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Chirality as a general natural phenomenon always attracts
great attention because of the interest in both its mysterious
origin and the numerous potential applications, for example,
in drugs, catalysts, and, potentially, optical devices.!! For the
creation of functional chiral structures and applicable materi-
als, diverse organic and inorganic artificial compounds have
been prepared according to the rule of non-superimposability
with their mirror image. However, it is not always an easy task
to prepare chiral molecules and assemblies by covalent
synthesis owing to the difficulties and limits of detailed
chemical procedures. Fortunately, the ability to induce
chirality through intermolecular interactions points to a con-
venient approach for creating chiral materials from achiral
molecules or components.?

Polyoxometalates (POMs) are nanometer-sized, inorganic
functional clusters with abundant compositions and various
frame structures that display potential in catalysis, optics, and
nanomaterials.”] Owing to their ability to accept and release
electrons without structural changes and to the obvious
visible color changes in their reduced state (as heteropoly
blues), POMs have been considered as an attractive class of
photochromic or electrochromic systems. Significantly, the
light-induced reversible color changes make POMs suitable
for photoswitching devices.! Chiral POMs are of special
interest in POM structural chemistry. To date, however, the
anticipated chiroptical activities corresponding to the inter-
valence charge-transfer (IVCT) transition at long-wavelength
absorption band (600-800 nm) has not been found, which has
hindered the development of chiral POM materials for chiral
photochromic applications.’! All known optical activities of
POMs are derived from O —M ligand-to-metal charge-trans-
fer (LMCT) transitions of reduced POMs, at a short-wave-
length absorption band (250-400 nm).?! Therefore, the
current challenge is to create chirality with “blue” electrons
in heteropoly blues.
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Several detailed synthetic routes have been developed for
the construction of chiral POM architectures.) However, the
instability and rapid racemization in solution make most
POMs with chiral structures lose their activity, so that racemic
mixtures are usually found both in solution and in the
crystalline state.”) Until now, chiroptical activities with IVCT
transitions in heteropoly blues have not been found. There-
fore, the development of a general and simple strategy for the
introduction of chirality into achiral POMs while retaining
their intrinsic features is of great interest. Herein, we describe
the use of a chiral organic cation to enwrap POMs with
photochromic properties; through an electrostatic interac-
tion, chiral organic-cation-POM complexes were obtained
(Scheme 1). As a result of the chiral induction of the organic
cations, the achiral POM in the complexes exhibits chiroptical
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Scheme 1. Schematic illustration of chiroptical switching based on the
photochromism of (R,R)-BPEA-PMo,,V.

activity not only in the band of LMCT transitions, but also in
the region associated with IVCT transitions formed by
photoreduction. More interestingly, reversible control of the
chiroptical activity was possible through photochromism of
the POMs. To the best of our knowledge, the photoswitchable
chirality of POM complexes has never been reported
previously.

We selected chiral cationic ammonium ions with two
stereocenters, bis[(R)- and (S)-1-phenylethyl]lamine hydro-
chloride ((R,R)- and (S,S)-BPEA), to replace the counterions
of H,[PMo,;VO,]-32.5H,0 (PMo,;V) through an electro-
static interaction and provide complexes (R,R)-BPEA-
PMo,,V and (S,S)-BPEA-PMo,, V.’ The characteristic
Mo—O vibrational bands of PMo,;V are found in the IR
spectra of the complexes at 958 (v,(M0o=0,)), 874 (v,(Mo-
0,-Mo)), and 798 cm™! (v,(Mo-O,-Mo));® these bands
confirm the well-retained cluster structure. 'H NMR spectra
of the two complexes proved the presence of organic cations.
When we compared the '"H NMR spectrum of (R,R)-BPEA-
PMo,,V with that of the free organic cation, we found that the
N—H signal shifted from 10.07 ppm in the free cation to
9.24 ppm in (R,R)-BPEA-PMo,,V, whereas the signal for the
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hydrogen atoms on the asymmetric carbon atoms moved from
3.90 to 4.12 ppm; these signals for the complexes indicate
tight electrostatic interactions.™! Elemental analysis demon-
strated that all counterions of PMo,;V were replaced by
organic cations (see Figures S1-S4 in the Supporting Infor-
mation).

As expected, (R,R)-BPEA-PMo,;V and (S,S)-BPEA-
PMo,V showed distinct mirror-image circular dichroism
(CD) signals in methanol and were thus enantiomerically
pure (Figure 1). The absorption band at 300-450 nm can be
assigned to the O—M (Mo or V) LMCT transition for
PMo,, V. The CD signals in the same range can be assigned to
the induced chirality of the POMs in the complexes and
ascribed to chirality transfer from (R,R)- or (§,5)-BPEA (see
Figure S5 in the Supporting Information). The CD and UV/
Vis spectra of the two complexes showed no obvious change
in several weeks, which indicated that they were enantiomer-
ically stable.

Apparently, the intermolecular interaction acts as the
bridge for chirality transfer.” To evaluate the influence of the
electrostatic interaction on the chirality of the POMs, we
examined the CD spectral changes of (R,R)-BPEA-PMo,,V
with regard to the temperature and the solvent (Figure 1; see
also Figure S6 in the Supporting Information). When the
temperature was decreased from 40 to 0°C, the intensity of
the CD signal increased, which indicates that a high temper-
ature is unfavorable for the induced chirality of the POMs.
When the solvent polarity was increased by the addition of
water to the methanol solution, the intensity of the CD signal
decreased. In contrast, a clear increase in induced CD
intensity occurred as the volume ratio of dichloromethane
to methanol was increased at the same concentration of
(R,R)-BPEA-PMo,,V. It is known that the electrostatic
association can be weakened by increasing the temperature
and the solvent polarity;!'” thus, the dependence of the CD
intensity on the temperature and solvent polarity confirms
this chirality transfer from the organic unit to the POM cluster
and the critical role of the electrostatic interaction as
a connection.

The complexes exhibited photochromic behavior under
irradiation with UV light in methanol. During irradiation, the
solution color changed from yellow to green, and a broad
absorption band appeared at around 700 nm (Figure 2 a). This
band can be assigned to the IVCT transition of PMo,,V in its
reduced state (heteropoly blue).!''! With increasing irradia-
tion time, the color became darker, and the absorption
intensity became stronger. In a reverse process, the green
color of the solution gradually faded to yellow at room
temperature in air. Accompanying the color change, the
absorption at 700 nm decreased slowly and almost disap-
peared in 24 h. This result implies that the POM in the
complexes returns to its initial state. This photochromism can
be repeated for many cycles without obvious coloration
fatigue (Figure2b; see also Figure S7 in the Supporting
Information).

The chiroptical response of the complexes is associated
with the photochemical switching, as can be seen clearly from
the changes in the CD spectra during the photochromic
process (Figure 2¢,d). Unexpectedly, after photoreduction,
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Figure 1. CD spectra at room temperature of a) (R,R)- and (S,S)-BPEA
in CH;OH (1.48x10° molL™"); b) (R,R)- and (S,S)-BPEA-PMo,,V in
CH;0H (3.7x10* molL™); ¢) (R,R)-BPEA-PMo,,V in mixtures of
CH;OH and H,O at different volume ratios (3.7x10™* molL™);

d) (R,R)-BPEA-PMo,,V in mixtures of CH;OH and CH,Cl, at different
volume ratios (3.7x107* molL™).

the heteropoly blue solution of (R,R)-BPEA-PMo,;V
showed a clear negative Cotton effect at around 700 nm.
This effect indicates that the induced chiral activity at long
wavelengths is associated with the IVCT transition of the
POM. Interestingly, when the solution faded to yellow in air,
a disappearance in the absorption in the visible region was
accompanied by a return of the solution to a CD-silent state,
which further confirmed the chirality of IVCT transition. This
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Figure 2. a) UV/Vis spectra of (R,R)-BPEA-PMo,,V (or (S,S)-BPEA-
PMo,,V) in methanol (2.22x107 molL™") before and after irradiation
with UV light for 10 min and then aging in air for 24 h. b) Photo-
chromic cycles, as observed by monitoring the absorption at 700 nm.
c) CD spectra of (R,R)-BPEA-PMo,,V and (S,S)-BPEA-PMo,,V in meth-
anol (2.22x107* molL™") before and after irradiation with UV light for
10 min and then aging in air for 24 h. d) CD intensity of (R,R)-BPEA-
PMo,,V at 700 nm as a function of the photochromic cycle.

photoswitchable chiroptical response cycle can also be
repeated several times. As expected, (S,5)-BPEA-PMo,;V
after irradiation with UV light displayed a positive Cotton
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effect at around 700 nm, and its CD spectrum was nearly the
mirror image of that of (R,R)-BPEA-PMo,,V; these results
further confirmed the origin of the chiroptical activity of
POM as the chiral induction of the organic cations.

We investigated the structure of (R,R)-BPEA-PMo,,V in
solution before and after light irradiation (see Figures S8-S9
in the Supporting Information). The constant chemical shift at
—3.87 ppm for the phosphorus atom of (R,R)-BPEA-PMo,,V
in the P NMR spectrum with and without irradiation with
UV light suggests that the keggin structure of POM in the
complex is well-retained.™ Moreover, the chemical shifts of
(R,R)-BPEA-PMo,,V in the '"H NMR spectrum before and
after irradiation are almost the same, which confirms that the
reduction of PMo,,V is not caused by the oxidation of the
organic part, because methanol can act as a sacrificial
reagent.*! The cyclic voltammetric (CV) curves of (R,R)-
BPEA-PMo,,V, which are similar to the previously reported
data, indicate that the reduction potential of the V atom is
higher than that of the Mo atoms in the PMo,,V cluster (see
Figure S10 in the Supporting Information).'*! Thus, in the
case of one-electron-reduced mixed-addenda PMo,,V, the
electron is first captured by the more reducible vanadium
atom.¥

We analyzed the reduction efficiency of the complexes
during the photochromic process through XPS measurement
(see Figure S11 in the Supporting Information).''l After
irradiation with UV light, the binding energies of the Mo®" 3d
level became higher than in the initial state, which indicates
an increase in electronegativity around the corresponding
metal ions after the phototriggered reduction.” To confirm
this hypothesis, we also used (R,R)- and (S,5)-BPEA to
enwrap a reduced POM, (NH,)s[PMo,;;V'VO,]-20H,0
(PMo;VY), which contains a V*" atom, and construct
(R,R)- and (S,5)-BPEA-PMo,; V" (see Figures S12-S15 in
the Supporting Information). For (R,R)-BPEA-PMo,;V",
the binding energies of the Mo®" 3d level are very close to
those of (R,R)-BPEA-PMo,,V after photoreduction. This
similarity confirms that the Mo atoms of (R,R)-BPEA-
PMo,,V are hardly reduced in this state. Meanwhile, the
binding energy (BE) of V" 2p;, in (R,R)-BPEA-PMo,,V
before irradiation is 517.5 eV, whereas the binding energy of
V* 2ps, in (R,R)-BPEA-PMo,, V'V is 516.7 eV (Figure 3). In
the case of (R,R)-BPEA-PMo,,V after irradiation, the peak
of V 2p;, was found shifted to a lower value and could be
deconvoluted into two peaks with binding energies of 517.7
and 516.8 eV, which just match the values of V> 2p,, and V**
2ps,. The latter peak clearly indicates that V was partially
reduced during irradiation, and not only the Mo atoms. From
the calculation for the deconvoluted spectra, the concentra-
tion of V*" was approximately 63 %. These results clearly
indicate that the electrons yielded by the reduction are mainly
trapped on V atoms in the mixed-addenda POM complexes.

According to the above results, we propose the following
chiral photochromism process. The reduction of the POM in
(R,R)-BPEA-PMo,,V takes place at the V atom in methanol
under irradiation with UV light, which gives rise to photo-
chromism due to the IVCT transition from V** to Mo®".
Simultaneously, owing to the chiral induction of the organic
cations covering the POM surface through an electrostatic
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Figure 3. XPS spectra of the V 2p level for a) (R,R)-BPEA-PMo,V and
(R,R)-BPEA-PMo,,V"; b) (R,R)-BPEA-PMo,,V after irradiation with UV
light for 10 min.

interaction, the chirality transfers to the achiral reduced POM
cluster, which results in the appearance of the Cotton effect
associated with the IVCT transition at 700 nm. For the reverse
process, the reduced POM complexes are oxidized gradually
by the air, and V*' returns to the V°* state, which causes the
disappearance of the chiral IVCT transition until the complex
is next irradiated with light.

To identify the role of V** in the induced chirality in the
photochromic process, we detected the chiroptical activity of
(R,R)- and (S,S)-BPEA-PMo,, V"V with a definite V** atom.
As expected, the mirror-image Cotton effects found at long
wavelengths (620-780 nm) indicated that the chirality of the
IVCT transition was associated with the V*' atom (see
Figures S16 and S17 in the Supporting Information). More-
over, we also used (R,R)- and (S,S)-BPEA to enwrap the
reduced POMs K [PW,;VVO,]8H,0 (PW,;VY) and
K¢[SiW,;VVO,]-2H,0 (SiW;;V") and construct the com-
plexes (R,R)- and (S,S)-BPEA-PW,; V"V and (R,R)- and (S,S)-
BPEA-SiW,;V"V (see Figures S18-S27 in the Supporting
Information). All complexes showed Cotton effects in the
region associated with the IVCT transitions of the reduced
POMs. Therefore, for mixed-addenda POMs containing
V atoms, it is clear that the chirality transfer from the organic
cation to the heteropoly blue state of the POMs is derived
from the IVCT transition of V*" atoms.

From the above results, it can be predicted that the
localization of the reduced atom is favorable for the
generation of chiral heteropoly blues. As an example,
(R,R)- and (S,5)-BPEA-PMo,,, prepared by enwrapping
H;PMo,,0,, (PMo,,) with (R,R)- and (S,5)-BPEA, showed
typical mirror-image Cotton effects at short wavelengths (see
Figures S28-S33 in the Supporting Information). However,
no detectable chiral signals associated with an IVCT tran-
sition were found after photoreduction. We infer that when
the PMo,, cluster is reduced, the obtained “blue” electron
delocalizes among the 12 identical Mo atoms," which
increases the symmetry of the whole POM cluster and thus
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leads to a weakened induced chirality of the heteropoly blue.
Therefore, the localization of “blue” electrons is a critical
factor for the induced chirality of the heteropoly blue. To
further confirm the role of localized “blue” electrons for the
induced chirality of heteropoly blues, we enwrapped a POM
with two Vatoms, Hs5[PMo,,V,04]-32H,0. Although the
distribution of the two V atoms is multiform, the localization
on the Vatoms of the electron derived by reduction also
enables (R,R)- and (S,S)-BPEA-PMo,,V, to exhibit opposite
Cotton effects in the region associated with the IVCT
transition after irradiation with light (see Figures S34-S39 in
the Supporting Information). Because the induced chirality is
associated tightly with the “blue” electron, the reversible
photochromism of POM complexes is intrinsically a smart
chiral switching.

In conclusion, the chirality of organic cations can be
transferred to an achiral POM cluster in supramolecular
complexes through an electrostatic interaction. This induced
chirality is influenced by modulation of the intermolecular
interaction through changes in temperature and the polarity
of the solvent. In contrast to all known POM systems, the
unique induced chirality in the visible-light region is in close
association with the photochromism of selected POMs. The
localization of the reduced atom in the POM is responsible for
the generation of a chiral heteropoly blue. The present
findings have general significance for the functionalization of
the POM family because the photoswitchable chirality of the
complexes is meaningful for the synthesis of chiral POM
materials. The present study offers a useful protocol for the
construction of chiroptical switches based on inorganic
clusters. We believe that the principle of this study can also
be applied to electrochromic chiral switchable systems, which
are more attractive for devices.
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