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HIGHLIGHTS





New polyimides with (4-morpholinyl)triphenylamine units were prepared.
The polymers showed high redox-activity and good electrochemical stability.
The polymer films exhibited p-doping and multi-electrochromic behavior.
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ABSTRACT

A series of electroactive aromatic polyimides with (4-morpholinyl)triphenylamine units in the
backbone

were

prepared

from

a

newly

synthesized

diamine

monomer,

4,4’-diamino-4”-(4-morpholinyl)triphenylamine, and aromatic tetracarboxylic dianhydrides via the
conventional two-step polycondensation technique. Flexible and tough polyimide films could be
obtained via the thermal curing of their precursor poly(amic acid) films. The polyimides showed high
glass-transition temperatures (Tg) between 290-313

o

C, and they did not show significant

o

decomposition before 500 C in air or nitrogen atmosphere. Cyclic voltammograms of the polyimide
films on the indium-tin oxide (ITO)-coated glass substrate exhibited a pair of reversible oxidation
waves with low onset oxidation potentials of 0.43−0.53 V (vs. Ag/AgCl) in acetonitrile solution. They
also exhibited multicolor electrochromic behavior between their neutral and oxidized states changing
from pale yellow to cyan and bluish purple.

Keywords: Polyimides, Morpholine, Triphenylamine, Redox polymers, Electrochemistry,
Electrochromism

1.

Introduction

Aromatic polyimides constantly attract interest because they exhibit excellent thermal, mechanical,
and electrical properties as well as outstanding chemical resistance [1]. However, most of them have
high melting or softening temperature (Ts) and are insoluble in most of organic solvents partly
because of the strong interchain interaction. These properties make them generally intractable or
difficult to process, thus limiting their applications. To overcome these limitations, many efforts have
been made to improve the processing characteristics of these intractable polymers while other
advantageous properties are retained [2−4]. Different structural modifications of the polymer
backbone have been studied to reduce the chain-chain interaction, for example, the incorporation of
bulky, packing-disruptive moieties, which hinder the chain packing but do not affect the glass
transition temperature [5−12]. It has been demonstrated that aromatic polyimides containing bulky,
propeller-shaped triphenylamine (TPA) unit were amorphous, had enhanced solubility in organic
solvents, and exhibited high thermal stability [13,14]. Incorporation of TPA or other triarylamine units
into the polyimide backbone not only resulted in enhanced solubility but also led to new electronic
functions of polyimides, such as electrochromic [15−19] and memory [20−22] characteristics, due to
the electroactivity of the TPA or triarylamino core.
As an electrochromic functional moiety, the TPA unit has two basic properties: (1) the easy
oxidizability of the nitrogen center and (2) its hole-transporting ability via the radical cation species.
However, unsubstituted TPA undergoes coupling-deprotonation to form tetraphenylbenzidine after
2

the formation of the initial monocation radical [23]. The oxidation potential and the π-π* bandgap of
the product, generally called triaryldiamine, are different from that of the starting material. Therefore,
the small concentration of the product may cause an unstable color change of the electrochromic
material during redox switching. The formation of protons as by-products may deteriorate the
coloration efficiency of the electrochromic devices through undesirable side reactions. It has been
well established that incorporation of electron-donating or bulky substituents such as methoxy or
tert-butyl group at the para position of TPA prevents the coupling reactions and affords stable radical
cations [24−29]. It has also been demonstrated that TPA-based polyamides with dimethylamino group
para to the TPA nitrogen could afford quite stable radical cations in the first one-electron oxidation
process and reasonably stable dication quinonediimines generated by a second one-electron process
[30]. In this work, we employed the diamine monomer, 4,4’-diamino-4”-(4-morpholinyl)triphenylamine (4), to prepare a series of aromatic polyimides containing electroactive TPA units with
electron-donating morpholine para substituted on the pendent phenyl ring. The morpholine
substituents are expected to reduce the oxidation potential and increase the electrochemical stability
and electric conductivity of the polyimides.

2.

Experimental section

2.1. Materials

The diamine monomer, 4,4’-diamino-4”-(4-morpholinyl)triphenylamine (4), was prepared starting
from morpholine according to the synthetic route outlined in Scheme 1. The synthetic details and
characterization data of all the synthesized compounds 1−4 have been reported in a separate paper
[31]. Commercially available aromatic tetracarboxylic dianhydrides such as pyromellitic dianhydride
(PMDA; 5a; Aldrich) and 3,3’,4,4’-benzophenonetetracarboxylic dianhydride (BTDA; 5c; Aldrich) were
purified by recrystallization from acetic anhydride. 3,3’,4,4’-Biphenyltetracarboxylicdianhydride (BPDA;
5b;

Oxychem)

and

4,4’-oxydiphthalic

anhydride

(ODPA;

5d;

Oxychem),

3,3’,4,4’-diphenylsulfonetetracarboxylic dianhydride (DSDA; 5e; New Japan Chemical Co.) and
2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA; 5f; Hoechst Celanese) were
heated at 250 °C in vacuo for 3 h before use. Tetra-n-butylammonium perchlorate (TBAP; from Acros)
was recrystallized twice from ethyl acetate and then dried in vacuo before use. All other reagents and
solvents were used as received from commercial sources.

3

Scheme 1. Synthetic route to the target diamine monomer 4: (a) p-fluoronitrobenzene,
o

K2CO3, DMSO, 120 C, 20 h; (b) hydrazine, Pd/C, EtOH, reflux, 10 h; (c) p-fluoronitrobenzene, CsF,
o

DMSO, 120 C, 20 h; (d) hydrazine, Pd/C, EtOH, reflux, 20 h.

2.2. Synthesis of polyimides

A typical procedure is as follows. The diamine monomer 4 (0.4479 g, 1.24 mmol) was dissolved in
9.5 mL of DMAc in a 50 mL round-bottom flask. Then 5f, 6FDA (0.5521 g, 1.24 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 3 h to yield a viscous poly(amic acid) solution.
The inherent viscosity of the resulting poly(amic acid) was 0.78 dL g−1, measured in DMAc at a
concentration of 0.5 g dL−1 at 30 °C. The poly(amic acid) film was obtained by casting from the
resulting polymer solution onto a glass Petri-dish and drying at 90 °C overnight. The poly(amic acid) in
the form of solid film was subsequently converted to polyimide 6f by successive heating under
vacuum at 150 °C for 30 min, 250 °C for 30 min, and then 300 °C for 1 h. The IR spectrum of 6f (film)
exhibited characteristic imide absorption bands at 1781 (asymmetrical C ＝ O stretch), 1721
(symmetrical C＝O stretch), and 1380 cm−1 (C−N stretch). For the chemical imidization method, 3 mL
of acetic anhydride and 1.5 mL of pyridine were added to a poly(amic acid) solution obtained by a
similar process as above, and the mixture was heated at 100 °C for 1 h to effect a complete
imidization. The homogenous polymer solution was poured slowly into 200 mL of stirring methanol
giving rise to pale-yellow precipitate that was collected by filtration, washed thoroughly with hot
water and methanol, and dried.

2.3. Measurements
1

Infrared (IR) spectra were recorded on a Horiba FT-720 FT-IR spectrometer. H and
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C NMR

spectra were measured on a Bruker AVANCE 500 FT-NMR system with tetramethylsilane as an
internal standard. The inherent viscosities were determined with an Ubbelohde viscometer at 30 °C.
Wide-angle X-ray diffraction (WAXD) measurements were performed at room temperature (ca. 25 °C)
on a Shimadzu XRD-6000 X-ray diffractometer with a graphite monochromator (operating at 40 kV
4

and 30 mA), using nickel-filtered Cu-Kα radiation (λ = 1.5418 Å). The scanning rate was 2 degree min−1
over a range of 2θ = 10−40°. Thermogravimetric analysis (TGA) was performed with a Perkin-Elmer
Pyris 1 TGA. Experiments were carried out on approximately 4−6 mg of film samples heated in flowing
nitrogen or air (flow rate = 40 cm /min) at a heating rate of 20 °C min−1. DSC analyses were performed
3

on a Perkin-Elmer Pyris 1 DSC at a scan rate of 20 °C min−1 in flowing nitrogen. Thermomechanical
analysis (TMA) was determined with a Perkin-Elmer TMA 7 instrument using the polyimide film
samples of about 70 μm. The TMA experiments were carried out from 50 to 350 °C at a scan rate of
10 °C min−1 with a penetration probe 1.0 mm in diameter under an applied constant load of 10 mN.
Softening temperatures (Ts) were taken as the onset temperatures of probe displacement on the TMA
traces. Electrochemistry was performed with a CH Instruments 600c electrochemical analyzer.
Voltammograms are presented with the positive potential pointing to the left and with increasing
anodic currents pointing downwards. 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 (+0.44 V vs. Ag/AgCl). 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
spectroelectrochemical experiments were measured with an Agilent 8453 UV-Visible photodiode
array spectrophotometer. Photoluminescence (PL) spectra were measured with a Varian Cary Eclipse
fluorescence spectrophotometer.

3.

Results and discussion

3.1. Polymer synthesis

Polyimides 6a−6f were prepared in conventional two-step method by the reactions of equal
molar amounts of diamine 4 with various aromatic dianhydrides (5a to 5f) to form poly(amic acid)s,
followed by thermal or chemical cyclodehydration (Scheme 2). As shown in Table 1, the inherent
viscosities of the poly(amic acid) precursors were in the range 0.72−1.20 dL g−1, indicating the
formation of high-molecular-weight polymers. All of these poly(amic acid)s could be cast into flexible
and tough films, which were subsequently converted into tough polyimide films by stage-by-stage
heating at elevated temperatures. Fig. 1 shows the appearance of a typical thermally imidized film of
polyimide 6f. The deep brown color of the cast films can be ascribed to the strong charge-transfer
complexing between the electron-donating 4-morpholinylTPA unit and the electron-withdrawing
imide ring in these polyimides. The poly(amic acid)s also could be chemically cyclodehydrated to
polyimides by treatment with a mixture of pyridine and acetic anhydride. The organosoluble 6FDA
5

polyimide 6f could be solution cast into strong films in the fully imidized form. The complete
imidization of polymers was confirmed by IR spectroscopy. All the polyimides showed the
characteristic absorption bands of the imide ring near 1781 (asym C＝O str.), 1721 (sym C＝O str.),
1380 (C−N str.), and 744 cm−1 (imide ring deformation). Typical IR spectra of polyimide 6b and its
poly(amic acid) precursor are illustrated in Fig. 2. There was no existence of the characteristic
absorption bands of the amide and carboxylic acid groups, indicating the polymer had been fully
imidized.

Scheme 2. Synthesis of polyimides 6a−6f.
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Fig. 1. Image of the thermally cured film of polyimide 6f of about 70 μm in thickness.

Fig. 2. Typical IR spectra of the polyimide 6b and its precursor.

3.2. Solubility and thermal properties

The solubility properties of polyimides 6a−6f in several organic solvents at 10 % (w/v) are
summarized in Table 1. Almost all the polyimide samples prepared by the thermal imidization method
are insoluble in organic solvents. For the chemically imidized polyimides, the 6FDA-derived one (6f)
exhibited moderate solubility in organic solvents. All of the polyimides 6a−6f could afford flexible and
tough films via thermal imidization of their poly(amic acid) films, and they were amorphous in nature
as evidenced by wide-angle X-ray diffraction patterns.
7

The thermal properties of polyimides were examined by DSC, TMA, and TGA techniques. The
thermal behavior data of polyimides 6a−6f together with their referenced analogs (6a’−6f’) without
the 4-morpholinyl substituent on the TPA unit are included in Table 2. The Tg values of the polyimides
6a−6f measured by DSC were recorded in the range 290−313 °C. The decreasing order of Tg generally
correlated with that of chain flexibility. For example, the polyimide 6d from ODPA showed the lowest
Tg (290 °C) because of the presence of flexible ether linkage between the phthalimide units. As
compared to the corresponding parent 6’ series polyimides, the 6 series polyimides revealed a slightly
lower Tg possibly due to the internal plasticization effect of the alicyclic 4-morpholinyl substituents.
The softening temperatures (Ts) of the polymer films were determined with TMA by the penetration
method. The Ts value was read from the onset temperature of the probe displacement on the TMA
curve. A typical TMA thermogram for polyimide 6c is illustrated in Fig. 3. The Ts values of the
polyimides are recorded in the range of 284−312 °C. The thermal stability of polyimides was
evaluated by TGA in both air and nitrogen atmospheres. Typical TGA curves for polyimide 6b are
shown in Fig. 4. All of the polymers exhibited good thermal stability; the Tds of these polyimides at a
10 % weight loss were recorded in the range of 569−628 °C in nitrogen and 558−622 °C in air,
respectively. The amount of carbonized residues (char yield) at 800 °C in nitrogen for all polyimides
was in the range of 66 to 73 wt %. The high char yields of these polyimides can be attributed to their
high aromatic content.

Table 1
Inherent viscosity and solubility behavior of polyimides prepared via thermal (-T) or
chemical (-C) imidization.
Solubility in various solventsb
Polymer ηinh a
−1
code
(dL g )
NMP
DMAc
DMF
DMSO
m-Cresol THF
－
－
－
－
6a-T
0.95


＋
6a-C





－
－
－
－
－
－
6b-T
1.20
6b-C






－
－
－
－
6c-T
0.81


－
6c-C





－
－
－
－
－
6d-T
0.72

＋
＋
6d-C




－
－
－
－
－
6e-T
0.72

＋
6e-C
+h




－
－
6f-T
0.78




＋
＋
＋
＋
6f-C


a

−1

Inherent viscosity of the poly(amic acid) precursors measured at a concentration of 0.5 g dL in
DMAc at 30 °C.
b
The solubility was determined with a 10 mg sample in 1 mL of a solvent. Solubility notation: ＋:
soluble at room temperature;  : partially soluble ; +h: soluble on heating, －: insoluble even on
heating. Solvent: NMP: N-methyl-2-pyrrolidone; DMAc: N,N-dimethylacetamide; DMF:
N,N-dimethylformamide; DMSO: dimethyl sulfoxide; THF: tetrahydrofuran.
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Fig. 3. TMA curve of polyimide 6c with a heating rate of 10 °C min−1.

Fig. 4. TGA thermograms of polyimide 6b with heating rate 20 °C min−1.
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Table 2
Thermal properties of polyimides.a

Polymer
code

Tg b
(°C)

Tsc
(°C)

6a
6b
6c
6d
6e
6f

311 (－)g
306 (333)
292 (308)
290 (291)
313 (319)
296 (316)

－f
－
286
284
312
288

Td at 5 wt %
lossd (°C)

Td at 10 wt %
lossd (°C)

Char
Yield

In N2
487
502
510
497
499
484

In N2
591
621
628
613
569
607

( % )e
70
73
71
70
66
72

In Air
457
526
487
514
491
483

In Air
558
615
599
622
571
605

a

The polymer film samples were heated at 300 °C for 30 min prior to all the thermal analyses.
−1
The sample were heated from 50 to 400 °C at a scan rate of 30 °C min followed by rapid cooling to
−1
50 °C at –200 °C min in nitrogen. The midpoint temperature of baseline shift on the subsequent
−1
DSC trace (from 50 to 400 °C at heating rate 30 °C min ) was defined as Tg.
c
Softening temperature measured by TMA using a penetration method.
d
Decomposition temperature at which a 5 % or 10 % weight loss was recorded by TGA at a heating
−1
rate of 20 °C min .
e
Residual weight percentages at 800 °C under nitrogen flow.
f
No discernible Ts was observed.
g
Values in parentheses are data of analogous polyimides 6’ having the corresponding dianhydride
residue as in the 6 series.
b

3.3. Optical and electrochemical properties

The optical and electrochemical properties of the polyimides are listed in Table 3. Polyimides
6a−6f exhibited absorption maxima at 298-318 nm in NMP solutions and at 302−323 nm as a solid
film, which were assignable to the π-π* transition resulting from the conjugation between the
aromatic rings and nitrogen atoms. The dilute solutions of these polyimides in NMP showed a blue
emission with λmax at 378−426 nm. However, the PL quantum efficiency is very low (< 5%) because of
the lack of rigidity in the diamine component and quenching by the charge-transfer absorption
between the (4-morpholinyl)TPA donor and the imide acceptor. There are two reversible oxidation
redox processes observed on the first CV scans of all polyimides 6a−6f. The oxidation potentials
(half-wave potentials, E1/2) for reversible oxidation are taken as the average of anodic and cathodic
peak potentials (Epa and Epc) on the first CV diagram. For example, as shown in Fig. 5, two reversible
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oxidation redox couples at E1/2 = 0.64 and 0.97 V were detected on the first CV scan of 6a. Polyimide
6a revealed a much lower onset oxidation potential (Eonset = 0.43 V; E1/2 = 0.64 V) in comparison with
its parent analog 6a’ (Eonset = 0.74 V; E1/2 = 1.06 V). We propose that the morpholinyl group of 6a is
involved in the first oxidation process. Our hypothesis is based on the fact that the morpholinyl group
has higher basicity than the TPA unit due to the lower delocalization of the lone pair of electrons of
the nitrogen atom in the aliphatic ring. It was also found that the color of the film changed from
colorless to cyan and then to bluish purple because of electrochemical oxidation of the polymer. The
redox potentials of the various polyimides as well as their respective HOMO and LUMO potentials (vs.
+

vacuum) are shown in Table 3. The E1/2 and Eonset values of the external ferrocene/ferrocenium (Fc/Fc )
redox standard in MeCN were recorded at 0.44 V and 0.37 V (vs. Ag/AgCl), respectively. Under the
assumption that the HOMO energy level for the ferrocene standard was 4.80 eV with respect to the
zero vacuum level, the HOMO energy levels for polyimides 6a−6f were evaluated to be 4.96−5.01 eV
and 4.86−4.96 eV according to their E1/2 and Eonset values, respectively. The lower ionization potential
could suggest an easier hole injection into films from ITO electrodes in electronic device applications.

Fig. 5. Cyclic voltammogram of polyimide 6a film on an indium-tin oxide (ITO) coated
glass substrate in MeCN containing 0.1 M TBAP with a scan rate of 100 mV s−1.
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Table 3
Optical and electrochemical properties of the polyimides.

Index

Solution (nm)a

λ

abs
max

λ

PL
max

E1/2(V)b
(vs. Ag/AgCl)

Film (nm)

λ

abs
max

λ

abs
onset

Ox. 1

Eonset
Ox. 2

f

Eg
(eV)c

HOMO
(eV)d
E1/2

LUMO
(eV)e
Eonset

E1/2

6a
318
412
313
453
0.64 (1.06) 0.97
0.43
2.74
5.00
4.86
2.26
6b
311
378
313
438
0.65 (1.01) 0.99
0.43
2.83
5.01
4.86
2.18
6c
306
376
306
434
0.60 (1.03) 0.96
0.52
2.86
4.96
4.95
2.10
6d
313
396
323
415
0.63 (1.01) 0.95
0.53
2.99
4.99
4.96
2.00
6e
298
426
302
446
0.60 (1.04) 0.99
0.51
2.78
4.96
4.94
2.18
6f
300
405
302
419
0.61 (1.01) 0.95
0.52
2.96
4.97
4.95
2.01
a
−5
−1
Polymer concentration of 1 × 10 mol L in NMP.
b
Oxidation half-wave potentias from cyclic voltammograms.
c
The data were calculated with the following equation: Eg = 1240/λabs,onset of the polymer film.
d
The HOMO energy levels were calculated from E1/2 or Eonset and were referenced to ferrocene (4.8 eV).
e
LUMO = HOMO − Eg.
f
Values in parentheses are data of analogous polyimides 6’ having the corresponding dianhydride residue as in the 6 series.
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Eonset
2.12
2.03
2.09
1.97
2.16
1.99

3.4. Electro-optical and electrochromic properties

Following the electrochemical tests, the optical properties of the electrochromic films were
evaluated by using spectroelectrochemistry. For these investigations, the polyimide film was cast on
an ITO-coated glass slide (a piece that fit in the commercial UV-visible cuvette), and a homemade
electrochemical cell was built from a commercial UV-visible cuvette. The cell was placed in the optical
path of the sample light beam in a commercial diode array spectrophotometer. This procedure
allowed us to obtain electronic absorption spectra under potential control in a 0.1 M TBAP/MeCN
solution. As a typical example, the result of the polyimide 6d film is presented in Fig. 6 as a series of
UV-vis-NIR absorbance curves correlated to electrode potentials. When the applied potentials
increased positively from 0 to 0.90 V, the intensity of the absorption peak at 315 nm (characteristic
for neutral form polyimide 6d) decreased gradually. Two new bands grew up at 380 nm and 730 nm
due to the first stage oxidation. When the potential was adjusted to a more positive value of 1.40 V,
corresponding to the second step oxidation, the absorption intensity at 315 nm decreased gradually
and two new bands grew up at 570 nm and 780 nm. Meanwhile, the film changed from original pale
yellowish to cyan and then to bluish purple oxidized form. For optical switching studies, polymer films
were cast on ITO-coated glass slides in the same manner as described above, and each film was
potential stepped between its neutral (0 V) and oxidized (+0.90 V) state. While the films were
switched, the absorbance at 730 nm was monitored as a function of time with UV-vis-NIR
spectroscopy. Switching data for the cast film of polyimide 6d are given in Fig. 7. The switching time
was calculated at 90 % of the full switch because it is difficult to perceive any further color change
with naked eye beyond this point. Thin film of polyimide 6d required 16 s at 0.90 V for coloring and 23
s for bleaching, reflecting the different reaction rates between the neutral and oxidized forms of the
film of 6d. No significant optical contrast loss was observed in the first 20 switching cycles.

4.

Conclusions

A series of redox-active and electrochromic polyimides have been synthesized from
4,4’-diamino-4”-(4-morpholinyl)triphenylamine with various aromatic dianhydrides by a conventional
two-step procedure. All the polyimides were amorphous and could afford strong and tough films with
high Tg and high thermal stability. The polyimides revealed much lowered oxidation onset potentials as
compared to the parent ones without the 4-morpholinyl substituent. These polymers also exhibited
moderate electrochemical stability and two-stage color changes upon oxidation, from pale yellow
neutral state to cyan and bluish purple oxidized states. Thus, these characteristics suggest that these
new polyimides have great potential for use in optoelectronics applications.
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Fig. 6. Spectral change of polyimide 6d thin film on the ITO-coated glass substrate
(in MeCN with 0.1 M TBAP as the supporting electrolyte) along with increasing of the
applied voltage: 0 (■), 0.65 (●), 0.70 (▲), 0.75 (▼), 0.90 (◆), 1.15 (□), 1.20 (○), 1.25
(△), 1.30 (▽), and 1.40 V (◇) vs. Ag/AgCl couple as reference. The inset shows the
photographic images of the film at indicated applied voltages.

Fig. 7. Optical switching for polyimide 6d at λmax = 730 nm as the applied voltage was
stepped between 0 and 0.90 V (vs. Ag/AgCl) with a pulse width of 25 s.
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