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Abstract

Novel diamine containing thiazole ring and double sulfide bond was synthesized,
and the related polyamides were prepared by a direct polycondensation reaction of
this diamine and various aromatic diacids. The polyamides were obtained in good
yields and were characterized by differential scanning calorimetry, thermal gravi-
metric analysis, Fourier transform infrared, viscosity, solubility, and elemental
analysis. The glass transition temperatures of synthesized polyamides were in the
range of 120-192 °C. The inherent viscosity of these polyamides was in the range of
0.4-0.62 dL/g. The solubility of these polyamides was investigated in some solvents
such as dimethyl sulfoxide, N-methyl-2-pyrrolidinone, and N,N-dimethylformamide.

Introduction

Aromatic polyamides (aramids), duo to high thermal stability, chemical resistance,
low flammability, and excellent mechanical were classified as high-performance
polymers [1, 2]. Kevlar [poly(p-phenyleneterephthalamide)] and Nomex [poly(m-
phenyleneisophthalamide)] are most famous polyamides that are commercially
marketed as high-performance polymers [3]. Moreover, they have recently been
developed in advanced and interesting applications such as thin-film composite
membranes [4, 5], high refractive materials [6, 7], optically active materials [8], and
biomaterials [9].
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However, the poor solubility, high softening temperatures or melting tempera-
tures (7,,’s) caused by their high crystallinity, and the high stiffness of the poly-
mer backbone lead to a difficult processability for these aromatic amides [10]. Many
attempts have been made to increase the solubility of aromatic polyamide with mini-
mal effect on thermal stability including the introduction of flexible (ether) linkages
into the polymer backbone [11, 12], bulky pendant groups [13], long flexible side-
chains [14], aliphatic parts [15], noncoplanar or unsymmetrical structures [16], and
heterocycles rings [17].

It is known that the thioether bond is flexible. It can be incorporated into the pol-
ymer backbone to improve the processability of such resins [18] as poly(phenylene
sulfide) [19], poly-(phenylene sulfide sulfone) [20], and poly(p-phenylene sulfide
sulfone/ketone) [21]. The resulting materials have excellent processability as well as
amazing mechanical, thermal, and antioxidant properties [18]. Moreover, recently,
considerable attention has been devoted to the high sulfur containing polymer. It
was found that the incorporation of sulfur atom into polymer backbones resulted in
great benefits for high refractive index as well as low birefringence and good opti-
cal transparency of polymer which might be attributed to the its high polarizabil-
ity. Such materials are strongly demanded in advanced optoelectronic applications
including optical encapsulates or adhesives for antireflective coatings, substrates for
display devices, microlens for complementary metal oxide semiconductor (CMOS)
image sensors, or charge coupled device (CCD) [6, 7, 22, 23]. Regarding these
parameters, we designed and synthesized a novel double sulfide-bridged diamine
monomer (DA) containing thiazole units and bulky pendant phenyl rings to improve
their processability.

Experimental
Materials

Acetophenone (Sigma-Aldrich), thiourea (Sigma-Aldrich), iodine (Sigma-Aldrich),
and triphenyl phosphite (TPP, Merck) were used without further purification.
N-Methyl-2-pyrrolidone (NMP, Merck), as polymerization solvent and pyridine (Py,
Fluka), was purified by distillation under reduced pressure over calcium hydride
(CaH2) and was stored over 4 A molecular sieves prior to use. Lithium chloride
(LiCl, MERCK) was dried at 200 C for 24 h under vacuum before use. The aromatic
dicarboxylic acids such as terephthalic acid (Merck), isophthalic acid (Merck), pyri-
dine 2,5-dicarboxylic acid (3; Merck), and pyridine 2,5-dicarboxylic acid (4; Merck)
were used as received.

Characterization
The melting points (mp) were measured by an Electrothermal engineering Ltd

9200 digital (UK) melting point apparatus. The elemental analyses of the syn-
thesized monomer and polymers were obtained using a PerkinElmer 2004 (CHN)
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analyzer (USA). The Fourier transform infrared (FT-IR) spectra were measured
in potassium bromide (KBr) pellets by means of a PerkinElmer FT spectrum RX1
(USA). The inherent viscosities (7;,,) were measured at a concentration of 0.5 g/
dL by an Ubbelohde suspended-level viscometer using N,N-dimethylacetamide
(DMACc) at 30 °C. The solution-state 'HNMR (300 MHz) and '*CNMR (75 MHz)
spectra of the resulting monomer and polymers were obtained on a Bruker DRX
300 AVANCE spectrometer (Germany) using deuterated dimethyl sulfoxide
(DMSO-d6) as a solvent and trimethylsilane (TMS) as the reference (0 ppm).
Thermogravimetric analyses (TGA) were performed with a Du Pont 2000 thermal
analysis system (Mettler Toledo, Switzerland) under nitrogen and air atmospheres
at a heating rate of 10 °C/min. Glass transition temperatures (7,) were recorded
on a 2010 differential scanning calorimetry (DSC) thermal analysis (Mettler
Toledo, Switzerland) instrument with a heating rate of 10 °C/min.

Synthetic procedures
Monoamine synthesis

Monoamine was synthesized by a modified procedure [24]. A mixture of 10 mmol
of acetophenone, 20 mmol of thiourea, and 10 mmol of diiodine was heated and
stirred at 110 °C in a solvent free condition (Scheme 1). After the completion of
the reaction, the mixture was dissolved in 50 mL of boiling water and the filtered
clear solution was neutralized with aqueous solution of sodium hydroxide. The
crude product was filtered, washed with water, and recrystallized from H,O/EtOH
(1:1) to afford monoamine (MA) (mp = 144-147).

Diamine synthesis

Sulfur monochloride (5 mmol) was added cautiously to a mixture of MA
(10 mmol) and acetic acid (15 mL) followed by stirring of the content at room
temperature for 12 h. Then aqueous ammonium hydroxide (25%) was added
dropwise till the pH of solution became 10. The precipitated disulfides were col-

lected by filtration, washed with cold water, and crystallized from hot ethanol
(mp=191-194).

(e}
H2N%/
/}\NHZ s
HZN SClh s— S
1,,110°C Acetic Acid,rt / /}‘NHZ
N

Scheme 1 Synthetic procedure of diamine
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Polymer synthesis

Polymerization under conventional heating of a mixture of 1 mol of diacid,
1 mmol of diamine (DA), 0.3 g of lithium chloride, 0.5 mL of TPP, 0.5 mL of Py,
and 3 mL of NMP was refluxed for 6 h. After cooling, the reaction mixture was
poured into 100 mL of methanol with constant stirring. Afterward, the precipitate
was washed thoroughly with methanol and hot water, collected on a filter, and
dried under vacuum.

Results and discussion
Dimer synthesis

Dimer containing double sulfide and thiazole ring was synthesized according
to a two-step procedure as shown in Scheme 1. The chemical structure of this
diamine was fully characterized by FT-IR and NMR spectroscopy. FT-IR spec-
trum of DA monomer showed the absorption bands due to the primary amino
groups at 3436 and 3275 cm™! Fig. 2. Also it revealed distinct stretching peak
features of —C=N- thiazole at 1617 cm™!, N-H bending at 1603 cm~!, and aro-
matic —C=C stretching vibrations at 1509 cm™'. As shown in Fig. 1, the "H NMR
and '>C NMR spectra of the diamine, all the protons are in total agreement with
its structure. '*C NMR (75 MHz, DMSO-d6) 6 101.44, 125.48, 127.13, 128.40,
134.84, 149.73, 168.14. 'TH NMR (300 MHz, DMSO-d6) 6 6.99 (d, 4H), 7.25 (s,
6H), 7.68 (4H, d).

Polymer synthesis

The new double sulfide bond containing polyamides (PAs) were synthesized by
phosphorylation polycondensation of diamine DA with various commercially avail-
able aromatic diacid using triphenyl phosphite (TPP) and pyridine as condensing
agents (Scheme 2). The reactions were carried out in NMP solution of the diacid
and diamine in the presence of LiCl in the nitrogen atmosphere and at a temperature
of 110 °C. All the polycondensations progressed readily in a homogeneous solution.
Tough and fibrous precipitates formed when the viscous polymer solutions were
trickled into the stirring methanol. As shown in Table 1, the inherent viscosities of
polymers were in the range of 0.40-0.62 dL/g.

The elemental analysis values generally agreed with the calculated values for
the proposed structures of polymers (Table 1). Structural features of these polyam-
ides were verified by IR and proton NMR spectroscopy. They exhibited character-
istic FT-IR absorption bands of the amide group around 3337 cm™' (N-H stretch)
1526 cm™! (N-H bending), and the strong absorption bands around 1667 is assigned
to symmetrical stretching vibrations of carbonyl groups of amide group (Fig. 2). 'H
NMR spectra of the polyamide (PA 2) showed amide groups (NH) protons at the
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Table 1 The FT-IR spectrum, elemental analysis and viscosities of polyamides

Polymer IR (KBr) (cm™) Formula (formula #,, (dL/g)*  The elemental analysis
weight) PA 1
Calculated
C H N
Found
C H N
PA 1 3153, 3053, 1674 C,6H,¢N,S,0, 0.40 57.35 294 10.29
1550, 1287, 769 544.00 5758 328 8.08
PA 2 3174, 3059, 1676, 1294, 720  C,4H;(N,S,0, 0.62 57.35 294 10.29
544.00 5676 2.9 8.69
PA3 3337, 3059, 1679 C,sH5N5S,0, 0.54 55.04 275 12.84
1522, 1281, 753 545.00 53.47 2.86 11.69
PA4 3241, 3061, 1683 C,5H,5N5S,0, 0.49 55.04 275 12.84
1301, 772 545.00 53.29 3.08 11.81

#Measured at a concentration of 0.5 dL/g in DMAc at 30 °C

150816

152806

3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm-1)

Fig.2 IR spectra of DA and PA 2
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Fig.3 'HNMR of PA 2

most downfield region about (12.5) ppm and aromatic protons at the region of about
(7-8.5) ppm (Fig. 3).

Solubility of polymers

The main objective of this study was to produce polyamides with improved solubil-
ity. The solubility of polymers was investigated as 0.01 g of polymeric sample in
2 mL of solvent. Due to the presence of thiazole ring as heterocyclic group and rigid
aromatic ring and double sulfide bond (—S—S-) in the structure of polyamide, the
solubility of this polymer was very high in common organic solvent. All polyamides
were easily soluble at room temperature in aprotic polar solvents such as N-methyl-
2-pyrrolidinone (NMP), N,N-dimethylacetamide (DMAc), N,N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), soluble and partially soluble on heating at

Table 2 The solubility behavior of polyamides

Polymer NMP DMSO DMAc DMF THF Py MeOH Acetone
PA 1 ++ ++ ++ ++ ++ ++ - -
PA 2 ++ ++ ++ ++ + +- - -
PA3 ++ ++ ++ ++ + +- - -
PA 4 ++ ++ ++ ++ ++ ++ - -

Solubility: +4, soluble at room temperature; +, soluble on heating at 60 °C; 4+—, partially soluble on
heating at 60 °C; —, insoluble on heating
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Fig. 4 TGA curves of polyamides 1-4 at a heating rate of 10 °C/min
Table 3 Thermal behavior of o o
PA 1-4 Polymer T, 0 T}, (°C)
PA 1 119 280
PA 2 192 300
PA3 154 290
PA 4 144 250

*The temperature for 10% weight loss (T,)

60 °C in tetrahydrofuran (THF) and pyridine (Py), and insoluble in protic solvents
such as acetone and methanol (Table 2).

It can be concluded that the presence of double sulfide linkage in the back-
bone and benzene ring as pendant group of PAs helps to enhance the solubility of
polymers. Moreover, the existence of double sulfide linkage causes more flexible
polymer chain, and bulky benzene pendant group disturbed dense chain packing.
Consequently, the solvents molecules were able to penetrate easily to solubilize the
polymer chain.

Thermal properties

The thermal properties of the prepared polymers were investigated by means of
TGA as well as DSC. Thermogravimetric analysis was performed on the polyamides
under inert atmosphere. Thermograms of these materials are described in Fig. 4, and
thermal data are summarized in Table 3. The initial thermal decomposition tempera-
tures for PA 1-4 were found between 160 and 295 °C.

Also, residual weights for PAs at 800 °C ranged from 18 and 13% in nitrogen,
respectively. The temperature for 10% weight loss (7,) as one of the main crite-
ria to determine the thermal stability of polymers is determined from the original
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thermograms and is tabulated in Table 3. T}, values of the PAs were in the range of
250-300 °C in nitrogen atmosphere. According to these data, it can be concluded
that incorporation of —S—S— linkages in structure of polymers reduces thermal sta-
bility, despite the increase in solubility.

Differential scanning calorimetry (DSC) was used to determine the glass transi-
tion temperature values (7,) of the samples obtained with a heating rate of 10 K/min
under nitrogen. The DSC results are summarized in Table 3. The glass transition
temperature (7,) is determined in the second heating runs of DSC measurements.
T, of these polymers is about 119-192 °C which depended on the structure of the
dicarboxylic acid component and decreased with increasing flexibility of the PA
backbones according to the applied structure of the diacid. PA 1 exhibited the high-
est Tg value among these PAs, which could be attributed to its stiffness and sym-
metry of 1,4-phenylene segments in the polymer backbone. Moreover, PA 4 with
meta-substituted Py rings had a Tg of 144 °C, whereas a higher value of 154 °C was
observed for PA 3, which had para-substituted Py rings. Thus, we can speculate that
incorporation of flexible groups (—-S—S-) into the polymer chain serves to moderate
the thermal stability and the Tg values of the PA.

Conclusions

In this work, specific synthetic methods were designed to obtain soluble polyamides,
which have not precedents in the published literature. First, a novel double sulfide-
bridged diamine monomer (DA) containing thiazole units and bulky pendant phenyl
rings was successfully synthesized, and then a series of polyamides was prepared by
phosphorylation polycondensation of diamine. The obtained polyamides had inher-
ent viscosities in the range 0.42-0.62 dL/g. The simultaneous introduction of dou-
ble sulfide bond and thiazole rings into backbone of wholly aromatic polyamides
afforded soluble polymers with moderate thermal stability. Thus, these polyamides
can be considered as likely processable high-performance polymeric materials.
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