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Novel photochromic hybrid organized molecular films composed of polyoxomolybdate (PMo12)

and a series of gemini amphiphile (BisBC18Nn, n = 1, 2, 3) with different hydrophilic spacer

length were fabricated by the Langmuir–Blodgett (LB) technique. When these gemini amphiphiles

were spread on an aqueous PMo12 subphase, hybrid monolayers were formed in situ at the air/

water interface through electrostatic interaction. These hybrid monolayers were subsequently

transferred onto solid substrates and characterized by UV-Vis spectroscopy, Fourier-transform

infrared spectroscopy (FT-IR), X-ray diffraction (XRD), atomic force microscopy (AFM) and

cyclic voltammetry (CV). The hybrid multilayer films showed photochromic property, i.e., the

color of BisBC18Nn/PMo12 hybrid films changed from pale yellow to cyan under UV irradiation

and decoloration occurred when the films were heated in the air. Such processes could be repeated

many times and the films exhibited excellent photochromic reversibility. A slight difference in the

coloration of the hybrid films with different spacer lengths was observed.

Introduction

Photochromism, which was first discovered in 1876, is re-

garded as a reversible transformation in the molecular struc-

ture or charge distribution during light irradiation.1–3 Over the

more than one hundred years since, there have been a large

number of researchers interested in the photochromic materi-

als in view of their potential applications in several important

areas, such as high-density optical storage, optical switching,

image processing, chemical sensors and so on.4–6 Most atten-

tion has been paid to four photochromic systems including

azobenzenes,7 spiropyrans,8 fulgides9 and diarylethenes.10

Upon ultraviolet irradiation, the cis–trans isomerization of a

NQN bond, dissociation of a C–O bond, the bond rearrange-

ment and electrocyclic reactions were suggested to be respon-

sible of photochromism in these systems, respectively. Besides

these organic molecules, some inorganic compounds also

exhibited photochromism.11 Polyoxometalates (POMs) are

typical inorganic metal oxide clusters with a wealth of topo-

logies, chemical and physical properties, and have been used in

some fields such as catalysis, medicine and materials science.12

As versatile inorganic entities for the construction of function-

ally active solids, POMs can accept electrons or protons to

become coloured mixed-valence species while retaining their

structural integrity, which make them suitable for photochro-

mic and electrochromic materials.13 Incorporation of POMs

into organic or hybrid organic–inorganic materials led to

photoresponsive systems, whose properties were manipulated

by light. Especially, alkylammonium polyoxomolybdates have

been found to be photosensitive as solids and in solutions.13a,14

When alkylammonium polyoxomolybdates were irradiated by

UV light at a wavelength corresponding to the O-Mo ligand-

to-metal charge transfer (LMCT), the white crystals became

reddish brown or violet because some Mo6+ were reduced to

Mo5+. To date, several strategies have been adopted to obtain

POM-based photochromic materials, including layer-by-layer

method,14a,15 sol–gel method14b,16 and cast technique.14c,17

The Langmuir–Blodgett (LB) technique is a useful

method for controlling and modifying photochromic reaction

by organizing reactive molecules intentionally in the solid

state,7a,c,8a,b,10a,18 and provides the possibility to fabricate a

well-defined hybrid film.

Gemini amphiphiles are a group of amphiphiles consisting

of two hydrocarbon chains linked together by two ionic

groups and a hydrocarbon spacer group.19 They have a wealth

of variable parameters such as the length of hydrophobic

chains, the size of hydrophilic groups, the type of counterions

and the flexibility and polarity of the spacer, which can

provide a good modulation on the interfacial properties.20

The effect of spacer length is one of the most interesting

properties which can control the separation between the head-

groups and thus influence the molecular assembly, the stability

and topography of the aggregates. In our previous papers, the

hydrophobic spacer was used to regulate the surface properties

of the Langmuir monolayer and the nanoarchitectures formed

by the gemini amphiphiles themselves and the hybrid films of

the gemini amphiphiles with organic dyes, DNA and POMs.21

In the present paper, we extended our work to hybrid

organized molecular films of a series of gemini amphiphiles
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with imine-containing hydrophilic spacers of different length

and polyoxomolybdates fabricated by the LB technique.

Transferred multilayer films were characterized by UV-Vis

spectroscopy, AFM, XRD, CV and FT-IR spectroscopy.

The results suggested that the hybrid films had well-defined

layer structures and exhibited good reversibility of photochro-

mism. Extending the length of the hydrophilic spacer from

one to three imine groups could cause different interfacial

behavior of monolayer films, regular changes of electro-

chemical behavior of PMo12 and a slight differences in the

photochromic properties of the hybrid films.

Experimental

Materials

The Keggin-type phosphomolybdic acid, H3PMo12O40 (abbre-

viated as PMo12), was synthesized according to the literature

procedure.22 A series of gemini amphiphiles, N,N0-bis(4-octa-

decyloxysalicylidene)diethylene triamine (BisBC18N1),

N,N0-bis(4-octadecyloxysalicylidene)triethylene tetramine

(BisBC18N2) and N,N0-Bis(4-octadecyloxysalicylidene)te-

traethylene pentamine (BisBC18N3), were synthesized accord-

ing to the recent report.23 The final products were confirmed

by mass spectra and 1H NMR as well as elemental analysis.

The molecular structures are shown in Fig. 1. Chloroform was

purchased from Beijing Chemicals and distilled before use.

Pure water (18 MO cm) was obtained from the Milli-Q system

and used in all cases.

Preparation

The chloroform solutions of BisBC18Nn (n = 1, 2, 3) with a

concentration of 0.5 mM were spread onto 0.1 mM PMo12
using an aqueous subphase. After complete evaporation of the

solvent for 15 min, the surface pressure–area isotherms (p–A)
were recorded by compressing the barrier at a constant speed

of 7.5 cm2 min�1. A vertical dipping method was employed to

obtain a one-layer LB film with an upstroke speed of 2 mm

min�1 and the LB monolayers were transferred onto freshly

cleaved mica for AFM measurement. The hybrid multilayers

were transferred at 20 mN m�1 by a Langmuir–Sächffer (LS)

horizontal lifting method onto hydrophilic substrates: quartz

plates for UV-Vis spectroscopy and XRD measurements,

CaF2 slides for FT-IR spectroscopy measurements, and

indium tin oxide (ITO) glass slides for CV measurements.

Characterization

The p–A isotherm measurements and LB film preparation

were operated on a computer-controlled Langmuir trough

(KSV 1100, Helsinki, Finland) with an area of 75 � 325

mm2. The working temperature of the water in the trough

was controlled within 20.0 � 0.2 1C by circulating thermo-

stated water. AFM images were recorded on a Digital Instru-

ment Nanoscope IIIa Multimode system (Santa Barbara, CA)

with a silicon cantilever using the tapping mode. UV-Vis and

FT-IR spectra were recorded on a JASCO V-530 spectrometer

and FT-IR 660 spectrophotometer, respectively. Low-angle

XRD of LB multilayer films was performed on a Hitachi

National D/Max-RB X-ray diffractometer with Cu-Ka radia-

tion. Electrochemical experiments were carried out on a

Model 600B Voltammetric Analyzer (CHI Instruments,

USA) in a conventional one-compartment cell with ITO as

working electrode, Ag/AgCl as reference electrode and a Pt

wire as an auxiliary electrode. All electrochemical measure-

ments were carried out at room temperature under nitrogen

atmosphere. Photochromic experiments were carried out using

a 500 W mercury lamp (l = 365 nm) as the light source. The

distance between the lamp and the sample was 20 cm. Samples

were kept in air during irradiation.

Results and discussion

1 Formation of hybrid monolayers at the air/aqueous

PMo12 interface

p–A isotherms of the spreading films. The p–A isotherms of

the spreading films of BisBC18Nn (n = 1, 2, 3) on the

subphase of an aqueous PMo12 solution are presented in

Fig. 2. In comparison with the isotherms of BisBC18Nn on

a pure water surface (see ESI,z Fig. S1), the isotherms of the

corresponding amphiphiles on the PMo12 subphase all showed

increases in molecular area. This may be the result of the

hydrophilic spacer (in our previous report, the molecular areas

of the gemini amphiphile with hydrophobic spacer on poly-

oxometalate subphase were smaller than that on the pure

water surface).21c Since the PMo12 solution is acidic with

pH = 3, it can make the –NH– group in BisBC18Nn proto-

nated. Therefore, the strong interaction between positively

charged amphiphiles and negatively charged PMo12 resulted

in spontaneous formation of stable monolayers. For the

BisBC18Nn (n = 1, 2, 3) molecules, their isotherms on a pure

water surface were nearly overlapped (see ESI,z Fig. S1), while
their isotherms on the PMo12 subphase exhibited obvious

Fig. 1 Structures of phosphomolybdic acid PMo12 and gemini amphiphiles BisBC18Nn (n = 1, 2, 3).
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differences. With an increase in the number of diethylene

amine groups, the limiting molecular area of the correspond-

ing gemini amphiphile became larger: 0.70, 0.81 and 0.84 nm2

molecule�1, respectively, as a consequence of hydrophilic

chain extension. The three BisBC18Nn/PMo12 (n = 1, 2, 3)

isotherms all showed transition points between 40 and 50 mN

m�1. Such phenomena could be related to a phase transition

from an expanded state to a condensed liquid phase. More-

over, the limiting surface areas were different from the lift-off

areas, which proved that these gemini amphiphiles had large

compressibility.

AFM characterization. To properly understand the interac-

tion between gemini amphiphiles and polyoxomolybdate at

the air/water surface, and the effect of hydrophilic spacer

length on the interfacial behaviour of gemini amphiphile, the

morphologies of one-layer LB films were investigated by AFM

measurement. On the whole, uniform domains with different

sized holes were observed in one-layer BisBC18Nn/PMo12
(n = 1, 2, 3) films (as shown in Fig. 3). On analyzing the

height profiles of the BisBC18N1/PMo12 monolayer film, it

was found that the height of the holes was 1.3 nm. In the case

of BisBC18N2/PMo12 and BisBC18N3/PMo12 film, the holes

were about 1.5 and 1.7 nm in depth, respectively. Comparing

these images of the three BisBC18Nn/PMo12 monolayers

transferred at the same pressure, we observed that the net-like

domains became more distinct and the mean roughness of the

surface rose with increase of hydrophilic spacer length.

According to the height of the holes, the domains should be

composed with one layer of BisBC18Nn molecules, with the

PMo12 layer situated beneath the BisBC18Nn domains.

2 Characterization of transferred multilayer films

X-Ray diffraction. The layered nature of the deposited films

was established by X-ray diffraction. Good patterns extending

to second-order diffraction were observed for these LB films,

as shown in Fig. 4. The layer distances (d-spacing) of the films

were calculated based on the Bragg equation (nl = 2dsiny).
The d-spacings were estimated to be 3.76, 3.71 and 3.74 nm for

the BisBC18Nn/PMo12 (n = 1, 2, 3) hybrid films, respectively.

From these experimental values, it could be regarded that all

the films were Y-type multilayers and each unit was composed

of two-layer gemini amphiphiles and one layer of PMo12. The

alkyl chains were tilted from the vertical array and inter-

crossed between two-layer gemini amphiphiles, which was

different from the arrangement of long alkyl chains in other

Y-type LB films made of typical amphiphiles and POMs.24

Possible structure models are given in Fig. 4(d).

Cyclic voltammetry. In the previous results, it was found

that the length of hydrophobic spacer could affect the electro-

chemical behaviour of the immobilized heteropolyanions.25

We wondered if the length of hydrophilic spacers had the same

influence as hydrophobic spacers on the electrochemical be-

haviour of PMo12. The electrochemical response of the three-

layer BisBC18Nn/PMo12 (n = 1, 2, 3) films are shown in

Fig. 5. Three well-defined sets of reversible peaks were ob-

served in each hybrid films, which corresponded to reversible

one-, one- and two-electron reduction processes of PMo12.
22,26

In addition, the peak potential separations of three pairs DEp

(DEp = Epa � Epc; Epa and Epc are the anodic and cathodic

peak potential, respectively) were o20 mV cf. the zero value

expected for a reversible surface redox process.27 This might

be attributed to a non-ideal behaviour of the adsorbed

Fig. 2 p–A isotherms of gemini amphiphiles: (a) BisBC18N1, (b)

BisBC18N2, (c) BisBC18N3 on the subphase of PMo12 aqueous

solution.

Fig. 3 AFM images of one-layer films transferred at 20 mN m�1: (a) BisBC18N1/PMo12, (b) BisBC18N2/PMo12, (c) BisBC18N3/PMo1.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 959–965 | 961
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moieties, which is a common phenomenon in all electrodes

coated at the monolayer or submonolayer level.28 With the

spacer length increasing, Epc2 slightly shifted to larger poten-

tial (from curve (a) to (c)). This indicated that the participation

of more hydrophilic groups of gemini amphiphiles made the

reduction process of the PMo12 easier. This result is opposite

to the conclusion that more hydrophobic spacers do not

benefit the reduction process of the PW12.
25

UV-Vis spectra. Fig. 6 shows the UV-Vis spectra of

BisBC18Nn/PMo12 (n = 1, 2, 3) multilayer films transferred

at a constant surface pressure of 20 mN m�1. The absorption

bands at 231, 275 and 302 nm were designated as p–p* and

n–p* transitions for electrons localized on the azomethine

group.23 However, only the band at 320 nm and the shoulder

band at 220 nm could be observed in the BisBC18Nn/PMo12
(n = 1, 2, 3) multilayer films. Two characteristic bands of

PMo12 in solution are at 215 and 330 nm corresponding to the

different oxygen to molybdenum charge transfer (CT)

transitions.14c Therefore, we concluded that the shoulder band

at 220 nm was a result of the overlap of two bands (at 215 and

231 nm), while the band at 320 nm corresponded to the

overlap of bands at 302 and 330 nm. Such characteristics of

absorption bands may be attributed not only to the coexis-

tence of PMo12 and BisBC18Nn molecules, but also to the

ordered arrangement of the molecules.

FT-IR spectra. FT-IR spectroscopy has been widely utilized

to detect changes of molecular structure and orientation in

organized films. FT-IR spectra of BisBC18Nn/PMo12 (n = 1,

2, 3) multilayer films in the region from 900 to 3000 cm�1

before and after irradiation are presented in the ESI,z Fig. S3,
with main vibration bands in the FT-IR spectra listed in

Table 1. In the as-deposited films the symmetric and asym-

metric vibrations of CH2 were observed at 2850 and

2918 cm�1, respectively, which indicated that the hydrocarbon

chains were highly ordered.29 The strong bands at ca.

950 and 1065 cm�1 were associated with the vibration modes

of MoQOd and P–Oa stretching band, respectively.
12a,30 In the

hybrid films, these bands narrowed and slightly shifted in

contrast with the bands in a KBr pellet. The result showed

that PMo12 clusters might have a particular orientation in the

multilayer films prepared using the LB technique. Alterna-

tively, it may be the result of strong Coulombic interaction

between PMo12 anions and amphiphile cations. Further strong

vibration bands at 1606 (1607, 1609), 1465 (1465, 1465) and

1296 (1296, 1296) cm�1 were ascribed to the vibrations of the

CQN bond, and the scissor vibrations of the CH2 and

phenolic group, respectively. When the gemini amphiphiles

with different hydrophilic spacer length interacted with the

PMo12 cluster, two characteristic bands of PMo12 in the

corresponding hybrid films showed differences in peak posi-

tions and relative intensities. Actually the relative intensity of

Mo–Od stretching band with respect to the P–Oa vibration

may be directly correlated with electrostatic interaction be-

tween the amphiphile and PMo12. With an increase in the

hydrophilic spacer length the relative intensity became

Fig. 4 XRD patterns of multilayer films of (a) BisBC18N1/PMo12,

(b) BisBC18N2/PMo12 and (c) BisBC18N3/PMo12 transferred at 20

mN m�1. (d) Schematic representation of a possible structure of

BisBC18Nn/PMo12 hybrid films.

Fig. 5 CVs of three-layer films modified on ITO in 0.5 mol L�1

H2SO4 solution: (a) BisBC18N1/PMo12, (b) BisBC18N2/PMo12, (c)

BisBC18N3/PMo12; scan rate: 50 mV s�1, initial potential: 0 V.

Fig. 6 UV-Vis absorption spectra of 70-layer multilayer films trans-

ferred at a constant pressure of 20 mN m�1: (a) BisBC18N1/PMo12,

(b) BisBC18N2/PMo12, (c) BisBC18N3/PMo12. The inset shows

UV-Vis spectra of the corresponding films after irradiation.

962 | New J. Chem., 2008, 32, 959–965 This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008
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stronger due to more –NH2
+– groups interacting with the

PMo12 cluster, which resulted in a stronger electrostatic inter-

action.

3 Photochromic properties of the hybrid films

Initially, these multilayer films were perfectly transparent in

the visible range (digital photo shown in Fig. 6). After UV

irradiation for 10 min, a strong absorption band with a

maximum at approximately 700 nm can be observed in the

inset of Fig. 6. Such an absorbance (0.09 at 700 nm) was

sufficient to allow visual perception of the photochromic

coloration and is characteristic of coloured, reduced molecular

species (so-called heteropoly blues)30 with d–d band charge

transfer intervalence transitions (Mo6+ - Mo5+) in the

visible region. The color of the BisBC18Nn/PMo12 multilayer

films changed from very pale yellow to cyan. The position of

maximum absorbance showed a small red shift with an

increase of hydrophilic spacer length (see arrows in inset to

Fig. 6). Furthermore, the reaction kinetics of coloration and

decoloration were studied. Fig. 7(a) shows the change of the

absorbance of the multilayer at 700 nm with irradiation time.

In the first 5 min, the change of absorbance was distinct for

these hybrid films. After irradiation for 15 min, the

BisBC18N2/PMo12 and BisBC18N3/PMo12 films nearly

reached saturation, while BisBC18N1/PMo12 films seemed

not to reach saturation even after 20 min irradiation. The

cyan-coloured films were found to be stable in N2 atmosphere.

According to previous research, a bleaching process could

occur in the presence of O2
13a,14 but in our case the response

speed was very slow and the bleaching process typically took

around ten days in air at room temperature. Heating, however,

led to fast and homogeneous bleaching of the cyan-coloured

films in the presence of oxygen. Fig. 7(b) shows the decolora-

tion process with heating time at 100 1C in air. The bleaching

speed of coloured BisBC18N1/PMo12 was faster than that of

the other two films. Based on the above results, it was

confirmed that BisBC18N3/PMo12 films exhibited the poorest

response to photochromic reaction and the hybrid films with

shorter spacers tended to show better photochromic ability.

This suggested that the photochromic behaviour of poly-

oxomolybdates could be improved by choosing appropriate

organic components.

Repeated irradiation and heating cycles of multilayers

revealed the photochromic reversibility (see ESI,z Fig. S2).

After tens of cycles, no clear photofatigue of photochromic

behaviour were observed. In other words, three hybrid films

presented good coloration–decoloration reversibility. The re-

sponse time of the photochromic reaction was dependent on

the power of the irradiation source with a 30 W UV lamp

leading to a slower coloration process.

There were three important phenomena under irradiation

and heat revealed from FT-IR spectra of these films. Firstly,

the frequency of the asymmetric CH2 stretching bands of the

hydrocarbon chains shifted from 2918 to 2919 or 2920 cm�1 in

the coloured film, and continued to show a shift further to

higher frequency after heating. If the coloured film was kept in

the air without heating for a long time, the position of CH2

vibration bands in the bleached film gradually recovered to

2918 cm�1. The frequencies of CH2 stretching bands are

sensitive to the conformation of a hydrocarbon chain with

lower frequencies of bands characteristic of highly ordered

alkyl chains, while shifts to higher wavenumber are indicative

of an increase in conformational alkyl disorder. In other

words, irradiation and heating could cause the disordering

of the alkyl chains. Secondly, the vibrational bands of P–Oa

and Mo–Od shifted to lower frequency under irradiation.

When heated in the air, these bands of the films returned back

to their original values to some extent. In general, the position

of Mo–Od stretches changes with electrostatic interaction. The

shift to low wavenumber of the Mo–Od asymmetrical stretch-

ing frequency of the composite film occurred because irradia-

tion shortens the anion–anion distances and enhanced the

electrostatic interaction. By contrast, heating lengthened the

distances and weakened the interaction. Third, the ratio of the

intensities of the Mo–Od to P–Oa band increased under

irradiation and decreased under heating, which further proved

that irradiation enhanced the interaction between the

Table 1 Characteristic vibration bands of three hybrid films in different conditions

IR band/cm�1

BisBC18N1/PMo12 BisBC18N2/PMo12 BisBC18N3/PMo12

Original Light Heat Original Light Heat Original Light Heat

CH2 (asym) 2918 2919 2921 2918 2920 2922 2918 2920 2922
CH2 (sym) 2850 2850 2850 2850 2850 2850 2850 2850 2850
PQOa 1060 1054 1057 1063 1055 1060 1064 1056 1060
Mo–Od 950 942 945 951 944 947 951 943 947

IMo�Od
/IPQOa

a 0.5 1.7 1.2 0.6 2.8 1.6 0.7 2.7 1.7

a Intensity ratio of Mo–Od to PQOa vibration band.

Fig. 7 (a) Plot of the absorbance at 700 nm with irradiation time. (b)

Plot of the absorbance at 700 nm with heating time in the presence

of O2.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 959–965 | 963
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amphiphile and PMo12 while heat weakened this interaction.

Under stimulation of light and heat, the BisBC18N1/PMo12
multilayer films presented the smallest change of the ratio of

the intensities of Mo–Od to P–Oa band during the coloration

and decoloration process, while BisBC18N3/PMo12 multilayer

films showed the greatest changes. On the whole, the PMo12
molecules retained their basic structure after coloration except

for some distortion, with such a distortion contributing to the

transformation of the bonds between the polyoxomolybdates

and the amphiphile.

With the increase of hydrophilic spacer length, more amine

groups are anchored on the surface of PMo12 so that the

electrostatic interaction between BisBC18Nn and PMo12 is

enhanced. Therefore, BisBC18N3/PMo12 multilayer films

showed the greatest changes in the relative intensity of the

Mo–Od to P–Oa band during the coloration and decoloration

process. However, more strong electrostatic interaction will

act against proton transfer during the photochromic

process,13a which causes the slowest response of BisBC18N3/

PMo12 films to photochromic reaction. On the contrary, the

weakest interaction between BisBC18N1 and PMo12 benefited

the hybrid film which showed the best photochromic ability.

Conclusions

Hybrid multilayer films based on a series of gemini amphi-

philes BisBC18Nn (n = 1, 2, 3) with different hydrophilic

spacer lengths with phosphomolybdic acid (PMo12) were

constructed through the LB technique. The hybrid monolayers

could be deposited as multilayer films and all the hybrid films

exhibited a well-defined layer structure. When exposed to UV

light, the BisBC18Nn/PMo12 hybrid films changed from pale

yellow to cyan. The reverse reaction occurred in air or O2 with

the help of heat. Repeatable coloration–decoloration proved

the excellent photochromic reversibility of the hybrid films.

Although the spacer length of the gemini amphiphiles has an

obvious effect on the monolayer property, it affects the

photochromic properties only slightly. The spacer length

causes slight differences in the maximum absorption position

of the coloured species, which may be due to subtle change of

the environment around the POM. By analyzing changes in

the position and relative strength of Mo–Od and P–Oa stretch-

ing band, it was revealed that BisBC18N1/PMo12 hybrid films

with the shortest spacer showed the best photochromic ability.

The present results prove that an appropriate selection of the

polyoxometalate and amphiphiles could lead to the prepara-

tion of hybrid LB films that exhibit good photochromic

properties.
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