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Abstract
Polyazomethines including perylene units in the main chain were synthesized via polycondensation of diaminoperylene with aromatic
dialdehydes. UV/vis, FT-IR, 1H NMR, 13C NMR and elemental analysis techniques were carried out for the characterization of the synthesized
diaminoperylene, dialdehydes and polyazomethines including perylene units (PAM-PERs). The number-average molecular weight (Mn), weight-
average molecular weight (Mw) and polydispersity index (PDI) values of PAM-PERs were determined by size exclusion chromatography (SEC).
Thermal properties of PAM-PERs was determined by using TGA/DTA and DSC systems. The highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) energy levels, and electrochemical ðE0gÞ and optical (Eg) band gap values were calculated by
using the results of cyclic voltammetry and UV/vis, respectively. Conductivity measurements of PAM-PERs were carried out with electrometer
by using four-point probe technique. The conductivity was observed to be increased by doping agent iodine.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyazomethines (PAMs), known as polyimines or Schiff ba-
ses, were prepared for the first time by Adams and co-workers
from terephthalaldehyde, benzidine and dianisidine in 1923
[1]. Polyazomethines, which contain eHC]N bonds in their
structure, may exhibit attractive physical properties such as
electronic, optoelectronic, nonlinear optical or liquid crystalline
that make this kind of polymers interesting particularly in mate-
rials science [2e6]. Polyazomethines have also high thermal
stability [7], high mechanical strength [8,9] and ability to
form metal chelates [10e12]. Many of these polymers form
mesophases on heating [13]. This type of material has draw-
backs such as low solubility in common organic solvents and
high melting temperature, which make its processing difficult.
However, several approaches have been undertaken to improve
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the processability of conjugated polyazomethines by introduc-
ing various substituted benzene rings in the main chain
[14,15], by using monomers containing certain heterocyclic
units such as thiophene [16], oxadiazole, thiadiazole [17e19],
pyridine [20], diphenylfluorene [21] and others. Copolymers
with phenyl-substituted quinoxaline rings proved to be very
beneficial [22,23]. Dendritic phenyl-azomethines supply
a good solution, because of their frameworks around various
functional cores [24,25].

Perylene bisimides are important representative class of
n-type semiconductors that form some of the most environmen-
tally and thermally stable materials that can be used as nonlinear
optical devices, electrochromic or smart windows, photo-resists,
optical modulators and valves, imaging materials, nanoelectronic
and optical devices, and transistors [26e31]. Furthermore, pery-
lene bisimides have been used as electron acceptors in many
fundamental studies of photo-induced electron-transfer includ-
ing models for photosynthesis, solar energy conversion, molecu-
lar electronics, electrochromic devices, and photorefractive
materials because of high electron affinity and excellent transport
properties [32e35]. These molecules have been widely used in
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electron-transfer studies because they undergo reversible one-
electron reduction at modest potentials to form stable radical
anions [36].

Synthesis of soluble and thermally stable azomethine
polymers is very important. Despite the fact soluble poly-
imides [37,38], polyesters [39] and polyurethanes [40] contain-
ing perylene units were synthesized previously. This report
highlights only the first synthesis of polyazomethines contain-
ing perylene units in the literature. Due to selected dialde-
hydes, synthesized azomethine polymers are highly soluble
in polar protic solvents and thermally stable.

We now report on the synthesis of some aliphatic/aromatic
poly(Schiff base)s obtained from the polycondensation reaction
of diaminoperylene with some different aromatic dialdehydes
and reveal the group effects of the ortho- and para-phenyl
ring position in the middle of DAs and the existence of methoxy
groups in the main chain. The characterizations of all com-
pounds were made by UV/vis, FT-IR, 1H NMR, 13C NMR,
SEC, TGA/DTA and elemental analysis techniques. Electro-
chemical and optical band gaps of PAM-PERs were calculated
from the results of cyclic voltammetry and UV/vis measure-
ments. Conductivity measurements were carried out by four-
point probe technique.
2. Experimental
2.1. Materials
3,4:9,10-Perylenetetracarboxylicdianhydride (PDA), 2,5-
dimethyl-p-phenylenediamine, p-hydroxybenzaldehyde, vanillin,
o-xylenedibromide, p-xylenedibromide, tetrabutylammonium-
hexafluorophosphate (TBAPF6) and imidazole were obtained
from Fluka. Dimethylformamide (DMF), dimethylsulfoxide
(DMSO), N-methylpyrolidonone (NMP), methanol (MeOH),
chloroform (CHCl3), acetonitrile (CH3CN), pyridine, sulfuric
acid (H2SO4), hydrochloric acid (HCl), potassium hydroxide
(KOH) and anhydrous potassium carbonate (K2CO3) were sup-
plied from Merck chemical Co. (Germany).
2.2. Syntheses of dialdehyde molecules (DA-1eDA-4)
Dialdehyde molecules is synthesized according to the liter-
ature data [41]. Hydroxy benzaldehydes (6 mmol) dissolved in
30 ml of DMF were added into 250 ml three-necked flask
equipped with a condenser and magnetic stir bar. Anhydrous
sodium carbonate (7.5 mmol) was added to flask. o-Xylenedi-
bromide or p-xylenedibromide (3 mmol) was dissolved in
30 ml DMF and added into the reaction mixture under argon
atmosphere. The mixture was heated for 4 h at 150 �C with con-
tinuous stirring. After cooling, the product was poured into
250 ml cold water (approximately 5e10 �C). The precipitate
was washed in 250 ml of hot water for three times for separat-
ing from mineral salts. Dialdehyde molecules were filtered,
dried and finally, recrystallized from methanol and dried in vac-
uum desiccator for 24 h at 60 �C. Dialdehyde molecules were
obtained according to the reactions presented in Scheme 1
(DA-1: 62.66%, 155e156 �C; DA-2: 56.78%, 161e163 �C;
DA-3: 59.37%, 166e167 �C; DA-4: 48.63%, 142e143 �C).

2.2.1. DA-1
UV/vis (lmax) (MeOH): 206, 232, 273 and 307 nm. FT-IR

(cm�1): 3067 (CeH aromatic) 2937 (CeH aliphatic), 2854,
1681 (C]O aldehyde), 1583, 1506, 1464 (C]C phenyl),
1267 (CH2eO ether). 1H NMR (DMSO-d6): d ppm, 9.85 (s,
2H, eCHO), 7.42 (s, 2H, AreHaa0), 7.55 (d, 2H, AreHbb0),
7.28 (d, 2H, AreHcc0), 7.51 (s, 4H, Hd), 5.24 (s, 4H, eOCH2e),
3.84 (s, 6H, eOCH3). 13C NMR (DMSO-d6): d ppm, 191.86
(C1), 130.29 (C2), 126.38 (C3), 113.07 (C4), 153.57 (C5),
149.86 (C6), 110.15 (C7), 56.02 (C8), 70.19 (C9), 136.69
(C10), 128.61 (C11). Calcd. for C24H22O6: C, 70.92; H, 5.46;
O, 23.62. Found: C, 70.42; H, 5.17; O, 24.11.

2.2.2. DA-2
UV/vis (lmax) (MeOH): 205, 229, 274 and 308 nm. FT-IR

(cm�1): 3074 (CeH aromatic), 2919, 2811 (CeH aliphatic),
1675 (C]O aldehyde), 1582, 1512, 1466 (C]C phenyl), 1265
(CH2eO ether). 1H NMR (DMSO-d6): d ppm, 9.83 (s, 2H,
-CHO), 7.55 (s, 2H, AreHaa0), 7.52 (d, 2H, AreHbb0), 7.38 (d,
2H, AreHcc0), 7.42 (d, 2H, Hdd0), 7.38 (d, 2H, Hee0), 5.40 (s, 4H,
eOCH2), 3.82 (s, 6H, eOCH3). 13C NMR (DMSO-d6): d ppm,
191.82 (C1), 129.09 (C2), 126.24 (C3), 110.07 (C4), 153.38
(C5), 149.91 (C6), 113.16 (C7), 56.02 (C8), 68.53 (C9), 135.12
(C10), 130.39 (C11), 128.81 (C12). Calcd. for C24H22O6: C,
70.92; H, 5.46; O, 23.62. Found: C, 70.33; H, 5.08; O, 24.24.

2.2.3. DA-3
UV/vis (lmax) (MeOH): 204, 219 and 282 nm. FT-IR (cm�1):

3077 (CeH aromatic), 2955, 2883 (CeH aliphatic), 1674 (C]O
aldehyde), 1600, 1573, 1525 (C]C phenyl), 1241 (CH2eO
ether). 1H NMR (DMSO-d6): d ppm, 9.88 (s, 2H, eCHO), 7.87
(d, 4H, AreHaa0), 7.10 (d, 4H, AreHbb0), 7.49 (s, 4H, AreHc),
5.18 (s, 4H, eOCH2). 13C NMR (DMSO-d6): d ppm, 190.69
(C1), 129.86 (C2), 131.86 (C3), 115.29 (C4), 163.47 (C5),
70.70 (C6), 135.83 (C7), 127.70 (C8). Calcd. for C22H18O4: C,
76.29; H, 5.24; O, 18.48. Found: C, 76.03; H, 5.21; O, 17.99.

2.2.4. DA-4
UV/vis (lmax) (MeOH): 206, 217 and 282 nm. FT-IR (cm�1):

3074 (CeH aromatic), 2915, 2828 (CeH aliphatic), 1678
(C]O aldehyde), 1597, 1578, 1511 (C]C phenyl), 1266
(CH2eO ether). 1H NMR (DMSO-d6): d ppm, 9.89 (s, 2H,
-CHO), 7.84 (d, 4H, AreHaa0), 7.09 (d, 4H, AreHbb0), 7.54 (d,
2H, AreHcc0), 7.44 (t, 2H, AreHdd0), 5.28 (s, 4H, eOCH2).
13C NMR (DMSO-d6): d ppm, 190.71 (C1), 129.00 (C2),
133.14 (C3), 115.00 (C4), 163.57 (C5), 68.43 (C6), 134.29
(C7), 130.43 (C8), 129.43 (C9). Calcd. for C22H18O4: C,
76.29; H, 5.24; O, 18.48. Found; C, 76.21; H, 5.18; O, 18.32.
2.3. Synthesis of N,N-(2,5-dimethyl-4-aminophenyl)-
perylene-3,4:9,10-dicarboximide (DAPDI)
PDA (3.93 g, 10 mmol), 2,5-dimethyl-p-phenylenediamine
(6.8 g, 50 mmol) and imidazole (5 g, 77.5 mmol) were added
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to 100 ml dry pyridine and refluxed under argon atmosphere.
After 6 h, this mixture was cooled to room temperature and
poured into the mixture of 25 ml water, 30 ml CHCl3 and 10
drops of HCl. The aqueous fraction was separated and then
re-extracted three times with CHCl3. Organic fractions were
combined and washed with dilute NaHCO3. The solvent is
stripped of by a rotary evaporator and the residue separated
by chromatography on silica gel (DAPDI: v/v, 1/10 MeOH/
CHCl3 as eluent, 0.98 g, yield 62%).

UV/vis (lmax) (CHCl3): 233, 260, 459, 490 and 527 nm;
FT-IR (cm�1): 3437, 3366 (eNH2 amine), 3088 (CeH phe-
nyl), 2965, 2921 (CeH aliphatic), 1698, 1656 (C]O imide),
1591, 1575, 1514 (C]C phenyl). 1H NMR (CHCl3-d ):
d ppm, 8.68 (d, 4H, AreHaa0, Hbb0), 8.61 (d, 4H, AreHcc0,
Hdd0), 7.19 (s, 2H, AreHee0), 6.92 (s, 2H, AreHff0), 3.99
(4H, eNH2), 2.81 (s, 6H, CeH aliphatic), 2.52 (s, 6H, CeH
aliphatic). Calcd. for C40H28N4O4: C, 76.42; H, 4.49; N,
8.91; O, 10.18. Found: C, 76.30; H, 4.38; N, 8.88; O, 10.03.
2.4. Syntheses of polyazomethines containing perylene
units
Into a 250 ml three-necked round bottom-flask equipped
with a reflux condenser, a gas inleteoutlet, a DeaneStark trap
and a magnetic stirrer is added DAPDI (0.628 g, 1 mmol) and
20 ml dry DMF under argon atmosphere and heated to 100 �C.
After 10 min, dialdehyde molecules (DA-1: 0.346 g, 1 mmol;
DA-2: 0.346 g, 1 mmol; DA-3: 0.406 g, 1 mmol; or DA-4:
0.406 g, 1 mmol) in 10 ml dry DMF was added drop wise.
The solution was refluxed for 10 h and then cooled to room tem-
perature. After cooling to room temperature the polymer was
precipitated into 150 ml methanol/water (v/v, 1:1) mixture,
washed with methanol and dried at 60 �C for 10 h in a vacuum
oven. Yields of compounds: PAM-PER-1: 0.632 g, 64.6%;
PAM-PER-2: 0.686 g, 70.1%; PAM-PER-3: 0.702 g, 67.8%;
PAM-PER-4: 0.612 g, 59.1%.
2.4.1. PAM-PER-1
UV/vis (lmax) (CHCl3): 261, 276, 310, 459, 490 and 527 nm.

FT-IR (cm�1): 3080, 3063 (CeH aromatic), 2921, 2860, 2845
(CeH aliphatic), 1701, 1658 (C]O imide), 1630 (C]N
imine), 1594, 1575, 1463 (C]C phenyl), 1245 (CH2eO ether).
1H NMR (CHCl3-d ): d ppm, 9.77 (s, 1H, eCHO; end group),
8.41 (s, 2H, CH]N), 8.67e8.59 (m, 8H, AreH; perylene),
7.39e6.62 (m, 14H, AreH; phenyl), 5.16 (s, 4H, OeCH2),
3.87 (s, 6H, OeCH3), 3.72 (s, 2H, eNH2; end group), 2.01 (s,
3H, AreCH3), 1.18 (s, 3H, AreCH3). 13C NMR (CHCl3-d ):
d ppm, 190.82, 163.55, 153.51, 150.16, 136.14, 131.78,
130.46, 129.95, 127.73, 127.62, 126.45, 123.26, 123.87,
117.07, 112.48, 109.54, 70.58, 56.07, 17.32. Calcd. for
(C64H46N5O8)n: C, 75.87; H, 4.57; N, 6.91; O, 12.63. Found:
C, 75.16; H, 4.57; N, 6.91; O, 12.63.
2.4.2. PAM-PER-2
UV/vis (lmax) (CHCl3): 260, 275, 309, 459, 490 and 527 nm.

FT-IR (cm�1): 3078, 3054 (CeH phenyl), 2936, 2874, 2845
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(CeH aliphatic), 1701, 1658 (C]O imide), 1634 (C]N
imine), 1598, 1575, 1463 (C]C phenyl), 1267 (CH2eO ether).
1H NMR (CHCl3-d ): d ppm, 9.84 (s, 1H, eCHO; end group),
8.56 (s, 2H, CH]N), 8.67e8.59 (m, 8H, AreH; perylene),
7.62e6.73 (m, 14H, AreH; phenyl), 5.34 (s, 4H, OeCH2),
3.91 (s, 6H, OeCH3), 3.72 (s, 2H, eNH2; end group), 2.08
(s, 3H, AreCH3), 1.24 (s, 3H, AreCH3). 13C NMR (CHCl3-
d ): d ppm, 190.74, 163.50, 153.33, 150.12, 134.24, 131.86,
131.22, 130.52, 128.89, 128.72, 126.33, 123.67, 123.25,
121.06, 117.07, 112.45, 109.41, 69.31, 55.93, 17.01. Calcd.
for (C64H46N5O8)n: C, 75.87; H, 4.57; N, 6.91; O, 12.63. Found:
C, 75.33; H, 4.44; N, 6.82; O, 12.47.
2.4.3. PAM-PER-3
UV/vis (lmax) (CHCl3): 240, 277, 466, 490 and 526 nm. FT-

IR (cm�1): 3067, 3044 (CeH phenyl), 2921, 2855 (CeH
aliphatic), 1701, 1658 C]O imide), 1621 (C]N imine),
1594, 1571, 1463 (C]C phenyl), 1244 (CH2eO ether). 1H
NMR (CHCl3-d ): d ppm, 9.77 (s, 1H, eCHO; end group),
8.45 (s, 2H, CH]N), 8.67e8.59 (m, 8H, AreH; perylene),
7.82e6.64 (m, 16H, AreH; phenyl), 5.08 (s, 4H, OeCH2),
3.64 (s, 2H, eNH2; end group), 2.14 (s, 3H, AreCH3), 1.19
(s, 3H, AreCH3). 13C NMR (CHCl3-d ): d ppm, 190.65,
164.23, 145.56, 139.24, 134.17, 133.52, 132.64, 128.94,
126.27, 122.81, 121.82, 119.21, 118.09, 115.72, 70.39, 17.77.
Calcd. for (C62H42N5O8)n: C, 75.60; H, 4.29; N, 7.11; O,
12.98. Found: C, 75.33; H, 4.44; N, 7.01; O, 12.67.
2.4.4. PAM-PER-4
UV/vis (lmax) (CHCl3): 240, 274, 461, 489 and 526 nm. FT-

IR (cm�1): 3068, 3034 (CeH aromatic), 2921, 2860, 2845 (Ce
H aliphatic), 1701, 1658 (C]O imide), 1630 (C]N imine),
1594, 1575, 1463 (C]C phenyl), 1245 (CH2eO ether). 1H
NMR (CHCl3-d ): d ppm, 9.77 (s, 1H, eCHO; end group),
8.41 (s, 2H, CH]N), 8.67e8.59 (m, 8H, AreH; perylene),
7.99e6.43 (m, 16H, AreH; phenyl), 5.24 (s, 4H, OeCH2),
3.72 (s, 2H, eNH2; end group), 1.99 (s, 3H, AreCH3), 1.04
(s, 3H, AreCH3). 13C NMR (CHCl3-d ): d ppm, 190.52,
163.78, 144.89, 139.16, 133.97, 133.26, 131.93, 128.83,
128.69, 126.18, 122.74, 121.59, 119.17, 117.88, 115.66,
70.28, 17.53. Calcd. for (C62H42N5O8)n: C, 75.60; H, 4.29; N,
7.11; O, 12.98. Found: C, 75.40; H, 4.39; N, 6.97; O, 12.55.
Table 1

Solubility of synthesized compounds (0.05 g in 10 ml)

Compounds NMP DMSO DMF Ethyl Acetate CH

DA-1 þ/þ þ/þ þ/þ þ/þ þ/þ
DA-2 þ/þ þ/þ þ/þ þ/þ þ/þ
DA-3 þ/þ þ/þ þ/þ þ/þ �/þ
DA-4 þ/þ þ/þ þ/þ þ/þ �/þ
DAPDI þ/þ þ/þ þ/þ þ/þ þ/þ
PAM-PER-1 þ/þ þ/þ þ/þ þ/þ þ/þ
PAM-PER-2 þ/þ þ/þ þ/þ þ/þ þ/þ
PAM-PER-3 þ/þ þ/þ þ/þ þ/þ þ/þ
PAM-PER-4 þ/þ þ/þ þ/þ þ/þ þ/þ
þ/þ: soluble at room temperature; �/þ: soluble at heating; �/�: insoluble.
2.5. Electrochemical properties
Electrochemical properties of the initial compounds and
polyazomethines were determined by CH Instruments 660C cy-
clic voltammeter. The electrochemical cell consist of an Ag wire
pseudo-reference electrode (RE), Pt wire as counter electrode
(CE) and glassy carbon working electrode (WE) immersed in
0.1 M TBAPF6 as supporting electrolyte. The experiments
were carried under argon atmosphere. The potentials were cali-
brated to the ferrocene redox couple E�(Fc/Fcþ)¼þ0.41 V vs.
Ag/Agþ. All reported potentials were given vs. Ag/Agþ [35].
The HOMO and LUMO energy levels and electrochemical
band gaps ðE0gÞ of synthesized compounds were calculated
from their oxidation and reduction onset values.
2.6. Electrical properties
Conductivity was measured on a Keithley 2400 Electrome-
ter. The pellets were pressed on hydraulic press developing up
to 1687.2 kg/cm2. Iodine doping was carried out by exposure
of the pellets to iodine vapor at atmospheric pressure and
room temperature in a desiccator [42].
2.7. Optical properties
UV/vis spectra of the compounds were measured by using
PerkineElmer Lambda 25 spectrophotometer. The absorption
spectra of the initial compounds and PAM-PERs were re-
corded in methanol and chloroform, respectively. The optical
band gaps (Eg) of DAs, DAPDI and PAM-PERs were calcu-
lated from their absorption edges [35].
2.8. Solubility and measurements
Solubility test results of synthesized compounds are shown
in Table 1. The infrared spectra were measured by Perkine
Elmer Spectrum One FT-IR system. The FT-IR spectra were
recorded using universal ATR attachment sampling (powder
form directly usable) accessory within the wavelengths of
4000e650 cm�1. Synthesized compounds were characterized
by elemental analysis (LECO-CHNS-932) and 1H NMR
(Bruker Avance DPX-400) recorded at 25 �C by using
CHCl3-d as solvent and TMS as internal standard. Thermal
Cl3 Acetone CH3OH CH3CN Toluene Hexane

þ/þ þ/þ þ/þ �/þ �/�
þ/þ þ/þ þ/þ �/þ �/�
�/þ �/þ þ/þ �/� �/�
�/þ �/þ þ/þ �/� �/�
�/þ �/þ þ/þ �/� �/�
þ/þ �/þ þ/þ �/� �/�
þ/þ �/þ þ/þ �/� �/�
�/þ �/þ þ/þ �/� �/�
�/þ �/þ þ/þ �/� �/�
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data were obtained by using PerkineElmer Diamond Thermal
Analysis instrument. The DTAeTGA measurements were
performed between 20 and 1000 �C (in N2, rate 10 �C/min).
The glass transition temperatures (Tg) of polymers were ob-
tained by using PerkineElmer Sapphire DSC instrument. The
DSC measurements were performed between 20 and 250 �C
(in N2, rate 20 �C/min). The number-average molecular weight
(Mn), weight-average molecular weight (Mw) and polydisper-
sity index (PDI) values of polymer were determined by size
exclusion chromatography, SEC (Shimadzu Co., Japan). For
SEC investigations a SGX 3.3 mm inside diameter� 300 mm
columns were used with DMF (0.4 ml/min) as the eluent ap-
plied at polystyrene standards. A refractive index detector
was used to analyze the product at 25 �C.
Scheme 2.
3. Results and discussion
3.1. Synthesis and characterization
Dialdehyde molecules (DAs) is synthesized according to
the previously published procedure [37] from hydroxybenzal-
dehyde derivatives and xylenedibromide compounds as shown
in Scheme 1. All of the DAs are white color as expected. The
solubility of DA-1 and DA-2 is higher than the other DAs
because of the eOCH3 groups. While DA-1 and DA-2 com-
pounds are soluble in common organic solvents such as meth-
anol, ethanol, chloroform, ethyl acetate, acetone, DMF,
DMSO and NMP, the others (DA-3 and DA-4) are partly sol-
uble in ethanol, chloroform and acetone and in polar protic
solvents such as ethyl acetate, DMF, DMSO and NMP. How-
ever, all of DAs are not soluble in apolar solvents, such as tol-
uene, hexane, and heptane. Diaminoperylene compound
(DAPDI) was prepared from the condensation reaction of
excess amount of 2,5-dimethyl p-phenylenediamine with
3,4:9,10-perylenetetracarboxylicdianhydride (PDA). Excess
of 2,5-dimethyl-p-phenylenediamine and formed polyimide
at the end of this reaction were removed by column chroma-
tography and the yield was found to be 62%. While PDA is
not soluble in common organic solvents at the room tempera-
ture, synthesized DAPDI is soluble in chloroform, ethyl
acetate, DMF, NMP and DMSO but partly soluble in metha-
nol, ethanol and acetone. Dimethyl groups on phenyl rings
and occurred imide bonds increase the solubility. PAM-PERs
were synthesized from the polycondensation reaction of DAs
with DAPDI. Also DeaneStark trap is used to remove the wa-
ter during the reaction. DAPDI could easily oxidize because of
the diamine groups. To protect the polymerization of DAPDI
on itself, all reactions were carried out in dry DMF under
argon atmosphere. The products (PAM-PERs) are washed
with methanol/water (v/v, 1:1) to remove the initial com-
pounds and the yields of DA-1, DA-2, DA-3 and DA-4 were
found to be 64.6, 70.1, 67.8, 59.1%, respectively. While these
polymers (PAM-PERs) were taken place, the light red solution
became dark red. All these reactions and solubility of corre-
sponding products are shown in Schemes 1e3 and Table 1,
respectively.
After completion of the synthetic works, all compounds
were characterized by FT-IR, 1H NMR and elemental analysis
techniques. There are significant changes in the spectral prop-
erties of the initial compounds and the products. While some
of the signals were disappeared, some new ones were
appeared. In FT-IR spectrum of DAs, aliphatic CeH vibration
exerted by eOCH2 and eOCH3 groups were observed
in 2955e2811 cm�1. Furthermore, characteristic aldehyde
eC]O vibration for a carbonyl group were observed between
1681 and 1674 cm�1. In the FT-IR spectra of the diaminoper-
ylene compound (DAPDI) its characteristic imide eC]O
vibrations were observed at 1698 and 1656 cm�1. Also charac-
teristic eNH2 vibrations were clearly observed at 3437 and
3366 cm�1 in this spectrum. Finally, the FT-IR spectra of
PAM-PERs, synthesized from the condensation reaction of
DAPDI with DAs, showed the imine bond (eCH]Ne) vibra-
tions between 1634 and 1621 cm�1.

Molecular structures of DAs, DAPDI and PAM-PERs were
identified from their 1H NMR spectra recorded in deuterated
organic solvents such as DMSO-d6 and CHCl3-d. 1H NMR
spectra of PAM-PER-1, DA-1 and DAPDI were shown in
Figs. 1e3, respectively, and these results indicate that all reac-
tions were completed successfully.

SEC analyses of PAM-PERs were performed at 30 �C using
DMF/MeOH (v/v, 4/1) as eluent at a flow rate of 0.4 ml/min.
The Mn, Mw and PDI values of compounds were calculated
according to a polystyrene standard calibration curve and are
summarized in Table 2. According to the SEC analysis results,
while PAM-PER-2 shows two fraction peaks, the others show
three fraction peaks in their chromatograms. These polymers
showed narrow molecular weight and distribution. Thus, PDI
values of PAM-PERs were found to be 1.235, 1.375, 1.241
and 1.154, respectively.
3.2. Optical and electrochemical properties
The UV/vis spectra were recorded in CHCl3 and methanol.
The condensation of DAPDI with DAs did not change the per-
ylene carbonyl specific absorption bands at 459, 490, 527 nm
[36]. Thus optical band gap values of the PAM-PERs and
DAPDI are found to be the same. PAM-PERs have shown
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fluorescence maxima at 582 nm when they were excited at
535 nm. Optical band gap values (Eg) were calculated from
the onset of UV/vis absorption band (Fig. 4), and they were
found to be 2.29 eV for whole PAM-PERs (see Table 3).

The electronic properties of the PAM-PERs and the initial
compounds were investigated by cyclic voltammetry and
Fig. 5 shows the CV voltammograms of them. The cyclic vol-
tammetry measurements were carried out in CH3CN solution
at room temperature and 0.1 M TBAPF6 was used as support-
ing electrolyte. CV voltammograms of DAs and PAM-PERs
were similar to each other. In the cathodic scan region, DAs
show single reduction potentials at around �1.89 eV, because
of aldehyde groups. Therefore, PAM-PERs and DAPDI
show two reversible reduction peaks between �0.46
and �0.72 eV, which reflect the first and second one-electron
stepwise reduction process of perylene bisimide (Scheme 4a).
Furthermore, PAM-PERs show two irreversible reduction
Fig. 1. 1H NMR sp
peaks. The first one at around �1.90 eV attributed to the re-
duction of end group aldehyde carbonyls (eHC]O), and
the second one at around �1.80 eV belongs to reduction of re-
peating imine groups (eHC]Ne) in the polymer chain. The
reaction mechanism can be proposed as shown in Scheme 4b.

DAs show only one oxidation peak. This peak was observed
at aroundþ1.7 eV for DA-1 and DA-2; at aroundþ2.05 eV for
DA-3 and DA-4 according to ortho- and para-position of the
phenyl ring in the middle of dialdehydes. On the other hand,
DAPDI showed two irreversible oxidation peaks. At the first
stage, the amine group was oxidized at 1.46 V and then this
charge delocalized over the phenyl ring (Scheme 5b). The sec-
ond one at þ1.77 eV is from perylene core. Finally, PAM-
PERs showed only one oxidation peak at around þ1.80 eV,
which is from perylene core. In the CV voltammograms of
DAPDI, the peak at þ1.46 eV was observed at lower potential
value because of the amine group’s electron-donating ability
ectra of DA-1.



Fig. 2. 1H NMR spectra of DAPDI.
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to the phenyl rings. During the polymerization, amine groups
(eNH2) on the perylene units converted to imine (eHC]Ne)
groups. Because of the withdrawing affect of imine, the peak
at þ1.46 eV shifted to over þ2.2 eV (Scheme 5aec).

Conductivity measurements of the PAM-PERs were carried
out with an electrometer using a four-point probe technique.
First of all, conductivity of all the polyazomethines was found
to be between 10�10 and 10�9 S/cm and then an increase was
observed after iodine doping. Fig. 6 shows the electrical con-
ductivity results of PAM-PERs under iodine doping in varying
periods at 25 �C. Although these molecules are similar to each
other, PAM-PER-3 and PAM-PER-4 show higher conductivity
than the others. These differences are assumed to be caused by
the methoxy groups on the bridging phenyl group. The pres-
ence of steric hindrance between methoxy on phenylene group
and the carbonyl oxygen of imide forces the 2,5-dimethyl-
phenyl ring to rotate about the NeC bond. As a result of
this twisting, there is less available orbital interaction through
the nonbonding electron pair orbital of the nitrogen atom.
Fig. 3. 1H NMR of spe
Thus the whole conjugation over the polymer backbone is not
fully continuous at all. This uncontinuous conjugation reduces
the electrical conductivity. Also, these methoxy groups in-
crease the distance of polymer chains. Since nitrogen is an elec-
tronegative element and is capable of coordinating with the
iodine molecule, Diaz et al. suggested a conductivity mecha-
nism of imine (eCH]Ne) polymers when doped with iodine
[38]. The conductivity mechanism over the polymer backbone
can be proposed as shown below (Scheme 6). Both Tg and un-
doped conductivity values of PAM-PER-1 and PAM-PER-2
were higher than other polymers (see Figs. 6 and 8). But after
doped with I2, conductivities of PAM-PER-1 and PAM-PER-
2 were lower than other polymers.
3.3. Thermal analyses
Weight loss data from TGA, DTA and DTG curves of
DAPDI and for PAM-PERs are shown in Fig. 7aec, respec-
tively. These results suggested that 20 and 50% weight loss
ctra PAM-PER-1.



Fig. 4. UV/vis absorption spectra of DA-1, DAPDI and PAM-PER-1 and fluo-

rescence spectra of PAM-PER-1 in chloroform solution.

Table 2

The number-average molecular weight (Mn), weight-average molecular weight (Mw), polydispersity index (PDI) and % values of products (PAM-PERs)

Compounds Total Fraction I Fraction II Fraction III

Mn Mw PDI Mn Mw PDI % Mn Mw PDI % Mn Mw PDI %

PAM-PER-1 1700 2100 1.235 1680 1880 1.119 67 6700 8900 1.328 32 16,500 17,400 1.055 1

PAM-PER-2 1600 2200 1.375 1250 1800 1.440 62 6450 8700 1.349 38 e e e e

PAM-PER-3 2900 3600 1.241 1660 1840 1.108 83 8900 10,100 1.135 14 198,000 243,000 1.227 3

PAM-PER-4 1300 1500 1.154 1680 1980 1.179 89 13,000 15,300 1.177 9 64,900 66,500 1.025 2

Fig. 5. Cyclic voltammograms of DA-1, DAPDI and PAM-PER-1 in

TBAPF6eacetonitrile, scan rate 100 mV s�1.
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had occurred in the temperature range of 387e616 �C,
380e566 �C, 400e644 �C and 292e592 �C, for PAM-PER-
1, PAM-PER-2, PAM-PER-3 and PAM-PER-4, respectively.
PAM-PERs have the onset temperature range from 116 to
231 �C. The TG curves show the major weight loss between
292 and 644 �C, and the residual weight remaining of
PAM-PERs at 1000 �C was between 56.21 and 67.28%. This
variation in weight loss was due to the differences in the
structure of symmetrical and unsymmetrical groups ( para-
or ortho-position of benzene ring in the middle of DAs) of
PAM-PERs. TGA data indicated that the PAM-PER-1 and
Table 3

HOMOeLUMO energy levels, electrochemical ðE0gÞ and optical band gap (Eg) va

(PAM-PER-1, PAM-PER-2, PAM-PER-3, PAM-PER-4)

Compounds Reduced groups

and peak potentials (V)

Oxidized groups

and peak potentials (V)

Aldehyde (eCHO) eHC]Ne (imine) Perylene (C]O) Pery

DA-1 �1.87 e e e
DA-2 �1.86 e e e

DA-3 �1.93 e e e

DA-4 �1.89 e e e

DAPDI e e �0.46 and �0.52 þ1.

�0.72 and �0.66

Reversible

PAM-PER-1 �1.87 �1.82 �0.46 and �0.52 þ1.

�0.72 and �0.66

Reversible

PAM-PER-2 �1.86 �1.80 �0.46 and �0.52 þ1.

�0.72 and �0.66

Reversible

PAM-PER-3 �1.93 �1.81 �0.46 and �0.52 þ1.

�0.72 and �0.66

Reversible

PAM-PER-4 �1.89 �1.79 �0.46 and �0.52 þ1.

�0.72 and �0.66

Reversible
PAM-PER-3 exhibited higher thermal stability when com-
pared with the others (PAM-PER-2 and PAM-PER-4). Accord-
ing to DTA data of PAM-PERs only PAM-PER-1 showed one
exothermic peak. PAM-PER-2, PAM-PER-3 and PAM-PER-4
lues of initial compounds (DA-1, DA-2, DA-3, DA-4, DAPDI) and products

HOMO (eV) LUMO (eV) E0g (eV) Eg (eV)

lene (ring) Phenyl (ring)

þ1.72 þ5.99 �2.59 3.40 3.63

þ1.74 þ5.98 �2.59 3.39 3.63

þ2.08 þ6.28 �2.55 3.73 4.01

þ2.09 þ6.27 �2.55 3.72 4.01

77 þ1.46 þ5.72 �3.98 1.74 2.29

76 >þ2.2 þ5.97 �3.98 1.99 2.29

80 >þ2.2 þ6.03 �3.98 2.05 2.29

79 >þ2.2 þ5.99 �3.98 2.01 2.29

81 >þ2.2 þ6.01 �3.98 2.04 2.29
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process of iodine doping at 25 �C.

711_I. Kaya et al. / Polymer 49 (2008) 703e714
displayed neither exothermic nor endothermic peaks. It can be
clearly seen that the phenyl ring position has bigger contribu-
tion to the thermal decomposition than the existence of the
methoxy group in the main chain of PAM-PERs. Based on
their similar structures, one may assume that, due to the
high temperature, the azomethine (eHC]Ne) linkage is
the first breaking unit, in all cases.

PAM-PER-1, PAM-PER-2, PAM-PER-3 and PAM-PER-4
formed carbine residues at high amount 43.79, 32.72, 43.35
and 42.19% at 1000 �C, respectively. Because of long band
systems, polymers demonstrated higher resistant against high
temperature. The initial degradation temperature and the tem-
perature of 20 and 50% weight losses of DAPDI is found to be
161, 311 and 572 �C, respectively. According to DTG curve,
thermal degradation of DAPDI occurred in four steps. The
weight loss of the first step is found as 11.17% between 100
and 220 �C and of the second step was found as 8.22% between
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220 and 365 �C. According to DTA analysis, endothermic peak
is observed in 188 �C for DAPDI. The initial degradation tem-
perature and the temperature of 20 and 50% weight losses of
PAM-PER-1 were found to be 130, 387 and 616 �C, respec-
tively. According to DTG curve, thermal degradation of
Table 4

Thermal decomposition values of DAPDI and PAM-PERs

Compounds TGA

Ton
a Tmax

b 20%c

DAPDI 161 180, 262, 450, 608 311

PAM-PER-1 130 155, 302, 408, 595 387

PAM-PER-2 231 309, 399, 577 380

PAM-PER-3 210 250, 430, 557 400

PAM-PER-4 116 242, 409, 551 292

a The onset temperature.
b Temperature of the maxima of the peak.
c Temperature corresponding to 20 wt% loss.
d Temperature corresponding to 50 wt% loss.
PAM-PER-1 occurred in four steps and shows the weight loss
of the first step was 4.45% between 80 and 220 �C, of the second
step was 12.05% between 220 and 360 �C, of the third step was
23.87% between 360 and 525 �C and of the last step was 15.71%
between 525 and 1000 �C. Endothermic peak was observed at
DTA DSC

50%d % carbine

residue at 1000 �C

Exo Tg

572 33.46 188 e

616 43.79 145 145

566 32.72 e 143

644 43.35 e 130

592 42.19 e 128



Fig. 8. DSC curves of PAM-PERs.
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145 �C for PAM-PER-1. According to DTG curve, thermal deg-
radation of PAM-PER-2 occurred in three steps. The weight loss
of the first step was found as 17.11% between 100 and 355 �C, of
the second step was found as 26.46% between 355 and 495 �C
and last step was found as 23.58% between 495 and 1000 �C.
According to DTG curve, thermal degradation of PAM-PER-3
occurred in three steps. The weight loss of the first step was
found as 17.75% between 100 and 385 �C, of the second step
was found as 22.36% between 385 and 530 �C and of the last
step was found as 16.44% between 530 and 1000 �C. According
to DTG curve, thermal degradation of PAM-PER-4 occurred in
three steps, too. The weight loss of the first step was found as
24.74% between 130 and 320 �C, of the second step was found
as 22.64% between 320 and 505 �C and of the last step was
found as 10.30% between 505 and 1000 �C (see Table 4).
DSC curves of PAM-PERs are given in Fig. 8. According to
DSC measurements, glass transition temperature (Tg) values
of PAM-PER-1, PAM-PER-2, PAM-PER-3 and PAM-PER-4
were found to be 145, 143, 130 and 128 �C, respectively.
4. Conclusion

Novel polyazomethines containing perylene units in the main
chain were synthesized by the condensation reaction of different
dialdehydes with N,N-(2,5-dimethyl-4-aminophenyl)-perylene-
3,4:9,10-dicarboximide. Molecular structures of the synthe-
sized compounds were identified by FT-IR, 1H NMR, 13C
NMR spectra and elemental analysis and their results showed
that all reactions were completed successfully. SEC analyses
of all PAM-PERs present low molecular weight and narrow
molecular weight distribution. These molecules which have
similar electrochemical and optical properties showed different
electrical and thermal properties. Thus, after iodine doping, the
conductivity of PAM-PER-3 and PAM-PER-4 was higher than
of PAM-PER-1 and PAM-PER-2. The results of the TGAe
DTA analyses have shown PAM-PERs to have enough resis-
tance against thermal decomposition. The carbine residue of
these polymers was observed between 55 and 65% at 1000 �C.
According to TG analyses, weight losses of the polymer
compounds changed at 1000 �C as follows: PAM-PER-1>
PAM-PER-3> PAM-PER-4> PAM-PER-2. Although HO-
MOeLUMO energy levels and electrochemical band gaps
ðE0gÞ of PAM-PERs were found in the range of 1.99e2.04 eV,
the optical band gaps (Eg) were measured to be 2.29 eV for
all. These results may point that the all molecules can be experi-
mented in photovoltaic devices.
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