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ARTICLE INFO ABSTRACT

A new   series of six azo functionalized polymers have been prepared by direct
polycondensationfrom 4, 4’- dihydroxyazobenzene with p-hydroxy benzoic acid or
vanillicacid and two different aromatic diacids namely terephthalic acid and 4, 4’- oxybis
(benzoic acid). They were characterized by FT-IR, X-ray diffraction (XRD), scanning
electron microcopy (SEM),1H and 13C NMR spectroscopy. Wide Angle XRD measurements
and SEM images ofpolyester revealed the semi crystalline behaviour of the polyesters. The
thermal behaviour of the copolyesters was investigated with differential scanning
calorimetry (DSC) and thermo gravimetric (TGA) analysis. The temperature at 10% weight
loss (T10), determined from TGA values of polyesters, was in the range276-471 oC
indicating their good thermal stability. The Limiting Oxygen Index (LOI) values of the
polyesters were calculated from TGA values which show that the polyesters have good
flame retardant properties. The azopolyesters have been successfully fabricated into fibers
by electro spinning with PVC matrix. The structure and morphology of the fibers were
characterized by FTIR, XRD and SEM. The TGA analysis   and SEM images show that the
azo polyesters could be suitable for additives inflame retardant PVC fibers.

INTRODUCTION
High performance fibers are used increasingly for a wide range of
applications including flame retardant, automotive component,
thermal insulation, protective clothing and geotextilesfor
construction (Hari, et al., 2008, Yuan Ji, et al., 2006, Toldy, et al.,
2011, William, et al., 1991, Kirkl, et al., 1991, Sprague, et al.,
1991). Among these applications, flame retardant fibers are in
high demand from the end user. Although the high performance
aramid fibers, such as Nomex and Kevlar, are inherently flame
resistant, the high cost of those aramid fibers has limited their
wide applications. In recent years, flame retardant finishing and
reinforcement of conventional thermoplastic polymers through
addition of flame retardant additives such as  wholly aromatic
polymers and  liquid-crystalline polymers have commonly
(Krichseldorf, et al., 1997,  Do Mook Rhee, et al., 2001,  Hui
Yang, et al., 1997,  Wiff, et al., 1988)less expensive
polyvinylchloride (PVC), polycarbonate, polyethylene
terephthalate (PET), nylon and cotton have been commonly used
as a matrix for various additives due to their  physical properties
and  thermal stability. (Kannan, et al., 1991,  Rong Yang, et al.,
2011,  Hwan Chul Kim, et al., 2009,  Sunghyun Nam, et al., 2012,
Carpaneto, et al., 1999). Among Several additives, polymers
containing azo benzene mesogenic segment are of considerable
interest because of their excellent thermal stabilities, chemical
resistanceand flame resistance and photo responsive ability
(Kannan, et al., 1991). Azo polymers are widely known for their
optical and liquid crystalline properties but their flame retardance
was limited (Akira Emoto, et al., 2012, Arul Moli, et al., 2011).

Electrospinning has become popular as an effective method to
generate continuous fiber structures. In the past several decades,
this technique has been successfully exploited to generate thin
fibers from a broad range of polymers, with typical examples
including engineering plastics, biopolymers, conducting
polymers, block copolymers, polymer blends, ceramics and
composites (Dan Li, et al., 2003). Here we are utilizing
electrospinning to fabricate azo polyester which imparts stiffness,
thermal stability and high strength into the reinforced fibers and
makes them into high modulus fibers. In the present study, two
liquid crystalline polyesters containing azobenzene moieties in the
main chain were prepared by the directpolycondensationreaction
of 4, 4’dihydroxyazobenzene and aromatic diacidswas
usingdiphenylchlorophosphate/LiCl in pyridine. Four
thermotropic liquid crystalline random co-polymers were
synthesized with4, 4’-dihydroxyazobenzene, 4, 4’-oxybis
(benzoic acid)/ terephthalic acid and aromatic hydroxy acid, p-
hydroxyacid or vanillic acid. The polyesters were characterized by
FTIR, XRD, 1H and 13C NMR. The thermal properties of the
synthesized polymers were examined by DSC and TGA analysis.
The polyesters have high Tgvalues, high char yields and was
soluble in most of the polar organic solvents. These properties
make them into the best candidates for flame retardant additives.
The polyesters were fabricated into composite fibers withPVCby
electrospinning technique. Here we successfully demonstrate the
assembly of liquid crystalline azo polyesters in the core of a
microfiber during electrospinning.
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MATERIALS AND METHODS
Materials
4-Aminophenol(Aldrich), terephthalic acid (TA) (Aldrich),
diphenylchlorophosphate (DPCP) (Aldrich), 4-hydroxybenzoic
acid( Aldrich), vanillic acid (SRL), polyvinylchloride resin
(Himedia), pyridine (Finor), phenol (Finor), hydrochloric acid
(Finor), sodium nitrate(Himedia) and sodium hydroxide(Finor)
were purchased and used as received. Lithium chloride (Merck)
was dried for 2 hours at110oC in vacuum before usage. The
solventsmethanol (Merck) and tetrahydrofuran (Merck) were
distilled at their boiling point before use.

Preparation of 4, 4’- dihydroxyazobenzene

4, 4’-dihydroxyazobenzene was prepared by simple diazotization
method as follows

4-Aminophenol (4.08 g, 0.037 mol)was dissolved in concentrated
hydrochloric acid(10.25mL) and water (10.25mL). Aqueous
sodium nitrite (2.85 g, 0.041molin8.75 mL water) was added to
the aminophenol solution drop wise while stirring at 0oC. Phenol
(3.52g, 0.0374 mol) was dissolved in a sodium hydroxide solution
(3.75g, 0.09375 mol NaOH in 3.5 mL water), and cooled to 0°C.
The aminophenol/sodium nitrite solution was added drop wise to
the phenolate. Concentrated hydrochloric acid was added until the
pH reached 1, and the mixture was allowed stirred at 0 oC for 2 hr.
The blackish was then filtered off, dried and recrystallized from
toluene, yielding 4, 4’-dihydroxyazobenzene. 1H NMR (DMSO-
d6): 6.91(4H, phenolic proton ortho to OH), 7.71 (4H, Phenolic
proton Meta to OH) 10.12(2H, OH).

Polymer Synthesis

Polymers were prepared by direct polycondensation of 4, 4’-
dihydroxyazobenzene and terephthalicacid/ 4,4’-oxybis(benzoic
acid) in the respective mole ratio 1:1 with
diphenylchlorophosphate in pyridine (Arul Moli, et al., 2012,
Higashi, et al., 1983). A typical procedure for the synthesis of
OBAB azo polyester is as follows: To a four necked 250 mL
round bottomed flask fitted with a condenser, thermometer,
mechanical stirrer and an oil bath, 1.2912g (5mmol) of 4,4′-
oxybis(benzoic acid)(OB), 10 mL pyridine and 3.492 g (13mmol)
DPCP were added. After stirring for 20 min, 0.4250 g (10 mmol)
of LiCl in 10 mL pyridine was added and stirring was continued
at room temperature for 30 min. The reaction mixture was slowly
heated and maintained at 140 0C for 20 min.

To this mixture, 1.07g (5mmol) of 4, 4’-dihydroxyazobenzene in
10 mL pyridine added drop wise. The whole solution was
stirredat140ºC for 3h. The solution was cooled to room
temperature and poured into 500 mL water/methanol (1:1, v/v).
The product was filtered, washed with hot methanol and dried at
vacuum oven at 50 oC. Four different random azocopolyesters
were synthesized by the same procedure described above with
4,4’-dihydroxyazobenzene, terephthalic acid(TA)/4, 4’-
oxybis(benzoic acid)(OB) and 4-hydroxybenzoic acid (HB) or
vanilicacid (VA) in the respective mole ratio of 1:1:1.

Preparation of Blend Solution

THF(5 mL) was taken in a 10 mL closed container with pellet in
which 0.6 g of polyvinylchloride and then 0.2 g of OBAB were
added slowly and stirred for 120 min. The polyesters were well
dispersed in THF by using an ultrasonicator bath for an hour and
magnetic stirring continued for 24 h.

Blend Fibers Preparation

The homogeneous solution was taken in a 2 mL syringe and
positive voltage was applied to the polymer solution through the
needle attached to the syringe. The solution jet was formed by
electrostatic force, when the electrical potential increased to 22
kV. The flow rate of the solution was set at 0.4 mL/h, which was
adjusted by computer controlled syringe pump. The distance
between the needle tip and the collector was maintained at 10 cm
and the drum collector rotation speed around 1800 rpm. The
OBAB/PVC nanofibers in a nonwoven form were collected on an
aluminum foil.

RESULTS AND DISCUSSION
The azo polyesters were synthesized by polycondensation as
shown in scheme1. The polymer codes, monomer codes, yields,
inherent viscosity and FTIR spectral data are listed in Table 1.
The synthesized azocopolyesters were soluble in commonly used
polar solvents like DMSO, THF, DMF, and Dimethylacetamide.
The inherent viscosities of the polymers (0.68-0.86) reveal that the
polymers have high degrees of polymerization and are higher
molecular weight.

Spectral analysis

The azocopolyesters were characterized with FT-IR, 1H NMR and
13C NMR spectroscopic techniques.  The FTIR spectrum of
representative OBAB azo co-polyester showed peaks at 1738 cm-1

for C=O stretching vibrations of the aromatic ester group and
other peaks at 1685 cm-1, 1592 cm-1, 1500 cm-1 which are
characteristic signals for C-C (aromatic skeleton), C=C, N=N
respectively. These peaks indicate the ester formation between
oxybis (benzoic acid) and 4, 4’-dihydroxyazobenzene. The
representative 1H NMR spectra of OBAB and OBABVA
azocopolyesterswere taken and all of them showedsignals for
aromatic protons between δ 6.95 -8.23. The peak corresponds to
the methoxy protons of the vanillic acid appeared in δ 3.89. The
13C-NMR spectrum was used in order to quantify and characterize
the changes in chain structure as a result of ester formation. The
13C-NMR spectra of representative OBAB shows characteristic
peaks at δ 167.1(C=O), δ 150.3(C-N), δ 132, δ 123.5, δ 119.5 and
δ 116.4 (aromatic carbons). The aromatic carbons in the main
chain appeared between δ115 to 158. The presence of peaks at δ
167.1 ppm and δ 150.3 ppm indicate the presence of carbonyl
group and the formation of ester linkage incorporating of azo
benzene in the main chain of the polymer.
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X-Ray diffraction (XRD) of Polyesters

The powdered wide angle XRD patterns for four synthesized
polyesters were studied at room temperature to examine the
crystal behaviour of the polyesters (Fig. 1). The polyesters exhibit
semi crystalline structure with sharp peaks at 2θ =16-30. The
polyesters have rigid polymer backbone which enhances the
degree of crystallinity through close crystal packing. It is clearly
observed from the XRD pattern, the polyesters were oriented
towards various planes of orthorhombic (Krevelan, et al., 1975,
RajangamVinodh, et al., 2012).

In the Case of TAAB, the polymer shows strong reflection at 2θ
= 16.6, 19.8, 23.0, 24.6, 28.0 and 29.6 which correspond to the
crystal orientation along 002, 110, 200, 201, 210 and 211 planes
in orthorhombic form. The polyesters derived from terephthalic
acid showed more crystalline than oxy bis benzoic acid due to
oxybis (benzoic acid) has a bent structure and the steric
hinderance between repeating units leads to asymmetrical
orientation and reduced crystallinity in polymer OBAB. The
polyesters were mainly oriented towards the 110 and 200 planes
in the crystal. The methoxy group favours the crystals orientation
in TAAB and hence increases the crystallinity.

Thermal Stability and Phase Behavior

The thermal stability of the polymers was evaluated by TGA in
argon and TG Curves were shown in Fig.2. The Initial
decomposition temperature, 10% weight loss temperatures and
char percentage at 800oC are listed in table 2.

Thermal stabilities of the polyesters were   indirectlystudied by the
LOI value. LOI value was calculated using by van Krevelen’s
equation (Krevelan, et al., 1975,  RajangamVinodh, et al., 2012).
LOI = 17.5 + 0.4 (σ) Where, σ is the percentage of char yield
obtained from TGA value. The LOI values of the polymer
systems should be above the threshold value of 26, to self
extinguishing and for their qualification for applications requiring
good flame resistance. The polymer exhibited good resistance to
thermal decomposition up to 260oC and began to decompose
gradually above that temperature. The T10 values obtained from
the TGA of the polyesters were in the range of 407 – 470oC for
terephthalic acid and 276-301oC for oxy bis benzoic acid moieties.
All the polymers show high char yield at 800oC, indicating their
good thermal stability. All azocopolyesters exhibit good LOI
values with range of 31- 36. LOI values of polyesters are more
than 26 and that reveal the self exhausting behaviour of the
polymers. Even though the polyester OBAB and methoxy group
melt around 260oC it is quite likely that in polymer system the
pyrolysis of flame retardant could catalyze the –C–O– bonding to
break easily at lower temperatures, resulting in the production of
many oligomers and some small molecular substances(Cheng-
Shou Zhao, et al., 2008).

The melt flow and vaporization of these oligomers and small
molecular substances can absorb amount of heat to protect to a
certain extent the OBAB from heating, resulting in an obvious
decrease of the fuel to the flame. In addition, azo polyesters have
more thermal stability which was observed in TG thermograms
and also they can form non-flammable gases which can dilute the

Table 1
Polymer Code Monomers Yield(%) ηinh (dL/g) Colour Spectral Analysis

C=O cm-1 N=N cm-1 C-O-C cm-1

OBAB OB+AB 72 0.80 Dark brown 1737 1592 1243 1161 1078
TAAB TA+AB 74 0.86 Brown 1728 1586 1246 1190 1068

OBABHB OB+AB+HB 68 0.74 Dark brown 1739 1593 1245 1161 1072
TAABHB TA+AB+HB 68 0.76 Brown 1727 1586 1243 1157 1056
OBABVA OB+AB+VA 64 0.68 Brown 1732 1590 1214 1159 1069
TAABVA TA+AB+VA 67 0.75 Brown 1727 1590 1259 1194 1065

Figure 1 XRD pattern of polyesters
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Table 2 Phase transition temperature of the copolyesters from DSC thermo grams
Polymer code DSC Parameter (oC) T10 (oC)TGA Parameter (0C)

Tg Tk-k Tm Ti Residue Yield (%) LOI Value
OBAB 200 - 260 256 286 39.8 33.42
TAAB 155 270 - 411 471 44.5 35.30

OBABHB 184 - 282 271 301 40.3 33.62
TAABHB 111 214 - 401 446 42.4 34.46
OBABVA 114 - 198 226 276 34.2 31.18
TAABVA 89 - 237 231 406 37.8 32.62

Figure 2 TG Curves of azo co-polyesters
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fuel concentration in flame and thus weaken or quench the flame.
Therefore, without question, azo groups in the flame retardant
polymer make contribution in enhancing flame retardance by
increasing their melting temperature and also diluting flammable
gases. DSC is used to detect the phase transition of the four azo
polyesters. The representative DSC thermo grams of OBAB and
TAAB polyesters were shown in Fig. 3.

The glass transition temperature (Tg), crystal to crystal transition
(TK-K), melting temperature (Tm) are tabulated in Table 2.
Presence of more than one endotherm in the thermograms
revealed that the polymers undergo more than one phase transition
processes when subjected to thermal treatment. DSC scan for the
typical TAAB exhibits two major endotherms. The polymer
TAAB undergoes melting above 420oC (observed from TG
curve) which was preceded by another mesophase transition
around 270 0C. This additional endotherm may be attributed to
crystal transition which is a characteristic mesophase transition
among liquid crystalline substances (Gangadhara, et al., 1995).Tg

values of the polyesters in the range of 110-200oC. The polyesters
derived from oxy bis(benzoic acid) have higher Tgvalues than
terephthalic acid. This may be due to the restricted rotation in their
structure. From the DSC and TG Curves, it is inferred that the
oxybis benzoic acid polyesters decomposed easier than
terephthalic acid.

Polymer Fibers

The electrospinning process was successfully used to embed
copolymer OBAB in a polyvinylchloride (PVC) matrix, forming
blend nanofibers. The polymer blend fibers were characterized by
FTIR, XRD and SEM Images. The presences of azo co-polyesters
in the fibers were confirmed FTIR analysis and the typical FTIR
spectrum of OBAB/PVC fibers was shown in Fig. 4The Peaks

correspond to C=O and N=N are observed at 1710 cm-1 and 1586
cm-1 respectively.

The OBAB/PVC fibers were amorphous and their XRD diffract
gram was shown in Fig. 5during fabrication, the crystal structure
of the polymer was destroyed slightly which facilitate to uniform
dispersion in the PVC polymer matrices. The SEM images of
representative polyesters OBAB, TAAB,  in PVC matrix were
shown in Fig. 6(a &b) the spun azopolyester/ PVC fibers
exhibited uniformly spherical diameters and smooth surfaces.The
fibers are uniform, well dispersed and without beads on their
surface. There is no significant disruption in the fiber structure due
to the addition of polyester to PVC. Although the present work
has been mainly focused on azopolyester/PVC fibers. From these
observations, we believe that this method could be extended to
other aromatic polyesters that cannot be directly electro spun.

CONCLUSION
Six azo co-polyesters have been synthesized by direct
polycondensation using diphenylchlorophosphate and lithium
chloride in pyridine. The polymers synthesized were characterized
by viscosity measurements, FTIR, XRD, 1H NMR, and 13C NMR.
XRD diffractograms of the polymers reveal that the polymers
have semi crystalline character at room temperature and the
crystallinity is more pronounced for polymer derived from
terephthalic acid than oxybis (benzoic acid). DSC thermograms of
copolyesters showed high glass transition temperatures and
crystal-crystal transitions during heating. The azo co-polyesters
exhibit high thermal stability and LOI calculation show that these
polymers have good thermal as well as flame resistant
characteristics. Nanofibers of polyester could be conveniently
fabricated by electrospinning with spinnable PVC matrix polymer
solution. Blending of the co-polyesters synthesized from 4, 4’-
dihydroxyazobenzene with PVC produced neat fibers with
diameter range of 300-700 nm. The SEM images of polymer

Figure 3 DSC thermograms of polyesters OBAB and TAAB
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Figure 5 XRD OF OBAB/PVC fibre
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blend fibers show excellent fibrous structure in the nano level
which may be utilized for flame retardant applications. Finally, we
conclude that it can be extended to other applications which
require high mechanical and thermal stability.
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