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ABSTRACT: A series of novel polyamides with pendent anthrylamine units were pre-
pared via the direct phosphorylation polycondensation from various diamines and
the anthrylamine-based aromatic dicarboxylic acid, 9-[N,N-di(4-carboxyphenyl)ami-
no]anthracene (4). The aromatic polyamides had useful levels of thermal stability
associated with relatively high softening temperatures (Ts) (290–300 �C), 10%
weight-loss temperatures (Td

10) nearly in excess of 550 �C, and char yields at 800 �C
in nitrogen higher than 60%. These aromatic polyamides I exhibited highly photolu-
minescence quantum yield in NMP solution ranges from 55% for Ia to 74% for Ie
due to the introduction of anthrylamine chromophores. Cyclic voltammograms of the
polyamide films cast onto an indium-tin oxide (ITO)-coated glass substrate exhibited
one oxidation and reduction couples (Eonset) around 1.10 and �1.50 V versus Ag/AgCl
in acetonitrile (CH3CN) and DMF solutions, respectively. VVC 2008 Wiley Periodicals, Inc. J
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INTRODUCTION

Polymeric light-emitting diodes (PLEDs) have
been widely studied, and the most efficient de-
vices with a layered architecture reported are
multilayer devices which comprise a sequence of a
hole-transporting layer, an emitting layer, and an
electron-transporting layer.1 However, the assem-
bly of multilayer devices requires careful selection
of solvents to avoid compromise of previously
deposited films. To solve this problem, blended
materials that contain mixtures of hole transport-
ers, electron transporters, and emitters can be
used to form efficient single-layer devices.2 The
advantage of the latter approach is that phase

separation of the different components can be
achieved providing the necessary exciton confine-
ment. However, metastable phase separation may
also reduce lifetimes for these devices. Alterna-
tively, it is possible to covalently incorporate the
electron-transport units in the polymer main
chain to improve device performance.

Many emitting materials have been designed
and used in LEDs; however, high-performance
light emitting ones are rare because of the intrin-
sic wide band-gap required for such materials.
Many hole transporting materials have been tried
for light emission.3 Anthracene itself is known as a
hole- and electron-transporting blue light emitter.4

Their derivatives have interesting photolumines-
cence (PL) and electrochemical properties,5 and
form an important class of highly efficient stable
blue-light emitting materials.6 It has been sug-
gested that nonplanar derivatives of anthracene
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by steric factors may hinder close packing and
improve the device performance; hence the an-
thracene derivatives have been extensively stud-
ied in applications such as LEDs.7

An emitter with either a hole- or electron-
transporting capability is beneficial, thus can sim-
plify the device structure. Most of the hole-trans-
porting materials which contain amine functional-
ities lack sufficient emission characteristics due to
reductive quenching.8 On the other hand, strong
or bright luminescent materials may be obtained
by incorporating chromophore units to the amine
derivatives. Research by our laboratory9 and
others10 aimed at the development of triaryl-
amines incorporated with photoluminescent chro-
mophores has resulted in a new class of com-
pounds capable of emitting blue or green colors.
Triarylamines capable of emitting blue light
appear to be interesting because they can not only
be used as a blue-light source, but also as host for
downhill energy transfer to green- or red-emitting
materials. Triarylamines also have attracted con-
siderable interest as hole transport materials for
use in multilayer organic electroluminescence
(EL) devices due to their relatively high mobility
and their low ionization potentials.11 The feasibil-
ity of utilizing spin-coating and inkjet printing
processes for large-area EL devices and the possi-
bilities for various chemical modifications (to
improve emission efficiencies and allow pattern-
ing) make polymeric materials containing triaryl-
amine units very attractive.12

Wholly aromatic polyamides are characterized
as highly thermally stable polymers with a favor-
able balance of physical and chemical properties.
However, the rigidity of the backbone and strong
hydrogen bonding result in high melting tempera-
tures or glass-transition temperatures and limited
solubility in most organic solvents.13 These proper-
ties make them generally intractable or difficult to
process, thus restricting their applications in some
fields. To overcome these limitations, polymer-
structure modification becomes necessary. One of
the common approaches for increasing the solubil-
ity and processability of aromatic polymers with-
out sacrificing high thermal stability is the
introduction of bulky, packing-disruptive groups
into the polymer backbone.14 Recently, we have
reported the synthesis of soluble aromatic poly
(amine-amide)s bearing naphthylamine9(d) and
carbazole9(b) chromophores in the main chain with
high quantum yield of 15 and 46% in N-methyl-2-
pyrrolidone (NMP), respectively. Because of the
introduction of bulky, propeller-shaped triphenyl-

amine units along the polymer backbone, all the
polymers were amorphous with good solubility in
many aprotic solvents and film-forming capability,
and exhibited high thermal stability.15

In this contribution, we describe the synthesis
of novel anthrylamine-based diacid monomer, 9-
[N,N-di(4-carboxyphenyl)amino]anthracene (4),
and the corresponding aromatic polyamides. The
incorporation of bulky, hindered rotation, and
kinked 9-anthryldiphenylamine moieties into
polymer backbone could enhance the solubility by
reducing interchain interactions and stacking effi-
ciency with retention of excellent thermal stabil-
ity. The general properties such as solubility and
thermal properties are described. Furthermore,
the photophysical, electrochemical, and photo-
luminescent properties of these polyamides were
also investigated and are compared with those of
structurally related ones from 1-[N,N-di(4-carboxy-
phenyl)amino]naphthalene and 4,40-dicarboxy-
triphenylamine.

EXPERIMENTAL

Materials

1-[N,N-di(4-carboxyphenyl)amino]naphthalene9(a)

(mp: 316-318 �C) and 4,40-dicarboxytriphenyl-
amine16 (mp: 313–315 �C) were synthesized by the
cesium fluoride-mediated condensation of 1-naph-
thylamine and aniline with 4-fluorobenzonitrile,
followed by the alkaline hydrolysis of the interme-
diate dinitrile compound according to a previously
reported procedure, respectively. Commercially
available aromatic diamines such as p-phenylene-
diamine (5a) (TCI) was purified by sublimation
in vacuo, 4,40-oxydianiline (5b) and 9,9-bis(4-ami-
nophenyl)fluorene (5c) (TCI) were purified by
recrystallization in ethanol 2,20-bis(4-aminophe-
noxy)-1,10-binaphthyl (5d) and 2,20-bis(4-amino-2-
trifluoromethylphenoxy)biphenyl (5e) were syn-
thesized previously in our laboratory.17 Anhydrous
calcium chloride (CaCl2) was dried under vacuum
at 180 �C for 8 h. Tetrabutylammonium perchlo-
rate (TBAP) (Acros) 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.

Monomer Synthesis

9-Nitroanthracene (1)

In a 500-mL three-neck round-bottomed flask
equipped with a stirring bar under nitrogen
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atmosphere, 9.14 g (50.23 mmole) of anthracene
was suspended in 80 mL of glacial acetic acid at
20–25 �C, and 3.49 g (55.40 mol) of concentrated
nitric acid (100%) was added slowly from dropping
funnel for 1 h. Then, the reaction was continued
for 3 h. A mixture of 25 mL (300 mmole) of con-
centrated hydrochloric acid (37 wt %) and 25 mL
of glacial acetic acid was added slowly to the reac-
tion solution with stirring to obtain pale-yellow
precipitate of 9-nitro-10-chloro-9,10-dihydroan-
thracene which was washed by water until neu-
tral. The product was triturated thoroughly with
60 mL of warm (60–70 �C) 10% sodium hydroxide
solution. The crude orange nitroanthracene was
treated with four 40 mL portions of 10% sodium
hydroxide solution then washed thoroughly with
warm water until neutral to litmus. The crude 9-
nitroanthracene was recrystallized from methanol
to afford 10.80 g (96% in yield) of yellow needles
with mp of 150–151 �C (measured by DSC at 10
�C/min) (lit.18 145 �C). FTIR (KBr): 1518 cm�1

(NO2 stretch). 1H NMR (DMSO-d6, d, ppm): 7.62
(t, 2H, Hc), 7.73 (t, 2H, Hb), 7.85 (d, 2H, Hd), 8.20
(d, 2H, Ha), 8.89 (s, 1H, He).

13C NMR (DMSO-d6,
d, ppm): 120.9 (C3), 122.1 (C2), 126.9 (C5), 129.1
(C6), 130.1 (C4), 130.7 (C7), 131.4 (C8), 143.7 (C1).

9-Aminoanthracene (2)

In a 500-mL three-neck round-bottomed flask
equipped with a stirring bar under nitrogen
atmosphere, 12.00 g (53.74 mmol) of nitro com-
pound 1 and 0.68 g of 10% Pd/C were dissolved/
suspended in 260 mL of ethanol. The suspension
solution was heated to reflux, and 3 mL of hydra-
zine monohydrate was added slowly to the mix-
ture, then the solution was stirred at reflux tem-
perature. After a further 12 h of reflux, the solu-
tion was filtered to remove Pd/C, and the filtrate
was cooled to precipitate yellow crystals. The
product was collected by filtration and dried in
vacuo at 80 �C to give 9.49 g (91% in yield) of yel-
low crystals with mp of 163–165 �C (lit.19 120–
123 �C). FTIR (KBr): 3411, 3490 cm�1 (ANH2

stretch). 1H NMR (DMSO-d6, d, ppm): 7.28 (t, 2H,
Hc), 7.37 (t, 2H, Hb), 7.61 (s, 1H, He), 7.83 (d, 2H,
Hd), 8.33 (d, 2H, Ha), 6.61 (s, 2H, NH2).

13C NMR
(DMSO-d6, d, ppm): 112.2 (C3), 116.9 (C2), 122.3

(C4), 123.3 (C5), 125.5 (C6), 128.2 (C8), 132.4 (C7),
141.5 (C1).

9-[N,N-Di(4-cyanophenyl)amino]anthracene (3)

A mixture of 1.46 g (57.8 mmol) of sodium hydride
and 75 mL of DMF was stirred at room tem-
perature for 30 min. To the mixture, 4.82 g
(24.9 mmol) of 9-aminoanthracene and 6.36 g
(52.0 mol) of 4-fluorobenzonitrile were added in
sequence. The mixture was heated with stirring
at 160 �C for 15 h under nitrogen and then pre-
cipitated into 1000 mL of water/methanol (1:1).
The product was filtered and recrystallized from
acetonitrile (CH3CN) to afford 7.72 g (78% in
yield) of light green lepido-slice with mp of 253–
254 �C (by DSC). IR (KBr): 2223 cm�1 (C¼¼N
stretch). 1H NMR (DMSO-d6, d, ppm): 7.12 (d, 4H,
Hg), 7.51–7.59 (m, 4H, Hbþ Hc), 7.66 (d, 4H, Hf),
7.89 (d, 4H, Hd), 8.25 (d, 2H, Ha), 8.86 (s, 1H, He).
13C NMR (DMSO-d6, d, ppm): 104.2 (C9), 119.1
(AC¼¼N), 120.6 (C11), 122.6 (C6), 126.2 (C4), 128.4
(C5), 129.0 (C8), 129.5 (C2), 129.6 (C3), 132.4 (C7),
134.0 (C1), 134.1 (C10), 149.7 (C12). Anal. Calcd.
(%) for C28H17N3 (395.45): C, 85.04; H, 4.33; N,
10.63. Found: C, 85.02; H, 4.18; N, 10.49.

9-[N,N-Di(4-carboxyphenyl)amino]anthracene (4)

A mixture of 4.35 g (77.5 mol) of potassium hy-
droxide and 1.88 g (4.75 mmol) of the obtained
dinitrile compound 3 in 20 mL of ethanol and 30
mL of distillated water was stirred at � 100 �C
until no further ammonia was generated. The
time taken to reach this stage was about 5 days.
The solution was cooled and filtered, and the pH
value was adjusted by dilute hydrochloric acid to
near 3. The light yellow-green precipitate was fil-
tered, washed thoroughly with water and recrys-
tallized from ethanol to afford 1.80 g (87% in
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yield) of yellow-green crystals with mp of 338–339
�C (by DSC). IR (KBr): 1686 (C¼¼O stretch), 2700–
3200 cm�1 (OAH stretch). 1H NMR (DMSO-d6, d,
ppm): 7.07 (d, 4H, Hg), 7.45–7.54 (m, 4H, Hb þ
Hc), 7.81 (d, 4H, Hf), 7.94 (d, 2H, Hd), 8.21 (d, 2H,
Ha), 8.79 (s, 1H, He), 12.66 (s, 2H, OH). 13C NMR
(DMSO-d6, d, ppm): 119.7 (C11), 123.1 (C6), 124.2
(C9), 126.1 (C4), 128.0 (C5), 128.4 (C8), 129.5 (C3),
129.7 (C2), 131.4 (C10), 132.5 (C7), 135.2 (C1),
150.3 (C12), 167.0 (C¼¼O). Anal. Calcd (%) for
C28H19NO4 (433.45): C, 77.59; H, 4.42; N, 3.23.
Found: C, 77.59; H, 4.39; N, 3.20.

Polymer Synthesis

The synthesis of polyamide Ib was used as an
example to illustrate the general synthetic route
used to produce the poly(amine-amide)s. A mix-
ture of 0.217 g (0.5 mmol) of dicarboxylic acid, 9-
[N,N-di(4-carboxyphenyl)amino]anthracene (4),
0.100 g (0.5 mmol) of 4,40-oxydianiline (5b), 0.06 g
of calcium chloride, 0.5 mL of triphenyl phosphite,
0.25 mL of pyridine, and 0.5 mL of NMP was
heated with stirring at 105 �C for 3 h. The
obtained polymer solution was poured slowly into
300 mL of stirred methanol giving rise to a
stringy, fiber-like precipitate that was collected by
filtration, washed thoroughly with hot water and
methanol, and dried under vacuum at 100 �C.
Precipitations from DMAc into methanol were
carried out twice for further purification. The
inherent viscosity and weight-average molecular
weights (Mw) of the obtained polyamide Ib was
0.44 dL/g (measured at a concentration of 0.5 g/dL
in DMAc at 30 �C) and 42,400 Da, respectively. 1H
NMR (DMSO-d6, d, ppm): 6.95 (d, 4H, Hh), 7.09
(d, 4H, Hg), 7.50–7.58 (m, 4H, HbþHc), 7.69 (d,
4H, Hi), 7.81 (d, 4H, Hf), 7.98 (d, 2H, Hd), 8.24 (d,
2H, Ha), 8.82 (s, 1H, He), 10.08 (amideANH). 13C
NMR (DMSO-d6, d, ppm): 118.8 (C14), 119.6 (C11),
120.7 (C9), 122.2 (C15), 123.3 (C6), 126.1 (C4),
128.0 (C5), 128.4 (C2þ8), 129.7 (C3þ10), 132.5 (C7),
135.1 (C13), 135.5 (C1), 149.5 (C16), 153.0 (C12),
165.0 (amide carbonyl). Anal. Calcd. For
(C40H27N3O3)n (597.66)n : C, 80.38%; H, 4.55%; N,
7.03%. Found: C, 80.25%; H, 4.62%; N, 7.10%.

The other polyamides were prepared by an analo-
gous procedure.

Preparation of the Polyamide Films

A solution of polymer was made by dissolving
about 0.35 g of the polyamides sample in 6 mL of
DMAc. The homogeneous solution was poured
into a 5-cm glass Petri dish, which was heated at
40 �C for 4 h, 100 �C for 2 h, and 160 �C for 6 h to
slowly release the solvent under vacuum. The
obtained films were about 45–70 lm in thickness
and were used for X-ray diffraction measure-
ments, solubility tests, thermal analyses, optical
and electrochemical properties measurements.

Measurements

Fourier transform infrared (FTIR) spectra were
recorded on a PerkinElmer RXI FTIR spectrome-
ter. Elemental analyses were run in a VarioEL-III
Elementar. 1H and 13C nuclear magnetic reso-
nance (NMR) spectra were measured on a Bruker
AV-300 FT NMR system and referenced to the
DMSO-d6 signal, and peak multiplicity was
reported as follows: s, singlet; d, doublet; t, triplet;
m, multiplet. The inherent viscosities were deter-
mined at 0.5 g/dL concentration using Tamson
TV-2000 viscometer at 30 �C. Molecular weight
and molecular weight distributions were deter-
mined through gel permeation chromatography
(GPC) at 50 �C using a Waters 510 HPLC,
equipped with a 410 differential refractometer, a
refractive index (RI) detector, and an UV detector.
Three Ultrastyragel columns (100, 500, and 103)
were connected in series in order of increasing
pore size, with DMF as eluent at a flow rate of 0.6
mL/min. Wide-angle X-ray diffraction (WAXD)
measurements were performed at room tempera-
ture (� 25 �C) on a Shimadzu XRD-7000 X-ray
diffractometer (40 kV, 20 mA), using graphite-
monochromatized Cu-Ka radiation. The molecular
weight calibration curve was obtained using poly-
styrene standards. Thermogravimetric analysis
(TGA) was conducted with a PerkinElmer Pyris 1
TGA. Experiments were carried out on � 6–8 mg
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film samples heated in flowing nitrogen or air
(flow rate: 20 cm3/min) at a heating rate of 20 �C/
min. Thermomechanical analysis (TMA) was
conducted with a PerkinElmer Diamond TMA
instrument. The TMA experiments were con-
ducted 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 50 mN. Soften-
ing temperatures (Ts) were taken as the onset
temperatures of probe displacement on the TMA
traces. Ultraviolet-visible (UV-vis) spectra of the
polymer films were recorded on a Varian Cary 50
Probe spectrometer. Photoluminescence (PL) spec-
tra were measured with a Jasco FP-6300 spectro-
fluorometer. PL quantum yields (UPL) of the sam-
ples in different solvents were measured by using
quinine sulfate dissolved in 1 N sulfuric acidas a
reference standard (UPL ¼ 0.546).20 The Photolu-
minescence quantum yields (PLQYs) of polymer
thin films were determined using a calibrated
integrating sphere coupled to a charge coupled de-
vice (CCD) spectrograph. The 325-nm line of the
He-Cd laser was used to excite samples placed in
the calibrated integrating sphere. All spectra
were obtained by averaging five scans. Cyclic vol-
tammetry (CV) was performed with a Bioanalyti-
cal System Model CV-27 potentiostat and a BAS
X-Y recorder with ITO (polymer films area about
0.7 cm � 0.5 cm) was used as a working electrode
and a platinum wire as an auxiliary electrode at a
scan rate of 50 and 100 mV/s against a Ag/AgCl
reference electrode in dry acetonitrile (CH3CN)
and N,N-dimethylformamide (DMF) solution of

0.1 M tetrabutylammonium perchlorate (TBAP)
under nitrogen atmosphere for oxidation and
reduction measurements, respectively. Voltammo-
grams are presented with the positive/negative
potential pointing to the right/left with increasing
anodic/decreasing cathodic current pointing
upwards/downwards.

RESULTS AND DISCUSSION

Monomer Synthesis

The synthesis procedure of diacid monomer and
three intermediate compounds is outlined in
Scheme 1. 9-Nitroanthracene (1) was synthesized
by the electrophilic aromatic substitution reaction
between anthracene and nitric acid. The 9-amino-
anthracene (2) could be obtained by Pd/C-catalytic
reduction of compound 1 with hydrazine mono-
hydrate under a nitrogen atmosphere. The new
aromatic dicarboxylic acid having bulky pendent
anthrylamine group, 9-[N,N-di(4-carboxyphenyl)
amino]anthracene (4), was successfully synthe-
sized by the double N-arylation reaction of 9-ami-
noanthracene with 4-fluorobenzonitrile in DMF in
the presence of sodium hydride as a base, followed
by the alkaline hydrolysis of the intermediate
dinitrile compound (3). Elemental analysis, IR,
and 1H and 13C NMR spectroscopic techniques
were used to identify structures of the intermedi-
ate compound 1, 2, dinitrile compound 3, and
dicarboxylic acid monomer 4. The FTIR spectrum
of compounds 3 showed nitrile characteristic band
at 2223 cm�1 (C¼¼N stretching). After hydrolysis,
the characteristic absorptions of the diacid exhib-
ited the typical C¼¼O and OAH stretching absorp-
tions at 1676 and 2700–3200 cm�1, respectively.
Figures 1 and 2 illustrate the 1H NMR and 13C
NMR spectra of dinitrile compound 3, and dicar-
boxylic acid monomer 4, respectively. Assign-
ments of each carbon and proton are assisted by
the two-dimensional H-H COSY (Correlation
Spectroscopy) and C-H HMQC (Heteronuclear
Multiple Quantum Correlation) spectra given in
Figures 3 and 4, and these spectra agree well
with the proposed molecular structure of dicar-
boxylic acid monomer 4.

Polymer Synthesis

According to the phosphorylation technique first
described by Yamazaki and coworkers,21 a series
of novel polyamides (I) with pendent anthryl-
amine units were synthesized from the

Scheme 1. Monomer synthesis.
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dicarboxylic acid, 9-[N,N-di(4-carboxyphenyl)ami-
no]anthracene (4), and various aromatic diamines
(5) as shown in Scheme 2. The polymerization
was carried out via solution polycondensation

Figure 2. (a) 1H NMR and (b) 13C NMR spectra of
diacid monomer 4 in DMSO-d6.

Figure 3. H-H COSY spectrum of diacid monomer 4
in DMSO-d6.

Figure 1. (a) 1H NMR, (b) 13C NMR and (c) DEPT-
135 spectra of dinitrile compound 3 in DMSO-d6.

Figure 4. C-H HMQC spectrum of diacid monomer
4 in DMSO-d6.
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using triphenyl phosphite and pyridine as con-
densing agents. The polymerization proceeded
homogeneously throughout the reaction and
afforded clear, viscous polymer solutions. All the
polymers precipitated in a tough fiber-like form
when slowly pouring the resulting polymer solu-
tions into methanol. The obtained polyamides had
inherent viscosities in the range of 0.18–0.51 dL/g
with weight-average molecular weights (Mw) and
degree of polymerization (DP) in the range of
34,100–43,500 Da and 24.0–40.4, respectively, rel-
ative to polystyrene standards (Table 1). The for-
mation of the polyamides was confirmed with IR
and NMR spectroscopy. IR spectrum for polyam-
ide Ib in Figure 5 exhibited characteristic absorp-
tion bands of the amide group around 3408 (NAH
stretching), 1655 cm�1 (amide carbonyl). Figure 6
shows a typical set of 1H and 13C NMR spectra of
polyamide Ib in DMSO-d6, where all the peaks
were consistent with the expected structure.
Assignments of each carbon and proton are
assisted by the two-dimensional C-H HMQC spec-
trum shown in Figure 7, and these spectra agree
well with the proposed molecular structure of
polyamide Ib.

Polymer Properties

Basic Characterization

The solubility behavior of aromatic polyamides I
was tested qualitatively and the results are sum-
marized in Table 2. All polymers exhibited good
solubility in variety solvents such as NMP, DMAc,
DMF, and DMSO. It is noted the polyamide Ia
obtained from rigid p-phenylenediamine monomer
(5a) was also could be soluble in NMP and DMAc.
Furthermore, polyamides Id and Ie were soluble
in m-cresol and THF. The enhanced solubility can
be attributed to the introduction of bulky, asym-
metrical and kinked 9-anthryldiphenylamine
structure into the repeat unit, which decreases
interchain interactions and increases the free vol-
ume. Thus, the excellent solubility makes these
polymers as potential candidates for practical
applications by spin- or dip-coating processes.
Furthermore, the wide-angle X-ray diffraction
diagram (WAXD) patterns of these anthrylamine-
based polyamide films revealed amorphous na-
ture, which also was reflected in their excellent
solubility observed.

Scheme 2. Synthesis of aromatic poly(amine-amide)s.
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The thermal properties of the polyamides were
investigated by TGA and TMA. Typical TGA and
TMA thermograms of a representative polyamide
Id is illustrated in Figure 8. All the aromatic poly-
amides exhibited good thermal stability with in-

Table 1. Inherent Viscosity and Molecular Weights.
[Color table can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Polymer
ginh

a

(dL/g)
Color

of Filmb Mw
c Mn

c PDId DPe

Ia 0.51 38,600 20,500 1.88 40.4

Ib 0.44 42,400 20,600 2.06 34.4

Ic 0.32 43,500 22,600 1.92 30.2

Id 0.25 34,100 19,000 1.79 24.7

Ie 0.18 36,200 21,700 1.67 24.0

aMeasured at a polymer concentration of 0.5 g/dL in
DMAc at 30 �C.

bThe photographs are the appearance of the polymer
films (thickness: 1–3 lm).

c Calibrated with polystyrene standards, using DMF as
the eluent at a constant flow rate of 1 mL/min at 50 �C.

dPolydispersity index (Mw/Mn).
eDegree of polymerization.

Figure 5. IR spectrum of polyamide Ib film.

Figure 6. (a) 1H NMR and (b) 13C NMR spectra of
polyamide Ib in DMSO-d6.

Figure 7. C-H HMQC spectrum of polyamide Ib in
DMSO-d6.
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significant weight loss up to 500 �C in nitrogen.
The 10% weight-loss temperatures (Td

10) of the
aromatic polyamides in nitrogen and air were
recorded in the range of 545–560 and 500–565 �C,
respectively, as summarized in Table 3. The
amount of carbonized residue (char yield) of these
polymers in nitrogen atmosphere was more than
62% at 800 �C. The high char yields of these poly-
mers can be ascribed to their high aromatic con-
tent. The softening temperatures (Ts) of the poly-
mer film samples were determined by the TMA
method with a loaded penetration probe. They
were obtained from the onset temperature of the
probe displacement on the TMA traces. In addi-
tion, when compared with the analogous poly-
amides I0 and I00, the I series showed a higher Ts

and better thermal stability as shown in Table 3
due to the introduction of more bulky and hin-
dered rotation aromatic anthracene unit into the
triarylamine structure.

Optical Properties

The optical properties of the polyamides were
investigated by UV-vis and photoluminescence
spectroscopy. The results are summarized in Ta-
ble 4. These polymers exhibited maximum UV-vis
absorption at 348–360 nm in NMP solutions as
shown in Figure 9, due to the p-p* transitions of
the aromatic chromophores, anthracene and tri-
arylamine units. The photophysical behavior for
film specimens of anthrylamine-based polyamides
I revealed nearly identical results as solution
state with a single absorbance at 349–359 nm.
Figure 9 also shows the PL spectra of polyamides
I measured in NMP (Conc.: 10�6 mol/L). The
quantum yields of these polymers after refractive
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Figure 8. TGA thermograms and TMA traces of
polyamide Id.
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index correction can be calculated according to
eq 122:

/unk ¼ /std

Iunk
Istd

� �
Astd

Aunk

� �
gunk
gstd

� �2

(1)

where /unk, /std, Iunk, Istd, Aunk, Astd, gunk, and gstd
are the fluorescent quantum yield, integration of

the emission intensity, absorbance at the excita-
tion wavelength, and the refractive indices of the
corresponding solutions for the samples and the
standard, respectively. Here, we use the refractive
indices of the pure solvents as those of the solu-
tions. The aromatic polyamides I series exhibited
PL emission maxima around 487–492 nm in NMP
solution with high PL quantum yield ranging from

Table 3. Thermal Behavior

Polymera Ts (
�C)b

Td
5 (�C)c Td

10 (�C)d

Char Yield
(wt %)eN2 Air N2 Air

Ia 299 495 480 555 535 69
Ib 288 500 490 545 525 70
Ic 301 505 490 545 565 68
Id 301 495 475 560 535 62
Ie 290 480 450 545 500 68
I0a 298 490 480 550 530 66
I0b 288 485 465 540 555 67
I0c 297 500 500 540 565 70
I00a 298 480 475 520 530 68
I00b 283 450 445 500 495 64
I00c 293 490 500 545 560 69

aThe polymer film samples were heated at 300 �C for 1 h prior to all the thermal analyses.
b Softening temperature measured by TMA with a constant applied load of 50 mN at a heat-

ing rate of 10 �C/min.
c Temperature at which 5 % weight loss occurred, recorded via TGA at a heating rate of

20 �C/min and a gas-flow rate of 20 cm3/min.
d Temperature at which 10 % weight loss occurred.
eResidual weight percentage at 800 �C in nitrogen.

Table 4. Optical Properties

Index [a]

NMP (1�10�6 M) Solution, R.T. Film (nm), R.T.

kabs (nm) kem (nm)a UPL (%)b k0
c kabs konset kem

a

Ia 360 492 55.2 (nd)d 433 359 395 484
Ib 350 490 57.8 (2) 431 352 388 482
Ic 351 490 69.3 (3) 429 350 388 483
Id 348 491 68.5 (2) 427 349 387 483
Ie 350 487 73.9 (6) 423 350 386 478
I0a 362 458 1.3 401 356 401 468
I0b 350 425 4.9 390 358 396 444
I0c 350 422 15.0 390 356 392 440
I00a 366 458 1.2 404 366 404 454
I00b 354 428 3.2 393 361 397 450
I00c 353 428 10.4 395 360 398 449

nd, Not been measured.
a They were excited at kabs for both solid and solution states.
b The quantum yield was measured by using quinine sulfate (dissolved in 1 N H2SO4 with a concentration of 10�5 M, assum-

ing photoluminescence quantum efficiency of 0.546) as a standard at 24–25 �C.
c The cutoff wavelength from the UV-vis transmission spectra of polymer films (thickness: 1–3 lm).
dData in parentheses are the PLQYs of polymer thin films determined using a calibrated integrating sphere.
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55.2% for Ia to 73.9% for Ie, and exhibited PLQYs
ranged from 2 to 6% in film states. Comparing the
optical properties data of polyamides bearing ani-
line, naphthylamine, anthrylamine, and carba-
zole,9(b) we found that the PL quantum yield of
series I is superior than all of the other series. It
means that the anthrylamine chromophores are
more effectively improving the photoluminescence
in the prepared polyamides. To the best of our
knowledge, polymer Ie shows the highest PL
quantum yield within wholly aromatic polyamide
system, and the PL behavior for solutions and thin
films of the polyamides I by UV irradiation is
summarized in Figure 10. The cutoff wavelengths
(absorption edge; k0) of polyamide films, measured
by transmission UV-vis spectra as shown Figure
11, were in the range of 423–433 nm with light-
color and high optical transparency.

Solvatochromism

The absorption and PL spectra of the solutions of
polyamide Ie in various solvents with its thin film

was shown in Figure 12. The absorption spectra
of polyamide Ie in four different solvents were
very similar to each other, while the PL spectrum
progressively shifted to red with an increase in
the solvent polarity, and PL emission maxima
moving from 469 to 487 nm when the solvent is
changed from toluene to NMP. Even more, the PL
emission of polymer Ie in NMP was red-shifted
compared to that of its thin solid film. The emis-
sion color changes from bluish green in toluene to
green in NMP when the polymer I solutions were
illuminated under a 365-nm UV lamp (Fig. 13),
which well coincided with their PL spectra. This
result suggests that solvent-induced aggregation
seems to simulate solid behavior in these polymer

Figure 9. Molar absorptivity (e) and photolumines-
cence (PL) spectra of polyamides I in NMP solution
(10�6 M).

Figure 10. The photoluminescence of polyamide sol-
utions (10�5 M) and thin films (thickness: 1–3 lm) by
UV irradiation (Excited at 365 nm).

Figure 11. UV-visible transmission spectra of poly-
amide films (thickness: 1–3 lm).

Figure 12. UV-vis absorption and PL spectra of
polyamide Ie in different solvents: Toluene, THF,
CHCl3 and NMP (solution concentration is 10�6 M
and excited with absmax respectively) with its thin
film (thickness: 1–3 lm).
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films excited states. The emission maxima
increased dramatically as the medium changing
from less polar (Toluene) to polar (NMP), and the
solvatochromic shifts of the emission spectra are
much larger than those of absorption spectra
implying that the excited-state energy levels are
influenced more than those in the electronic
ground state.23 The quantum efficiency of polymer
Ie decreased with the decreasing polarity of sol-
vent (Table 5) which was also previously reported
in our laboratory.24

Figure 13. The photoluminescence of polyamide I
in different solvent: Toluene, THF, CHCl3 and NMP
(10�5 M) by UV irradiation (Excited at 365 nm).
[Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com]

Table 5. Photophysical Properties of Ie in
Different Solventsa

Solvent kabs (nm) kem (nm) UPL (%)

Toluene 345 469 32.6
CHCl3 350 470 52.4
THF 346 475 60.0
NMP 350 487 73.9

aPolymer concentration of 10�6 M in different solvents.

Figure 14. Cyclic voltammograms of (a) polyamide Ia film onto an indium-tin oxide
(ITO)-coated glass substrate, 10�3 M (b) anthracene, (c) dinitrile compound 3, and (d)
diacid monomer 4 in CH3CN (oxidation) and DMF (reduction) solutions containing
0.1 M TBAP at scan rate of 50 and 100 mV/s, respectively.
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Electrochemical Properties

The redox behavior of the polyamides I series was
investigated by cyclic voltammetry (CV) con-
ducted for the cast film on an ITO-coated glass
substrate as working electrode in dry CH3CN and
DMF containing 0.1 M of TBAP as an electrolyte
under nitrogen atmosphere for oxidation and
reduction measurements, respectively. The elec-
trochemical study for these polyamides undergoes
one irreversible oxidation and one reversible
reduction processes. The typical cyclic voltammo-
grams for polyamide Ia are shown in Figure
14(a). The mechanism for the electrochemical
reduction of poly(amine-amide)s could be depicted
as in Scheme 3.25 The electrochemical character-
istics of anthracene [Fig. 14(b)], dinitrile com-
pound 3 [Fig. 14(c)], and diacid monomer 4 [Fig.
14(d)] were compared with the polyamide Ia [Fig.
14(a)]. Anthracene showed reversibly reduced
state in DMF (Eonset ¼ �1.82 V), and the mecha-
nism for the electrochemical reduction is depicted
as in Scheme 4.25 After the double N-arylation
reaction of 9-aminoanthracene, the dinitrile com-
pound 3 and diacid monomer 4 exhibited reversi-
ble reduction processes at Eonset ¼ �1.54 and
�1.48 V, respectively, while the polyamides Ia
exhibited reversible reduction processes at E1/2 ¼
�1.52 V. The reduction onset potential (Eonset) of
diacid monomer 4 was almost the same as those
of the polyamides I ranging from �1.51 to �1.54
V. The energy levels of highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) for these polyamides can be deter-
mined from the oxidation, reduction onset poten-

tials (Eonset) and the onset absorption wave-
length,9(a) and the results are listed in Table 6.
For example, the oxidation/reduction onset poten-
tial for polyamide Ia has been determined as 1.08/
�1.52 (V versus Ag/AgCl). The external ferrocene/
ferrocenium (Fc/Fcþ) redox standard E1/2 (Fc/Fc

þ)
is 0.44 V versus Ag/AgCl in CH3CN. Assuming
that the HOMO energy for the Fc/Fcþ standard is
4.80 eV with respect to the zero vacuum level, the
HOMO and LUMO energies for polymer Ia could
be evaluated to be 5.44 and 2.84 eV, respectively.

CONCLUSIONS

The newly triarylamine-containing aromatic
dicarboxylic acid, 9-[N,N-di(4-carboxyphenyl)ami-
no]anthracene (4) was successfully synthesized in
high purity and good yields. A series of novel poly-
amides could be readily prepared from the dicar-
boxylic acid and various aromatic diamines via
the direct phosphorylation polycondensation. The
introduction of the bulky anthracene unit into the
polymer backbone could effectively disrupt the
copolanarity of aromatic units in chain packing
which increases the between-chain space or free
volume thus enhancing solubility and thermal
stability of the obtained polyamides. All the amor-
phous polymers exhibited high optical transpar-
ency from UV-vis transmittance measurement
with cutoff wavelength in the range of 423–433
nm, and exhibited green emission maximum
around 478–484 nm in solid state. These poly-
amides exhibited highly photoluminescence
quantum yield in NMP solution ranges from
55.2% for Ia to 73.9% for Ie due to the introduc-
tion of anthrylamine chromophores. Owing to
their relatively high quantum efficiency, these
novel anthrylamine-based polyamides could be
considered as new candidates for organo-process-
able high-performance polymers for green-light-
emitting materials.

Scheme 3. Reaction scheme for the electrochemical reduction of poly(amine-amide)s
in an aprotic medium.

Scheme 4. Reaction scheme for the electrochemical
reduction of anthracene in an aprotic medium.
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