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ABSTRACT: A new conjugated aromatic poly(azomethine) derivative, poly(3′,4′-dibutyl-R-terthiophene-
azomethine-1,4-phenylene-azomethine) (PBTPI), has been prepared by polycondensation of 2,5′′-diformyl-
3′,4′-dibutyl-2,2′:5′,2′′-terthiophene with 1,4-phenylenediamine under the ethanothermal conditions. The
red polycrystalline PBTPI was characterized by X-ray diffraction, NMR, FTIR, UV-visible-near-IR,
photoluminescence, and ESR spectroscopies. PBTPI is partially soluble in tetrahydrofuran, giving an
orange solution with an absorption maximum (λmax) of 457 nm. In the solid state, PBTPI has an optical
band gap of 2.06 eV, which is one of the lowest among poly(azomethines), and is highly sensitive to a
strong acid environment. Protonation yields a blue polymer with an optical band gap of 1.61 eV. The
polymer is completely soluble in concentrated sulfuric acid and nitromethane containing Lewis acids
(e.g., AlCl3), giving blue solutions with λmax of 656 and 638 nm, respectively. Iodine-doped PBTPI shows
low electrical conductivity at the order of 10-7-10-8 S/cm. The properties of PBTPI are compared to
other, previously characterized, related polymers.

Introduction

Conjugated polymers have gained widespread interest
during the last two decades, because of their useful
electronic, optoelectronic, electrochemical, and nonlinear
optical properties.1,2 Among conjugated polymers, those
with extended π systems involving alternating CdC and
CsC bonds are predominant. This is the case for many
prototypical conjugated polymers, such as polyacety-
lene,3 poly(p-phenylene),4 and poly(p-phenylene-vin-
ylene).5 Because the CHdN group is isoelectronic with
the CHdCH group, the incorporation of nitrogen atoms
into the conjugated system is another approach to form
classes of materials with equally interesting electronic
and optical properties. Polyaniline is a well-known
example, which is constructed by the alternating p-
phenylene rings and nitrogen atoms in the polymer
backbone.6 Polyaniline shows unique features such as
nonoxidizing doping by protonation7 and the dependence
of the degree of oxidation and properties on the fraction
of two types nitrogen atoms, i.e., imine (dN, sp2) and
amine (>N, sp3). Polyazines, [sNdC(R)C(R)dNs]x (R
) H, alkyl), have also received attention recently.8-10

The polyazine, [sNdCHCHdNs]x, is formally isoelec-
tronic with polyacetylene, [sCHdCHCHdCHs]x, but
unlike polyacetylene, it is very stable in air.8 Polyazines
are synthesized via acid-catalyzed condensation reac-
tions between an R,â-dihydrazone and an R,â-di-
carbonyl. They can be doped with iodine to give air-
stable, electrically conducting, materials with room
temperature conductivity as high as 1.3 S/cm.8
Conjugated poly(azomethines), polyimines, or poly-

(Schiff bases) are another interesting class of conjugated
polymers containing nitrogen atoms in a polymer back-
bone. The first poly(azomethines) were prepared by
Adams and co-workers from terephthalaldehyde and
benzidine and dianisidine in 1923.11 The basic aromatic
conjugated poly(azomethine) is poly(1,4-phenylene-
methylidynenitrilo-1,4-phenylenenitrilomethylidyne)12

(PPI), which is isoelectronic with poly(p-phenylene-

vinylene) (PPV). Unlike PPV, the imine nitrogen of the
PPI backbone introduces additional useful features and
chemical flexibility,12-19 including high solubility in
concentrated sulfuric acid and the complexation with
Lewis acids.
A major obstacle to characterizing and developing

most conjugated aromatic poly(azomethines) has been
their intractability and insolubility in common organic
solvents. Several methods have been reported to im-
prove the processability of conjugated poly(azomethines)
by modification and selection of polymer structure, for
example, unsymmetrical17 or symmetrical18 substitu-
tions in the main-chain aromatic benzene rings with
flexible alkyl or alkoxy side chains. A recent approach
based on the reversible Lewis acid-base complexation
has also been successfully applied to the processing of
nonsubstituted and substituted poly(azomethines).19
Poly(azomethines) possess optical band gaps in the
range 2.03-2.83 eV.
Recently, we reported the synthesis and characteriza-

tion of a new soluble and dopable conjugated copolymer
consisting of 3′,4′-dibutyl-2,2′:5′,2′′-terthiophene and
phenylene vinylene units,20a i.e., poly(3′,4′-dibutyl-
2,2′:5′,2′′-terthiophene-1,2-ethenylene-1,4-phenylene-
1,2-ethenylene) (PBTPV). Exploiting the Wittig reac-
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tions of 2,5′′-diformyl-3′,4′-dibutyl-2,2′:5′,2′′-terthiophene
(DFDBT) with various appropriate bis(ylides) gives
several other interesting new copolymers.20b These
materials show “tunable” physicochemical properties
while maintaining the enhanced solubility imparted by
the 3′,4′-dibutyl-2,2′:5′,2′′-terthiophene (DBTT) building
block. As a natural extension of this research, we have
synthesized a new conjugated aromatic poly(azome-
thine), i.e. poly(3′,4′-dibutyl-R-terthiophene-azomethine-
1,4-phenylene-azomethine) (PBTPI), by using the poly-

condensation reaction between the dialdehyde derivative
of the terthiophene (DFDBT) and 1,4-phenylenediamine
under ethanothermal condition.21 PBTPI is formally
isoelectronic with the PBTPV. To our knowledge, this
is the first alkyl-substituted oligothiophene-linked con-
jugated poly(azomethine).22 It is notable that the
replacement of a phenylene linkage by a thiophene
linkage in the polyquinolines or polyanthrazoline back-
bone shows a significant reduction of solid-state band
gap by 0.3-0.5 eV.23 Substitution of the benzene ring
with a 3′,4′-dibutyl-2,2′:5′,2′′-terthiophene building block
in conjugated poly(azomethine) systems should not only
improve the solubility but also further reduce the band
gap of the resulting polymer. The preparation and
physicochemical characterization including XRD, FTIR,
UV-visible-near-IR, and NMR of this new conjugated
poly(azomethine) are described herein. The properties
of the new poly(azomethines) are compared with other
known related polymers.

Experimental Section
Materials. 1,4-Phenylenediamine (97% purity) was used

as received from Aldrich Chemical Co., Inc. Ethanol was
distilled from CaH2 and stored over 4-Å Linde molecular sieves
before use. Acetone was used as received from commercial
sources. Tetrahydrofuran (THF; HPLC grade) and 1-methyl-
2-pyrrolidinone (NMP; HPLC grade) were used as received
from Aldrich Chemical Co., Inc. without further purification.
Protic acids such as HCl, HNO3, and H2SO4 were purchased
from commercial sources and used as received. Deuterated
nitromethane (CD3NO2-d3, 99%) was used as received from
Cambridge Isotope Laboratories. Anhydrous aluminum trichlo-
ride was purchased from EM Science, (Gibbstown, NJ) used
and stored under dry glovebox filled with nitrogen.
Synthesis of 2,5′′-Diformyl-3′,4′-dibutyl-2,2′:5′,2′′-ter-

thiophene (DFDBT). BuLi (2.8 mL of 1.6 M in hexane
solution, 2.2 equiv) was added to a cooled (-50 °C) mixture of
3′,4′-dibutyl-2,2′,5′,2′′-terthiophene24 (720 mg, 2.0 mmol), tet-
ramethylethenediamine (TMEDA, 400 mg), and 40 mL of
hexane by a syringe under N2. The reaction mixture was then
stirred at -50 °C for 30 min and then again at room
temperature for another 30 min. This was followed by cooling
to -78 °C and the slow addition of 2.2 equiv of DMF in 5 mL
of ether with a syringe. The reaction mixture was slowly
warmed to room temperature, stirred for 1 h and then poured
into 200 mL of 2% ice cold aqueous HCl solution with vigorous
stirring. The mixture was extracted with CH2Cl2 (4 × 30 mL),
and the combined organic layers were washed with water,
saturated sodium bicarbonate, and brine and then dried with
MgSO4. Removal of the solvent, with a rotary evaporator, gave
a dark-colored residue as the crude product. Chromatographic
column purification over silica gel with hexane-ether-CH2-
Cl2 (65/20/15) as the eluent gave the expected DFDBT, as
orange needles. Yield: 0.674 g (81%). Mp ) 92-93 °C

(uncorrected). 1H NMR (CDCl3): ppm 9.91 (s, 2H), 7.73 (d, J
) 4.5 Hz, 2H), 7.27 (d, J ) 4.5 Hz, 2H), 2.78 (t, J ) 8.9 Hz,
4H), 1.54 (m, 4H), 1.48 (m, 4H), 0.97 (t, J ) 7.9 Hz, 6H). 13C
NMR(CDCl3): ppm 13.8, 22.9, 28.0, 32.5, 126.7, 130.5, 136.7,
142.8, 142.9, 145.6, 182.6. EI-MS (e/z, relative intensity): 418
(M+ + 2), 16.4, 417 (M+ + 1, 25.2), 416 (M+, base), 345 (23.9),
331 (7.3), 303 (42.0), 288 (6.1), 275 (5.6), 270 (5.5), 240 (6.6),
227 (5.6), 127 (6.6), 41 (7.1). UV-visible (CDCl3): maximum
absorption (λmax) 404 nm.
Synthesis of Poly(3′,4′-dibutyl-R-terthiophene-azome-

thine-p-phenylene-azomethine) (PBTPI). In a heavy-
wall (4-mm thickness) Pyrex tube (∼3 mL) were loaded 0.052
g (0.125 mmol) of the dialdehyde DFDBT, 0.017 g (0.150 mmol)
of 1,4-phenylenediamine, and ∼0.5 mL of anhydrous ethanol.
The loaded tube was frozen in liquid nitrogen and flame-sealed
under a vacuum of ∼1.0 × 10-3 Torr. The sealed tube was
heated in an oven at 125 °C for 24 h. The red solid formed
was isolated and washed exhaustively with acetone to remove
residual starting materials and oligomers and then dried in
vacuo at 50 °C for 24 h. Yield: 0.060 g, 98%. Anal. Calcd
(%) for C28H28N2S3 (repeat unit): C, 68.81; H, 5.78; N, 5.73.
Found: C, 66.87; H, 5.96; N, 5.92. 1H NMR of PBTPI (in CD3-
NO2-d3 containing 2 wt % AlCl3): δ (ppm) 11.23, 9.39, 8.53,
7.93, 3.09, 1.66, 1.05. 13C NMR of PBTPI (in CD3NO2-d3
containing 2 wt % AlCl3): δ (ppm) 157.96, 155.72, 149.55,
138.61, 134.83, 132.11, 131.55, 127.15, 123.63, 32.93, 29.66,
24.04, 14.23. The density of PBTPI is ∼1.26 g/cm3, as
determined by flotation density measurements using a mixed-
solvent system of CCl4 (d ) 1.583 g/cm3) and cyclohexane (d
) 0.774 g/cm3). We note, however, that this value most likely
represents a lower bound since the polymer particles contain
pores which may not be filled completely by solvent during
the flotation experiment.
Synthesis of Protonated PBTPI. (a) Reaction with

HCl Vapor. The red PBTPI (0.020 g) on a glass substrate
was exposed to the HCl fume from a concentrated HCl solution
(12 N) by bubbling nitrogen for 20 min. The red solid became
dark blue instantly. The yield was quantitative.
(b) Reaction with Concentrated HCl Solution. The red

PBTPI (0.020 g) was stirred with 20 mL of concentrated HCl
solution (12 N) for 4 h. The red solid turned to dark blue
instantly. It was collected by suction filtration and air-dried
at room temperature. The yield was quantitative.
Synthesis of Iodine-Doped PBTPI. (a) Doping with

Iodine Vapor. A solution (THF) cast film of the PBTPI on a
quartz slide was put into a closed chamber filled with iodine
crystals and stored for 4 h. The original orange film turned
to dark brown.
(b) Doping with Iodine in Acetonitrile. To a stirred 25-

mL 0.1 M iodine acetonitrile solution, 0.012 g of red solid of
the PBTPI was added. The red powder turned black im-
mediately. After stirring for 10 h, the black solid was collected,
washed several times with acetonitrile, and vacuum-dried at
room temperature overnight. The yield was quantitative. The
sample was pressed into pellets for electrical conductivity
measurements.
Physicochemical Methods. Carbon, hydrogen, and ni-

trogen elemental analyses were performed by Oneida Research
Services Inc. (Whitesboro, NY). Elemental analyses (semi-
quantitative) for sulfur and iodine were performed on a JEOL
JSM-6400V scanning electron microscope (SEM) equipped with
a Tracor Northern energy dispersive spectroscopy (EDS)
detector. The molecular weight of the polymer was estimated
by the gel permeation chromatography method (relative to
polystyrene standards,Mw in the range of 1320-500800) with
Shimadzu LC-10AS liquid chromatography equipped with a
PL-GEL 5µ MIXC column of length 300 mm, using THF as
an eluent at room temperature. We note that the use of
polystyrene standards to evaluate theMw of rodlike polymers
is tenuous and should be used with caution and for comparison
purposes only. Infrared spectra were obtained in the trans-
mission mode with a Nicolet IR-44 FT-IR spectrometer, in the
form of pressed KBr pellets. UV-visible-near-IR absorption
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spectra (either in absorption or diffuse reflectance mode) were
obtained from a Shimadzu UV-3101PC double-beam, double-
monochromator spectrophotometer. Nuclear magnetic reso-
nance spectra (1H and 13C) were obtained at room temperature
using a computer-controlled Varian Gemini-NMR (300 MHz)
spectrometer. The chemical shifts are reported in parts per
million (δ, ppm) using the residual solvent resonance peak as
reference (CD3NO2, δ 4.33 ppm for 1H and 62.8 ppm for 13C).
Solution photoluminescence spectra were measured in dilute
THF solution on a Hitachi F-4500 fluorescence spectropho-
tometer at room temperature. Solid-state photoluminescence
spectra were obtained on a SPEX fluorolog-2 (Model F111A1)
spectrofluorometer at both 298 (23 °C) and 77 K (-196 °C, liquid
nitrogen). Powdered samples were loaded in 3-mm quartz
tubing and sealed under vacuum (∼1.0 × 10-4 Torr). X-ray
powder diffraction patterns were collected at room temperature
on a Rigaku powder diffractometer, Rigaku-Denki/RW400F2
(Rotaflex), using Cu(KR) radiation generated by a rotating
anode operating at 45 kV and 100 mA. The data were collected
at a scan rate of 0.5 deg/min. The observed d spacings were
corrected according to an internal standard (Si metal). Ther-
mogravimetric analysis (TGA) and differential scanning cal-
orimetry were performed on Shimadzu TGA-50 and DSC-50
under nitrogen or oxygen at 5 °C/min heating and cooling rate.
Electron spin resonance (ESR) spectra were recorded with a
Varian EPR-E4 spectrometer with diphenylpicrylhydrazyl
radical as g marker (g ) 2.0037). Cylindrical quartz tubes
were employed for powders. The conductivity data were
measured by the standard four-probe method on pressed
pellets at room temperature. Electrochemistry and cyclic
voltammetry were performed with a PAR 273 potentiostat-
galvanostat equipped with a PAR RE0091 X-Y recorder as
reported earlier.24b

Results and Discussion

Polymer Synthesis and Characterization. Poly-
condensation of the dialdehyde (DFDBT) with 1,4-
phenylenediamine was first carried in anhydrous eth-
anol or dimethyl sulfoxide at room or elevated temp-
erature (e.g., ∼120 °C). However, the resulting materi-
als had low molecular weight, were obtained in low
yield, and were accompanied by a lot of unreacted
starting materials. To achieve high-quality polymer and
higher yield, we adopted the solvothermal method,21 to
carry out the polycondensation reaction. Recently,
hydrothermal or solvothermal methods have been ex-
tensively and successfully used in the synthesis of
unusual, high-crystalline, and high-yield new inorganic
materials.25 Similarly, the polycondensation of the
dialdehyde (DFDBT) with 1,4-phenylenediamine can be
carried out rapidly without any catalyst in a sealed tube
under ethanothermal conditions to give nearly quanti-
tative yield, according to eq 1.

The resulting conjugated poly(azomethine) PBTPI is
a red powder, stable in air and water. The elemental
analysis data of the polymer are in good agreement with
its expected structure (repeating unit). PBTPI is poly-
crystalline as determined by the X-ray powder diffrac-
tion pattern (see Figure 1). Table 1 lists the observed
d spacings and relative intensities

of the reflection peaks of PBTPI at 23 °C. Although the
lattice constants cannot be unambiguously determined
with these few reflections, we have attempted to index
the peaks to a reasonable unit cell for PBTPI. The
observed d spacings were corrected using an internal
standard of Si powder. Indexing of the reflections was
carried out using the TREOR90 and PIRUM programs
included in the Cerius2 molecular simulation software
package.26
The best solution derived from the indexed reflections

is an orthorhombic unit cell with a ) 18.93 Å, b ) 15.67
Å, c ) 14.81 Å, V ) 4393.14 Å3. The calculated and
observed d spacings and the corresponding indices are
given in Table 1. The a axis of 18.93 Å is close to the
length of the repeat unit, ∼18.6 Å, which is calculated
from its energy-minimized structure. The polymer
chains could lie in parallel to the a axis. With the above
lattice parameters, the calculated density is ∼1.48
g/cm3, assuming eight chains per unit cell. It has been
reported that the calculated density is 1.33 g/cm3 for
3′,4′-dibutyl-pentathiophene and 1.26 g/cm3 for
3′,3′′′′,4′,4′′′′-tetrabutylhexathiophene.27 We expect PBT-
PI to have a slightly higher density than these related
oligothiophenes due to its polymeric condensed nature.
Furthermore, the PBTPI is expected to possess a lower
density than that of polythiophene itself (dcalcd ) 1.55
g/cm3)28 because of the presence of n-butyl groups on
the PBTPI backbone. The experimentally measured
density of PBTPI is ∼1.26 g/cm3, which is a low limit
given the porosity of the powder sample and the
presence of a certain fraction of amorphous material.
Therefore, this density is in good agreement with the
calculated one. All other possible unit cells gave
unreasonable calculated densities for the material.
Interestingly, neutral PBTPI is highly sensitive to a

strong acid environment. Upon exposure to either acid

Figure 1. X-ray powder diffraction profile of pristine PBTPI.

Table 1. X-ray Diffraction Data for PBTPI at 23 °C

hkl dobsd (Å) dcalcd (Å) intensityobsd (%)

Orthorhombic Unit Cella
001 14.82 14.81 62.3
101 11.84 11.83 100.0
111 9.36 9.36 17.7
120 7.24 7.24 28.6
310 5.86 5.86 34.4
022 5.381 5.382 28.0
130 5.034 5.035 46.6
410 4.528 4.532 49.0
303 3.889 3.889 77.7
510 3.682 3.682 30.0
a a ) 18.93 Å, b ) 15.67 Å, c ) 14.81 Å, â ) 90.0°, V ) 4393.14

Å3, Z ) 8, dcalcd ) 1.48 g/cm3.

(1)
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fumes (HCl, HNO3) or strong acid solution, the red
PBTPI (neutral from) undergoes a rapid spectacular
change to dark blue (referred as the “protonated form”).
The XRD powder patterns of the dark blue materials
are very similar to that of pristine PBTPI. The dramatic
change of color is accompanied by significant spectro-
scopic changes, as will be discussed later.
In contrast to PPI, pristine PBTPI is partly soluble

in THF, chloroform, and NMP to give orange solutions
and a red solid residue. The molecular weight of the
soluble fraction can be estimated by GPC using poly-
styrene standards and THF as an eluent. The weight-
average molecular weight (Mh w) is ∼3.86 × 103 and
number-average molecular weight (Mh n) is ∼2.93 × 103,
giving a polydispersity index of 1.32. The Mn corre-
sponds to an average of six repeat units (24 rings per
chain). Because the molecular weights of most poly-
(azomethines) are reported in their intrinsic viscosities
in concentrated H2SO4,19 a direct comparison of the
molecular weight of the new polymer with others cannot
be made. However, we notice that the soluble fraction
has an intermediate molecular weight, while the red
insoluble residue is expected to have a much higher
average molecular weight.
Similar to PPI and other poly(azomethines),19 PBTPI

is completely soluble in concentrated sulfuric acid and
nitromethane containing∼2 wt % aluminum trichloride.
The resulting blue solution appears indefinitely stable
in air. The enhanced solubility of poly(azomethines) is
based on the Lewis acid-base complexation, which has
been extensively investigated.28 The imine nitrogen on
the backbone of poly(azomethines) provides a Lewis
base site for effecting reversible complexation and
solubilization in organic solvents.
NMR Spectroscopy. The 1H NMR and 13C NMR

spectra of PBTPI were obtained in deuterated ni-
tromethane containing aluminum trichloride. Figure
2 shows the 1H NMR spectra of PBTPI and its assign-
ment. The number of protons corresponding to each
resonance based on integration of the resonances of the
NMR spectrum are in good agreement with the proposed
structure. The resonance peak at 11.22 ppm is tenta-
tively attributed to the terminal aldehyde, to small
amount of residual dialdehyde monomer, or both. This
is consistent with the presence of a small peak due to
aldehyde groups in the Fourier transform infrared
(FTIR) spectrum of the neutral polymer (see below).
The 13C NMR spectrum of PBTPI is shown in Figure

3. It shows four resonance lines in the aliphatic region

at 32.9, 29.6, 24.0, and 14.2 ppm assigned to the four
different carbons of the butyl group. There are nine
lines in the aromatic region as would be expected, which
correspond to the aromatic carbons on the polymer
backbone. The number of resonance peaks in the 13C
NMR spectrum in conjunction with the 1H NMR spec-
trum clearly confirm the proposed structure of the
conjugated aromatic PBTPI.
Infrared Spectroscopy. Figure 4 shows the FTIR

spectra of the dialdehyde DFDBT, the neutral polymer,
and the protonated polymer as KBr pellets (spectra
A-C, respectively). The principal FTIR absorption
bands observed in the monomer and polymers, their
assignments, and data from other known related poly-

Figure 2. 1H NMR spectrum of PBTPI in CD3NO2-AlCl3 and
its assignment. Peaks a-d are due to the n-butyl groups on
the terthiophene block.

Figure 3. 13C NMR spectrum of PBTPI in CD3NO2-AlCl3.

Figure 4. FTIR transmission spectra (KBr pellets) of (A)
dialdehyde DFDBT, (B) pristine PBTPI, and (C) protonated
(with HCl) PBTPI.
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mers are listed in Table 2. In spectrum A, an absorption
band at 1653 cm-1 clearly indicates the existence of the
aldehyde group in the DFDBT monomer, while in
spectrum B, its intensity is drastically decreased. At
the same time a new strong absorption band at 1597
cm-1 appears which is consistent with the formation of
imines (CdN stretching). The strong, sharp absorption
band at 1597 cm-1 is characteristic of extended conju-
gated polyazomethines.19 The new bands at 1194 and
955 cm-1 (in spectrum B) are due to the aromatic C-H
in-plane deformation vibrations, while the band at 843
cm-1 (aromatic C-H out-of-plane deformation) is char-
acteristic of 1,4-disubstituted (para) benzene.30 The
band at 799 cm-1 (aromatic C-H out-of-plane deforma-
tion) is characteristic of 2,5-coupled thiophene rings as
has been observed in PDBTT24 and other alkyl-substi-
tuted polythiophenes.31 Upon exposure to hydrochloride
acid (either vapor or solution), the red polymer turns
blue immediately, and this is associated with a profound
change in the IR spectrum, as shown in spectrum C.
The presence of a broad absorption of medium intensity
at 2573 (N-H+ stretching) and 1638 cm-1 (CdNH+

stretching) suggests the formation of imine hydrochlo-
ride CdNH+30,32 and, thus, is consistent with protona-
tion by HCl (see Scheme 1). The shift of the CdN
stretching band of azomethine or poly(azomethine)
toward higher energy, upon protonation or complexation
with Lewis acids, has been reported previously in the
literature.19,32 The protonation or complexation with
Lewis acids causes a significant change in electronic
structure, by means of coordination of a strong electron-
withdrawing group to the imine nitrogen (CdN), induc-
ing a redistribution of electron density throughout the
material.
The neutral polymer could be regenerated from the

protonated form by heating in a vacuum at 100 °C for
24 h or by treating with a base solution. The IR
spectrum of the regenerated polymer (red color) is
identical to that of the pristine neutral polymer. The
protonation and deprotonation processes are completely
reversible and can be repeated many times without
significant degradation. Estimated from the results of
the TGA studies and EDS/SEMmicroprobe analysis (see
below), the level of protonation of the polymer is 1.5
protons per repeating unit (each repeat unit has two
possible protonation sites). Additional experimental
evidence of this reversible facile protonation and depro-
tonation includes the dramatic changes in the electronic
spectra which will be discussed below.
Electronic Absorption Spectra of the Neutral

PBTPI and Complexes. The neutral PBTPI is partly
soluble in THF, CHCl3, and NMP, giving orange solu-
tions. The electronic absorption spectra of the soluble

fraction of the polymer in THF or NMP are shown in
Figure 5. The absorption maximum (λmax) of the π-π*
transition in the THF and NMP solution is 457 and 464
nm, respectively. Figure 6 shows the electronic spectra
of PBTPI in sulfuric acid and AlCl3-CH3NO2. The
solution absorption spectra of PBTPI in sulfuric acid and
AlCl3-CH3NO2 show the λmax of the lowest energy π-π*
transition at 656 (with an onset of the absorption edge
at 1.66 eV) and 638 nm (with an onset of the absorption
edge at 1.72 eV), respectively. Those absorption maxima
occur at the longest wavelengths among the known
conjugated poly(azomethines).19 For example, the solu-
tion electronic spectra of PPI, PMPI, PPI/PMPI, PMOPI,
and PHOPI in sulfuric acid show the λmax of the lowest
energy π-π* transition is in the range of 438-565 nm.19
Thus, our polymer contains the longest conjugation
length in concentrated sulfuric acid.
One notable aspect of the electronic spectra of the

PBTPI in sulfuric acid or AlCl3-CH3NO2 is their
significant red shift compared to the solution spectra
of neutral polymers in THF or NMP, which indicates a

Table 2. Comparison of Infrared Band Positions (cm-1) and Their Assignments for PBTPI and Related Polymers

polymer C)N str arom Câ-H str aliph C-H stretch ring stretch methyl def arom C-H out-of-plane

DFDBTa 3063 2955 2934 2853 1539 1508 1431 1381 795
PBTPI-Nb 1597 3067 2953 2926 2851 1505 1469 1441 1385 798
PBTPI-Pb 1638 3063 2951 2926 2863 1491 1426 802
PPIc 1610 850
PMOPIc 1605 840
PHOPIc 1600 840-870
PBTPVd 3063 2953 2926 2851 1459 1513 1441 1378 804
PDBTTe 3062 2951 2925 2856 1492 1456 1377 788
a DFDBT, 2,5′′-diformyl-3′,4′-dibutyl-2,2′:5′,2′′-terthiophene. b PBTPI, poly(3′,4′-dibutyl-R-terthiophene-azomethine-1,4-phenylene-

azomethine); N, neutral polymer; P, protonated polymer. c See ref 19. PPI, poly(1,4-phenylenemethylidynenitrilo-1,4-phenylenenitrilo-
methylidyne); PMOPI, poly(1,4-phenylenemethylidynenitrilo-2,5-dimethoxy-1,4-phenylene-nitrilomethylidyne); PHOPI, poly(1,4-
phenylenemethylidynenitrilo-2,5-dihydroxy-1,4-phenylene-nitrilomethylidyne). d See ref 20. PBTPV, poly(3′,4′-dibutyl-2,2′:5′,2′′-
terthiophene-1,2-ethenylene-1,4-phenylene-1,2-ethenylene). e See ref 30. PDBTT, poly(3,4-dibutyl-R-terthiophene).

Scheme 1. Proposed Structures of PBTPI: (A)
Protonated with HCl and (B) Complexed with AlCl3

(A)
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dramatic change of the polymer electronic structure
upon complexation. It is notable that a similar red shift
of electronic spectra of some known poly(azomethines)
upon complexation has been previously attributed to
complexation-induced change in polymer conformation.19a
We believe conformational changes are not as likely to
cause such dramatic shifts in the electronic spectra.
These optical changes are likely due to excited-state
perturbations by the resonance effect of a strong electron-
withdrawing group (e.g., AlCl3), as has been reported
in the protonation of Schiff bases.32 Theoretical calcula-
tions show that protonation lowers the energy of π*
orbitals localized on the CdN groups of the Schiff bases
but leaves the π orbitals essentially unaltered and, as
a result, decreases the HOMO-LUMO gap.32
Figure 7 shows the electronic absorption spectra of

thin films cast from a THF solution of PBTPI. The
lowest energy absorption maxima (λmax), the onsets of
optical absorption edges, and the corresponding band
gaps of the PBTPI (in the solid state) and other related
conjugated polymers are summarized in Table 3. The
band gap of PBTPI is 2.10 eV with the λmax of 475 nm,
as compared to the 2.50-eV (λmax ) 405 nm) band gap
of the PPI.19 Recently, it was reported that the replace-
ment of a phenylene linkage by a thiophene linkage in
the polyquinoline or polyanthrazoline backbone pro-
duced a significant red shift of λmax by 64-106 nm and
a reduction of band gap by 0.3-0.5 eV.23 This effect
was attributed to the reduction of steric hindrance and
the greater delocalized π-electron density in the thio-
phene-linked conjugated polymer, which may involve
the possible delocalization of the lone pair electrons of
the sulfur atom in a thiophene ring. It was known from
our previous studies that the dibutyl-substituted ter-
thiophene building block is highly conjugated and less
sterically hindered.24 Thus, the incorporation of the
terthiophene units in the conjugated poly(azomethine)
backbone could dramatically enhance the coplanarity
of the flexible terthiophene rings with the rigid phen-
ylene azomethine (CHdNC6H4) units and improve the
π-electron delocalization along the polymer backbone.
It has been suggested from theoretical calculations on
periodic conjugated block copolymers that the band gap
and electronic states of such copolymers are controlled
primarily by the contributions of those moieties which
give the lower band gap homopolymers.33 Since the
band gap of PBTPI is close to that of the homopolymer
PDBTT (e.g., ∼2.0 eV), our experimental results seem
to support such a theoretical argument.

Figure 5. Solution UV-visible absorption spectra of PBTPI
in THF (λmax ) 457 nm) and NMP (λmax ) 464 nm).

Figure 6. Solution UV-visible absorption spectra of PBTPI
in (A) H2SO4 and (B) CH3NO2 containing ∼2 wt % AlCl3.

Figure 7. UV-visible-near-IR absorption spectra of the THF
solution-cast thin films of PBTPI in (A) neutral form and (B)
iodine-doped form.

Table 3. Electronic Absorption Maxima, Absorption
Edge (onset), and Solid-State Band Gap of Conjugated

Poly(azomethines)

polymer λmax, nm absorption edge, (onset) (nm) Eg (eV)

PBTPI 461 590 2.10a
PPIb 405 496 2.50
PMPIb 406 497 2.49
PMOPIb 447 529 2.34
PHOPIb 494 600 2.07
PBPIc 490 2.53
PSPIc 520 2.38
1,5-PNIc 495 2.51
PPVd 405 512 2.43
PBTPVe 450 605 2.05
a Value from the THF solution-cast film. Bulk PBTPI has a

smaller Eg, ∼2.06 eV. b Values from ref19a. c Values from ref 19b.
d Values from ref 35. e Values from ref 20.
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Upon doping with iodine, the solution-cast films turn
dark brown. The UV-visible-near-IR absorption spec-
tra of films at the neutral and doped state are compared
in Figure 7. The π-π* absorption band at 2.69 eV
disappears upon oxidation and two new absorption
bands appear at higher energy (3.11 and 4.22 eV), and
one new low-energy absorption appears at 1.94 eV.
These results are different from those of PBTPV and
PDBTT, which forms two new subgap absorption bands
(formation of bipolaron transitions) upon oxidation by
iodine.20,24

The optical properties of the bulk polymer (in neutral
or protonated form) were also assessed by studying the
UV-visible-near-IR diffuse reflectance spectra in the
solid state. Absorption data were calculated from the
reflectance data using the Kubelka-Munk function.34
The spectra of the neutral (red) and protonated (blue)
forms of bulk PBTPI are shown in Figure 8. From the
characteristically steep absorption edges, the band gaps
(Eg) of the neutral and protonated PBTPI are estimated
at 2.06 and 1.61 eV, respectively. That the polymer has
a similar electronic structure in solution as well as solid
state is supported by the fact that the band gap of the
neutral bulk polymer is only slightly smaller than that
of the soluble fraction of the same polymer. The quick
reversible response of this material to acid suggests its
potential application as a solid-state pH indicator. To
test the sensitivity of the polymer to acid, we prepared
a thin film (THF solution-cast) of the polymer on a
quartz slide and then dipped it into aqueous hydrochlo-
ride solutions of various pH values from 7 to 0, for the
same amount of time (4 h). Figure 9 shows the change
of optical absorbance (monitored at 1.8 eV) as a function
of pH. It appears that the polymer only responds to
highly acidic media (pH g2), which is consistent with
the low basicity of the azomethine nitrogen atom.
Photoluminescence Spectroscopy. Figure 10

shows the emission spectrum of the PBTPI in THF
solution at 23 °C when excited at 400 nm. Photoexci-
tation of the polymer in THF solution results in broad-
band luminescence (half-width ∼0.22 eV) with a peak
maximum at 2.26 eV (548 nm). In the solid state, the
bulk polymer emits orange light at 608 nm when excited
at 400 nm at 23 °C (see Figure 11A). The broad tail
toward longer wavelength suggests the presence of
longer polymer chains. The excitation spectrum shows
a peak at 576 nm when emission wavelength is moni-
tored at 655 nm. At 77 K the emission spectrum shows
two peaks at 605 and 647 nm, while the excitation

spectrum shows a peak at 582 nm, when monitored at
655 nm (see Figure 11B). The resolution of two emis-
sion peaks at low temperature is possibly due to
vibrational narrowing of the emission lines and is
consistent with a significant molecular weight distribu-
tion in the sample (see GPC results above and solubility
properties). The PL data of the PBTPI in solution at
room temperature are comparable to those of PBTPV20

(555 nm), PPV36 (550 nm), and PDBTT24b (557 nm).
Thermal Analysis. The thermal stability of the

polymer in its various forms was examined by TGA. The
onset of thermal decomposition of PBTPI is 370 °C in
flowing nitrogen and 330 °C in flowing oxygen. By
comparison, the onset of thermal decomposition of PPI
is 504 °C in flowing nitrogen.19 The observed thermal
stability of PBTPI is lower than that of PPI as would

Figure 8. Optical absorption spectra of pristine and proto-
nated (with HCl) bulk PBTPI.

Figure 9. (A) UV-visible-near-IR absorption spectra of THF
solution-cast thin films of PBTPI treated with HCl solution
at various pH values. (B) A plot of absorbance at 1.8 eV vs
pH.

Figure 10. Photoluminescence spectrum of PBTPI in THF
solution at room temperature.
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be expected, given the presence of the flexible pendant
butyl groups in the former. In spite of this, PBTPI has
a reasonably good thermal stability, comparable to its
isoelectronic analog PBPTV (378 °C under nitrogen)20
and to the homopolythiophene poly(DBTT) (380 °C
under nitrogen).24b Figure 12 shows the thermogram of
the protonated polymer under nitrogen. By comparison
with the neutral polymer, the weight loss from 54 to
200 °C is assigned to the weight loss of HCl (deproto-
nation process). Above 200 °C, the TGA profile is very
similar to that of the neutral polymer. From the weight
loss due to HCl, we estimate the level of protonation of
the polymer to be ∼1.5 per repeating unit (each repeat
unit has two possible protonation sites). This result is
in good agreement of the EDS/SEMmicroprobe analysis
of the sulfur to chlorine ratio of 4.3. These results

suggest that 25% of the nitrogen sites are not proto-
nated. Differential scanning calorimetry analysis of the
neutral polymer showed no evidence of a measurable
glass transition or melting point in the range of 30-
330 °C.
Electron Spin Resonance (ESR) Spectroscopy.

The structural homogeneity of the neutral and proto-
nated polymers was probed by ESR spectroscopy. Both
materials give very weak ESR signals with the same g
value of 2.0040 and ∆Hpp of 7.6 and 8.5 G for the neutral
and protonated polymers, respectively. The spectra also
show that the protonation of PBTPI did not increase
the number of spins in the polymer. Because of the
extreme weakness of the signals, we judge that both
forms of the polymer contain few structural defects.
Electrochemistry. The redox properties of both

neutral and protonated PBTPI were investigated by
cyclic voltammetry. PBTPI thin films were solution-
cast onto a Pt plate as a working electrode. Figure 13
shows a typical cyclic voltammogram (CV) of the neutral
polymer film in acetonitrile solution containing 0.1 M
Bu4NClO4. The first negative (cathodic) scan from 0.0
to -1.0 V vs SCE was featureless and the film remained
orange. During the first anodic cycle from 0.0 to +1.4
V, the as-deposited orange thin film on the Pt electrode
turned blue after oxidation at 1.23 V and remained blue
after reduction at 0.90 V. Further scans between -1.0
and 1.4 V did not show well-defined redox waves.
Figure 14 shows a CV of the blue protonated film
(prepared by exposing the red neutral film to HCl vapor)
in acetonitrile solution containing 0.1 M Bu4NClO4. The
first negative scan from 0.0 to -1.0 V shows a broad
cathodic wave at -0.69 V vs SCE, which may be due to
the reduction of protons to hydrogen. After the negative
scan, the film turned orange. Further repetitive ca-
thodic scans from 0.0 to -1.0 V result in a decrease of
the cathodic current, while the film stays orange. Then,
the following first anodic scan from 0.0 to 1.2 V turned
the film to blue and showed an anodic peak at 1.10 V
and a cathodic peak at 1.06 V. Further scans from 0.0
to 1.4 V did not show well-defined redox waves, same
as the unprotonated form. These results suggest that
during the first cathodic scan the protonated form

Figure 11. Photoluminescence spectra of bulk PBTPI solid
at (A) 300 and (B) 77 K.

Figure 12. TGA thermogram of protonated (with HCl) bulk
PBTPI under nitrogen flow.

Figure 13. Typical cyclic voltammogram of a solution-cast
PBTPI film on a Pt electrode in CH3CN-0.1 M (Bu4N)ClO4.
Scan rate, 20 mV/s.
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converts to the initial orange form due to the depletion
of available protons. The detailed elucidation of the
electron- or proton-transfer process of the neutral and
protonated forms of PBTPI needs further investigation.
Electrical Conductivity. The electrical conductivi-

ties of iodine-doped polymers (both the neutral and
protonated materials) and the undoped materials were
measured by the standard four-probe method on pressed
pellets at room temperature. Both the neutral and
protonated polymers are insulators (σ ∼10-9-10-10

S/cm). Both the iodine-doped materials have conduc-
tivities of 10-7-10-8 S/cm. These conductivities are
much lower than those of reported poly(Schiff bases) (σ
∼10-3-10-4 S/cm),16b probably due to the fact that the
polymer is difficult to oxidize, as suggested by the CV
studies mentioned above.

Concluding Remarks

A new derivative of conjugated aromatic poly(azome-
thine) containing the alkyl-substituted oligothiophene
was prepared under ethanothermal reaction conditions.
The resulting polymer, PBTPI, has improved solubility
in organic solvents as imparted by the dibutyl-substi-
tuted terthiophene linkages on the polymer backbone.
Replacement of a phenylene linkage by an oligo-
thiophene linkage in the poly(azomethine) backbone
enhanced the π-electron delocalization of the polymer
and resulted in a significant reduction in band gap by
∼0.4 eV. The new poly(azomethine), PBTPI, has an
optical band gap of 2.06 eV, which is the lowest among
conjugated aromatic poly(azomethines) and comparable
to its isoelectronic (all-carbon backbone) counterpart
PBTPV. However, unlike PBTPV, the incorporation of
imine nitrogen on the polymer backbone provides Lewis
base sites for effecting reversible protonation and com-
plexation. Thus, PBTPI is completely soluble in con-
centrated sulfuric acid and nitromethane containing
Lewis acids (e.g., AlCl3). Protonation is very facile and
reversible, causes the color of the polymer to change
from red to blue, and reduces the band gap to 1.61 eV.
This band gap narrowing is attributed to the strong
electron-withdrawing effect of the protons attached to
the imine nitrogen. The electrical conductivity of the
iodine-doped PBTPI remains low in the order of 10-7-

10-8 S/cm. The reactivity of the polymer with strong
acids and the low band gap of the protonated form may
have potential applications in solid-state acid indicators
and photonic materials.
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