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Abstract: A visible-light photochromic hybrid film was synthesized based on combining phospho-
molybdic acid (PMoA) with the polythiophene (PTh) matrix. The microstructure and photochromic
properties of the materials were analyzed through atomic force microscopy (AFM), Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS) and ultraviolet-visible spectra
(UV-vis). According to FTIR spectra, the geometries of PMoA and PTh were well preserved in hybrid
film and there exists a strong interaction at the interface of PMoA and PTh. The XPS spectra revealed
the change in the chemical microenvironment and the reduction of Mo6+ atoms in the photoreduction
reaction. Under visible light irradiation, the composite film changed from transparent to blue and
deepened gradually, generating heteropoly blue. The hybrid film also shows reversibility in the
presence of oxygen. The results indicated that the photochromic reaction was inconsistent with
photoinduced electron transfer mechanism.
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1. Introduction

Photochromic materials were considered as a promising research focus in functional
materials and applied in the fields of optical information storage materials, photoelectric
device, optical switching and biomedical research [1–4]. In recent years, the development
of inorganic/organic composite materials and the introduction of self-assembly technol-
ogy, template chemistry and other methods into the preparation greatly improved the
photochromic properties of the materials, providing a broader application direction [5,6].

Heteropolyoxometalates are one of the most popular photochromic materials due to
their high oxidization reducibility, high proton conductivity and excellent solubility [7,8].
In order to increase the application potential of heteropolyoxometalates, efforts have been
made to introduce them into polymeric networks to improve the physical properties
of the photochromic materials such as mechanical strength, optical transparency and
machinability [9–11]. Heteropolyoxometalates, as an anionic charge carrier, were used in
disordered films such as sol-gel films by bonding with cationic groups on organic polymer
chains through weak interactions such as hydrogen bonding, electrostatic force and van
der Waals force. Sun and coworkers [12] synthesized a PMoA/polyvinyl pyrrolidone (PVP)
hybrid film and discovered that the main cause of the photochemical reaction was the
proton transfer between PMoA and PVPd matrix. The interaction of polyoxometalates and
polymer through non-covalent linkages offered a useful approach to improving physical
and chemical properties of the inorganic/organic photochromic materials.

Polythiophene (PTh) has good photoelectric stability, good film forming properties,
high conductivity and a low band gap width of 2.02 eV, which has great application
potential in photoelectric chemistry. PTh has a large π-conjugated electron system, and
its electron-giving ability is better than polypyrrole and polyaniline. PTh can form a
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charge transfer bridge with heteropolyoxometalates, and heteropolyoxometalates and
PTh polymer substrates can be connected by hydrogen bonds. Given these properties of
PTh, a visible-light photochromic composite material was synthesized based on combin-
ing posphomolybdic acid (H3PMo12O40, as called PMoA) with PTh matrix in this work.
The microstructure and photochromic properties of the materials were analyzed through
atomic force microscopy (AFM), Fourier transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS) and ultraviolet-visible (UV-vis) spectra. Based on these
characterizations, the photochromic response principle of the multilayer and the charge
transfer mechanism between PMoA and PTh polymer matrix were investigated.

2. Materials and Methods
2.1. Preparation

Posphomolybdic acid (H3PMo12O40, PMoA) was reused after secondary recrystalliza-
tion, and the other chemicals were used as received without further purification. The sub-
strates were firstly immersed into Piranha solution (sulfuric acid:hydrogen peroxide = 7:3
volumetric ratio) for 1440 min at 353 K and then washed sequentially with deionized water
and ethyl alcohol several times. After being rinsed with ethyl alcohol, the substrates were
preserved in acetone for further use.

0.02 g PTh mixed with 20 mL N,N-dimethylformamide (DMF) to form solution No. 1
with a concentration of 0.1 mg/mL. 0.004 g PMoA mixed with 20 mL ethanol to form
solution No. 2 with a concentration of 0.2 mg/mL. The above solutions were mixed with
stirring to form solution No. 3. A pipetting gun was used to drop this mixed solution onto
a quartz substrate to form a PMoA/PPy hybrid thin film with an amount of 100 µL, as
shown in Figure 1. The thickness of the formed PMoA/PTh thin film was approximately
2.0 µm. The ultraviolet-visible spectrum of the sample was tested on a quartz sheet, the
atomic force microscope (AFM) test of the sample was performed on a silicon sheet and the
rest of the test was performed on a glass sheet.
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Figure 1. Process of synthesis and photochromic reaction.

2.2. Characterization

AFM images of samples were obtained on a 300 HV atomic force microscope (Seiko,
Tokyo, Japan). FTIR spectra was determined with a Nicolet 550 Fourier transform infrared
spectrometer (Nicolet, Madison, WI, USA)in the wavenumber range of 500–4000 cm−1. XPS
measurements were performed on an ESCALAB 250 photoelectron spectrometer (Thermo,
Waltham, MA, USA) to obtain the information about chemical binding energy of samples.
Absorbance curves were measured on a UV–Vis spectrophotometer (JASCO, Tokyo, Japan)
with an optical resolution of 1 nm in the range of 400–900 nm.

2.3. Experiments

Photochromic experiments were carried out using a 300 W Xe lamp (PLS-SXE, Beijing
Perfectlight Technology Co., Ltd., Beijing, China) with a UV filter (pass above 400 nm
wavelength) as a visible light source without any other light sources. The distance between
the lamp and the film was adjusted to 150 mm. Visible light irradiation experiments were
performed in the air to obtain a series of absorbance curves under different irradiation
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timetimes. Then the composite film was kept in the dark to observe the bleaching process,
and the corresponding absorbance were was measured. All experiments were performed
at room temperature.

3. Results

The FTIR spectra of pure PMoA, PTh and PMoA/PTh hybrid film in the range of
400–4000 cm−1 are shown in Figure 2. The absorption peaks at 1542 cm−1 and 1487 cm−1

are the characteristic absorption peaks of the thiophene ring, which are classified as asym-
metric and symmetrical stretching vibrations of the polythiophene ring, respectively. The
characteristic absorption peak at 1325 cm−1 was attributed to the C-S stretching vibra-
tion of the polythiophene ring, and the absorption peak at 1031 cm−1 and 1169 cm−1 is
attributed to the in-plane bending vibration of the C-H bond on the polythiophene ring.
The absorption peak at 783 cm−1 is attributed to the out-of-plane bending vibration of C-H
bond, which was superimposed by the PMoA signals. These indicated that the structure of
PTh is intact and not destroyed in the hybrid film, and the geometric structure of PTh was
still retained in the composite film.
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Figure 2. FTIR spectra of PMoA, PTh and PMoA/PTh hybrid film.

In the spectrum of PMoA/PTh, there are four typical bands at 1064, 962, 874 and
794 cm−1 corresponding to vibration bands of ν(P-Oa), ν(Mo-Od), ν(Mo-Ob-Mo) and
ν(Mo-Oc-Mo), which are similar to those of pure PMoA and only have some shifts. It
demonstrates that the Keggin geometry of PMoA is preserved in the composite film. The
infrared wavelength of PMoA in the composite film is transformed due to the enhanced
coulomb interaction between PMoA and polymer substrate, and the charge transfer occurs.

AFM images (Figure 3) depict the surface morphology of pure PTh and PMoA/PTh
hybrid films before and after visible light irradiation. PTh film (Figure 3a) shows the
peak-shaped structure of similar particle size and the root means square roughness (RMS)
was 7 nm. As shown in Figure 3b,c, the morphology of the film changed obviously after the
combination of PTh and PMoA; the RMS of PMoA/PTh hybrid films was 18 nm (compared
with 7 nm for PTh). It can be inferred that the interaction of hydrogen bonds between PTh
polymer chains is interfered with by the action of PMoA particles under the interaction
force of hydrogen bonds between PMoA and PTh polymer chains. After optical-light
illumination, the RMS of PMoA/PTh composite films increased from 18 to 31 nm, which
indicated the formation of heteropoly blue in photoreduction reaction and proton transfer
increased the spatial angle of the PTh polymer.
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Figure 3. AFM images of (a) pure PTh and PMoA/PTh composite films (b) before and (c) after visible
light irradiation.

The UV-Vis absorption spectra of PMoA/PTh with varied irradiation times in the
coloration process were obtained in Figure 4a. Before irradiation, there was no obvious
absorption peak within the visible light range. The absorption peak intensity increased with
exposure time and reached the maximum value of 5.22 at 740 nm after being illuminated
for 30 min. This characteristic absorption peak at 740 nm was attributed to metal-to-metal
extra intervalence charge transfer (IVCT) (Mo6+ → Mo5+) [8]. As a result of the formation of
heteropoly blue during the photochromic process, the hybrid film changed from transparent
to blue and deepened gradually.
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process, (b) Kinetic plot of the first-order photochromic process of PMoA/PTh film, (c) UV-Vis
absorption spectra of PMoA/PTh under different conditions in the decoloration process, (d) The
reversibility of the coloration cycle of the PMoA/PTh film.

The kinetic process of coloration of PMoA/PTh at 740 nm was further analyzed
(Figure 4b). It is revealed that the photochromic process satisfies the following first-order
kinetic equation:

−ln(A∞ − At) = kt + b

where A∞ is the absorbance value at saturation; At is the absorbance value upon different
irradiation times through the coloration process; k is the rate constant. The rate constant k
of the coloration process is 0.16 min−1, indicating the advantages of composite film in the
photochromic response.
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In Figure 4c, it was shown the fading process of the PMoA/PTh hybrid film. When
the PMoA/PTh hybrid film was placed in the air, the color would gradually fade, but if
the hybrid film was placed in N2 atmosphere for 20 days, the color of the composite film
would not fade. This phenomenon indicated that oxygen plays a key role in promoting the
discoloration of the hybrid film. It was also found that heating can accelerate the fading
process because the absorbance was reduced by 80% when the film was heated at 373 K for
30 min.

The coloration–discoloration cycle experiments were performed to determine the
reversibility of the PMoA/PTh hybrid film. After visible light irradiation to reach the satu-
ration absorbance, the film could be reused by heating treatment. As shown in Figure 4d,
there was only a slight change in absorbance after recycling 7 times, demonstrating that
PMoA/PTh hybrid film presented favorable photochromic properties, with high stability
and good reversibility of the photochromic film [13].

As shown in Table 1, the PMoA/PTh hybrid film exhibited a high maximum ab-
sorbance compared with the other representative samples, which indicated that the proto-
nation effect of PMoA toward PTh in the PMoA/PTh hybrid thin film could increase the
maximum absorbance and greatly improved the photochromic properties of the PMoA/PTh
hybrid film.

Table 1. Comparison of the maximum absorbance of photochromic materials.

Photochromic Material The Thickness of Samples The Maximum Absorbance Reference

PMoA/PANI Hybridizing Thin Film 1.8 µm 3.46 [10]
ZnO/PMoA - 0.21 [14]
WO3-x QDs - 2.75 [15]

PVP/HTA hybrids - 0.78 [16]
CsPbBr3 Quantum Dot Films - 0.78 [17]

PMoA/ZnO/PVP composite film - 0.32 [18]
Aromatic Sulfonium Octamolybdates solid-state 3.2 [19]

PMoA/PTh composite film 2.0 µm 5.27 This work

To further analyze the change of chemical microenvironment in the process of pho-
tochromism, XPS spectra of Mo 3d for the PMoA/PTh hybrid film without and with
irradiation are exhibited in Figure 5 and Table 2. For the PMoA/PTh hybrid film, the
peaks appeared at 232.9 eV and 236.0 eV assigned to 3d3/2 and 3d5/2 of Mo6+, respectively,
and the peaks located at 235.5 eV and 231.8 eV were assigned to 3d3/2 and 3d5/2 of Mo5+,
respectively. The appearance of the characteristic peaks of Mo5+ here can be inferred as
X-ray excitation. After irradiation, the peaks of Mo6+ shift to 233.0 eV and 236.2 eV, and
the peaks of Mo5+ appear at 231.7 eV and 235.0 eV. Compared to the spectrum before
irradiation, the binding energy of 3d of Mo6+ increases, and the proportion of Mo5+ also
increases from 0.09 to 0.33, which is attributed to Mo6+ being converted to Mo5+. It can be
concluded that the chemical microenvironment of Mo atoms has been changed due to the
photoreduction reaction.

Table 2. Binding energies of Mo3d energy level and Mo5+/Mo ratios of PMoA/PTh hybrid film
before and after illumination.

Sample Mo5+ Mo6+
Mo5+/Mo Ratios

3d3/2 3d5/2 3d3/2 3d5/2

Before 231.8 235.5 232.9 236.0 0.09
After 231.7 235.0 233.0 236.2 0.33
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To explain the above photochromic behavior, the mechanism of the hybrid film was
investigated. The photochromic properties of the inorganic/organic hybrid films in this
paper mainly depend on the interactions between inorganic and organic components. The
metal ions in the oxidized polyoxometalates have d0 electronic configurations; therefore,
the low-energy electrons of oxygen 2p orbitals were excited to a high-energy state of metal
d orbitals upon irradiation, which is the so-called oxygen-to-metal (O-M) ligand-to-metal
charge transfer (LMCT). Thus, the electron and hole charges were separated, providing
a condition for stable coloration of the composite film. The hole left at the oxygen atom
interacted with non-bonding electrons on the sulfur atom of PTh. In this process, the Mo6+

atom was reduced to the Mo5+ atom, generating heteropoly blues. When the bleaching
process occurred, an electron transferred from the Mo5+ atom to the oxygen molecule under
aerobic conditions so that the polyoxometalates were oxidized.

The diagram of photochromic mechanism of the PMoA/PTh hybrid film is shown
in Figure 6. Due to protonation, the electron density of PMoA decreased during the
interaction with PTh, thus causing the spectral redshift, which verified the existence of
interface interaction between PMoA and PTh. After light exposure, the heteropoly acid is
reduced to heteropoly blue, and the protons are transferred to PMoA.
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Figure 6. The diagram of the photochromic mechanism of PMoA/PTh hybrid film. (a)PTh, (b) PTh
after protonation, PMoA/PTh composite film (c) before and (d) after visible light irradiation.

4. Conclusions

The PMoA/PTh photochromic materials were prepared by dropping the hybrid
solution on the substrate to form a film. The geometries of PMoA and PTh were well
preserved in hybrid film according to FTIR spectra. Upon irradiation, the protons in
the organic polymer are excited and transferred to PMoA via a charge transfer bridge.
Heteropoly blue was generated in a photoreduction reaction accompanied by the change of
chemical microenvironment. The bleaching process occurred as Mo5+ atoms were oxidized
to Mo6+ atoms in the presence of oxygen. Moreover, the hybrid film was of favorable
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reversibility and stability. The protonation process between PMoA and the PTh matrix was
considered the major cause of the photochemical reaction.
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