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Synopsis

Copolyesters containing phenoxaphosphine rings were prepared from 2,8-dichloroformyl-10-
phenylphenoxaphosphine 10-oxide and isophthaloyl chloride and three bisphenols (bisphenol A,
tetrabromobisphenol A, and tetrachlorobisphenol A) by interfacial polycondensation, and the flame
resistance of the resulting copolyesters was investigated by measuring limiting oxygen index (LOT)
values. Most of the copolyesters had good solubilities in N-methyl-2-pyrrolidone and chloroform
and gave the films from the chloroform solutions. The relationship between the melting temperature
of copolyesters and phenoxaphosphine content held for the Flory’s equation for random copolymers
over 20-30% of phenoxaphosphine content. The halogen-free copolyesters with phenoxaphosphine
rings showed not only good thermostability but also good flame resistance. In contrast with these
copolymers the halogen-containing copolyesters with phenoxaphosphine rings had very high LOI
values and exhibited excellent flame-retardant property, but their thermostability was poor and
the copolymers began to decompose at lower temperatures in comparison with the halogen-free co-
polyesters. The mode of action of the halogen-free copolyesters containing phenoxaphosphine rings
was based on the effect of phosphorus in the solid phase, whereas the action of the copolyesters with
both halogen and phenoxaphosphine ring was due to the additive effect of the solid-phase and the
gas-phase mechanisms.

INTRODUCTION

Phosphorus-containing polymers are known to have flame-retardant property.!
Most of them have a single-strand backbone and decompose at lower tempera-
tures compared with analogous phosphorus-free polymers. It would be difficult
to impart both flame- and heat-resistant properties to the phosphorus-containing
single-strand polymers. On the other hand, double-strand polymers composed
of heterocyclic units such as polyimides and polybenzimidazoles, which have high
thermostability, have already been reported to show good flame resistance, and
their limiting oxygen index (LOI) values are over 40.0.2 It had been expected
that double-strand phosphorus-containing polymers with phenoxaphosphine
rings, which are tricyclic fused compounds having carbon-phosphorus bonds,
had both good thermal and flame-resistant properties. We prepared a series
of phenoxaphosphine-containing polymers and disclosed the properties.®? The
polymers exhibited good resistance to heat and combustion. Of these phenox-
aphosphine-containing polymers, the polyester derived from bisphenol A showed
the LOI value of 46.0.19 This value is much higher than those of polybisphenol
isophthalate and polybisphenol terephthalate (ILOI = 25.5)!! and also higher
even in comparison with poly(vinyl chloride) or polyimide (LLOI = 42.0) which
are commercially used for fire-proofing materials.
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The mode of action of phosphorus-containing flame retardants is still a subject
of debate. The compounds are shown to act either in the solid phase or the gas
phase to reduce the flammability.12 Deshpande et al.!3 showed that modified
polyethylene terephthalate (PET) with phosphorus in the main chain afforded
a higher LOI than PET blended volatile organophosphorus additives such as
triphenylphosphine oxide and concluded that in these kinds of phosphorus-
containing polymers the solid phase mechanism was more effective than the gas
phase mechanism.

Halogen-containing polymers are also known to show flame resistance and
have been prepared by many researchers.14-17  Avondo et al.18 have investigated
the modes of action of halogen and/or phosphorus and disclosed that halogen
is released in the gas phase to retard the flame, whereas phosphorus accelerates
the char formation to increase the aromaticity in the residue. Coexistence of
both phosphorus and halogen might enhance the resistance of polymers to
combustion, and excellent flame-retardant property of polymers could be ob-
served. The flame retardance based on both phosphorus and halogen can be
explained from the combined or additive effect of phosphorus in the solid phase
and halogen in the gas phase.l8 It is interesting to prepare phenoxaphos-
phine-containing or both phenoxaphosphine- and halogen-containing copo-
lyesters and investigate their flame retardant properties.

In this article we prepare copolyesters by the reaction of 2,8-dichloroformyl-
10-phenylphenoxaphosphine 10-oxide (I) and isophthaloyl chloride (IT) with
three bisphenols as shown in the scheme below and discuss the flame resistant
properties of the resulting copolyesters:
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EXPERIMENTAL

Reagents. Chloroform was purified in the usual manner. Tetrabutylam-
monium chioride (TBAC) obtained commercially was used without further
purification. Bisphenol A (mp 155-156°C), tetrachlorobisphenol A (mp 134°C),
and tetrabromobisphenol A (mp 179-181°C) were commercially available and
recrystallized from benzene. Isophthaloyl chloride (II) was vacuum-distilled
before use, and (I) was prepared according to our method already reported.3

Synthesis of Copolyesters. A typical example for preparation of copolyesters
is described. To a solution of tetrabromobisphenol A (8.02 mmol, 4.36 g) in
aqueous NaOH of 40 mL (1N NaOH 16 mL and water 24 mL), TBAC (2 wt %
of theoretical amount of polymer) was placed. Then a solution of (I) (4.81 mmol,
2.01 g) and (II) (3.21 mmol, 0.65 g) in chloroform (40 mL) was added to the
mixture with vigorous stirring. After 15 min, the mixture was poured into a large
quantity of acetone-water to precipitate the product. The white precipitate
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was filtered off and washed thoroughly with water, acetone, and ethyl ether. The
product was further purified by repeated precipitation from chloroform into
acetone-water mixture and dried to constant weight in vacuo at 100°C. The
yield was 99%.

Characterization. Reduced viscosities, infrared (IR) spectra, and thermo-
gravimetry (T'G) were examined by a known method.3-® As the char yield, the
percentage of char residue at 700°C was taken. The LOI values of copolyesters
were measured with the Suga Test Instruments Model ON-1 Type Flammability
Test Kit. The test specimen (100 mm X 10 mm X 0.5 mm) was used by cutting
a film cast from a solution of copolyester (2 g) in chloroform (15 mL). The LOI
value was defined as the minimum oxygen concentration in an oxygen—nitrogen
atmosphere at which the test sample burned to the distance more than 50 mm
from the top.

RESULTS AND DISCUSSION

Synthesis of Copolyesters

Phenoxaphosphine-containing copolyesters were prepared from (I) and (II)
taken in molar ratio in feed and three bisphenols (bisphenol A, tetrabromobis-
phenol A, and tetrachlorobisphenol A) by interfacial polycondensation under
the reaction conditions reported previously.* The polycondensation was carried
out in chloroform—water mixture in the presence of TBAC. The results are listed
in Tables I-III. The copolyesters with reduced viscosities of 0.25-0.77 dL/g were
obtained in quantitative yields. IR spectra of the copolyesters showed the
characteristic band of ester carbonyl near 1750 cm~1 in addition to the absorp-
tions of phenoxaphosphine ring.?3 These copolyesters were soluble in dimeth-
ylformamide (DMF), dimethylacetamide (DMA), N-methyl-2-pyrrolidone
(NMP), nitrobenzene, and chloroform, and the solubility tended to increase with
increasing phenoxaphosphine content. The copolymers were insoluble in di-
methyl sulfoxide (DMSOQ), formic acid, and m-cresol. The halogen-free copo-
lyesters and the bromine-containing copolyesters had solubilities in phenol/
tetrachloroethane (6:4 by weight), which is a good solvent for polyesters, but the
chlorine-containing copolyesters were insoluble in the solvent. Most of the
copolyesters gave films on casting from chloroform solutions.

Thermal Property

The melting temperatures (T,,) of the copolyesters were measured, and the
relationship between T, and phenoxaphosphine content is illustrated in Figure
1. The T,,—phenoxaphosphine content curves showed the minimum tempera-
tures at around 20-30% of phenoxaphosphine content. Beyond that content,
T, rose linearly as the phenoxaphosphine content increased. Analogous phe-
nomena have also been observed in other copolyesters.1?20  This relationship
between T, and phenoxaphosphine content held for the Flory’s equation?! for
random copolymers at the phenoxaphosphine content more than 20-30%:

SN ( R
AH,

7% = )mx (1)
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Fig. 1. Melting temperature of copolyesters versus polymer composition: (0) X = H; (@)X =
CL; (@) X = Br.

where T, is the melting point of copolyesters, T, is the melting point of the
phenoxaphosphine-containing homopolyesters, AH,, is the heat of fusion of per
repeating unit of the homopolyesters (kcal/mol), X is the mole fraction of phe-
noxaphosphine-containing homopolyester in the copolyester, and R is the gas
constant. The values of AH, were calculated from eq. (1). The values for
halogen-free, bromine-containing, and chlorine-containing homopolyesters were
18.4 keal/mol, 12.9 kcal/mol, and 48.6 kcal/mol, respectively. The chlorine-
containing homopolyester shows the highest AH,,. It is seen that these copo-
lyesters have random sequences.

Thermal stabilities of the copolyesters in air and in nitrogen were evaluated
by measuring T'G at a heating rate of 10°C/min as shown in Tables IV-VI and
Figure 2. In the halogen-free copolyesters the decomposition rate in the earlier
stage was enhanced with the increase of phenoxaphosphine content in air, but
the copolyesters showed little degradation below 400°C. The halogen-containing
copolyesters started to decompose below 200°C, although they had higher melting
temperatures than the halogen-free copolyesters. The halogen-containing co-
polyesters showed lower decomposition temperatures than the halogen-free
copolyesters, and the former is less heat-resistant than the latter. This indicates
that the incorporation of halogen atom into copolyesters results in decrease of
the thermostability of the polymers. Similar results are also observed in other
halogenated polymers,!! and the resistance of the polymers to heat dropped with
the increase of the halogen content.14-16 The chlorine-containing copolyesters
with phenoxaphosphine ring had better heat resistance than the bromine-con-
taihing copolyesters. Also in nitrogen the halogen-free copolyesters displayed
better thermostability than the halogen-containing copolyesters. The resistance
to heat reduced to the following sequence: the halogen-free copolyester > the
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Fig. 2. TG curves of phenoxaphosphine-containing copolyesters in nitrogen (Polymers No. 4, 10
and 16).

chlorine-containing polyester > the bromine-containing copolyester. This se-
quence of thermal stability was the same as that expected from the values of the
bond energy: C—H (99 kcal/mol) > C—ClI (79-81 kcal/mol) > C—Br (66-68
kcal/mol).

Flame-Retardant Property

The flame retardance of the resulting copolyesters was evaluated by measuring
the LOI values. These copolyesters showed considerably high LOI values and
good flame resistance. The LOI values of the halogen-containing copolyesters
were greater than those of the halogen-free copolyesters. The LOI’s lowered
in the sequence the bromine-containing copolyester > the chlorine-containing
copolyester > the halogen-free copolyester. As shown in Figure 3, the LOI values
of these copolyesters proportionally increase with the increment of phenoxa-
phosphine content, but the efficiency curves were nonlinear. With the increase
of phenoxaphosphine content, the halogen-free copolyesters exhibited more
rapidly increase of the LLOI’s than the halogen-containing copolyesters. The
curve of the halogen-free copolyesters leveled off at high content of phenoxa-
phosphine ring, and the difference in the LOI values between the maximum and
the minimum content of the phenoxaphosphine ring was 20.0. It is seen that
the effect of the introduction of phenoxaphosphine ring into polymer backbone
on flame resistance is great. The halogen-containing copolyesters exhibited
convex curves and had the maximum LOI values near 80 mol % of the phenoxa-
phosphine content. Also the halogen-containing polyesters without phenoxa-
phosphine ring had considerably high LOI values. The difference in the LOI
values of those halogen-containing copolyesters between the maximum and the
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Fig. 3. Oxygen index versus polymer composition: (0) X = H; (@) X = Cl; (®) X = Br.

minimum was small. As presented in Tables V and VI, the introduction of
phenoxaphosphine ring into polymer backbones leads to a decrease of halogen
content in halogen-containing polymers. It is generally anticipated that the
decrease of halogen content would result in lowering LOI values of polymers.
However, a slight increase of LOIs in halogen-containing copolyesters is observed
with the increment of phenoxaphosphine content in comparison with halogen-
containing polyesters without phenoxaphosphine ring. Therefore, these data
indicate that the practical effect of phenoxaphosphine ring on the flame resis-
tance is much higher than the apparent increase of LOI’s in Figure 3. On the
contrary, as shown in Figure 4, the char yields of these copolyesters increased
linearly with increase of the phenoxaphosphine content and the halogen-con-
taining copolyesters had higher char yields than the halogen-free copolyesters
at the individual content. Even the char yields of halogen-containing polyesters
without phenoxaphosphine ring were higher than that of halogen-free polyester
without phenoxaphosphine ring. The char yields reduced to the sequence: the
chlorine-containing copolyester > the bromine-containing copolyester > the
halogen-free copolyester. These results describe that in these halogen-containing
copolyesters the effect of halogen on flammability is very high even at phenox-
aphosphine-free content. Although the gas-phase activity is considered to be
the major factor in reducing the flammability of these halogen-containing co-
polyesters, the action is not only attributed to the gas phase, but also due to the
solid phase because the char yields are relatively high. Avondo et al.!8 have
indicated that the major mechanism of action in reducing the flammability of
PET is a gas phase process, although some solid phase inhibition of flammability
of PET by halogenated retardants have also been observed. The action of
phenoxaphosphine-rich halogen-containing copolyesters might be due to the
additive effect of the solid phase and the gas phase, but the solid-phase activity
may be the major factor in inhibition of flammability of the copolymers. The
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Fig. 4. Percent char yield versus polymer composition: (0) X = H; (@) X = C]; (o) X = Br.

mode of action of the halogen-free copolyesters may be based on the effect of
phosphorus in the solid phase.

It has been reported that there is a linear relationship between char yield and
LOI value for nonhalogenated polymers. The char yield and the LOI value are
higher in polymers with multiple bonds and/or heterocyclic units.2-22 The in-
crease of char yield is reflected as improvement of flammability behavior of
polymers.23 For phosphorus-containing or both phosphorus- and halogen-
containing polymers no relationship between char yield and L.OI value has been
reported to date. In this work the relationship between them was investigated
by using the phenoxaphosphine-containing copolyesters. The correlation be-
tween char yield and LOI value is shown in Figure 5. The char yield-LOI curves
of these copolyesters were convex, and there was a nonlinear relationship between
char yield and LOI value. This might be that the phenoxaphosphine ring would
accelerate the production of char, because of the effect of char formation of
double-strand structure as well as that of phosphorus. Further, in the halo-
gen-containing copolyesters, halogen may act also in the solid phase and affect
the char formation as described by Avondo et al.'®8 Phosphorus-containing or
both phosphorus- and halogen-containing polymers with heterocyclic units such
as phenoxaphosphine ring appear to have no first-order correlation between char
yield and LOI value.

It would be necessary to be further investigated on the mode of the action of
phosphorus-containing or both phosphorus- and halogen-containing polymers
in reducing the flammability.

CONCLUSION

The phenoxaphosphine-containing copolyesters with or without halogen could
be prepared by copolycondensation of 2,8-dichloroformyl-10-phenylphenoxa-
phosphine 10-oxide and isophthaloyl chloride with halogenated bisphenol A’s
or nonhalogenated bisphenol A. The introduction of phenoxaphosphine ring
had remarkable effect on flammability. The halogen-free copolyesters exhibited
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high flame-proofing property without drastic decrease in thermal stability, al-
though the halogen-containing copolyesters with higher flame-resistant property
displayed lower thermal stability. The action of the copolyesters on combustion
is based on the additive effect of the solid-phase and the gas-phase processes by
phosphorus and halogen.
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