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Abstract A novel thiophene derivative (Fe–Th) with

ferricyanide end group is successfully synthesized. The

polythiophene derivative (Fe–PTh) is additionally obtained

in aqueous solution by polymerization of Fe–Th, and

shows a nanoparticle structure with a diameter from 10 to

100 nm. A simple solid-state electrochromic device is

fabricated using the Fe–PTh as electrochromic material,

and displays a novel three-color electrochromism from

blue, green, and red with the increased potential.

Introduction

Polythiophene and its derivatives are an important class

of organic conjugated polymers, which exhibit superior

electronic and optical properties as well as good thermal

and environmental stability. Among them, the polythio-

phene derivatives containing a functional group in position

3 of the ring are particularly attractive for special appli-

cations, for instance acting as electrochromic materials. In

recent years, a large number of polythiophene derivatives

have been designed and synthesized as electrochromic

materials, but mostly present the monotonous color chan-

ges between blue and red [1, 2]. To satisfy the growing

needs and enrich the increasing use for different

applications in the high technology fields, the modified

polythiophene structure with the updated characters is of

great significance, and has always been one of the issues of

concern.

On the other hand, as an inorganic electrochromic

material, prussian blue (PB) with the special skeletal

structure of Fe(III)–N–C–Fe(II)–C–N–Fe(III) possesses

excellent electrocatalytic properties, good biocompatibil-

ity, high chemical stability and low cost of preparation, and

thus is widely used in the fields of electrochromism

[3], electrocatalysis [4], solid battery [5], biosensor [6],

and electroanalysis [7, 8]. To enhance the applications of

PB, many researches were focused on improving its

response time and coloration efficiency [9]. In the case of

people constantly in pursuit of improving and extending

the property and application of electrochromic materials,

development of new composite materials has become one

of the most intensive approaches in order to create the new

functions owing to the synergic effect originating from

recombination. Recently, exploitation of organic/inorganic

nanocomposite materials provides a new way to achieve

the practical application of electrochromic device [10–14].

Some researches have especially been based on the com-

posite of PB and conducting polymers instead of just

improving each component, and present distinctive elec-

trochromic capabilities [15–19]. For example, the elec-

trochromic devices incorporating the electropolymerized

poly(3,4-ethylenedioxythiophene) (PEDOT) film [20, 21]

or poly(3,3-diethyl-3,4- dihydro-2H-thieno-[3,4-b] [1,4]

-dioxepine) (PProDOT-Et2) film [22] with the ion storage

PB layer has been fabricated, showing a color switch

between light blue and deep blue under electric field. By

depositing the PB films on polypyrrole (PPy) film [23] or

polyaniline(PANI) film [24], the prepared electrochromic

device could achieve the color changes from bluish green
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to pale brown, or from colorless to green and then to navy

blue with the increased potential. However, in majority of

the composites above, the conducting polymers and PB are

in close contact through electrostatic interaction, while the

composite connecting through direct chemical bonds is

scarcely reported.

In this work, we design and synthesize a thiophene

derivative with bromine group and a ferricyanide salt with

dimethylamino pyridine as ligand, obtaining a new thio-

phene derivative with ferricyanide end group (Fe–Th,

Scheme 1). This thiophene derivative combines the thio-

phene group and ferricyanide group through direct chem-

ical bonding, and could form polythiophene and

PB structure in the presence of FeCl3 (Fe–PTh). Using the

Fe–PTh as an electrochromic material, a simple solid-state

electrochromic device is fabricated and its electrochromic

properties are discussed.

Materials and methods

Materials

4-(dimethylamino)-pyridine (DMAP), 3-thiophenemethanol,

triethylamine, and poly(methyl methacrylate) (PMMA) were

purchased from Sinopharm Chemical Reagent Co. Sodium

pentacyano-ammineferroate (II) hydrate and bromoacetyl

chloride were procured from Tokyo Chemical Industry Co.

Methanol, dichloromethane (DCM), Iron(III) chloride

(FeCl3), hydrochloric acid (HCl), and lithium perchlorate

(LiClO4) were obtained from Nanjing Chemical Reagent

Co. Propylene carbonate (PC) was purchased from Aladdin

Chemical Co. All reagents were used as received and all

aqueous solutions were prepared with deionized water.

Synthesis of pentacyano(4-(dimethylamino)-

pyridine)ferrate complex (Fe-DMAP)

The preparation of Fe-DMAP was adapted from Ref. [25].

Sodium pentacyano-ammineferroate(II) hydrate (1.0 g,

3.8 mmol) was added into a solution of DMAP (1.0 g,

8.2 mmol) in methanol (75 mL) at 40 �C. The suspension

was stirred overnight yielding a dark purple solution. The

solution was concentrated under reduced pressure to 10 mL,

in which 40 mL chloroform then was added. The insoluble

solid was filtered off through a plug of Celite, and the filtrate

was concentrated to 10 mL and precipitated by dropping

into 500 mL DCM. The purple solid was collected and dried

under vacuum. Yield 0.79 g (56 %). 1H NMR (500 MHz,

CD3OD, d ppm): 8.08(2H, d), 6.65(2H, d), 3.01(6H, s).

Synthesis of thiophen-3-ylmethyl 2-bromoacetate

(Br–Th)

3-thiophenemethanol (2 mmol) and triethylamine

(2.4 mmol) were dissolved in DCM (8 mL) and cooled to

Scheme 1 Synthetic route for Fe-DMAP, Br–Th and Fe–Th
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0 �C by an ice bath. Bromoacetyl chloride (2.4 mmol)

containing DCM (2 mL) was added in a drop-wise fashion

with a syringe. The reaction was allowed to proceed under

nitrogen atmosphere at 40 �C for 24 h. The product in

DCM was introduced into a separatory funnel and washed

with saturated NaHCO3 (aq). The DCM layer was sepa-

rated and dried over sodium sulfate, then concentrated

under reduced pressure. The product, being called by Br–

Th, was further purified by a silica column chromatography

in a solvent mixture of petroleum ether/ethyl acetate (50/1,

v/v) and dried finally under vacuum. Yield 0.18 g (37 %).
1H NMR (500 MHz, CDCl3, d ppm): 7.37(2H, d), 7.14(1H,

d), 5.24(2H, s), 3.89(2H, s).

Synthesis of thiophene derivative with ferricyanide

end group (Fe–Th)

Br–Th (0.047 g, 0.2 mmol) and Fe-DMAP (0.037 g,

0.1 mmol) were dissolved in methanol (10 mL). The

reaction was held for 24 h at 80 �C under magnetic stirring.

After completion of reaction, the solvent was evaporated

and the product was washed with ether. The resulting solid

was dried under vacuum at 40 �C for 24 h, being called by

Fe–Th. Yield 0.02 g (33 %). 1H NMR (500 MHz, CD3OD,

d ppm): 7.76(2H, d), 7.37(2H, d), 7.11(1H, d), 6.69(2H, d),

4.83(2H, s), 3.74(2H, s), 3.03(6H, m).

Polymerization of Fe–Th

0.1 g Fe–Th was dissolved in 5 mL water, in which 0.08 g

FeCl3 was then added. The reaction was held for 24 h at

40 �C. After that, centrifugation was used for concentrating

the products, which had been washed with water several

times to remove excess FeCl3. The dark blue product was

dried under vacuum, being called as Fe–PTh.

Preparation of gel polymer electrolyte

The PMMA-based gel polymer electrolyte was prepared

according to the literatures [26]. 2.12 g LiClO4 salt was

dissolved into 20 mL PC to form a solution which was then

heated to 100 �C. In this hot solution, 2.9 g PMMA was

added and well-stirred until a transparent gel was formed.

Characterizations

1H NMR spectroscopic analyses were performed at ambi-

ent temperature on 500 MHz spectrometer to confirm the

monomer and polymer composition. Fourier transform

infrared (FTIR) spectra and UV–vis absorption spectra

were recorded on Bruker VECTOR22 spectrometer and

UV3600 spectrometer (Shimadzu, Japan), respectively. A

solid-state electrochromic device (Fig. 1) was fabricated by

dropping 5 mg/mL Fe–PTh water dispersion and PMMA-

based gel polymer electrolyte, respectively on two ITO

glass plates to form their film and then piecing on the films

facing each other, in which Fe–PTh and the PMMA-based

gel polymer electrolyte act as electrochromic material and

ion conductor layer, respectively.

Results and discussion

DMAP molecule has a pyridine nitrogen and a tertiary

nitrogen. The former can coordinate with iron ion, while the

latter can act as a reaction site for further synthesis. We

introduce the halogen group at position 3 of the thiophene

ring, and then combine the ferricyanide salt and thiophene

ring by forming a quaternary ammonium salt. In this way we

obtain a new type of thiophene derivative which is water

soluble due to the presence of ferricyanide end group.

Figure 2a shows the FTIR spectra of the as-synthesized

products. For Fe-DMAP, the peaks at 2114 and 557 cm-1

due to C : N stretching and Fe–CN stretching, respec-

tively indicate the attendance of ferrocyanide salt. The

peak at 1631 cm-1 corresponds to the pyridine ring

vibrations. For Br–Th and Fe–Th, the peak at 1747 cm-1 is

attributed to C = O stretching, demonstrating the presence

of such function groups in these two products. The peak of

pyridine ring is shifted from 1631 to 1647 cm-1, evi-

dencing the change of the tertiary nitrogen on the pyridine

ring to quaternary ammonium. The above characteristic

bands demonstrate that the target molecules have been

successfully synthesized. The peak at 806 cm-1 in Fe–Th

is attributed to the out-of-plane vibrations of thiophene

rings C–H at 2,5 position [27]. The absence of this peak in

Fe–PTh indicates an occurrence of the chemical coupling

of thiophene ring preferentially at 2,5 positions, verifying

the polymerization of the derivative.

The morphology of Fe–PTh examined by TEM is pre-

sented in Fig. 2b, showing a nanoparticle structure with a

diameter from 10 to 100 nm. The Fe–Th has a certain

surfactant property due to the hydrophilic part of ferri-

cyanide and the lipophilic part of thiophene ring, which

makes the Fe–Th molecules into a micelle structure in

aqueous. As a result of the interaction with Fe3?, the

thiophene part is polymerized and the PB structure is

formed at the same time. The final product presents a kind

of nanoparticle structure (Scheme 2).

Fig. 1 Solid-state electrochromic device
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The UV–vis absorption spectra of the products are

shown in Fig. 3. For Fe-DMAP, an absorption peak

appears at 660 nm, which is due to an intervalence charge

transfer mechanism between Fe(II) and Fe(III) [28]. This

absorption peak is red shifted to around 720 nm for Fe–Th

and Fe–PTh, since the generated quaternary ammonium

group disperses the charges of the pyridine ring, thus

reducing the transition energy of the complex and its

polymer. Because of the easier electron transfer, the Fe–

PTh possesses a good optical performance.

Most of the polythiophene derivatives generally present

a red or blue color in the reduction or oxidation state. In the

case of PB, its electrochromism only shows the color

changes from dark blue to green up on changes from

reduction to oxidation state (Fig. 4a). By contrast, the as-

prepared Fe–PTh displays a novel electrochromic behavior

due to its special molecular structure, that is, showing blue

color at 0 V, passes through a green intermediate state at

1.8 V and finally exhibiting brown at 3.0 V, as shown in

Fig. 4b. The device also shows a fast color switch time in

about 1 s. Considering the PB end connecting with the

thiophene ring through direct chemical bonds in the Fe–

PTh, the coloration efficiency of our device could be

regarded as the sum of the coloring efficiencies of the

individual layers.

The UV spectra of the Fe–PTh at different voltages are

presented in Fig. 5. In the spectra, the absorption at 450 nm

expresses the p–p* transition of the polythiophene backbone

and the broad absorption at 750 nm indicates the charge

transfer between Fe(II) and Fe(III). It can be seen that, these

two absorptions display different relative absorption intensity

with the increased potential, and their combinations could

result in the different color of the material [24]. The PB

enhances the red absorbance, resulting in a darker and truer

blue color. As the potential grows up, the intensity of the

absorption of polythiophene backbone around 450 nm

Scheme 2 The formation of the

Fe–PTh in aqueous solution

Fig. 3 UV-vis absorption spectra of Fe-DMAP, Fe–Th, and Fe–PTh

Fig. 2 a FTIR spectra of the

products obtained during the

total synthesis, b TEM image of

Fe–PTh
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increases, while the absorption of PB around 750 nm changes

little, so the color of the material turns to red. With the change

of the relative intensity of these two peaks, the color of Fe–

PTh changes to blue at 1 V, green at 2 V, and brown at 3 V.

Therefore, Fe–PTh has multi-color electrochromic properties

by covering an even wider portion of the color space, which

is potential for applications in the intelligent window, color

electronic paper, and other fields.

Conclusions

A novel thiophene derivative with ferricyanide end group is

designed and synthesized. The afforded water-soluble thio-

phene derivative with ferricyanide end can be polymerized in

aqueous phase in the form of a nanoparticle structure. The as-

prepared polythiophene derivative possesses a good optical

property with the interaction between thiophene and PB. The

construction and characterization of the electrochromic

device is also conducted on the basis of the polymer Fe–PTh.

This material exhibits a three-color electrochromic property,

suggesting its potentiality for application as new elec-

trochromic materials.
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