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The assembly of two distinct organic photochromic groups and a polyoxometalate (POM)
within a single molecule has been realized. In the hetero-functionalized Anderson polyanion
MnMo4O,5(SP)(SN), one spiropyran and one spironaphthoxazine cap the two faces of a planar
{Mn""Mog"'0,5} fragment. A related symmetrical POM where the {Mn""Mo¢"'0,3} inorganic
moiety is connected to two spironaphthoxazines has also been obtained, and isolated as an
organoammonium (MnMogO13(SN);) or a cationic spiropyran ((SP);MnMogO,5(SN),) salt.
The structures of MnMogO;3(SN), and MnMogO5(SP)(SN) have been solved by single-
crystal X-ray diffraction analysis. In solution, both compounds exhibit electrochromic
properties with multiple redox coloured states. The solid-state photochromism of all the
compounds has also been extensively studied at room temperature. Contrary to the organic
spironaphtoxazine derivative SNTris which is very poorly photochromic, the pale yellow
colour of MnMo4O,5(SN), shifts to deep blue with high coloration contrast which underlines
the positive effect of the grafting onto the inorganic platform. In addition, MnMo4sO,3(SN),
shows also a good cyclability and exhibits a fast bleaching process. Finally, the temperature
dependence of the solid-state photochromic properties of MnMogO13(SN), is also reported and
compared to that of the related MnMogO,;3(SP),. The photo-coloration process which is
attenuated at low temperature in both cases is clearly more affected for MnMogO,g(SN),.
Moreover, the thermal fading process becomes significant at 340 K for MnMogO,3(SP), and
260 K for MnMoO,5(SN), underlining strong different optical behaviours between both
materials.

www.rsc.org/

Mo®" ions which arises from an UV-induced electron transfer
inside the POM moiety, the organic counterion acting as a
stabilizer of the reduced POM. In contrast, we have recently
developed a family of compounds where both the organic and
inorganic parts participate to the coloration of the irradiated
material. We first characterized a series of hybrid materials in
which polyanions are ionically associated to cationic
spiropyrans, a well-known class of photochromic organic
compounds.8 Under UV irradiation, the weak Cgpi,,-O bond
characterizing these molecules is easily broken, and the non-
planar closed “spiro” form (SP), which is usually uncoloured, is
converted into the highly coloured planar opened
“merocyanine” form (MC). Noticeably, polyanions, as well as

1. Introduction

Polyoxometalates (POMs) are generally described as soluble
metal oxides of early transition metals (usually W, Mo, V) in
high oxidation states.' The huge diversity of their compositions
and structures make them relevant for applications in numerous
fields, which :
magnetism* and materials science.’ They have also been widely

include catalysis,® biological activity,’®
studied for their rich optical properties.® In particular, it is
that

organoammonium cations, polyanions may exhibit highly

known since decades when  associated  with

tunable photochromic properties in the crystalline state, with
strong colour changes. In addition, we have shown recently that

effective solid-state photochromic materials can also be
obtained by combining POMs and sulfonium cations.” In all
these systems, the color change is due to photoreduction of

This journal is © The Royal Society of Chemistry 2013

spiropyrans, can also exhibit electrochromic properties. Indeed,
the association of [PM;,040]*> (M = W, Mo) Keggin polyanions
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and spiropyran cations has led to ionic hybrid materials
exhibiting dual photochromic and electrochromic properties,
both in solution and in the crystalline state. However, in the
solid state, the slowness of the photoresponse of the POM
moiety has been evidenced.”® Nevertheless, using the same
spiropyran but the
bisphosphonato polyoxomolybdate
[(Mo0304)4(03PC(C3HNH;)(0O)PO;),4]% instead of Keggin units,
a ionic compound exhibiting

cation intrinsically  photochromic

improved photochromic
performances has been obtained.”® We have then evidenced
strong synergetic effects between the optical properties of both
the POM and the SP moieties.” Noticeably, the efficiency of
the SP S MC photoisomerization can be finely tuned playing
with the nature of the POM units and the design of the
supramolecular hybrid frameworks. Finally, in order to gather
in a single molecule the optical properties of POMs and
spiropyrans,
covalently connected have been developed.'’

In particular, the multichromic hybrid compounds
(TBA);[MnMogO 15 {(OCH,);CNH, } {(OCH,); CNHC;,H4N,04
} (MnMo4O,5(SP))
(TBA);[MnMogO 15 {(OCH,);CNHC,;H;9N,04} ]
(MnMo¢O5(SP),) have been successfully synthesized (TBA =
tetrabutylammonium cation).'® These molecular systems were

compounds where the two components are
and

obtained by covalently grafting — via peptide coupling — a
spiropyran carboxylic acid derivative onto the {MnMo4sO5}
Anderson-type polyoxomolybdate platform which possesses
two free amino groups.

"
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Fig. 1 a) Photoinduced equilibrium involving a spironaphthoxazine derivative;
representations of b) SNCOOH; c) SNTris; d) the cationic spiropyran acting as
counter-ion in (SP)sMnMogO;5(SN), and in (SP)I.

Under uv MnMogO3(SP) and
MnMogO,3(SP), develop a strong solid-state photochromic

low-power excitation,
effect at room temperature with a remarkable coloration
contrast and a fast coloration speed, and they are quite bistable
photoactive molecular switches. Besides,
spectroelectrochemical measurements highlighted the existence

of six different stable redox states for MnMogO3(SP). But

2| J. Name., 2012, 00, 1-3

overall, this compound possesses a free amino group, opening
the way for a further functionalization of this species, and thus
offering a unique opportunity to elaborate a hybrid system
incorporating three different optically active groups in a single
molecule.

Herein we report the grafting of a spironaphthoxazine (SN)
molecule onto the MnMogO3(SP) platform. As for spiropyran
exhibit  high
resistance,!! and materials based on such species have been

compounds, spironaphthoxazines fatigue
considered for diverse potential applications, such as optical
data storage,12 sensors'® and switches.'* Also, this class of
compounds is characterized by a photochromic mechanism
closely related to that of spiropyrans. Indeed, under UV light, a
cleavage of the Cipi;,-O bond and the generation of a coloured
merocyanine form exhibiting extended conjugation through the
central azomethine bridge are observed (Fig. 1a). However, the
spiropyran and spironaphthoxazine species chosen here exhibit
clearly distinct optical properties. The synthesis and the
structural characterization of the unsymmetrical hybrid POM
triad

(TBA);[MnMo4O 5 {(OCH;); CNHC, H 9N,O4} {(OCH,);CNH
CyHy1N,053] (MnMogOq5(SP)(SN)) are thus reported. The
related symmetrical hybrid
(TBA);[MnMo4O 5 {(OCH;); CNHC,4H;N,O,} 5]
(MnMogO,4(SN),), which contains two spironaphthoxazines

complex

groups, has also been characterized. In addition, the ionic

compound
(C20H23N,0)3[MnMoO 13 {(OCH;)3;CNHC4H» 1 N0, } 5]
((SP);MnMo4O,3(SN),) has been obtained from

MnMogO3(SN),, by substituting the TBA counter-ions by

spiropyran cations. The optical properties of all these

compounds are widely discussed and compared.

2. Results and discussion

2.1 Synthesis and structural description

(a) I/' :2

-

SN

Fig. 2 Mixed polyhedral and ball-and-stick representations of the anionic unit in:
(a) MnMogO13(SP)(SN), (b) MnMogO13(SN),. Blue octahedra, {MoOg}; orange
octahedron, {MnOg}; red spheres, O; blue spheres, N; black spheres, C. H atoms
have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2012
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Among the few routes leading to covalently linked hybrid
POMs,"”  the
polyoxomolybdates has been probably the most extensively
considered.'® Recently, we have described the MnMogO5(SP)
polyoxometalate, which possesses a free amino group.'® The
reaction of this complex with the spironaphthoxazine
carboxylic acid derivative SNCOOH'’ (Fig. 1b) via a peptide
coupling reaction affords the MnMogO5(SP)(SN) compound.
Single crystals were obtained by slow diffusion of diethylether
into an acetonitrile solution of MnMo4O,5(SP)(SN).

An X-ray diffraction analysis (Table SI1 in the Supporting

functionalization of Anderson-type

Information) confirmed that one SN entity has been grafted
onto the inorganic platform via the formation of an amide
function, the SP group remaining on the other side of the
{MnMo¢O 5} 2a). MnMogO3(SP)(SN) thus
represents a rare example of hetero-functionalized Anderson
POM derivative.'®#" As expected, the Cypiro-O bonds (1.543(5)
A for the SP group and 1.470(6) A for the SN entity) are longer

than usual Cg,-O bonds.
JM r" \ “\ A MnMog0,4(SP),
MnMogO,4(SN),

core (Fig.

Chemical shift (ppm)

Fig. 3 Compared "H NMR (CDsCN) spectra of MnMogO15(SP);, MNMogO13(SN),
and MnMogO15(SP)(SN) (5-9 ppm range).

A solution 'H NMR spectrum of MnMogO;5(SP)(SN) clearly
indicates a SN:SP ratio of 1:1 (Fig. 3, the whole 'H NMR
spectrum is shown in Fig. SI1 in the Supporting Information).
Especially, the sets of the signals for the aromatic protons of the
two organic fragments can be easily distinguished by
comparison with the spectra of the pure spiropyran derivative
MnMogO;4(SP), previously reported'® and of the pure
spironaphthoxazine compound MnMo4sO,5(SN), reported here
(see below). The solution "“C NMR spectrum of
MnMo4zO,5(SP)(SN) (Fig. SI2 in the Supporting Information)
is also in agreement with the solid-state structure of this
complex, exhibiting in particular two peaks at 172.2 ppm and
171.8 ppm for the two carbon atoms of the carbonyl groups,
while only one peak is observed for the symmetrical hybrid
Anderson-type  POMs MnMogO3(SN), (see below) and
MnMo4O,5(SP),. Both these NMR experiments thus assess the
purity of the reported material as well as its stability in solution.
In order to accurately interpret the photochromic properties of
MnMogO,5(SP)(SN), the pure spironaphthoxazine derivative
MnMogO,5(SN), in which each face of the {MnMosOs}
fragment is capped by a SN group, has also been prepared. The
synthesis procedure consists in a peptide coupling reaction

This journal is © The Royal Society of Chemistry 2012
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between the (TBA);[MnMogO;5{(OCH,);CNH,},] precursor'®®
and an excess of SNCOOH. Crystals of MnMo¢O3(SN), have
been isolated following the same recrystallization protocol than
that used for MnMo4O3(SP)(SN), and this compound has been
crystallographically characterized (Table SI2 in the Supporting
Information).

Interestingly, the functionalized {MnMo¢O;g} units exhibit a
very similar structural arrangement in MnMogO3(SP)(SN) and
MnMogO,5(SN),. As observed for MnMogO,5(SP)(SN), the
spironaphthoxazine entities grafted onto the {MnMosOs}
platform in MnMosO15(SN), possess quite long Cgiro-O bonds
(1.536(10) and 1.45(8) A) (Fig. 2b). As expected, the solution
3C NMR spectrum of this symmetrical hybrid shows a single
peak relative to the amide functions at 171.7 ppm (Fig. SI2 in
the Supporting Information). In addition to these hybrid
systems, in order to study the effect of the polyoxomolybdate
part on the photochromic properties of the SN fragment in
MnMogO;3(SP)(SN) and MnMogO3(SN),, the purely organic
spironaphthoxazine compound SNTris (Fig. 1c) has also been
prepared, by reacting SNCOOH with tris (tris = 2-amino-2-
(hydroxymethyl)-1,3-propanediol). In this species, the amide
function linked to the photochromic part mimics the chemical
environment of the spironaphthoxazine in the related POM
materials, allowing potentially discriminating the different roles
on the optical properties of the fragments constituting these

compounds.
(SP);MnMo4O,3(SN), has been synthesized by substituting by
cationic spiropyrans (Fig. 1d) the TBA cations of

MnMogO3(SN),. This compound has been obtained in good
yield and without any trace of starting material by addition of a
large excess (20 eq.) of spiropyran cations. It has not been
possible to obtain single-crystals of (SP);MnMogO3(SN),
suitable for single-crystal X-ray diffraction analysis. However,
solution NMR experiments allowed assessing the formulation
of this species. First, the 'H NMR spectrum of
(SP);MnMo4O,3(SN), (Fig. SI3 in the Supporting Information)
shows no signal relative to TBA cations. In addition, the SN:SP
(2:3) ratio evaluated from the relevant signals of the two
entities matches very well with the expected formulae
anticipated from charge considerations. Secondly, the '*C NMR
spectrum (Fig. SI4 in the Supporting Information) confirms the
absence of TBA cations in the final product, and the integrity of
the [MnMogO;5(SN),]* anion. In contrast with
MnMogO3(SP)(SN), (SP);MnMozO,3(SN), thus represents a
material where spiropyran molecules are ionically interacting
with a spironaphthoxazine/POM entity. Finally, elemental
analysis corroborates the purity of all the compounds reported
here.

2.2 Electrochemical and spectroelectrochemical characterization

Cyclic voltammetry (CV), controlled potential coulometry, and
UV-vis NIR spectrometry were used for electrochemical and
spectroelectrochemical characterization of MnMogO;3(SN),,

J. Name., 2012, 00, 1-3 | 3



Journal of Materials Chemistry C

ARTICLE

MnMo4zO,5(SP)(SN) and SNTris in DMF in the presence of
LiClO,.

All the compounds have electro-oxidizable (Mn, SN and SP) or
electro-reducible (Mn, SN, SP and Mo) centers. For clarity,
these redox processes are described separately.

12 4 SN

6 — first cycle
second cycle

-OI.4 -OI.2 O.IO 0:2 0.I4 0:6 0:8 1.0 1.2
E/V vs.SCE

Fig. 4 Oxidation cyclic voltammograms (first two cycles) of 0.3 mM
MnMogO15(SN); (Mn and SN centers). The electrolyte was DMF + 0.2M
LiClO4.The reference electrode was a saturated calomel electrode (SCE). The scan
rate was 0.1V s™.

Journal Name

defined reduction waves peaking at -1.000 V, -1.700 V and -
2.010 V versus SCE respectively. These waves are attributed to
the reduction of the Mn, SN and Mo centers respectively. In
contrast, the CV pattern of MnMosO3(SP)(SN) displays a
broad composite reduction wave featuring the partial merging
of the reduction processes of the Mn, SP and SN centers. This
observation is in accordance with the behaviour reported for
MnMogO;5(SP),./%

In the positive potential domain (versus SCE) the CV pattern of
MnMogO3(SN), is composed of two well-defined waves
peaking respectively at +0.830 V and +1.060 V versus SCE and
relevant to the oxidation of the Mn™ and SN respectively (Fig.
4). It is worth noting that the Mn"/ Mn™ redox process is
quasi-reversible (the anodic-to-cathodic peak potential
difference at 0.1Vs' AEp = 0.080 V) and its peak current
intensities vary linearly with the square root of the scan rate as
expected for electron transfer governed by diffusion process.
Fig. 4 also exhibits a quasi-reversible wave located at -0.380 V
versus SCE which is attributed to a new compound produced
along with the oxidation of the SN centers. Indeed, Fig. SIS (in
the Supporting Information) shows that such redox couple is
not observed upon restriction of the potential domain to the
Mn" to Mn" process. The decrease of the SN peak intensity
the the
transformation accompanying its oxidation (Fig. 4). Similar
behaviours were also observed for MnMogO;3(SP)(SN),
however, its CV patterns display different features which allow

during second scan of the CV underscores

to clearly distinguish them. As a main difference, Fig. SI6 (in
the Supporting Information) indicates that the oxidation of the
SP and SN centers within MnMogO3(SP)(SN) proceeds
through two steps featured by two closely spaced waves. These
processes are assigned respectively to the oxidation waves of
the SN (ca.+1.035 V versus SCE) and SP (+1.095 V versus
SCE) centers. Furthermore the overall electron transfer process
the
differences of the Mn'"/Mn"" redox couple is slightly faster for
MnMogO5(SN), (AEp = 0.080 V) than for
MnMogO3(SP)(SN) (AEp = 0.100 V). The reduction waves of
MnMogO5(SN);, MnMogO5(SP)(SN) and SNTris located
before the electrolyte discharge are presented on Fig. SI7A,

estimated from anodic-to-cathodic peak potential

SI7B and SI8 (in the Supporting Information) respectively. The
CV of SNTris presents a single reduction wave at -1.860 V
versus SCE while that of MnMo4gO;g(SN), exhibits three well-

4| J. Name., 2012, 00, 1-3

1 2 3 4 5 6 7 8

Fig. 5 Observed color nuances for 0.15 mM MnMogO15(SN),: (1) before
electrolysis; (2 - 5) coloration during electro-oxidation; (6 - 8) electrochemical
fading process by reduction.

The electronic absorption spectra of the three compounds are
represented on Fig. SI9 (in the Supporting Information). The
main absorption spectra characteristics of these species are
given in Table SI3 (in the Supporting Information). In
particular, it is observed that for MnMogO3(SP)(SN) the SN
peak at 372 nm is merged with that of SP.

Fig. 5 features the multiple colored states observed during the
electro-oxidation of MnMogO;5(SN), at + 1.2 V versus SCE.
Electroreduction of the resulting solution could not restore the
greyish-white color of MnMogO5(SN), even at a highly
negative potential (-1.2 V versus SCE). This result is in
agreement with that observed by CV which indicates that
MnMo4zO,5(SN), undergoes a transformation upon successive
potential cycling in the potential domain related to its SN
centers. The yellowish-green color might be due to the new
compound obtained during this process. It is worth noting that
this color is stable during several hours. Moreover, the multiple
colored states could be repeatedly observed. The complex
MnMogO,5(SP)(SN) exhibits similar properties, however, its
color sets, as represented in Fig. SI10 (in the Supporting
Information), are slightly different compared to that of
MnMo4O,5(SN),. This observation is attributed to the presence
of SN and SP groups within MnMo4sO5(SP)(SN). As expected,
the color sets observed for the SN group within SNTris, are
also different to those of these two complexes (Fig. SI11 in the
Supporting Information). The spectra of the oxidised forms of
the three compounds display a peak at 460 nm followed by a
shoulder at ca. 600 nm. However, as the structures of these
oxidised forms are unknown, the studies of the mechanistic

This journal is © The Royal Society of Chemistry 2012
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pathways of the formation of the compounds which induce the
color sets are beyond the scope of the present work.

2.3 Room temperature solid-state photochromic properties

The solid-state photochromic properties of
MnMogO3(SP)(SN), MnMogO;5(SN),, (SP);MnMo40,5(SN),
and the organic references SNTris and the iodide salt of the
spiropyran cation, (SP)I represented on Fig. 1d, have been
investigated in ambient conditions by diffuse reflectance
spectroscopy of microcrystalline powders. Before UV
irradiation, the absorption spectra of MnMogO;5(SN), is the
perfect superimposition of those of the nonphotochromic
precursor (TBA);[MnMogO,5{(OCH,);CNH,},] and SNTris
(Fig. SI12a in the Supporting Information). The optical gap of
MnMo4O,5(SN); arises at 396 nm and is mainly attributable to
the absorption of the SN moiety. By comparison,
(SP);MnMo4O;3(SN), shows a similar optical gap (398 nm)
but this is strongly dominated by the intense absorption of the
SP* counter-cations, as already observed in
SP;Na[(Mo0305)4(0;PC(C;H¢NH;)(0)PO;),]-30H,0°° (Fig.
SI12b in the Supporting Information) and in other SP/POM
supramolecular assemblies.” In contrast, the optical gap of
MnMosO,5(SP)(SN) is located at lower energy (424 nm),
similarly as observed for MnMogO;5(SP),,'°* which reveals
that the SP moiety dictates the absorption threshold in
MnMo4O,5(SP)(SN) (Fig. SI13 in the Supporting Information).

Coloration Fading

0 1 5 10’ 30

Fig. 6 Photographs of powders of (a) MnMogO15(SP)(SN), (b) MnMogO15(SN),, (c)
SNTris, and (d) (SP)sMnMogO15(SN), at different time (in min) during the
coloration process under 365-nm UV irradiation (left), and the fading process
under ambient light at room temperature (right). Let us notice that before UV
irradiation, the pinkish color of MnMogO;5(SP)(SN) is assignable to a small
amount of the opened “merocyanine” form of the SP group.

As shown in Fig. 6, MnMogO5(SP)(SN), MnMosO3(SN),,
and (SP);MnMo4O,5(SN), show strong solid-state
photochromic effects at room temperature. Under low-power
UV irradiation (365 nm, 6 W) the grayish-white powder of
MnMo4O,5(SN), quickly shifts to deep blue while in marked
contrast, the color change of the pure organic SNTris is quasi
undetectable by human eyes, even after irradiating the sample
for a period as long as few hours. This clearly evidences that
highly effective solid-state photochromic hybrid materials can
be reached by grafting onto the {MnMo4sO,g} platform spiro-

This journal is © The Royal Society of Chemistry 2012
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derivatives initially very weakly photochromic in the crystalline
state.

MnMogO15(SN),

Absorption Absorption

Absorption

Fig. 7 Temporal evolution of the photogenerated absorption of MnMosO13(SN)2,
MnMoO15(SP)(SN), and MnMosO,3(SP), after 0, 0.166, 0.333, 0.5, 1, 1.5, 2, 3,
4,5, and 8 min of 365 nm-UV irradiation.

Under similar UV  exposure, the powders of
(SP);MnMo4O,3(SN), MnMogO;5(SP)(SN) quickly
develop a deep red-purple and a deep bluish-purple color,
respectively. Let us notice that this latter differs from the red-
purple color of MnMo4O;5(SP), once irradiated (see below).'*
After switching off the UV excitation, the bleaching processes
occur under ambient light and at room temperature, with

and

different rates. Noticeably, the UV-induced coloration of
(SP);MnMo4O,5(SN), totally fades in ten minutes, revealing a
very fast reversible system. The blue color of MnMogO;3(SN),
gradually fades to fully disappear in about 150 min, while the
bleaching of MnMo4O;3(SP)(SN) arises more slowly.

To better characterize the color-change effect, Fig. 7 displays
the evolution of the photogenerated absorption with the UV
irradiation time for MnMogO;3(SN),, MnMosO5(SP)(SN),
and MnMo4O;3(SP), used as a reference in this work. An
absorption band grows up at Aga 620 nm for
MnMogO;3(SN),, which is characteristic of the MC form of the
SN group, similarly as observed for SNTris (Fig. SI14 in the
Supporting Information). By comparison, the MC form of the
SP moiety in MnMogO;3(SP), is characterized by two bands,
the first small one at A,,, = 410 nm, and a second much more
intense one at A, = 570 nm. The photogenerated absorption of
MnMo4zO;3(SN), is less intense than that at A, = 570 nm for
MnMogO,3(SP),, showing a less pronounced photochromic
effect for the spironaphthoxazine-derivative, if the
coloration contrast in MnMogO;3(SN), nevertheless remains

cven

noticeable.

Very interestingly, the absorption spectra of
MnMogO;3(SP)(SN) clearly show three bands at A, = 410
nm, 570 nm (the dominant one), and 620 nm, revealing that
both the SN and SP moieties are photoactive.

J. Name., 2012, 00, 1-3 | 5
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0.84 (a)
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“‘}_g 0.4 ® MnMogO,4(SN),
< O MnMocO,;(SP)(SN)
A SNTris
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0.0
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® MnMo,04(SP),
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800 1200 1600 2000

Irradiation time (s)
Fig. 8 (a) Abs®(t) vs. t plots for MnMogO15(SN);, MnMogO15(SP)(SN), and
SNTris. (b) Abssm(t) vs. t plots for MnMogO;5(SP)(SN), and MnMosO13(SP),.

The lines show the fits of the plots according to rate law Abs™™(t) = —(A; + A;) +
Asexp(—k‘it) + Ajexp(—kS,t).

0 400

Due to the superimposition of the bands at A, = 570 nm and
620 nm, the absorption in the range 450-700 nm is broader than
that of MnMogO5(SP),, which explains the difference in color
of the two compounds. (SP);MnMo¢O5(SN), develops a broad
absorption at A,,, = 584 nm which is comparable with that of
the (SP)I precursor once irradiated (Fig. SI15 in the Supporting
Information). The band at A, = 620 nm is not distinguishable
for (SP);MnMo4O,5(SN), quite showing that its photoresponse
is mainly dominated by the absorption of the MC form related
to the SP* counter-cations.

The photocoloration kinetics of the spironaphthoxazine and
spiropyran groups in the hybrid materials have been quantified
at room temperature from the evolution of the absorption at
Amax = 620 nm (Abs®?’(¢)) for the SN group, Amax = 570 nm
(Abs*"°(¢)) for the SP group, and A, = 584 nm (Abs **(¢)) for
the SP™ counterion, as a function of the UV irradiation time 7.
All the Abs™™¥(¢) vs ¢ plots have been adequately fitted using
the biexponential rate law:

AbS™ (1) = ~(Ay + Ag) + Ajexp(=k‘17) + Asexp(=k%1) (1)

with k¢, and k¢, the extracted coloration rate constants. In each
case, k¢ describes the major contribution of the temporal
evolution of the absorption, and it is quite pertinent to compare
the photocoloration effects of the samples. Details of the
kinetics parameters are given in Table SI4 in the Supporting
Information. First, the photocoloration kinetics of the SN group
has been compared for MnMogO13(SN),, MnMogO,5(SP)(SN)
and SNTris (Fig. 8a). MnMogO;3(SP)(SN) and
MnMogO;5(SN), have similar photocoloration rates (k°; =
0.013 s and k% = 0.002 s for MnMogO;5(SP)(SN), k¢ =
0.011 s and k% = 0.002 s for MnMo4O;5(SN),). This could
be tentatively explained considering that both materials show
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very similar structural and the direct

environments of the SN groups are comparable. It is also worth

arrangements,

noting that, as expected from photographs, the photocoloration
of MnMogO,;3(SP)(SN) and MnMogO;3(SN), is faster and
much more intense than that of SNTris. Hence, at first sight,
the photoinduced ring-opening of the SN group should be much
more effective in the two hybrid materials than in the pure
organic one, the as-generated zwitterionic MC form being
better stabilized in the polar hybrid frameworks. In addition, the
Abs®"%(¢) vs t plot of MnMogO5(SP)(SN), characterizing the
photocoloration of the SP moiety, has been compared with that
of MnMo¢O3(SP), (Fig. 8b).

(a)

Abs570(f)

(b)

Absé20(f)

200
time (min)

0 100 400

Fig. 9 Comparison of the temporal evolutions at room temperature of the
absorbance (a) at Amax = 570 nm for MnMosolg(SP)zma, and (b) at Apax = 620 nm
for MnMogO15(SN), under 365 nm-UV irradiation (M), in the dark during the
thermal fading of a sample initially irradiated for 15 min under 365 nm-UV
excitation (@), and under yellow light for a sample initially irradiated for 15 min
under 365 nm-UV excitation (). The lines show the fits of the Abs*™*(t) vs t
plots according to rate laws Abs™™¥(t) = —(A; + A;) + Arexp(—k‘1t) + Arexp(—kSt)
for the photo-coloration process, and Abs™™™(t) = (Aq—A;—A;) + Asexp(—K'it) +
Azexp(fkfzt) for the two fading ones. The dashed line shows the absorbance
value just before switching off the UV irradiation. The percents of absorbance
lost after 6 hours in the dark (in blue) and under yellow light (in pink) are
indicated.

The absorption at the end of the photocoloration process is less
intense for MnMogO5(SP)(SN), but the fast coloration rates of
the SP groups are quite similar for both compounds (k°; = 0.017
s' and k% = 0.004 s™' for MnMogO,5(SP)(SN), k¢, = 0.015 57!
and k% = 0.004 s' for MnMogO;5(SP),). Focusing now on
(SP);MnMo¢O;5(SN),, the photocoloration kinetics of the SP*
counter-cations in the hybrid material and in (SP)I have been
compared (Fig. SI16 and Table SI4 in the Supporting
Information), revealing that the photoinduced absorption of
(SP);MnMogO,3(SN), reaches saturation much more faster
than (SP)I (k, = 0.007 s' and 3.1 x 10* s' for
(SP);MnMo4O,5(SN), and (SP)I, respectively).

The color fading rates of MnMogO;3(SN),, MnMogO5(SP),,

MnMogO5(SP)(SN) and  (SP);MnMosO,3(SN),  were

This journal is © The Royal Society of Chemistry 2012
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measured in the dark (thermal fading) and under yellow light, at
room temperature, by monitoring the temporal decay of the
photogenerated absorption bands of samples once irradiated
under UV excitation for 15 minutes (i.c., a time for which the
photoinduced absorption is quasi saturated). As
observed for other solid-state photochromic spiropyran/POM

already

systems,’™ '%° decays can be well fitted using a biexponential
rate law, with kK, and K, the fading rate constants (K,
describing the major contribution of the temporal evolution of
the absorption) (see Tables SIS and SI6 in the Supporting
Information for detailed fading kinetic parameters).

Fig. 9 displays the Abs®’’(s) vs ¢ and Abs®*’(¢) vs ¢ plots for
MnMosO5(SP), and MnMogO,3(SN),, respectively. Both
materials develop strong different behaviours. The thermal
bleaching process of MnMogO3(SP), is very limited and
undetectable with naked eyes. Abs>’%(f) decreases very slowly
(K, = 8.0 x 107 s and ¥, = 0.006 s™), and typically, the
absorption loss is only 6% after 6 hours. This quite evidences
that the main part of the zwitterionic MC form of the SP groups
remains stabilized in the dark. In marked -contrast,
MnMo4O,5(SN), develops a faster thermal fading process (K,
=3.0x 10" s!and K, =0.010 s’l), and the absorption loss at
Amax = 620 nm is important (about 74% after 6 hours). For both
materials, the bleaching at room temperature is considerably
improved when the irradiated samples are exposed under
yellow light i.e.,
photogenerated absorption, (Table SIS in the Supporting
Information). The absorption loss is faster and reaches 88%
after 6 hours for MnMogO5(SP), (with k/; = 1.5 x 10* s and
K> =1.5x 10" s") and 89% for MnMosO15(SN), (K| = 7.0 x
10* s and K, = 0.037 s™). In addition, the material shows a
good cyclability (Fig. SI17 in the Supporting Information). In
the case of (SP);MnMogO3(SN),, the thermal ring-closure
process of the SP* counterions is slow (k/; = 4.0 x 10* s™" and
K> = 0.035 s7"), and typically, the absorption loss is limited to
about 15% after 6 hours (Fig. SI18 in the Supporting
Information), while under yellow light, the bleaching is
strongly accelerated and the photoinduced absorption
disappears from 200 min. This quasi-bistable system also
shows a good cyclability (Fig. SI19 in the Supporting
Information) and, to date, about 20 coloration/fading cycles at
room temperature can be performed without detecting any
fatigue resistance.

with an energy near to that of the

2.4 Temperature dependence solid-state photochromic
properties

The thermal dependence of the solid-state photochromism of
the hybrid materials has been investigated, starting with the
symmetrical derivatives MnMogO5(SN), and MnMo4sO,5(SP),
in order to apprehend the influence of the grafted organic
molecule.

This journal is © The Royal Society of Chemistry 2012
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Fig. 10 (a) Abs®®(t) vs. t plots for MnMogO15(SP), at 200 K, 150 K and 94 K (b)
Absaoo(t) vs. t plots for MnMogO;5(SN); at 200 K, 150 K, 125 K and 87 K. The lines
show the fits of the plots according to rate law Abs®(t) = —(A; + A)) +
Asexp(—k‘it) + Ajexp(—kS,t).

Fig. 10 presents the evolution of the absorption at A = 600 nm
as a function of the UV irradiation time at different
temperatures for MnMogzO,5(SP), and MnMogO,5(SN),. We
observed that the absorption signal can be fitted by the already
described bi-exponential law (1) (see above) at several
temperatures. The obtained parameter values for the coloration
rate constants k;, k, and the corresponding absorptions A; and
A, are listed in Tables SI7 and SI8 in the Supporting
Information. One can easily see the net difference of timescales
between processes (1) and (2) characterized by k“ and k¢
values respectively. Indeed, the process (1) takes place in the
range of 10° s, while that of process (2) is almost ten times
larger, which justify their decoupling. The coloration rate
constants k“ and k¢, increase with the temperature for both
compounds. However, the photo-coloration of
MnMogO,5(SN), is clearly more hindered at low temperature
than that of MnMogO,3(SP),. The impact of temperature on
MnMo4zO,5(SP), is weak and the sample may still be photo-
excited significantly at 94K. Importantly, the global loss of
efficiency in the photo-coloration phenomenon at
temperature for both hybrids compounds highly contrasts with
previous results reported for pure organic spiro derivatives by
Harada et al.."® So, the organization of the spiro entities in the
structure (here, they are connected to an anionic inorganic
platform that may better stabilize the polar merocyanine form)
plays a crucial role for the thermal photochromic behavior.

The influence of the light intensity on the photo-coloration
kinetics of MnMogO5(SP); and MnMogO;3(SN), in
isothermal conditions is reported in Supporting Information
(Fig SI20 and SI21). In summary, the experiments show that
the photo-transformation rate clearly increases with the

low
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intensity of light, however the latter does not follow a linear
behavior as expected for a single site process.

The thermal fading of MnMosO,5(SP), and MnMo4zO,5(SN),
as function of the temperature have also been studied. First, the
samples have been photo-excited at A = 400 nm for one hour at
180 K. At this temperature, the thermal fading is negligible for
both MnMo4O5(SP), and MnMogO,5(SN),. Switching off the
photoexcitation, the thermal evolution of the reflectance signal
at A = 600 nm was followed using a weak intensity beam to
avoid any additional photo-induced relaxation. The temperature
was raised with a thermal velocity of 0.3 K.min™'. This
procedure allowed estimating a temperature for which the
thermal bleaching is effective.

1.00 4

0.75

0.50 |

Reflectance (u.a.)

0.25

0.00 |

T T T
180 240 300 360
Temperature (K)

Fig. 11 Comparison of the thermal evolutions of the reflectance signal for
MnMogO;15(SN), (0) and MnMogO,5(SP), (M). Temperature was changed with the
rate 0.3 K.min™ for both experiments.

Here again, the two materials present strong differences (as
depicted in Fig. 11). In accordance with the previous results,
the thermal fading process of MnMogO3(SP), is quenched at
room temperature and becomes effective above approximately
340 K. In contrast, the thermal fading of MnMuo¢O3(SN), is
significant above 260 K, denoting a sizeable difference between
the energy barrier values involved in the thermally-induced
For MnMogO,3(SN),, the
temporal evolution of the reflectance signal for different

mechanism of both samples.
temperatures is precised in Fig. SI22 in the Supporting
Information.

An inspection of the thermal curves of Fig. 11 shows that
MnMogO,3(SP); has an equilibrium temperature located at ca.
340 K while that of MnMogO3(SN), is found at ca. 260 K. The
ratio, r, between these two values (» = 1.31) also represents the
ratio between the corresponding energy barriers. This means
that, possibly for steric reason, the thermal relaxation of
MnMogO3(SP), is slower than that of MnMogO3(SN),.
Moreover, in a simple non-cooperative thermal relaxation
process, the rate In [(dAbs*(T)/dT)/(Abs*®(T))] must be
proportional to (AE/kgT) where AE is the macroscopic energy
barrier. We have checked carefully this law and we found that
both curves of Fig. 11 departure from the expected linear plot
(not shown). This indicates clearly the existence of non-linear
contributions whose origin can be attributed to (i) the presence
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of interactions (dipolar/electrostatic or steric/mechanical)
between the photo-excited species or (ii) to the presence of light
absorption inside the sample, leading to distribute spatially the
relaxation times, thus resulting in nonlinear photo-excitation
and thermal relaxation curves. Further investigations on thin
films, for example, are necessary before to discriminate
between those two mechanisms and to clarify the role of each

of the quoted contributions.

3. Conclusion

The MnMogO13(SP)(SN) compound reported herein thus
represents a unique system associating in a single molecule
three different switchable components. Using electrochemical
techniques, it has been evidenced that in MnMogO3(SP)(SN)
the POM unit as the two different organic
chromophores are redox active and that their redox processes
can be discriminated, making MnMogO3(SP)(SN) a
remarkable electrochromic compound with multiple coloured

well as

states in solution. It has also been evidenced that this compound
is a highly effective room temperature solid-state photochromic
material, with a strong photocoloration contrast and a high
coloration rate. The optical properties of the symmetrical
MnMogO,3(SP), and MnMogO,3(SN), materials have also
been studied. It has been found that all these systems exhibit
very different photoresponses. Besides different coloration
hues, it is worth noting that the thermal bleaching process of the
MnMogO,5(SP), is very limited and undetectable with naked
eyes, while MnMogO,5(SN), develops a fast thermal fading
process, highlighting the complementarities of these last two
compounds. Strikingly, it must be also underlined that while
MnMogO,5(SN), develop a noticeable color-change effect in
the solid state, the pure related organic reference SNTris is
only very poorly photochromic, evidencing the crucial role of
the POM on the optical properties of these materials.
Importantly, it has been shown that MnMogO,5(SN), presents a
good cyclability. This has also been demonstrated for the ionic
compound (SP);MnMosO,5(SN), which possesses additional
cationic spiropyran entities as counterions.

The thermal dependence of the photochromic behaviour of the
reported materials has also been studied in a large temperature
range. Even if such studies have been only very scarcely
reported, we can emphasise that the global loss of efficiency in
the photo-coloration phenomenon at low temperature found for
these hybrids compounds highly contrasts with previous results
reported for pure organic SP derivatives.'® Moreover, the
thermal behaviour of MnMogO5(SP), and MnMogO3(SN),
differs noticeably, the fading process becoming significant
above 260 K for MnMogO3(SN), and 340 K for
MnMogO,53(SP),.

We are currently working to the elaboration of systems
incorporating on the POM platform, in
photochromic molecules, other functional groups such as

addition to
organic or inorganic fluorophores. The isolation of species

incorporating organic chromophores initially stabilized in the
merocyanine form will also be considered. Finally, the grafting

This journal is © The Royal Society of Chemistry 2012
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of this family of hybrid POMs on surface and on nanoparticles
in order to elaborate sensors is also under study.

4. Experimental

General methods

All chemicals were used as purchased without purification:
EEDQ (2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline), tris
(2-amino-2-(hydroxyméthyl)propane-1,3-diol). The Mn-
Anderson type polyoxomolybdates
(TBA);[MnMogO15{(OCH,);CNH,}5]', (TBA);[MnMogO{(
OCH,);CNHC,H 9N,O4} {(OCH,);CNH, ]
(MnMogO,5(SP))'* and the cationic spiropyran (C,oH»;3N,0)I
((SP)D)"® have been synthesized as previously described. The
carboxylic acid SNCOOH'” has been prepared following a
slightly modified procedure. Elemental analyses were
performed by the Service Central d’Analyse of CNRS, 69390
Vernaison, France. Infrared spectra (ATR) were recorded on an
IRFT Nicolet 6700 apparatus. Relative intensities are given
after the wavenumber as vs = very strong, s = strong, m =
medium, w = weak, sh. = shoulder, br. = broad. NMR spectra
were recorded on a Bruker Advance 300 spectrometer operating
at 300 MHz for 'H and 50 MHz for *C nuclei. Chemical shifts
are expressed in parts per million (ppm) downfield from
internal TMS. Nuclear magnetic resonance (NMR) spectra were
recorded at 298 K. The following abbreviations were used to
explain the multiplicities: s, singlet; d, doublet; t, triplet; br,
broad peaks; m, multiplet or overlapping peaks.

The electrochemical set-up was an CHI660E driven by a PC
with the CHI software. Potentials are measured against a
saturated calomel reference electrode (SCE). The working
electrode was a disk (3 mm diameter) of glassy carbon (GC).
The counter electrode was a platinum gauze of large surface
area. Ultra-pure DMF was purchased from Aldrich and used
throughout. The solutions were deaerated thoroughly for at
least 30 minutes with pure argon and kept under a positive
pressure of this gas during the experiments. The supporting
electrolyte was 0.2 M LiClO, in DMF. Spectroelectrochemical
experiments were performed in a three-compartment cell
comprising a 1-cm optical path quartz cuvette. The working
electrode was a sheet of GC. The whole cell remained inserted
in the spectrophometer cavity and kept under continuous argon
bubbling and stirring during electrolyses. A second 1-cm quartz
cell was matched with that of the electrochemical cell and
served as a reference. UV-Visible spectra were recorded on a
Shimazu U2550. Experiments were performed at the laboratory
temperature. The bulk color sets shown in the main text were
cut from the photos of the quartz cuvettes taken before or
during the electrolyses.

Diffuse reflectance spectra were collected at room temperature
on a finely ground sample with a Cary 5G spectrometer
(Varian) equipped with a 60 mm diameter integrating sphere
and computer control using the “Scan” software. Diffuse
reflectance was measured from 250 to 1550 nm with a 2 nm

This journal is © The Royal Society of Chemistry 2012
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step using Halon powder (from Varian) as reference (100%
reflectance). The reflectance data were treated by a Kubelka-
Munk to better the
thresholds. The samples were irradiated with a Fisher Bioblock
labosi UV lamp (Aey. = 365 nm, P = 6W). The photocoloration
and fading kinetics were quantified by monitoring the temporal
evolution of the absorption Abs(#) which was defined as Abs(?)
= —log(R(¥)/R(0)), with R(#) and R(0) the reflectance at the time
t and at t = 0, respectively.

Diffuse reflectance as function of temperature has been

transformation?’ locate absorption

recorded with a home-made experimental set-up.*' The latter is
based on a multi-branch fiber optics assembly. The bundle is
composed of detection fibers arranged in a circle around the
illumination fibers. The light is detected on USB2000+ fiber
optic spectrometer from Ocean Optics (200-850 nm, resolution
~1 nm). The bundle includes a reference leg which is used to
monitor the illumination source, a SO0W Xenon arc lamp. The
sample is placed in a liquid nitrogen cryostat and the
temperature was varied between 80 K and 400 K. The
coloration and the of MnMogO,5(SP),
MnMogO3(SN), have been investigated as function of the

fading and
temperature and also for several intensities of illumination. We
processes
relaxation from the evolution of the

followed the wvarious of photoexcitation and
thermally-induced
reflectance spectra at A = 600 nm which is close to the

wavelength of maximum absorbance for the two compounds.

Synthesis

SNCOOH: 2,3,3-Trimethylindolenine (4.9 mL, 30.4 mmol)
and 3-iodopropionic acid (6.084 g, 30.4 mmol) were heated at
100 °C for 3 h. The resulting solid material was dissolved in
water, and the solution was washed with 45 mL of chloroform.
Evaporation  of 1-(B-carboxyethyl)-2,3,3-
trimethylindolenine iodide (7.324 g, 20.4 mmol), which was
used without further purification (67% yield).

The above iodide (6.000 g, 16.7 mmol), 1-nitrosonaphtol (2.890
g, 16.7 mmol) and triethylamine (2.36 mL, 16.7 mmol) were

water gave

dissolved in 80 mL of ethanol. The resulting mixture was
refluxed for 3 h. The solvent was removed under vacuum and
the residue was dissolved in acetone. Charcoal was added to the
solution and stirring was maintained during 1 h. After filtering,
the solvent was removed under vacuum. Finally, the resulting
solid was washed with acetonitrile and purified by
crystallization in 100 mL of hot acetonitrile. SNCOOH was
isolated as a yellow crystalline powder in 27% yield (1.750 g,
4.5 mmol).'H NMR (CDCl;, 300MHz, 298K) & = 8.54 (d,
1H,.,, J = 8.2 Hz), 7.79 (s, 1H, CH=N), 7.73 (d, 1H,,, J = 7.9
Hz), 7.66 (d, 1H,,, J = 8.9 Hz), 7.58 (m, 1H,,,), 7.39 (m, 1H,,,),
7.21 (m, 1H,,), 7.08 (m, 1H,,), 6.95 (m, 2H,,,), 6.64 (br d,
1H,, J = 9 Hz), 3.60 (m, 2H, N-CH,), 2.66 (m, 2H, CH,-
COOH), 1.31 (s, 3H, CH3), 1.29 (s, 3H, CH3). IR (ATR) v (cm’
') 3282 (m), 2960 (v C-H, m), 2944 (v C-H, m), 2866 (v C-H,
m), 1699 (v C=0, s), 1607 (m), 1591 (m), 1483 (s), 1456 (s),
1444 (s), 1351 (m), 1320 (m), 1285 (m), 1246 (s), 1167 (m),
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1076 (m), 1038 (m), 999 (m), 887 (w), 813 (s), 753 (s), 741 (s),
684 (m), 590 (m), 574 (w), 520 (W).

SNTris: To a suspension of SNCOOH (0.535 g, 1.39 mmol) in
EtOH (10 mL) were added EEDQ (0.415 g, 1.68 mmol) and tris
(0.185 g,
overnight at 60°C. On standing at room temperature for 2h, the

1.53 mmol). The reaction mixture was stirred

product precipitated as a slightly blue powder. It was filtered
and washed with ethanol and diethyl ether to give 0.395 g (0.81
mmol, 58% yield) of SNTris.

'H NMR (CDCl;, 300MHz, 298K) & = 8.52 (d, 1H, J = 8.5 Hz),
7.79-7.75 (m, 2H), 7.71 (d, 1H, J = 9.0 Hz), 7.60 (m, 1H), 7.42
(m, 1H), 7.21 (m, 1H), 7.11 (d, 1H, J = 8.9 Hz), 7.08 (m, 1H),
6.91 (m, 1H), 6.72 (d, 1H, J = 7.9 Hz), 6.67 (br s, 1H, -NH-),
3.90-3.58 (br m, 5H, N-CH,- and OH), 3.55 (br s, 6H, -
CH,OH), 2.72-2.58 (m, 1H, CH,-C(O)), 2.50-2.37 (m, 1H,
CH,-C(0)), 1.33 (br s, 6H, -CH>).

3C NMR (DMSO, 50MHz, 298K) & = 172.2 (-C(O)NH-),
153.1, 147.1, 144.1, 135.7, 130.6, 129.4, 128.4, 128.2, 127.7,
124.7, 122.7, 122.1, 121.6, 119.9, 117.3, 107.4, 99.6, 62.9,
60.9, 52.6, 35.8, 25.3, 20.8. IR (ATR) v (cm™") 3284 (m), 2952
(v. C-H, m), 2925 (v, C-H, m), 2873 (v C-H, m), 1632 (v. C=0,
s), 1609 (m), 1592 (m), 1548 (s), 1482 (s), 1458 (m), 1382 (m),
1362 (m), 1305 (w), 1268 (m), 1246 (s), 1170 (m), 1115 (m),
1079 (s), 1042 (s), 1014 (s), 998 (s), 971 (m), 884 (w), 835
(w), 808 (s), 746 (s), 681 (s), 589 (m), 555 (w), 527 (w). Anal.
calcd for CgH31N305 (%): C, 68.69; H, 6.38; N, 8.58. Found:
C, 68.02; H, 6.41; N, 8.58.

(TBA);[MnMoO13{(OCH,); CNHC,;H;yN; 04 {(OCH,);CN

HC,,H,;N,0,}] (MnMogO.3(SP)(SN)): To a solution of
(TBA);[MnMogO 15 {(OCH;);CNHC,H9N,O,} {(OCH,);CNH,
+] (MnMogO13(SP)) (0.42 g, 0.19 mmol) in CH;CN (10 mL)
were added SNCOOH (0.216 g, 0.56 mmol) and EEDQ (0.165
g, 0.67 mmol) at room temperature. The reaction mixture was
stirred during one week. The solvent was removed under
vacuum and the residue was dissolved in a minimum of
CH;CN. The solution was added to a large quantity of Et,O (40
mL). The resulting precipitate was then isolated by filtration.
This treatment was repeated four times (the last filtrate was no
more coloured). Crystallization of the product by diffusion of
diethyl ether into an acetonitrile solution gave suitable single
crystals for X-ray diffraction. MnMogO3(SP)(SN) (0.335 g,
0.13 mmol) was finally obtained in 67% yield. '"H NMR
(CD;CN, 300MHz, 298K) & = 8.56 (d, 1H, J = 8.2 Hz, Hgy),
8.06 (s, 1H, Hgp), 8.01 (d, 1H, J = 9.0 Hz, Hgp), 7.84-7.75 (m,
3H, Hgyn), 7.60 (br t, 1H, J = 7.3 Hz, Hgy), 743 (br t, 1H, J =
7.5 Hz, Hgn), 7.22-7.11 (m, 5H, 2Hgy + 3Hgp), 7.02 (d, 1H, J =
8.8 Hz, Hgy), 6.87 (m, 2H, 1Hgy + 1Hgp), 6.72 (m, 3H, 1Hgy +
2Hgp), 6.42 (br, 2H, -NH-), 5.88 (d, 1H, J =7.7 Hz, Hgp), 3.52
(br, 2H, N-CH,-,1Hgy + 1Hgp), 3.33 (br, 2H, N-CH,-,1Hgy +
1Hgp), 3.10 (m, 24H, CH, (TBA)), 2.85 (br, 1H, -CH,-C(O),
Hsy), 2.70 (br, 3H, -CH,-C(O), 1Hgy + 2Hgp), 1.61 (br, 24H,
CH, (TBA)), 1.36 (m, 24H, CH, (TBA)), 1.29 (br s, 6H, -CH;,
Hsn), 1.24 (s, 3H, -CH;, Hgp), 1.13 (s, 3H, -CH;, Hgp), 0.97 (t,

36H, CH; (TBA)). Note: The protons of the spiropyran
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moiety are labeled Hgp while Hgy refers to the protons
belonging to the spironaphthoxazine group. *C NMR (CD;CN,
50MHz, 298K) & 172.2 (-C(O)NH-, Cgp), 171.8 (-C(O)NH-,
Csn), 159.4 (Cgp), 152.6 (Cgn), 146.7 (Csn), 143.8 (Cgy), 141.1
(Csp), 136.1 (Csp), 135.8 (Csn), 130.8 (Csy), 130.2 (Cgn), 129.3
(Csn), 128.9 (Cgp), 128.0 (Csn), 127.9 (Csn), 127.8 (Cgp), 127.1
(Csn), 125.6 (Cgp), 124.2 (Csn), 123.5 (Csp), 122.9 (Cgp), 122.8
(Csn), 121.7 (Cgn), 121.6 (Csp), 121.5 (Csn), 119.7 (Csn), 119.4
(Csp), 119.1 (Cgp), 115.5 (Csp), 107.7 (Csn), 107.2 (Csp), 107.1
(Csp), 99.5 (Csn), 58.4 (TBA), 52.6 (Csp), 52.2 (Cgn), 41.1
(Csn), 40.7 (Csp), 33.8 (Csp), 33.5 (Csn), 26.1 (Cgp), 25.8 (Csn)»
23.4 (TBA), 20.0 (Csn), 19.7 (TBA), 19.0 (Csp), 13.2 (TBA).
Note: The carbon atoms of the spiropyran moiety are labelled
Cgp while Cgy refers to the carbon atoms belonging to the
spironaphthoxazine group. Anal. caled for
Ci01H162MnMogNoO3o (%): C, 46.42; H, 6.24; N, 4.82; Mn,
2.10; Mo, 22.03. Found: C, 46.58; H, 6.23; N, 4.82; Mn, 1.95;
Mo, 20.74.

(TBA)3;[MnMo:O;3{(OCH,); CNHC,,H,;N,0,},]

(MnMogO;5(SN),): To a solution of SNCOOH (1.476 g, 3.82
mmol) and EEDQ (1.030 g, 4.17 mmol) in CH;CN (50 mL),
(TBA)3;[MnMogO,5{(OCH,);CNH,},] (1.800 g, 0.96 mmol)
was added at room temperature. The reaction mixture was
stirred during one week. The solvent was removed under
vacuum and the residue was dissolved in a minimum of
CH;CN. The solution was added to a large quantity of Et,O (80
mL). The resulting precipitate was then isolated by filtration.
This treatment was repeated four times (the last filtrate was no
more coloured). Crystallization of the product by diffusion of
diethyl ether into an acetonitrile solution gave suitable single
crystals for X-ray diffraction. MnMogO5(SN), (2.15 g, 0.82
mmol) was finally obtained in 85% yield. '"H NMR (CD;CN,
300MHz, 298K) & = 65.45 (br, 12H, CH,-O-Mn), 8.57 (d, 2H, J
= 8.2 Hz), 7.77 (m, 6H), 7.60 (t, 2H, J = 7.4 Hz), 7.43 (t, 2H, J
= 7.8 Hz), 7.20 (m, 2H), 7.11 (m, 2H), 7.02 (m, 2H), 6.87 (t,
2H, J = 7.2 Hz), 6.75 (m, 2H), 6.38 (br, 2H, -C(O)NH-), 3.55
(br, 2H, CH,-N), 3.35 (br, 2H, CH,-N), 3.09 (m, 24H, CH,
(TBA)), 2.84 (br, 2H, CH,-C(0)), 2.74 (br, 2H, CH,-C(0O)),
1.59 (m, 24H, CH, (TBA)), 1.36 (m, 24H, CH, (TBA)), 1.29 (br
s, 12H, CH5), 0.97 (m, 36H, CH; (TBA)). *C NMR (CD;CN,
50MHz, 298K) & 171.7 (-C(O)NH-), 152.5, 146.7, 143.7, 135.7,
130.8, 130.2, 129.3, 128.0, 127.9, 127.2, 124.3, 122.7, 121.7,
121.5, 119.7, 107.6, 99.5, 58.3 (TBA), 52.2, 41.1, 33.5, 25.7,
23.5 (TBA), 20.0, 19.8 (TBA), 13.3 (TBA). IR (ATR) v (cm™)
3298 (m), 2959 (v C-H, m), 2932 (v C-H, m), 2871 (v C-H, m),
1676 (v C=0, s), 1607 (w), 1508 (w), 1483 (s), 1457 (s), 1381
(m), 1362 (m), 1269 (m), 1112 (w), 1079 (m), 1019 (m), 938 (v

. Mo=0, vs), 918 (v Mo=0, vs), 900 (v Mo=0, vs), 814 (s), 743

(s), 651 (v Mo-O-Mo, br vs), 552 (s). Anal. calcd for
Ci04H164MnMogNoOsg (%): C, 47.69; H, 6.31; N, 4.81; Mn,
2.10; Mo, 21.98. Found: C, 46.82; H, 6.36; N, 4.98; Mn, 2.05;
Mo, 21.84.

(C3H23N;0)3[MnMogO,5{(OCH,);CNHC,4H;1N,0,}5]
(SP);MnMo4O,3(SN),: To a solution of (SP)I (1.327 g, 3.06

This journal is © The Royal Society of Chemistry 2012
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mmol) in a co-solvent CHCl;/ CH;CN (1/3, v/v), a solution of
MnMo4zO;5(SN), (0.400 g, 0.15 mmol) in CH3CN (15 mL) was
slowly added. After 1 h of stirring at room temperature, the
solvent is removed under reduced pressure. The residue is
partially dissolved in 5 mL of CH3;CN and the mixture is
filtered. The filtrate is then added to a large quantity of Et,O
(60 mL). The precipitate is then dissolved in CHCl; (50 mL)
and washed several times with water until the aqueous phase
was uncoloured. After the organic phase was dried with
MgSOy,, the solvent was removed. The residue was dissolved in
a minimum of CH3;CN and the product was precipitated in a
large amount of Et,O. (SP);MnMogO,3(SN), (0.125 g, 0.04
mmol) was finally obtained in 29% yield. '"H NMR (CD;CN,
300MHz, 298K) 6 = 64.91 (br, 12H, CH,-O-Mn, Hgy), 8.50 (d,
2H, J = 7.9 Hz, Hgy), 7.75 (m, 6H, Hgy), 7.55-7.39 (br m, 13H,
4 Hgn + 9 Hgpy), 7.18-7.10 (br m, 10H, 4 Hgy + 6 Hgp,), 7.02
(d, 2H, J = 8.3 Hz, Hgy), 6.87 (m, 5H, 2 Hgy + 3 Hgp,), 6.74 (br,
2H, Hgy), 6.62-6.48 (br m, 8H, 6 Hgy + 2 Hgpy), 4.09 (s, 9H,
Hgp.), 3.48 (br, 2H, N-CH,, Hgy), 3.30 (br, 2H, N-CH,, Hgy),
2.84 (br, 2H, -CH,-C(O), Hgn), 2.74 (br s, 11H, 2 Hgy + 9
Hsp.), 2.63 (s, 9H, Hgp.), 1.29 (s, 12H, Hgy), 1.26 (s, 9H, Hgp.),
1.17 (s, 9H, Hgp,).
spiropyran are labeled Hgp, while Hgy refers to the protons
belonging to the spironaphthoxazine moiety. '*C NMR
(CD3;CN, 50MHz, 298K) o 171.9 (-C(O)NH-, Cgy), 152.9
(Csn), 151.5 (Cgpy), 147.9 (Csps), 147.3 (Csps), 146.7 (Csn),
143.8 (Cgsn), 135.7 (Csn), 135.6 (Csps), 134.6 (Csps), 131.6
(Csps), 130.7 (Csn), 130.5 (Cgps), 130.2 (Cgn), 129.3 (Csn),
128.8 (Csps), 128.0 (Cgn), 127.9 (Csn), 127.2 (Csn), 1242
(Csn), 122.8 (Csn), 122.2 (Cgpy), 121.6 (Con), 121.5 (Csn)s
120.1 (Cgps), 119.7 (Csn), 107.7 (Csy), 107.2 (Csps), 106.2
(Csps), 99.5 (Csn), 52.9 (Cspy), 52.2 (Cgn), 41.5 (Cgspy), 41.1
(Csn)s 33.6 (Csn), 29.1 (Cspe), 259 (Cgn), 25.2 (Cgpy) , 211
(Csps), 20.1 (Cgn), 19.5 (Csps). Note: The carbon atoms of the
cationic spiropyran are labelled Cgp, while Cgy refers to the

Note: The protons of the cationic

carbon atoms belonging to the spironaphthoxazine moiety. IR
(ATR) v (cm™) 3283 (m), 2963 (v C-H, m), 2927 (v C-H, m),
2868 (v C-H, m), 1672 (v C=0, s), 1606 (s), 1552 (w), 1484 (s),
1457 (s), 1384 (m), 1363 (m), 1297 (s), 1269 (m), 1169 (w),
1109 (m), 1079 (m), 1059 (m), 1020 (s), 938 (v Mo=0, vs), 918
(v Mo=0, vs), 901 (v Mo=0, vs), 814 (s), 743 (s), 656 (v Mo-
0O-Mo, br vs), 551 (s). Anal. caled for
Ci16H12sMnMogN ,03,.3H,0 (%): C, 48.58; H, 4.60; N, 5.86.
Found: C, 48.42; H, 4.78; N, 5.72.
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Optical studies in a large temperature range of triads incorporating polyoxometalate, spiropyran and

spironaphtoxazine components highlight the richness and complementarities of the photochromic properties of these
hybrid materials.



