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A B S T R A C T

A novel class of fluorinated poly(ether-imide)s (PEIs) with anthraquinone (AQ) units were prepared

from the polycondensation reactions of a newly synthesized AQ-dietheramine monomer, namely 2,6-

bis(4-amino-2-trifluoromethylphenoxy)-anthraquinone, with aromatic tetracarboxylic dianhydrides

via a conventional two-step technique. The fluorinated polyimides exhibited enhanced solubility and

optical transparency because of increased free volume caused by the CF3 substituents. Furthermore, the

PEIs showed high thermal stability, with glass-transition temperatures of 263–312 8C and decomposi-

tion temperatures in excess of 500 8C. These PEIs were also investigated by cyclic voltammetry and

spectroelectrochemistry. Preliminary results reveal that these AQ-based PEIs are potentially useful as

cathodically coloring red electrochromes.

� 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Aromatic polyimides are well-known as high performance
polymeric materials that have excellent thermal stability and
mechanical properties as well as good chemical resistance [1–5].
They are commercially important materials used extensively as
military, aerospace, machine-building, electronics, etc. The out-
standing properties of aromatic polyimides come from their rigid
backbones and strong intermolecular forces between the polymer
chains due to the charge transfer complex formation between
electron-donating and electron-accepting segments. However,
rigidity of the backbone and strong interchain interactions result
in high melting or glass-transition temperatures (Tg) and limited
solubility in most organic solvents. Thus, polyimide processing is
generally carried out via poly(amic acid) precursor and then
converted to polyimide by thermal or chemical cyclodehydration.
This process has inherent problems such as emission of volatile
by products and storage instability of poly(amic acid) solution. To
overcome these problems, many attempts have been made to
the synthesis of soluble and processable polyimides in fully
imidized form while maintaining their excellent properties [6–8].
The majority of methods used for improving the solubility
while maintaining the excellent performance of polyimides have
involved the structural modifications of dianhydride and diamine
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monomers. Typical approaches include the introduction of flexible
linkages, kinked or unsymmetrical structures, bulky packing-
disruptive units and bulky lateral groups into the polymer
backbone [9–13]. The incorporation of bulky CF3-substituents
into the polyimide backbone is well known to enhance the
solubility and optical transparency of polyimides due to low
polarizability of the C–F bond and the increase in free volume
[14–18]. Furthermore, poly(ether-imide)s (PEIs) have received
great attention because they may provide good processability
owing to the presence of flexible ether linkages [19,20]. The
development of a large class of PEIs from bis(ether amine)s and
various aromatic dianhydrides or bis(ether anhydride)s which
exhibit reasonable thermal stability and good mechanical proper-
ties together with good moldability [21–26].

On the other hand, incorporation of specific functionality into
the polyimide backbones leads to various advanced functional
materials that exhibit certain advantageous properties, such as
electrochromic [27], gas separation [28], highly refractive [29],
photosensitive [30], proton-conducting [31], and memory char-
acteristics [32]. The studies in the field of functionalization of
polyimides continue to be actively developed, as is evidently from
the appearance of a large number of publications on this subject
in the past few years. The widespread occurrence of quinones
in nature and their importance in electron transport have led
to extensive studies of their electrochemical behavior [33].
Anthraquinone (AQ) units are electron acceptor groups that have
proved to be suitable receptors in colorimetric and fluorimetric
sensors [34]. Besides, it has been demonstrated that a certain AQ
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Fig. 1. (a) 1H NMR and (b) 13C NMR spectra of AQ-dietheramine 3 in DMSO-d6.
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system can be reversibly switched electrochemically from cross-
conjugated (low conductance ‘off’) to linear conjugated (high
conductance ‘on’) via two-electron reduction/oxidation reactions.
This feature holds promise for AQ-based wires to be used as redox-
controlled switches in molecular electronic devices [35]. Further-
more, some AQ derivatives and polymers have been reported to be
candidates as redox-active and near-infrared (NIR) electrochromic
materials because they exhibit intense NIR absorptions when the
AQ units are electrochemically reduced to a radical anionic state or
a dianionic state [36–38]. Recently, we have reported the synthesis
of cathodically electrochromic AQ-containing polyimides from 2,
6-bis(4-aminophenoxy)anthraquinone and aromatic dianhydrides
[39]. However, unless flexible dianhydrides were incorporated,
the polyimides showed a limited solubility. For further enhancing
the processability of this kind AQ-based polyimides, this study
describes the synthesis of a new CF3-substituted dietheramine,
2,6-bis(4-amino-2-trifluoromethylphenoxy)-anthraquinone (3),
and its use for the preparation of soluble PEIs by the reaction of
the diamine with commercially available aromatic dianhydrides.
These fluorinated PEIs were expected to exhibit enhanced
solubility because of increased free volume caused by the bulky
CF3 substituents. In addition to basic characterization, the thermal
properties and electro-optical properties of these PEIs will also be
investigated.

2. Results and discussion

2.1. Monomer synthesis

2,6-Bis(4-amino-2-trifluoromethylphenoxy)anthraquinone (3)
was synthesized starting from 2,6-dihydroxyanthraquinone (1)
by a two-step reaction sequence as shown in Scheme 1. The
intermediate dinitro compound 2 was prepared by the nucleo-
philic aromatic chloro-displacement reaction of 2-chloro-5-nitro-
benzotrifluoride with AQ-diol 1 in the presence of potassium
carbonate (K2CO3). Then, the target AQ-dietheramine monomer 3
was prepared by hydrazine Pd/C-catalyzed reduction of dinitro
compound 2.

The FT-IR spectra of all the synthesized compounds are shown
in Supporting information (Fig. S1). The IR spectrum of the starting
AQ-diol 1 gives rise to a broad absorption at about 3300–
3500 cm�1 (–OH stretch). The intermediate dinitro compound 2
shows the characteristic absorption of nitro groups at around
1533 and 1315 cm�1 (–NO2 asymmetric and symmetric stretch-
ing). After reduction, the characteristic absorptions of the nitro
group disappeared and the amino group shows the typical N–H
stretching absorption pair at 3490 and 3374 cm�1 as shown in the
Scheme 1. Synthetic route to the CF3-subs
IR spectrum of AQ-dietheramine 3. The spectrum of 3 also exhibits
a conjugated ketone stretching frequency at 1670 cm�1 and
medium to strong C–F, C–N and C–O stretches in the region from
1400 to 1000 cm�1.

The 1H, 13C NMR, H–H COSY and C–H HMQC spectra of AQ-
dietheramine 3 are compiled in Figs. 1 and 2, respectively. The 1H
NMR spectrum confirms that the nitro groups have been
tituted AQ-dietheramine monomer 3.



Fig. 2. (a) H–H COSY and (b) C–H HMQC spectra of AQ-dietheramine 3 in DMSO-d6.
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Table 1
Inherent viscosity and solubility behavior of PEIs.

Polymer codea hinh (dL/g)b Solubility in various solventsd,e

PAAc Polyimide NMP DMAc DMF DMSO m-Cresol THF

5a-T 1.21 – �� �� �� �� �� ��
5a-C – �� �� �� �� �� ��

5b-T 1.01 – �� �� �� �� �� ��
5b-C – +� +� +� +� �� ��

5c-T 0.94 – �� �� �� �� �� ��
5c-C – +� +� +� +� �� ��

5d-T 0.89 – �� �� �� �� �� ��
5d-C – +� +� +� +� �� ��

5e-T 0.77 – +� +� +� +� +� +�
5e-C 0.51 ++ ++ ++ ++ +� ++

5f-T 0.85 – +� +� +� +� +� +�
5f-C 0.76 ++ ++ ++ ++ +� ++

a T = thermal imidization, -C = chemical imidization.
b Inherent viscosity measured at a concentration of 0.5 dL/g in DMAc at 30 8C.
c PAA = poly(amic acid).
d Solvent: NMP: N-methyl-2-pyrrolidone; DMAc: N,N-dimethylacetamide; DMF:

N,N-dimethylformamide; DMSO: dimethyl sulfoxide; THF: tetrahydrofuran.
e The qualitative solubility was tested with 10 mg of a sample in 1 mL of stirred

solvent.++, soluble at room temperature; +, soluble on heating; +�, partially

soluble; ��, insoluble even on heating.
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completely transformed into amino groups by the high field shift of
the aromatic protons and the resonance signal at 5.67 ppm
corresponding to the aryl amino protons. The 13C NMR spectrum
of AQ-dietheramine 3 shows three quartets, because of hetero-
nuclear 13C–19F coupling. The large quartet centered at about
123 ppm for the –CF3 carbons results from the one-bond coupling
(1JC–F about 273 Hz) of three attached fluorine atoms to a carbon-
13 atom. The CF3-attached carbon C12 also shows another clear
quartet centered at about 121.9 ppm with a smaller coupling
constant of about 30 Hz due to two-bond 13C–19F coupling.
Besides, the C11 carbon (ortho to the –CF3 group) also has its
resonance (at about 110.7 ppm) split by the three fluorine atoms
(three-bond coupling). The close quartet has an even smaller
coupling constant of about 5 Hz because the interaction operated
over more bonds. The peak at 180.8 ppm is assigned to the
conjugated AQ keto carbonyl carbons. Assisted by the two-
dimensional (2-D) experiment (Fig. 2b), all other resonance peaks
are well assigned to the other aromatic carbons in the structure of
compound 3 (see Fig. 1b). Thus, the IR and NMR results clearly
confirm the AQ-dietheramine prepared herein is consistent with
the proposed structure.

2.2. Synthesis of model compounds

The model compounds M1 and M2 were synthesized from the
condensation of AQ-dietheramine 3 with two equivalent amount
of 1,2-cyclohexanedicarboxylic anhydride and phthalic anhydride,
respectively, in refluxing acetic acid (Scheme 2). IR and 1H NMR
spectroscopic techniques were used to identify the structures of
the model compounds. The IR spectra included in supporting
information (Fig. S2) show two characteristic imide carbonyl bands
at around 1780 and 1715 cm�1. Model compound M1 also shows
aliphatic C–H stretching absorptions at 2941 and 2862 cm�1. The
1H NMR spectra of model compounds M1 and M2 are illustrated in
Figs. S3 and S4, respectively. The presence of cyclohexyl groups can
be evidenced by the resonance peaks at around 1.50–3.10 ppm for
model compound M1. Full assignments of all peaks can be done
with the aid of two-dimensional (2D) COSY NMR spectra. Thus, the
results of all the spectroscopic analyses suggest the successful
preparation of these two model compounds.

2.3. Polymer synthesis

PEIs 5a–5f were prepared in a conventional two-step method
by the reactions of AQ-dietheramine 3 with commercially available
aromatic dianhydrides (4a–4f) to form poly(amic acid)s, followed
by thermal or chemical cyclodehydration (Scheme 3). As shown in
Table 1, the poly(amic acid) precursors had inherent viscosities
in the range of 0.77–1.21 dL/g. The molecular weights of these
poly(amic acid)s were sufficiently high to permit the casting
Scheme 2. Synthesis of mode
of flexible and tough poly(amic acid) films, which were subse-
quently converted into flexible and strong polyimide films by
stage-by-stage heating to elevated temperatures. The transforma-
tion from poly(amic acid) to a polyimide could also be carried out
via chemical cyclodehydration by using acetic anhydride and
pyridine.

All the PEIs showed the characteristic absorption bands of the
imide ring near 1785 cm�1 (asymmetric C55O stretch) and
1728 cm�1 (symmetric C55O stretch). Typical IR spectra of PEI 5f
and its poly(amic acid) precursor are illustrated in Fig. S5. The 1H
NMR and H–H COSY spectra of a representative PEI 5f is illustrated
in Fig. S6. All the aromatic protons resonated in the region of d
7.24–8.35 ppm. Assignments of each proton, assisted by the 2-D
NMR spectroscopy, are in good agreement with the structure of the
repeating unit.

2.4. Basic characterization of PEIs

The solubility behaviors of all the PEIs prepared by both thermal
and chemical imidization methods are summarized in Table 1. All
the thermally imidized samples did not reveal good solubility to
the tested solvents. The lower solubility of the thermally cured
polyimide may be attributed to the presence of partial interchain
cross-linking or an aggregation of the polymer chains during
l compounds M1 and M2.



Scheme 3. Synthesis of PEIs 5a–5f.
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thermal curing process. The PEIs prepared by the chemical
imidization method showed a slightly higher solubility. The
chemically imidized samples of the PEIs derived from less stiff
dianhydrides such as 5e and 5f are soluble in most of the tested
solvents.

The solubility behavior of the PEIs depended on their chain
packing ability and intermolecular interactions that was affected
by the rigidity, symmetry, and regularity of the molecular
backbone. In general, PEIs 5c to 5f showed a higher solubility
than PEIs 5a and 5b because the former ones have a linking group
between the phthalimide units. In particular, 5f exhibited a very
good solubility in several organic solvents because of the presence
of bulky hexafluoroisopropylidene fragment in the polymer
backbone. For the corresponding 50 series analogues without –
CF3 substituents [38], only the 50f derived from 6FDA displayed a
moderate solubility. Poor solubility for the 50 series (Table 2)
indicates either strong intermolecular interactions or good
packing ability. Therefore, the enhancement in solubility of the
present PEIs can be attributed to the bulky –CF3 substituents,
which increased the disorder in the chains and hindered dense
chain packing, thus, reducing the inter-chain interactions to
enhance solubility.
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2.5. Thermal properties

The thermal properties of all the PEIs were investigated by DSC
and TGA techniques. The thermal behavior data of PEIs are
summarized in Table 3. Typical TGA and DSC curves of the
representative PEI 5c are shown in Fig. 3. The glass-transition
temperatures (Tg) of PEIs were observed in the range of 263–312 8C
(Fig. S7) and decreased with decreasing rigidity and symmetry of
the aromatic tetracarboxylic dianhydride. The decreasing order of
Tg generally correlated with that of chain flexibility. For example,
the PEI 5d derived from ODPA showed the lowest Tg of 263 8C
because of the presence of flexible ether linkage between the
phthalimide units. All of the PEIs exhibited a similar TGA pattern
with no significant weight loss below 500 8C in air or nitrogen
atmosphere. The decomposition temperatures (Td) at which a 10%
weight-loss temperatures of the PEIs in nitrogen and air were
Table 2
Solubility behavior of referenced polyimides.

Polymer codea Solubility in various solventsb,c

NMP DMAc DMF DMSO m-Cresol THF

50a-T �� �� �� �� �� ��
50a-C �� �� �� �� �� ��

50b-T �� �� �� �� �� ��
50b-C �� �� �� �� �� ��

50c-T �� �� �� �� �� ��
50c-C �� �� �� �� �� ��

50d-T �� �� �� �� �� ��
50d-C +� +� +� +� �� ��

50e-T +� �� �� �� �� ��
50e-C +� +� +� +� �� ��

50f-T +� �� �� �� �� ��
50f-C + + + + �� ��
a T = thermal imidization, -C = chemical imidization.
b Solvent: NMP: N-methyl-2-pyrrolidone; DMAc: N,N-dimethylacetamide; DMF:

N,N-dimethylformamide; DMSO: dimethyl sulfoxide; THF: tetrahydrofuran.
c The qualitative solubility was tested with 10 mg of a sample in 1 mL of stirred

solvent.++, soluble at room temperature; +, soluble on heating; +�, partially

soluble; ��, insoluble even on heating.
recorded in the range of 492–595 8C and 521–587 8C, respectively.
The PEI 5e derived from DSDA showed the lowest Td of 492 and
521 8C because of the less stable sulfonyl group between the
phthalimide units. The amount of carbonized residue (char yield)
of all the PEIs in nitrogen atmosphere were more than 50% at
800 8C. The high char yields of PEIs can be ascribed to their high
aromatic content. The thermal analysis results revealed that these
PEIs exhibited good thermal stability, which in turn is beneficial to
increase the service time in device application and enhance the
morphological stability to the spin-coated films. On the other hand,
the Tg and Td

10% data for the 50 series polyimides were recorded in
the range of 270–295 8C and 570–611 8C, respectively. Slightly
lower Tg for the 5 series in comparison to the 50 series might be a
result of decreased interactions and poor packing due to the bulky
pendant CF3 groups.
Table 3
Thermal properties of PEIs and referenced polyimides.

Polymer codea Tg (8C)b Td at 5%

weight loss

(8C)c

Td at 10%

weight loss

(8C)c

Char yield (wt.%)d

In N2 In air In N2 In air

5a 312 513 507 558 535 54

5b 289 565 557 595 587 56

5c 275 545 540 577 571 53

5d 263 547 541 580 574 53

5e 276 451 493 492 521 50

5f 281 536 531 557 552 51

50a 318 587 562 616 598 64

50b 295 574 565 609 611 65

50c 288 564 556 598 598 63

50d 270 583 568 606 607 62

50e 289 525 528 561 570 58

50f 285 565 549 592 578 56

a All the polymer film samples (prepared by thermal imidization) were heated at

300 8C for 1 h before all the thermal analyses.
b Midpoint temperature of the baseline shift on the second DSC heating trace

(heating rate = 20 8C/min) of the sample after quenching from 400 to 50 8C (cooling

rate = 100 8C/min) in nitrogen.
c Decomposition temperature at which a 5% or 10% weight loss was recorded by

TGA at a heating rate of 20 8C/min and a gas flow rate of 20 cm3/min.
d Residual weight % at 800 8C at a scan rate 20 8C/min in nitrogen.



Fig. 3. TGA and DSC curves of PEI 5c with a heating rate 20 8C/min.
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2.6. Optical properties

The color intensity of PEIs could be elucidated from the cut-off
wavelength (l0) observed in UV–vis absorption spectra. Their l0

values were in the range from 415 to 431 nm and revealed a higher
transmittance than the referenced polyimides (Fig. S8). The color
coordinates L* a* b* values of all polymer films are listed in
Table S1. The slightly higher yellowness index (b*) of the thermally
cured PEI films might be explained by thermal oxidation of chain-
end amino groups. All the 5 series fluorinated PEIs showed lower
a* and b* values than their respective 50 series PEIs (Fig. S9) and
the PMDA/ODA polyimide (Kapton). The 6FDA-derived PEI 5f
produced fairly transparent and only very slight yellow films in
contrast to those derived from other dianhydrides (Fig. 4). This
can be attributed to the reduction of the CTC effect between the
electro-donating components (dietheramine) and electro-
accepting components (dietheranhydride) due to the existence
of the CF3 groups, which were highly sterically hindered and
electron-withdrawing substituents, capable of reducing the CTC
formation.
Fig. 4. Image of (a) 5f-T (b)
2.7. Electrochemical properties

The electrochemical behavior of the PEIs were investigated
by cyclic voltammetry (CV) conducted for the cast films on
an ITO-coated glass substrate as the working electrode in dry
N,N-dimethylformamide (DMF) containing 0.1 M of tetrabuty-
lammonium perchlorate (TBAP, Bu4NClO4) as an electrolyte
under nitrogen atmosphere. The CV curve of model
compound M1 (Fig. 5) shows that the anthraquinone segment
underwent two quasi-reversible one-electron reductions at
ERed

1=2 ¼ �0:65 and � 1:25 V . The first reduction corresponds to
formation of radical anions, and the second reduction relates
to formation of dianions (Scheme 4). For the model compound
M2, there are also two redox peaks occurred at
ERed

1=2 ¼ �0:69 and � 1:23 V.
The CV diagrams of the 5a–5f series PEIs are depicted in

Fig. 6, and quantitative details are summarized in Table 4. All the
PEIs revealed reversible redox couple during the cathodic
scanning. The reduction half-wave potentials (ERed

1=2) were
recorded in the range of �0.65 to �0.71 V for the first
 50f-T polyimide films.



Fig. 5. Cyclic voltammetric diagrams of model compound M1.
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anthraquinone reduction peaks. These PEIs also exhibited
additional one, two or three quasi-reversible one-electron peaks
in the reduction region due to different aryl imide structures.
Redox reactions for the diimide systems shown in Scheme S1
Scheme 4. Postulated redox che
represent a possible distribution of electron density for the
reduced forms and may be described by other resonance forms,
which contribute to the charge delocalization. Reduction of the
imide groups may induce increased quinoid character due to
mistry of the AQ segment.



Fig. 6. Cyclic voltammetric diagrams of the cast films of PEIs (a) 5a, (b) 5b, (c) 5c, (d) 5d, (e) 5e and (f) 5f on an ITO-coated glass in 0.1 M Bu4NClO4/DMF at a scan rate of

50 mV/s.
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charge separation by the ring structure to minimize the electron–
electron repulsion.

The CV curve of PMDA PEI 5a (Fig. 6a) shows that the
pyromellitimide groups undergo two quasi-reversible one-elec-
tron reductions, which occurred at E = �0.74 V (overlapping with
the first reduction peak of anthraquinone) and �1.19 V. The first
reduction corresponds to formation of radical anions, and the
second reduction relates to formation of dianions. Similar result
was observed with the BPDA PEI 5b (Fig. 6b); however, the
first reduction process (E = �1.03 V) occurred at more negative



Table 4
Redox potentials and energy levels of PEIs.

Polymer code UV–vis absorption

(nm)a

Reduction potential (V)b Bandgapsc (eV)

ERed
1=2 of AQ ERed

1=2 of diimide segmentss

labs
max labs

onset ERed
onset ERed;1

1=2 ERed;2
1=2 ERed;1

1=2 ERed;2
1=2 ERed;3

1=2 Eo pt
g

5a 341 365 �0.64 �0.71 �1.19d � �1.19d 3.40

5b 340 364 �0.59 �0.68 �1.22e �1.03 �1.22e 3.41

5c 336 359 �0.60 �0.68 �1.30 �0.81 �1.10 �1.64 3.45

5d 339 362 �0.54 �0.69 �1.31f �1.15 �1.31f 3.43

5e 353 382 �0.52 �0.65 �1.28 �0.81 �0.99 3.25

5f 348 393 �0.46 �0.66 �1.13g �1.01 �1.13g 3.16

M1 – – �0.54 �0.65 �1.25 –

M2 – – �0.61 �0.69 �1.23 –

a UV–vis absorption maximum and onset for the polymer thin films.
b Versus Ag/AgCl in DMF. E1/2 = average potential of the redox couple peaks.
c Bandgaps calculated from absorption edge of the PEI films: Eo pt

g ¼ 1240=lonset :
d–g Overlapping of the AQ and imide reduction peaks.
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potential than observed for the PMDA PEI 5a. The two separated
reduction peaks peculiar to the BPDA diimide segment indicate
a facile electronic communication between the two phthalimide
groups. The benzophenone diimide group of the BTDA PEI 5c
Fig. 7. Spectral and color changes of the cast films of PEIs (a) 5d and (b) 5e on an ITO-

coated glass in 0.1 M Bu4NClO4/DMF at various applied potentials (vs Ag/AgCl).
revealed three reversible redox couples (Fig. 6c) at ERed
1=2 ¼ �0:82,

�1.10, and �1.64 V. The benzophenone moiety allows a third
electro-reduction to the proposed radical-trianion form
(E = �1.64 V) as depicted in Scheme S1. The DSDA 5e (Fig. 6e)
and 6FDA 5f (Fig. 6f) PEIs showed the lower reduction potential
values than that of the ODPA 5d (Fig. 6d), because the conjugation
across the imide group is disrupted by the sulfonyl and
hexafluoroisopropylidene bridge.

2.8. Spectroelectrochemical and electrochromic properties

Spectroelectrochemical properties were further studied by
means of electrochromic absorbance spectra with a potential
step scan on the PEI films coated on an ITO-coated glass slides
electrode via a combination of a potentiostat and an UV–vis–NIR
spectrometer. During the test, a three-electrode configuration
was still used for applying potential to the PEI films in a 0.1 M
Bu4NClO4/DMF electrolyte solution. When the films were
electrochemically reduced, a strong color change of them was
observed. For these investigations, the electrochromic absorbance
spectra were recorded upon changing the applied voltages on the
electrodes. As a typical example, the result of the 5d film upon
electro-reduction (n-doping) is presented in Fig. 7a as a series of
UV–vis–NIR absorption curves correlated to electrode potentials.
In the neutral form, at 0 V, PEI 5d exhibited strong absorption at
lmax of 339 nm, characteristic for p–p* transitions, but it is
almost transparent in the visible region. When the applied voltage
was stepped from 0.00 to �0.65 V, the intensity of the absorption
peak at 353 nm slightly decreased, and new peaks at 410 and
562 nm gradually increased in intensity. In the same time, the film
turned from colorless to pink. We attribute these spectral changes
to the formation of an anion radical of the main-chain AQ moiety.
Further reduction at �1.25 V causes a simultaneous intensifying
in the bands at 410 and 562 nm. Meanwhile, the color of the
polymer film turns into red. Similarly, the spectral and color
changes of the 5e film upon electro-reduction (n-doping) are
presented in Fig. 7b. Preliminary results reveal that all of the AQ-
based PEIs are potentially useful as cathodically coloring red
electrochromes.

2.9. Ambipolar electrochromic copolyimide

Furthermore, a triphenylamine-containing copolyetherimide
(co-PEI 5g) from 6FDA and a equimolar mixture of AQ-diether-
amine monomer 3 and 4,40-diamino-400-methoxytriphenylamine
[40] was also prepared for the study of its ambipolar electro-
chromism (Scheme 5). Fig. 8 shows the electrochemical behavior of



Scheme 5. Synthesis of co-PEI 5g.
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co-PEI 5g film, which revealed oxidation redox wave at E1/

2 = 0.99 V and reduction redox wave at E1/2 = �0.65 and 1.08 V,
respectively. The inset in Fig. 8 shows repetitive CV diagrams of the
5g film, which indicates that the intermediate produced in the
oxidation process of 5g is stable on the time scale of the CV scan.
Repetitive scans between 0 and 1.3 V produced almost the same
patterns as those observed in the first scan. The electro-oxidative
stability of 5g can be explained by the fact that one of the active
sites of the TPA unit is blocked by the electron-donating methoxy
group.

Fig. 9a shows the spectral changes of the 5g film upon
incremental oxidative scans from 0 to 0.99 V. As the applied
voltage was stepped from 0.0 to 0.99 V, the intensity of
Fig. 8. Cyclic voltammograms of the co-PEI 5g film on the ITO-coated glass slide in 0.1 M B

50 mV/s.
the growth of a new peak centered at 747 nm was observed. In
the same time, the film turned into blue. We attribute the
development of bands at 747 nm to the formation of TPA radical
cations. The inset in Fig. 9a shows photographs of the 5g film in
uncharged (neutral, very pale yellow) and oxidized states (blue).
On the other hand, Fig. 9b shows the spectral changes of the
polymer films upon electro-reduction (n-doping). When the
applied voltage was stepped from 0.00 to �0.65 V, the intensity
of the new peaks at 410 and 560 nm gradually increased in
intensity. In the same time, the film turned from colorless to pink.
Further reduction at �1.25 V causes a simultaneous intensifying
in the bands at 410 and 560 nm. Meanwhile, the color of the
polymer film turns into red. We attribute the development of
u4NClO4/MeCN (for anodic process) and DMF (for cathodic process) at a scan rate of



Fig. 9. Spectroelectrochemistry of the co-PEI 5g thin film on the ITO-coated glass substrate in 0.1 M Bu4NClO4/MeCN (for the anodic oxidation) or DMF (for the cathodic

reduction) at various applied potentials.
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bands at 410 and 560 nm to the formation of AQ radical-anion and
radical-dianion.

Based on the foregoing results, it can be concluded that these
polymers can be used in the construction of electrochromic
devices and optical display. Therefore, we fabricated as
preliminary investigations single layer electrochromic cells
(Fig. 10). The polymer film of 5g was cast onto the ITO-coated
glass and then dried. Afterwards, the gel electrolyte was spread
on the polymer-coated side of the electrode and the electrodes
were sandwiched. To prevent leakage, and epoxy resin was
applied to seal the device. The co-PEI 5g film is colorless or pale
yellow in the neutral form. When the applied voltage was
increased to 1.8 V, the color changed to blue due to electro-
oxidation. When the potential was subsequently set back at 0 V,
the polymer 5g film turned back to original colorless or pale
yellow in the neutral form. Then, when the applied voltage was
reduced to �1.8 V, the color changed to red due to electro-
reduction.



Fig. 10. (a) Photos of sandwich-type ITO-coated glass electrochromic device, using the cast film of 5g as an active layer. (b) Illustration of electrochromic device construction.
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3. Conclusions

A series of anthraquinone-functionalized aromatic PEIs were
prepared from the polycondensation reactions of a
newly synthesized aromatic diamine monomer, 2,6-bis(4-
amino-2-trifluoromethylphenoxy)anthraquinone (3), with vari-
ous aromatic dianhydrides. All the PEIs exhibited enhanced
solubility, optical transparency and film-forming capability
because of the presence of CF3 substituents. The PEIs showed
excellent thermal stability with glass-transition temperature
of 263–312 8C and decomposition temperatures in excess of
500 8C. Electrochemical and spectroelectrochemical studies
confirm these anthrquinone-based PEIs exhibit the nature of
the cathodic n-doping process and show red color change on
reduction. Thus, these characteristics suggest that these PEIs
may be potentially applied in the fabrication of optoelectronic
devices.

4. Experimental

4.1. Materials

2,6-Dihydroxyanthraquinone (1) (Acros) and 2-chloro-5-
nitrobenzotrifluoride (Lancaster) were used as received. Dimethyl
sulfoxide (DMSO, Tedia), N,N-dimethylformamide (DMF, Acros),
N,N-dimethylacetamide (DMAc, Fluka) and N-methyl-2-pyrroli-
done (NMP, Tedia) were dried over calcium hydride for 24 h,
distilled under reduced pressure, and stored over 4 Å molecular
sieves in a sealed bottle. Commercially available tetracarboxylic
dianhydrides such as pyromellitic dianhydride (PMDA, Aldrich),
3,304,40-biphenyltetracarboxylic dianhydride (BPDA, Oxychem),
3,30,4,40-benzophenonetetracarboxylic dianhydride (BTDA,
Aldrich), 4,40-oxydiphthalic dianhydride (ODPA, Oxychem),
3,30,4,40-diphenylsulfonetetracarboxylic dianhydride (DSDA,
New Japan Chemical Co.) and 2,2-bis(3,4-dicarboxyphenyl)hexa-
fluoropropane dianhydride (6FDA, Hoechst Celanese) were
heated at 250 8C in vacuo for 3 h before use. 2,6-Bis(4-
aminophenoxy)anthraquinone [39] and 4,40-diamino-400-meth-
oxy-triphenylamine [40] were prepared according to reported
synthetic procedures.
4.2. Monomer synthesis

4.2.1. 2,6-Bis(2-trifluoromethyl-4-nitrophenoxy)anthraquinone (2)

2,6-Dihydroxyanthraquinone (4.8 g, 0.02 mol) and 2-chloro-5-
nitrobenzotrifluoride (9.0 g, 0.04 mol) were dissolved in 50 mL
of DMF in a 100-mL round-bottomed flask. Then, potassium
carbonate (5.5 g, 0.04 mol) was added, and the suspension mixture
was heated at 140 8C for 12 h. The mixture was allowed to cool and
then poured into 200 mL of methanol, and then the precipitated
product was filtered and recrystallized from DMAc to afford 9.2 g
(74% yield) of green crystals with a melting point of 241–243 8C (by
DSC at a heating rate of 10 8C/min). IR (KBr; cm�1): 1672 (keto.
C55O stretch), 1533, 1315 (nitro N55O stretch) (Fig. 1).

4.2.2. 2,6-Bis(4-amino-2-trifluoromethylphenoxy)anthraquinone (3)

In a 250-mL three-neck round-bottom flask equipped with a
stirring bar, 6.2 g (0.01 mol) of dinitro compound 2 and 0.2 g of 10%
Pd/C were dissolved/suspended in 100 mL of ethanol under
nitrogen atmosphere. The suspension solution was heated to
reflux, and 4 mL of hydrazine monohydrate was added slowly to
the mixture, then the solution was stirred at reflux temperature.
After a further 10 h of reflux, the solution was filtered hot to
remove Pd/C, and the filtrate was then cooled to precipitate yellow
product. The diamine product was collected by filtration and dried
in vacuo at 80 8C to give 3.2 g (58% in yield) of yellow crystals with
a melt point of 306–308 8C (by DSC at a heating rate of 10 8C/min).
IR (KBr; cm�1): 3490, 3374 (N–H stretch). 1H NMR (500 MHz,
DMSO-d6; d, ppm): 5.67 (s, 4H, –NH2), 6.91 (dd, J = 8.5, 2.5 Hz, 2H,
He), 7.00 (d, J = 2.5 Hz, 2H, Hf), 7.08 (d, J = 8.5 Hz, 2H, Hd), 7.40 (dd,
J = 8.5, 2.5 Hz, 2H, Hb), 7.42 (d, J = 2.5 Hz, 2H, Ha), 8.17 (d, J = 8.5 Hz,
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2H, Hc). 13C NMR (125 MHz, DMSO-d6; d, ppm): 110.7 (quartet, 3JC-

F: 5.0 Hz, C11), 111.9 (C5), 118.5 (C9), 121.6 (C3), 123.2 (quartet, 1JC–

F: 272.9 Hz, –CF3), 124.2 (C8), 121.9 (quartet, 2JC–F: 30.2 Hz, C12),
127.6 (C1), 129.9 (C2), 135.2 (C6), 139.8 (C7), 147.1 (C10), 163.5 (C4),
180.8 (C55O).
4.3. Synthesis of model compounds

4.3.1. 2,6-Bis[4-(1,2-cyclohexanedicarboximido)-2-

trifluoromethylphenoxy]-anthraquinone (M1)

A 50 mL round-bottom flask equipped with a magnetic stirrer
was charged with 0.5584 g (1.00 mmol) of diamine 3, 0.3237 g
(2.10 mmol) of 1,2-cyclohexanedicarboxylic anhydride, and 5 mL
acetic acid. The reaction mixture was heated with stirring at 140 8C
for 3 h. The resulting reaction solution was poured into 200 mL of
stirring methanol giving rise to white precipitate. The product was
collected by filtration, washed thoroughly with hot water and
methanol, and dried in vacuo at 80 8C to give 0.75 g (90% in yield) of
white powder with a melting point of 241–248 8C (by DSC at a
heating rate of 10 8C/min). IR (KBr; cm�1): 2941, 2862 cm�1

(aliphatic C–H stretch), 1714 cm�1 (sym. imide C55O stretch) and
1783 cm�1 (asym. imide C55O stretch) (Fig. S2). 1H NMR (600 MHz,
CDCl3, d, ppm): 1.54 (m, 8H, Hi), 1.89�2.08 (m, 8H, Hh), 3.09 (m, 4H,
Hg), 7.20 (d, J = 8.4 Hz, 2H, Hd), 7.39 (dd, J = 8.4, 2.4 Hz, 2H, Hb), 7.59
(dd, J = 8.4, 2.4 Hz, 2H, He), 7.78 (d, J = 2.4 Hz, 2H, Ha), 7.85 (d,
J = 2.4 Hz, 2H, Hf), 8.32 (d, J = 8.4 Hz, 2H, Hc).
4.3.2. 2,6-Bis(4-phthalimido-2-

trifluoromethylphenoxy)anthraquinone (M2)
A 50 mL round-bottom flask equipped with a magnetic stirrer

was charged with 0.5584 g (1.00 mmol) of diamine 3, 0.3111 g
(2.10 mmol) of phthalic anhydride, and 5 mL acetic acid. The
reaction mixture was heated with stirring at 140 8C for 3 h. The
resulting reaction solution was poured into 200 mL of stirring
methanol giving rise to light yellow precipitate. The product was
collected by filtration, washed thoroughly with hot water and
methanol, and dried in vacuo at 80 8C to give 0.7613 g (93% in
yield) of light yellow powder. Fourier transform infrared spectros-
copy (FTIR; KBr; cm�1): 1718 cm�1 (sym. imide C55O stretch) and
1782 cm�1 (asym. imide C55O stretch). 1H NMR (600 MHz, DMSO-
d6; d, ppm): 7.45 (d, J = 9.0 Hz, 2H, Hd), 7.53 (s, 2H, Ha), 7.52 (dd,
J = 8.4, 2.4 Hz, 2H, Hb), 7.64 (t, J = 7.8 Hz, 4H, Hh), 7.94 (d, J = 7.8 Hz,
4H, Hg), 8.02 (dd, J = 9.4, 2.4 Hz, 2H, He), 8.23 (d, J = 8.4 Hz, 2H, Hc),
8.35 (d, J = 2.4 Hz, 2H, Hf).
4.4. Polymer synthesis

PEIs 5a–5f were synthesized from AQ-dietheramine monomer
3 and aromatic dianhydrides 4a–4f by the conventional two-step
method via thermal or chemical imidization reaction. A typical
procedure is as follows. The diamine monomer 3 (0.5569 g,
1 mmol) was dissolved in 9.5 mL of CaH2-dried DMAc in a 50-mL
round-bottom flask. Then, 4f 6FDA (0.4444 g, 1 mmol) was added
to the diamine solution in one portion. Thus, the solid content
of the solution is approximately 10 wt.%. The mixture was
stirred at room temperature for about 12 h to yield a viscous
poly(amic acid) solution. The inherent viscosity of the resulting
poly(amic acid) 5f was 0.85 dL/g, measured in DMAc at
concentration of 0.50 g/dL at 30 8C. For the thermal imidization
process, about 5 g of the obtained poly(amic acid) solution was
transferred to a 7-cm glass Petri-dish, which was placed in a
90 8C oven 3 h for the slow release of the casting solvent. The
poly(amic acid) in the form of solid film was converted to PEI
by successive heating under vacuum at 150 8C for 30 min, 200 8C
for 30 min, and then 250 8C for 1 h.
For the chemical imidization method, 4 mL of acetic anhydride
and 2 mL of pyridine were added to the remaining poly(amic acid)
solution, and the mixture was heated at 100 8C for 1 h to effect a
complete imidization. The homogenous polymer solution was
poured slowly into 200 mL of stirring methanol giving rise to
yellow precipitate that was collected by filtration, washed
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thoroughly with hot water and methanol, and dried. Then, a
polymer solution was made by the dissolution of about 0.5 g of the
polyimide sample in 10 mL of hot DMAc. The homogeneous
solution was poured into a 9-cm glass Petri dish, which was placed
in a 90 8C oven overnight for the slow release of the solvent, and
then the film was stripped off from the glass substrate and further
dried in vacuum at 150 8C for 6 h.

4.5. Copolyimide synthesis

The copolyimide 5g was synthesized from aromatic dianhy-
dride 4f with an equimolar mixture of diamine monomer 3 and
4,4}’ \hbox {-diamino-4}’’ \hbox {-methoxytriphenylamine by the
conventional two-step method via chemical imidization reaction.
A mixture of diamine 3 (0.1393 g, 0.25 mmol) and 4,4}’ \hbox {-
diamino-4}’’ \hbox {-methoxytriphenylamine (0.0763, 0.25 mmol)
was dissolved in 4.8 mL of dried DMAc in a 50-mL round-bottom
flask. Then, 4f 6FDA (0.2212 g, 0.5 mmol) was added to the diamine
solution in one portion. Thus, the solid content of the solution is
approximately 10 wt.%. The mixture was stirred at room tempera-
ture overnight (for about 12 h) to yield a viscous poly(amic acid)
solution. Then, 4 mL of acetic anhydride and 2 mL of pyridine were
added to the poly(amic acid) solution, and the mixture was heated
at 100 8C for 1 h to effect a complete imidization. The homogenous
polymer solution was poured slowly into 200 mL of stirring
methanol giving rise to yellow precipitate that was collected by
filtration, washed thoroughly with hot water and methanol, and
dried. Then, a polymer solution was made by the dissolution of
about 0.8 g of the polyimide sample in 10 mL of hot DMAc. The
homogeneous solution was poured into a 9-cm glass Petri dish,
which was placed in a 90 8C oven overnight for the slow release of
the solvent, and then the film was stripped off from the glass
substrate and further dried in vacuum at 150 8C for 6 h. The
inherent viscosity of the copolyimide 5g was 0.45 dL/g, measured
in DMAc at concentration of 0.50 g/dL at 30 8C.

4.6. Fabrication of electrochromic devices

A gel electrolyte based on PMMA and LiClO4 was plasticized
with propylene carbonate to form a highly transparent and
conductive gel. PMMA (1 g) was dissolved in dry MeCN (4 mL), and
LiClO4 (0.1 g) was added to the polymer solution as supporting
electrolyte. Then propylene carbonate (1.5 g) was added as
plasticizer. The mixture was then gently heated until gelation.
The gel electrolyte was spread on the polymer-coated side of the
electrode, and the electrodes were sandwiched. Finally, an epoxy
resin was used to seal the device.

4.7. Measurements

Fourier transform infrared spectra were recorded on a Horiba
FT-720 FT-IR spectrometer. 1H and 13C NMR spectra were
measured on a Bruker AVANCE 500 or 600 MHz FT-NMR system
with tetramethylsilane (TMS) as an internal standard. The inherent
viscosities were determined with a Cannon-Fenske viscometer at
30 8C. Thermogravimetric analysis (TGA) was performed with a
Perkin-Elmer Pyris 1 TGA. Experiments were carried out on
approximately 4–6 mg of samples heated in flowing nitrogen or air
(gas flow rate = 40 cm3/min) at a heating rate of 20 8C/min. DSC
analyses were performed on a Perkin-Elmer Pyris 1 DSC at a scan
rate of 20 8C/min in flowing nitrogen.

Electrochemistry was performed with a CHI 750A electrochem-
ical analyzer. Cyclic voltammetry was conducted with the use of a
three-electrode cell in which ITO (polymer films area about
0.8 cm � 1.25 cm) was used as a working electrode. A platinum
wire was used as an auxiliary electrode. All cell potentials were
taken with the use of a home-made Ag/AgCl, KCl (sat.) reference
electrode. Ferrocene was used as an external reference for
calibration (+0.48 V vs Ag/AgCl). Voltammograms are presented
with the positive potential pointing to the left and with increasing
anodic currents pointing downwards.

Spectroelectrochemistry analyses were carried out with an
electrolytic cell, which was composed of a 1 cm cuvette, ITO as a
working electrode, a platinum wire as an auxiliary electrode, and a
Ag/AgCl reference electrode. Absorption spectra in the spectro-
electrochemical experiments were measured with an Agilent
8453 UV–vis diode array spectrophotometer.
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