahi, ACS Nano, 2020, 14, 14417–14492.
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