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Synopsis 
Copolymerization of vinyl chloride with trans-1,2-dichloroethylene was camed out 

at various temperatures, and the properties of the copolymers obtainkd by the emulsion 
copolymerization at low temperature were examined. In the case of bulk mpolymeriza- 
tion a t  temperatures higher than room temperature, the rate of polymerization, the equi- 
librium conversion, and [q] were lowered with increasing content of tmm-l,2dichloro- 
ethylene in the initial monomer mixture, but the T, and softening point of the copoly- 
mers containing about 15% of 1,2-dichloroethylene unit were about 10°C. higher than 
these of conventional PVC resin, in spite of their inability to form films. The monomer 
reactivity ratios at 50°C. were 5.39 (VC) and 0.072 (trans-DCE). Emulsion copoly- 
merization was carried out at - 3OOC. with the use of a redox initiator system (hydrogen 
peroxide-ferrous sulfate-ascorbic acid), in order to increase both the [3] and the rate of 
polymerization. The copolymers prepared at low temperature had higher T, and better 
solubility than the VC homopolymer polymerized a t  the same condition or conventional 
PVC resin. The results of the infrared absorption spectra, the solubilities, and the 
calculation of sequence length of VC monomer unit in the polymer chain indicated that 
the stereoregularity and the crystallinity of the low temperature copolymers were lower 
than those of the low temperature T’C homopolymers. It was concluded that higher 
T, and good solubility of the low temperature copolymer were bmught about by the 
prevention of the free rotation of the polymer chain by the random distribution of 
1,2dichloroethylene units in the polymer chain. 

INTRODUCTION 
Copolymerization of vinyl chloride (VC) with trans-l,2-dichloroethylene 

(trans-DCE) was carried out a t  low t,emperatures, and properties of the 
copolymers obtained were examined. 

It is well known that the homopolymerization of l12-disubstituted 
ethylenes takes place only with difficulty, in general, because of the steric 
hindrance of substituents. Copolymerization of 1,2disubstituted ethyl- 
enes was carried out previously by several investigators,’ and it was found 
that trans-DCE is more reactive toward styrene or vinyl acetate than 
cis-DCE. However, very little has been published on the copolymerization 
of DCE with VC.2 

In the present study the emulsion copolymerization of VC with trans- 
DCE was carried out at low temperatures with a redox initiator system, 
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the results of the investigation of bulk copolymerization at  high tempera- 
ture were compared, and reactivity of nionomers and properties of CO- 

polymers were investigated. 
It was found that copolymers obtained by the emulsion copolymerization 

at  low temperature had higher glass transition temperatures than VC 
homopolymers polymerized under the same experimental conditions and 
conventional poly(viny1 chloride) (PVC) resin and were soluble in tetra- 
hydrofuran (THF) and cyclohexanone. 

EXPERIMENTAL 

Materials 

Materials used, except VC monomer, were guaranteed reagent grade. 
VC monomer was purified by redistillattion of the monomer, which was 
produced by Nippon Carbide Co. 

Polymerization Procedure 

Bulk Polymerization at High Temperature. Copolymerization was car- 
ried out a t  20-50°C. under a nitrogen atmosphere. A glass ampule was 
charged with trans-DCE and azobisisobutyronitrile (AIBN) or lauroyl 
peroxide (LPO), cooled below -40°C. in a Dry Ice-methanol bath, and 
charged with VC. After flushing several times with oxygen-free nitrogen, 
the glass ampule was sealed off and set in a hot water bath. During the 
polymerization reaction, the reaction mixture in the ampule was not stirred. 
After several hours, the reaction mixture was dissolved in THF and the 
copolymer was precipitated with methanol. The white, powdery polymer 
obtained was filtered and dried at  50°C. in a vacuum dryer. 

Emulsion Polymerization at Low Temperature. Emulsion polymeriza- 
tion was generally conducted a t  -30°C. in a stainless steel autoclave. The 
autoclave was cooled below -40°C. in a Dry Ice-methanol bath and 
charged with monomers, initiators, and other reagents in the following order: 
(1) mixture of water and methanol, containing ascorbic acid and emulsifier, 
(2) trans-DCE monomer, (3) aqueous solution of ferrous sulfate, (4 )  VC 
monomer, (5) hydrogen peroxide (30% aqueous solution). After charging, 
the autoclave was packed, and was flushed with oxygen-free nitrogen. The 
mixture was emulsified by vigorous stirring, and the polymerization was 
carried out at the given temperature with stirring. Several hours later, 
the reaction mixture was coagulated by addition of 20% aqueous calcium 
chloride, and the polymer obtained was filtrated with a glass filter, washed 
until no chlorine ion was detected in the wash water, and dried at 50°C. in 
a vacuum dryer. 

Characterization of Polymer 
The content of the DCE component in the copolymer was calculated 

from the chlorine content.' The intrinsic viscosity [ q ]  was measured in 



COPOLYMERIZATION OF VINYL CHLORIDE 1671 

cyclohexanone solution at  30"C., and the degree of polymerization DP of 
VC homopolymer was calculated from eq. (l).4 

DP = 500 flog-' ([q]/O.184) - 1 1 (1) 
The glass transition temperature Tg was determined dilatometrically with 
compression-molded sheet. The infrared absorption spectrum was ob- 
tained by the KBr disk method. The melt viscosity q,,, was measured at  
180°C. with. the use of a KoKa flow tester having a 1 mm. diameter X 10 
mm. long orifice. The weight loss of the granulated polymer (about 100 
mesh) was determined at 170°C. in an air bath. 

RESULTS 

Bulk Polymerization at High Temperature 

The rates of polymerization at  various monomer ratios of VC to truns- 
DCE at  50°C. are shown in Figure 1. In each case, the rate of polymeriea- 
tion, equilibrium conversion, and [q ] were lowered with increasing content 
of trans-DCE in monomer mixture. These results show that truns-DCE 
polymerization involves a chain transfer reaction, and it is presumed that 
the mechanism of chain transfer becomes more complicated, as is the case 
in the polymerization of styrene in pdeuterodiethylbenzene: because 
trans-DCE is also introduced into the copolymer. 

The chain transfer constant of VC is larger than that of other vinyl 
monomers.6 Moreover, the free radical CHFCH- produced by the chain 

I I I I 1 
10 20 SO 40 50 

TI ME (h.1 

Fig. 1. Conversion w. time curve for bulk copolymerization of VC and DCE at 
various initial monomer mixture compositions: (1) 100 mole-% of VC; (I) 90 mole-% 
of VC; (9) 80 mole-% of VC; ( 4 )  70 mole-% of VC; (6) 60 mole-% of VC; (6) 40 mole-% 
of VC; (-)trans-DCE; (-) cis-DCE. Reaction temperature 50°C Initiator 
AIBN, 0.1 mole-%. 
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transfer reaction to VC monomer is so stable with respect to the polymer 
radical that the free radical C H p C H -  will contribute to termination 
rather than reinitiation. But, when carbon tetrabromide or dodecyl 
mercaptan is added, the rate of polymerization is increased, since the poly- 
mer radical will react with these chain transfer agents rather than VC 
monomer and, consequently, more reactive radicals will be produced.' 
When trans-DCE was added to VC, the DP, the rate of polymerization, 
and the maximum conversion were lowered. It is considered from this 
result that the DCE radical CHCl=CH. is produced more &wily than a 
VC radical because the chain transfer constant of DCE is larger than that 
of VC, but this radical seems to be more stable than the radical from VC. 

Fig. 2. Relationship between monomer and copolymer composition for copolymeriza- 
(-) theoretical curve calculated from, r~ tion of VC with trans-DCE at 5 0 O C . :  

(VC) = 5.39, r2 (trans-DCE) = 0.072; (0) observed value. 

Therefore, the frequency in the re-initiation reaction will be decreased, and 
the probability of degradation chain transfer will be increased, that is, the 
production of dimers by the combihation of two DCE radicals or DCE 
radical with VC radical should be increased. 

Thus, when the copolymerization was carried out a t  50°C. a t  a DCE 
concentration of 40 mole-% in the monomer mixture, [ q ]  of the copolymer 
was about 0.05 ( [ q ] ,  and DP of commercial PVC resin (Geon 103 EP) is 
0.91 and 1050, respectively). This copolymer had no film-forming prop- 
erties, but the T, of this copolymer was 82°C.) which was about 12OC. 
higher than that of the VC homopolymer polymerized under the same 
conditions. 

The relationship between monomer and copolymer composition is shown 
in Figure 2, where the theoretical copolymerization curve is also shown on 
the basis of r1 (VC) = 5.39, r2 (trans-DCE) = 0.072; these values were 
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calculated from q, e values estimated by Schwan and Price,* the usual 

As is shown in Figure 2, these theoretical values were essentially identical 
with observed values when the molar fraction of trans-DCE in the monomer 
mixture was maintained below 0.6. 

being used. 

Emulsion Polymerization at Low Temperature 
As mentioned above, when the polymerization temperature wiw elevated, 

the D P  was decreased markedly, owing to both effects of temperature and 
chain transfer reaction. So the emulsion copolymerization with redox in- 
itiator system was carried out at low temperature. Although, many 
redox initiator systems are given in the literature on the polymerization of 
VC, it was found in our preliminary experiment that the hydrogen perox- 
ide-ferrous sulfate-ascorbic acid system was most useful initiator in the 
copolymerization of VC with DCE. Therefore, emulsion polymerization 
was carried out with this initiator system, and properties of polymers were 
investigated. 

In the copolymerization, trans-DCE was used because it was found in the 
previous experiment that the trans isomer was more reactive than the cis 
isomer (see Fig. 1). The polymerization conditions and properties of 
capolymers and VC homopolymers polymerized at low temperature are 
given in Table I. 

Reactivity of Monomers in Copolymerization 
hlonomer reactivity ratios in copolymerization of VC with DCE at -30" 

C .  were calculated from q, e values of each monomer as estimated by Schwan 
and Prices by the same procedure used in the calculation of r1, r2 at 50°C. 
The calculation gave values of 8.16 and 0.0291 for VC and trans-DCE, re- 
spectively a t  -30°C. The relationship between the conversion and the 
integral composition of the copolymer was calculated from monomer re- 
activity ratios of VC and trans-DCE at several compositions of the initial 
monomer mixture. These calculated values are shown in Figure 3 with 
solid lines. Observed values obtained from the monomer compositiori 
which contain 40 mole-yo of trans-DCE are also shown in Figure 3 with open 
circles. Most of observed values lie below the theoretical curve (that is, the 
trans-DCE content in the copolymer is greater than that in the theoretical 
composition) a,nd are in rather good agreement with the theoretical curve 
obtained fro111 Q, e values at 50°C. (dotted line). 

The kinetics of emulsion polymerization is more complicated than 
that of bulk polymerization because of the influence of such factors as the 
type and concentration of emulsifier, solubility of monomer in water, etc. 
Moreover, since methanol or a mixture of methanol and polyfunctional 
alcohol is added to the reaction mixture as an antifreezing agent, the change 
of solubility of monomer in the reaction mixture, that is the effect of dis- 
tribution of monomers, should be considered. Owing to these effects, the 
observed reactivity of tram-DCE seems to be shifted. 
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As is shown in Figure 3, VC is so reactive compared to truns-DCE that the 
content of truns-DCE in the copolymer is less than that expected from the 
monomer composition at  the initial stage of the polymerization. On the 
other hand, the content of truns-DCE in the monomer mixture is much 

100 
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60 
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0 40 u 
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ci > 20 

0 
0 20 40 60 80 too 

CONVERSION (%I 

Fig. 3. Integral composition of copolymer vs. conversion in copolymerization of VC 
with tram-DCE a t  -3O'C. a t  various initial monomer mixture compositions: ( 1 )  10 
mole-% DCE; (9) 20 mole-% DCE; (3) 40 mole-% DCE; (4) 60 mole-% DCE;. 
(0) observed value (40 mole-% of DCE in the initial monomer mixture). 

larger at the last stage of the polymerization than that a t  the initial stage; 
so the rate of polymerization is remarkably lowered. Therefore, the co- 
polymerizations were not carried out beyond 50% conversion, in order to 
ensure the uniformity of the composition. 

Glass Transition Temperature 

Copolymer containing about 12% of trans-DCE had To of 84-92°C.; 
these values were 5-10°C. higher than that of the conventional PVC 
resin (T, = 76°C.) or VC homopolymers polymerized at low temperature 
under the same conditions (T, = 72-79°C.). 

Although it was shown by Reding and his co-workers'o that the To of 
PVC increases with decreasing polymerization temperature (for example, 
Tr of PVC prepared at  40, -10, and -80°C. were 80, 90, and lOO"C., 
respect,ively), there was only a slight difference between the To of PVC 
polymerized in our laboratory at -30°C. and that of conventional PVC 
resin. The samples used for determination of T, were compression- 
molded, and some samples, especially PVC polymerized at low temperature, 
strongly colored, but there was no change in the results of the elemental 
analysis and [ T ]  between the original sample and the colored ones. 
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Solubility 
Solubilities of VC-trans-DCE copolymers, VC homopolymers polymer- 

ized at  low temperature, and conventionai PVC resin in several solvents were 
examined. The solubility of polymer is affected by the DP, but in the re- 
gion of DP shown in Figure 2, almost of VC homopolymers polymerized at  
low temperature were not soluble in such solvents. On the other hand, 
most of the copolymers were soluble in tetrahydrofuran (THF) and cyclo- 
hexanone (CH) and partially soluble in nitrobenzene (NB) and methyl 
ethyl ketone (MEK) (Table I). 

Melt Viscosity 
As the qm is much affected by the DP, qm must be compared among the 

polymers which have the same DP. Considering the [ q ] ,  it is seen from the 
data in Table I that q,,, of copolymers a t  180°C. are 10%-er than that of 
PVC polymerized at  low temperature. These results are in good agree- 
ment with the fact that the molding of the PVC sheet polymerized at  low 
temperature was very difficult. The color of the polymer (no stabilizer 
added) extruded from an orifice was dark brown for VC homopolymers and 
light brown for copolymers. 

Weight Loss of the Polymer at Elevated Temperature 
The plots of weight loss of the granulated polymers a t  170°C. versus time 

The heat stability of the copolymers was much the are shown in Figure 4. 

TIME (h.) 

Pig. 4. Thermal decomposition of PVC and VC-trans-DCE copolymers at 170°C.: 
(A) conventional PVC resin (Geon 103EP); (0) sample 1; (a) sample 2; (0) sample 3 
(VC-trans-DCE copolymer); (m) sample 8; (0 )  sample 9, (0) sample 10 (VC homo- 
polymer). Sample numbers refer to Table I. 



COPOLYMERIZATION OF VINYL CHLOHlDE 1677 

same as that of the conventional PVC resin, but V C  hmopolymers poly- 
merized at  low temperature were less stable than the others and quickly 
turned dark brown in color. 

Infrared Absorption Spectra 

The stereoregularity of the polymers was measured by the ratio D~x, /D~Iz  
of the 635 and 692 cm.-1 infrared absorption bands." The results of the 
measurements are given in Table I. I t  has been shown by Rosen and 
Marshall12 in the copolymerization of V C  with vinyl acetate that the Dw/ 
Deo2 ratio decreased with increasing vinyl acetate content in the copolymer. 
Similarly in the result of copolymerization of V C  with trans-DCE, it was 
found that the D-/Dam ratio decreased apparently on incorporation of 
about 5% of trans-DCE with the VC.  

In case of the copolymers of V C  with trans-DCE, the absorption band, 
presumed by Fukawa et a1.2 to be the absorption caused by two adjacent 
C-Cl bonds situated at the trans position, was recognized at  7.50 cm.-', 
unlike the copolymer of V C  with cis-DCE. 

DISCUSSION 

The intrinsic viscosities of the copolymers prepared at  high temperature 
were very low. Therefore, these copolymers had not am-forming ability, 
but the T, values were higher than those of conventional PVC resin and V C  
homopolymer prepared at  low temperature. Since both copolymers poly- 
merized at  high and low temperatures have high To, it seems reasonable to 
assume that the increase in the To is not attributable the decrease in poly- 
merization temperature but is rather caused by incorporating trans-DCE 
into the copolymer. 

Fordhamla indicated in his theoretical study of polymerization of V C  
that the potential energy difference between syndiotactic and isotactic 
configuration is calculated to be of the order of 1.5-2.0 kcal./mole, in 
favor of the former, and that the syndiotactic configuration and crystallin- 
ity increase as the polymerization temperature is decreased. Moreover, 
increases in To and melting point caused by the increase in crystallinity 
have been also recognized.1° However, it was found that, in cases of the 
copolymers of V C  with truns-DCE, the T, were increased on incorporation 
of trans-DCE unit into the copolymer in spite of a decrease in the Ds&s/ 
Desz ratio (that is, decrease in the stereoregularity). 

It has been found in the copolymerization of V C  with dicthyl maleate 
that minimum number-average sequence length 12 of V C  which gives the 
crystallinity to the copolymer is 20-30.14 On the other hand, the estimated 
value of average sequence length of V C  in the copolymer containing about 
12% of trans-DCE (for example, Nos. 1 4  in Table I) was 9 on the basis of 
eq. (2). 

= ([w + ~ l ~ n w [ ~ ~ 2 ~  (2) 
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In this equation,l6 [hl,], [Mz] refer to the molar fraction of VC and trans- 
DCE, respectively, in the monomer mixture, and r1 is the moiiomer re- 
activity ratio of VC. 

Consequently, it is likely that the degree of crystallinity of these copoly- 
mers is lowered remarkably. 

From the standpoint of the increase in solubility, it is also presumed that 
the copolymer of VC with trans-DCE has a lower degree of crystallinity 
than VC homopolymers prepared at  low temperature and conventional 
PVC resin. Thus, it seems unlikely that, in cmes of these copolymers, the 
increase in the crystallinity can be a major factor contributing to the in- 
crease in the To. 

Generally, following two factors can be considered as the cause of the 
increase in the To by the introduction of a foreign monomer unit: (1) the 
increase in the interaction between polymer chains resulting from the 
introduction of a polar substituent ; (a) the prevention of the free rotation 
of the polymer chain by the introduction of a bulky substituent. In  the 
copolymer of VC with trans-DCE polymerized at low temperature, the 
solubility was much higher than that of VC homopolymer polymerized under 
the same condition, and it is also known that the solubility increases when 
a proper quantity of 1 ,l-dichloroethylene unit (vinylidene chloride unit) is 
incorporated into PVC, despite the increase in the chlorine content of the 
copolymer. l8 

As the interaction between polymer chains increases, the solubility of the 
polymer should decrease, but, as is shown in Table I, the solubility of the 
copolymer is rather increased by the introduction of the trans-DCE unit. 
Therefore it is presumed from this solubility behavior of the copolymer that 
the introduction of trans-DCE unit into the VC polymer contributes to 
the disruption of the copolymer crystal (which brings about a decrease in 
the interaction between polymer chains and an increase in the solubility) 
rather than to the increase in the interaction between polymer chains. 

From this point of view, the increase in the stiffness of the polymer chain 
caused by the introduction of bulky DCE unit must be considered as the 
major factor in the increase in the Ta of this copolynier rather than the 
effect of an increase in the iriterac tiori between polyiiier chains through the 
polar chlorine atoms or by an increase in crystallinity. 

Since it is considered that the dispersion of the copolymer chains in the 
solvent is not disturbed substantially even if the stiffness of the n~olecule is 
increased by the increase in the chlorine content, both increase in the To and 
the solubility obtained in this experiment can be well explained from 
these facts. 

It is known that an increase in the vinylidene chloride content in the co- 
polymer of VC with vinylidene chloride in the VC-rich region brings 
about a decrease in both the solubility and softening point.16 Therefore, 
it seems that the 1,l-dichloroethylene unit in the VC copolymer is not 
effective to the increase in the stiffness of the polymer chain and only the 
existence of 12-dichloroethylene unit bring about the increase in both 
Ta and the solubility. 
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MSW6 
La copolyrdrisation du chlorure de vinyle avec le trum-1,2-dichlorodthyBne a 6th 

effectude B diffdrentes temperatures, e t  les propridtks des copolymbres, obtenus par la 
copolymdrisation en dmulsion B base  temperature, ont dtd exarninbs. Dans le cas de la 
copolym6risation en bloc B tempdratures plus elevbs que la temperature de chambre, la 
vitesse de polym6risstionJ la conversion A l’dquilibre, et la [7] sont abaissbs par augmen- 
tation de la teneur en truns-l,2-dichloro6thylbne dans le mdlange initial des monombres, 
mais la T, et le point de r a m o l i m e n t  des copolymeres contenant environ 15y0 d’unitds 
1,2dichlorodthyBne dtaient d’environ 10°C plus dlevds que pour la rdsine de PVC con- 
ventionnelle, malgrd leur inaptitude B former des films. Les rapports de rdactivitd des 
monombres B 50°C dtaient de 5.39 (VC) et 0.072 (trans-DCE) respectivement. La 
copolymbrisation en dmulsion a 6tB effectub B -30°C, en empolyant un systbme initia- 
teur redox (peroxyde d’hydrogbne-sulfate ferreux-acide ascorbique), afin d’augmenter 
dans les deux cas la [q]  et la vitesse de polym6risation. Les copolymbres A basse tem- 
pdrature avaient une To plus 61evde et une meilleure solubilitk que le VC-homopolymbre, 
polymbisd dans les mdmes conditions ou que la resine de PVC conventionnelle. A partir 
des rdsultats des spectres d’absorption infra-rouge, des solubilites e t  du calcul de la 
longueur de sequence des unites de VC-monombre dans la chaine poIymCrique, on sup- 
pose que la stdrdordgularitd e t  la cristallinite des copolymbres B basse temperature sont 
plus basses que celles des VC-homopolymbres B basse tempdrature. On en a conclu 
qu’une T ,  plus 6levb et une bonne solubilitk du copolymbre B basse temperature dtaient 
dues B I’empdchement de la rotation libre dans la chaine polymdrique provoqub par la 
distribution statistique du composant 1,2-dichloro6thylbne dans la chaine polymdrique. 

Zusammenfassung 

Die Kopolymerisation von Vinylchlorid mit truns-lJ2-Dichloriithylen wurde bei 
verschiedenen Temperaturen durchgefiihrt und die Eigenschaften der durch Emulsions- 
kopolymerisation bei niedriger Temperatur erhaltenen Kopolymeren untersucht. Im  
Falle der Kopolymerisation in Substanz bei hoheren Temperaturen als Raumtemperatur 
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murde die Polymerisationsgeschwindigkeit, der Gleichgewichtsumsatz und [s] mit zuneh- 
mendem Gehalt an truns-l,%Dichloriithylen der Ausgangsmonomermischung herab- 
gesetzt; T, und der Erweichungspunkt der Kopolymeren mit etwa 15% l,%I)ichlor- 
Athylen lagen jedoch um etwa 10°C hoher als bei konventionellem PVC-Harz, obgleich 
die Kopolymeren zur Filmbildung unfiihig waren. Daa Monomerreaktivitiitsver- 
hiiltnis bei 50°C betrug 5,39 (VC) und 0,072 (trans-DCE). Die Emulsionskopolymeri- 
sation bei - 30°C wurde mit einem Redoxstartersystem ( Wasserstoffperoxyd-Femo- 
sulfatAscorbinsiiure) ausgefiihrt, um sowohl [73 als ouch die Polymerisationsgesch- 
windigkeit zu erhohen. Die Tieftemperaturkopolymeren besassen ein hoheres T, und 
eine bessere Loslichkeit als unter gleichen Bedmgungen erhaltenes VC-Homopolymereu 
oder konventionelles PVC-Harz. Aus den Infrarotabsorptionsspektrogmphischen 
Ergebnhn, aus der Loslichkeit sowie aus der Berechnung der Sequenzliinge von VC- 
Monomereinheiten in der Polymerkette wurde geschlossen, dass die Stereoregularitat 
und die Kristallinitiit der Tieftemperaturkopolymeren geringer waren als diejenigen der 
Tieftemperatur-VC-Homopolymeren. Weitera wurde geschlossen, dass der hohere T,- 
Wert und die gute Loslichkeit des Tieftemperaturkopolymeren durch die Verhinderung 
der freien Rotation der Polymerkette durch statistische Verteilung der 1,2-I)ichlor- 
iithylenkomponente in der Polymerkette zustande kommt. 
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