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A new triphenylamine-containing aromatic diamine monomer, 4-[4-(1-adamantyl)phen-
oxy]-40 ,400-diaminotriphenylamine, was synthesized from cesium fluoride-mediated N,N-
diarylation of 4-(1-adamantyl)-40-aminodiphenyl ether with 4-fluoronitrobenzene and
subsequent reduction of the resultant dinitro compound. Novel electroactive aromatic
polyamides and polyimides with adamantylphenoxy-substituted triphenylamine moieties
were prepared from the newly synthesized diamine monomer with aromatic dicarboxylic
acids and tetracarboxylic dianhydrides, respectively. All the resulting polymers were amor-
phous and most of them were readily soluble in polar solvents such as N-methyl-2-pyrrol-
idone (NMP) and N,N-dimethylacetamide (DMAc) and could be solution-cast into
transparent and strong films with good mechanical properties. These polymers exhibited
glass-transition temperatures between 254 and 310 �C, and they were fairly stable up to
a temperature above 450 �C for the polyamides and above 500 �C for the polyimides. These
polymers exhibited strong UV–vis absorption maxima at 293–346 nm in solution, and the
photoluminescence spectra of polyamides showed maximum bands around 408–452 nm
in the blue region. Cyclic voltammograms of the polyamide and polyimide films on an
indium–tin oxide (ITO)-coated glass substrate exhibited one pair of reversible redox cou-
ples at half-wave oxidation potentials (E1/2) around 0.83–0.86 V and 1.12–1.13 V, respec-
tively, versus Ag/AgCl in an acetonitrile solution. All the polymer films revealed good
electrochemical and electrochromic stability by repeatedly switching electrode voltages
between 0.0 V and 1.1–1.4 V, with coloration change from the pale yellowish neutral state
to the green or blue oxidized state.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction polymer backbone through substituents to obtain a wide
Because of the easy oxidizability of the nitrogen center
and the ability to transport positive charge centers via the
radical cation species, triarylamine derivatives are known
hole-transport materials that played important roles in or-
ganic light emitting devices as well as in other organic
electronics [1,2]. The structural unit of triarylamine
responsible for the hole transporting property can be cova-
lently bonded with one another or can be attached to a
. All rights reserved.
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variety of low molecular weight compounds as well as
polymers [3]. Several studies have reported improvements
in hole injecting and transporting properties when a tria-
rylamine structure is incorporated into the main chain of
light-emitting polymers or as an end-capper or a side chain
[4–12].

Aromatic polyamides and polyimides are well-known
high-performance polymers that have excellent thermal,
mechanical and electrical properties as well as outstanding
chemical resistance [13–16]. However, most of them have
high melting or softening temperature and are insoluble in
most of organic solvents because of the rigidity of the back-
bone and strong intermolecular interactions. These proper-
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ties make them generally intractable or difficult to process;
thus, their applications are restricted in some fields. To over-
come these limitations, many efforts have been made to im-
prove the processing characteristics of these intractable
polymers while other advantageous properties are retained
[17–20]. Different structural modifications of the polymer
backbone have been studied to reduce the chain–chain
interaction, e.g., the incorporation of bulky, packing-disrup-
tive moieties which hinder the chain packing but do not
markedly affect the glass transition temperature [21–28].
It has been demonstrated that aromatic polyamides and
polyimides containing bulky, propeller-shaped triphenyl-
amine (TPA) unit were amorphous, had excellent or en-
hanced solubility in organic solvents, and exhibited high
thermal stability [29–36]. In recent years, 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 po-
tential candidates for commercial device applications
[37–43]. Therefore, the introduction of TPA unit into aro-
matic polyamide and polyimide backbones would be ex-
pected to be a potential structural approach for not only
increasing solubility without sacrificing high thermal stabil-
ity but also allowing them to be used as potential hole-
transporting or electrochromic materials.

Adamantane (tricyclo[3.3.1.13,7]decane) is a highly sym-
metrical tricyclic hydrocarbon, which consists of fused
chair-form cyclohexane rings [44]. The unique structure of
this substance is reflected in highly unusual physical and
chemical properties such as thermal and oxidation stabili-
ties, low surface energy, and high hydrophobicity. The incor-
poration of adamantyl groups into aromatic polyamides and
polyimides has been reported to improve solubility or
dielectric properties while retaining high thermal stability
and glass-transition temperatures [45–53]. The improve-
ment of solubility and thermal properties of adamantyl con-
taining polymers results from the rigidity and the bulkiness
of the adamantyl moiety, which greatly reduces the chain
mobility and inhibits chain packing. As part of our contin-
uing efforts in the structural modification of the TPA-con-
taining high-performance polymers, this study deals with
the synthesis and properties of new TPA-based polyamides
and polyimides with bulky pendent adamantylphenoxy
groups from a newly synthesized diamine monomer,
4-[4-(1-adamantyl)phenoxy]-40,400-diaminotriphenylamine,
and various aromatic dicarboxylic acids and tetracarboxylic
dianhydrides. The prepared polyamides and polyimides were
expected to have increased organo-solubility because of the
presence of three-dimensional TPA unit and bulky adaman-
tylphenoxy pendants. These polymers were also expected to
exhibit more stable redox, electrochromic, and hole-transport
properties because the para-positions of the pendent phenyl
groups are blocked with the adamantylphenoxy group.
2. Experimental

2.1. Materials

1-Bromoadamantane (Acros), phenol, p-chloronitroben-
zene (Acros), potassium carbonate (K2CO3) (Fluka), cesium
fluoride (CsF) (Acros), palladium on charcoal (Pd/C) (Fluka),
p-fluoronitrobenzene (Acros), triphenyl phosphite (TPP)
(Acros), and hydrazine monohydrate (TCI) were used with-
out further purification. 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 that included terephthalic acid (6a)
(Wako), isophthalic acid (6b) (Fluka), 4,40-biphenyldicarb-
oxylic acid (6c) (TCI), 1,4-naphthalenedicarboxylic acid (6d)
(Wako), 2,6-naphthalenedicarboxylic acid (6e) (TCI),
4,40-dicarboxydiphenyl ether (6f) (TCI), 4,40-dicarboxydi-
phenyl sulfone (6g) (New Japan Chemical Co.), and 2,2-
bis(4-carboxyphenyl)hexafluoropropane (6h) (Chriskev)
were used as received. Commercially obtained calcium
chloride was dried under vacuum at 180 �C for 8 h prior to
use. Commercially available aromatic tetracarboxylic dian-
hydrides such as pyromellitic dianhydride (PMDA; 8a, from
Aldrich) and 3,30,4,40-benzophenonetetracarboxylic dianhy-
dride (BTDA; 8c, from Aldrich) were purified by recrystalliza-
tion from acetic anhydride. 3,30,4,40-Biphenyltetracarboxylic
dianhydride (BPDA; 8b, from Oxychem), 4,40-oxydiphthalic
anhydride (ODPA; 8d, from Oxychem),3,30,4,40-diphenylsulf-
onetetracarboxylic dianhydride (DSDA; 8e, from New Japan
Chemical Co.), and 2,2-bis(3,4-dicarboxyphenyl)hexafluoro-
propane dianhydride (6FDA; 8f, from Hoechst Celanese) were
heated at 250 �C in vacuo for 3 h before use. Tetrabutylammo-
nium perchlorate (TBAP) (TCI) was recrystallized twice by
ethyl acetate under nitrogen atmosphere and then dried in
vacuo prior to use. All other reagents were used as received
from commercial sources.
2.2. Monomer synthesis

2.2.1. 4-(1-Adamantyl)phenol (1)
A 500 mL round-bottom flask was charged with 32.3 g

(0.15 mol) of 1-bromoadamantane and 141.2 g (1.5 mol) of
phenol. The flask was fitted with a reflux condenser and
one outlet leading to a beaker with a NaOH solution to trap
the HBr evolved in the reaction. The reaction mixture was
stirred at 80 �C for 10 h. The excess phenol was then re-
moved by stirring the product in 500 mL portions of hot
water three times. The yield of the crude product was 33 g
(96%). The crude product was further purified by recrystalli-
zation from a methanol/water mixture as off-white needles
with a mp of 177–178 �C by DSC at scanning rate 2 �C/min
(lit. [54] 181–183 �C). IR (KBr, cm�1): 3222 (O–H str), 1214
(C–O str). 1H NMR (500 MHz, DMSO-d6, d, ppm): 7.12 (d,
J = 8.6 Hz, 2H, Hd), 6.70 (d, J = 8.6 Hz, 2H, He), 2.20 (broad
singlet (br s), 3H, Hb), 1.79 (br s, 6H, Hc), 1.73 (two over-
lapped AB doublets, 6H, Ha). 13C NMR (125 MHz, DMSO-d6,
d, ppm): 155.2 (C8), 141.8 (C5), 125.8 (C6), 115.1 (C7), 43.3
(C3), 36.6 (C1), 35.3 (C4), 28.8 (C2).
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2.2.2. 4-(1-Adamantyl)-40-nitrodiphenyl ether (2)
4-(1-Adamantyl)phenol (22.8 g, 0.10 mol), p-chloroni-
trobenzene (15.8 g, 0.10 mol), and potassium carbonate
(14.0 g, 0.10 mol) were dissolved/suspended in 120 mL
DMF in a 500 mL round-bottom flask. The reaction mixture
was heated to 150 �C and held at that temperature for 12 h.
After cooling to room temperature, the mixture was
poured into 200 mL/200 mL water/methanol. The yellow
precipitate was filtered, washed with water, and dried.
The yield of the crude product was 34 g (97%). The crude
product was purified by recrystallization from a DMF/eth-
anol mixture as pale-yellow needles; mp = 171–173 �C. IR
(KBr, cm�1): 1584, 1367 (�NO2 str).
2.2.3. 4-(1-Adamantyl)-40-aminodiphenyl ether (3)
In a 500 mL round-bottom flask, fitted with a magnetic

stir bar and a reflux condenser, were placed compound 2
(30 g, 0.086 mol), ethanol 200 mL, 10% Pd/C (0.2 g), and
hydrazine monohydrate 15 mL. The reaction mixture was
slowly heated to 90 �C and stirred for 4 h. The resultant
clear, darkened solution was filtered while hot to remove
Pd/C. Upon cooling, the product crystallized as off-white
needles from the filtrate; yield 22.4 g (82%); mp =
118–119 �C (by DSC, 2 �C/min). IR (KBr, cm�1): 3421, 3343,
3223 (�NH2 str). 1H NMR (500 MHz, DMSO-d6, d, ppm):
7.22 (d, J = 8.5 Hz, 2H, Hd), 6.78 (d, J = 8.5 Hz, 2H, He), 6.75
(d, J = 8.5 Hz, 2H, Hf), 6.64 (d, J = 8.5 Hz, 2H, Hg), 4.93 (s,
2H, �NH2), 2.00 (br s, 3H, Hb), 1.79 (br s, 6H, Hc), 1.69 (two
overlapped AB doublets, 6H, Ha). 13C NMR (125 MHz,
DMSO-d6, d, ppm): 156.9 (C8), 146.4 (C9), 145.4 (C12), 144.7
(C5), 126.1 (C6), 121.0 (C10), 116.4 (C11), 115.4 (C7) 43.1
(C3), 36.5 (C1), 35.5 (C4), 28.7 (C2).
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2.2.4. 4-[4-(1-Adamantyl)phenoxy]-40,4”-dinitrotriphenylamine

(4)

A mixture of the aromatic ether-amine 3 (16.0 g,
0.05 mol), p-fluoronitrobenzene (14.1 g, 0.1 mol), cesium
fluoride (CsF) (15.2 g, 0.1 mol), and DMSO (100 mL) was
heated and stirred at 120 �C for 10 h. The reaction mixture
was cooled and poured into a water/methanol (500
mL/500 mL). The yellow precipitate was filtered, washed
with water, and dried. The yield of the crude product was
26.7 g (95%). The crude product was purified by recrystal-
lization from DMF/methanol as yellow crystals;
mp = 248–251 �C (by DSC, 2 �C/min). IR (KBr, cm�1):
1579, 1340 (–NO2 str).
2.2.5. 4-[4-(1-Adamantyl)phenoxy]-40,4”-diaminotriphenylamine
(5)

A mixture of dinitro compound 4 22.5 g (0.04 mol), eth-
anol 200 mL, 10% Pd/C 0.2 g, and hydrazine monohydrate
16 mL was heated at 80 �C for 2 h. The resultant clear,
darkened solution was filtered while hot to remove Pd/C.
The filtrate was stored in a refrigerator, and the product
gradually precipitated as gray crystals; yield 15 g (75%);
mp = 225–228 �C (by DSC, 2 �C/min). IR (KBr, cm�1):
3435, 3350 (–NH2). 1H NMR (500 MHz, DMSO-d6, d, ppm)
(for the peak assignments, see Fig. 2a): 7.20 (d, J = 8.5 Hz,
2H, Hd), 6.80 (d, J = 8.5 Hz, 2H, He), 6.79 (d, J = 8.5 Hz, 4H,
Hh), 6.73 (d, J = 9.0 Hz, 2H, Hf), 6.66 (d, J = 9.0 Hz, 2H, Hg),
6.57 (d, J = 8.5 Hz, 4H, Hi), 1.98 (br. s., 3H, Hb), 1.77 (br s,
6H, Hc), 1.69 (two overlapped AB doublets, 6H, Ha). 13C
NMR (125 MHz, DMSO-d6, d, ppm) (for the peak assign-
ments, see Fig. 2b): 156.0 (C8), 148.5 (C9), 146.0 (C12),
145.3 (C16), 145.2 (C5), 137.1 (C13), 126.9 (C14), 126.2 (C6),
120.2 (C10), 119.3 (C11), 117.1 (C7), 115.4 (C15), 43.1 (C3),
36.5 (C1), 35.5 (C4), 28.6 (C2). Anal. Calcd for C34H35N3O
(501.67): C, 81.40%; H, 7.03%; N, 8.38%. Found: C, 81.31%;
H, 7.02%; N, 8.29%.

2.3. Polymer synthesis

2.3.1. Synthesis of polyamides
The synthesis of polyamide 7a 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 0.5017 g (1 mmol) of
diamine monomer 5, 0.1661 g (1 mmol) of terephthalic
acid (6a), 1 mL of TPP, 2 mL of NMP, 0.5 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 resultant
solution was poured slowly into 200 mL of methanol. The
precipitate was washed thoroughly with methanol and
hot water and then collected by filtration. The inherent vis-
cosity of the polymer 7a was 1.46 dL/g, measured at a con-
centration of 0.5 g/dL in DMAc containing 5-wt.% LiCl at
30 �C. IR (film, cm�1): 3290 (N–H str), 1648 (C@O str),
2846, 2902 (adamantyl C–H str).

2.3.2. Synthesis of polyimides
The polyimides were synthesized from various commer-

cial dianhydrides and diamine 5 via a two-step method. The
synthesis of polyimide 10f is used as an example to illustrate
the general synthetic route used to produce the polyimides.
To a solution of 0.7956 g (1.59 mmol) of diamine 5 in
14.2 mL of CaH2-dried DMAc, 0.7044 g (1.59 mmol) of
6FDA was added in one portion. The mixture was stirred at
ambient temperature for about 12 h to afford a highly vis-
cous poly(amic acid) solution. The inherent viscosity of the
resulting poly(amic acid) 9f was 1.14 dL/g, measured in
DMAc at a concentration of 0.5 g/dL at 30 �C. The poly(amic
acid) was converted into polyimide using either a thermal or
chemical imidization process.

For the thermal imidization method, about 7 g of the
poly(amic acid) solution was transferred into a 9-cm glass
Petri dish, which was baked at 90 �C for the removal of the
casting solvent. The semi-dried poly(amic acid) film was
further dried and converted to the polyimide by sequential
heating at 150 �C for 30 min, 200 �C for 30 min, and 250 �C
for 1 h. The IR spectrum of 10f film exhibited characteristic
imide absorption bands at 1780 cm�1 (asymmetrical C@O
stretch) and 1734 cm�1 (symmetrical C@O stretch). 1H
NMR (500 MHz, CDCl3, d, ppm) (for the proton assign-
ments, see Fig. 6): 1.77 (two overlapped AB doublets, 6H,
Ha), 1.91 (br s, 6H, Hc), 2.1 (br s, 3H, Hb), 6.98–7.01
(t, 4H, He + Hg), 7.18 (d, 2H, Hf), 7.21 (d, 4H, Hh), 7.30 (d,
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Fig. 1. IR spectra of the synthesized compounds 1–5.
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4H, Hi), 7.34 (d, 2H, Hd), 7.86 (d, 2H, Hk), 7.96 (s, 2H, Hl),
8.04 (d, 2H, Hj). For the tensile testing and thermal analy-
ses, the polyimide film samples were further heated at
300 �C for 1 h.

For the chemical imidization method, 4 mL of acetic
anhydride and 2 mL of pyridine were added to the remain-
ing poly(amic acid) solution and the mixture was heated at
100 �C for 1 h to effect a complete imidization. The resul-
tant solution of the polymer was poured slowly into
250 mL methanol giving rise to a yellow-coloring fibrous
precipitate, which was washed thoroughly with methanol
and hot water, collected by filtration, 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 homoge-
neous solution was poured into a 9-cm glass Petri dish,
which was placed in a 90 �C oven overnight for the slow re-
lease of the solvent, and then the amber-coloring and
transparent film was stripped off the glass substrate and
further dried in vacuum at 160 �C for 6 h.

2.4. Preparation of the polyamide films

A polymer solution was made by the dissolution of
about 0.7 g of the polyamide sample in 10 mL of hot DMAc.
The homogeneous solution was poured into a 7-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. The obtained films were about
0.09 mm thick and were used for X-ray diffraction mea-
surements, tensile tests, solubility tests, and thermal
analyses.

2.5. Measurements

Elemental analyses were run in a HERAEUS VarioEL-III
elemental analyzer. 1H and 13C NMR spectra were measured
on a Bruker Avance 500 FT-NMR system with tetramethyl-
silane as an internal standard. Infrared (IR) spectra were re-
corded on a Horiba FT-720 FT-IR spectrometer. The inherent
viscosities were determined with a Cannon–Fenske viscom-
eter at 30 �C. Differential scanning calorimetry (DSC) was
performed on a Perkin–Elmer Pyris 1 DSC at a scan rate of
20 �C/min in flowing nitrogen. Thermomechanical analysis
(TMA) was determined with a Perkin–Elmer TMA 7 instru-
ment. 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



Fig. 2. (a) 1H NMR and (b) 13C NMR spectra of diamine monomer 5 in DMSO-d6.
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10 mN. Softening temperatures (Ts) were taken as the onset
temperatures of probe displacement on the TMA traces.
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 heating rate of
20 �C/min. Wide-angle X-ray diffraction (WAXD) measure-
ments were performed at room temperature (about 25 �C)
on a Shimadzu XRD-6000 X-ray diffractometer with a
graphite monochromator, using nickel-filtered Cu Ka radia-
tion (k = 1.5418 Å, operating at 40 kV and 30 mA). The
scanning rate was 2�/min over a range of 2h = 10–40�.
A universal tester LLOYD LRX with a load cell 5 kg was used
to study the stress–strain behavior of the samples. A gauge
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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.
Electrochemistry was performed with a CH Instruments
600C electrochemical analyzer. Voltammograms are pre-
sented with the positive potential pointing to the left and
with increasing anodic currents pointing downwards. Ultra-
violet–visible (UV–vis) spectra of the polymer films were re-
corded on a Jasco UV–vis V530 spectrometer. Cyclic
voltammetry was conducted with the use of a three-elec-
trode cell in which ITO (polymer films area about
0.8 cm � 1.25 cm) was used as a working electrode. A plati-
num wire was used as an auxiliary electrode. All cell poten-
tials were taken with the use of a homemade Ag/AgCl, KCl
(sat.) reference electrode. Ferrocene was used as an external
reference calibration (+0.48 V vs. Ag/AgCl). Spectroelectro-
Br OH
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NH2N
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Scheme 1. Synthetic route to the t
chemistry analyses were carried out with an electrolytic
cell, which was composed of a 1 cm cuvette, ITO as a work-
ing 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. Photolumines-
cence (PL) spectra were measured with a VARIAN Cary
Eclipse fluorescence spectrophotometer.

3. Results and discussion

3.1. Monomer synthesis

The TPA-based diamine monomer with a bulky adaman-
tylphenoxy group, 4-[4-(1-adamantyl)phenoxy]-40,400-
diaminotriphenylamine (5), was prepared starting from
1-bromoadamantane and phenol by a five-step reaction
l NO2

K2CO3, DMF
O

NO2
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arget diamine monomer (5).
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sequence, as outlined in Scheme 1. First, 4-(1-adaman-
tyl)phenol (1) was synthesized by alkylation of phenol with
1-bromoadamantane according to a reported method [54].
Then, nucleophilic chlorodisplacement of p-chloronitroben-
zene with the phenolate of 1 gave 4-(1-adamantyl)-40-nitro-
diphenyl ether (2), which was subsequently reduced to
4-(1-adamantyl)-40-aminodiphenyl ether (3) by means of
Pd/C and hydrazine. The target diamine monomer 5 was
synthesized by double N-arylation reactions of 3 with two
equivalent amount of p-fluoronitrobenzene in the presence
of cesium fluoride, followed by hydrazine Pd/C-catalyzed
reduction of the intermediate dinitro compound 4. Elemen-
tal analysis, FT-IR, and 1H and 13C NMR spectroscopic tech-
niques were used to identify the structures of the
synthesized compounds. Fig. 1 shows the FT-IR spectra of
all the synthesized compounds (1–5). The nitro groups of
compounds 2 and 4 gave two characteristic bands at around
1580 and 1340–1370 cm�1 (–NO2 asymmetric and symmet-
ric stretching). After reduction, the characteristic absorp-
tions of the nitro group disappeared and the amino group
showed the typical N–H stretching absorption pair in the re-
gion of 3300–3500 cm�1. Fig. 2 illustrates the 1H and 13C
NMR spectra of the diamine monomer 5. Assignments of
each carbon and proton were assisted by the two-dimen-
sional (2-D) COSY NMR spectra shown in Figs. 3 and 4, and
these spectra agreed well with the proposed molecular
structure of 5. The 1H NMR spectra confirm that the nitro
groups have been completely transformed into amino
groups by the high-field shift of the aromatic protons and
by the resonance signals at around 4.9 ppm correspond to
the amino protons.

3.2. Polymer synthesis

As shown in Scheme 2, polyamides 7a–h having
adamantylphenoxy-substituted triphenylamino units
were synthesized from the diamine monomer 5 with var-
Fig. 3. H–H COSY spectra of diamine monomer 5: (
ious aromatic dicarboxylic acids 6a–h in NMP containing
dissolved calcium chloride by the Yamazaki–Higashi reac-
tion conditions [55] by using TPP and pyridine as con-
densing agents. All the polycondensation reactions
proceeded readily in a homogenous solution, and the
reaction solutions generally became very viscous within
1 h. Viscosities of the resultant polymer solutions were
normally very high, and the nature of the precipitated
polymers (as tough fibrous precipitates) implied high-
molecular-weight products. As shown in Table 1, the ob-
tained polyamides 7a–h had inherent viscosities in the
range of 0.39–1.46 dL/g. Except for 7b, all the 7 series
polyamides could be solution-cast into flexible and tough
films. The cast film of polymer 7b was slightly brittle,
possibly due to its relatively lower molecular weight.
Structural features of these polyamides were verified by
FT-IR spectra based on characteristic absorption bands
observed around 3300 cm�1 (N–H str) and 1652 cm�1

(C@O str). Fig. 5a illustrates a typical FTIR spectrum of
the representative polyamide 7a.

Polyimides 10a–f were prepared in a conventional two-
step procedure by the reactions of equal molar amounts of
diamine 5 with commercially available aromatic tetracarb-
oxylic dianhydrides (PMDA, BPDA, BTDA, ODPA, DSDA, and
6FDA) in DMAc to form precursor poly(amic acid)s, fol-
lowed by thermal or chemical cyclodehydration
(Scheme 3). As shown in Table 2, the inherent viscosities
of the poly(amic acid)s 9a–f ranged from 1.14 to 1.37 dL/
g. The molecular weights of all the poly(amic acid)s were
sufficiently high to permit the casting of flexible and tough
poly(amic acid) films, which were subsequently converted
into tough polyimide films at elevated temperatures.
These poly(amic acid)s were also chemically imidized to
the corresponding polyimides by treatment of acetic anhy-
dride and pyridine. The chemical structure of the polyi-
mides was confirmed by means of FTIR and NMR
spectroscopy. A typical set of IR spectra for poly(amic acid)
A) aromatic region and (B) adamantyl group.



Fig. 4. H–C HETCOR spectra of diamine monomer 5: (A) aromatic region and (B) adamantyl group.
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Table 1
Inherent viscosity and solubility behavior of the polyamides.

Polymer code ginh
a (dL/g) Solubility in various solventsb

NMP DMAc DMF DMSO m-Cresol THF

7a 1.46 ++ ++ ++ + + �
7b 0.39 ++ ++ ++ + + �
7c 1.17 ++ ++ ++ + + �
7d 0.64 ++ ++ ++ + + �
7e 0.69 ++ ++ � + + �
7f 0.42 ++ ++ ++ + + �
7g 0.73 ++ ++ ++ + + �
7h 0.87 ++ ++ ++ + + �

The symbol ++: soluble at room temperature; +: soluble on heating at 100 �C or boiling temperature; �: insoluble even on heating.
a Inherent viscosity measured at a concentration of 0.5 g/dL in DMAc �5 wt.% LiCl at 30 �C.
b Qualitative solubility was determined by using 10 mg sample in 1 mL of stirred solvent. NMP = N-methyl-2-pyrrolidone; DMAc = N,N-dimethylacet-

amide; DMF = N,N-dimethylformamide; DMSO = dimethyl sulfoxide; THF = tetrahydrofuran.

Fig. 5. Thin film IR spectra of (a) polyamide 7a, (b) poly(amic acid) 9f, and
(c) polyimide 10f.
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9f and its thermally cured polyimide 10f are also included
in Fig. 5. The absorption bands around 1780 and
1720 cm�1 arising from the unsymmetrical and symmetri-
cal carbonyl stretching vibrations of the imide groups were
found in all the polyimides. There was no existence of the
characteristic absorption bands of the amide and carboxyl
groups in the region of 3200–3500 cm�1 (N–H and O–H
stretching), and this indicated that a virtually complete
imidization had been obtained. The absorption bands in
the range of 2840–2910 cm�1 were assigned to methylene
and methine C–H stretching of the adamantyl groups. The
1H NMR spectrum of a representative polyimide 10f is
reproduced in Fig. 6 and agrees well with the desired poly-
mer structure.
3.3. Properties of polymers

3.3.1. Organo-solubility and film property
The solubility properties of polyamides and polyimides

in several organic solvents at 10% (w/v) are reported in
Tables 1 and 2, respectively. The three-dimensional TPA
unit together with the bulky adamantyl-substituted phen-
oxy pendent group in the repeat units restricted close
chain-packing and increased interchain free volume. As a
result, these polymers generally revealed an enhanced sol-
ubility with respect to conventional aromatic polyamides
and polyimides. Almost all the 7 series polyamides were
readily soluble in polar solvents such as NMP, DMAc,
DMF, DMSO, and m-cresol at room temperature or upon
heating at 100 �C. For the thermally cured polyimide sam-
ples, 10e-H (from DSDA) and 10f-H (from 6FDA) showed
better solubility than the other polyimides; they could be
dissolved in amide-type dipolar solvents, such as NMP,
DMAc, and DMF, at room temperature or upon heating.
The strong solubilization effect of the sulfonyl groups and
hexafluoroisopropylidene groups existing in polyimides
10e and 10f, respectively, should contribute to the solubil-
ity enhancement. Polyimide 10f also showed good solubil-
ity in less polar solvents like THF because of the additional
contribution of the hexafluoroisopropylidene fragment in
the polymer backbone. The polyimides prepared by the
chemical imidization method showed a higher solubility
than those obtained by the thermal imidization method.
All the chemically imidized polyimides were soluble in
NMP and m-cresol at room temperature or elevated tem-
perature. This result indicated that all of these polyimides
are organosoluble in nature and can be prepared from the
one-step high-temperature polycondensation method.
Thus, all the chemically imidized polyimides can be pro-
cessed from solution. The less solubility of the thermally
cured polyimides might be attributable to the better
chain-packing and aggregation or partial crosslinking
within polymer chains that occurred at elevated tempera-
tures. The good solubility makes these polymers potential
candidates for practical applications in spin-coating and
inkjet-printing processes. As mentioned earlier, almost all
the polymers could afford flexible and tough films. The
tensile strengths, elongations to break, and initial moduli
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of these films were in the range of 80–102 MPa, 7–14%, and
2.2–2.6 GPa, respectively, indicative of strong and tough
polymeric materials. The WAXD studies of these film sam-
ples indicated that all the polymers were essentially amor-
phous. Their high solubility and amorphous properties can
be attributed mainly to the incorporation of bulky, three-
dimensional adamantylphenoxy-TPA moiety along the
polymer backbone, which results in a high steric hindrance
for close packing, and thus reduces their crystallization
tendency and interchain interactions.
3.3.2. Thermal properties
DSC, TMA, and TGA were used to evaluate the thermal

properties of all polymers. The thermal behavior data of
all polyamides and polyimides are summarized in
Table 3. The glass-transition temperatures (Tg) of polya-
mides 7a–7h could be easily determined in the DSC ther-
mograms; they were observed in the range from 254 �C
to 293 �C. The lowest Tg value of polyamide 7f can be ex-
plained in terms of the flexibility and low rotation barrier
of its diacid component. The Tgs of polyimides 10a–10f
were observed in the range of 273–310 �C by DSC. As ex-
pected, the polyimide 10d obtained from ODPA showed
the lowest Tg of 273 �C due to the presence of a flexible
ether linkage between the phthalimide units, and the high-
est Tg of 310 �C was observed for polyimide 10a derived
from PMDA because of the rigid pyromellitimide segment.
All the polymers indicated no clear melting endotherms on
their DSC traces, supporting the amorphous nature of these
polymers. The softening temperatures (Ts may be referred
as apparent Tg) of the polymer films were determined by
the TMA method using a loaded penetration probe. They



Table 2
Inherent viscosities and solubility of polyimides.

Code ginh
a (dL/g) Solubility in various solventsb

NMP DMAc DMF DMSO m-Cresol THF

10a-C 1.23 ++ � � � + �
10b-C 1.32 + � � � + �
10c-C 1.35 ++ ± � ++ + �
10d-C 1.37 ++ � ++ � ++ �
10e-C 1.14 ++ ++ ++ ++ + �
10f-C 1.14 ++ ++ ++ ++ ++ ++

10a-H 1.23 � � � � � �
10b-H 1.32 � � � � ± �
10c-H 1.35 � � � � � �
10d-H 1.37 � � � � + �
10e-H 1.14 ++ + + � ± �
10f-H 1.14 ++ ++ ++ � + ++

10-C: polyimide samples prepared via chemical imidization; 10-H: samples prepared by heat treatment. The symbol ++: soluble at room temperature;
+: soluble on heating at 100 �C or boiling temperature; ±: partially soluble or swelling; �: insoluble even on heating.

a Inherent viscosities of the poly(amic acid) precursors measured at a polymer concentration of 0.5 g/dL in DMAc at 30 �C.
b The solubility was tested with 10 mg sample in 1 mL of stirred solvent. NMP = N-methyl-2-pyrrolidone; DMAc = N,N-dimethylacetamide; DMF = N,N-

dimethylformamide; DMSO = dimethyl sulfoxide; THF = tetrahydrofuran.

Table 3
Thermal properties of polyamides and polyimides.

Polymer code Tg
a (�C) Ts

b (�C) Td at 5 wt.% lossc (�C) Td at 10 wt.% lossc (�C) Char yieldd (%)

In N2 In air In N2 In air

7a 273 285 488 491 526 540 58
7b 258 258 477 495 510 539 58
7c 293 282 483 484 527 532 71
7d 268 262 460 449 493 497 60
7e 284 286 471 476 511 528 64
7f 254 254 493 448 530 510 58
7g 286 283 469 468 494 500 56
7h 281 272 479 477 525 519 61

10a 310 305 537 530 558 560 67
10b 296 288 546 550 565 576 59
10c 281 271 532 533 557 561 64
10d 273 270 550 552 567 579 58
10e 293 283 488 485 527 528 52
10f 280 280 535 536 555 562 59

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.
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were read from onset temperature of probe displacement
on the TMA trace. As a representative example, the TMA
trace of polyimide 10d is illustrated in Fig. 7. As listed in
Table 3, the Ts values of the 7 series polyamides and the
10 series polyimides were in the range of 254–286 �C
and 270–305 �C, respectively. The trend of Ts variation
with the chain stiffness was similar to that of Tg observed
in the DSC measurements.

The thermal stability of the polymers was evaluated by
TGA measurements in both air and nitrogen atmospheres.
Typical TGA curves for polyamide 7a and polyimide 10a
are reproduced in Fig. 8. These polymers exhibited reason-
able thermal stability without significant weight loss up to
450 �C (for the polyamides) or 500 �C (for the polyimides)
under nitrogen or air atmosphere. The decomposition tem-
peratures (Td) at 5% and 10% weight loss in nitrogen and in
air atmospheres were determined from the original TGA
thermograms and are also given in Table 3. The Td at 10%
weight loss of polyamides 7a–7h in nitrogen and in air
stayed in the range of 493–530 �C and 497–540 �C, respec-
tively, and those for polyimides 10a–10f were recorded in
the range of 485–552 �C and 528–579 �C, respectively. All
the polymers left more than 52% char yield at 800 �C in
nitrogen. Thus, the TGA data indicated that these polymers
had fairly high thermal stability even with the introduction
of bulky adamantyl pendent groups.

3.3.3. Optical and electrochemical properties
The optical properties of these polymers were investi-

gated by UV–vis and photoluminescence (PL)



Fig. 7. TMA curve of polyimide 10d with a heating rate of 10 �C/min.

Fig. 6. 1H NMR spectrum of polyimide 10f in CDCl3 (� the solvent peak).

Fig. 8. TGA thermograms of polyamide 7a and polyimide 10a at a scan
rate of 20 �C/min.
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spectroscopy. The absorption kmax and konset (absorption
edge) and PL kmax data are reported in Table 4. The polya-
mides exhibited strong UV–vis absorption bands at 293–
346 nm in dilute NMP solutions (10�5 M), assignable to
the p–p� transition resulting from the TPA moieties. Their
PL spectra in NMP solution showed emission peaks around
408–452 nm in the blue region. Typical UV–vis absorption
and PL spectra together with the PL images of some poly-
amide solutions are illustrated in Fig. 9. Optical band gap
(Eopt

g ) determined from the konset values of the solid-state
absorption spectra of the polyamides were found to be
2.62–3.01 eV. The polyimides present similar spectra in di-
lute NMP solutions and in the solid state, with kmax at
302–322 nm. They exhibited significantly less detectable
fluorescence than the polyamides. We propose that the
observed quenching of PL that occurs in the polyimides is
due to re-absorption by the charge transfer complexing
between the donor triphenylamine and acceptor imide
units.

The redox behavior was monitored by cyclic voltamme-
try (CV) conducted 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. A pair of reversible redox couple could be ob-
served on the CV scans of all polymers. Typical CV curves
for polyamide 7h and polyimide 10f are shown in Fig. 10,
and the half-wave potentials (E1/2; average potential of
the redox couple peaks) of all polyamides and polyimides
are also summarized in Table 4. The polyamides exhibited
E1/2 values in the range of 0.83–0.86 V, corresponding to
TPA oxidation. The color of the polyamide films changed
from colorless or light yellow to green because of electro-
chemical oxidation of the polymers. The oxidative and
electrochromic reversibility is maintained on repeated



Table 4
Optical and electrochemical properties of the polyamides and polyimides.

Code Abs kmax
a (nm) Abs konset

a (nm) PL kmax
b (nm) E1/2

c (V) (vs. Ag/AgCl) Eopt
g

d (eV) HOMO/LUMOe (eV)

7a 293 (363) 425 (456) 440 0.84 2.72 5.16/2.44
7b 338 (342) 395 (430) 417 0.84 2.88 5.16/2.28
7c 298 (362) 421 (440) 449 0.83 2.82 5.15/2.33
7d 314 (342) 399 (411) 408 0.84 3.01 5.16/2.15
7e 301 (362) 438 (472) 452 0.83 2.63 5.15/2.52
7f 336 (351) 390 (423) 416 0.84 2.93 5.16/2.23
7g 300 (319) 457 (474) 449 0.85 2.62 5.17/2.55
7h 346 (358) 408 (460) 418 0.86 2.70 5.18/2.48

10a 308 (315) 396 (426) 474 1.13 2.91 5.45/2.54
10b 322 (325) 366 (397) 475 1.12 3.12 5.44/2.32
10c 306 (313) 375 (399) 479 1.12 3.11 5.44/2.33
10d 315 (319) 360 (389) 440 1.12 3.19 5.44/2.25
10e 302 (311) 379 (403) 480 1.12 3.08 5.44/2.36
10f 306 (329) 373 (389) 472 1.12 3.19 5.44/2.25

a UV–vis absorption measurements in NMP (10�5 M) at room temperature, values in parentheses are polymer thin solid-film.
b PL spectra measurements in NMP (10�5 M) at room temperature.
c Oxidation half-wave potentials from cyclic voltammograms.
d Optical energy gap = 1240/kabs, onset of polymer thin film.
e The HOMO energy levels were calculated from E1/2 and were referenced to ferrocene (4.8 eV); LUMO ¼ HOMO� Eopt

g .
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Fig. 9. UV–vis absorption and PL spectra of polyamides 7a–7d with a
concentration of 10�5 M in NMP. The photographs show their images
before and when illuminated with a standard laboratory UV lamp.

Fig. 10. Cyclic voltammograms of (a) ferrocene, (b) the cast film of
polyamide 7h, and (c) polyimide 10f on an indium–tin oxide (ITO)-coated
glass substrate at a scan rate of 100 mV/s in 0.1 M TBAP/acetonitrile.
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scanning between 0 V and 1.1 V (vs. Ag/AgCl). This result
confirms that para-substitution of the adamantylphenoxy
group on the TPA unit leads considerable stability to the
radical cation species. The oxidation of polyimides started
to occur at higher potentials than the polyamides because
of the electron-withdrawing effect arising from the imide
group. Their E1/2 values were recorded in the 1.12–1.13 V
range. The color of the polyimide films turned from pale
yellow to blue upon oxidation. However, the polyimide
samples revealed a less redox stability with respect to
the polyamide ones. They generally lost redox and electro-
chromic reversibility after some tens of repeated CV scans.
The E1/2 value of ferrocene/ferrocenium (Fc/Fc+) is known
to be 4.8 eV below the vacuum level and was used as a cal-
ibration reference. The highest occupied molecular orbital
(HOMO) energy levels of the 7 series polyamides and the
10 series polyimides estimated from their E1/2 values were
in the range of 5.15–5.18 eV and 5.44–5.45 eV, respec-
tively; these HOMO levels were comparable to those of
small hole-transporting molecules [1,2]. It can be



Fig. 12. Spectral change of polyimide 10f thin film on the ITO-coated
glass substrate (in CH3CN with 0.1 M TBAP as the supporting electrolyte)
along with increasing of the applied voltage (vs. Ag/AgCl couple as
reference). The inset shows the photographic images of the film at
indicated applied voltages.
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concluded that these novel adamantylphenoxy-TPA poly-
mers which are soluble in common solvents and which
possess good film-forming properties turn out to be good
hole-transport materials with improved stability as com-
pared to the low molecular weight compounds.

3.3.4. Spectroelectrochemical and electrochromic properties
Spectroelectrochemical analysis of the polyamide and

polyimide thin films was carried out on an ITO-coated
glass substrate in an acetonitrile solution of 0.1 M TBAP
by applying the desired potential. All the polymer films
showed a strong coloration change when the applied po-
tential was changed. The typical changes of the absorption
spectra of polyamide 7h are shown in Fig. 11. When the ap-
plied potential increased from 0.80 to 1.10 V, the peak of
characteristic absorbance at 346 nm for polyamide 7h de-
creased gradually while new band grew up at 785 nm,
and the color of the film changed to green. The spectral
changes were clearly due to the formation of the cationic
states of polyamide 7h.

The typical absorption spectral change of polyimide 10f
is depicted in Fig. 12. When the applied potential was in
the 0–1.0 V range, the absorption bands of the polyimide
films did not change remarkedly. As the applied potential
was increased to 1.05 V, the absorbance intensity at
306 nm decreased, and a new absorption band appeared
at about 755 nm. On application of a higher positive poten-
tial of 1.3 or 1.4 V, another new absorption peak appeared
at about 379 nm and the intensity of the absorption band
at 755 nm increased in intensity, and the color of the film
changed to blue (as shown in Fig. 12). The new spectrum
was assigned as that of the formation of a cationic radical
species of the polyimide 10f. However, the long-term elec-
trochromic stability of all the polyimides was lower than
the polyamides because of the relatively lower stability
of their cationic radical species.

The stability and response time upon electrochromic
switching of the cast film of polyamide 7h between its
neutral and oxidized forms in the UV–vis region was mon-
Fig. 11. Spectral change of polyamide 7h thin film on the ITO-coated
glass substrate (in CH3CN with 0.1 M TBAP as the supporting electrolyte)
along with increasing of the applied voltage (vs. Ag/AgCl couple as
reference). The inset shows the photographic images of the film at
indicated applied voltages.
itored. The switching time of color was estimated by
applying a potential step, and the absorbance profiles were
followed (Fig. 13). 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 films from polyamide 7h would require 3.3 s at 1.10 V
for coloring and 2.4 s for bleaching. After hundreds of
switching at voltage between 0 V and 1.1 V, the polymer
films still exhibited excellent stability of electrochromic
characteristics. However, as we can see in Fig. 14, after
continuous 10 cyclic scans between 0 V and 1.4 V, the thin
film of polyimide 10f exhibited a decreased optical switch-
ing reversibility. The less stability might be attributable to
the electron-withdrawing effect of the imide group.

4. Conclusions

The novel triphenylamine-based diamine monomer,
4-[4-(1-adamantyl)phenoxy]-40,400-diaminotriphenylamine
Fig. 13. (a) Potential step absorptometry and (b) kinetically current
consumption of polyamide 7h film onto the ITO-coated glass substrate
during the continuous cycling test by switching potentials between 0 V
and 1.10 V (vs. Ag/AgCl) with a cycle time of 22 s.



Fig. 14. (a) Potential step absorptometry and (b) kinetically current
consumption of polyimide 10f film onto the ITO-coated glass substrate
during the continuous cycling test by switching potentials between 0 V
and 1.40 V (vs. Ag/AgCl) with a cycle time of 28 s.
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has been successfully synthesized in this study. Two series
of electroactive aromatic polyamides and polyimides with
adamantyl-substituted phenoxy pendent groups were syn-
thesized from the polycondensation reactions of this newly
synthesized diamine monomer with various aromatic dicar-
boxylic acids and tetracarboxylic dianhydrides, respec-
tively. The three-dimensional triphenylamino group can
disrupt the coplanarity of aromatic units in chain packing,
and the bulky adamantly pendent group increases the be-
tween-chains spaces or free volume; consequently, all the
polymers were amorphous with good solubility in many po-
lar solvents and exhibited excellent film-forming ability. In
addition to high glass transition temperature, high thermal
stability, and good mechanical properties, these polymers
especially for the polyamides also revealed excellent stabil-
ity of electrochromic characteristics. As a result, the present
polyamides and polyimides may find applications as new
type high-temperature hole-transporting polymeric mate-
rials and organic electrochromics.
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