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Abstract: In this study, we proposed to synthesize thermally stable, soluble and conjugated Schiff base polymer (SbP).
For this reason, a specific molecule namely 4,4'-thiodiphenol which has sulfur and oxygen bridge in its structure was used
to synthesize bi-functional monomers. Bi-functional amino and carbonyl monomers namely 4,4'-[thio-bis(4,1-phe-
nyleneoxy)]dianiline (DIA) and 4,4'-[thiobis(4, 1-phenyleneoxy)]dibenzaldehyde (DIB) were prepared from the elim-
ination reaction of 4,4'-thiodiphenol with 4-iodonitrobenzene and 4-iodobenzaldehyde, respectively. The structures of
products were confirmed by elemental analysis, FTIR, '"H NMR and "*C NMR techniques. The molecular weight dis-
tribution parameters of SbP were determined by size exclusion chromatography (SEC). The synthesized SbP was char-
acterized by solubility tests, TG-DTA and DSC. Also, conductivity values of SbP and SbP-iodine complex were
determined from their solid conductivity measurements. The conductivity measurements of doped and undoped SbP were
carried out by Keithley 2400 electrometer at room temperature and atmospheric pressure, which were calculated via four-
point probe technique. When iodine was used as a doping agent, the conductivity of SbP was observed to be increased.
Optical band gap (E,) of SbP was also calculated by using UV-Vis spectroscopy. It should be stressed that SbP was a
semiconductor which had a potential in electronic and optoelectronic applications, with fairly low band gap. SbP was

found to be thermally stable up to 300 °C. The char of SbP was observed 29.86% at 1000 °C.

Keywords: conjugated schiff base polymer, polyazomethine, polyimine, thermal analysis, conductivity.

Introduction

Polyazomethines were prepared by Adams and co-workers
from condensation reaction of terephthalaldehyde with ben-
zidine in 1923." Polymers with a system of -HC=N- bonds in
their main chain have been drawing attention of researches due
to their importance in many aspects such as high thermal sta-
bility, excellent mechanical strength, good optoelectronic, non-
linear optical, conducting, liquid crystal, fiber-forming and
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electroluminescence properties.>'? They are also studied in
fundamental studies.” Unfortunately, polyazomethines have
generally poor solubility and high melting temperature, which
minimize their practical applications. Many kinds of poly-
azomethines such as polyazomethine ethers,'* polyazomethine
acrylates,” polyazomethine carbonates,'® polyazomethine
amide esters'” and polyazomethine sulfones'® have been syn-
thesized to solve this problem and improve their applications.
Additionally, polyazomethines containing methoxy substitu-
ents had been presented with fine solubility and high thermal
stability."” Polyazomethines derived from alkoxy-substituted
benzidine had been previously presented as good soluble poly-
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mers.”® The attempts to increase of solubilities of poly-
azomethines by side-group functionalization were clearly
reviewed by Iwan and Sek.*! Copolymers with phenyl-sub-
stituted quinoxaline rings proved to be beneficial % Dendritic
phenylazomethines supply a good solution, because of their
frameworks around various functional cores.**** Some articles
which describe catalytic properties explained the protonation
of polyimines with heteropolyanion.®*?’

The syntheses of soluble conjugated and thermally stable
azomethine polymers are very important topic in literature.
The synthesized SbP was soluble in polar solvents and ther-
mally stable up to 300 °C because of proper choice of diamine
and dicarbonyl monomers. In our previous study we reported
that oligo- azomethine ethers containing chlorine atoms, had
higher thermal stability than oligoazomethine ethers containing
no chlorine atoms.?®

Experimental

Materials. 4-lodonitrobenzene, 4-iodobenzaldehyde, 4,4'-
thiodiphenol, p-toluene sulfonic acid (PTSA) dimethylform-
amide (DMF), dimethylsulfoxide (DMSO), N-methylpyroli-
donone (NMP), m-cresol, ethanol (EtOH), methanol (MeOH),
ethyl acetate, chloroform (CHCL), acetone, benzene, CCl,,
CH,Cl,, heptane, hexane, toluene, acetonitrile (CH;CN), and
anhydrous sodium carbonate (Na,CO;) were supplied from
Merck Chemical Co. (Germany) and used as received.

Synthesis of 1,1'-Thiobis[4-(4-nitrophenoxy)benzene]
(NPB) and 4,4'-[thiobis(4,1-phenyleneoxy)]dianiline (DIA).
The synthesis of NPB and DIA was done according to the
reaction presented in Scheme 1. 4.4'-Thiodiphenol 10.90 g
(0.05 mol) dissolved in 50 mL of DMF was added into 250 mL
three-necked flask equipped with a condenser and magnetic
stir bar. Anhydrous sodium carbonate 13.25 g (0.125 mol) was
added to reaction flask. The mixture was heated for 1h at
150 °C. 4-lodonitrobenzene 24.90 g (0.1 mol) dissolved in
50 mL of DMF was added into the reaction mixture under
argon atmosphere. The mixture was heated for another 8 h at
150 °C with continuous stirring. The mixture was cooled and
poured into 250 mL of ice water. The crude product was
washed three times with 250 mL of water for separation of
mineral salts, filtered and dried in vacuum desiccators 24 h at
30 °C in yield 68%. The IR spectrum exhibited absorptions at
1594 and 1338 cm™ (-NO,) and 1243 cm™ (C-O-C), respec-
tively.

Calcd. for CoH ¢N,O4S; C, 62.60%; H, 3.50%; N, 6.08%;
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Scheme 1. Synthesis of NPB and DIA compounds.

O, 20.85%. Found; C, 62.03%; H, 3.57%; N, 6.18%; O,
20.99%.

The obtained dinitro compound (NPB) 4.60 g (0.01 mol),
0.04 g of 10% Pd-C, and 100 mL ethanol were introduced into
three-necked flask to which hydrazine monohydrate (30 mL)
was added drop wise over a period of 1 h at 85 °C. After addi-
tion of hydrazine monohydrate, the reaction was continued at
reflux temperature for another 24 h. The mixture was then fil-
tered to remove Pd-C. After cooling, the precipitated DIA
crystals were isolated by filtration in yield 26% (mp: 107-
111 °C). The infrared spectrum showed absorptions at 3386
and 3317 cm™ (N-H) and 1229 ¢cm™ (C-O-C), respectively.

Calcd. for C,,H,0N,O,S; C, 71.98%; H, 5.03%:; N, 6.99%;
0, 7.99%. Found; C, 72.16%; H, 4.92%; N, 7.11%; O, 7.62%.
DIA; 'H NMR (DMSO-d;): & ppm, 5.02 (s, 4H, -NH,); 6.61 (d,
4H, Ar-H,,); 6.76 (d, 4H, Ar-H..); 6.82 (d, 4H, Ar-Hy); 7.27
(d, 4H, Ar-Hgg). *C NMR (DMSO-dy): & ppm, 145.46 (C1),
114.34 (C2), 117.80 (C3), 146.24 (C4), 159.11 (C5), 121.51
(C6), 127.96 (C7), 133.16 (C8).

Synthesis of 4,4'-[thiobis(4,1-phenyleneoxy)]dibenz-
aldehyde (DIB). DIB was synthesized according to the reac-
tion presented in Scheme 2. 4,4'-Thiodiphenol 10.90 g (0.05
mol) dissolved in 50 mL of DMF was added into 250 mL
three-necked flask equipped with a condenser and magnetic
stir bar. Anhydrous sodium carbonate 13.25 g (0.125 mol) was
added to flask. 4-lodobenzaldehyde 23.20 g (0.1 mol) dis-
solved in 50 mL of DMF was added into the reaction mixture
under argon atmosphere. The reaction mixture was heated for
12 h at 150 °C with continuous stirring. The mixture was
cooled and poured into 250 mL mixture of methanol/water
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Scheme 2. Synthesis of DIB.

(1:1 by volume). The precipitate was washed in 250 mL water
for three times to separate mineral salts in yield 65% (mp: 132-
134 °C). DIB was filtered, dried in vacuum desiccator 24 h at
30 °C and recrystallized from methanol. The IR spectrum
exhibited absorptions at 1691 cm™ (CHO) and 1232 cm™ (C-
0O-C). Calcd. for C,sH,50,S; C, 73.22%; H, 4.25%; O, 15.01%.
Found; C, 73.09%; H, 4.13%; O, 14.88%. DIB; 'H NMR
(DMSO-d): 6 ppm, 9.84 (s, 2H, -CHO); 7.89 (d, 4H, Ar-H,.);
7.34 (d, 4H, Ar-Hyy); 6.84 (d, 4H, Ar-H..); 7.44 (d, 4H, Ar-
Hge). “C NMR (DMSO-d;): § ppm, 191.98 (C1), 132.71 (C2),
133.52 (C3), 117.28 (C4), 162.41 (C5), 155.02 (C6), 118.58
(C7), 121.72 (C8), 129.85 (C9).

Synthesis of Conjugated Schiff Base Polymer (SbP).
DIA 2.0 g (0.005 mol) and DIB 2.13 g (0.005 mol) were dis-
solved in 30 mL DMF in 250 mL three-necked round bottom-
flask equipped with a reflux condenser, a gas inlet-outlet, a
Dean-Stark trap and a magnetic stirrer. Then 2 mL of toluene
(in order to remove water as an azeotropic mixture) and p-tol-

uene sulfonic acid as catalyst were added and purged with a
stream of argon. Reaction mixture was stirred for 3 h at room
temperature and 9 h at reflux temperature under argon atmo-
sphere. After cooling at room temperature, SbP was precip-
itated into methanol, washed with methanol to remove
unreacted monomers and dried at 50 °C for 3 h in a vacuum
oven. The general reaction and the structure of SbP were given
in Scheme 3 (Yield: 96%).

SbP: FTIR (cm™); 3116, 3045 (Ar-CH); 1623 (-C=N-);
1599, 1580 (C=C phenyl); 1227 (-O-CH, ether); 1679 (car-
bonyl in group end); 3435, 3350 (amino in group end). 'H
NMR (DMSO-ds): & ppm, 9.91 (s, 1H, CHO end group); 8.12
(s, 1H, HC=N-); 7.98 (d, 2H, H,c); 7.92 (d, 2H, Hy); 7.10 (d,
2H, Hy); 7.08 (d, 2H, H,,); 7.03 (m, 8H, H,, Hs, Hy,, Hy3); 6.99
(d, 2H, H,s); 6.93 (m, 4H, H,, H;); 6.86 (m, 8H, H;, Hy, H,,,
H,,); 6.80 (d, 2H, H,); 5.13 (s, 2H, NH,). *C NMR (DMSO-
ds): & ppm, 190.95, 162.94, 160.19, 159.11, 158.42, 156.89,
153.44, 153.06, 151.82, 150.63, 146.00, 141.13, 133.75,
133.38, 131.68, 131.18, 128.98, 125.88, 122.18, 120.81,
120.13, 118.75, 118.44, 118.25, 116.50. (C4H;5NO,S,), Calcd.
for; C, 76.84; H, 4.61; N, 1.83; O, 8.36. Found; C, 76.33; H,
4.92; N, 2.02; O, 8.17.

Electrical Property of SbP. Conductivity measurement
was measured on a Keithley 2400 Electrometer. The pellet was
pressed on hydraulic press developing up to 1687.2 kg/cm®
Iodine doping was carried out by exposure of the pellet to
iodine vapor at atmospheric pressure and room temperature in
a desiccators.”

Measurements. The infrared spectra were measured by
Perkin Elmer Spectrum One FTIR system. The FTIR spectra
were recorded by using universal ATR attachment sampling
(powder form directly usable) accessory within the wave-

H2N/©/ s/©/ NH, + OHC s/©/ CHO
DIA DIB

DMF, Ar
150°C
end group

Scheme 3. Synthesis of Schiff base polymer.

‘ool

PTSA
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lengths of 4000-650 cm™. Synthesized compounds were char-
acterized by elemental analysis (LECO-CHNS-932) and 'H
NMR (Bruker Avance DPX-400) recorded at 25°C using
DMSO-d as solvent. Thermal data were obtained using Perkin
Elmer Diamond Thermal Analysis instrument. The DTA-TGA
measurements were performed between 20-1000 °C (in N,, rate
10 °C/min). DSC analysis was carried out using PerkinElmer
Pyris Sapphire DSC. DSC measurement was performed
between 25 and 450 °C in an aluminum pan (in N,, 10 °C min™).
The number average molecular weight (M,), weight average
molecular weight (M,,) and polydispersity index (PDI) values
of SbP were determined by size exclusion chromatography,
SEC (Shimadzu Co., Japan). For SEC investigations a SGX
(100 A and 7 nm diameter loading material) 3.3 mm inside
diameter x300 mm columns was used with DMF (0.4 mL/
min) as the eluent applied at polystyrene standards. A refrac-
tive index detector was used to analyze the product at 25 °C.

Results and Discussion

Solubility. DIA and DIB were prepared from the reaction of
4 4'-thiodiphenol with 4-iodonitrobenzene and 4-iodobenzal-
dehyde as shown in Schemes 1 and 2, respectively. DIA and
DIB had needle shaped crystal structure with white and yel-
lowish colors respectively. The solubility of DIA and DIB
were high in organic solvents because of sulfur, ether, amino
and carbonyl groups. DIA and DIB were soluble in lots of
organic solvents such as DMF, DMSO, NMP, m-cresol, eth-
anol, methanol, ethyl acetate, chloroform and acetone. They
were not soluble in benzene, CCl,, CH,Cl,, heptane, hexane,
toluene and acetonitrile. The presence of oxygen and sulfur
atoms on polymer chain increased the solubility. Because of
this reason, SbP was also highly soluble in aprotic solvents
such as DMF, NMP, DMSO and m-cresol. It was not soluble
in ethanol, methanol, ethyl acetate, chloroform, benzene, CCl,,
CH,Cl,, n-heptane, n-hexane and acetonitrile. Condensation
reaction was conducted in dry DMF under argon atmosphere
to protect the polymerization of initial diamine monomer. SbP
powder was washed a few times with methanol/water (v/v,
1:1), to remove monomers from the product. The solution
color changed from yellow to violet during polymerization.
Solubility test results of monomers and SbP were shown in
Table 1.

FTIR and NMR Spectrums. After completion of the syn-
thetic studies, all compounds were characterized by FTIR, 'H
NMR and elemental analysis. FTIR spectra of DIA, DIB and

Zan, #3948 A23, 20153

Table 1. Solubility Test Results of Synthesized Monomers and
SbP (0.05¢g in 10 mL)

Compounds
Solvents DIA DIB SbP
DMF
DMSO
NMP
m-Cresol
C,H;OH
CH;OH
Ethyl acetate
CHCl;
Benzene
CCly
CH,)(Cl,

Heptane - - -

+ o+ o+ o+ o+ o+ o+t
+ + o+ o+ o+ o+ o+ o+

Hexane - - -
Toluene - - -

CH;CN - - -
+Soluble at room temperature. *Soluble by heating. -Insoluble.

(a)

Transmittance, %

4000 3600 3200 2800 1800 1600 1400 1200 1000 800 650

cm”

Figure 1. FTIR spectra of DIA (a); DIB (b); SbP (c).

SbP were given in Figure 1. There were significant changes
between initial compounds and product. A new and sharp
azomethine peak appeared. In FTIR spectra of diamine and
dicarbonyl monomers, aromatic C-H vibration was observed
between 3042-3017 cm™ and 3068-3028 cm™', respectively.
Furthermore, characteristic amine (-NH,) stretching vibrations
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of diamine compound observed at 3386 and 3317 cm™. Car-
bonyl (-CHO) vibration was observed at 1691 cm™. Finally, in
FTIR spectra of SbP, which was synthesized from the con-
densation reaction of DIA with DIB azomethine stretching
vibration was observed at 1623 cm™. This value has dem-
onstrated to be formation of imine bonding at the structure of

Hd

|
|
1
OHC He S 1 CHO
LTy Il (
I
Ha o Hd' o Haa! Hbb'

polymer.

Molecular structures of all compounds were identified from
their '"H NMR and “C NMR spectra recorded in DMSO-d;. '"H
NMR and C NMR spectra of DIA, DIB and SbP were given
in Figures 2-7 and these results indicate that all reactions were
completed successfully. In the '"H NMR spectrum of SbP, the
signals of imine proton and aromatic protons were observe at
8.12 and 6.80-7.98 ppm, respectively.

Molecular Weights. SEC analysis of SbP was performed at
55 °C using DMF/MeOH (v/v, 4/1) as eluent at a flow rate of
0.4 mL/min. According to the SEC chromatogram, number
average molecular weight (M,), weight average molecular
weight (M,) and polydispersity index (PDI) values of SbP
were calculated according to a polystyrene standard calibration
curves. It was observed that SbP contains approximately 40
repeating units with these results. According to SEC analyses
M,, M,, and PDI values of SbP were found to be 28940, 34060
and 1.177 g mol™.

Optical and Conductivity Properties. According to CV
measurements, the calculated HOMO-LUMO energy levels
and electro optical band gap (£',) for SbP are as follows: -5.59,
-3.03 and 2.56 eV. These data were estimated by using the oxi-
dation onset (E,, ) and reduction onset (E.q) values, as shown
in Figure 8 for SbP. The calculations were made by using the
following equations:*°

Enomo = —(4.39 + E) (D
ELUMO = _(439 + Ered.) (2)
E‘g = Erumo — Exomo 3)

The HOMO-LUMO energy levels and the electrochemical
band gaps were also shown schematically in Figure 8. The
results indicate that after polycondensation reaction, HOMO

Hb Hc
-
Hdd! Hec!
CHO
10.0 ppm 95 9.0 85 80 75 70

Figure 4. '"H NMR spectraum of DIB.

Polymer(Korea), Vol. 39, No. 2, 2015
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Figure 7. C NMR spectrum of SbP.
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Figure 8. Cyclic voltammogram of SbP.

energy level increased while LUMO energy level decreased
and electrochemical band gap (E';) of SbP was lower than
those of the monomers. The low band gaps facilitated the elec-
tronic transitions between HOMO and LUMO energy levels
and made the polymers more electro-conductive than the
monomers.

UV-Vis spectra were measured by Perkin Elmer Lambda 25
and the absorption spectra of SbP were recorded in DMSO sol-
vent(Figure 9). According to these spectra; the absorption
edges of SbP shifted to higher wavelength values. This is
because of fully conjugated structure of synthesized SbP which
increase HOMO and decrease LUMO energy levels thus
resulting in fairly lower band gaps. The optical band gap (E,)
of SbP was calculated from its absorption edge.’®*' These
results indicate that synthesized SbP has lower optical band
gaps when compared with the monomers, as expected. Optical
band gap value (E,) of polymer is calculated as in the literature
using the following equation (eq. (4)). According to UV-Vis
measurement, optical band gap value (E,) and A, values of
SbP were found to be 2.62 eV and 474 nm, respectively. These
values can be calculated from the absorption edge given in
Figure 9.

E, = 1242/ Aonser “)

Optical band gap values (E,) of poly(2-(4-bromobenzyl-
ideneamino)phenol) and poly(2-(4-bromobenzylideneamino)-
5-methylphenol)** had been found as 2.57 and 2.99 eV. Similar
result was observed in this polymer.

The conductivity measurement of SbP was carried out with

0.75

0.50 1

0.25"

Normalized Absorbance

350 400 450 500
Wavelenght (nm)

Figure 9. UV-Vis absorption spectra of monomers and SbP in
DMSO solution.
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-10
1077,

24 48 72 96 120 144 168

Time (h)
Figure 10. Change in the electrical conductivities of SbP during the
process of iodine doping at 25 °C.

an electrometer using a four-point probe technique. The color
of polymer changed from brown to black and its conductivity
increased by a thousand orders of magnitude during doping
period. The result in Figure 10 shows that electrical con-
ductivity of SbP during coordination of iodine at 25 °C. Since
nitrogen is an electronegative element and capable of coor-
dinating with iodine molecule, Diaz et al. suggested a con-
ductivity mechanism of imine (HC=N-) polymers when doped
with iodine.”” Undoped polyazomethines and their derivatives
have similar conductivity values from 10" to 10° S/cm and
while doped with iodine ranges from 107 to 10 S/cm. The low
conductivity values were attributed to the low degree of con-
jugation in the polymers caused by non-planarity of the poly-
mer chains. On rising the temperature, the conductivity of
polymer also increased slightly and polymers showed a semi-

Polymer(Korea), Vol. 39, No. 2, 2015
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Scheme 4. Proposed conductivity mechanism of SbP with iodine molecule.

conductor behavior at higher temperatures.”*** The conduc-
tivity mechanism on polymer backbone can be proposed as
shown in Scheme 4. Electrical conductivity values of imine
structure polymers such as poly(2-(4-bromobenzylideneam-
ino)phenol) and poly(2-(4-bromobenzylideneamino)-5-meth-
ylphenol) had been found as 11.33x10"° and 6.40x10"° S/cm
at 25 °C.* As aresult, the conductivity of SbP increased when
doped with iodine and this polymer could be used as a semi-
conductive polymer in electronic, opto-electronic, electroactive
and photovoltaic applications. Schiff bases, Schiff bases-metal
complex compounds and Schiff base polymers could be used
as photovoltaic materials.*

Thermal Analysis. The TGA-DTG and DTA curves of SbP

were given in Figure 11. The 20% and 50% weight losses of
SbP were observed at 358 and 431 °C, respectively. SbP has
onset temperature at 337 °C. The char of SbP was found to be
29.86% at 1000 °C. TGA data indicated that the SbP exhibited
high thermal stability. According to TG-DTG curves, thermal
degradation of SbP occurred in one steps. 7, values of SbP
were observed at 364 and 414 °C. The weight loss of the step
was found 49.20% between 337-435 °C. According to DTA
analysis, endothermic and exothermic peaks were observed at
206 and 308 °C, respectively.

DSC analysis investigated transition temperature and phase
duration for SbP. The phase transition temperature and DSC
thermogram of SbP was displayed in Figure 12. The ther-

1 1007
0.0
90 L 40
1.04 | 20
g ‘ 70 30
gal e
= S N £
3,01 5| \ 20 8
Ea0lE fea \ H
& | 10 =
g 30 TG %
A50] 20 DTG 3
10 Lo
-6.0
0

0 100 200 300 400

500 600 700 800 900 1000

Temperature (°C)

Figure 11. TGA, DTA and DTG curves of SbP.
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Figure 12. DSC curve of SbP.

mogram shows endothermic peaks. According to Figure 12,
the first peak at lower temperature indicates 7, and others are
due to melting (7},) and isotropic phase transition (7}) and (A7)
is different temperature between T,, and T, respectively. T, T,
T, and AT values of SbP were found as 163, 195, 207 and
12 °C, respectively.

Conclusions

Novel soluble SbP based on 4,4'-[thiobis(4,1-phenylene-
oxy)|dianiline (DIA) and 4,4'-[thiobis(4,1-phenyleneoxy)]
dibenzaldehyde (DIB) incorporated into the polymer chain was
synthesized. It was indicated that sulfur and oxygen bridges
made SbP soluble. According to the results, fine solubility of
synthesized polymer maximized its practical applications. The
introduction of rigid units such as benzene rings into the poly-
mer backbone would increase the polymer-polymer interaction
and significantly diminished the solubility. In contrast, the
introduction of sulfur or ether linkage units into the polymer
backbone would decrease the polymer-polymer interaction and
increase the solubility. Although lots of the conjugated poly-
azomethines and their derivatives had poor solubility, the syn-
thesized SbP showed good solubility because of the existence
of sulfur and ether linkages. The molecular structure of the
synthesized SbP was identified by FTIR, 'H NMR, *C NMR
and elemental analyses.

Optical property of synthesized SbP was also investigated. It
was found that SbP has 2.62 eV band gap due to their fully
conjugated structure. Electrical conductivity measurement
showed that SbP can be used as a semiconductor which has a
potential for electronic, optoelectronic applications. The con-
ductivity increased approximately by one thousand orders of
magnitude during doping period. The results of TGA-DTA
analyses showed that SbP has enough resistance against ther-

mal decomposition. The carbine residue of this polymer was
observed 29.86% at 1000 °C. DSC curve of SbP showed three
endothermic peaks at 163, 195 and 207 °C. These temperatures
indicate 7,, 7,, and T, respectively.
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