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synopsis 
By photochemical chlorination chlorine was substituted on the gemdimethyl groups of 

the polyterephthalate and polycarbonate of 2,2,4,4-tetramethyl-l,3-cyclobutanediol, 
the polyterephthalate of 2,2-dimethyl-1,3-propanediol, and the polycarbonate of 4,4'- 
isopropylidenediphenol (bisphenol A). The factors affecting polyester degradation, the 
efficiency of chlorination, and the degree of chlorination were investigated, and the effects 
of chlorine content on the solubility, flammability, density, hydrolytic stability, thermal 
stability, tensile properties, electrical properties, and heat-distortion temperatures of 
cast films were determined. The chlorinated polyesters of particular interest, because of 
their properties, are the polycarbonates of 2,2,4,4-tetramethyl-1,3-cyclobutanediol and 
bisphenol A. 

INTRODUCTION 

Nonflammable polymers in the form of fibers, films, coatings, and molded 
objects are in demand today for many uses. Such polymers normally 
contain fluorine, chlorine, bromine, or phosphorus, or a combination of 
these elements. From an economical standpoint, however, chlorine is 
usually the best choice. Theoretically, chlorine-containing polymers can 
be obtained by polymerizing chlorinated monomers, but it is impractical to 
prepare many of the chlorinated monomers, particularly the nonaromatic 
chlorinated diols. Moreover, it is very difficult to obtain polyestefs of high 
molecular weight from nonaromatic chlorinated diols by ester interchange, 
probably because of a reaction between the catalyst and the chlorine. 
Miyake and his co-workers' reported that only low molecular weight poly- 
esters were obtained by direct esterification or transesterification of 2,2-bis 
(chloromethyl)-l,3-propanediol. However, from this diol and dicarboxylic 
acid chlorides they did obtain polyesters with intrinsic viscosities up to  0.6 
(but usually less than 0.4). Another approach to chlorinated polyesters, it 
appeared, would be chlorination of the polyester itself. Polyester chlorina- 
tion is unreported except for our recently issued  patent^.^-^ 

Polyesters chosen for the initial experiments, which are reported in this 
paper, were prepared from diols containing gem-dimethyl groups : 2,2,4,4- 
tetramethyl-l,3-cyclobutanediol (TMCD) and 2,2-dimethyl-1,3-pro- 

* Paper presented a t  the 154th National Meeting of the American Chemical SocieLy, 
Chicago, Illinois, September 10-15,1967. 
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panediol (NPG). The polyesters that were chlorinated were the poly- 
terephthalate (Ia) and polycarbonate (Ib) of TMCD, the polyterephthal- 
ate (11) of NPG, and the polycarbonate (111) of 4,4'-isopropylidenediphenol 
(the latter will bc referred t.0 as bisphenol A polycarbonate). 

0 0 
(la): R =  -c+c- II - I1 

0 
(Ib): R=-C- I I  

CH3 0 

-o+++oa- 
CHa 

I 

I I 

When chlorine is added to these polyesters, it becomes attached to the 
carbon atoms of the gem-dimethyl groups. Since no hydrogen atoms beta 
to the chlorine atoms are present, hydrogen chloride cannot be eliminated 
by dehydrohalogenation, as can occur when p hydrogens are present: 

- C H Z 4 H -  + - C H S H -  + HCl 
I 

CI 

The thermal stability of structures containing chlorine atoms attached to 
yem-dimethyl groups is shown by the fact that poly [2,2-bis(chloromethyl)- 
trimethylene oxide] (IV) can be fabricated at  temperatures as high as 
550°F. :6 

Furthermore, halogen attached to the geminate carbon atoms is very resis- 
tant to SN2 (but not Sx1) hydr~lysis.~ In addition, it is known that the 
polyesters (I) to (111) are resistant to hydrolysis. This factor is important, 
since hydrogen chloride is the by-product of the chlorination reaction and 
can cause cleavage of the polyester: 
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CTT, CH?CI 
\ I /  \ ! ! -f.-c;-c-- + (:I1 + -C-L-G-- + TIC1 
/ I \  / I \  

CII, CII, 

It appeared, therefore, that chlorination of the gem-dimethyl groups in these 
polyesters might yield reasonably stable products if the polyester did not 
degrade badly during the chlorination process. 

The objectives of this investigation were to develop a satisfactory process 
for chlorinating the polyesters in order to make them self-extinguishing and 
to determine the effect of chlorine content on their physical properties. 

EXPERIMENTAL 

Materials 

The polyesters TMCD and NPG were prepared by conventional ester 
interchange methods. The TMCD (Eastman Chemical Products, Inc.) 
had a cisllrans isomer ratio of about 40:60 except where otherwise indi- 
cated. The bisphenol A polycarbonate (trademark Lexan) was obtained 
from the General Electric Co. 

The solvents in which the polyesters were dissolved for chlorination were 
undistilled commercial products. The chlorine was obtained in lecture 
bottles from Matheson Co. All inorganic compounds were commercial 
products. A stabilizer, Thermolite 31, which was added to some of the 
polyesters, was obtained from M&T Chemicals, Inc. 

Apparatus 

In a well-ventilated hood a three-nicked flask was fitted with an efficient 
stirrer, a thermometer, and a gas-inlet tube. The reaction mixture in the 
flask was irradiated with a floodlamp (300 w. visible or 275 w. ultraviolet), 
which was placed about 2 in. from the upper part of the flask, and the tem- 
perature of the reaction mixture was controlled with a cold-water bath. 
The inlet tube, which dipped 2-3 in. below the liquid level in the flask, 
was attached to a trap. The trap was connected to a sulfuric acid bubbler 
(for estimating the rate of chlorine addition), and the bubbler was attached 
to a second trap, which was connected to a chlorine lecture bottle on a bal- 
ance. The chlorine addition was followed by the loss in weight of the cylin- 
der. When calcium carbonate was not present in the reaction mixture to 
neutralize the hydrogen chloride that was formed, the outlet of the flask was 
connected by rubber tubing to a vertical glass tube about 24 in. long. The 
end of the tube was immersed in a beaker or flask containing water. When 
chlorinewas added too rapidly, bubbleswere emitted from the tube. In  nor- 
mal operation the water sometimes rose about 1 in. in the tube (above the 
water level) because of the rapid take-up of chlorine. When the rubber tub- 
ing attached to the chlorine cylinder was removed (and clamped), so that the 
cylinder could be accurately weighed, water sometimes rose 12-15 in. in 
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the vertical tube, as chlorine in the system reacted and the pressure dropped. 
The tubing attached to the cylinder was always clamped before it was re- 
moved from the cylinder, so that there would be no loss of chlorine and no 
entrance of air. 

Chlorination Procedure 

Polyterephthalates. The following procedure describes the chlorination 
of poly(2,2,4,4-tetramethyl-l,3-cyclobutanediol terephthalate) (Ia). The 
results obtained by a modification of this procedure are given in Table I. 
Table I1 shows the results obtained when poly(neopenty1 glycol terephthal- 
ate) and poly(2,2,4,4-tetramethyl-1,3-cyclobutanediol carbonate) were 
chlorinated similarly. 

A 100-g. amount (0.365 mole, based on the molecularweight of a polyester 
unit) of the polyester (inherent viscosity 0.53) was dissolved in lo00 ml. of 
1,1,2,2-tetrachloroethane with stirring and, when necessary, heating to 
100°C. to aid solution. The solution was then cooled to room temperature, 
and 1000 ml. of deionized water was added. While the mixture was 
stirred and irradiated with a 300 w. floodlamp, chlorine was slowly passed 
in. The temperature of the mixture was held at  about 25°C. with a water 
bath. After the chlorination reaction began (10 min. or more were often 
required for initiation), the chlorine was added at  a rate such that bubbles 
were not emitted from a tube immersed in water at  the outlet of the system. 
The rubber tube attached to the chlorine cylinder was always clamped be- 
fore it was removed from the cylinder, and the reaction was followed by the 
weight loss of the cylinder. After 104 g. (1.47 moles) of chlorine had been 
added, the mixture was stirred about 10 min. longer, to ensure complete 
reaction. Complete reaction was also indicated by loss of the yellow color 
due to the chlorine. 

The aqueous layer was then separated, and the organic layer was washed 
with sodium bicarbonate solution, to neutralize all of the hydrogen chloride. 
To remove all of the sodium chloride, the polyester solution was washed 
thoroughly with water. The washing was accomplished by introducing a 
stream of deionized water at the bottom of the polyester solution (diluted 
with methylene chloride) and allowing the water to overflow into the sink 
for about 8 hr. The polyester solution was then diluted with more methy- 
lene chloride and slowly added to methanol with stirring. To remove the 
tetrachloroethane occluded in the polyester, the fibrous white product was 
allowed to soak in methanol overnight. The polyester was dried at room 
temperature and then in a vacuum oven at 70°C. It had an inherent 
viscosity of 0.39 (measured in chloroform) and contained 30.4% chlorine. 

When powdered calcium carbonate was added to the reaction mixture 
(Table I), the excess was removed at  the end of the reaction by filtration or 
by the addition of acetic acid, which reacted with the excess calcium car- 
bonate. 

The total reaction time was about 2 hr. 
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Bisphenol A Polycarbonate. The following procedure describes the 
chlorination of bisphenyl A polycarbonate (111). Results obtained by 
modification of this procedure are gived in Table 111. 

Tetrachloroethane (1400 ml.) was placed in a 3-liter three-necked flask, 
and 127 g. (0.50 mole, based on the molecular weight of a polyester unit) 
of Lexan powder (inherent viscosity 1.04) was added. After solution was 
attained, 800 ml. of deionized water was added. While the mixture was 
stirred and irradiated with a 300 w. floodlamp, chlorine was slowly passed 
in. The temperature of the mixture was held at  about 30°C. with a water 
bath. The chlorine was added in 30-40 g. portions (measured as the 
weight loss of the lecture bottle), and after each portion the mixture was 
stirred until the yellow color due to chlorine disappeared. The total 
amount of chlorine added was 142 g. (2.0 moles). 

After the aqueous layer was separated, the organic layer was washed with 
sodium bicarbonate solution. It was then thoroughly washed with water as 
described in the preceding section. The polyester was precipitated by 
slowly adding the tetrachloroethane solution to acetone with stirring. 
Since the polyester was highly swollen because of the tetrachloroethane, it 
was dissolved in methylene chloride and then precipitated with hexane. 
The polyester, obtained as a white, fibrous material, was then dried in a 
vacuum oven at 70°C. It had an inherent viscosity of 0.62 (measured in 
chloroform) and contained 25.8% chlorine. 

Most of the experiments listed in Table I11 were carried out with 20 to 
25 g. of polyester. A small amount of benmyl peroxide was added in some 
cases, but it appeared to be of negligible benefit. 

Physical Testing Methods 
The inherent viscosity of the unchlorinated polyesters was measured in 

60:40 phenol/tetrachloroethane solution (0.25 g. per 100 ml.) at 25°C. The 
inherent viscosity of the chlorinated polyesters was similarly measured in 
chloroform. 

The chlorine analyses were obtained by titration of the chloride ions with 
silver nitrate after decomposition of the polyesters by combustion in a 
Schoniger flask. 

The hydrolytic stability of the polyesters was determined by heating 
films at  100% relative humidity and 100°C. and measuring the loss in the 
inherent viscosity. Each film was placed in a small test tube, and the test 
tubes were placed upright in a bottle containing a small amount of water. 
The bottle was then sealed and heated the required length of time in an 
oven at  110°C. 

The thermal stability of the polyesters in air was determined by heating 
films in a forced-convection oven and measuring the loss in the inherent 
viscosity. 

The tensile properties of the films (tensile strength, elongation, and 
modulus) were measured with an Instron tensile tester (ASTM D882-64T 
Method A). The heat-distortion temperatures of the films (2% deflection) 
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were measured at  a load of 50 psi in a forced-convection oven* (ASTRI 
D1637-61). The electrical properties of the films were measured according 
to standard ASTM procedures (ASTXI D150-64T and D257-61). 

RESULTS AND DISCUSSION 

Chlorination of Polyesters 

The polyesters were chlorinated photochemically by passing chlorine into 
the polyester solutions while illuminating them with visible or ultraviolet 
light (Tables I to 111). In most of these experiments water was present, to 
dissolve the hydrogen chloride that was formed, and in many cases a second 
component was present for neutralizing the hydrogen chloride. Experi- 
mental variables affecting the degree of polyester chlorination and the 
efficiency of the chlorination were: ( 1 )  type of polyester solvent, (2) 
amount of chlorine added, (3) type of hydrogen chloride acceptor, (4) 
temperature of reaction mixture, (6) reaction time, and (6) type of illumi- 
nation. Variables 2-5 also affected the degradation of the polyesters 
during chlorination. 

Effect of Solvent. The solvent in which the polyester was dissolved af- 
fected appreciably the efficiency of the chlorination, that is, the amount of 
chlorine introduced into the polyesters per mole of chlorine added. Since 
the TMCD polyesters were not soluble in volatile solvents such as methy- 
lene chloride or chloroform, they were chlorinated in tetrachloroethane. The 
other polyesters were soluble in these more volatile solvents (but not in 
carbon tetrachloride). Chlorination of the polyesters in these solvents, 
however, was less efficient than in tetrachloroethane; the chlorinations were 
particularly inefficient in chloroform. Chlorination of the solvent is a 
competitive reaction, and this is one of the reasons chlorination of the poly- 
esters is less than 100% efficient. 

The substitution of chlorine atoms for hydrogen atoms on a carbon atom 
decreases the bond dissociation energies of the remaining hydrogen atoms. 
The carbon-hydrogen bond dissociation energy of chloroform, therefore, 
should be less than that of methylene chloride and that of tetrachloroethane; 
consequently, it is not surprising that chloroform is chlorinated more readily 
than the other two solvents. The mechanism is as follows:1o 

CHCL + C1- + C c & *  + HCI 
CCb. + clz + CClr + c l .  

The volume of solvent required for chlorination of the polyesters is a 
function of the inherent viscosity of the polyester; more solvent was used 
for polyesters with high molecular weights than for those with lower molec- 
ular weights, so that the solutions obtained would not be too viscous. It 
was actually desirable to chlorinate polyesters with high molecular weights 
so that after breakdown the molecular weight of the chlorinated polyester 
would still be sufliciently high for the polyester to have good physical 
properties. 
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Effect of Amount of Chlorine. As chlorine was added to the various poly- 
esters, their inherent viscosities decreased. Presumably, this w a s  at least 
partly because more hydrogen chloride formed and caused more hydrolysis. 

The amount of chlorine which could be added to a polyester (by replace- 
ment of hydrogen atoms) increased, up to a point, as the amount of chlorine 
added to the reaction mixture increased. Then no further chlorination of 
the polyesters took place. The maximum amount of chlorine substituted 
on poly(TMCD terephthalate) (Ia) was about 35%; this corresponds to 
four chlorine atoms per polyester unit. More chlorine was not substituted, 
even when 6-7 moles per polyester unit was added to the reaction mixture. 
Similarly, only three chlorine atoms per polyester unit were substituted on 
bisphenol A polycarbonate (111) when 6-8 moles of chlorine per poly- 
ester unit was added to the reaction mixture (Table 111). The limited 
amouiit, of vhloriiie that could be substituted on these polyesters was 
uppareiitly due to ii steric. effect, which will ba discussed later. 

The efficiciicy of the c*hlorinations (the amount of chlorine introduced 
iiito the polyester per mole added to the reaction nlixture) is a function of the 
other variables, which will be discussed independently. The most impor- 
tarit of these variables were the solvent in which the polyester was dissolved 
arid the method used for removing the hydrogen chloride that was formed. 
In  general, under favorable chlorination conditions the efficiencies were 
8Cr100~o with the TMCD polyesters. 

Effect of Hydrogen Chloride Acceptor. Almost all of the chlorinations 
were carried out in the presence of water, which removed the by-product 
hydrogen chloride from the polyester dissolved in a water-immiscible sol- 
vent. When poly(TJ3CD terephthalate) was chlorinated in an anhydrous 
system rather than in an aqueous system, somewhat less chlorination took 
placc (Table I). Apparently some of the chlorine was swept out by the 
hydrogcn chloride that evolved, since bubbles were continuously emitted in 
the water trap a t  the outlet of the system. The polyester degradation that 
took place in this experiment was  only slightly less than that i n  experiments 
in which water was prcsetit. 

One approach to the preveirtiori of polyester degradation due to hydrogen 
chloride is to carry out the chlorinations in the presence of a compound that 
will neutralize the hydrogen chloride but will not be basic enough to cause 
alkaline hydrolysis of the polyester. When compounds that gave slightly 
alltalirie solutions were used for this purpose (sodium acetate, sodium bi- 
carbonate, magnesium oxido, magnesium carbonate) , very little chlorina- 
tion of the poly(TMCD terephthalate) occurred (Table I). However, 
chlorination did take place in the presence of powdered calcium carbonate, 
which is neutral, rather than slightly alkaline, in the presence of water. 
This reagent was of some benefit in preventing the degradation of other 
 polyester^,^^^ but it was of no help in preventing the breakdown of this 
polyterephthalate. Moreover, some chlorine was probably swept out by 
the carbon dioxide that was evolved. 

I n  general, the most efficient chlorinations take place in the presence of 
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water and without a reagent for neutralizing the hydrogen chloride. If 
appreciable degradation of the polyester occurs, it is necessary to chlorinate 
a polyester with a very high molecular weight, so that the molecular weight 
will still be sufficiently high after chlorination. 

Effect of Temperature and Reaction Time. Poly(TMCD terephthalate) 
was chlorinated at  temperatures ranging from 5 to 35°C. (Table I). I n  
general, the efficiency of the chlorination increased with increasing tem- 
perature and increasing reaction time. The inherent viscosity of the 
chlorinated polyester, on the other hand, decreased with increasing tem- 
perature and increasing reaction time. To complicate matters further, the 
required reaction time increased when the reaction temperature was de- 
creased. In  one experiment a 50% longer time was required for chlorinat- 
ing the polyester when the reaction temperature was decreased from 25 to 
about 20°C. Although temperatures of 5-35°C. could be used, a satis- 
factory compromise temperature was 20-25°C. The temperatures at 
which the other polyesters were chlorinated were not varied over a suffi- 
ciently wide range for us to draw any conclusions concerning the effect of 
temperature on chlorination efficiency and polyester breakdown. 

Illumination was necessary for chlorination to 
take place, unless a catalyst was present. It appears that ultraviolet light 
is somewhat more effective than visible light in effecting chlorination of the 
polyesters (Tables 1-111). The Pyrex reaction flask undoubtedly ab- 
sorbed a considerable amount of the shorter wavelengths of the ultraviolet 
light; more eacient chlorinations might be obtained in an apparatus in 
which the light does not pass through glass. 

Effect of Illumination. 

Structure of Chlorinated Polyesters 

A maximum of six chlorine atoms can be forced on the methyl groups of 
the TMCD (either cis or trans) polyester units of (Ia) or (Ib) in a Courtauld 
mode1 (atom sizes are based on Van der Waals radii). Only four chlorine 
atoms can be added, however, without an appreciable steric effect. This 
probably explains why a maximum of four chlorine atoms per poly(TMCD 
terephthalate) unit was observed, even when a large excess of chlorine had 
been added to the reaction mixture. According to the models, three de- 
rivatives of (Ia) and (Ib) containing four chlorine atoms per unit are possible 
in which there is no steric hindrance: 

ClHzC H& H 
clcH$-fr- c*fvr-..- c l a c H j - - p R -  

- H2Cl CHCL -0 CHzCl 
H CHzCl H CH3 H CHaCl 

(V) (VI) (VII) 

There is a considerable steric effect when a -CCl, group is formed in a 
model. Moreover, the steric hindrance is very great if either of the two 
tertiary hydrogens in a polyester unit is replaced with chlorine. 
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An indication that substantially no chlorination of the aromatic rings 
took place in a poly (TMCD terephthalate) sample containing four chlorine 
atoms per polyester unit was given by NMR analysis: the peak for the 
aromatic protons was very sharp. NMR investigation also indicated that 
the polyester had about the same number of -CH, groups as -CHzCl 
groups (the number of -CHC12 groups could not be determined because 

the tertiary hydrogen on the -CH group to which the oxygen was at- 

tached made this peak in the spectrum rather broad). These NMR re- 
sults can be explained if structures (V) and (VI) are present in a 1 : 2 ratio 
or, which is perhaps more probable, if structures (VI) and (VII) are present 
in a 1 : 2 ratio. In the latter case one (VI) unit and two (VII) units con- 
tain four -CHI groups, and two (VII) units contain four -CHzCl groups; 
this 1:2 ratio gives an equal number of each groyp, as indicated by the 
NMR data. 

NMR investigation of a poly(TMCD carbonate) (Ib) sample containing 
three chlorine atoms per polyester unit revealed the presence of -CH2C1 
and -CHI groups in a ratio of approximately 3:4. As in the case of the 
polyterephthalate, most of the chlorine presumably is in -CHC12 groups. 

As discussed previously, substitution of chlorine atoms for hydrogen 
atoms on a carbon atom decreases the bond dissociation energies of the 
remaining hydrogen atoms. This explains why more of the chlorine in 
these polyesters is in -CHC12 groups rather than -CHzC1 groups. A 
similar result is obtained in the chlorination of aliphatic hydrocarbons.ll 
Chloroethane, for example, gives principally 1, ldichloroethane (CH3- 
CHCh) and a little 1 ,2-dichloroethane (CICHzCHzC1) when chlorinated in 
sunlight. On continued chlorination 1 , ldichloroethane gives 1 ,l,l- 
trichloroethane (CHICC13) and l,l,%trichloroethane (C1CHzCHCl2). 
Further chlorination leads t o  hexachloroethane (C13CCC13) .ll 

Three chlorine atoms can be substituted on the methyl groups in a Court- 
auld model of a poly(NPG terephthalate) (VIII) unit: 

/ 
\ 

(VIII) 

Models containing a -Cc& group or two -CHC12 groups can be made, 
but an appreciable steric effect exists. It is also possible on the model to 
chlorinate the methylene group attached to the oxygen atom. The maxi- 
mum amount of chlorine that actually can be added to this polyester is 
not known, since the chlorination experiments were carried out only with 
a limited amount of chlorine (Table 11). 

Only three chlorine atoms can be substituted on the methyl groups in a 
Courtauld model of an bisphenol A polycarbonate (IX) unit: 
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(IX) 

Steric hindrance was too great to make a model containing one -CC13 
group or two -CHC12 groups per polymer unit. In two experiments in 
which excess chlorine (5-8 moles per polymer unit) was added to the re- 
action mixture polymers were obtained that contained only 2.9-3.0 
chlorine atoms per unit (Table 111). 

According to an infrared analysis of a bisphenol A polycarbonate sample 
containing exactly three chlorine atoms per polymer unit, a small amount 
of chlorine was on the aromatic rings, and very few unchlorinated methyl 
groups were present. According to an "I4R study, there were about one 
half as many -CH3 groups as -CH&l groups in this sample. The ab- 
sorption peak for the aromatic protons was not sharp, but no conclusions 
could be drawn concerning whether any chlorination of the aromatic rings 
had occurred. Presumably, most of the chlorine was in -CHCI, groups. 
The evidence indicates, then, that after the addition of excess chlorine to 
bisphenol A polycarbonate in the presence of light most of the polymer 
units have structure (IX); a few -CH3 groups are present, however, 
and a small amount of chlorine may be substituted on the aromatic rings. 

Physical Properties of Chlorinated Polyesters 
Most of the physical properties of the chlorinated polyesters were deter- 

mined from films cast from methylene chloride. All of these films were 
tough and transparent. 

TABLE IV 
Solubility of Chlorinated Polyesters 

Solvents 
Polyester Ethyl 

Type C1, % Toluene acetate Acetone MIK" 

Poly(2,2,4,4-tetramethyl-1,3- 
cyclobutanediol 
terephthalate) : 9 swoll. swoll. swoll. sol. 

32 swoll. sol. swoll. sol. 
Poly(2,2,4,4-tetramethyl-3- 

cyclobutanediol 
carbonate): 1B sol. sol. sol. sol. 

40 sol. sol. sol. sol. 

terephthalate) : 15 swoll. sol. swoll. sol. 
Bisphenol A polycarbonate: 30 swoll. swoll. swoll. swoll. 

Poly(neopenty1 glycol 

a None of the unchlorinated polyesters are soluble in these solvents. 

b MIK, methyl isobutyl ketone. 

All of the listed 
chlorinated polyesters are also soluble in methylene chloride and dioxane. 
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Solubility. Except for the polyterephthalate of TMCD and the poly- 
carbonate of TMCD containing over about 60% of the truns-diol isomer, 
the unchlorinated polyesters were soluble in methylene chloride. The 
TMCD polyesters became soluble when they contained 10-15% chlorine. 
and poly(TMCD carbonate) also became soluble in lacquer types of solvent 
such as toluene, ethyl acetate, acetone, and methyl isobutyl ketone. With 
these solvents tough films and coatings can be formed. The solubilities of 
the polyesters containing various amounts of chlorine are listed in Table IV. 

All of the chlorinated polyesters are insoluble in alcohols, such as meth- 
anol and ethyl alcohol, and saturated hydrocarbons, such as hexane and 
naphtha. 

Flammability. In  Tables I to I11 polyesters are described as “self-ex- 
tinguishing” if their films stopped burning immediately after they were re- 
moved from a bunsen burner flame. The polyesters are listed as “almost 
self-extinguishing” if the films burned a few seconds without dripping before 
going out. Chlorinated bisphenol A polycarbonate was self-extinguishing 
when it contained approximately 20-22% chlorine (two chlorine atoms per 
polymer unit), whereas poly (TMCD terephthalate) was self-extinguishing 
(when it contained about 28-30% chlorine (three chlorine atoms per 
polyester unit). 

Hydrolytic Stability. The hydrolytic stability of the chlorinated poly- 
esters was determined by heating films at  100% relative humidity and 
110°C. and measuring the loss in inherent viscosity (Table V). For com- 
parison, values for the unchlorinated polyesters are also given in the table. 
It is apparent that the chlorinated polyesters are less stable than the un- 
chlorinated ones. If the chlorine atom of a -CH2C1 group is displaccd on 
hydrolysis, then a --CH,OH group and hydrogen chloride result. If a 
chlorine atom in a -CHC12 group is displaced, then an unstable -CH- 
(OH) C1 group results. This group should immediately eliminate hydrogen 
chloride and give the more thermodynamically stable aldehyde, -CHO. 
In either case the hydrogen chloride that is eliminated will catalyze hy- 
drolysis of the carboxylate or carbonate groups in the polyester. Pre- 
sumably, hydrolysis of the polyesters is due mainly to the formation of 
hydrogen chloride from chlorine in the -CHC12 groups. 

Thermal Stability. The thermal stability of the chlorinated polyesters 
in air was determined by heating films in a forced-convection oven and 
measuring the resulting loss in inherent viscosity. From Table VI it is 
apparent that the unchlorinated polyesters were considerably more stable 
than their chlorinated products. An organotin sulfur compound, Thermo- 
lite 31, which is effective in stabilizing poly(viny1 chloride), was added to 
dopes of some of the polyesters before films were cast. This additive ap- 
preciably improved the stability of chlorinated poly(TMCD carbonate), 
but it caused an increased breakdown to occur in chlorinated bisphenol A 
poly carbonate. 

Chlorinated poly(TMCD terephthalate) was the most unstable poly- 
ester. Even in the presence of Thermolite 31 the loss in inherent viscosity 
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during 24 hr. at 110°C. was 20-30%. Chlorinated poly(TMCD car- 
bonate) was appreciably more stable. The films showed no loss in in- 
herent viscosity after 24 hr. at  llO"C., and one sample, which also con- 
tained the stabilizer, showed no loss after 24 hr. at  140°C. One of the 
bisphenol A polycarbonate films was still tough after 24 hr. at  180°C. In- 
solubility of the film in chloroform after this treatment suggests that the 
film had become cross-linked with loss of chlorine. 

Although some of the unstabilized chlorinated polyesters can be subjected 
to temperatures above 140°C. for short periods of time, they probably 
are limited to use at temperatures below 100°C. when longer time periods 
are involved. The TMCD polyesters, for instance, showed no loss in 
inherent viscosity during 1s mo. at room temperature. By the addition 
of effective stabilizers it may be possible for some of the chlorinated poly- 
esters to be subjected to temperatures above 100°C. for indefinite periods 
of time. 

Density. The density of the polyesters was determined on cast films 
(Table VII). As would be expected, the density of a given polyester in- 
creased as the chlorine content increased. 

Physical and Electrical Properties of Films. In general, the tensile 
strengths and moduli of the polyesters, measured from cast films, were in- 
creased by chlorination, and elongations were deceased (Table VII). Since 
antiplasticization12 produces this same effect, these chlorinated polyesters 
may be considered to be internally antiplasticized. 

With the possible exception of chlorinated poly(neopenty1 glycol ter- 
ephthalate), which had a heatdistortion temperature of 73"C., these films 
had heatdistortion temperatures higher than the temperatures at which 
they are stable during prolonged use. The heatdistortion temperature of 
one polymer, bisphenol A polycarbonate, was increased by more than 
50°C. (to 205°C.) by chlorination. 

When a film is used as a dielectric (insulating material) in a capacitor, 
it is important that it have a reasonably high dielectric constant. It is also 
important that the dissipation factor be low, since this is a measure of the 
power loss in an insulator. Since volume resistivity is a measure of the re- 
sistance to the flow of current, this property should have a high value. 
Chlorination increased the dielectric constants (and the dissipation factors) 
of some of the polyesters (Table VII). The dielectric constants are moder- 
ately high, and the dissipation factors are moderately low. The volume 
resistivities in general are very high. Because of these properties some of 
the more stable polymers, such as the chlorinated polycarbonates of TMCD 
and bisphenol A, could also be of interest as capacitor dielectrics and wire 
coatings. 

CONCLUSIONS 

Chlorine was substituted on the gemdimethyl groups in several poly- 
Reaction conditions that gave esters by photochemical chlorination. 
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efficient chlorination without an excessive amount of polyester degradation 
consisted of the following: 

Solvent : 1,1,2,2-tetrachloroethane 
Hydrogen chloride acceptor: water 
Temperature : 20-30°C. 
Illumination : ultraviolet or visible 

When an appreciable amount of chlorine was added, most of it was present 
in -CHC12 groups. Substantially no chlorine was substituted on aromatic 
rings. 

The various polyesters became self-extinguishing when they contained 
about 20-3070 chlorine, and polyesters that were insoluble in volatile 
solvents, such as methylene chloride, became soluble when they contained 
10-15% chlorine. When the polyesters were cast from the volatile 
solvents, clear tough films with good tensile properties and high heatdis- 
tortion temperatures were obtained. The chlorinated polyesters of par- 
ticular interest are the polycarbonates of 2,2,4,4-tetramethyl-1,3-cyclo- 
butanediol and bisphenol A. By using the chlorination procedure dis- 
cussed here many other types of polyester can be chlorinated to give soluble 
self-extinguishing products. 

We acknowledge the excellent technical assistance of J. L. Beach and J. 0. Sharp. 
We are indebted to V. W. Goodlett for interpretations of the NMR spectra. 
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