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A B S T R A C T

Novel electroactive aromatic poly(amine-amide)s and poly(amine-imide)s with 4-ﬂuorotriphenylamine
units in the backbone were prepared from a newly synthesized diamine monomer, 4,40 -diamino-400 ﬂuorotriphenylamine, with aromatic dicarboxylic acids and tetracarboxylic dianhydrides via the
phosphorylation technique and conventional two-step polycondensation technique, respectively. All the
synthesized polymers could afford ﬂexible and tough ﬁlms with moderately high thermal stability. Cyclic
voltammograms of the poly(amine-amide) and poly(amine-imide) ﬁlms on the indium-tin oxide (ITO)coated glass substrate exhibited a pair of reversible oxidation waves with oxidation half-wave potentials
(E1/2) of 0.91–0.99 V and 1.19–1.23 V (vs. Ag/AgCl), respectively, in an electrolyte/acetonitrile solution.
They also exhibited obvious electrochromic behavior between their neutral and oxidized states changing
from pale yellow to green or blue.
ã 2016 Elsevier B.V. All rights reserved.

1. Introduction
Triarylamine derivatives such as triphenylamines have
attracted signiﬁcant attention in the past years due to their unique
properties that allow them to have potential applications in
organic electronics, photonics and magnetic materials [1–3]. Most
of the hole-transporting materials contain triarylamine moieties in
their molecular structures [4,5]. Many star-shaped, dendrimeric
and polymeric triarylamines have been synthesized as photoconductors and hole-transporting materials for various electrooptical applications [6]. Due to the good electron-donating nature
of triarylamines, their derived oligomers and polymers have been
widely studied as hole-transporting materials for a number of
applications, such as xerography, organic ﬁeld-effect transistors,
photovoltaics, organic light-emitting devices, etc. [7]. In addition,
the application of redox-active polymers as active electrode
materials has attracted much attention in the area of secondary
battery research during the past few decades [8]. For example,
redox-active polytriphenylamines have been evaluated as cathode
active materials for use in rechargeable lithium batteries [9].
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E-mail addresses: shhsiao@ntut.edu.tw (S.-H. Hsiao), YRKung@itri.org.tw
(Y.-R. Kung).
http://dx.doi.org/10.1016/j.jﬂuchem.2016.04.004
0022-1139/ ã 2016 Elsevier B.V. All rights reserved.

Aromatic polyamides and polyimides are important highperformance polymers that exhibit excellent thermal, mechanical
and electrical properties as well as outstanding chemical resistance [10–12]. However, most of them have high melting or
softening temperature and are insoluble in most of organic
solvents because of the rigidity of the backbone and strong
intermolecular interactions. These properties make them generally
intractable or difﬁcult to process; thus, their applications are
restricted in some ﬁelds. To overcome these limitations, many
efforts have been made to improve the processing characteristics
of these intractable polymers while other advantageous properties
are retained. Various structural modiﬁcations of the polymer
backbone have been studied to reduce the chain-chain interaction,
e.g., the incorporation of bulky, packing-disruptive triﬂuoromethyl
groups which hinder the chain packing but do not markedly affect
the glass transition temperature [13–20]. It has been demonstrated
that aromatic polyamides and polyimides containing bulky,
propeller-shaped triphenylamine (TPA) unit were amorphous,
had excellent or enhanced solubility in organic solvents, and
exhibited high thermal stability [21–25]. During the last decade,
we have reported that many TPA-based polyamides and polyimides show interesting electrochromic properties and some of
them are very stable toward redox cycling, which makes them
potential candidates for commercial device applications [26–33].
Therefore, the introduction of TPA unit into aromatic polyamide
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and polyimide backbones would be expected to be a potential
structural approach for not only increasing solubility without
sacriﬁcing high thermal stability but also allowing them to be used
as potential hole-transporting or electrochromic materials.
The electrochemistry of triphenylamine in aprotic solvents was
well studied [34]. Triphenylamine cationic radical of the ﬁrst
electron oxidation is not stable, the chemical reaction therefore
follow-up to produce tetraphenylbenzidine (TPB) by tail-to-tail
(para-positions) coupling with the loss of two protons per dimer.
When the phenyl groups were incorporated by substitutents at the
para-position of triarylamines, the coupling reactions were greatly
prevented that afforded stable cationic radicals [35]. In view of our
continuing interest in the synthesis of triphenylamine-containing
high-performance polymers, this work describes the synthesis of
two series of novel poly(amine-amide)s and poly(amine-imide)s
containing triphenylamine unit with the ﬂuorine atom on the paraposition of the pendent phenyl group. The effect of ﬂuorine
substitution on the physical and electrochemical properties of the
resulting polymers will be studied herein. Thus, we synthesized a
novel ﬂuorinated, triphenylamine-containing diamine monomer,
4,40 -diamino-400 -ﬂuorotriphenylamine (2), and its derived poly
(amine-amide)s and poly(amine-imide)s. The general properties,
such as the solubility, crystallinity, and thermal and mechanical
properties, of the obtained polymers are investigated. The
electrochemical, electrochromic, and photoluminescent (PL) properties of these polymers are also described here and are compared
with those of structurally related ones from 4,40 -diaminotriphenylamine (20 ) that ﬁrst reported by Imai and co-workers [21,22].

N,N-Dimethylacetamide (DMAc) (Tedia), N,N-dimethylformamide
(DMF) (Tedia), pyridine (Py) (Wako) and N-methyl-2-pyrrolidone
(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. The commercially available aromatic dicarboxylic
acids such as terephthalic acid (3a) (Wako), isophthalic acid (3b)
(Wako), 4,40 -biphenydicarboxylic acid (3c) (TCI), 4,40 -dicarboxydiphenyl ether (3d) (TCI), bis(4-carboxyphenyl) sulfone (3e) (New
Japan Chemicals Co.), 2,2-bis(4-carboxyphenyl)hexaﬂuoropropane
(3f) (TCI), 1,4-naphthalenedicarboxylic acid (3 g) (Wako), 2,6naphthalenedicarboxylic acid (3h) (TCI) were used as received.
Commercially obtained calcium chloride was dried under vacuum
at 150  C for 6 h prior to use. Commercially available aromatic
tetracarboxylic dianhydrides such as pyromellitic dianhydride
(PMDA; 5a; Aldrich) and 3,30 ,4,40 -benzophenonetetracarboxylic
dianhydride (BTDA; 5c; Aldrich) were puriﬁed by recrystallization
from acetic anhydride. 3,30 ,4,40 -Biphenyltetracarboxylic dianhydride (BPDA; 5b; Oxychem), 4,40 -oxydiphthalic dianhydride
(ODPA; 5d; Oxychem), 3,30 ,4,40 -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) was obtained from
Acros and recrystallized twice from ethyl acetate and then dried in
vacuo before use. All other reagents were used as received from
commercial sources.

2. Experimental

2.2.1. 4-Fluoro-40 ,400 -dinitrotriphenylamine (1)
In a 250 mL round-bottom ﬂask equipped with a stirring bar, a
mixture of 11.1 g (0.1 mol) of 4-ﬂuoroaniline, 28.5 g (0.2 mol) of 4ﬂuoronitrobenzene, and 30.4 g (0.2 mol) of cesium ﬂuoride (CsF) in
100 mL of dimethyl sulfoxide (DMSO) was heated with stirring at
140  C for 12 h. After cooling, the mixture was poured into 500 mL
mixed solution of ethanol/water (1:1), and the olivine precipitate
was collected by ﬁltration and washed thoroughly with water.

2.1. Materials
4-Fluoroaniline (Acros), 4-ﬂuoronitrobenzene (Acros), 10%
palladium on charcoal (Pd/C) (Fluka), cesium ﬂuoride (CsF) (Acros),
triphenyl phosphite (TPP) (Acros), and hydrazine monohydrate
(TCI)
were
used
without
further
puriﬁcation.

2.2. Monomer synthesis

Scheme 1. Synthesis of diamine monomer 2.
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Recrystallization from DMF/methanol yielded 26.5 g of the desired
nitro compound 1 as yellow crystals in 75% yield [mp = 295–296  C,
measured by differential scanning calorimetry (DSC) at a scan rate
of 2  C/min]. IR (KBr): 1321, 1551 cm1 (
NO2 str.). 1H NMR and 13C
NMR spectra of good resolution were not obtained due to limited
solubility of the dinitro compound 1 in DMSO-d6. ANAL. Calcd for
C18H12N3O4F (353.30): C, 61.19%; H, 3.42%; N, 11.89%. Found: C,
60.79%; H, 3.49%; N, 11.73%.
2.2.2. 4,40 -Diamino-400 -ﬂuorotriphenylamine (2)
In a 300 mL round-bottom ﬂask, 17.7 g (0.05 mol) of dinitro
compound 1, 0.2 g of 10 wt% Pd/C, 10 mL hydrazine monohydrate
and 100 mL of ethanol was heated in nitrogen ﬂow at a reﬂux
temperature for 12 h. The solution was ﬁltered hot to remove Pd/C
and then allowed to cool to room temperature to afford 11.7 g (80%
yield) of diamine 2 as colorless needles; mp = 175–177  C (DSC,
2  C/min). IR (KBr): 3407, 3324 cm1 (
NH2 str.). 1H NMR
(500 MHz, DMSO-d6, d, ppm): 6.55 (d, J = 8.6 Hz, 4H, Ha), 6.64
(dd, 3J Hc-Hd = 9.0 Hz, 4J Hc-F = 4.7 Hz, 2H, Hc), 6.78 (d, J = 8.6 Hz, 4H,
Hb), 6.90 (t, J = 8.8 Hz, 2H, Hd), 4.95 (s, 4H, NH2). 13C NMR
(125 MHz, DMSO-d6, d, ppm): 114.82 (C2), 115.05 (d, 3JC-F = 22.5 Hz)
(C7), 118.64 (d, 4JC-F = 7.5 Hz)(C6), 126.69 (C3), 136.38 (C4), 145.19
(C1), 146.14 (C5), 155.30 (d, 1JC-F = 232 Hz)(C8). ANAL. Calcd for
C18H16N3F (293.34): C, 73.70%; H, 5.50%; N, 14.32%. Found: C,
74.11%; H, 5.93%; N, 14.72%.
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2.3. Polymer synthesis
2.3.1. Poly(amine-amide)s
The synthesis of poly(amine-amide) 4a is used as an example to
illustrate the general synthetic route used to produce the
polyamides. A 50 mL round-bottom ﬂask equipped with a
magnetic stirrer was charged with 0.4400 g (1.50 mmol) of diamine
momomer 2, 0.2492 g (1.50 mmol) of terephthalic acid (3a), 1.5 mL
of triphenyl phosphite (TPP), 3 mL of NMP, 0.8 mL of pyridine, and
0.2 g of calcium chloride (CaCl2). The reaction mixture was heated
with stirring at 110  C for 3 h. The resulting polymer solution was
poured slowly into 200 mL of stirring methanol giving rise to a
stringy, ﬁber-like precipitate that was collected by ﬁltration,
washed thoroughly with hot water and methanol, and dried. The
other poly(amine-amide)s were prepared by an analogous procedure. IR (ﬁlm) of 4a: 3303 (amide N
H stretch), 1653 cm1 (amide
C¼O stretch).
2.3.2. Poly(amine-imide)s
A typical procedure is as follows. The diamine monomer 2
(0.3977 g, 1.356 mmol) was dissolved in 9.5 mL of DMAc in a 50-mL
round-bottom ﬂask. Then dianhydride 5f, 6FDA (0.6023 g,
1.356 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

Fig. 1. The 1H NMR spectrum of the diamine monomer 2 in DMSO-d6.
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Fig. 2. The

13

C NMR spectrum of the diamine monomer 2 in DMSO-d6.

viscous poly(amic acid) solution. The inherent viscosity of the
resulting poly(amic acid) was 1.23 dL/g, measured in DMAc at a
concentration of 0.5 g/dL at 30  C. The poly(amic acid) ﬁlm was
obtained by casting from the reaction polymer solution onto a glass
Petri-dish and drying at 90  C overnight. The poly(amic acid) in the
form of solid ﬁlm was converted to polyimide 6f by successive
heating under vacuum at 150  C for 30 min, 200  C for 30 min, and
then 300  C for 1 h. The inherent viscosity of polyimide 6f was
0.51 dL/g, measured at a concentration of 0.5 g/dL in DMAc at 30  C.
The IR spectrum of 6f (ﬁlm) exhibited characteristic imide
absorption bands at 1778 (asymetrical C¼O stretch), 1724
(symmetrical C¼O stretch), 1376 cm1 (C
N stretch).
For the chemical imidization method, 4 mL of acetic anhydride
and 2 mL of pyridine were added to a poly(amic acid) 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 beige precipitate that was collected by ﬁltration, washed
thoroughly with hot water and methanol, and dried. 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  C 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 160  C for 6 h.
2.4. Measurements
Infrared (IR) spectra were recorded on a Horiba FT-720 FT-IR
spectrometer. Elemental analyses were run in a Heraeus VarioEL III
CHNS elemental analyzer. 1H and 13C 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 or a Cannon-Fenske viscometer at 30  C. Wideangle 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
and 30 mA), using nickel-ﬁltered Cu-Ka radiation (l = 1.5418 Å).
The scanning rate was 2  /min over a range of 2u = 10–40 .
Ultraviolet-visible (UV–Vis) spectra of the polymer ﬁlms were
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Scheme 2. Synthesis of poly(amine-amide)s 4a–h.

Table 1
Inherent viscosity and solubility behavior of poly(amine-amide)s.
Polymer
code

hinha

4a
4b
4c
4d
4e
4f
4g
4h

0.86
0.67
1.06
0.51
0.78
0.67
0.90
1.00

Solubility in various solventsb

(dL/g)
NMP
+
+
+
+
+
+
+
+

(+)c
(+)
(+)
(+)
(+)
(+)
(+)
(+)

DMAc

DMF

DMSO

m-Cresol

THF

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+

+ (+h)
+ (+h)
+h (+h)
+ (+h)
+ (+h)
+ (+h)
+ (+)
+ (+h)

 ()
 ()
 ()
 ()
 ()
+ ()
 ()
 ()

(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)

(+h)
(+h)
(+h)
(+)
(+)
(+)
(+h)
(+h)

(+h)
(+h)
(+h)
(+)
(+)
(+)
(+h)
(+h)

a
Inherent viscosity measured at a concentration of 0.5 dL/g in DMAc 5 wt% LiCl
at 30  C.
b
Solubility: +: soluble at room temperature; : partially soluble; +h: soluble on
heating at 70  C; : insoluble even on heating. Solvent: NMP: N-methyl-2pyrrolidone; DMAc: N,N-dimethylacetamide; DMF: N,N-dimethylformamide;
DMSO: dimethyl sulfoxide; THF: tetrahydrofuran.
c
Solubility behavior of analogous polyamides 40 having the corresponding diacid
residue as in the 4 series.

recorded on a Jasco UV/VIS V530 spectrometer. An universal tester
LLOYD LRX with a load cell 5 kg was used to study the stress-strain
behavior of the samples. A gauge length of 2 cm and a crosshead
speed of 5 mm/min were used for this study. Measurements were
performed at room temperature with ﬁlm specimens (0.5 cm
width, 6 cm length), and an average of at least three replicates was
used. 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
(ﬂow rate = 40 cm3/min) at a heating rate of 20  C/min. Differential
scanning calorimetry (DSC) analyses were performed on a PerkinElmer Pyris 1 DSC at a scan rate of 20  C/min in ﬂowing nitrogen.
Glass transition temperatures (Tg) were read at the middle of the
transition in the heat capacity and were taken from the second
heating scan after quick cooling from 400  C at a cooling rate of
200  C/min. Thermomechanical analysis (TMA) was determined
with a Perkin-Elmer TMA 7 instrument. The TMA experiments

were carried out from 50 to 350  C at a scan rate of 10  C/min 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 CHI 611B 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
0.7 cm  0.5 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). 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–vis spectrophotometer. Photoluminescence (PL) spectra were measured with a Varian Cary Eclipse
ﬂuorescence spectrophotometer.
3. Results and discussion
3.1. Monomer synthesis
The triphenylamine-containing diamine monomer, 4,40 -diamino-400 -ﬂuorotriphenylamine (2), was prepared by a two-step
reaction sequence outlined in Scheme 1. The target TPA-based
diamine monomer 2 was successfully synthesized by double Narylation reactions of 1 with two equivalent 4-ﬂuoronitrobenzene
followed by catalytic reduction of the intermediate dinitro
compound 1 using Pd/C and hydrazine in reﬂuxing ethanol.
Elemental analysis, FT-IR, and 1H and 13C NMR spectroscopic
techniques were used to identify the structure of the diamine
monomer 2. Fig. S1 shows the FT-IR spectra of the synthesized
compounds 1 and 2. The nitro groups of compound 1 gave two
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Scheme 3. Synthesis of poly(amine-imide)s 6a–f.

characteristic bands at around 1551 and 1321 cm1 (
NO2
asymmetric and symmetric stretching). After reduction, the
characteristic absorptions of the nitro group disappeared and
the primary amino group showed the typical N
H stretching

absorptions in the region of 3300–3500 cm1. Other characteristic
bands also are found around 1279 and 1217 cm1 (amine C
N and
C
F stretching). The 1H and 13C NMR spectra of the diamine
monomer 2 are illustrated in Figs. 1 and 2, respectively.

Table 2
Inherent viscosity and Solubility behavior of poly(amine-imide)s prepared via thermal (-T) or chemical (-C) imidization.
Polymer
code
6a-T
6a-C
6b-T
6b-C
6c-T
6c-C
6d-T
6d-C
6e-T
6e-C
6f-T
6f-C

Solubility in various solventsb

hinha (dL/g)
PAA

Polyimide

NMP

DMAc

DMF

DMSO

m-Cresol

THF

1.80
–
1.78
–
1.94
–
1.82
–
1.45
–
1.23
–

–
–
–
–
–
0.71
–
0.63
–
0.52
0.51
0.49

 ()c
 ()
 ()
+h (+h)
 ()
+ (+h)
+h (+h)
+ (+)
+h (+h)
+ (+h)
+ (+h)
+ (+)

 ()
 ()
 ()
 ()
 ()
+ (+h)
 ()
+ (+)
+h (+h)
+ (+h)
+ (+h)
+ (+)

 ()
 ()
 ()
 ()
 ()
+h (+h)
+h (+h)
+ (+h)
+h (+h)
+ (+)
+ (+h)
+ (+)

 ()
 ()
 ()
 ()
 ()
+h (+h)
 ()
+ (+h)
+h (+h)
+ (+h)
+h (+h)
+ (+h)

 ()
 ()
+h ()
+h ()
+h ()
+h (+h)
+h (+h)
+ (+h)
+ (+h)
+ (+h)
+ (+h)
+ (+h)

 ()
 ()
 ()
 ()
 ()
 ()
 ()
 ()
 ()
 ()
+ (+)
+ (+)

Inherent viscosity measured at a concentration of 0.5 g/dL in DMAc at 30  C. PAA: poly(amic acid).
Solubility: +: soluble at room temperature; : partially soluble; +h: soluble on heating at 70  C; : insoluble even on heating. Solvent: NMP: N-methyl-2-pyrrolidone;
DMAc: N,N-dimethylacetamide; DMF: N,N-dimethylformamide; DMSO: dimethyl sulfoxide; THF: tetrahydrofuran.
c
Values in parentheses are data of analogous polyamides 60 having the corresponding dianhydride residue as in the 6 series.
a

b
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Table 3
Thin ﬁlm tensile properties of poly(amine-amide)s and poly(amine-imide)s.
Polymer code

Tensile strength (MPa)

Elongation to break (%)

Initial modulus (GPa)

4a
4b
4c
4d
4e
4f
4g
4h

76
77
91
75
62
72
80
80

27
13
34
7
9
19
15
23

1.9
1.9
2.3
1.9
1.7
1.8
1.8
1.8

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

109
107
104
73
61
106

16
22
10
6
5
8

2.0
2.1
1.9
1.9
2.0
2.2

3.2. Polymer synthesis

Fig. 3. The second DSC heating trace of poly(amine-amide) 4d at a scan rate 20  C/
min after rapid cooling from 400  C.

Assignments of each proton and carbon atoms are also shown in
these ﬁgures, and these spectra agree well with the proposed
molecular structure of 2. The splitting of resonance signals for the
hydrogen and carbon atoms on the ﬂuorine-substituted phenyl
group can be easily observed because of the hetronuclear H-F and
C-F couplings.

According to the phosphorylation technique described by
Yamazaki et al. [36], a series of novel TPA-based aromatic poly
(amine-amide)s, 4a–4h, with ﬂuorine atom para-substituted on
the pendent phenyl ring were prepared from the diamine 2 and
various aromatic dicarboxylic diacids (3a–3h) by the direct
polycondensation reaction with triphenyl phosphate (TPP) and
pyridine as condensing agents (Scheme 2). All the polymerizations
proceeded homogeneously throughout the reaction and afforded
clear, highly viscous polymer solutions. These polymers precipitated in a tough, ﬁber-like form when the resulting polymer
solutions were slowly poured with stirring into methanol. These
polyamides were obtained in almost quantitative yields with hinh
values in the range of 0.51–1.06 dL/g as listed in Table 1. All the
polymers can be solution-cast into ﬂexible and tough ﬁlms, and
this is indicative of the formation of high molecular weight
polymers. Structural features of these poly(amine-amide)s were
veriﬁed by FTIR spectra based on characteristic absorption bands
observed around 3245 (amide NH stretching), 1675 (carbonyl
C¼O stretching), 1271 (amine C
N stretching), and 1220 cm1 (
aryl ﬂuoride C
F stretching). Fig. S2 illustrates a typical FTIR
spectrum of the representative poly(amine-amide) 4h. The 1H
NMR spectrum of a typical poly(amine-amide) 4a is illustrated in
Fig. S3. Assignments of each proton are also given in the ﬁgure, and
the spectrum is in good agreement with the proposed polymer
structure.
Poly(amine-imide)s 6a–6f were prepared in conventional twostep method by the reactions of equal molar amounts of diamine 2
with various aromatic dianhydrides (5a–5f) to form poly(amic

Table 4
Thermal properties of poly(amine-amide)s.
Polymer code

Tga ( C)

4a
4b
4c
4d
4e
4f
4g
4h

281
244
264
243
283
291
270
289

(295)e
(290)
(302)
(273)
(296)
(295)
(288)
(307)

Tsb ( C)

270
245
273
247
284
281
265
281

Td at 5 wt% lossc ( C)

Td at 10 wt% lossc ( C)

In N2

In air

In N2

In air

446
450
446
405
473
494
459
464

433
460
449
406
413
471
453
457

506
502
515
467
511
536
504
525

490
511
512
473
479
506
499
516

Char yieldd (%)

72
69
75
70
64
63
73
75

a
The sample were heated from 50 to 400  C at a scan rate of 20  C/min followed by rapid cooling to 50  C at  200  C/min in nitrogen. The midpoint temperature of baseline
shift on the subsequent DSC trace (from 50 to 400  C at heating rate 20  C/min) was deﬁned as Tg.
b
Softening temperature measured by TMA using a penetration method.
c
Decomposition temperature at which a 5% or 10% weight loss was recorded by TGA at a heating rate of 20  C/min.
d
Residual weight percentages at 800  C under nitrogen ﬂow.
e
Values in parentheses are data of analogous polyamides 40 having the corresponding diacid residue as in the 4 series.
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Fig. 4. TMA curve of poly(amine-amide) 4f with a heating rate 10  C/min.

acid)s, followed by thermal or chemical cyclodehydration
(Scheme 3). As shown in Table 2, the inherent viscosities of the
poly(amic acid) precursors were in the range 1.23–1.94 dL/g,
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
extended heating at elevated temperatures. The poly(amic acid)s
also could be chemically cyclodehydrated to polyimides by
treatment with a mixture of pyridine and acetic anhydride. These
thermally or chemically imidized polyimides exhibited inherent
viscosities between 0.49 and 0.71 dL/g. The organosoluble ones
such as 6d–f could be solution cast into strong ﬁlms in the fully
imidized form. The complete imidization of polymers was
conﬁrmed by IR and 1H NMR spectra. All the polyimides showed
the characteristic absorption bands of the imide ring near 1784
(asym C¼O str), 1725 (sym C¼O str), 1384 (C
N str), and 747 cm1
(imide ring deformation). Typical IR spectra of polyimide 6f and its
poly(amic acid) precursor are illustrated in Fig. S4. There was no
existence of the characteristic absorption bands of the amide
groups near 3300 (N
H str.) and 1650 (C¼O str) cm1, indicating
polymers had been fully imidized. As a typical example, the 1H
NMR spectrum of poly(amine-imide) 6e illustrated in Fig. S5 is
consistent with the structure of the polymer.
3.3. Polymer properties

Fig. 5. TGA curve of poly(amine-amide) 4a with a heating rate 20  C/min.

Table 5
Thermal properties of poly(amine-imide)s.
Polymer Tga
code
( C)

Tsb Td at 5 wt%
( C) lossc ( C)

Td at 10 wt%
lossc ( C)

In N2 In air In N2
e

6a

 ()

348 596

582

6b

328
(331)
302
(309)
267
(295)
286
(326)
295 (316)

286 611

583

275 579

571

268 597

591

281 521

531

290 554

549

6c
6d
6e
6f

Char yieldd
(%)

3.3.1. Organo-solubility and ﬁlm property
The qualitative solubility properties of poly(amine-amide)s 4a–
h and poly(amine-imide)s 6a–f in several organic solvents at 10%
(w/v) are summarized in Tables 1 and 2, respectively. Except for the
poly(amine-imide)s derived from more rigid dianhydides such as
6a and 6b, the other polymers exhibited moderate to high
solubility in a variety of solvents such as NMP, DMAc, DMF, DMSO,
and m-cresol at room temperature or upon heating at 70  C. All
polymers revealed an enhanced solubility as compared with the
analogous 40 and 60 series without the ﬂuorine substituent. This
can be attributed in part to the incorporation of bulky, threedimensional 4-ﬂuorotriphenylamino groups, which retard dense
chain packing and lead to a decreased chain-chain interaction.
Therefore, the excellent solubility makes these polymers potential
candidates for practical applications in spin- or dip-coating and ink
jet-printing processes. All of the polymers could afford ﬂexible and
tough ﬁlms, and they were amorphous in nature as evidenced by

In air

619 (606) 609
62
(596)
639 (613) 619 (616) 71
607
605
66
(590)
(590)
618 (546) 617 (577) 64
556
(608)
576
(581)

568 (611) 61
570 (571) 62

a
The sample were heated from 50 to 400  C at a scan rate of 20  C/min followed
by rapid cooling to 50  C at  200  C/min in nitrogen. The midpoint temperature of
baseline shift on the subsequent DSC trace (from 50 to 400  C at heating rate 20  C/
min) was deﬁned as Tg.
b
Softening temperature measured by TMA using a penetration method.
c
Decomposition temperature at which a 5% or 10% weight loss was recorded by
TGA at a heating rate of 20  C/min.
d
Residual weight percentages at 800  C under nitrogen ﬂow.
e
Values in parentheses are data of analogous polyimides 60 having the
corresponding dianhydride residue as in the 6 series.

Fig. 6. Cyclic voltammograms poly(amine-amide) 4e ﬁlm (with thickness of about
150 nm) onto an ITO-coated glass substrate in 0.1 M TBAP/CH3CN at a sweep rate of
100 mV/s. The inset shows the CV curve of ferrocene as the standard.
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Table 6
Optical and electrochemical properties of the poly(amine-amide)s.
Code

labs, max (nm)a

labs, onset (nm)a

lPL (nm)b

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

Egd (eV)

HOMO/LUMOe (eV)

4a
4b
4c
4d
4e
4f
4g
4h

354 (359)
338 (341)
296 (303)
333 (345)
288 (304)
340 (344)
311 (314)
348 (356)

394 (424)
398 (431)
414 (462)
390 (432)
448 (469)
404 (423)
399 (430)
433 (450)

435
418
431
473
439
423
381
442

0.95
0.95
0.92
0.99
0.97
0.97
0.99
0.91

2.92
2.88
2.68
2.87
2.64
2.93
2.88
2.76

5.27/2.35
5.27/2.39
5.24/2/56
5.31/2.44
5.29/2.65
5.29/2.36
5.31/2.43
5.23/2.47

a
b
c
d
e

(0.93)
(0.91)
(0.91)
(0.94)
(0.96)
(0.95)
(0.94)
(0.95)

UV/vis absorption measured in NMP (1 105 mol/L) at room temperature. Values shown in parentheses are those measured as thin solid-ﬁlm.
PL spectra measurements in NMP (1 105 mol/L) at room temperature.
Oxidation half-wave potentials from cyclic votammograms. Values shown in parentheses are those of referenced poly(amine-amide)s 40 .
Energy gap = 1240/labs,onset of the polymer ﬁlm.
The HOMO energy levels were calculated from E1/2 and were referenced to ferrocene (4.8 eV); HOMO = E1/2 + 4.80.48 (eV); LUMO = HOMO  Eg.

wide-angle X-ray diffraction patterns. The typical WAXD patterns
of poly(amine-amide)s 4a–4h are shown in Fig. S6.
As mentioned earlier, all poly(amine-amide)s and poly(amineimide)s could be solution-cast into ﬂexible and tough ﬁlms. These
ﬁlms were subjected to tensile testing, and the tensile properties
are presented in Table 3. The tensile strengths, elongations to
break, and initial modules of these ﬁlms were in the range of 61–
109 MPa, 5–34%, and 1.7–2.3 GPa, respectively, indicative of strong
and tough polymeric materials.
3.3.2. Thermal properties
DSC, TMA and TGA were used to investigate the thermal
properties of all polymers. DSC experiments were conducted at a

Fig. 7. Repetitive cyclic voltammetric behavior of poly(amine-amide)s (a) 4e and
(b) 40 e in 0.1 M TBAP/acetonitrile at scan rate of 100 mV/s.

heating rate of 20  C/min in nitrogen. Rapid cooling from 400  C to
room temperature produced predominantly amorphous samples,
so the Tg values of all the polymers could be easily read in the
subsequent heating DSC traces. A typical DSC trace of the
representative poly(amine-amide) 4d is depicted in Fig. 3, where
a clear baseline shift can be found at around 243  C. The DSC
thermograms of the poly(amine-amide)s showed moderately high
glass transition temperatures in the range of 243–291  C, as shown
in Table 4. The Tg order corresponds to the decreasing order of
stiffness and polarity of the polymer backbones. The relatively
lower Tg values of polymers 4b and 4d can be explained in terms of
the ﬂexibility and low rotation barrier of its diacid moiety. The
highest Tg value of 4f can be explained by the presence of bulky
hexaﬂuoroisopropylidene linkage in the diacid moiety that stiffens
the polymer backbone. Previously reported Tg values [37] of the
corresponding polyamides (40 ) without the ﬂuorine substituent are
also listed in Table 4. In all cases, the 4 series polyamides showed
lower Tg values compared to those of the corresponding 40 ones.
This may be a result of increased free volume and decreased
intermolecular interactions introduced by the ﬂuorine substitution. 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. Fig. 4 shows a typical TMA thermogram of poly(amineamide) 4f. The Ts values of the 4 series polymers are in the range
from 245 to 284  C. In most cases, the Ts values obtained by TMA
are comparable to the Tg values measured by the DSC experiments.
The thermal stability of poly(amine-amide)s was evaluated by TGA
in both air and nitrogen atmospheres. Fig. 5 shows a typical set of
TGA curves for poly(amine-amide) 4f in air and in nitrogen. The
decomposition temperatures (Td) at 5% and 10% weight losses in
nitrogen and air atmosphere were measured by the original TGA
thermogram and are summarized in Table 4. All of the poly(amineamide)s exhibited good thermal stability; the Td of these polymers
at a 10% weight loss temperatures were in the range of 467–536  C
in nitrogen and 473–516  C in air, respectively, with char yield at
800  C in nitrogen of 63–75 wt%. The high char yields of these poly
(amine-amide)s can be attributed to their high aromatic content.
The thermal behavior data of poly(amine-imide)s 6a–6f
together with their referenced analogs (6a0 –6f0 ) are listed in
Table 5. The Tg values of the 6a–6f series polyimides measured by
DSC were recorded in the range 267–328  C. The decreasing order
of Tg generally correlated with that of chain ﬂexibility. For example,
poly(amine-imide) 6d, obtained from ODPA, showed the lowest Tg
(267  C) because of the presence of ﬂexible ether linkage between
the phthalimide units (Fig. S7). As can be seen from Table 5, the 6
series polymers showed slightly lower Tg values as compared with
their counterpart 60 series without the ﬂuorine substituent. This
might be a result of reduced chain-to-chain interaction and
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Table 7
Optical and electrochemical properties of the poly(amine-imide)s.
Code

labs, max (nm)a

labs, onset (nm)a

lPL (nm)b

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

Egd (eV)

HOMO/LUMOe (eV)

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

309 (314)
319 (327)
305 (312)
312 (318)
300 (303)
300 (305)

398 (436)
366 (382)
377 (394)
364 (378)
381 (431)
369 (384)

379
383
374
379
373
374

1.23 (1.17)
1.22 (1.17)
1.20 (1.17)
1.19 (1.14)
1.19 (1.17)
1.23 (1.18)

2.84
3.25
3.15
3.28
2.88
3.23

5.55/2.71
5.54/2.29
5.52/2.37
5.51/2.23
5.51/2.63
5.55/2.32

a
b
c
d
e

UV/vis absorption measured in NMP (1 105 mol/L) at room temperature. Values shown in parentheses are those measured as thin solid-ﬁlm.
PL spectra measurements in NMP (1 105 mol/L) at room temperature.
Oxidation half-wave potentials from cyclic votammograms. Values shown in parentheses are those of referenced poly(amine amide)s 60 .
Energy gap: 1240/labs,onset of the polymer ﬁlm.
The HOMO energy levels were calculated from E1/2 and were referenced to ferrocene (4.8 eV); LUMO = HOMO  Eg.

packing because of the large ﬂuorine substitutent. The 6 series
polymers exhibited Ts values of 268–348  C. Their Tds at 10% weight
loss in nitrogen and air stayed in the range of 556–639  C and 568–
619  C, respectively. They left more than 61% char yield at 800  C in
nitrogen.
3.3.3. Optical and electrochemical properties
The optical and electrochemical properties of the 4-ﬂuorotriphenylamine-based poly(amine- amide)s 4a–h and poly(amine
imide)s 6a–f were investigated by UV–vis and photoluminescence
spectroscopy and cyclic voltammetry. All the polymers exhibited
strong UV–vis absorption bands at 288–354 nm in NMP solution,
assignable to the p–p* transition resulting from the aromatic
units. Their photoluminescence spectra in NMP solution showed
emission maximum around 381–473 nm in the violet and blue
region. Fig. S8 shows the typical UV–vis absorption and photoluminescence (PL) spectra for some poly(amine-amide)s.
The redox behavior of all the polymers were investigated with
cyclic voltammetry for the cast ﬁlm on an ITO-coated glass
substrate as working electrode in dry acetonitrile (CH3CN)
containing 0.1 M of TBAP as an electrolyte, under nitrogen
atmosphere. One pair of reversible redox waves were observed
in these polymers. Fig. 6 shows a typical CV curve for poly(amineamide) 4e recorded at scanning rate of 100 mV/s. As shown in
Fig. 6, scanning in a range from 0 to 1.5 V vs. Ag/AgCl showed redox
waves with color changes. The poly(amine-amide) 4e showed an
oxidation wave of which a peak top is at around 1.31 V. The electron
removal of this polymer is assumed to occur at the nitrogen atom of

the TPA core. The color of the ﬁlm changed from pale yellow to
green because of electrochemical oxidation of polymer. The energy
levels of the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the investigated
polyamides can be determined from the oxidation half-wave
potentials (E1/2) and the onset absorption wavelength, and the
results are listed in Table 6. For example, the E1/2 for poly(amineamide) 4e was determined to be 0.97 V vs. Ag/AgCl. The external
ferrocene/ferrocenium (Fc/Fc+) redox standard E1/2 is 0.48 V vs. Ag/
AgCl in CH3CN. Assuming that the HOMO energy for the Fc/Fc+
standard was 4.80 eV with respect to the zero vacuum level, we can
estimate the HOMO energy level for poly(amine-amide) 4e to be
5.29 eV. As compared with the parent 40 series poly(amine-amide)
s, most of the 4 series polymers revealed a slightly higher oxidation
potential because of the incorporation of the electron-withdrawing ﬂuoro group at the para position of triphenylamine moiety.
However, with the blocked para position on the pendent phenyl
ring, one would expect that the F-substituted 4 series polymers
showed result in more stable cation radicals. Fig. 7 compares the
cyclic voltammetric behaviors of poly(amine-amide)s 4e and 4e0 . It
can be seen that polymer 4e still exhibited stable redox behavior
after 50CV cycles and revealed better redox reversibility than the
parent 4e0 . A slight redox potential shift was observed for 4e0 .
The optical and electrochemical data of the 6 series poly(amineimide)s are reported in Table 7. These polymers exhibited strong
UV–vis absorption bands at 300–319 nm in NMP solution,
attributable to the p-p* transition resulting from the conjugation
between the aromatic rings. Their PL spectra in NMP solution

Fig. 8. Cyclic voltammogram poly(amine-imide) 6c ﬁlm (with thickness of about
150 nm) on an ITO-coated glass substrate in 0.1 M TBAP/CH3CN at a sweep rate of
100 mV/s. The inset shows the CV curve of ferrocene as the standard.

Fig. 9. Spectroelectrochemistry of poly(amine-amide) 4e thin ﬁlm on the ITO-glass
substrate in 0.1 M TBAP/CH3CN at different applied voltages: (a) 0.00, (b) 0.65, (c)
0.76, (d) 0.87, (e) 0.98, (f) 1.09, (g) 1.20, (h) 1.33, (i) 1.44 V.
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Fig. 10. Absorptometry of poly(amine-amide) 4e thin ﬁlm on the ITO-glass
substrate in 0.1 M TBAP/CH3CN by the application of a potential step (0.00 V ?
1.44 V).

Fig. 12. Absorptometry of poly(amine-imide) 6c thin ﬁlm on the ITO-glass substrate
in 0.1 M TBAP/CH3CN by the application of a potential step (0.00 V ? 1.67 V).

showed emission maxima around 373–383 nm. Fig. S9 shows the
UV–vis and PL spectra of some poly(amine-imide)s, and
Fig. S9 shows photographs of their solutions in NMP emitting
blue light when illuminated with a laboratory UV lamp. The redox
property was monitored by CV conducted for the cast ﬁlm on an
ITO-coated glass substrate as working electrode in dry acetonitrile
containing 0.1 M TBAP as an electrolyte. A typical CV curve for the
representative poly(amine-imide) 6c is presented in Fig. 8; this
polymer revealed an oxidation wave with peak potential at 1.44 V
(vs. Ag/Ag+), with a color change from pale yellow neutral state to
the blue oxidized form. The E1/2 values of poly(amine-imide)s 6a–f
were recorded in the range 1.19–1.23 V, which are higher than
those of the poly(amine-amide)s 4a-h because of the stronger
electron-withdrawing nature of the imide group. The 6 series
polymers also showed an enhanced E1/2 value than their nonﬂuorinated 600 analogs due to ﬂuoro-substitution. As shown in
Table 7, their HOMO levels were estimated to be in the range 5.51–
5.55 eV.

3.3.4. Spectroelectrochemical and electrochromic properties
The spectroelectrochemical properties of the thin ﬁlms cast
from the poly(amine-amide)s 4a–h were monitored by UV–vis
spectroscopy at different applied potentials. The electrode
preparations and solution conditions were identical to those used
in cyclic voltammetry. The typical absorption spectral changes of a
representative poly(amine-amide) 4e are shown in Fig. 9. When
the applied potential was increased positively from 0 to 1.44 V, the
peak of characteristic absorbance at 309 nm for polymer 4e
decreased gradually while three new bands grew up at 406 nm,
608 nm, and 801 nm due to the electron oxidation. The new
spectrum was assigned as that of the cationic radical of 4e. The ﬁlm
color of poly(amine-amide) 4e changed from original pale yellow
into green at an applied voltage of 1.44 V. The color switching times
were estimated by applying a potential step, and the absorbance
proﬁles were followed (as shown in Fig. 10). The switching time
was deﬁned as the time that was required to reach 90% of the full
change in absorbance after switching potential. The thin ﬁlms from
poly(amine-amide) 4e would require 4.5 s at 1.44 V for switching
absorbance at 309, 406, and 801 nm and 7 s for bleaching. After
continuous several cyclic scans at voltage between 0 and 1.44 V, the
polymer ﬁlms still exhibited stable electrochromic performance.
Fig. 11 reveals the spectroelectrochemistry and corresponding
colors of poly(amine-imide) 6c. When the applied potential was
increased positively from 0 to 1.67 V, the peak of characteristic
absorbance at 313 nm for poly(amine-imide) 6c decreased
gradually while a pair of new bands grew up at 371 and 723 nm
due to the electron oxidation. The new spectrum was assigned as
that of the cationic radical of poly(amine-imide) 6c. Meanwhile,
the ﬁlm changed color from pale yellow to blue, as shown in the
inset of Fig. 11. Thin ﬁlms from poly(amine-imide) 6c would
require 7.5 s at 1.67 V for switching absorbance at 310 and 717 nm
and 4.5 s for bleaching (Fig. 12). Continuous ten cyclic scans
between 0 and 1.67 V, the polymer ﬁlm still exhibited good
electrochromic stability. Although the introduction of the electronwithdrawing ﬂuorine group at the para-position of triphenylamine
slightly increases the oxidation potential, it is effective to prevent
the tail-to-tail coupling reaction and thus enhances the redox and
electrochromic stability of these polymers.

Fig. 11. Spectroelectrochemistry of poly(amine-imide) 6c thin ﬁlm on the ITO-glass
substrate in 0.1 M TBAP/CH3CN at different applied voltages: (a) 0.00, (b) 0.80, (c)
0.92, (d) 1.05, (e) 1.17, (f) 1.30, (g) 1.46, (h) 1.58, and (i) 1.67 V.
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Referenced polymers:

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the
online
version,
at
http://dx.doi.org/10.1016/j.
jﬂuchem.2016.04.004.
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NMP solutions (10－5M).
Fig. S10. PL photographs of the solution poly(amine-imide)s of 6b, 6d, 6e, and 6f
before and being exposed to UV light (at 365 nm).
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Fig. S1. IR spectra of the synthesized compound 1 and monomer 2.
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Fig. S2. The IR spectrum of poly(amine-amide) 4h.
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Fig. S3. The 1H NMR spectrum of poly(amine-amide) 4a in DMSO-d6.
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Fig. S4. IR spectra of poly(amine-imide) 6f and its poly(amic acid) precursor.
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Fig. S5. The 1H NMR spectrum of poly(amine-imide) 6e in DMSO-d6.
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Fig. S6. Thin-film WAXD patterns of poly(amine-amide)s 4a－h.
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Fig. S7. DSC curve of poly(amine-imide) 6d with a heating rate 20 oC/min.
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Fig. S8. UV-Vis absorption and PL spectra of poly(amine-amide)s 4a, 4c, 4g, and 4h,
with a concentration of about 10－5 M in NMP.
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Fig. S9. UV-Vis absorption and PL spectra of poly(amine-imide)s 6b, 6d, 6e, and 6f in
NMP solutions (10－5M).
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Fig. S10. PL photographs of the solution poly(amine-imide)s of 6b, 6d, 6e, and 6f
before and being exposed to UV light (at 365 nm).
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