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ABSTRACT

Novel electroactive functional polyurethane PU(IPDI-AQ-EG) with anthraqui-

none moiety in the backbone is synthesized and characterized. Due to the

stable redox behaviors from spectroelectrochemical tests, PU(IPDI-AQ-EG) film

is used to prepare electrochromic device with ITO/PU(IPDI-AQ-EG)/gel elec-

trolyte/ITO structure, which shows well-behaved electrochromic properties

with obvious color contrast when applied the external potentials from 0 to

- 2.0 V. Moreover, electrical memory devices with configuration of ITO/

PU(IPDI-AQ-EG)/Al are successfully fabricated via convenient spin-coating

process. Current–voltage sweeps between the two electrodes indicate this type

of device exhibits typical resistive switching performance with the function of

flash memory. The devices can operate at low threshold voltages (write voltage

of - 2.7 V and erase voltage of ? 2.8 V) with a high ON/OFF current ratio up to

105. The retention time of both conductivity states can be maintained as long as

3000 s without obvious deterioration. It has been demonstrated that the

anthraquinone group serving as good electron-withdrawing site in the polymer

backbone has a strong influence on the resistive switching characteristics. Pre-

liminary results reveal that the obtain polyurethane PU(IPDI-AQ-EG) is a

promising multi-functional material that can be applied in both polymeric

electrochromic and memory devices.

Introduction

The booming development of information technology

demands for the electrical memory devices to achieve

flexible, light weight, high data storage, fast response,

and low cost. The fabrication and application of the

traditional silicon- and metal oxide-based semicon-

ductor have met many difficulties [1]. In recent years,

polymer nonvolatile memory devices, which not only

overcome the disadvantage of silicon-based semi-

conductor device but also possess the advantages

such as flexible, light weight, easy fabrication, and
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most likely breaking potential limiting scaling diffi-

culties, have become the active research topic in new

nonvolatile data storage technology [2, 3]. Polymer

memory devices can exhibit several different con-

ductivity states at the same applied voltage to fulfill

ultrahigh density and ultrahigh-capacity data stor-

age, and thus they are promising candidates for next

generation memories. To date, owing to their resis-

tive switching properties, various polymers and

composites, such as poly(N-vinylcarbazole) and

derivatives [2, 4], non-conjugated and conjugated

copolymer containing chelated europium complex

[2, 4], polyimides [5–7], polythiophene and their

derivatives [8, 9], polyfluorene derivative [10], con-

jugated-polymer-functionalized graphene oxide [11],

have been reported in nonvolatile memory applica-

tions. It is worth noting that a number of interpreta-

tions have been addressed for the memory effect in

electron donor–acceptor (D–A) containing polymers

[12–14], in which electric-field-induced charge trans-

fer (CT) can easily occur within the repeating unit of

the polymer to develop a CT complex. The stability of

a CT complex is essential for the retention of charge

in the resistive-type memory device, and it strongly

depends on the molecular electronic properties, that

can be tuned by electron-donating or electron-with-

drawing substituents [15]. Electron-donating moieties

containing electron-rich substituents, such as car-

bazole, arylamine, or dibenzothiophene groups, and

electron-withdrawing moieties, such as hexafluo-

roisopropyl or sulfonyl groups and imide rings, have

been widely introduced in the synthesis of D-A

polymers, and the impact of various electron-donat-

ing/electron-withdrawing moieties on the memory

characteristics has been fully addressed [16–18].

Recently, anthraquinone (AQ) group as electron-

withdrawing moieties was introduced into some azo

molecules [19, 20] and polyimides [21], and memory

investigations of these organic or polymeric systems

have showed that AQ units were not only suit-

able receptors but also acted as charge carriers for

electronic conductivity in the materials [19, 21].

Besides, AQ unit holds the feature of two-electron

reduction/oxidation reactions, which enables an AQ

containing molecular wires being invertibly switched

by chemical reduction and oxidation between cross-

conjugated and linear conjugated to cause a con-

ductance change from low (‘‘off’’) to high (‘‘on’’) [22].

Interestingly, in the two-electron reduction reactions,

the anthraquinone group is reduced to radical

anionic and dianionic forms, and this process is

usually involved with a remarkable change of col-

oration. Several polymers consisting of AQ moieties

have been introduced as active materials in elec-

trochromic devices [23, 24]. Therefore, AQ group can

be promising chemical components in decorating

either the side chain or in the backbone of high-per-

formance polymers, and their roles in the memory

and electrochromic characteristics are essential for

the development of advanced multi-functional

polymers.

Polyurethane (PU), a cheap but superior engi-

neering thermoplastic, has already received consid-

erable attention since it has been synthesized, due to

their unique physical and chemical properties, as

well as outstanding biological compatibility. The

potential application of PUs in photoelectric device

has been proposed in some studies [25–29]. Recently,

significant research efforts have been devoted to

decorating PU with some functional electroactive

components to meet the production requirements for

nonvolatile memory devices. Mixing PU with some

micromolecules or carbon nanotubes forming a con-

tinuous network of the conducting composite mate-

rial has showed the bidirectionally switchable

memory characteristics [26, 30]. However, resistive

switching behaviors of pure PU material have not

been reported yet. The development of highly

stable anthraquinone-based polyurethanes as single

active polymeric layer for multi-functional applica-

tions has become rapidly evolving research fields.

In this work, we attempted to modify PU chain

using the electrosensitivity of AQ moieties to obtain a

functionalized PU(IPDI-AQ-EG) for high-perfor-

mance memory devices and electrochromic devices.

AQ unit was from an important diol monomer 1,5-

bis(2-hydroxyethoxy)anthraquinone (BHEA), and

isophorone diisocyanate (IPDI) was employed as a

non-toxic connecting unit. With a flexible ethoxyl

linkage between AQ and the IPDI units, the synthe-

sized material is highly hydrophilic and soluble in

common organic solvents and exhibits high thermal

stability. The film morphology is measured by AFM

technique, and the optical properties and energy

levels are analyzed by cyclic voltammetry (CV)

accompanied with UV–Vis spectroscopy. As is

expected, smooth nanoscale thin films of PU(IPDI-

AQ-EG) were readily obtained by conventional spin-

coating method. Memory device based on this

PU(IPDI-AQ-EG) exhibits excellent resistive flash
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memory characteristics, in which the devices can be

operated at low threshold voltages with a high cur-

rent ratio and retention time of both ON and OFF

states. Investigations of the electrochemical and

electrochromic properties of PU(IPDI-AQ-EG) are

also carried out, and the results suggested that this

polyurethane is also a promising candidate for elec-

trochromic application.

Experimental

1,5-Dichloroanthraquinone, dibutyltin dilaurate, and

isophorone diisocyanate (DBTDL) came from Sigma-

Aldrich Chemicals. All the other chemicals and

reagents were of high quality and available from

reputed suppliers. FTIR spectrum (KBr pellets) was

recorded at resolutions of 4 cm-1 on a Thermo

Nicolet 360 spectrometer within the range of

4000–400 cm-1. The relative molecular weight (Mw)

and polydispersity (Mw/Mn) were estimated using a

Waters alliance e2695 GPC system. HPLC-grade THF

was used as the eluent flowing at 1.0 mL/min at

30 �C. Monodisperse poly(ethylene oxide) were

employed as calibration curve standards. The UV–

Vis absorption spectrum was measured by a Varian

Cary 300 UV–Vis spectrophotometer. TG analyses

were performed on TA Q5000IR at a scan rate of

10 �C/min under nitrogen atmosphere. DSC studies

were carried out with a NETZSCH 200 F3 at a heating

rate of 20 �C/min under nitrogen flow. The rheo-

logical properties were measured on a HAAKE

MARS II rheometer with 25-mm-diameter parallel-

plate geometry. Oscillatory shear was applied on the

sample at a constant temperature of 160 �C. The

chosen gap was 1 mm and the strain amplitude is 1%

in all experiments. The morphological characteriza-

tion of the polymer films was measured on a Bruker

Dimension Edge atomic force microscope (AFM)

with the tapping mode. Cyclic voltammogram (CV)

was measured using a CHI 760E potentiostat by a

three-electrode system. ITO substrate with the casting

polymer films was used as the working electrode, a

saturated Ag/AgCl as the reference electrode, and

platinum plate as the counter electrode, respectively.

The CV sweeps were performed in a solution of

0.1 M tetrabutylammonium hexafluorophosphate (n-

Bu4NPF6) in anhydrous acetonitrile (ACN) at a

scanning rate of 50 mV/s with nitrogen blowing at

room temperature. SEM image was taken on a

Hitachi su8010 field emitting scanning electron

microscope.

The synthesis procedure of BHEA was as follows.

1,5-Dichloroanthraquinone (5.58 g, 20 mmol), KOH

(2.70 g, 48 mmol), and ethylene glycol (80 mL) were

mixed together and heated to 120 �C under vigorous

stirring until the reaction was completed. After being

cooled, the mixture was poured into distilled water

(400 mL). The yellow precipitate was filtered, washed

with ethanol, and dried at 80 �C for 8 h to yield 4.90 g

of the crude product. And then it was purified by

repeated recrystallization from N,N-dimethylfor-

mamide (DMF)/H2O mixture in the presence of

charcoal to yield brilliant yellow crystals (2.75 g, a

productivity of 42%). M.p. = 182 �C, ref: 185–186 �C
[31]. FTIR (KBr, cm-1): 3385, 2949, 2875, 1654, 1588,

1440, 1260, 1014, 711. 1H NMR (d, DMSO-d6, ppm):

7.80 (t, J = 7.8 Hz, 1H), 7.71 (dd, J1 = 7.8 Hz,

J2 = 1.2 Hz, 1H), 7.53(dd, J1 = 8.4 Hz, J2 = 0.84 Hz,)

4.84 (t, J = 5.4 Hz, 1H), 4.20 (t, J = 5.4 Hz, 2H), 3.81 (q,

J = 4.8 Hz, 2H). 13C NMR: 59.94, 71.5, 119.4, 119.7,

120.9, 135.9, 137.2, 159.3, 182.0.

The synthesis procedure of PU(IPDI-AQ-EG) was

as follows. A mixture of IPDI (7.66 mmol, 1.7027 g)

and DBTDL (0.1 wt% of total mass of reactants) was

dropwise added into a solution of BHEA (1.70 mmol,

0.5587 g) in dewatered DMF (3 mL) in a three-neck

flask. The reaction mixture was heated to 80 �C and

stirring under nitrogen for 8 h, and then ethylene

glycol (6.81 mmol, 0.4226 g) dissolved in 3 mL

dewatered DMF was added and maintained at 80 �C
for another 12 h. Afterward, the pure polymer was

obtained by precipitations from DMF into petroleum

ether following by drying under vacuum at room

temperature for 24 h to give 1.98 g yellow powder,

yield 87.7%. The relative molecular weight (Mw)

obtained by GPC was found to be 11014 g/mol with

the polydispersity indexes (PDI) of 2.18. FTIR (KBr,

cm-1): 3339, 2954, 2925, 1709, 1671, 1585, 1531, 1259,

1237, 808, 775, 714, 662.

The synthesis procedure of PU(IPDI-EG) was as

follows. Dry ethylene glycol (1 mmol, 0.0621 g) was

added in a three-necked flask, and then IPDI

(2 mmol, 0.4446 g) and DBTDL (catalyst, 0.1 wt% of

the total mass of reactants) dissolved in 1 mL dewa-

tered THF were added dropwise to the flask. After

stirring for 1 h of the reaction at 80 �C under nitro-

gen, the mixture of dry ethylene gylcol (1 mmol,

0.0621 g) and dewatered THF (2 mL) was added

dropwise into the flask and stirred for 3 h. During the
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reaction, the THF (2 mL) was added once an hour to

control the viscosity. Afterward, the PU(IPDI-EG)

was gained by reprecipitating from THF into petro-

leum ether for several times. Finally, we obtained

pure PU(IPDI-EG) of 0.5178 g (91%). FTIR (KBr,

cm-1): 3339, 2953, 1709, 1531, 1259, 1237, 775.

Electrochromic devices were fabricated on ITO

(\ 10 X/sq) substrates, with the configuration of

ITO/PU(IPDI-AQ-EG)/gel electrolyte/ITO. The

PU(IPDI-AQ-EG) film was fabricated by casting a

5.0 wt% THF solution onto the ITO substrates, then

dried under vacuum. A final sample with area of

around 1.0 9 1.0 cm2 was obtained after removing

the edge of the film. The used gel electrolyte was

prepared by dissolving polyethylene oxide (PEO,

Mv * 100000, 0.32 g) and lithium perchlorate

(LiClO4, 0.0731 g) in dry ACN (4 mL), followed by

adding 1 mL propylene carbonate as plasticizer.

Subsequently, sandwiched structure device with the

configuration of ITO/PU(IPDI-AQ-EG)/gel elec-

trode/ITO was fabricated by assembling the two

ITO/glass substrates. Finally, the device was sealed

with a two-component epoxy resin. Electrochromic

measurements of the devices were performed on the

CHI 760E potentiostat under ambient conditions.

Memory devices with the configuration of ITO/

PU/Al were fabricated as following steps. ITO-

coated glass substrates (\ 10 X/sq) were sequentially

cleaned by ultrasonic treatment in deionized water,

acetone and isopropanol and then dried by nitrogen

gas blowing. The PU solution in THF (1.0 wt%) was

filtered through 0.45-lm PTFE microfilters and then

spin-coated on the clean ITO substrates at a rotation

speed of 1000 rpm for 60 s. Subsequently, the sub-

strates were transferred to a vacuum oven for solvent

removal at room temperature for 16 h. Finally, circle

Al top electrode was defined by thermal evaporation

through a shadow mask (cell size of 0.0314 mm2) at a

base pressure of about 10-6 Torr with an evaporation

rate of 1–2 Å/s. All devices without any encapsula-

tion were measured using a Keithley 4200SCS semi-

conductor characterization system in ambient

condition. During the electrical measurements, ITO

was stated as the ground electrode and Al was

maintained as the top electrode.

Results and discussion

The synthetic route of anthraquinone-functionalized

PU(IPDI-AQ-EG) is shown in detail in Scheme 1. The

anthraquinone monomer BHEA was synthesized by

the reaction of 1,5-dichlorianthraquinone with ethy-

lene glycol in the presence of potassium hydroxide at

120 �C. And then, PU(IPDI-AQ-EG) was prepared by

using a facile approach involving a two-step poly-

merization. Firstly, NCO-terminated prepolymers

were carried out by the polycondensation of IPDI and

BHEA at an IPDI/BHEA molar ratio of 4.5:1 in dry

DMF by using DBTDL as a catalyst. And then a

portion of chain extender ethylene glycol (EG) was

added to the mixture, and the reaction was allowed

to proceed until the NCO peaks (2260–2280 cm-1) in

the FTIR spectrum disappeared completely. Similar

method was used to synthesize the PU without

anthraquinone unit, namely PU(IPDI-EG), which is

adopted as a pure urethane system without AQ

functionalized component. The synthesized PU(IPDI-

AQ-EG) and PU(IPDI-EG) are not soluble in petro-

leum ether and water, but slightly soluble in solvents

such as methanol, diethyl ether, ACN and acetone,

and freely soluble in solvents such as ethyl acetate,

CH3Cl, THF, DMF, and DMSO, producing pale yel-

low-colored solutions. However, PU(IPDI-EG) only

exhibited a good solubility in THF and partially sol-

uble in CH3Cl and ACN.

The FTIR spectra of monomer BHEA and polymers

confirmed effective formation of polyurethanes are

presented in Fig. 1. The FTIR spectrum of BHEA

shows strong characteristic bands at 3392, 1654, 1588

and 1260 cm-1 due to the O–H, C=O, C=C of AQ ring

and C–O stretching, respectively. While in the FTIR

spectrum of PU(IPDI-AQ-EG), the isocyanate char-

acteristic peak at 2270 cm-1 disappears, suggesting

IPDI was completely reacted. A broad band appeared

at 3339 cm-1 can be ascribed to the N–H stretching

from urethane group. The characteristic band of C=O

is split into two peaks: one at 1709 cm-1 caused by

urethane carbonyls and the other at 1655 cm-1

caused by anthraquinone carbonyls. New bands

appeared at 1531 and 1237 cm-1 ascribing to the C–N

and –C–O–C– stretching imply that polymerization

has occurred. Further, when comparing the spectrum

of PU(IPDI-AQ-EG) with that of PU(IPDI-EG), bands

at 1655 and 1585 cm-1 attributed to the C=O and C=C

stretching vibration mode of AQ unit, and bands at

808, 714, and 662 cm-1 due to C–H in-plane and out-
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of-plane bending vibrations in AQ ring of PU(IPDI-

AQ-EG) are all disappeared in the spectrum of

PU(IPDI-EG). These variations also confirm that

anthraquinone component has been successfully

incorporated into polyurethane chains. Figure 2

shows the 1H NMR spectra of BHEA and PU(IPDI-

AQ-EG) with the chemical shifts assignment. The

hydroxyl proton signal of BHEA observed at

4.84 ppm was completely disappeared after poly-

merization, thereby further confirming the function-

alization. And the appearance of the proton from the

IPDI moieties (d 1.19, 1.70, 2.07, 3.72 ppm) and ure-

thane protons (d 5.01 ppm) are in good agreement

with those in the Ref. [32]. The characterization

results suggest that the target PU(IPDI-AQ-EG) has

been prepared successfully.

Thermal properties of both polyurethane samples

were analyzed by DSC and TGA. As show in Fig. 3,

there is no evidence of crystallization and melting

processes from DSC curves, which indicates that both

polyurethanes are full amorphous polymers and will

contribute to a better stability of active layer in the

device [33]. The glass transition temperature (Tg) of

both polyurethanes were estimated to be around

140 �C from DSC thermograms. However, PU(IPDI-

AQ-EG) exhibit better thermal resistance than

PU(IPDI-EG) from the TGA curves. The 5% weight

loss temperature (T5%) of PU(IPDI-AQ-EG) was

determined at 185 �C, while that of PU(IPDI-EG) was

observed at 92 �C. The good thermal properties of

PU(IPDI-AQ-EG) could be ascribed to the rigid AQ

Scheme 1 Synthetic route of anthraquinone-functionalized polyurethane.

Figure 1 FTIR spectra of BHEA, PU(IPDI-AQ-EG) and

PU(IPDI-EG).
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units in the backbones and it is adequate for the

fabrication of electronic devices.

On the basis of the DSC curves of PU (IPDI-AQ-

EG) and PI(IPDI-EG), relatively high molecular

weight and backbone chemistry allows energy to be

stored elastically. The single bond of C–C and C–O

also contribute to the flexibility in polymers at the

molecular level. Therefore, the dynamic rheological

behavior of PU(IPDI-AQ-EG) and PU(IPDI-EG) were

performed to determine the hard-segment content of

the molecular chains. The obtained results are given

in Fig. S1 in supporting information. The curves of

complex viscosity (g*) versus sheared frequency

revealed that PU(IPDI-AQ-EG) is less dependent on

frequency than PU(IPDI-EG), which imply higher

hard-segment content of PU(IPDI-AQ-EG) [34]. Fur-

ther, from the curves of the plot elastic and loss

modulus (G0 and G00) against sheared frequency, it

can be observed frequency dependence of both G0

and G00. The G0 value of PU(IPDI-AQ-EG) was higher

than that of PU(IPDI-EG) as a result of the decrease in

chain mobility of PU(IPDI-AQ-EG) [35]. The higher

G00 value also demonstrated the better viscosity

behavior of PU(IPDI-AQ-EG) because of the

decreased chain motion. In short, after introduction

of AQ moieties into the PU chain, the elastic modulus

and loss modulus can be enhanced, results in the

improvement in the strength and mechanical and

deformation response capacity PU(IPDI-AQ-EG).

The optical properties of PU(IPDI-AQ-EG) and

PU(IPDI-EG) were measured through UV–Vis

absorption in diluted THF solution. As depicted in

Figure 2 1H NMR spectra of BHEA and PU(IPDI-AQ-EG).

Figure 3 TGA and DSC scans of PU(IPDI-EG) and PU(IPDI-

AQ-EG).
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Fig. 4a, the maximum absorption wavelengths (kmax)

of PU(IPDI-EG) exhibit at 236 and 267 nm. While for

PU(IPDI-AQ-EG), kmax appear at 254 and 375 nm,

which could be ascribed to the n–p* and p–p* tran-

sitions delocalized within the anthraquinone conju-

gated system of the chain [36]. Additionally, the

optical band gap (Eg
opt) of the PU(IPDI-AQ-EG) is

estimated from the absorption edge by equation

Eg
opt = 1240/konset, which is equal to 3.00 eV. The

typical reduction cyclic voltammograms of poly-

urethanes PU(IPDI-EG) and PU(IPDI-AQ-EG) are

depicted in Fig. 4b. PU(IPDI-EG) did not show

obvious redox peaks during the cyclic scan. While for

PU(IPDI-AQ-EG), CV curve revealed two reduce

couples (E1/2 around - 1.02 and - 1.38 V) corre-

sponding to reversible two-electron redox behavior

of AQ moieties [7, 21]. Further, from the CV curve,

the onset oxidation potential (EOX) can be estimated

to be 2.16 V versus Ag/AgCl. The ferrocene/fer-

rocenium couple (Fc?/Fc) was added as external

reference, whose oxidation potential is accepted as

- 4.8 eV to zero vacuum level. The half-wave

potential of the external Fc?/Fc standard (E1/2,

ferrocene) was found to be 0.53 V related to Ag/AgCl

reference electrode under same condition. Therefore,

the HOMO and LUMO levels of PU(IPDI-AQ-EG)

were calculated according to the equations [37]:

EHOMO (eV) = - (EOX ? 4.80 - E1/2, ferrocene) and

ELUMO (eV) = EHOMO - Eg
opt. The values are deter-

mined to be - 6.43 and - 3.43 eV, respectively.

These results indicate that PU(IPDI-AQ-EG) can be

operated as the n-type semiconductors because the

deep-lying HOMO values would result in large hole

injection barriers [38].

An appropriate surface morphology of the active

layer is essential to build up the electronic devices.

Therefore, a water contact angle experiment was

carried out (Fig. 5a), and the result indicates

PU(IPDI-AQ-EG) formed a hydrophilic surface with

the water contact angle of 65�. Therefore, uniform

PU(IPDI-AQ-EG) films can be easily achieved by

spin-coating procedure on ITO substrate for the fab-

rication of the electrical devices. To further investi-

gate the microphase morphology, tapping-mode

AFM was used to examine the microstructure of

PU(IPDI-AQ-EG) film, which was fabricated by spin-

coating procedure on a silicon substrate. AFM images

of the PU(IPDI-AQ-EG) film are presented in Fig. 5b,

and the bright and dark regions represented the hard

and soft microphase morphology by convention,
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Figure 4 a Absorption spectra of PU(IPDI-AQ-EG) and

PU(IPDI-EG) in dilute THF solution (0.5 mg/mL). b CV curves

of PU(IPDI-AQ-EG) and PU(IPDI-EG) as films coated on an ITO

working electrode versus Ag/AgCl in 0.1 M Bu4NPF6/ACN

solution at a sweep rate of 50 mV/s.

Figure 5 a Water contact angle for PU(IPDI-AQ-EG) film;

b AFM image of the PU(IPDI-AQ-EG) film (5.0 9 5.0 lm2) on

a silicon substrate. The corresponding 3D image is shown as the

inset.
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respectively. The bright regions, which are

nanocylinders in 3D images, can be attributed to

hard-segment (AQ moieties) nanocylinders dispersed

within a soft segment (ethylene oxide) [39, 40]. The

surface root-mean-square roughness (Rq) is 1.31 nm

and the Z rang is 14.7 nm, suggesting its property of

film forming is excellent. The smooth surface mor-

phology is beneficial for charge injection from the

electrode into the polymer films [38, 41].

During the CV measurements of PU(IPDI-AQ-EG),

the remarkable change of film color was observed,

therefore the spectroelectrochemical properties of the

single PU(IPDI-AQ-EG) film on ITO substrate were

investigated to assess the electron-withdrawing

capability of AQ unit in this polymer [19]. Figure 6a

shows the UV–Vis absorbance spectra of the only

PU(IPDI-AQ-EG) film under varying applied poten-

tials in 0.1 M Bu4NPF6/ACN. The photograph of the

film was taken synchronously as shown in Fig. 6a. In

the neutral state at 0 V, PU(IPDI-AQ-EG) film was

pale yellow and displayed strong absorption at

377 nm, denoting as the p–p* transition. As the

applied voltage was set at - 1.0 V (the first stage

reduction potential of PU(IPDI-AQ-EG) film), the

intensity of absorption band was slightly diminished

as the film turning to light pink. In this process, an

electron was attached to AQ to form a radical anion

(as seen in Fig. 6b) [23], and therefore, the film

exhibited spectral and color change. As the potential

stepped to - 1.4 V (the second stage reduction

potential of PU(IPDI-AQ-EG) film), a band at about

510 nm intensified apparently, accompanying with

the color change to deep red. When decreased the

voltage to - 2.0 V or lower, the band at 377 nm

intensely decreased and split into two peaks at 350

and 390 nm. Meanwhile, the absorption peak at

510 nm increased gradually. Simultaneously, the

color varied from pink to pinkish purple. The

appearance of peaks at 390 and 510 nm both indi-

cated the anion radical and dianion were the pro-

duced within AQ group along the polymer backbone.

Based on the above results, electrochromic char-

acterization can be proposed for this PU(IPDI-AQ-

EG) thin film. Rapid switching, stability and optical

ratio are important factors in electrochromic appli-

cations. To investigate its potential applications in

electrochromic device, the PU(IPDI-AQ-EG) film was

subjected to switch by repetitive voltage stress

between ? 2.5 and - 2.0 V at intervals of 15 s, as

shown in upper panel of Fig. 7. Electrical current

responses and the synchronous changes in optical

transmittance at k = 510 nm monitored as a function

of time is also illustrated in the middle and lower

panel of Fig. 7. As the voltage switched, the PU(IPDI-

AQ-EG) film was alternated between the totally oxi-

dized state and reduced state. The response time,

worked out by chronocoulometry, is approximately

3 s from the oxidized state to the neutral state and 2 s

from the neutral state to the reduced state. In addi-

tion, it was found that % transmittance at 510 nm

wavelength varied from 26 to 50%; thus an optical

ratio, DT, is equal to 24% between the totally oxidized

state and reduction states. Continuous eight cycles

between double-potential steps demonstrated good

Figure 6 a In situ UV–vis spectral changes and color variations of PU(IPDI-AQ-EG) film casted on ITO substrate in 0.1 M Bu4NPF6/

ACN at several reducing potentials; b postulated redox structures of anthraquinone moiety.
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stability of electrochromic characteristics. The

switching time are quantified in terms of a time for

achieving 90% of the total absorbance changes [42].

Therefore, it can be found that its coloration and

bleaching time was determined to be 5.3 and 2.3 s,

respectively, from the analysis of the first cycle as

shown in Fig. S2.

Electrochromic device with single polymeric layer

was further prepared by assembling a thicker

PU(IPDI-AQ-EG) film (1 9 1 cm2) with gel conduc-

tive electrolyte between ITO substrates. As shown in

Fig. 8, the device exhibited clear electrochromic

characteristics and different color under various

applied potential. Apparently, the color of the film

varied from yellow to pink gradually as the applied

voltage set at - 1.0 V, owing to the single electron

transfer reaction. Subsequently, the pink color faded

after the potential reset backward to 0 V. Further, as

the applied voltage descended to - 1.4 V or lower,

the device changed color from yellow to deep red due

to the development of double-electron transfer reac-

tions. These phenomena were in coincident with

electrochromic behaviors of PU(IPDI-AQ-EG) film in

0.1 M Bu4NPF6/ACN supporting electrolyte. There-

fore, due to its stable electrochemical properties, this

novel PU(IPDI-AQ-EG) polymer may find applica-

tion in electrochromic devices.

Because of the feature of electron withdrawing of

AQ moieties, the conductance of PU(IPDI-AQ-EG)

could be reversibly switched from low conductivity

to high conductivity [19, 22]. Therefore, sandwiched

memory devices were fabricated by spin-coating

PU(IPDI-AQ-EG) film as the only active layer and

then deposited Al electrode onto PU(IPDI-AQ-EG)

film through shadow mask. The device configuration

is illustrated in Fig. 9a. The PU(IPDI-AQ-EG) film

thickness was examined by the cross-sectional SEM

image of the substrate before the Al deposition, as

shown in Fig. 9b. From bottom to top, the three layers

are glass, ITO, and PU(IPDI-AQ-EG) film, where ITO

is 187 nm and PU(IPDI-AQ-EG) film is 180 nm,

respectively.

The electrical characterizations of memory device

were investigated via current–voltage (I–V) and cur-

rent–time (I–t) curves. Figure 10a shows I–V curves

for ITO/PU(IPDI-AQ-EG)/Al device scanned from 0

to ± 4.0 V with grounding the bottom ITO electrode.

As shown in Fig. 10a, during the first negative sweep

from 0 to - 4.0 V (sweep 1), ITO/PU(IPDI-AQ-EG)/

Al device initially had a low conductivity (OFF state)

with the current ranging from 10-10 to 10-6 A.

However, a sharp increase in current from 10-6 to

10-1 A occurred at the voltage of around - 2.7 V,

demonstrating the device switched to high-conduc-

tivity state (ON state). The transition from OFF to ON

is accepted as a ‘‘SET’’ operation or a ‘‘writing’’ pro-

cess in data storage device. Upon undergoing the

transition, the device can retained the ON state dur-

ing the following second negative sweep from 0 to

- 4.0 V (sweep 2), which was corresponding to the

reading process. However, in the subsequent sweep

from 0 to ? 4.0 V (sweep 3), the device switched to

the OFF state at about ? 2.8 V with the current

descending abruptly from 10-1 to 10-6 A, suggesting

the ‘‘RESET’’ or ‘‘erasing’’ process for the ON to OFF
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Figure 7 Switching current by applied repetitive potential steps

between ? 2.5 and - 2.0 V and synchronous optical transmit-

tance changes for PU(IPDI-AQ-EG) film monitored at 510 nm in

supporting electrolyte solution.

Figure 8 Images of reversible color switching of PU(IPDI-AQ-

EG) film as an active layer in sandwich-type of electrochromic

device.
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transition. Similarly, the device underwent the OFF

state during the following sweep from 0 to ? 4.0 V

(sweep 4). It is worth noting that both ON and OFF

states can achieve non-destructive readout and

maintain stable even after removing the power sup-

ply. The storage cells in device show repeatable I–

V characteristics in the next sweep cycles (sweeps

5–8). The complete ‘‘write–read–erase–read’’ cycles

with the nonvolatile behavior demonstrated a flash

memory type of this device. Further, the data reten-

tion times for the ITO/PU(IPDI-AQ-EG)/Al memory

cell were determined and data are shown in Fig. 10b.

Both ON and OFF states maintain stable within

3000 s, and ON/OFF current ratio can be up to 105;

this magnitude can meet the requirement of low

misreading rates in practical applications [28].

Figure 9 a Typical polymer-

sandwiched memory device

architecture; b a cross-section

SEM image of the device.
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Figure 10 a Typical I–V curves of the memory device with the

configuration of ITO/PU(IPDI-AQ-EG)/Al; b data-retention per-

formance for the ITO/PU(IPDI-AQ-EG)/Al memory cell with the

applied voltage at - 1.0 V; c the measured and the fitted data in

the OFF state with the Schottky emission model; d the measured

and the fitted data in the ON state with the ohmic current model.
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Typical I–V curves from a ITO/PU(IPDI-EG)/Al

device were tested for comparison, which is shown as

Fig. S3 in supporting information. In the case of ITO/

PU(IPDI-EG)/Al, the devices was always at small

current of around 10-9 A with minimal conductance

change as the voltage scanning either from 0 to

- 7.0 V or 0 to ? 7.0 V, since there is no electro-

chemical redox reaction. This result also provides an

evident that the memory character is associated with

AQ units in the backbone.

To get a further insight into the charge transport

mechanism in both OFF state and ON state, the pre-

vious I–V data were replotted according to the theo-

retical conduction models [43–49]. As indicated in

Fig. 10c, the measured data of the OFF state fits well

with Schottky emission model [47] in terms of the

plot of logI and V1/2 (voltage from 0 to - 2.7 V)

found to be linear, implying that Schottky effects

dominated the charge injection before the current

transition. In this process, electron injection from the

Al electrode is probably a controlling step, which can

be understandable by the explanation of the energy

barriers. The work functions (U) of traditional ITO

substrate and Al electrode are accepted as - 4.80 and

- 4.20 eV, respectively. In the other hand, the LUMO

and HOMO levels of PU(IPDI-AQ-EG) obtained from

the CV associating with UV–Vis measurements are

- 3.43 and - 6.43 eV, respectively. Therefore, the

lowest energy barrier between U of Al and the LUMO

energy level is only 0.77 eV, which is lower than that

between U of ITO and the HOMO energy level

(1.63 eV). This result suggests electron injection from

Al into the LUMO level of PU(IPDI-AQ-EG) is the

favored process, since hole injection from ITO into

HOMO level is more difficult. While for the ON state

(Fig. 10d), the I–V relation displays a good linearity,

demonstrating that ohmic-type conduction domi-

nated the charge transport just as in metallic con-

duction in this process. In addition, the ON current

magnitude was observed independent of the area of

the memory cell, which indicates the existing of the

heterogeneous local filament formation in the ON

state.

Furthermore, to propose the electronic transition

mechanism of this device, quantum chemical calcu-

lation was carried out to predict the molecular

structure and relevant energy of the optimized

geometry associated with charge transfer. The basic

unit of PU(IPDI-AQ-EG) was first optimized at level

of B3LYP theory with 6-31G(d, p) basis sets by using

the Gaussian 09 program [50], Electrostatic potential

(ESP) surface, molecular orbitals of LUMO and

LUMO as well as energy levels, were also predicted

at the same level. From the ESP surface (Fig. 11a), it

can be seen that positive ESP (depicted in red area)

was distributed along the whole polymer chain,

which can facilitate the migration of charge carriers in

this open channel [20]. Meanwhile, an apparent

negative ESP region (blue) was allocated at the AQ

groups, which can serve as trapping site to localize

the charge, leading to charge retention and memory

effects [51]. The electronic density contours of LUMO

and HOMO energy levels are illustrated in Fig. 11b.

From the results of calculation, The HOMO and

LUMO energies were found to be - 6.48 and

- 2.83 eV, respectively, which are in good agreement

with those from experimental measurements

((HOMO, LUMO) energy levels of (- 6.43, - 3.43)

eV). The high-lying of LUMO level reveals a high

electron affinity of PU(IPDI-AQ-EG), which should

results from the strong electron-withdrawing ability

of AQ groups in the backbone. In addition, the low-

lying HOMO level demonstrates the ethoxy unit, and

urethane group can act as a weak electron donor in

Figure 11 a ESP surface of PU(IPDI-AQ-EG) basic unit.

b HOMO and LUMO energies and electron density contour of

PU(IPDI-AQ-EG) basic unit obtained by simulation.
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this polymer. The HOMO of PU(IPDI-AQ-EG) was

localized not only on the carbon atoms having double

bonds in the AQ ring, but also on oxygen atom form

ethoxy units, while the LUMO was distributed on the

carbon atoms having single bonds only in the AQ

ring. Upon excitation with sufficient energy, a charge

transfer could occur in the nature of HOMO–LUMO

transition, in which the electron density located on

the donor side (ethoxy unit) could slightly shift to the

acceptor side (AQ unit) to form a conductive CT

complex. Because of the relatively low-lying HOMO

level, CT complex can be sustained steadily for a

period of time (retention of ON state) until the

reverse potential is applied. Therefore, electric-field-

induced charge transfer can explain the memory

characteristics of this polyurethane. The electron

density delocalization mechanism is similar to that of

a polyurethane modified by an organic molecular as

acceptor under a condition of applied electric field

[26].

Conclusions

Non-toxic IPDI-based polyurethane PU(IPDI-AQ-

EG), containing anthraquinone structure as electron-

withdrawing moiety in the polymer chain, has been

successfully synthesized and characterized. The

PU(IPDI-AQ-EG) film exhibited distinct elec-

trochromic properties. Electrochromic device with

ITO/PU(IPDI-AQ-EG)/gel electrolyte/ITO structure

showed color variations from pale yellow (neutral

state) to deep red (reduction state) with obvious

optical contrast. Further, the as-fabricated PU(IPDI-

AQ-EG) film in ITO/PU(IPDI-AQ-EG)/Al memory

device showed outstanding nonvolatile flash memory

performance with low operating voltages less than

± 3 V. High ON/OFF current ratio up to 105 and

retention time around 3000 s suggested good mem-

ory properties of this polymeric device. The results

from theoretical analysis and spectroelectrochemical

investigations demonstrated that the anthraquinone

unit could be served as a moderate trapping site in

the polymer backbone. Electric-field-induced charge

transfer mechanism can explain the memory charac-

teristics of this polyurethane. All the obtained results

demonstrated that polyurethane PU(IPDI-AQ-EG) is

a promising candidate for electrochromic and elec-

trical memory fabrications.
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