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Polyesters and poly(ester-imide)s have been synthesized by polycondensation reaction of terephthaloyl bis-(4-oxybenzoyl-chloride)
with a mixture of 1,12-dodecanediol and various aromatic bisphenol containing phosphorous taken in different ratios. The chemical
structure of the polymers has been confirmed by FT-IR and '"H NMR spectroscopy. The thermal stability and char yield at high
temperature have been evaluated by TGA. The mesomorphic properties have been investigated by differential scanning calorimetry,

polarized light microscopy, and X-ray diffraction measurements.

INTRODUCTION

Thermotropic  liquid crystalline polymers
(TLCPs) represent an important class of high
performance materials which combine exceptional
properties such as thermal stability, mechanical
properties, chemical resistance and melt
processability. Aromatic copolyesters represent
surely one of the most important class of nematic
TLCPs. Our specific interest in aromatic
copolyesters  containing  phosphaphenanthrene
bulky groups originates from the attractive
properties induced by the presence of this
heterocycle containing phosphorus (9,10-dihydro-
9-oxa-10-phosphaphenanthrene-10-oxide, DOPO):
improved  solubility, high thermo-oxidative
stability, good adhesion, reduced birefringence,
flame resistance etc. '° On the other hand, the
utilization of flexible spacers between the calamitic
mezogens is a known solution used to decrease the
transition temperatures. °

* Corresponding author: diana.serbezeanu@icmpp.ro

The necessity of new high performance
materials based on polymers makes the scientific
research more active in order to satisfy important
needs: flame retardant and environmentally
friendship materials. Flame resistance can be
controlled by utilization of flame retardants which
improve the resistance to ignition of the materials,
and after the fire starts, they act as inhibitors for
spreading the flame. Phosphorus-containing
compounds have received significant attention for
many years because they are considered to be the
most effective flame retardants, as demonstrated in
recent studies. '

Here we present a comparative study on the
relationship between the aliphatic/aromatic ratio,
polymer liquid crystalline phase structure, flame
retardancy, and thermooxidative stability of novel
synthesized TLCP aromatic-aliphatic copolyesters
and copoly(ester-imide)s based on terephthaloyl bis-
(4-oxybenzoyl-chloride) and a mixture of a
phosphorus-containing monomer, with an aliphatic
diol.
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RESULTS AND DISCUSSION

The polymers were prepared by solution
polycondensation of various molar amounts of
aliphatic diol 1/aromatic bisphenol containing
phosphorus 3 with aromatic diacid chloride 2, by
heating the reaction mixture for 20 h at reflux
temperature (180 °C) in o-dichlorobenzene
(Scheme 1). The reaction system was temporarly
homogeneous, and then the polymers precipitated
during the polycondensation process.

The structure of the polymers 4 was
investigated by FT-IR and "H NMR spectroscopy.
Fig. 1 shows the FT-IR spectrum of polymer 4d, as
an example. As can be seen from the FT-IR
spectrum, the most important absorbtion bands are
associated with aromatic C — H (3069 cm’,
stretching vibration), C=0 (1740 cm’', stretching

vibration), ester C —O — C (1256 cm™ and 1013 cm’™,
asymmetric and symmetric stretching vibrations),
P - O — Ar (930 cm™ and 1160 cm™, stretching
vibrations), P — Ar (1478 cm™), P=0 (1197 cm™),
aromatic C — H (757 cm™, deformation vibration
caused by the 1,2-disubsituted aromatic DOPO
rings), aromatic C — H (719 cm”, deformation
vibration from aromatic terephthaloyl ring) signals.
Aromatic C=C bands were found at 1602 cm™ and
1500 cm™. The 'H NMR spectrum of the polymer
4b exhibited characteristic peaks in the region of
8.38 — 6.87 ppm due to the presence of the
aromatic protons. The peaks that characterize the
methylene groups closed to the ester unit appeared
at 4.5 ppm (O — CH,, 4H), 1.7 ppm (O — CH, —
CH,, 4H) and the peak characterizing the other
methylene groups of the structural unit (CH,, 16H)
appeared in the region of 6 = 1.49 — 1.34 ppm.

X HO—(CH,),,—OH+ yCIOCOOOCOCOOOCOCI + 2HO—R—OH
1 2 3

|

lo—(CHz)n—O/OCOOOC—@*COOOCO/O—R—Q/ }
X . y z P

0=P-0

O

X y z R
4a 0 1 1 3a
4b 0.5 1 0.5 3a
4c 1 1 0 3a
4d 0 1 1 3b
4e 095 1 0.05 3b
4f 0 1 1 3c
4g 0.5 1 0.5 3c
4h 0.95 1 0.05 3c

Scheme 1 — Synthesis of the polymers 4.
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Fig. 1 — FT-IR spectrum of polymer 4d.

The solubility of the polymers 4 was tested in
various solvents, by using 15 mg polymer / mL
solvent, at room temperature. All the polymers 4
were easily soluble in DMAc, in NMP and DMSO
after heating the solutions, while in solvents such
as DMF or CHCI; they were only partially soluble.
It was expected that the presence of bulky
phosphorus-containing units would provide high
solubility to these polymers. However, due to high
rigidity of the segment coming from the diacid
chloride which contains three p-phenylene groups
connected by ester units, these polymers are only
soluble in highly polar solvents.

Thermal stability of the polymers 4

The thermooxidative stability of the polymers
was evaluated by TGA in air at heating rate of 10
°C/min. The most important TGA data (the initial
decomposition temperature, temperature of DTG
peaks, the yields of char residue at 700 °C) are
presented in Table 1. TGA revealed that the
polymers were stable up to 350 °C showing a 5%

weight loss in the range of 355 — 408 °C and a 10%
weight loss in the range of 385 — 432 °C. From the
differential thermogravimetric curves (DTQ), it
was observed that the polymers decomposed in
two-stage weight loss process. The first maximum
of decomposition (7},,x1) Was in the range of 400 —
479 °C and was due to the decomposition of ester
units and aliphatic moieties which were more
sensitive to degradation. The second maximum of
the decomposition (7,.x2) Was in the range of 560 —
659 °C and it was due to the degradation of
aromatic polymer chain itself (Table 1). The char
yield at 700 °C was in the range of 5.6 — 41 %
increasing with the content of phosphorus-
containing bisphenol 3. Therefore, the efficiency
against the heat transfer and air access from the
surface to the inner substrates of the polymeric
residue, and the better inhibition of the effectively
flame spread can be controlled by increasing the
content of phosphorus-containing monomer into
the final polymeric matrix.

Table 1
TG and DTG data of samples under study
Polymer IDT * Ty Toaxt® Tnaxa” Char Yield at
(W) (W) (W) O 700 °C (%)
4a 408 432 479 628 41
4b 387 401 421 601 8.4
4c 370 385 410 590 12
4d 385 403 436 659 16
4e 360 389 415 560 5.6
4f 355 390 425 615 33.6
4g 375 400 420 620 27.6
4h 375 385 400 585 18.4

% Initial decomposition temperature = temperature of 5% weight loss; ° Temperature of 10% weight loss; © First maximum
polymer decomposition temperature; ¢ Second maximum polymer decomposition temperature.
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Thermal transitions of polymers 4

The phase transition temperatures of the polymers
4, obtained during the first heating, are determined by
differential scanning calorimetry (DSC) and the data
are summarized in Table 2. The data reveal a
considerable effect of molecular structure on the
melting temperatures and mesomorphic properties as
will be discussed in this section. The polymers 4a,
4d, 4f and 4g that have no or small aliphatic content
exhibit enantiotropic mesophases and reveal nematic
phases (N, fine textures and schlieren textures),
whereas the copolyesters 4e and 4h with a higher
content of long aliphatic segment as spacer show
enantiotropic mesophase and reveal smectic phases
(SmA, fan-shape texture) because of increasing
molecular interaction of the macromolecules. As
shown in Table 2, the introduction of laterally
attached DOPO bulky groups, in small amounts, did
not affect the liquid crystalline properties, but with
increasing the content of the aromatic diol containing
DOPO groups the ability of the polymers 4a, 4d, 4f
and 4g to form more ordered liquid crystalline phases
decreased. The results suggest that the sterically
hindered DOPO group might decrease the molecular
interaction between macromolecules, which leads to
appearance of less ordered liquid crystalline
mesophases. The liquid crystalline phases were
confirmed by X-ray diffraction experiments and were
also compared with the polarized light microscopy
(PLM) observations.

Texture analysis

Polarizing light microscopy (PLM) was used to
identify the liquid crystalline phases and to
complement the phase transitions observed by
DSC. Optical micrographs of different textures are
shown in Fig. 2. The data of the mesomorphic
transition temperatures (K — LC — I) are given in
Table 2. A suitable amount of sample for each
polymer was charged between two clean glass
plates. The samples were heated up to clearing

Table 2

point which is considered as the liquid crystalline
to isotropic state transition (77). The transition
temperatures from crystal to liquid crystalline melt
were in the range of 191 °C — 385 °C and depend
slightly on the aliphatic content, polymer 4a
having the highest value for the transition K — LC
(385 °C). The LC — 1 transition temperature was
in the range of 238 °C — >400 °C and greatly
depends on the content of aliphatic diol 1.
Isotropization = temperatures  increased by
decreasing the content of 1,12-dodecanediol. Thus,
for the polymers 4a, 4f and 4g, this transition could
not be found in PLM investigation because these
polymers had too high 7; to match the limiting
temperature (400 °C) of the hot stage of PLM
equipment. 7; greatly depends on the content of
phosphorous-containing bisphenol 3.

Upon heating, all as-synthesized polymers 4
formed fine textures (Fig. 2a), difficult to ascribe
to a smectic or nematic phase, but similar to
those reported for other thermotropic polymers
based on terephthaloyl-bis(4-oxyphenylene carbonyl)
units.”*"* Upon cooling from the isotropic state the
polymers 4 behave differently as a function of the
structural unit. The flexible methylene spacer
groups separate the mesogenic alignment, thereby
reducing the overall rigidity. Thus, the polymers
containing a higher ratio of 1,12-dodecanediol
seems to form textures typical of smectic phases,
while the polymers with a smaller content of
methylene groups in the structural unit loose the
ability to organize into more ordered phases and
display only fine threated textures, typical of
nematic phases. For example, in the case of the
polymer 4h upon cooling, some tiny birefringent
droplets start to appear from the isotropic state; on
continued cooling, these tiny droplets organize in
some Schlieren droplets or they grow and populate
the whole microscopic view, more ordered phase
showing a fan-shaped texture, suggestive of a
smectic A phase (Fig. 2b).

Phase transition temperatures of polymers 4

Polymer Transition temperature in °C, from DSC ® Transition temperatures
in °C, from PLM ?

4a K261LC*(-)I K385LC(-)I

4b K;162K,188LC*(-)I K246LC3101
4c K 158K,169(188)LC*(-)I K191LC2381
4d K268LC*3201 K259LC3631
4e K, 144K,181(195)Sm225N(-)I K202LC2991
4f K293N(-)I K308LC>400I
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Table 2 (continued)

4g K, 177K, 186(189)N()I
4h K, 167(178)K,196(204)Sm(238)N3041

K259LC>4001
K209LC3121

9 Peak temperatures from DSC were taken as the phase transition temperature; ® Phase transition temperature taken from PLM
observation, first heating cycle at a heating rate of 10°C/min; K, K1, K2 — solids, Sm — smectic phase, N — nematic phase,
I — isotropic phase, LC, LC* - liquid crystalline phases; (-) Peak temperature not observed by DSC

fine texture and (b) polymer 4h cooling cycle at 252°C showing a fan-shaped texture (SmA phase).

X-Ray diffraction studies

The mesophase of the polymers was also
characterized through X-ray diffraction
measurements. The XRD data (percentage
crystallinity, d-spacing values and Bragg angles) of
the polymers 4, obtained at room temperature, are
summarized in Table 3. At room temperature the
polymer 4d showed diffraction peaks only in the
wide-angle region. Thus, the scattering halos at
around 26 = 23.5° (d-spacing of ~ 3.8 A) revealed a
typical semicrystalline behavior. The percent
crystallinity of the polymers was determined by
bisecting the experimental plot into the crystalline
domain and amorphous domain by curve fitting.

The areas under the crystalline and amorphous
domain was determined computationally and the
percentage crystallinity was calculated. The
percentage crystallinity varies from 13.3 % to 43
% depending upon the aliphatic segment content in
the polymer. The percentage crystallinity
decreased by increasing the content of aromatic
diol, from 43 %, in the case of copolyester 4h, to
13.3 %, for the polyester 4d without aliphatic diol
in the structural unit of the macromolecular chain
illustrating repressed crystallization capacities and
deregulated molecular packing due to the presence
of bulky lateral DOPO groups.

Table 3
X-ray diffraction data for the polymers 4
Polymer Peak (20) d-Spacing Crystallinity
© A) %
4a 19,3 4,6 26
23,8 3,7
4b 2,5 35,8 27
34 26,3
19 4,6
234 3,8
4d 19.8 4.5 133
23.5 3.8
4f 19.9 44 39
23.0 3.9
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Table 3 (continued)

4g 3.5 249 28
19.6 4.5
233 3.8
4h 2.2 39.8 43
19.4 4.6
234 3.8
EXPERIMENTAL Measurements
Melting points of the monomers and intermediates were
Materials

9,  10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) was purchased from Chemos GmbH, Germany.
Naphthoquinone (NQ), trimellitic anhydride chloride
(TMAC), p-aminophenol, terephthalic acid, 4-hydroxybenzoic
acid, monomer 1 (1,12-dodecanediol) were provided from
Aldrich and used as received. All other reagents were used as
received from commercial sources or were purified by
standard methods.

Synthesis of the monomers

Terephthaloyl-bis-(4-oxybenzoy-Ichloride) 2, was synthe-
sized by treating the corresponding dicarboxylic acid resulted
from the reaction between 4-hydroxybenzoic acid (2 mol) and
terephthaloyl chloride (1 mol), with excess thionyl chloride, at
reflux temperature, according to a method presented in the
literature.® m.p.: 223-226 °C. FT — IR (KBr, cm™): 1780 (COCI),
1730 (COO), 1600 (C — C aromatic), 1210 (Ph— O — OC).

2-(6-Oxido-6H-dibenz<c,e><1,2>oxaphosphorin-6-yl)-1,4-
benzenediol, 3a, and 2-(6-oxido-6H-dibenz<c,e><1,2>oxaphos-
phorin-6-yl)-1,4-naphthalenediol, 3b, were synthesized from
DOPO and benzoquinone or naphthoquinone, respectively, as
described in the literature. '

1,4-Bis[N-(4-hydroxyphenyl)phthalimidyl-5-carboxylate]-
2-(6-oxido-6H-dibenz<c,e><1,2>oxaphosphorin-6-yl)-naphtalene
3¢, was synthesized from 4-aminophenol and 1,4-[2-(6-oxido-
6H-dibenz<c,e><1,2>oxaphosphorin-6-yl)]-naphthalene-bis  (tri-
mellitate)dianhydride as previously reported by us.'® Yield=
80%. FT-IR (KBr, cm™): 3450 (-OH), 3065 (C — H aromatic),
1780 (C=0, imide carbonyl asymmetric stretching), 1730
(C=0, ester carbonyl and imide carbonyl symmetric
stretching), 1600 (C — C aromatic), 1478 (P — Ph), 1368 (C —
N — C), 1245 (ester C — O), 1205 (P=0), 1160, 925 (P — O -
Ph). "H NMR (DMSO-d, ppm): 8 = 9.8 (2H, d), 8.69 (2H,d),
8.45 (2H,m), 8.23 (2H,m), 7.95 (6H,m), 7.62 (4H,m), 7.49
(1H,m), 7.29 (5H,m), 7.09 (1H,d), 6.97 (4H,d). *'P NMR
(DMSO-d6, ppm): 6= 18.7-16.9.

Synthesis of the polymers

The polymers 4 were prepared by solution
polycondensation reaction of the diacid chloride, 2, namely
terephthaloyl-bis(4-oxybenzoyl-chloride), with a mixture of
different aromatic phenols containing phosphorus, 3, and 1,12-
dodecanediol.'**

measured on a Melt-Temp II (Laboratory Devices). Fourier
transform infrared (FT-IR) spectroscopy was performed on a
Bruker Vertex 70 at frequencies ranging from 400 to 4000 cm ™.
Samples were mixed with KBr and pressed into pellets. 'H
NMR (400 MHz) spectra were obtained on a Bruker Avance
DRX 400 spectrometer. The polymer samples were dissolved
in DMSO wupon heating and then measured at room
temperature. Thermogravimetric analysis (TGA) was
performed on 15 mg samples under air atmosphere at a
heating rate of 10 °C min™ using a Mettler Toledo model
TGA/SDTA 851 instrument. The differential scanning
calorimetry (DSC) analysis was carried out using a Perkin-
Elmer Pyris Diamond instrument using nitrogen as a carrier
gas at a flow rate of 10 mL/min. The samples were first heated
from room temperature to 350 °C using a heating rate of
10 °C/min, then cooled to 20 °C at a cooling rate of
10 °C/min. The melting temperatures (7,,; and 7,,,) and the
liquid crystalline phase transition temperatures of polymers
were taken as maximum of endothermic peaks. Polarized light
microscopy (PLM) was carried out with an Olympus BH-2
polarized light microscope fitted with a THMS 600/HSFII hot
stage, at a magnification of 200x or 400x. The mesomorphic
transition temperature and disappearance of birefringence, that
is, the crystal-to-nematic (7,,) and nematic-to-isotropic (7;)
transition, were noted. The wide-angle X-ray diffraction
(WAXD) experiments at room temperature and variable
temperature XRD were performed on a D8 Advance Bruker
AXS diffractometer using a CuKa source with an emission
current of 36 mA and a voltage of 30 kV. Scans were collected
over the 2 6 = 2 — 40 range using a step size of 0.01° and a
count time of 0.5 s/step.

CONCLUSIONS

A series of main chain thermotropic
phosphorous-containing polyesters and poly(ester-
imide)s was synthesized and studied. The char
yield at high temperatures increased by increasing
the amount of phosphorus-containing monomers.
The thermal transitions and thermotropic liquid
crystalline properties were confirmed by DSC and
X-ray diffraction experiments and were also
compared with the PLM observations. It has been
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found that the transition temperatures decrease by
increasing the content of aliphatic segment.
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