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A series of phosphorus-containing copolyesters was prepared by polycondensation of 2-(6-oxido-6H-
dibenz<c,e><1,2>oxaphosphorin-6-yl)-1,4-naphthalene diol, 1, or of an equimolecular amount of 1 and
different aliphatic diols 2, such as ethylene glycol, 1,3-propanediol, 1,4-butanediol, 1,6-hexanediol and
1,12-dodecanediol, with an aromatic diacid chloride containing two preformed ester groups 3, namely
terephthaloyl-bis-(4-oxybenzoyl-chloride). The copolyesters exhibited good thermal stability having the
decomposition temperature above 375 �C. The glass transition temperature was in the range of 96–
146 �C. The polymers exhibited thermotropic liquid crystalline behavior, as was observed with polarized
optical microscopy. DSC and X-ray experiments were also found in concordance with mesophase
formation.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Polyesters are well known as high performance engineering
thermoplastics because of their good thermal stability, chemical
resistance and excellent mechanical properties [1]. Main chain
thermotropic polyesters presented much interest in the last years
because of their many industrial and commercial applications [2].
However, they have the disadvantage of poor melt-processability
because they possess high melting and isotropization temperatures
[3–6]. The objectives of designing melt processable polyesters with
nematic structure are to reduce the melting temperature below the
thermal stability limit and to obtain a melt that remains nematic
until the onset of decomposition. There are some modification
methods to control the phase transition temperatures and to
improve the processability, such as the introduction of flexible
spacer [7–9], the addition of bulky or nonsymmetrical substituents
[10], or the use of nonlinear or bent monomers [11–13]. Another
useful approach for reducing the melting temperature of the
polymers and increasing the solubility is the copolymerization of
monomers by which the symmetry of the structure is lowered and
the lateral packing is disrupted [14–16].

Like other organic polymeric materials, the flammability of the
polyesters is shortcoming in some applications. An attractive
synthetic approach to improve flame retardancy and thermal
oxidative stability of the polymers is the incorporation of phos-
phorus into their unit structure. Phosphorus-containing polymers
are able to increase the char during burning, and thus decrease the
þ40 232 211299.
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amount of flammable zone and reduce the heat transfer from the
flame to the material. In addition, phosphorus-containing polymers
meet the requirements of low toxicity and low smoke during
combustion for environmental and health consideration [17,18]. The
utilization of monomers containing phosphorus units, such as 9,10-
dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO), which
possesses a polar P]O group and a bulky structure, resulted in
polymers with good solubility. Moreover, incorporation of DOPO
units into polymers also improved the adhesion and decreased the
birefringence [19–27]. Aromatic polyesters containing DOPO
pendent units have been prepared by the reaction of 2-(6-oxido-
6H-dibenz<c,e><1,2>oxaphosphorin-6-yl)-1,4-benzenediol with
different aromatic diacid chlorides in o-dichlorobenzene, at high
temperature [28] or by the reaction of the same DOPO-containing
diol with aromatic dicarboxylic acids using an SOCl2/pyridine
condensing agent [29].

Previously, we had prepared thermotropic polyesters and
copolyesters from the polycondensation reactions of a diacid chlo-
ride, namely terephthaloyl-bis(4-oxybenzoyl-chloride), with 2-(6-
oxido-6H-dibenz<c,e><1,2>oxaphosphorin-6-yl)-1,4-benzenediol,
or with an equimolar amount of the latter and an aromatic or
aliphatic diol [30,31]. The polymers had good thermal stability
and some of them exhibited thermotropic behavior.

Here, we describe the results of the polycondensation of
an aromatic bisphenol incorporating DOPO, 2-(6-oxido-6H-
dibenz<c,e><1,2>oxaphosphorin-6-yl)-1,4-naphthalene diol 1, or
equimolecular amount of 1 and different diols 2, with a diacid
chloride containing two preformed ester groups 3. The properties
of the polymers such as solubility, thermal stability or glass tran-
sition temperature have been investigated. Mesogenic phases were
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Table 1
The inherent viscosities and elemental analysis of the polymers 4.

Polymer hinh (dL/g) Calculated (%) Found (%)

C H P C H P

4a 0.18 70.96 3.36 4.16 70.51 3.45 4.31
4b 0.21 69.39 3.49 2.64 68.92 3.67 2.91
4c 0.20 69.58 3.61 2.60 69.12 3.80 2.82
4d 0.22 69.77 3.74 2.57 69.42 3.94 2.73
4e 0.19 70.30 4.09 2.49 69.85 4.28 2.55
4f 0.23 71.28 4.74 2.32 71.01 4.90 2.47
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observed with a hot-stage polarizing microscope. DSC and X-ray
measurements were also performed.

2. Experimental

2.1. Synthesis of the monomers

2-(6-oxido-6H-dibenz<c,e><1,2>oxaphosphorin-6-yl)-1,4-
naphthalene diol, 1, was synthesized from DOPO and naph-
thoquinone [32]. It was recrystallised from ethoxyethanol; mp.
(DSC): 279–280 �C. IR (KBr, cm�1): 3430 (–OH), 1582 (P-Ph), 1190
(P]O), 1165 and 925 (P–O–Ph). 1H NMR (DMSO-d6, ppm): d¼ 7.9
(2H, m), 7.8 (1H, m), 7.7 (1H, m), 7.5 (4H, m), 7.4 (1H, m), 7.3 (1H, m).
7.2 (1H, t), 7.1 (1H, t), 6.6 (1H, d).

Terephthaloyl-bis-(4-oxybenzoyl-chloride), 3, was synthesized
by treating with excess thionyl chloride, at reflux temperature, of
the corresponding dicarboxylic acid that resulted from the reaction
of 4-hydroxybenzoic acid (2 mol) with terephthaloyl chloride
(1 mol), according to a method presented in the literature [33];
mp.: 223–226 �C.

IR (KBr, cm�1): 1780 (COCl), 1730 (COO), 1600 (aromatic), 1210
(Ph–O–OC).

The monomers 2, such as ethylene glycol, 1,3-propanediol, 1,4-
butanediol, 1,6-hexanediol and 1,12-dodecanediol, were provided
from Aldrich and used as received.

2.2. Synthesis of the copolyesters 4

A typical polycondensation was run as shown in the following
example for the synthesis of polymer 4a: In a 50 mL flask equipped
with magnetic stirrer and nitrogen-inlet and outlet were intro-
duced bisphenol 1 (1.329 g, 0.003 mol), diacid chloride 3 (1.044 g,
0.003 mol) and o-dichlorobenzene (7.5 mL). The reaction mixture
was refluxed for 20 h, it was cooled to room temperature and
poured into methanol (20 mL), under stirring, to obtain a precipi-
tate which was filtered, washed with methanol, and dried at 100 �C
OHHO

P OO R OHHO ClOC

OOCOC*

P OO

O* O OC OOC

+ +

1

2

a b c

4

4a:        a = 1 ;         b = 0  ;      c = 1  ; 4

4c:        a = 0,5       b = 0,5     c = 1   R =   (CH2)3 4

4e:        a = 0,5       b = 0,5     c = 1   R =   (CH2)6

Scheme 1. Preparation
for 10 h. For the synthesis of copolyesters 4b–4f the same method
was used, equimolecular amount of bisphenols 1 and 2 being added
(Scheme 1).
2.3. Measurements

Melting points of the monomers and intermediates were
measured on a Melt-Temp II (Laboratory Devices). Elemental
analysis for phosphorus was performed with molybdenum blue
method [34]. The inherent viscosities (hinh) of the polymers were
determined with an Ubbelohde viscometer, by using polymer
solutions in chloroform: trifluoroacetic acid (9:1 v/v), at 20 �C, at
a concentration of 0.5 g/dL.

Infrared spectra were recorded with a Specord M80 spectro-
meter by using KBr pellets. 1H NMR spectra were recorded on
a Bruker Avance DRX-400 spectrometer, using polymer solutions in
deuterated chloroform: trifluoroacetic acid (9:1 v/v), at room
temperature.

Thermogravimetric analysis (TGA) was performed in air at
10 �C/min with a Mettler Toledo model TGA/SDTA 851. The initial
mass of the samples was 3–5 mg.

Differential scanning calorimetry (DSC) was performed with
a Mettler TA Instrument DSC 12E at a heating rate of 10 �C/min
under nitrogen atmosphere. The transition temperatures were read
OOC COO COCl

OROCOCOO

COO CO

3

b:        a = 0,5       b = 0,5     c = 1   R =   (CH2)2

d:        a = 0,5       b = 0,5     c = 1   R =   (CH2)4

4f:        a = 0,5       b = 0,5     c = 1   R =   (CH2)12
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of copolyesters 4.



Fig. 1. IR spectra of polymer 4e (a) unheated sample and (b) after heating up to 475 �C.
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at the top of the endothermic and exothermic peaks. Heat flow vs.
temperature scans from the second heating run was plotted and
used for reporting the glass transition temperature. The mid-point
of the inflexion curve resulting from the typical second heating was
Fig. 2. 1H NMR spectrum of the polymer 4f in CD
assigned as the glass transition temperature of the respective
polymers.

Polarized light microscopy (POM) investigations were per-
formed with an Olympus BH-2 polarized light microscope fitted
with a THMS 600/HSF9I hot stage, at a magnification of 200� and
400�. The mesomorphic transition temperature and disappearance
of birefringence, that is, the crystal-to-nematic (Tm) and nematic-
to-isotropic (Ti) transition were noted.

Wide-angle X-ray diffraction (WAXD) measurements were
performed using TUR-M62 diffractometer, and nickel-filtered Cu Ka
radiation.

3. Results and discussion

3.1. Synthesis procedure and general characterization

Aromatic copolyesters 4 were synthesized from a DOPO-con-
taining bisphenol 1 or an equimolecular amount of 1 and different
diols 2 with a diacid chloride having two ester groups 3 (Scheme 1).
The process was performed by heating the reaction mixture for
20 h at reflux temperature. The reaction system got temporarily
homogeneous, than the polymers precipitated during the poly-
condensation process. The inherent viscosities of the polymers,
measured in chloroform/trifluoroacetic acid (9:1 v/v) were in the
range of 0.18–0.23 dL/g (Table 1).

The structure of the resulting polymers was investigated by
elemental analysis, IR and 1H NMR spectroscopy. The data obtained
from elemental analysis for C, H and P content, showed that in all
cases the determined carbon content was a little lower than the
calculated one, probably due to the humidity absorption (Table 1).
Fig. 1(a) shows the IR spectrum of polymer 4e, as an example. The
characteristic absorption peak at 1740 cm�1 was due to carbonyl
asymmetric stretching of ester groups. The IR spectra showed also
a broad weak absorption peak between 3600 cm�1 and 3200 cm�1

which is characteristic of the stretching vibration of unreacted OH
groups. A longer reaction time did not lead to the disappearance of
such weak absorption bands. Characteristic absorption peaks
appeared at 925 cm�1 and 1160 cm�1 due to P–O–Ar groups, at
1470 cm�1 due to Ar–P groups and at 1205 cm�1 due to P]O
Cl3/trifluoroacetic acid, at room temperature.
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groups. Aromatic C]C bands were found at 1600 cm�1 and
1500 cm�1, while aromatic C–H absorption was found at
3070 cm�1. In the case of the IR spectra of polymers 4b–4f char-
acteristic absorption bands appeared at 2920 cm�1 and 2830 cm�1

due to the presence of methylene groups.
The 1H NMR spectrum of the polymer 4f is presented in Fig. 2. As

it can be seen the spectrum of the polymer 4f exhibited charac-
teristic peaks in the range of 8.54–7.09 ppm due to the presence of
the aromatic protons and two broad singlets, which correspond to
the methylene groups located in the a-position of the ester linkages
(O–CH2, 4H, peak a, Fig. 2) and in the b-position of the ester link-
ages, respectively (O–CH2–CH2, 4H, peak b, Fig. 2). The peak char-
acterizing the other methylene groups of the structural unit (CH2,
16H, peak c, Fig. 2) appeared at about 1.37 ppm.

Except polymer 4f, all other polymers were not soluble in
organic solvents such as N-methyl-2-pyrrolidone or N,N-dime-
thylformamide but they were soluble in a mixture of chloroform/
trifluoroacetic acid (9:1 v/v).
Fig. 3. Optical polarized micrographs for 4a first heating at 270 �C (a) and second heating at
371 �C (f) (magnification 200�).
3.2. Mesophase identification

The morphological textures of the copolyesters were studied as
a function of temperature in a hot-stage polarizing optical micro-
scope. Photomicrographs of different textures are shown in Figs. 3
and 4. The data of the mesomorphic transition temperatures (K /

LC and LC / I) are given in Table 2. All obtained polymers showed
fine textures, difficult to ascribe, similar as reported for thermo-
tropic polyesters based on terephthaloyl-bis(4-oxyphenylene
carbonyl) units [12,16,35–37].

The transition temperature from crystal to liquid-crystalline
melt was in the range of 205–259 �C and depends greatly on the
content of aliphatic CH2-groups. Melting transition temperatures
decreased with increasing the number of methylene units. Thus,
the copolyester 4f based on 1,12-dodecanediol exhibited the lowest
solid to LC mesophase transition (205 �C) while the polyester 4a
exhibited the highest value (259 �C). The isotropic phase for poly-
mers 4b, 4d and 4e was not detected up to initial thermal
286 �C (b), 4b first heating at 316 �C (c) and 390 �C (d), 4c first heating at 334 �C (e) and
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decomposition temperature. When the LC polymer melt sheared on
glass plates, they exhibited a fine ordered nematic texture in the
case of polyester 4a (Fig. 3b), Schlieren nematic textures in the case
of copolyesters 4b and 4c (Fig. 3d and 3f) or highly birefringence
nematic textures in the case of copolyesters 4d and 4e (Fig. 4b and
4d). On cooling from isotropic state the polymers 4a, 4c and 4f
clearly revealed the appearance of a birefringence LC melt (Fig. 4f).

The transition temperatures of the copolyesters 4 measured by
DSC were compared with those obtained from the optical polarized
microscopy measurements. These two methods gave similar results
which are listed in Table 2. The observed differences could be
explained by the variation of heating/cooling rate, amounts of
sample used and the presence of different atmosphere (nitrogen, in
the case of DSC measurements and air, in the case of optical
polarizing microscopy investigation).

The glass transition temperature (Tg), clearly seen in the second
heating scan, was in the range of 96–146 �C (Table 2) being
Fig. 4. Optical polarized micrographs for 4d first heating at 270 �C (a) and 290 �C (b), 4e fir
247 �C (f) (magnification 200�).
dependent on the nature of the aliphatic diols 2. Thus, the fully
aromatic polyester 4a exhibited the highest Tg (146 �C). The intro-
duction of an aliphatic diol decreased the Tg. It was observed that
the Tg decreased by increasing the number of the methylene groups
of the structure of the aliphatic diol. Polymer 4f derived from 1,2-
dodecanediol exhibited the lowest Tg (96 �C).

Thermal transitions for solution precipitated polymers were
characterized by DSC measurements with a heating and cooling
rate of 10 �C/min. Their phase transition temperatures of first
heating scan and second heating scan are listed in Table 2. Typical
DSC scanning curves for polymer 4f are shown in Fig. 5. The DSC
curves of polymers 4b–4f showed multiple endotherms. This
phenomenon of double melting was reported in many papers as
a feature in common for liquid crystalline polyesters [38–40].

The DSC trace of the copolymer 4f, obtained during the first
scan, is illustrated in Fig. 5a. Upon heating from 20 �C to 350 �C the
copolymer 4f shows four different transitions: a double melting can
st heating at 265 �C (c) and 307 �C (d), 4f first heating at 216 �C (e) and first cooling at



Table 2
Phase transitions of the polymers 4 determined by DSC at scan rate of 10 �C/min on the first and second heating scans and microscopy observation.

Polymer Thermal transition from DSC Transition temperatures from POM (�C)

First heating scan Second heating scan

Tg (�C) Tm1 (�C) Tm2 (�C) T (�C) Ti (�C) Tg (�C) Tm1 (�C) Tm2 (�C) T (�C) Ti (�C)

4a 147 268 – 295 – 146 – – – – K259LC363I
4b 138 216 235 309 – 142 218 – – – K254LC> 393I
4c 125 259 282 317 – 126 – – – – K250LC380I
4d 114 236 258 283 – 115 – – – – K250LC> 373I
4e 102 215 232 298 – 112 – – – – K241LC> 381I
4f 89 173 199 253 296 96 166 – – 315 K205LC305I

Tg: Glass transition temperature; Tm1, Tm2: multiple melting transition; T: mesomorphic transition temperature; Ti: clearing point; K: crystal; LC: LC phase; I: isotropic phase.
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be seen with endothermic peaks at 173 �C (Tm1) and 199 �C (Tm2)
followed by one large endothermic peak centered at 253 �C and one
tiny endothermic peak at 290 �C. The multiple melting behavior has
previously attributed to reasons including the presence of different
crystal structures [41,42] or to crystal reorganization [43,44] or to
different components of the morphology formed in two stages of
crystallization [45].

From a comparison with POM measurements we assigned the
peaks at 173 �C and 199 �C to a crystal–LC transition and the peak at
290 �C to the corresponding nematic–isotropic transition. Second
rescan of the polymer 4f after cooling from the mesomorphic state
(Fig. 5b) transformed the double melting peaks into one broad tiny
endotherm (166 �C) while the Ti transition occurred at about
315 �C. The same behavior was observed for the copolyesters 4b–4e
with the exception that the Ti transition did not appear before
350 �C. The values for the Tm1, Tm2 and T were listed in Table 2.

3.3. X-ray diffraction

The polymers 4 were subjected to wide-angle X-ray diffraction
measurements, and the WXRD patterns are shown in Fig. 6. The %
crystallinity, d-spacing values and Bragg angles of the copolyesters
are summarized in Table 3. The polyester 4a showed two main
diffraction peaks at 2q¼ 16.4�, d¼ 5.4 Å and 2q¼ 22.8�, d¼ 3.9 Å,
respectively, and some other small peaks (Fig. 6 – 4a). Copolyesters
4b–4f showed the two main diffraction peaks around 2q¼ 19.4�

and 2q¼ 23.1� at different d values (Table 3). In the case of the
copolyesters 4d–4f the two main diffraction peaks appeared similar
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Fig. 5. DSC thermograms of the polymer 4f for the first heating cycle (a) and the
second heating cycle (b) at 10 �C/min.
but more intense when compared with the copolyesters 4b and 4c.
With the increasing content of methylene groups in every struc-
tural unit of copolyesters, the intensity of the original two main
diffraction peaks for 4b and 4c increased and becomes sharper for
the copolyesters 4d–4f.

The % crystallinity of the polymers was determined by bisecting
the experimental plot into crystalline domain and amorphous
domain by curve fitting. The areas under the crystalline and
amorphous domain are determined computationally and the %
crystallinity was calculated. The % crystallinity varies from 11.7% to
26.2% depending upon their methylene groups content in the
polymer. The % crystallinity initially decreases from 13.3%, in the
case of polyester 4a, to 11.7%, for the copolyester 4b which contains
two –CH2-groups and increases by increasing the number of –CH2-
groups in the structural unit of the macromolecular chain. Thus, the
copolymer 4f based on 1,12-dodecanediol has the highest %
crystallinity.

XRD pattern at different temperatures for the polymer 4f is
shown in Fig. 7. Temperature dependant X-ray diffraction diagrams
at 24 �C, 190 �C, 220 �C and 240 �C, respectively, for the polymer 4f
were taken. At room temperature, the polymer 4f possesses low-
angle diffraction peaks at 2q¼ 3.83�, 2q¼ 6.06� and 2q¼ 7.11� and
four wide-angle peaks at 2q¼ 16.30�, 2q¼ 19.25�, 2q¼ 20.69� and
2q¼ 22.94� which suggest a layer ordered crystalline structure.
Two diffraction peaks at 2q¼ 3.75� and 2q¼ 5.50� were visualized
after heating the sample to mesomorphic state (190 �C) suggesting
at this moment the presence of a smectic structure. The X-ray
diffraction diagram at 240 �C shows only a broad reflection around
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Fig. 6. Wide-angle X-ray diffractograms of the polymers 4.



Table 3
Observed X-ray diffraction data for polyesters 4.

Polymer Peak (2q) (�) d-Spacing (Å) Intensity Crystallinity (%)

4a 16.4 5.4 sS 13.3
17.5 5.1 vwB
19.8 4.5 sB
22.8 3.9 sS
23.5 3.8 mB

4b 19.2 4.6 mB 11.7
19.7 4.5 wB
23.6 3.8 mB

4c 20.1 4.4 mB 12.8
22.7 3.9 wB
24.5 3.6 wB

4d 19.3 4.6 vsS 20.8
23.1 3.9 sS

4e 16.6 5.4 vwB 24.3
19.4 4.6 vsS
23.1 3.9 wB

4f 16.5 5.4 mS 26.2
19.6 4.5 sS
21.1 4.2 mB
23.0 3.9 sB
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2q¼ 19.66�, the low-angle peaks disappeared indicating one less-
ordered nematic mesophase.
Fig. 8. TG and DTG curves of polymers 4a, 4e and 4f.
3.4. Thermal stability

The thermo-oxidative stability was evaluated by thermogravi-
metric analysis (TGA) in air, at heating rate of 10 �C/min. Fig. 8
shows the TGA results generated on the 4a, 4e and 4f samples
under study. The most important TGA data (the initial decompo-
sition temperature, temperature of DTG peaks, the yield of char
residue at 600 �C) are also summarized in Table 4. The polymers did
not show significant weight loss below 375 �C. They began to
decompose in the range of 379–395 �C showing a 10% weight loss
in the range of 385–407 �C.

As it can be seen from differential thermogravimetric (DTG)
curves, the phosphorus-containing copolyesters decompose in
a two-stage weight loss process. The first maximum of decompo-
sition (Tmax1) was in the range of 418–436 �C and was due to the
destruction of ester units and DOPO groups which were more
sensitive to degradation. The second maximum of the
0 5 10 15 20
2θθ

25 30 35 40 45

240°C

220°C

190°C

24°C

Fig. 7. XRD pattern of the polymer 4f at different temperatures.
decomposition (Tmax2) was in the range of 592–659 �C and was due
to the degradation of polymer chain itself (Table 4). The FTIR
spectrum of the solid residue of the polymer 4e, after heating the
sample up to 475 �C with the heating rate of 10 �C/min, was
examined (Fig. 1b). The value of 475 �C represents the temperature
of the end of the first decomposition process, from DTG curve
(Fig. 8). As can be seen from Fig. 1 and as we discussed earlier, the
most important absorption bands in the IR spectrum of unheated
sample (spectrum a) are associated with aromatic C–H (3067 cm�1,
stretching vibration), aliphatic C–H (2920 cm�1 and 2840 cm�1,
asymmetric and symmetric stretching vibrations), C]O
(1740 cm�1, stretching vibration), ester C–O–C (1260 cm�1 and
1005 cm�1, asymmetric and symmetric stretching vibrations), P–O
(925 cm�1, stretching vibration), aromatic C–H (758 cm�1, defor-
mation vibration caused by the 1,2-disubstituted aromatic DOPO
rings), aromatic C–H (716 cm�1, deformation vibration from
aromatic terephthaloyl ring) [46,47].

Heating to 25% weight loss brings about a decrease in intensity
of the aliphatic C–H, C]O and C–O–C ester absorption bands,
associated with the decomposition of the ester bonds followed by
the volatilization of the aliphatic moieties from the macromole-
cule. This process is almost complete at about 50% weight loss as
the corresponding IR spectrum (Fig. 1b) does not exhibit the
absorption bands characteristic for aliphatic structures. However,
during the decomposition process, the C]O stretching vibration
Table 4
Thermal properties of the polymers 4.

Polymer IDTa (�C) T10
b (�C) Tmax1

c (�C) Tmax2
d (�C) Char yield at 600 �C (%)

4a 385 403 436 659 28
4b 393 407 429 628 23
4c 381 388 419 625 22
4d 379 385 420 600 19.5
4e 395 405 418 603 17
4f 390 398 422 592 14

a Initial decomposition temperature¼ the temperature of 5% weight loss.
b Temperature of 10% weight loss.
c First maximum polymer decomposition temperature.
d Second maximum polymer decomposition temperature.
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does not completely vanish, but becomes smaller and moves to
1734 cm�1. The new position of the C]O stretching vibration is in
agreement with that in polyarylates [46,48]. At this stage we may
assume that a transformation of the aromatic–aliphatic copoly-
ester to an aromatic–aromatic one may take place by disappear-
ance, during the decomposition process, of the aliphatic moieties.
The other new broad absorption bands located at 1231 cm�1,
1172 cm�1, 1060 cm�1 and 734 cm�1 are also in agreement with
the formation of the aromatic–aromatic polyester. Another new
broad absorption band centered at 1598 cm�1 is associated with
the formation of polyaromatic structures [49]. The organophos-
phorus P–O–C group incorporated in the solid residue is distin-
guishable by the absorption band at 925 cm�1 [47]. The
characteristic bands of P–C and P]O were observed at 1467 cm�1

and 1180 cm�1, respectively indicating the presence of phos-
phorus in the solid residue. It can be concluded that in the first
step of degradation, the destruction of aliphatic moieties and ester
groups with an increase of phosphorus content took place. This
agreed with the high char yield at high temperature. The char
yields at 600 �C were in the range of 14–28% (Table 4). A decrease
of char yield at 600 �C was observed by introduction of aliphatic
diols with a higher number of methylene groups. The high char
yield limits the production of combustible gases, decreases the
exothermicity of the pyrolysis reactions of the polymers, inhibits
the thermal conductivity of the burning materials, thus increasing
the flame retardancy of the polyesters.
4. Conclusions

The polycondensation of 2-(6-oxido-6H-dibenz<c,e><1,2>
oxaphosphorin-6-yl)-1,4-naphthalene diol 1, or equimolecular
amount of 1 and different aliphatic diols 2, with terephthaloyl-bis-
(4-oxybenzoyl-chloride), in o-dichlorobenzene, at high tempera-
ture, gave phosphorous-containing aromatic copolyesters. They
exhibited good thermal stability, with decomposition temperature
above 375 �C and glass transition temperatures in the range of 96–
146 �C. The thermotropic liquid crystalline behavior occurred upon
polymer melting was observed by POM and DSC. The phosphorous-
containing copolyesters were shown by POM and X-ray diffraction
to form liquid crystalline phases. The copolyester which had the
lowest isotropization temperature was the polymer containing the
longest flexible 12-methylene spacer linkage. LC copolyesters
containing shorter 2,3,4 or 6-methylene flexible spacer units
exhibited the most birefringent LC textures and, upon formation of
the LC state, showed no isotropization temperature below 370 �C.
The % crystallinity increases by increasing the number of –CH2-
groups in the structural unit of the macromolecular chain.
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