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ABSTRACT: A new composite based on polymolybdate incorpo-
rated in layered magadiite has been synthesized via a exfoliation/self-
assembly process. Various techniques, including X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy coupled with energy-dispersive X-ray analysis (SEM-
EDX), Raman spectroscopy, thermogravimetric (TG) analysis, UV—
vis spectroscopy, and transmission electron microscopy (TEM), have
been employed to characterize the composite. Results indicated that
the polymolybdate particles were incorporated into the layered
magadiite. Upon the irradiation of visible light (420—630 nm), the
composite changed color from yellow to dark blue; moreover, the
color can be bleached upon exposure to a 15% H,O, solution. The
visible-light illumination and H,O, treatment can be repeated in
excess of 10 times. The mechanism of photochromism has been
investigated, and the reversibility is attributed to the hydration
property of host magadiite and oxidative ability of H,O, solution.
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B INTRODUCTION

Photochromic materials have received much attention for more
than three decades, because of their potential industrial
applications as optical power-limiting switches, optical
information storage, smart painting, etc.' Although less
extensively investigated than organic photochromic materials
or organic—inorganic hybrid materials,” inorganic or inor-
ganic—inorganic composite photochromic materials (such as
polymolybdates) are still considered to be promising photo-
chromic materials with higher thermal stability .

The photochromic behavior of amine molybdates in the solid
state was first noticed in piperidinium molybdates, which
changed color from white to pink-brown upon sunlight
irradiation.'* Some alkylammonium polyoxomolybdates, in-
cluding the secondary and tertiary ammonium polyoxomolyb-
dates, can be colored upon ultraviolet (UV) irradiation at
wavelengths corresponding to the O — Mo LMCT transition
(<400 nm).* The colored polyoxomolybdates can return to
their original color in the presence of oxygen in darkness.
Moreover, it was found that the water molecules play an
important role in the photochromism of molybdenum
compounds.* Although many studies on photochromic proper-
ties of molybdenum compounds have been reported, some
important questions are left unanswered. For instance, most
studies on the photochromism of molybdenum oxide or
molybdate are based on UV light irradiation, while there are
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few studies focusing on visible-light photochromism. Moreover,
the reversibility of photochromic polymolybdates under visible-
light irradiation is hardly reported.

Based on the above discussion, we examine the host
magadiite for polymolybdate encapsulation and the oxidant
H,O0, for the bleaching for visible-light irradiated polymolyb-
date in the present work. Magadiite (Na,Si;4,O,9«H,0) is a
layered structure with good hydration properties (it has the
ability to store water molecules).® It has a multilayered silicate
structure composed of two-dimensional (2D) units of host
layers and guest cations that exist between the layers.® It is
attractive as a host material, because it exhibits a broad range of
properties, including adsorption, intercalation, exfoliation, and
organization of guest species.” A H,0, solution has been used
as a bleaching agent for the Methyl Orange catalyzed by
MoO,*~ and WO,*~.® The role of H,0, in the present work is
that it not only can bleach colored polymolybdate, but it can
also supply water molecules to host magadiite. We report that
the composite based on polymolybdate enclosed in magadiite
exhibits good photochromic properties under visible-light
irradiation, which can be reversed by hydrogen peroxide
oxidation. This cycle can be repeated in excess of 10 times.
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Table 1. Chemical Composition of Na-Mag and Polymolybdate/Mag Composite

Composition (%)

Na Mo Si O C H N H,0¢
Na-Mag Sample,

Chemical Formula: Na, (Si;;30,567.0H,0
calculated” 4.53 38.03 56.06 1.38 12.40
found® 4.52 37.98 56.01 143 1243

Polymolybdate/Mag Sample,
Chemical Formula: H, ,Si 390,55/ [TBA; ¢H, ,'(M0g0,6)]0,°2.7H,0
calculated” 12.53 31.78 47.94 5.64 1.70 0.41 4.0

found® 12.51 31.75 47.89 5.71 1.76 0.43 4.12

“H,0 obtained from TG. ¥Na, Mo, Si, and O analyzed by EDX; C, H, N obtained from CHN elemental analysis.

B EXPERIMENTAL SECTION

Materials. Na-magadiite was synthesized via the reaction of SiO,—
NaOH—Na,CO; system under hydrothermal conditions.” At 150 °C,
the reaction was carried out in a sealed Teflon-lined autoclave
containing silica gel solution (15 mL of 40 wt % SiO, silica gel and 70
mL of H,0), NaOH (0.7412 g), and Na,CO; (2.8139 g) as the
reactants. After reaction for 96 h, the product was filtered, washed, and
dried at 40 °C for 12 h. The obtained Na-magadiite sample was labeled
as Na-Mag. The protonation of the Na-Mag (2.4221 g) was performed
by soaking in 100 mL of a HCI aqueous solution (0.1 M), stirred for 3
days, and then filtered, washed, and dried at 40 °C in air. The obtained
H-magadiite sample was labeled as H-Mag.

A colloidal nanosheet dispersion of exfoliated magadiite was
obtained by adding a specific amount of protonated powder (H-
Mag, 0.9374 g) in 100 mL of a tetra-n-butylammonium hydroxide
(TBAOH) aqueous solution (0.1 M), and stirred at room temperature
for S days. Sodium molybdate solid (0.1677 g) was dissolved in
colloidal suspension (9.374 g L™', 100 mL) of H-Mag. Then, 1.0 M
HCI was added dropwise into the mixed solution (pH 11.2), with
stirring, and acidified to pH 2. During this process, a colloidal
precipitate formed. After the precipitate was filtered, washed with
deionized water, and dried at 40 °C for 24 h in air, the final yellow
sample was labeled as polymolybdate/Mag.

Characterization. Powder X-ray diffraction (XRD) patterns were
collected using a Bruker D8 Focus system (40 kV, 40 mA) with Cu Ka
radiation; data acquisition was performed using a scan speed of 2°/
min, and 26 = 3.0°-70°. The Raman spectra were measured with a
RENISHAW inVia Raman microscope. The excitation light was the
633-nm line from a He—Ne laser. An environmental scanning electron
microscopy (SEM) system that was equipped for energy-dispersive X-
ray analysis (SEM-EDX) (Model XL30 ESEM FEG, Philips,
Genesis2000, Eindhoven, The Netherlands) was used for the
morphological analysis of the surface structure and to determine the
elemental composition of the samples. An accelerating voltage of 20
kV and count time of 60 s (peaks) was used for the EDX
microanalysis. The X-axis of the EDX spectra displays the X-ray
energy (in keV); the Y-axis reports the intensity of the X-ray signal
(counts). X-ray photoelectron spectroscopy (XPS) analysis was
performed with a Thermo ESCALAB 250 (V.G. Scientific Co,
UK.) using monochromatic Al Ka radiation (1486.6 ev) as the
excitation source. All spectra were acquired at a pass energy of 20 eV
with the anode operated at 150 W. Thermogravimetric (TG) analysis
data were collected using synchronous thermal analyzer (STA-200,
Dazhan, Jiangsu, PRC) under a nitrogen atmosphere at a scan rate of
10 °C/min. The nanosheets of exfoliated magadiite and the
polymolybdate particles enclosed in layered magadiite were observed
by transmission electron microscopy (TEM) (Model JEM-2010,
JEOL). UV—visible absorption spectra were obtained using a Model
UV-2501(PC) spectrophotometer.

In order to irradiate and measure the samples conveniently, the
polymolybdate/Mag powders were put into a round groove (with a
diameter of 0.5 in.) on a sample support. The samples with a diameter
of 0.5 in. were illuminated with light from a 300 W mercury arc lamp.
The output light passed through a dichroic mirror (420—630 nm), an

7432

infrared (IR) filter, and two focusing lenses, finally illuminating the
sample. The visible-light intensity irradiating the samples was
determined to be 1.0—5.0 mW/cm? with a Model 210 power meter.

The coloration—bleaching process is described as follows.
Polymolybdate/Mag powder (0.1820 g) was placed into the round
groove of the sample support just mentioned above and pressed
tightly. The prepared sample used for coloration—bleaching has a
diameter of 0.5 in. and a thickness of 0.3 mm. After the sample was
irradiated for some time, its surface turned green-blue to dark blue in
color. UV—vis spectral measurements then were performed for the
colored sample. When bleaching the samples, the 15% H,0, solution
(1—2 small drops) was directly added on the colored surface of the
samples. As a result, the color faded quickly (within 2 min). The
bleached sample was dried at 40 °C for ~10 min in preparation for
another coloration.

B RESULTS AND DISCUSSION

Chemical Composition Analysis. Since the present
polymolybdate/Mag composite was obtained from a pH 2
reaction system, the possible polymolybdate species were
analyzed as follows. Many studies have established that, in
alkaline or neutral solutions, the tetrahedral orthomolybdate
ion (MoO,>") is the main species, while in acid solutions, the
tetrahedral MoO,*~ ions will be polymerized. There is evidence
from pH data for the equilibria:"°

MoO,*” + H' = HMoO,~
7MoQ,”” + 8H' = Mo,0,,°” + 4H,0

8MoO,*>” + 12H" = Moy0,¢*™ + 6H,0

At pH 4.8—6.8, [M0,0,,]% is formed in solution.'® At pH
1-3, MogO,*™ is the main species.”'”'" After further
acidification of the solution, higher polymers may be formed.
In this work, therefore, we believe that the MogO,¢*™ species is
the primary polymolybdate ion according to the reaction
system (pH 2). In consideration of the cations (H* and TBA*)
and anions (MogO,¢*") as well as negatively charged layers of
magadiite present in the reaction system, the possible self-
assembly process may be

TBA+-magadiite +HY = H-magadiite + TBA"

XTBA" + (4 — x)H" + MogO,¢*~
— (TBA),H,_,MogO,

During the self-assembling processing, the neutral species
(TBA),H,_,MogO,s may be incorporated in the H-magadiite
to form (TBA)H,_.MogO,s/magadiite composite (labeled as
polymolybdate/Mag), and the interlayer H" ions compensate
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the negatively charged layers. Because layered silicates have
interlayer silanol groups, f and some hydrogen bonds exist
between interlay water or guests and layers in magadiite,'” it is
highly possible that some hydrogen bonds form between the
interlayer silanol groups and polymolybdate. Therefore, the
association between the polymolybdate and magadiite may
result from hydrogen bonding. In addition, the present
composite containing polymolybdate shows a yellow color.
This yellow color may not be due to host magadiite, because
the pure polymolybdate prepared by the same method also has
a yellow color. However, different hybrid materials containing
[MogO,4]*~ showed different colors.''®" The exact cause for
the present yellow color is complicated and must be studied in
future work.

In order to determine the chemical composition of the
(TBA),H,_,MogO,¢/Mag composite, CHN elemental analyses,
SEM-EDX compositional analyses, and thermogravimetry
(TG) analysis were employed. The chemical composition of
the Na-Mag and polymolybdate/Mag prepared here was
obtained by combining the results of CHN elemental analysis
(see Tablel), SEM-EDX compositional analyses (see Table 1
and Figure 1), and TG analyses (see Figure 2). The SEM-EDX
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Figure 1. Scanning electron microscopy, coupled with energy-
dispersive X-ray spectroscopy (SEM-EDX) results of Na-Mag and
polymolybdate/Mag.

compositional analyses revealed the molar ratio of Na:Si:O to
be 2.0:13.8:35.6 for the Na-Mag, and the morphological
changes of the samples on the basis of SEM images (Figure 3).
According to the thermogravimetric curve, Na-magadiite lost
12.4% of its total weight as water below 280 °C, which was
mainly due to interlayer water.'> By combining the EDX
analysis, CHN element analysis, and weight loss, as well as the
charge-balance principle, an empirical composition for the Na-
magadiite prepared was estimated to be Na,(Si;; 30,54 7H,0,
which compared favorably with the approximate composition of
Na,Si 4O,9-xH,0 that was suggested in previous work."*

In the light of the calculated value from the chemical formula
and the values found from the measurements, the relative errors
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Figure 2. Thermogravimetry (TG) curves of Na-Mag, H-Mag, and
polymolybdate/Mag.

Figure 3. SEM images of Na-Mag, H-Mag, and polymolybdate/Mag.

of elemental Na, Si, and O are —0.22%, —0.13%, and —0.09%,
respectively, which are reasonable; while the large error of
elemental H is +3.50%, which is due to physically adsorbed
water. By the same method, the molar ratio of Mo:Si:O:N:H:C
presented in the polymolybdate/Mag composite was estimated
to be 1.6:13.9:36.7:0.36:22.6:5.8 and the chemical formula of
the composite was estimated to be H,(Sij300,44/
[TBA, sH,,(M0gOy6)]02.7H,0, Anal. Caled (found) (in
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wt %): Mo 12.53 (12.51), Si 31.78 (31.75), O 47.94 (47.89), N
0.41 (0.43), H 1.70 (1.76), and C 5.64 (5.71). For elemental Si,
Mo, O, C, H, and N, the relative errors are —0.09%, —0.16%,
—0.10%, +1.23%, +3.41%, and +4.65%, respectively. The large
errors of C and H are due to adsorbed CO, and physically
adsorbed water, respectively; and the large error of N is due to
the small content of nitrogen in the composite. The
morphological change from Na-Mag to H-Mag may result
from ion-exchange of Na* by H".

For Na-magadiite, the exchange of Na* by a proton is very
easy.” In the present experimental conditions, the Na* was
almost exchanged completely by H*. Since the electronic shell
structure and ionic radius of Na® and H" are different, the
structure of magadiite will be changed after the ion exchange of
Na* by H*, which was confirmed by XRD result (Figure 4).
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Figure 4. XRD patterns of Na-Mag, H-Mag, TBA"™-Mag, and
polymolybdate/Mag.

The structural changes may cause the morphological changes.
However, the similar morphology was found between the H-
Mag and polymolybdate/Mag composite. This indicated that
the layers of magadiite have not been obviously broken during
the exfoliation/self-assembly.

For the sake of the confirmation of the composite based on
MogO,4 species incorporated in magadiite, a series of
characterization methods, including XRD, Raman spectroscopy,
TG, and XPS, were employed as follows.

Powder X-ray Diffraction. The powder XRD pattern of
Na-Mag was assigned to the typical layered structure with
several (001) reflections corresponding to basal spacing of 15.5
A2 All the reflections can be indexed as in Figure 4. The cell
parameters of Na-Mag are a = 7.41(1) A, b = 7.302(2) A, ¢ =
15.7039(4) A, and 3 = 93.585(1)°, which are comparable to the
literature values (a = 7.3 A, b = 728 A, ¢ = 1571 A, B =
96.4°)."7 After the reaction of the Na-Mag with HCI, the basal
spacing of Na-Mag decreased to 11.5 A, because of the loss of
the interlayer water upon replacement of Na* cations by
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protons. Moreover, except for a strong diffraction peak at 26 =
26°, other peaks are very weak, which is consistent with
previous reports.'> When the protonated product (H-Mag) was
reacted with tetra-n-butylammonium (TBA*) hydroxide
aqueous solution, the powder XRD pattern of TBA'-Mag
exhibited a wavy and broad pattern. Except for a weak dy;
reflection at 20 = 3.800° (corresponding to a basal spacing of
23.2 A), no other reflections were observed. This suggests that
the interlayer spacing of magadiite was swollen by the larger
TBA' group, or even exfoliation of the layered H-Mag by TBA*
occurred.'® By treating the mixed system of TBA*-Mag and
sodium molybdate with HCI solution, followed by water-
washing and drying, a well-ordered phase (labeled as
polymolybdate/Mag) with a basal spacing of 184 A was
obtained. This basal spacing (18.4 A) was markedly larger than
those of H-Mag (11.5 A) and Na-Mag (15.5 A), indicating the
intercalation of polymolybdate species into the interlayer of
magadiite. The sizes of the interlayer polymolybdate species can
be estimated to be ~6.9 A (11.5-18.4 A) along the c-axis
direction, while some particles found in the layered magadiite
by TEM observation were <2 nm in size (see Figure S). In

50nm

Figure 5. TEM observation of the polymolybdate/Mag composite.

general, the size of the interlayer polymolybdate species may be
very small along the c-axis direction due to the confinement of
layers, while along the direction parallel to layers, the size of
interlayer polymolybdate species may be larger. This provides a
reason for the different sizes based on TEM observations and
the calculated value from interlayer spacing based on XRD
measurement. Except for some reflections (indexed) attributed
to H-Mag phase, other reflections (assigned as ®) are matched
with Na,MogO,12H,0 [PDF No. 35-1465]."® It is noticeable
that the interlayer polymolybdate species should not be the

dx.doi.org/10.1021/ic400569y | Inorg. Chem. 2013, 52, 7431-7440
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Figure 6. Raman spectroscopy of H-Mag and polymolybdate/Mag.

Na,MogO,4 12H,0 phase, because there are no Na signals
present in the EDX spectrum (Figure 1). In general, if the
topology is very similar between the Na,MozO,412H,0 and
the new polymolybdate species, some reflections that originated
from them may be overlapping. Therefore, the new
polymolybdate species may be (TBA),H, ,MogO,s based on
the above analyses of the composition and reaction system. The
nature of the new polymolybdate species was further supported
by Raman spectroscopy.

Raman Spectroscopy. Raman spectra of H-Mag and
polymolybdate/Mag are shown in Figure 6. For the
polymolybdate/Mag composite, the bands can be assigned as
follows: 955—984 cm™' bands, Mo=0O stretching modes;
873—907 cm™" bands, asymmetric Mo—O—Mo stretches; 390—
463 cm™! range, symmetric Mo—O—Mo stretches, and ~206
and 284 cm™!, Mo—O—Mo deformations.'® The Raman
spectroscopy revealed main peaks at 984, 968, 955 cm ™, along
with small peaks at 907, 873, and 463 cm™'. These peak
positions matched neither the MoO,*~ ions nor the Mo,0,,°
ions in acidic solution, but were close to those of solid
(NH,),MogO,¢4H,0."% The bands at 1054, 1111, 1318, 1456,
2868, 2940, and 2980 cm™! were attributed to tetra-n-
butylammonium.'® Based on the above analysis, the poly-
molybdate species incorporated in the magadiite should be
MogO,s*". These results are consistent with the compositional
analyses.

Thermal Analysis. TG curves of Na-Mag, H-Mag, and
polymolybdate/Mag are shown in Figure 2. As shown in TG
curves, Na-Mag showed a typical interlayer water loss up to 280
°C. Rapid mass loss up to 145 °C was followed by slower mass
loss, approaching a constant value toward the end of thermal
dehydration at 280 °C. At this temperature, a mass loss of
12.4% was observed."' H-Mag exhibited an initial weight loss of
1.2% at temperatures below 300 °C, because of the desorption
of H,O. The 1.7% weight loss in the temperature range of
300—400 °C was attributed to the elimination of OH groups
from the structure. This behavior of thermal decomposition was
similar in existing literature.”® The thermal decomposition of
polymolybdate/Mag was different from those of Na-Mag and
H-Mag. Four mass loss steps, represented in temperature
ranges of 25—100 °C, 100—235 °C, 235—490 °C, and 490—800
°C, can be recorded. This behavior of thermal decomposition
was analogous to that containing the MogO,s *~ composite.'"

XPS Analyses. To confirm the nature of the polymolybdate,
the chemical states of Mo 3d and O 1s have been analyzed by
XPS. For the as-prepared polymolybdate/Mag (Figure 7),
following the survey scan, high-resolution XPS spectra of the C
Is, O 1s, Si 2p, and Mo 3d energy levels were recorded. The
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Figure 7. XPS survey spectrum of polymolybdate/Mag sample and the
Mo and O elemental electronic spectra.
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spectrum of the as-prepared polymolybdate/Mag composite in
the Mo 3d region showed the presence of two well-resolved
spectral lines at 232.3 and 235.4 eV, which were assigned to the
Mo 3ds/, and Mo 3d;/, spin—orbit components, respectively.
The binding energy of the Mo 3ds/, line for Mo(VI) in
molybdenum oxide has been reported to be 232.2—232.6 eV.”!
While the spin-orbit splitting of the Mo 3d level in molybdate
or polymolybdate for the +6 oxidation state often gives rise to
two deconvoluted peaks at bindin% energies of BE = 233.4 eV
and BE = 236.5 eV, respectively,” and the +5 oxidation state
often gives rise to peaks at 231.9 eV and 235.0 eV.>'*** The
present Mo 3d spectrum contains strong peaks at 232.3(Mo
3ds),) and 235.4 €V (Mo 3d,,,), which are between those of
the Mo® and Mo®* state. This peak position value between +5
and +6 state in the polymolybdate/Mag may be caused by
photochromism during XPS measurement since the color of
the sample changed only slightly after the XPS measurement.
Winograd et al. had observed the photochromism of the
ammonium molybdate during XPS measurement.”'* The O Is
peak at 533.0 eV was associated with the O atoms in silicate
and the O atoms in stoichiometric MoQ;.** All the results
further supported the nature of polymolybdate enclosed in
magadiite.

On the basis of the CHN elemental analysis, SEM-EDX
compositional analysis, TG, Raman spectroscopy, XPS, and
XRD, we conclude that polymolybdate species enclosed in the
magadiite is MogO4".

Photochemistry of Polymolybdate/Mag. Polymolyb-
date/Mag powders were put into a round groove of a sample
support and pressed tightly. The sample with a diameter of 0.5
in. and a thickness of 3.0 mm was illuminated with visible light
(420—630 nm) from a 300 W mercury arc lamp in air. The
light intensity irradiating the samples was determined to be
1.0-5.0 mW/cm? Figure 8 shows the UV—vis diffuse
reflectance spectra of the polymolybdate/Mag sample with
different irradiating power. As shown in Figure 8, the as-
prepared polymolybdate/Mag (yellow) exhibited a strong UV
absorption peak at ~250 nm. Upon visible-light irradiation for
1S min with power of 1.0 mW/cm? the UV absorption
decreased markedly, and a new visible absorption at ~500 nm
was observed. With increasing irradiation power, the UV
absorption continued to decrease and the visible absorption
increased. The UV absorption corresponds to the charge
transfer from an O®” jon to a Mo®" ion, and the visible
absorption (500 nm) corresponds to the charge transfer from
an O~ ion to a Mo™* ion. With increasing irradiating power,
more of the Mo®" state ions were reduced to the Mo®* state,
leading to an increase in visible absorption (500 nm) and a
decrease in UV absorption. When the irradiating power was
increased to 3.0 mW/cm? the visible absorption (500 nm)
saturated, suggesting that the reduction of all of the surface
Mo® state to the Mo®* state, because the irradiation was mainly
on the surface of the sample. The visible absorption peak
shifted slightly, to 490 nm, as the irradiating power increased up
to 5.0 mW/cm® Figure 9 shows photographic images: the
yellow as-prepared sample became green-blue as it was exposed
to visible-light irradiation, and then the green-blue color turned
into blue and dark blue as the irradiation power increased.

The UV—vis diffuse reflectance spectra of the polymolyb-
date/Mag sample, as a function of irradiating time, are shown in
Figure 10. A strong UV absorption peak at 250 nm was found
in the as-prepared polymolybdate/Mag. Upon visible-light
irradiation for 10 min with a power of 3.0 mW/cm? the UV
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Figure 8. UV—vis diffuse reflectance spectra of the polymolybdate/
Mag composite dependence on irradiating power, using an irradiating
time of 15 min.

absorption decreased markedly and a new visible absorption at
~500 nm was observed. The UV absorption then continued to
decrease and the visible-light absorption increased as the
irradiation time increased. Moreover, the visible absorption
peak also shifted slightly, to 490 nm, as the irradiating time
increased up to 40 min. It is worthwhile to notice that no band
between 600 nm and 800 nm was observed in any of the
samples, which is often found in some organic hybrids that
contain MogO,¢*~*'"f However, similar maximum visible-light
absorbance or Kubelka—Munk transformed reflectivity were
found at ~473, 500, or 510 nm in some composites containing
polymolybdate or polytungstate.”* This may be due to the
photochromic mechanism of polymolybdate.

The reversibility of the colored samples was examined by
H,0, bleaching (see Figure 11). After bleaching, the irradiation
was repeated. All the bleaching was done with 15% H,O,
solution. The blue color faded quickly (within 2 min) in every
bleaching reaction. The experiment was carried out on two
consecutive days, and with five bleaching/photolysis cycles each
day. Figure 11 shows the visible-light absorption spectra of
colored and bleached samples. In the first day, the bleaching
was carried out by 15% H,0, solution, and five cycles (1-S
times) of bleaching—irradiation were completed. The maximum
absorption of colored samples was almost similar in every cycle.
The next day, the sample was further subjected to 6—10 cycles.
During this experiment, the bleaching also employed a 15%
H,0, solution. We found that the maximum absorption of
colored samples was almost unchanged from the first cycle to
the tenth cycle, suggesting a good reversibility of photo-
chromism for the polymolybdate/Mag composite. In addition,
the yellow sample gradually turned pale yellow after being
bleached in several cycles (see Figure 12). This may be due to
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Figure 9. Coloration pictures of (a) the as-prepared polymolybdate/Mag composite and (b—d) the polymolybdate/Mag composite irradiated at (b)
1.0 mW/cm?, (c) 3.0 mW/cm?, and (d) 5.0 mW/cm?, respectively, for 15 min.
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Figure 10. UV—vis diffuse reflectance spectra of the polymolybdate/
Mag composite, depending on irradiating time under an irradiation
power of 3.0 mW/ cm?.

the bleaching property of H,0, solution. Although the
bleached sample cannot recover its original yellow color, the
bleached sample can be colored (blue) again when irradiated by
visible light.

Mechanism of Photochromism. For MoO;, most studies
suggest that oxygen vacancies and water molecules play an
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Figure 11. Reversibility of coloration—decoloration for polymolyb-
date/Mag for 1—10 times.

important role in photochromism.* Since the as-prepared
MoO; often contain water on the surface or interior, the
necessary protons for the coloration can be generated from the
reaction of the adsorbed water with holes. Subsequently the
protons produced can diffuse into the MoOj lattice to combine
with MoOj;, forming hydrogen molybdenum bronze
H,Mo",Mo"!|_,0;. Meanwhile, the Mo®" captures an adjacent
electron, becoming Mo®*, which is the photochromic core; as a
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Inorganic Chemistry

(

m-

Figure 12. Pictures of (a) the as-prepared polymolybdate/Mag and the (b) first-time coloration, (c) third-time coloration, (d) fifth-time coloration,

(e) seventh-time coloration, and (f) tenth-time coloration.

result, the powder turns blue, because of the intervalence-
charge transfer from the newly formed Mo®" (valence band) to
the adjacent Mo®* (conduction band). The reaction proceeds as
follows:*

MoO; + hv - MoO* + e™ + ht
L1 L1
h™ + EHZO - H" + ZOZ

MoO, + xe” + xH" — HxMonMOVII_xO3

With regard to polymolybdate, it can be seen as metal-oxide
clusters, because of the similar composition and topology
between isopolymolybdate and molybdenum.*® Similar to the
behavior of semiconducting molybdenum oxides, polyoxomo-
lybdates can be photochemically reduced to form colored
mixed-valence species by UV-light irradiation.”® During the
reduction reaction, the coloration was attributed to a transfer of
the proton involved in the hydrogen bond between anions and
organic cations or organic ligands, such as alkylammonium,
alcohols, carboxylic acids, etc. However, few polyoxometalates
exhibit perfect reversibility of the coloration.”® The irrever-
sibility of the color change arises from an uncharacterized side
reactions during both the coloration and decoloration of the
polyoxometalates.

Comparably, the present polymolybdate/Mag composite
based on (TBA),H,_,MogO,s enclosed in magadiite showed
coloration under visible-light irradiation, and irradiation can be
repeated many times. No H atom was bonded with N atoms in
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the TBAOH, that is, TBA" present the composite does not play
a role in photochromism. Therefore, the photochromic
mechanisms of the composite may be different from those of
above-mentioned polyoxomolybdates. Based on an extension of
the above-mentioned principles as well as photochromic
mechanisms of molybdenum oxide and other polymolyb-
dates,**>?° the photochromic mechanism of the present
composite may be explained as follows:

[M0W8026]4_(yellow) + - [Mow8026]4_* (1)
[Mo",0, J*"* + H,0
— [HMo"",M0"0,¢]*" (blue) + «OH @)

When (TBA),H,_.MogO,; powder was irradiated with visible
light, a photochemically active species [Mo'50,]** was
formed. The active species [Mo"s0,¢]* * then can be reduced
by water splitting under photoirradiation, becoming
[HMo"",M0"Oy]* and thus producing hydroxyl radicals
(#OH). Therefore, the interlayer water molecules of magadiite
present in the polymolybdate/Mag composite play a key role in
the coloration of the composite. There are some reports on
hydrogen-bond interaction between interlayer water or guests
and the layers in magadiite;' it is highly possible that hydrogen
bonding exists between the interlayer hydroxyl groups of
magadiite or interlayer water molecule and interlayer MogO,4*~
species in the composite. Although most studies on photo-
chromic MogO,s*™ materials reported that the charge carrier
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needs a strong UV excitation, because of its very high energetic
oxygen-to-molybdenum charge transfers into this cluster, the
hydrogen bond between water molecules and MogO,s*~ or the
terminal O atom present in the composite weaken the O—H
bond of H,0 and make the water splitting easier, leading to the
facile reduction of the MogO,¢*™ species. Moreover, the host
magadiite has good hydration properties and can store and
supply enough water molecules for the color cycling. When the
sample was bleached with H,O, solution, on the one hand,
H,0, oxidized Mo®" into Mo®; in addition, the H,0, solution
provided enough water to compensate for the loss of water
molecules during the irradiation cycle. This may be the main
reason that the polymolybdate/Mag can turn blue under
visible-light irradiation and the irradiation—bleaching cycle can
be repeated many times. The bleaching reaction can be
concluded as

_ 1
[HMo"".Mo" ,0,4]*" (blue) + EHzo2

— [Mo""40,¢]*" (yellow) + H,0

B CONCLUSION

In short, a new composite-based polymolybdate enclosed in
magadiite has been developed through protonation, intercala-
tion, and exfoliation/self-assembly processing. A well-ordered
phase exhibited a larger basal spacing of 18.4 A than those of its
precursors (H-Mag and Na-Mag). The nature of the
polymolybdate was confirmed by X-ray diffraction (XRD),
Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS), as well as reaction system analyses. The photochromism
of polymolybdate/Mag was investigated in detail. The yellow
as-prepared sample turned green-blue as it was exposed to
visible-light irradiation, then further turned blue and dark blue
as the irradiation power or time increased.

The reversibility of the colored samples can be realized by
bleaching with a 15% H,O, solution. After bleaching, the
irradiation can be repeated. When the bleaching (decoloration)
was done with a 15% H,0, solution, the blue color faded
quickly (within 2 min). The coloration—decoloration cycles can
be repeated in excess of 10 times, although the bleached sample
cannot recover the original yellow color, nevertheless, a more
pale yellow is produced. This material exhibits good visible-light
photochromic reversibility, making it potentially useful in the
photochromic applications, such as optical signal processing
and smart windows. Moreover, this material should have higher
thermal stability, in comparison with those of organic or
inorganic—organic photochromic materials.
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