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Abstract A series of phosphorus-containing copoly(ester-imide)s was prepared by
polycondensation reaction of 2-(6-oxido-6H-dibenz<c,e><1,2>o0xaphosphorin-6-
yl)-1,4-naphthalene diol, 1, or of various mixtures of 1 and 1,12-dodecanediol, 3,
with an aromatic diacid chloride containing preformed imide rings, 2, namely
4-chloroformyl-N-(p-chloroformylphenyl)-phthalimide. The polymers exhibited
thermotropic liquid crystalline behavior, as was observed by means of polarized
light microscopy, differential scanning calorimetry, and X-ray investigations. The
copoly(ester-imide)s showed good thermal stability having the temperature of 5%
weight loss above 365408 °C and char yield at 700 °C in the range 8.8-48%.

Keywords Poly(ester-imide)s - Phosphorus-containing polymers -
Thermal stability - Thermotropic liquid crystalline behavior

Introduction

Aromatic polyimides are well-known polymers which possess high thermal
stability, good mechanical properties and chemical resistance, and low dielectric
constant, thus being versatile engineering polymers. Due to their unique properties
these polymers have a wide range of potential applications in several modern
technologies. They are very suitable for electro-insulating materials and protective
layers and coating formulations for aircraft, automotive, and aerospace applications,
as well as matrix resins for high performance light weight composites [1-3].
However, because of their chain rigidity and strong interchain interaction, most
polyimides are insoluble in common organic solvents and intractable in their
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imidized forms [4, 5]. Significant efforts in the area of aromatic polyimides have
been made to improve the solubility and processability through the incorporation of
flexible linkages into the monomers or by the introduction of supplemental
heterocyclic units in the main chain, or bulky substituents along the polymer
backbone [6-8]. It has been demonstrated that the incorporation of phosphorus atom
into the polymers increases the solubility, thermal stability, and fire-retardant
properties [9-17].

Phosphorus-containing polymers have been the focus of considerable research
interest not only for the flame retardancy but also on a more fundamental level
because they exhibit a range of unusual liquid crystalline behaviors. Liquid
crystalline polymers are particularly attractive due to their potential applications in
optical switching, optical data storage, and optical display [18-20].

As novel flame retardants, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) and its derivative 2-(6-oxido-6H-dibenz<c,e><1,2>o0xaphosphorin-6-yl)-
1,4-naphthalene diol have been extensively studied [21-23]. The research study,
however, is mainly focused on the characterization of flame retardancy of polymers
based on such compounds. Few researchers took into consideration the application of
thermotropic liquid crystalline polymer (TLCP) in the field of improving flame
retardancy of ignitable polymers [24]. Introduction of phosphorus-containing bulky
groups into the macromolecular chain of TLCP can enhance the flame retardancy of
the polymer, and it can also decrease the melt temperature of TLCP due to its
branching effect [25, 26].

Previously, liquid crystalline poly(ester-imide)s were synthesized by Lenz
starting from 4-chloroformyl-N-(p-chloroformylphenyl)-phthalimide and various
aliphatic diols, in which the number of methylene spacers varies from 4 to 12, by
solution polycondensation in refluxing 1,2,4-trichlorobenzene [27]. The family of
such polymers abbreviated as PEIM(n), where n represents the number of methylene
units in the structure, has the same chemical structure as those synthesized by
Kricheldorf’s group which found that PEIMs with even number of CH, form a
crystalline state with a layered supermolecular order, a so-called crystalline smectic
state [28-31].

To further investigate the relationship between the aliphatic/aromatic ratio, and
the liquid crystalline phase structure and thermo-oxidative stability of polymers, we
have synthesized a series of thermotropic liquid crystalline aromatic-aliphatic
copoly(ester-imide)s by the reaction of, various mixtures of 2-(6-oxido-6H-
dibenz<c,e><1,2>o0xaphosphorin-6-yl)-1,4-naphthalene diol, 1, and 1,12-dode-
canediol, 3, with 4-chloroformyl-N-(p-chloroformylphenyl)-phthalimide, 2.

Experimental
Materials

DOPO was purchased from Chemos GmbH, Germany. Naphthoquinone (NQ),
p-aminobenzoic acid, trimellitic anhydride, thionyl chloride, and 1,12-dodecanediol
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were provided from Aldrich and used as received. All other reagents were used as
received from commercial sources or were purified by standard methods.

Measurements

Melting points of the monomers and intermediates were measured on a Melt-Temp
II (Laboratory Devices). The inherent viscosities of the polymers, #,,, were
measured using an Ubbelohde viscosimeter, at 20 °C by using 0.5 g/dL solutions in
N-methylpyrrolidone. Fourier transform infrared (FT-IR) spectroscopy was per-
formed on a Bruker Vertex 70 at frequencies ranging from 400 to 4,000 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 CHCls/trifluoroacetic acid (9/1, v/v) and then measured at room
temperature. 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
200 °C using a heating rate of 10 °C/min. The melting temperatures 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/HSF9I 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 were performed on a D8 Advance Bruker AXS
diffractometer using a Cu-Ko source with an emission current of 36 mA and a
voltage of 30 kV. Scans were collected over the 20 = 2-40 range using a step size
of 0.01° and a count time of 0.5 s/step. FT-IR spectroscopy in attenuated total
internal reflection (ATR) configuration has been applied to the study of mesomor-
phic behavior of polymer 4d, in the temperature range of 25-140 °C. The
temperature-dependent FT-IR-ATR spectra were recorded in heating runs, on a
Vertex 70 (Bruker, Germany) spectrometer equipped with a Golden Gate ATR
accessory (Specac Ltd.) and a temperature controller. The single reflection IRE was
diamond, with an incidence angle of 45°. The measurements were performed in the
4,000-600 cm™! spectral range, at a heating rate of 5 °C/min, with 64 scans, at
2 cm™! resolution. 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.

Synthesis of the monomers

4-Chloroformyl-N-(p-chloroformylphenyl)-phthalimide, 2, was obtained by treating
with excess thionyl chloride, at reflux temperature, the corresponding dicarboxylic
acid resulting from the condensation of trimellitic anhydride with p-aminobenzoic
acid; mp: 194-195 °C. FT-IR (KBr, cm™'): 1780 (C=0 of imide ring and COCI),
1720 (C=0 of imide ring), 1600 (aromatic), 1390 (C-N), 1100 and 720 (imide ring).
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'"H NMR (DMSO-de, ppm): 6 = 8.38 (1H, d), 8.29 (1H, s), 8.12 (1H, s,), 8.05
(2H, s), 7.65 (2H, d) [32].

2-(6-Oxido-6H-dibenz<c,e><1,2>oxaphosphorin-6-yl)-1,4-naphthalene diol, 1,
was synthesized from DOPO and NQ [33]. It was recrystallized from ethoxy-
ethanol; mp (DSC): 279-280 °C. FT-IR (KBr, cm™'): 3430 (-OH), 1582 (P-Ar),
1190 (P=0), 1165 and 925 (P-O—Ar). "H NMR (DMSO-de, ppm): 6 = 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).

Synthesis of the polymers

The synthetic route of the polymers 4 is presented in Scheme 1. The poly(ester-
imide) 4a was obtained by solution polycondensation reaction of diacid chloride 2
with aromatic naphthalene diol 1; this polymer was previously reported and here it
was used for comparison with the new polymers [11]. The copoly(ester-imide)s
4b—4d have been prepared by solution polycondensation reaction of diacid chloride
2 with a mixture of naphthalene diol 1 and 3, taken in various ratios, according to
Scheme 1. The experimental details are described below using polymer 4c¢ as
example: 0.374 g (0.001 mol) of aromatic naphthalene diol 1, 0.202 g (0.001 mol)
of aliphatic diol 3, 0.696 g (0.002 mol) of diacid chloride 2, and 7 mL of
o-dichlorobenzene were introduced in a 100-mL flask equipped with magnetic
stirrer and nitrogen inlet and outlet. The reaction mixture was refluxed for 20 h and
then it was cooled to room temperature. The product was filtered off, washed with
methanol, and dried at 100 °C for 5 h. The polymer was purified by reprecipitation
in methanol from chloroform/trifluoroacetic acid (9/1, v/v) and dried at 80 °C for
8 h under vacuum. Yield: 89%. The same procedure was used to synthesize the
copoly(ester-imide)s 4b and 4d.

Results and discussion

Synthesis, chemical structure confirmation, and general characterization
of the polymers 4

The aromatic—aliphatic polymers 4b—4d were synthesized from 2-(6-oxido-6H-
dibenz<c,e><1,2>o0xaphosphorin-6-yl)-1,4-naphthalene diol, 1, 4-chloroformyl-N-
(p-chloroformylphenyl)-phthalimide, 2, and aliphatic diol 3, by heating the reaction
mixture for 20 h at reflux temperature (180 °C) using o-dichlorobenzene as reaction
medium. The reaction system became temporarily homogeneous, and then the
polymers precipitated during the polycondensation process. The inherent viscosities
of the polymers, measured in N-methylpyrrolidone, were in the range of
0.11-0.26 dL/g (Table 1), suggesting moderate molecular weights for this type
of PEIs.

The structure of the polymers was confirmed by FT-IR and 'H NMR
spectroscopies. Figure 1 shows the FT-IR spectrum of polymer 4d, as example.
As can be seen, the most important absorption bands are associated with aromatic
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Scheme 1 Synthesis of the polymers 4

Table 1 Inherent viscosity and solubility of polymers 4

Polymer Hinh NMP DMAc DMF THF CHCl, CHCI5/TFA Acetone

4a 026  + + + - + + -
4b 022+ + + - + + -
4c 016  + + + - + + -
4d 011 + + + - + + -

NMP N-methylpyrrolidone, DMAc N,N-dimethylacetamide, DMF N,N-dimethylformamide, THF tetra-
hydrofuran, TFA trifluoroacetic acid, + soluble, & partially soluble, — insoluble

C-H (3068 cm™', stretching vibration), aliphatic C-H (2920 and 2851 cm™'

asymmetric and symmetric stretching vibrations), C=0 groups of imide rings
and ester linkages (1783 and 1724 cm™', asymmetric and symmetric stretching
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Fig. 1 FT-IR spectrum of polymer 4d

vibrations, ester C-O-C (1276 and 1019 cm™', asymmetric and symmetric
stretching vibrations), P-O-Ar (925 and 1170 cm ™!, stretching vibrations), P—Ar
(1471 cm™ 1Y), P=0 (1216 cm™"), aromatic C-H (767 cm™', deformation vibration
caused by the 1,2-disubstituted aromatic DOPO rings [34, 35]. Characteristic
absorptions of aromatic C=C bands were found at 1606 and 1512 cm™".

The "H NMR spectrum of the polymer 4b (recorded in CDCl3/CF;COOH = 9/1,
v/v) is presented in Fig. 2 with the assignments for all protons. The protons H4,
Hs, and H,¢ closed to imide ring appeared at higher ppm in the 'H NMR spectrum
(8.58-8.35 ppm). The protons of DOPONQ unit appeared in the range of
8.19-7.25 ppm. The polymer showed characteristic peaks of the aliphatic protons,
one singlet which corresponds to the methylene groups located in the a-position of
the ester linkages (O—CH,, 4H,9, 6 = 4.35 ppm) and one singlet which corresponds
to the methylene groups located in the f-position of the ester linkages, respectively
(O-CH,—CH,, 4H;0, 6 = 1.8 ppm). The peak characterizing the other methylene
groups of the structural unit (CH,, 16H,,) appeared at 6 =~ 1.45-1.25 ppm. From
the "H NMR spectra of the copolymers it was found that the composition of the
polymer is similar with the composition of the reactants used in synthesis.

The solubility of the polymers 4 was tested in various solvents, by using 15 mg
polymer/mL solvent, at room temperature, and the results are presented in Table 1.
All the polymers were easily soluble in polar aprotic solvents like N-methylpyrr-
olidone, N,N-dimethylformamide, or N,N-dimethylacetamide. The poly(ester-imide)
4a exhibited limited solubility in chloroform, while the copoly(ester-imide)s 4b—4d
were easily soluble. The higher solubility of these polymers can be explained by the
presence of dodecane segments which increase the flexibility of the macromolecular
chains and the free volume of the polymer thus increasing the solubility. All the
polymers 4 were easily soluble in a mixture of chloroform/trifluoroacetic acid
9/1 (v/v).
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Fig. 2 '"H NMR spectrum of polymer 4b

Liquid crystalline properties
Polarized light microscopy

The morphological textures of the polymers were studied as a function of
temperature in a hot-stage polarized light microscope. Photomicrographs of
different textures are shown in Fig. 3. The data of the mesomorphic transition
temperature 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
point, which is considered as the liquid crystalline to isotropic state transition.
The transition temperatures from crystal to liquid crystalline melt were in the range of
108-329 °C and depended on the aliphatic content. Thus, the polymer 4a without
methylene units had the highest value for the transition K — LC (329 °C). The LC — 1
transition temperatures for the polymers 4 were in the range of 139-389 °C.
Isotropization temperature (7}) greatly depends on the content of phosphorus-containing
monomer 1. The transition temperatures of the polymers 4 obtained by PLM were
compared with those measured by differential scanning calorimetry. These two methods
gave comparable results as seen in Table 2. The observed differences could be explained
by the variation of the heating—cooling rate, amounts of the sample used for the
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Fig. 3 Optical micrographs of polymers 4: a polymer 4b during heating cycle at 195 °C; b polymer 4d
heating cycle up to 121 °C; ¢ polymer 4b heating cycle up to 273 °C; and d polymer 4b cooling cycle at
135 °C showing fine droplets appearance from the isotropic state

Table 2 Phase transition temperatures of synthesized polymers 4

Polymer PLM* DSC?

K - LC LC > 1 T, Thermal transitions
4a 329 389 195 -
4b 139 273 - K; 96 K, 137 LC (-) I
4c 108 143 - K; 61 K, 83LC 1431
4d 112 139 - K; 58 K, 84 LC 1381

T, glass transition temperature, K;, K> solids, LC liquid crystalline phase, I isotropic state, (-) peak
temperature not observed by DSC

% Phase transition temperature taken from PLM observation, first heating cycle at a heating rate of
10 °C/min

® Peak temperatures from DSC were taken as the phase transition temperature

measurements, or the presence of the different atmosphere (nitrogen, in the case of DSC,
and air, in the case of the PLM investigation).

Upon heating all as-synthesized polymers 4 formed fine textures, difficult to
ascribe to a smectic or nematic phase. The polymer 4a formed nematic phase
according to the observation of its optical texture on a cross-polarizing microscope.
When the LC polymer melt sheared on glass plates, they exhibited fine LC textures
(Fig. 3a, b). The isotropic phase for polymer 4b can be observed in Fig. 3c. On
cooling from the isotropic state, the sample 4b exhibited fine droplets (Fig. 3d).
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Thermal transitions behavior

The thermal properties and the phase transition temperatures of the synthesized
polymers were determined by DSC and are summarized in Table 2. Figure 4 shows
typical DSC heating curves of the polymers 4c and 4d, at a heating rate of
10 °C/min. The polymer 4a showed T, at 195 °C. The as-synthesized polymer 4b
exhibited a broad tiny endotherm centered at 97 °C and a broad endotherm centered
at 137 °C, which corresponded to a K to LC and no peak temperature for the
nematic-to-isotropic transition. The DSC traces of the polymers 4¢ and 4d show
melting endotherms centered at 61 °C/83 °C and 58 °C/84 °C, respectively, while
the liquid crystalline to isotropic state transitions appeared at 143 and 138 °C,
respectively. The lower melting temperature (7;,) values for these polymers
compared to related poly(ester-imide)s without aliphatic segments have been
attributed to the presence of aliphatic diol unit leading to more disordered
arrangements.

X-ray diffraction

The mesophases of the polymers were also characterized through X-ray diffraction
measurements. Representative XRD curve for 4d at room temperature is shown in
Fig. 5. The sample 4d showed sharp and strong peaks at low angle (20 ~ 3.28° and
6.24°, respectively), and strong sharp peaks in wide angle (20 ~ 16.52° and
22.73°). Other studied polymers showed relatively broad reflections at wide angles
(associated with the lateral packing) and only one weak sharp reflection at small
angles (associated with weak smectic layers), which evidenced the inability to
identify smectic organizations under DSC and PLM observations [36]. 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 domains were determined computationally and the
percentage crystallinity was calculated. The polymers 4c¢ and 4d exhibited the
percentage crystallinity equal to 38.73 and 50.26%, respectively. The percentage
crystallinity decreased upon increasing the content of aromatic diol, which

Fig. 4 DSC thermograms
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Fig. 5 XRD pattern of the polymer 4d at room temperature

illustrates repressed crystallization capacities and deregulated molecular packing as
a result of the presence of bulky lateral DOPO groups.

FT-IR-ATR analysis

The FT-IR-ATR analysis was used to investigate the changes in the peak position,
bandwidth or area of the bands and splitting of some fundamentals, modifications
which are related to the mesomorphic behavior and order—disorder transition. It was
considered that the most sensitive ways of molecular packing are both scissoring
(1469 cmfl) and rocking modes (724 cmfl) of CH, vibrations [37-39]. The
thermally induced changes on the C—H stretching modes provide information about
conformational mobility of the alkyl chains. As can be seen in Fig. 6, in the region of
CH aliphatic stretching vibrations, the spectrum remained essentially unchanged
during the K — LC phase transition and only an increase of the overall intensity could
be noted. In the LC phase, the splitting of the CH, absorption bands was still
preserved. When the temperature increased to 110 °C, several absorbance peaks were
noted. In Fig. 6a, it can be seen that the peaks at 2920 and 2851 cm™!, which were
attributed to asymmetrical and symmetrical stretching of the methylene group,
respectively, decreased with increasing temperature. The phase transition can also be
monitored by using the stretching vibrations of the phosphorous groups. Figure 6b
presents the temperature-dependent FT-IR-ATR spectra in the 1600-600 cm ™
spectral region. When the temperature increased to 110 °C the absorbance band of
P=0 groups was observed in the spectrum at 1216 cm™'. The peak position was
slowly shifted to the red with increasing temperature, from 1216 to 1215 cm_l, as the
long-range order of crystalline phase was reduced to a short-range one. During
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Fig. 6 FT-IR-ATR spectra of polymer 4d at various temperatures a in the 3000-2800 cm ™' region and
b in the 1600-600 cm ™" region

LC — I phase transition, the frequency decreased (1212 cm™') and the absorption
band was broadened at small wavenumbers. This might be due to a rearrangement of
the DOPO bulky groups.

Thermal stability

The thermo-oxidative stability of the polymers was evaluated by TGA in air at a
heating rate of 10 °C/min. The thermogravimetric (TG) curve and the differential
weight loss (DTG) curve for polymer 4c¢ are presented in Fig. 7. The most
important TGA data (the initial decomposition temperature, temperature of DTG
peaks, and the yields of char residue at 700 °C) are illustrated in Table 3. The
polymers did not show significant weight loss below 365 °C. They began to
decompose in the range of 365408 °C, and showed 10% weight loss in the range
of 380423 °C.

As can be seen from differential thermogravimetric curves (DTG), the weight
loss process in air exhibited two maxima. The first maximum of decomposition
(Tmax1) was in the range of 400-447 °C and it was due to the decomposition of ester
units and aliphatic moieties which were more sensitive to degradation. The second
maximum of decomposition (Ty,.x2) Was in the range of 555-595 °C and it was
attributed to the degradation of aromatic polymer chain itself (Table 3). The char
yields at 700 °C were in the range of 8.8—48% (Table 3). The high percentage of
char yield (48%) in case of polymer 4a may be attributed to the formation of a
higher amount of phosphoric acid which acts as a fire-retardant agent in the
condensed phase mechanism [25]. A decrease of char yield at 700 °C was observed
by introduction of a higher content of aliphatic diol; thus, the polymer 4d having the
highest content of aliphatic segment showed the lowest char yield, 8.8%.
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Fig. 7 TG and DTG curves of 100
the polymer 4¢
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Table 3 Thermal properties of the polymers 4

Polymer IDT?* (°C) 15 (°C) T (°C) T¢ o (°C) Char yield at 700 °C (%)

4a 408 423 447 593 48.0
4b 365 380 400 595 24.0
4c 380 390 410 590 18.8
4d 370 390 420 555 8.8

# Initial decomposition temperature: the temperature of 5% weight loss
® Temperature of 10% weight loss
¢ First maximum polymer decomposition temperature

d - .
Second maximum polymer decomposition temperature

Conclusions

A series of aliphatic—aromatic poly(ester-imide)s containing phosphorous bulky
groups has been prepared by polycondensation reaction of aromatic imide—diacid
chloride with a mixture of a phosphorous-containing diol with an aliphatic diol
taken into various ratios. These polymers exhibited thermotropic liquid crystalline
properties as evidenced by PLM, DSC, and X-ray diffraction measurements. Their
transition temperatures decreased by increasing the content of aliphatic segment.
These polymers showed high thermal stability with decomposition temperatures
being above 365 °C as seen in TG analysis. The char yield at high temperature
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(700 °C) increased from 8.8 to 24% by increasing the amount of phosphorus-
containing monomer from 0.25 to 0.75 mol in 1 mol mixture of diols and it reached
48% when only phosphorous-containing diol was used in the reaction with diacid
chloride.
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